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1 Introduction 

One of the possible ways to solve the problem of controlled thermonuclear synthesis 

is application of inertial confinement fusion (ICF), when thermonuclear fuel is exploded 

under shocking action of laser radiation. The key problem of such an approach is that 

of a laser. Several severe requirements are imposed on the laser system parameters. To 

provide sufficient compression and heating of the target, total energy of laser flash should 

not be less than 1 MJ. This energy should be fed to the target within a pulse with definite 

temporal characteristics and duration about of 0.1 - 1 nanoseconds. To provide effective 

focusing of radiation at the target, the laser system should possess a high brightness. 

Thermonuclear target should be radiated symmetrically with respect to its center via 

several tens of directions. Laser light wavelength should be less than 0.6 µm. At a longer 

wavelength, absorption of energy in the target becomes ineffective due to reflections from 

the surface plasma layer. Finally, to construct commercial reactor, the laser efficiency 

should be greater than 5 per cent and repetition rate should be several cycles per second. 

Nowadays the approach to construct ICF reactor has passed its way of scientific veri

fication in many locations [l]. Unique laser systems based on solid-state Nd lasers have 

been developed. Experiments have confirrped validity of the approach, densities in excess 

of 600 times the solid state phase have been reached [2]. Although Nd lasers have served 

a good role during fundamental experiments on inertial confinement fusion, the problem 
of optimal choice of the energy driver for ICF commercial reactor is still open. As for 

solid-state Nd lasers, they possess several significant disadvantages. The main of them are 

those of cooling the solid-state active medium, of a low efficiency (which is of the order of 

fraction of per cent) and of a low level of reliability. These impose a limit on the frequency 

of laser flashes. For instance, the laser NOVA at Livermore performs only several shots 

per a day. Perspectives of this approach for constructing the ICF energy driver may be 

connected with the use of the laser diode pumped solid state lasers [3]. Another approach 

to construct the ICF energy driver assumes to use high power ion beams. A lot of work 
should be done to prove a validity of such an approach. 

During last decade significant achievements have been obtained in the field of free 

electron laser (FEL) physics and technique. FEL devices possess many attractive features. 

FEL radiation is coherent and it always has ideal, i.e. diffraction dispersion. Tunability 

of FEL radiation provides a possibility to vary wavelength in a wide range. FELs are 

capable to provide a high efficiency of transformation of the electron beam power into 

th~ radiation power. It has been demonstrated experimentally, the efficiency of an FEL 

amplifier has reached the value of 34 % [4]. Remembering that accelerators, providing 

driving beams for the FELs can provide effective transformation of electric power into 

, ... ;· .--:;·;· 
· x1ttt, ::~;,: 

l~\ I ' .. :• .• ~•: ~=-~•~•~ --~~ 

t 

'. l 

the electron bea~ power, one c~u' expect t~ reach a high lev;l of theto,tal FEL efficiency.~ 

Fi~:ny, repetition r~te of ele~trdn accel~rators 'is rather high, . up. t~ se~eral h~ndreds . 

cycl~s persecon<;l. All thes~-foatur~s df the FEL indicate that' it should be studied as a . 

~'arididate on:a rol~ of the laser for the ICF commercial readtoi.. . , , . 

. Fo~ the first tiine a possibility fo use the FEL as an energy driver for commercial ICF 
~e~~to~ 'was considered iri ref. [5]. The authors ~f this paper d):>tained,th-~t direct use:~f - · 

the PEL. as ~ dri~~~ requires1 a power' of mci're th'a~ 1014 w. s~, tne t~tal· es beam po~er -

·. should reach ~stiono~iial values i0: thii.t ·case: As a result, they have proposed to use the

FEL fa~ pumping a solid-;tate laser, which has bee~. de;el~ped -a;:;. the' fusio~ d~iver: 

. ·. Contrary to the con~lu~ion of the paper [5], o;~ investigation· h;~ l~d llS to a.ii opti~i~tic\ 

- Jon~lusio~ that construction of th~ FEL systeITI'·meeting. th~ requir~ments 'to_ th~:ICF . 

ene~gy driver is quite -pdssible at the present day level ~fa~cel~ra~or tech~i~ueR&D'. It-
' : .. ·- ./:,·t .. ,,' 's. -· ' .• ' _, _, ~. .... ~' ' •• : .... -;."--!:., ✓ ·-. - ; 

becomes possible due· to application of a"novel FEL ·amplifier scheme-proposed in: our 

paper JI~ this s~heme the 'req~ired leveiof th~ d~tputpower is provided by th.e :use of . 

