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DEVELOPMENTOF C(I2 AND KrF GAS LASERS
AS DRIVERS FOR INERTIAL CONFINEMENTFUSION

Stephen D. Rockwood
Los Alamoa National Laboratory
Los Alamos, New P!exico 87545

1. Introduction—— —

On the basis of data obtained in inertial confinement fusion (ICF)

●xperiments over the ltiat five years it is now apparent that successful

●nergy production from inertial fusion targ( ts will require drivers

capable of delivering several megajoule~ of enerpy to a target at power

densities in excess of 100 TW/cm2. This represents an increaac in

required energy over earlier projections and has contributed to what

might be terwd a cost barrier LO the furthe~’ development of lCF. This

cost barrier is created by the fnct that improvements in target

performance are ~rogrestzing a~ the cubr or fourth root of tile driver

energy while the cost of th~ driver continues to scale nearly Iint?arlv

with output enrrgv. Thus , continued progress toward energy prOdUCLi,lll

from ICF depends on a broaklhrourh in the c(}st vr3 cncrp.y Hcalil]g of

fusion drivers.

Several difft’rt’nt driver systrms nrv currcntlv Ilncil”r dt’vt’lopm{’nl ill

th{’ nationnl IcY program. Los Al;lmos hns traditionally cmphasizt’d Y.’I*

lnsrr systrms h~causc of their intrinsic hifih nvrI:Iyo pnwrr ~mtlpithil ity

find c{IsI~ [If oprrnt ion. TIlis pnpvr will rvvirw llIIS slNIII:i III n,.tivitif~s

il) I)l!tll c.lrhm dil!xidv ([:0,,) und krvl~ton !Iuoridr (KrF) .lvvl’lopm!’1~1 :11.
Lllv ljilt]l)rilt~}ry,

Il. AntnrrH l,n~or Fiit-ilifv—----- - - - ---- -- - - -.. . ...
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Two power amplifiers provide the 40 kJ output. Each power amplifiel”

is annular in geometry and segmented into 1? beams. At the target

chamber an array of fold and focus mirrors bundle the 24 beams into 6

groups of 4 to irradiate the tarRet symmetrically. The 6 beam bundles

are brought to focus as if through the aides of # cube vith the target at

its center.

Figure 2 pr~sents a cut-avay view of the power Smplifier. A

cylindrical geometry houses the central coaxia! cold cathndc electron

gun, which supplies four axial discharge sections, ~ach discharge sectil~n

being &zimuthally segmented into 12 sectors. The design specification<

for the power am~lifier are given in Table 1. The electron g~ln is n

tried:+ with a tUbUlar gl id structure. The mechanical design of thr I!ri(l

was ii key element in obtaining reliable operation of t]lc Clectrun puII.
9

With n total eli’ctro~l window ar.’ta of 9 rr,& this is the world’s largt’st

known triodl’ tube!

In Lhc construction of I:lrg,t’ fusion l:lscrs optical cornponrnts an,l

conLrols flrl’ a sipnificilllL portion Gf tt)t? sysL’em’s costs. 011(’ 01 Lilt’

sut)stanLia] cost s;lvill~s l)[lSSlb]~’ Wit’11 ~(),, lasers such ns Antflr{’s is
.

Lh(’ US(l Of d~am(lllll-tllrllc’~l Mot,]] M~rrOrS. TIII> larKe (3S- to 7(~-cnl)
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computer to move appropriate mirrors and bring all beams into

congruence. The final alignment is accomplished using a C02 laser beam

originating at the alignment etation ar.d detected by energy transmission

through an aperture at the final target position. The target chamber

mirrors are adjusted by the computer to maximize the energy through the

aperture. The final alignment is accomplished with 10.6#m li3ht, which

removes all sources of dispersion error in elemenLs such as the salL

windows. This alignment system has demonstrated a pointinp, accuracy of

5 ~m.

The technology for C02 is well developed and could be confidently

dcaled to megajoule energy levels with costs of shout $300 per jouli.

output. Howcv~r, while CO, possesses all of the desirable attribut~s

of a fusion driver from the laser system standpoint, the ICF program I),Ic

not been successful in cfevelopinR target designs thaL lead to high gain

(>50) wl~en illumln~ted by tilis laser’s iO.6 #m radiation. F,ecflnt

low-energy experinwnts with snort wavelength light have show[l fav(~ral)li,

trends in both inc-easeti coupling to thp Ltirgpt and a rt,ducud qufintit~ (I!

II(JL eltjctrons. (;iven these trends in tar~thL physics l.os Alam,)s Ilas

illitinted a technol:l~j Liemt)nr. lration test of a KrF lns(>r. TIJ(I ri’m,lin,l,’r

of this papt?r will desrribc tl}is dt~vf~lopment artivi~v.

