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ABSTRACT

The Beamlzi laser is a single-aperiure pridolype lar the
Mancnal [gnition Facility {NIF), We have recently insialled
and activared & 55 m' vacuum vessel and associated diag-
mirsli: package al the owpar of the Beamiet that we are using
i characterize targel plane sradiance a0 high power. Mea-
surements abtamed both wath and wobow a kinoform dif-
fraciive apiic are n:pnr::d Dependences an crifical laser
paramerers including output power. spatial filtering, and
wavelfranl corpeciion are discussed and compared witgh
simulations.

[ [NTRODLICTION

ICF rarger desagns for the MIF demand high-quality
bezams from the laser driver. A Uppical inderect dnve target for
[CF consisis of a fuel capsule centered in a can-shaped hohl-
raum; beams [rom the deiver entes the target through laser
apirance holes (LEH s} locatled on each end of he CM.J The
LEH"s are desigred to be small- on the order of 3 mm or less.
i marndain & uniloom irsdisiuos eavironment for the capsule
and 1o minimize radiation transport losses from the hohlraum.
Mevermheless, plasma Blow-off from the sdgss of the LEH
muest ned clip the beams, even al lave tmes in the drive palse,
therefore the beams must be focused 1o a diameter that 15
substanually smaller than that of the LEH. A fumher require-
ment 15 thai the laser rradiance on the walls of the hohiraum
he smminnth and dewoid of hog SPHIE that would otherwise dove
plasma lilamentation and snmulaled scomering processss,
and reduce the efficiency of the 1rn'|'.-]|.15.|-:3-|1.: Therefore, there
is a nead to 1aikor che spatial profile of the focused dnve beam
and apply some form of emporal smeothing. These condi-
tions are 1o be met at a oial drive energy of |8 5 and a peak
power of 300 TW, whsch i 15 estimated will produce igninos
with a safety margin of two,” For the 192 beamiews of the

NIF, thas transkales into an energy of 9.4 kJ and a peak power
aof 26 TW par beambet,

In this paper we discuss measurements performed on the
Beamlet Laser Facility at Livermare o characeenize targen
plame iradiance ai the power levels expecisd For the NIF We
compare our resulis 1o ihe NIF specificanons, and idenufy
the crincal laser parameters impacting performance that will
emable us o exbrapolate these results from Beamlei o ihe
MIF

IL TARGET REQUIREMENTS FOR LASER
IRRADIANCE

The desegn requiremznis far the NIF include the follow-
ing critena for the focused laser spot, Focal spos characters-
s ciber thas those descnbed hiere have been pequested by a
number of MIF user groups, however the emphasis hers will
be on the baseline requirements [ar the NIF as speoified in
thie sysiem design reguiremienis. The design energy of |8 MJ
andd the design power of 500 TW 12 10 be delivered 31 3 wave-
length of 3351 pm inside a 600-um diameter spod (half-angle
of 43usad for the MIF Y-meter focus lens). The spas profile is
i approxinate an eighth-power super-Giaussian with Lie ea-
dius of no more than 250 gm

Iiry = Iy mcp[— l"."rl]-:'B]- rgp 5 250 um i

Al a radius of 1.5 mm corresponding 10 the pominal size of
the target LEH, the iradiance s 1o be less than gt W.'L'I'I"I:
Beam smaothing reguirements for the spog profile have not
vel been tedied on the Beamlen and will not be discussed in
detail im this paper, The requiremends call for the focal spod Lo
b emiporally smotbed using one-dimensicnal dispeesion ol
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Faiguare 1. {a) Calculalxon based on lader simudalion: showing ke
spot size of the 3 beam versus the Lo beam quality from (e Laer
amplifier. Upper and lower curves comespond 10 samulstions syih
and without beam condsttonang from a kinoform phase plate. Cor.
responding focal plane disenbaisons calculated for an outpul power
of 2.8 TW are shown in {b) and {c). Displayed regions span

= G pm

% angstroms of laser bandwidth, critically dispersed.*
1. LASER CONTROL PARAMETEES