. :Umining 'the, o;tical po~ver:technique'. This tech~ique o;erates as foll~~s: M~lti~stage ' < 
FEL. amplifier. is. co~~o~ed of.~ large: mimher N ~fundulatori/separat~d with:. m~g~etic'.. . 

. snakes. , The FEL- driving electron b~am i~ gen~ra~~d by ~ linea; RF accelerator_ which . 
,' -·1 . _,_ -- , .: :.. ... , ... _ . ·;; ..• ·-:; • ·: (' , . :. 

· ! produces a train of N electron bunches'. . This train' is fed fato entrance of the first stage 

/ FEL amplifie~: together with the ;ingl: o~tical pulse' of the In~st~r· os•cillato;:.\\Thi~h is 

synchronized with; th~. last -~lectron bunch_ of th~ t~ai~'. ' In the first' stige df the FEL 

amplifier th~ optic~l. pul;~ is.· am~lifi~d. taking the. ~n~rgy off-the; la~t' electron: b~~ch; 

After passing th~ fi;st undtilii.tor, the optical and ~lectro~ bunch~s.are separat~d in: the. 
' : . ,.. . /.. • '.' . . ' . . , . ··. ! ·'' ,,, ...... ':·' ... ·, . 

magnetic snake: the train of electron bunches moves along the curved trajectory between " . ' ~' - .:, . ' . ." - , ' . . -~ "' . '. .: ', . '', ",-, , ' .·,: . , ~ :'. ,,. '.''. '. ' .. ' ' ' . :., . ," . ; 

'the undulators, while the optical beam travels along the straight line. Parameters ofthe 
:;:·; •• •• ,_~ __ .... ,.,. ·- ·'," :- •• ' • ... :·:, ~-·\., • -'/"·. ._·,.;;.,_•,_ '~--- •• '_✓-· :>·,,'' /• '" ,_' 

. snakes are chosen in such a way that the difference of paths of electron arid optical bunch 

. ··_ i~ e~u~lto:th~ distance betw~en"the.elect~~~ buh~h~~;~;, at th?Jntrance to.thenext. 

·,yFEL ~~plifi~r stage, th~ optical bunch i& synch;~niz~d with ~he neit;u;perturbed ·bunch 

'. or:theti:ain, etc. Para~~te~s of the.:.undulafor,ofeach stage.are,optiriiiz~d on effecti~e 

e;tra~tio~ of the· en~;gyoffthe electr6ns,· taking i~to acc6unt the' g;o"'.th of the opti~~i--· 
• ' , • :, ••• ' ' ' ,' . ., \ •• - _., ; . ' ' •. , ,. .. ~ ' . - ... 1 . : .' :,-_ '. ;·. , . -· ·~ '., ·~ 

power.:-As a result, this scheme provides a benefit in a peak radiation power of the order 

~fN, t~~ nurriber of the FEI/amplifierstages, and the peak r~diatio~ po~er can be done 
m:ch ~o;e thai:'i the p~ak po~er df ele~tron: b~a:-m. , · .. - . . . , , , ' . . 