III. KrF 1,~.scr lhvrlc~mcnt. .- . . . - - -. - - - - - —.

Tl~t’ KrF lasrr Ilns twt~ ou!stan~lir~ ,nttrih,ltl)s for i~l:iil)[~

npplicntions: U S]lor[ , (), ?’1~111, f}lltp~,[ WflVIIICII~[lI; ~i~](l I)(I {I,,v:II1({I}.I! ,):

{l ~asi’ous Nflillm I“or lt)w-c~)sl , Iligll-powt,l ~Jprr~l i,}ll. NIJ’: IIS .ltlr;lt-l ii’lh

nrr ttl(’f:IcLs LIIIII it s {oft icif~ncv nppt~nr% to hr ] imill,(l [() ‘i”: (11- 11.!;,;, !

wlli(.11 is m{lrp,in:llly low, ,Illtl tll{i ] ns~~r ml~~lillnl IIIJ~,.S IItI~ sl(jl”~’ !llll’r~v. [[

is this I;IIIo.I. fu(’1, I)llnli’lv :1 VrF~~ 1 i 1P( im!l of 111:(1(11 Ill 11s, tl)ill

il~mlillnl PI+ ,11 I nsl)t’cf s IS’ tilt’ fli~sip.n [~1 n lnrRil KrF l;Is~,r.

TIIII KrF lnsI*r ,1(’I i(l!l i:: most e!licilllltlv itlit i,vtt,{l l~v (It’llt>si! i,}ll ,11

]Iiy,ll rnvr~y IDII”t.trI~II:4 ill ;I ff,w “.fnll)~plll’rllh 1)1 ~n!i I’( III ilillill}: AI-, KI , :111 I

l~f’(nll!ll’ Ill{’ 1:1s1.1’ mt’llitlnl IIOIIS I\t)t Nf[II.ll t~li[,ry,v f,lI ](JIIP,,.I. 111,,,,
‘2”

rollglllv lo nw, ((~nvI*IIl illnol lvi’tlni~lllvs (I! pIIl NI*I: I)ow{*r :IIId t*-lt I~.1,11

(~x(’it[lfi(lt) I,vil II) illl>lll {t~}t,r~,v rul)i(llv P1}IIII}S,}I10 vi(’l.” Il)i, (ll,sir~,(! I.1,,111

(111[put . Flvt’ll i t tl14’ I’IIIDIY.V (1)111(1 1)11 illl)lll l~~~i(llv, n ? 1.1 (11111t, I I!. (”1 tct~ma,,h
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to play tha: significantly aff?cta the amplifier design. The KrF laser

gbin is proportional to the pumping power. Thus, for a specified energy,

the gain g varies inversely with electrical pulse length, i.e.,

g+l. To avoid energy loss through amplification of spontaneous

emission (ASE) along paths othe: than that of the principal optical axis,

laaer designers typically limit the transverse aperture size d of an

amplifier to valuea such that qd= 1. Since the output fluence of a KrF

laser satur9tes at a few joules/cm2 we observe from the preceding

arRuments that the output per aperture, Fout, scales as

Thus , the output of any amplifier unit increases quadratically with tll~,

electrical pulse time. In practical systems the ~.Ilse lengtl~ may bc

several Ili]ndrecl nanoseconds.

Tilt’ qLIC’Sti”Il for fusi(ln applications is then how to clccreasi~ [1111

lonk optical puls~j Ienp,l}l from an t’fficiently run amplifier to tl~~~ f(,w

IlaIlostIcoIld!: comm~nsuri~tr kit}] Largi~L disassembly time. Tller(’ ;Ir,’

t.urrt,nt Iv two approact~(ls lo acl~ieving the nominai factor of 10(J p(IIs,I

Ct)ml)rt,ss ion : Rumall c,)mpr(’ssion and angulllr multiplcxinfl. TIItI i’irs[

ill)proilf ’11 llS(l S t}l(’ nonl lneur sntu rat ion prup~rty of hnckward R:lmnll
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If the optical pulse length is to and the electrical pulse lellgch

is t then the number of compression channels is N - te/tO.
e’

The

reduction of complexity dictates decreasing N and hence te, but recall

that because of ASE and KrF kinetics E ~ t2 so an optimum in
Out e

te must exist fot any desired energy. This value is found by notinp.

the number of controls c will be proportional to the number of amplifiers

n = ‘totdl/EOutJ and the number of adjustments per multiplexing

channel N = te/tO. If all amplifiers are dr~ven by a common

multiplexing system then n and N are independent al-id hence

A minimization of this function with te has been performe(l aIIcl is

presentrd in Flu. 5 parametric in the damage threshold for Optics. Tilis
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osci!.later output of a few tenths of a joule the energy will be about

30 J after the first intermediate amplifier and 2 kJ after the e~cond.

This energy is calculated to te adeqllate to saturate the LAM in a double

pass configuration. The entire system is named Aurora anfi is predicted

to have an energy output of greater than 20 kJ.