Calzulations indicate that the above criberia can be med
provided the guality of the beam from the dever & main-
tained at a high level, Figure | shows resulis lram fuli-
aperture laser simulatons of the Beamlet which calculate the
sped saxze af the 035 | spm beam (3] delivered 10 the Larger
versus the the qunia.l:.- of the | 053-pm beam (1) at the aui-
pun of the laser amphifier. The lower curve is calculaed For
the case of no beam conditioning; the upper curve lor the
cose when the 3 beam s conditioned with a diffractive optic
called a kinolorm phase plate ( KPP, The purpose of the KPP
15 1o maedify the aberrated focal spoi |;|rn|:.|||i:-:|:| by the laser 1o
produce a mose homogeneous ireadiance distribution i the
form of a speckle field with a spatal envelope that closely
approximates the required eighth-power super Gaussian.”
The price paid fof the improsement in distibution 15 an m-
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crease in the spat size; nevertheless the simulacions indicaue
that st am owtpul power of 28 TW (3w) we shouwld be able 1o
meel the NIF specification of 2.6 TW inside of SO0 um

There are several |aser performance issues thar affect
beam quality and determine whether we can in fact meet the
MIF specafications. First, there are low-frequency thermally
iduced wavefront distortions onginating in the laser ampli-
fier that must be corrected with & deformable marror.® Figure
la shows a calculation of the wavefront at the output of the
Beamled for the case of no wavefront comecton, the £ | wavs
ol distortion shown n the figure 8 caused by pump-mdeced
steering effects in the amplifier slabs. When cormection is ap-
plied with a deformable mirros having tee surface Nguee
shown im Figare 2h, the ouipuk wavelront 15 calculated o be
nominally flaand the 1w Seeehl ratio is increased from 0.1 w0
= (17, The mirror in these simulabions 15 a model of the 39-
actuator device cumemly in wse on the Beamles * The angular
bandwidch of the Beamlel mirroes allows (or the correcuon of
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Figure I, Simulaticns demonsirating the comeciion of long-
scalelength wavelramt distartions with a deformable misar, (a)
Pump induced wavefront distestbons reduce the salpal La Sizehl ra
o o< 0.1 2, (bl Surface figme of X-aenamor defarmable momor for
wawefronl comeclion. () Cormected low pomner autput wavefront
with Soehl ratso of = 0.7

wave fTonl eFrors ranging up © approximately £ 20 prad

Of sddssonal cancern are the amplitade and wavelrom
disioruons in the beam that occur o frequencies exceeding
the practical bandwidth of a deformable mirror, Angular
bandwidth associated with high-frequency ripple can actual-
ly grow as a result of propagation instabilives in the laser.
The mechanism for growth is the inensity dependent refrac.
e index in the laser components, 3 manifestation of e
third-order Kerr effect, which enables & weak ripple wave
co-propagaing with 3 song pump wave W couple and scai-
iz & founth wave, conjugate in angle w the rpple (see Figure
323" Subsequent interaction of the conjugale wave with
the pump generates anoiher rippde wave, and 50 on. ina pro-
cess which if k=it unchecked, leads ulimately ww the genera-
uen of higher-order ripple modes, advanced sell focussing
and beam breakup,

Ripple growih poges a problem well before the beam-
breakup stage becauss it 15 a direct means by which energy
can ke coupled into high-angle modes that focus cutside of
ihe wrgel. In the perurbation regime, the rpple field can be
shown o evolve through a given component as exp[£{z],
with £ depending on the angle of the ripple wave according
1

{ 2z
f(#) = %1'.'2 _ {%) By, By wm Dy oy

Here [ is the background intensity of the pump Held, & is the
refractive index, & the wavelength and ¥ the nonlinear coef-
ficient in the material. At the optimem ripple growth angle
denoaed by 8