·. ,Jt should be noti~ed that the FEi' amplifier has ratherJarghength, and radiatfon 

fi~idgain is relativdy s~~n in the Iriost t~umb~r of the FEL amplifi~l';st~ges, so the self-

. foc~sing of rndi~tio~ . ( or effect of; "o~Fcal guidiril [ 6]) can ~ot provide effective focusing · 

of radiation. :The next. probiem to be; s~lved '.is th~. problem of. effective foi:~sing s;stem 
~ith low losses' and st~ble to the actio~ ~f the powerful lase~ radiatiori: I ' • • • • • 

_ • , , - •' • •. 'o • ' • -, < ~ 8 • S ' 
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• 
; fo. the p~e~ented pap~r ~e propos~ to ~se a periodic diaphragm line-f~r foc~~ing the 

. -radiation: lthas a·form of a seqiience of totally absorbing screens with hole~. When 

Fre~n:·el numb~r is la~g~, eigenmodes of diaplifagm line have :rather.small diffractionloss.esJ. .· 

• For insta.rice, in a ~isible wa.velengt{ range,° at the radius of the liole 1. cm arid the distance .. 

· ·l:>etween the screend m, diff;~~ti;n los~es of the ~ro;nd ei~eninode are abo~t of 0.01 % 
. . per one aiaphragm: So, the ~se,6f the diaphr~g~ f~cusiri:g line is· the second b~ic id~a: of 
.. the paper.· :. · · ; · · . · ·.. ·· ·· _.. · 

Using tlJ.~se basic ideas, we have de;elope<l conceptual project of the ICF drive~ on 

. the.base of ~~ltich.anriel multi-st~ge FEL '.amplifier. Th~ FEL dri~ing electron b.eam is . 

produc~d by 3 GeVJin~a; accelerat;r operating at. frequency 500 MHz _with puls~ duration_: 

25.6 µs ;nd repetition r~te 40 Hi Mii:ropulse dura.tion is equal to 100 ps and peak current. 

is equal 2 kA.'T~t~l number ~f electron bunchis in a macropuls~ is equal to 6400 with the 

• energy sto~e e~uarto 3.84 MJ. '.FEL' am~lifi~r comists _6f 64 parallel channels. A system 

ofk.icker'niagnets. siparate~ ~lectron. QU~ches via' 64 FEL a~plifier channel~. Ea.21 FEL 

; · eamplifi~r ~hannel is_ a multi-stage am~lifier with 90 sta.ge~. At the exit ;f the amplifier, 

.. . t_otal ener~y 9f laser H~sh is~qu~l to·l MJ ~ith'a brightness 4 ~ 1022 w _cm'-2 s;:-\.Total 

efliclenc~ ;;f the,.proposed ~~er~ dri;er is. ab~ut of·11·%. ( 

Linear diIIlen~ioris of t'he FEL based ICF dri~er are aboii{of 5 k~ and' are co~;arnble ... 

~ith tlios~ :ofth~.ionb~ams bas~d ICF.driv;r (see, forinsta.nceirref: [7]), ;l}.i!e'the 

probl~rris·of t~ch~ical ieiilization:can be ~oh;~dat th~ present'l~vel of acc~ler~tor tei:hniq~e .. 
R&D. ' . . .· ·. . . - ' . •. - - . . . . 

The pa.per proc~eds as follows. In ~ecti~~s h~d 3 we describe bri~fly basic ideas of the 

proposal, namelxthe· s~mmation ~che~e of the optic~lp;w;rand ·use of di~phragm lin~ 

fo~ f;;cusing and .tra.nspo;ti11g 6pticalrndiation. 'Secti;;·n 4 presents ~ ~oncept~al prnj~ct . 

of the FEL basedJCF energy driver. S~ction 5 is d~~;ted to th~ p;oble~~-of opti~al ;· 

. ~hbice of the inti.lti-st~ge FEL amplifi~r: In Sectio/6 we.discus~ problem~ ~f-techiii.cal • 
realization of the propbsed ~ne~g/drive;. - . . . . - , .. . 

) -, . 