It I,ust be emphasized that Aurora is an experiment in low-cost laser

technology and is not an iCF taruet shooter. As RUCh, :he Aurora desipn

is not conservative. The choire of J stage gain of 15(I for the first

lnt~rmediate amplifier is admittedly high risk. This choice has htli)n

made to reduce svstems COSL and simplify the optical train. lf tht’ hi~tl

gain ope,,”ation Canrl(;l be achieved (d,le most pr~bably to AsE), :I)c:l

another intermediate amplifit’~ will he added to keep stage gains in tll’,

ra~ge of 50 or below. Tl:u operatit>n of Aurora is intt~nd~’d t,) pruvidi

claLa on low-cost, innovutivv laser svsrem designs anti as %uctl wil I ‘II’

sl]ccessful i.vrn if Lilt’ prk>ie~t~ld 20 kJ is not achicvecl.

AII ~ntc~ral SUbSVSLI’~’, of Al]r,\r.a is t!le opti~.al truin linkin)’ (~111

mdstcr {Iscillntor, Intermi’({iiitt’ amplifiers, and tl)c 1.AP1. TIIIS s,IIJsv<[,I:.:

(’c)ns isl s ()! an t’llrod[’r ~ a r,’lnv OpLical train, two 9(I elem(,r.t (h x 1:)

mirror ,~rr:l~:s, !,AX t~pti, s .111(! nIip:lmt’:lL ctllltr(~l~. Tl]is is a m:l i,)r

sll!~+~-s[f’m :}! Aurora ill whic!l cOS[ control is vital l:: imp(lrLnn[. [“[,s[

(.,II)LI-,)1 In 11)1s maior subsi’%t i,m is vo, rv iml~(~rta’lt . TII(I !~:lsic :IIIIIT-l~:l~’I I ‘

f)lIt i,:ll m~ll[iplrxill~: is I(I ~[)l]rroL(’ J ‘~-ns illpllt pIIlstI .ll}~l s] i{.,, I!lit.

\.,ll:ln: ,.l};lti:lllv int[~ ;II X x 12 (*l,,m(’1)1 nrr,lv. ~;It.!, of III,. r,. s,ll, i,!,, ‘~!,

1)1,.11111(11s ilr~. LIII’11 s~”!’t.r:ll(’ \Iv ‘j n> i,~ !im(, IIf I li~hl I(I f~lrm :111 ,~11: :1.:11

I,xll ’111 :111,!
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The Aurora system ia 8cheduled to be fully integrated and

operational at the 20 kJ level by about August 19a5. This system will

provide a real engineering data base for any future KrF system using th~

angular multiplexing technique for pulse compression. It may also be

used to examine backward Raman scattering in conjunction with

multiplexing for pulse length agility. Critical engineering questions to

be addressed with Aurora include:

1. LAM- Can reliably uniform emission of large area cold cathode

dint s be achieved? Can efficient extracting of ol,tical enercy iii.

achieved in large aperture amplifiers with control of ASE?

‘1. . Staging - Whut is the best tect)niqai~ for achieving high stoge paiv

in KrF s:Jtems?

“1. Energv Extraction -

enerpv cxtracti(ln v

predicted?

.4. cost - h’llnt ar,. L)),.

!loes angular mul:iplexinp lead tn effic

Lh lltrlr channel-to-channel cross talk
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TABLE I
ANTARES POWERAMPLIFIER

DESIGN SPECIFICATIONS

Electrical
Flaln Discharge Voltage
Current Density

Total Current (4B sectors)
Electric Field

Pressure

EIP
Pulse Width

Optiral
‘~in-l~nf!th, CI)l

Gai:l l’niformity over Aperture
~utpuL EnergvfAmplifitlr

(’111(1 L,lc!ll)!l

550 kv
?.5 A/cm2

960 Id
18 kV/cm

1800 torr
10 kV/cm-torr
3 ps
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,4arx

Marx Energy
Pulse Length

TABLE 11
LAM SPECIFICATION SUMMARY

Laser
Input Light Energy
Output Ligh: Energy

gol

Stage Gain

Intrinsic Efficiency

Laser Clear Apelture
Gas Pressure

Electron Gun.-—
Voltag[,
Area (1[)() cm w 2(.)() cln)

Current Density ( intu Gas)

720 kJ
500 n>

2000 J
15-20 kJ
7-9
10
-11%

lmxin

F-1.5 a:m

700” ky

20 x 103 crl~

20 A/crn~
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