Tl
i u":r e

ponwer 1 the npple mode grows as exp{28] with § = Hyzr be-
ing the familiar notation for the aonlingar phase shift
mewrred by the npple wave, On systems with many codmpo-
nents of various spacings, the actual power gain and its
dependence on ripple angle can be quite complex,'' as dem-
onstrated by Figure 3b, which plows the calculawed npple
grawth spectrum for the Beamlet Bser at a 3o oupuat power
of 3.3 TW. The lower curve, comesponding o the [w spec-
trum, was generated by inpecing 2 field with penurbative
nodse werms enifamly disiobsted in phase and amplitude into
a muodel of the laser amplifier and calculaing the gain at the
ouipit a8 a function of rpple angle. The large peak visible at
200 prad reflects the tendency for the beam to break up into
J-mm cells unless this parscular growth maode 15 suppressed;
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Figure 1 {a) Wawe wvecior diagram of degererbe fosr-wave inbsr-
scticn respansable for noalineas ripple geowsh in manenals possess-
ing & Kerr respanse 0. (b Calewdsted La (b and 3ok (... ) Apple
groath spectra for the Beamlet laser a1 a Mo oulpul power af 3.5 TW
in a 3d=cm beam. Jes curve has been scaled by a factor of 2.

thus the largess pinhole size used in the Beamled spatial filiers
commesponds 1 a cutoff angle of 2200 prad. The wpper curve
corresponds 1o the 3o grodh specirum caleulated For the fi-
nal opdics, In this case, maximum growth ocours at angles in
the vicinity of 2 mead (npple scale lengths onthe order of 100
10 2041 pm) ard the polenial for a 5x imcrease o proer LAl
tesed 1o these angles is indicated

Contrals for nipple growth are lemited, but eriscal far the
production of well- focused beams on bodh the Beamlet and
the WIF. Opneal components for these fscilities must comply
with stringe=ni sp:i:iﬁ.c:lhnn:. [or homogeneity and surface-
fimish specifically o limit the source termis Tor this effect
Pinhole staging o the spanal filters, and the B incurred be-
lween and afier the Hilters are bath important contral param-
eters for the beam charactenzation siwdics discussed below.

V. BEAMLET FOCAL FLANE DIAGMNOSTICS

The Bearmlen laser s a single.aperiure prototype of the
BIF desagm thal was built 1o demonstrate the laser science and
technology of the NIF architecture.'? It inCOrporales a faur-
pass cavaly conlmng eleven Nd:Phosphate glass amplifier
slabs, a 37-cm aperture plasma-clecirode Pockels
cellfpelamzer switch to eject the beam from the cavity, a five-
slab boosier amplifier, and a 37-cm apenure (requency con-
verier compnsed of a type | KDP doubiler and type 11 KD=F
tripler, which convert the |L053-pm wavelengih of the laser
o the 0. 350pem wavelength delivered 1o 1he Laged. Twa LB-
meter spatial filers image-relay the system and contral an-
gular bandwidih; one filter relays the cavity, and the second
iranspons the beam from the boosier amplifiers 1o the fre-
quency converter. The 39-actuator deformable mirror resides
in ihe inpecnion opics assembdy near the pinhole plane of the
caviry filoer.

For characlenzing the srradiance in the target plane we
recently installed 3 55 m’ vacuum vessel and assocaated di-
agnastic package at the gucput of the Beamler, a5 shawn in
Figure 4. A square fused silica bems of T-meter focal length
forms a vacuum barmer for the vessel and produces a 3w fo-
£us al a plane equivalent o the target lacation an the MIF. An
off-axis lens design. per the anginal MIF baseline, yields an
equivalent wedge angle of 4.5 which we use 1o angularly
disperse the S beam from the Lo and 200 (0528 pm waves
length) radsatson beft over from the frequency conversion
process. Provisions exist for installing a debris skueld ar a
KPP immediately downsiream of the lens when required. The
focus ar the targel plane s imaged amd attenuaied by a |-
meter aperture felescope howsed inside the wessel. The wele-
scope 15 comprised of thres uncoated spherical mirtors
fabricated from fused silica and coafigured to form an ec.
ceniric partion of a centered optical system. as illustrated in
Figure 4b. One of the principle advamages of this design is ns
lafge working discance which maked it pessible to expand the
past focus beam up to 2 size of 60 cm and thus reduce the
threat of damage (o the primary mirror. [n addation, che de-
siga provides an unobscured aperture and is alocal, meaning
that planes in the vicinity of the target plans are imaged with
near-comstant magnificaton. Auxiliary opucs downsiream of
e |E|E:L‘\HPE feed an exlensive suile of energy/power detec-
iors and imaging sensors