2 ·summation of optical power . '._ ·,, ' .. -,·- ', . ·\, ·. . ., ·' 

. In traditional scheme qf the FEL amplifie;, outp~t r~diatiJn po~erW0 i1 does ncit exc~ed ··•· 
/h~ ele~tron heam power :w., . -. . . . . . ·. - . . - ·. . •' . 

wo;t == 7/FEL X w. = 7/lEi X lpe~k X £ I e, 
•, • S • •' • ; > a • < • ' ,.:..• - < < 

. ,~h~re 7/;EL is the FEL amplifier effi~iency (¼FEL<- 1); lp~ak ~nd £ are the-pe~k c~;rerit 

~~d the. ene~gy- of elect;on .b~a~; res;~ctiv~ly. ,The peak. power o'r th~ 'en~rgy driv~~ fbr•_ 

inertial corifiriement. fu~hi~ sho~ld b~ of the o;de~ of several t~ous~hds of. ter~~atts which. 
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results in enormous values of the electron .beam parameters. On the ·other hand, the . · · 
. - .. . • .. • • I. . . . .- .. - ; . .. .. 

present level of accelerator technique R&D allows.one to.construct accelerators with.the· 
,: ,:·· . • ,_,, • ·. ,.( . l '"_. • • • . 

energy about ofseveral GeV and peak current about oCseveral kA with sufficiently low 
~-. ' , , '. ~ ' ' . , . . . , . .. . . . . - . ~ . . . . . . : , : ,,- .. 

energy sprea.d and emittance. So, it seems to be unreal to overcome a TW level of the_ 
. FEL output ~ow~r using standard a~proa~h. · · · .. - . 

To o~ercome this problerr( we pro.pose to use multi-stage FEL amplifie;~hich a~plifies 
• ' . . . . • ---"", .. /· • . r • - .• ,, -, ; 

a single ·optical bunch by means of se·quential usage of.several electron bunches: .FEL. 

amplifier i~ comp·o~ed of a'iarge ~u~ber N. of undulators separ~ted with magnetic.snakes 
(se~ Fig:1)'. · · '· · • · .· · • 
·: ... , . 

> .. · 
ElectP . ·· E~eatpen · . . .: ..... 
Op .. ·..----: . I / • .- .. · " -

o, - I 

-,EL, ANpllCle• En~•anc• . ... . ,. 

'' ~-~/ ~' .----. §< .. · ..... 
Elect:•an' : - , , 

-"""-------~-,- : ' D . - I .: ,:' 

Figure 1: The s~heme of optical power summation 
\. l . . , , -

The- FEL d~vihg ~lectrori bea'm is ge'rierated by ~ lineai·RF acc~lerator which produce~ 

a train __ ofN. electron bun_ches. This trainis,f~d into erit;ance 6fthe fir~t stage ~f;h~ 
.· FEL amplifier. togeth~r ~ith \ the single: ~ptic;l. ptil~e :of, the "master -oscillator •which: i~ ... 

synchrohized:with the last electron·b~nch of th; train .. in the first stage 'of the FEL 
, ·- : ~ ~ ,, i - . , . •, t_ , ) , , ~ I , , ~ ,· · '. , .. ' ,. : : • · ·,'' ' 

~mplifier the optical- pulse is amplified· taktng the energy off the last. electron bunch. 

After passing the first undulator, the optical a11d ,eledron buriche~ are separated ;in the 

magneti~ snake: the t~ain of electron bunches'm~ves along the curvedtraj~~tory oetween 

.the undulators; ~hile.the optical beam·t~~vels along the straight line.· Pii.ratneter~ of the 

snakes are chosen i~ -s~ch ~ way that the difference of ~athsof electron <ind ·o~tical b~nch 

is eqn~l to thedistance betw~en the electron bunches, so, ~t theentrance t~.the next 

· .... FELa.~plifier stage, th;~ptical bunch is syn~hroniz~cl ,;itli the next; ~111perturbed b'im~h . ' - . . . . ' -~- ' . ' .. , . - ' 

of the train,.-etc. Para~eters of the undulator of ~ach stage· are optimized on effective· 
.'- ·. . .. · ; .. _. ' ·. . . ·- :·: ·. ' - -

energy.extraction off.the electrons, taking into account the growth of the optical'power. ~ 

-~ 

As a result, .this sch em~ ~rovides a benefit in the pe;k radiation power of the ord~r ~f N;, . · 
th; rtu~b~r of t{e FEL a~plifi~r stages'; and th'e peak' r;diatfo1i powcrcan be done· much · 
~~r~ thah the peak po;,er _of el~ctro11 beam. · · . ' - · : .. · 

5 .. · ,.,,, 
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·, The optical pow~r sui:nmation scheme, described above, does 'not exhaust all the pos

sible cmifigurati~ns ~f summatio~ schemes. They may be realized also by p:roviding the 

delay ~f opticai bunch ~ith. respect to ,electron bunches b; means ~f optical delay lin-~s. 

(in this• case the o;tic11 bunch i~ synchrorii~ed with the first ele~tron bunch: of the tr~in 
, at the fir~t FEL ainplifie; sta:ge): ·; > ,· , . . ' ·. . , , • 

• ' '.. • p ,. • ~ - • • -. , • 

_, This scheme may.be used also with the driYing beam fr.om the. linear inductioi1" accel-

erator (LIA). A; a rule, the LIA elect~on beam has a-~~ther .longduration Tb: about ~f 
' -~ :· ; , , ·, - ' .... - .. . I , ,-_ 

several ,tens or hundr,eds of nanoseconds. To, amplify,a s~~t optical beam with _duration 

Topt ~ n, one may c~nstruct multi,stage FEL ampiifier 'with the number of stages equal 

· f~ N, =.n/T;pt• 'At the entr~nc~ into th~ first.stage, the opticcii beam should'b~ synch~o_; 

niied with the tail ofdect;on beam and delay linesshould p
0

ro~-ide a shiff between th~ 

optical a~d-electron bu~ches by the ;alueof the optic~! ;u1s:duratio;, T~pt• . 
, , , This ~cheme

0 

operates successfully, ;h~n the mast~; laser ,signal siinificantly e:ceeds 

th; value ·of the noisesignalin the ,first FEL ~mplifier stage: For the parameters _of the , 

numerical example presented in this paper,. the pow~r of the FEL. amplifie; noi.se is of the 

order of~ w,h >~ 4_0 w (s~e ~ectioil 5.1); while th~ Tast~r:- iaser p~w~~ is ~bo~t of1 

MW. ·;. . ; .- - ... , , , .· •. L - . . > _ .. ·_ .. ·· . < .. . . , . 
In the multi-stage FEL amplifier there may appear a transportation probieIIl of used 

el~ctron bunches iii the n1agnetic syst.em of ~ub~equ~nI FEL·a~plifi~~ s~~ges, bec~use there 
.. ·~ . ' :' : -• .,_ ... - . ,,:_,, ·.. . ' . ·,· .. '_.· ·, ,.,. ' ~ ,, . . , ·' : ,.- ' ✓- . ···-:-- ' . ', ' ' . ' . . ' ' 

is significant energy, spread iri _these bunches,, To avoid this problem, a high-dispersion 

may,be ~ealized in-the ~agn~tic,snakes whi~h provid~s s~paratiori'of ~he electro~s in sp~c~ .· 

by -their ~nergy. · Then.the ~i~ctroirn, whi~h eu'ergy diff~r· sigu'ificantly from the nomin~l 

one; may be ~bso~b_ed b_y beam dull?:ps.. , · 

3 Diaphrcigm focusing .line 
'• •- •' ',_ • I ,,-

As a rule, leIJ.s syst~ms are used for transportiJg ahd focusing of opti~al: radiati~n .. 

While' t~is technique is appropriate· at a relatively_sm~ll radiatiori; power; it is. com~letely 

uri,fit for focu~ing and t~an~p~;ting bfpo~erfulfaser heamswith the average l;d peak 

radi~fion P?We;, about ofone -~egiwatt and s'eve;al'.;hundr~ds >te;a.~atts; respectively. 

<. Nevertheless, this problem may' be -;~lyed hy usin1 diaphragm focusiIJ.g line ~hich has a. 