The pomary energy diagnostic 15 a full-aperiure calo-
rimeter Iocated in the vessel near a relay plane of the final
Focus lens, which measures the 1otal energy in the (sl sec-
pnd and therd harmonic wu‘-‘:l-:ngl,hs. En:[:g'g,' deteciors for
ihe indiwidual wavelengihs are calibrated by reference 1w this
calomimeter. Additsonzal deieciors measure the 3@ ERECEY Ui
the targed plane cut 1o 3 radius of 20 mem (£ 3 mrad), and the
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Figure 5 (&) Image of a poant souarce situaled ab the rargel plane

£1.5% of 1he energy 18 within a spot size equal 1o |6 times s dil-
fractian hirnt (b} Image of & hacklic test targes localed & the fine
{mcas Lens. demonsiratsng 70 i resolaon

fractiom of thas energy that passes through an aperiure equiy-
alent tothe 3 mm LEH. Pulse shape 15 measured wich a 4-ps
resollion sIneak Camens

Imaging sensors include two targer plane cameras with
+ | (W} and =300 prad Tields of view, a multiple pmage camers
which views several planes spaced by 4 mm about the target
plane. and two nearfield cameras which measure both largs
seale (= | mm) and fine scale (< 10 jem ) beam strecture al
ihe final focus bens. Target-plane imaging s accomplished
wmsraked by

with mear-dilfraciion limuied resolution, as dems

Figure 5, which shows the image of a Joy fber oplic poant
sogree |9 wm diameter) sibeated ar the 3o rarged plane. The
measurermnent was performed ar the second harmane because

ol the uradance levels needed Lo overcomms e losses of the

uncomed telescope mimmoes. Mearfizld imagiag capabality has
alsd been quuﬂ“l’ll_’lj Figwre %h 15 an vmage of a resolulion
FERL LT P seluaded al ihe fimal Tocus lefis dedmn Nring & re
solving power of bemer than 14 lines per mm. This camera
has aoly recently beed acuvaed Lfid will b wused to charac
terize the growth of high-frequency 3w ripple in the fina
flx'ui.u‘lﬂ IS

V. MEASUREMENTS AMD ANALY SIS

The tests we are cumently conducting on the Beamler are
designed to evaluate beam guality dunng the most soresstial
period of the [CF drve pulse. The baseline ICF reguiremenis
for the NIF call for a 20 ns duraion pulse with a 30x increase
in power from fromt o back, By propagasing shorn 200 ps
durstson pulses trough the laser under conditons equivalbent
L those expected a1 the peak of the drive pulse we are able 1o
ohiain a "wnapeshol”™ of beam qualicy that would otheraise be
masked by integrabion effects. To simulate the condiiions of
reduced gain and imcreased B oinlegral seen by photons at the
peak of the long saturating pulse we conducted the majpanny
af these tests wath the Booster amiplafiers wermed off

Measuremems of nearfield beam gquality ar hagh power
show the imadance distmbutson to be spatally umiform. Fig-
ure 6 is @ OCD) image of a 1.9 TW 3@ beam obtained wnder
mear red-hime conditions: AB's of L0 and 1.5 radians 1 the
cavily and booster sectbons respecavely, with £ 200 prad pin-
holes installed in the cavily and Iransfort spataal leliecs.
Reswcting analysis of the irradiance distribution 10 the cen
eral 31-cm poruos of the beam (to omit edge effects) reveals
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indyred for srmadiance satisics i haghlighted
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Figure 7. (a) T4 TW 3w focal spot measarad withoun the KPR, (b
Swhsequent 2.1 TW o focal spot showing increased disiomion
Irom '.|1|!I‘.I1.1||:|--|I1l\.‘|IJI\.'E|: wavelronr sherramnss on the ampli hers
Dasplayved regeons span ® 60 um

acontrast, defined as the eano of the stapdand deviation to the
mecan, of 0,11, with a peak 1o mean modulation of beiter than
1.35 1 1. Betler compensation for spatial gain vanations in
the amgplifiers ® would reduce the long scale-lengih rradiance
non-uniformities visible in the image and mprove the con
trast furcher