. form ofperiodically ~~aced screens with hole;. F;r 'afaxi;ymmet~ic li~e ½'ithth~pe~iod ·,· 
· L, eigenfun;ti~n~ ipm(~,ipf h~;~ tl:i~ fo;~: •· · . , __ · · - ·'-, 

--\ {. ·cf1:'~Umj(~)ex~(~imcp),: ~~0,1,2;.> (1}, 
- - • -, ' . i_ - ,- ,., ' • 

When. radius of the h~les 'R is rather large, R~ >.; in thefirst ~rder of~: sm~llparameter 

M,= (81rNFf~ 1l2 , wh~~e:Iv~ ;;,,.R2/(.\L)is Fresnel~umber:·run~tions_umj have the f~rm: -

·[8):~· 

J 

r 
] 

i 
j 

-! 

'✓ ·/ --~ 
,. 

· ·~ UmJ = J~(k,,;ir.), ' ·:. · (2)· 
\,, . ' --. . , ', , . . '.' '·; .·· , ·.,-,..,:-·., . . 

· where kmj = µmi(l -·!).o)/ R, /).o = (1 + i){30M, /3o = 0.824, µmi is j-th root of the Bessel 
. function ofthe,~-th ?rder (i:e'. J~(µm;) = 0). For TEM;,,/~gen~~de;a. fraction of the 

radiation power losses per passage of one diaphragm is given with the relation: 
._, . . . . . , / 

~Wrad/Wr~d = 8µ~jM3 {3:!,. (3)_ 

When Fresnel number NF is large; eigenmodes of diaphragm line have rather small diffrac

tioidoss~s. Fci~ instance, in a visible w~vel~ngth~ange, at the radius of the hole R ~ 1cm 

a:nd the distance betwe-~n'the screens-I ,-; 1 ~' diffraction losses 6£ the grou~f TEM00 · · 
. ... ~ ' ' ' . ( 

-'.eigenmod~ are about of 0.01'% per one diaphragm. · , 
~ . ~- .•; . • . - , . ,· - ~ , - '1 . . ~ '· - ·- I .-. • .. 

·: Diaphragm line is rather stable with respect to misalignment ofthe screens. When·the 

screens are adjusted in the both transverse' and longitudinal direction,s with th~- accuracY . 

about of "io-: cm (~hich,is us;al in. the accel~rator technique); mis~iignmentsdo not 
. ' result in tne extra diffraction losses (see Appendix A f~r ~ore detail~)- ·. .. - . 

. "'-, ' - -~' 

·', 

4 · Conceptual project of the FEL ba~ed !CF ~e'iiergy 
driver. __ · 

. . .· . ' ' , , . , , . ·' 

In the.present paper we do riot touch the 1problems of the general ICF reactor design. We· 

assume t:he,ICF_re_act6r t<> be design~d on the, base of stan.dardsch~me'when ther~ortuclear' 

fuel is exploded in .a reactor chamber under shocking action of las~f radiation and heats ; 
' ' I • '" ~ :....._ ,-, : ~ ' • ',_ • .·' • • • ·,._ ; - ' - '. < >'. ' - • " ' • " 

. the walls of tlie reactor chamber'. Then the heat is transformed into electri~al power by 

', ~t~ndard technique (s~e, for instance, ref. [9]' and referenc~~ therei~), Experimeritai ~nd 

, theoretical researches h~ve ~hown -th~t ~onsti-tictio; of such a ~ea~ti>r' beco~es feasible 

- when.the laser system poss~sses the- folloV.:in~ pir~xrie_ters: energy ~f laser flash ;::: 1 MJ 

within st~eri~g pulse duration, :repetition rate i 10 cycles· per. seco~d and· laser efficiency._ 

,, ,..,; 5,..:.: lo_% (9], In,thi~ p~per.ve'analyze·only a possibility t~ co~~truct such a las~r syst~~-
·-. using FEL tech~ique. -· , . . - , . ' 

' ,, . ,- . , '• , . . . ,, ·--· ' ,. :/. , , . 
· _General parameters of the FEL based ICF_ energy driver are presented in Table l..Its 

key elements aie high-current RF linea~ accelerator' separation syst~rii and multi-channel, 
rimltx~stage'FEL am~lifier, . . . ', ,, , ,' -.. -.· .. , ,'. . ' , ·--- C 