Farfield me=asurements confirm thal charsctensiics ol
the 1argel plane irradtiance on a scale length of the LEH are
dommated by thermal effects in the laser amplifiers. Figuee
Ta shows 8 high-resolutenn CCD image of the wncanditionsed
iy focal spod penerarcd on & 2.4 TW shol Radal meegration
of the image reveals thar B0% of the power 13 contisnex] 1o
side & lall angle of 19 prad. This data was oblained on the

firss shat of the day when the amplifiers are comparatvely
cord, Bunld up of heat in the amplifiers over successive shats
throughow the day generates thermal gradients and turby
lence ghean allect beam qualsty, but which canned be complete
I¥ compensated for by the deformable mirror (currently ihe
Beamler marror must be locked into posdson for a finite time
pericd prior 1o each shath, Figure 7 shows ihis effec. inthe
focal spot generated during the second shot of the day, in
which a1 a reduced power of 1.1 TW, the spot size containing
BO% of the power was ohserved to increase by over 20%
Amglifier heating 15 currenily a problem for the Beamlel, bui
15 Aol capecied 1o be a comcern for the NIF, in whach achve
caaling 15 an integral part of the amplifier design i

The facal spat generated with the KPP cliscly appeaach
ex the MIF baseline critema for the irradiance distribution
mside the LEH. Kepresentative data obtamed oma 2.1 TW
shat and shown in Figure 8 reveals than 95% of the laser en-
ergy endering the LEH s contuined within a 600 pm diameter
spat, The 1fe radius of the apot profile measures less than 2540
jami and 'Ih:_lf“l'&dmm*r levels a rhe edge of the LEH are below
10" Wiem® . Distortions of the spot profile are evident in the
form of Mare-lhike struclures extending our beyomd 40 prad
IMes srscture contains a few percent of the encrgy and com-
bired with turbubence effects, prevents the achievement of a
sharply delineated distnibution (see Fipure 9). The origin of
this sirocture is under investigason but it is present in the
uncopditionsd dacs a3 well, indicating that improvements in
beam qualiy will most likely be needed o meet the super-
Gausiian profile requirement, Preliminary measurements
also indecale a power-dependent increase in the level of weal-
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Figure 8. Measured 2.1 TW b focal spot with the KPP Displayed
region spans t G} em
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Figuan= 2 Radial distnbucion of power normalized oo (B pial powsy
imside the LEH for measured 21 TW { ) and calculaced 28 TW
[....} focal spat with heam condaoneng. Model does noi mclude ar-

hulence affects in che amiplifiers

tered radiation lying autside of the LEH. An observed -
crease from ~2% ot | TW o -7% a1 2.4 TW must be cons
firmed with additional measurements, but 15 aid inconsisten
with the calculation of Figure b

VI CONCLUSHON

Thas farst series of Beamlet 3w focal spof characternza-
tion tesis have come close 1o demaonsirating the NIF reguire-
mients for laser imadiance in 1he target plans, Peak powers of
up 10 2.4 TW have been deliversd through the final optics
with no evidence of small-scale beam breakup or
Nlamentation. This resull has been accomphished at an aper-
ture size that is approximately ten percend smaller than thai
expecied for the MIF,

Several issuss remain for demonsirating NIF quality fo
cal spats on the Beamlei, Wavefront distortions generated by
heat build wp in the lassr amplifiers couse the spot size 10 in-
crease on suscessive shas; active coohng of the Beamber
amplifiers, ardd closed-loog operateon of the deformable mir-
ror up until sheot time are being pursued as patential solutions
o this problem. [nitial measurements indicate that wide-
anghe scatter on che final focusang oplics dececases the oaal
amount of power delivered 1o the target, additional rest will
bz conducted 10 confirm thes effect and determine its depen-
dence on the i:l:lnﬁgur;linn. anrd finish quality of the final

opgics. Smoothness critena for the focal spot will be resned
with the implementation of one-dimensional S50 on the
Beamlet baier ihes year
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