Driving , electron . b~am for the. FEL amplifier is g;nerated, by Jin ear Rf, accelerator. - ' 

It ope~ates at. 40 Hz fr~quen~y au'd ge~erates trains of 6400 ~lectro~ _bunches ,vith total 
' ~ < • , C • ' • • 0 •• : .. ; , 

stored energy 3850 kJ. Then this train of electron bunches is separated by s~paration_ 
sy~tem into 64- trains· of bunches whicli. ~e fed into ~ntranc~s-: of. 64 · par;llel multi-stage 

:FEL amplifier channels, Each FEL am:plifier channel ·is a multi~stai~ FEL amplifi:r ~ith . 
,, -. :. , ' . - ': • . . ' ··:-· .,- ,- _; ·~ ', '·,< 

----
'\' 

- --..:. ...... 
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Table 1: JCF: driver parameters 
\:_ . 

. Wavelength ,\, µm 0.5 

• Laser pulse length;•ns 0.1 - 2 

·Las~~be~~ brightness, W/cm2 ·. 4 X 102.2 · 

. Total.number of ch~.imel~ · _, . '64-

-Tot~I nu~ber of st~ge in channel '·go 

Energy / pulse, MJ - · 1 
. -• ~ - . ' - - , 

_ Repetition' rate, Hz. 40 

Efficiency,-%·· 
/ 

;; 

11 

/ 

/' 

-. 

90 stages. At. the exit of the amplifier, t~tal energy of lasei: flash is eq~al to 1 MJ with a 
brightiiess_4 "x 1022 W.cm-2 src:-1 : . . . . .. · 

4'.1 ·~ig_h-~urrent RF_ accelez:ator'., 

Driving electron beam.for the FEL amplifier is.generated_by--linear RE accelerator (see .. 

Table2)." ,Acceleratirig structure cci~sists ~f separate~ cavities and each cavity if fed by 
seP_arate klyst_ron (see Fig:2): · · · · ·. · · · · . · 

,~ 

~
. ·~'-·•,: ~·;·,/ 5·· .... _,. : ' . . - ·. '.·-_:·. . . ~ _,_ ,._ .... 

. . -, . ·, ~ 

,-, ·_. _:- :•·: :, . __ . :_ - ' :; - , - ; ·_ ... ·_·.: . 

• . .•· _·· ....... :·. i :·· . • • ,,/, ·, . 
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· ·• . Figure 2: Accelerating stru~ture 

RF accehating ~~v~lengtli is ch6sen to b~ rather large, ,\, f ~ 60 cm; whicli is c~nriected 

with a high b~am loa:di~g. -Accelerating gn1.di~nt is equal-to 2 .. MV /rn and t~tal length 
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,· 
· Table 2: Accelerator parameters 

Electron energy £0 , GeV 4 3 
J< I' 

~earn pea]< current I, kA · 2 

Mi~rcipuise duration, ps ~- '. 100 

Bunch spacing, ns . · .4 
. - ,: ·t '-

Macropulse. duration, •µs _ j 25.6 
. -., \' 

Energy sprcc;ad a-E/ E, % 0.1 

·N~rmalized ediitta~ce.tn, cm·rad ·3 X 10-3 • 
, -·, . , .... --

RF frequency, MHz · 500 

Accelerating Gradient, MV /m 2 ·, 

_L~ngth of a~celerator, m '. • 1500 

Sh~nt impedance, Mn/rri . 8 
·. ; r· . •• 

. St?red RF energy, J /m 
. ', 3.7 

'Q-factor of tinload'ed structure ' is X 104 
. . . - . , . - /· 

' . ' . {' ' ', \" 

Q-factor of!oaded structure 1.2 X 102 

· Wall powerloss~~,'kW/m. 450 

Repetitio~ ~ate, Hz 40 

. ./ 

t.l 

~· 

4 ns · 

'Klcll!"oputses 
= I 600 Joules 

2 kA 

/ 

/, 

.: } 

\· 

zs.6 

-~s • !1111111111111111111111111111111w11 1:~:}~uls~ = 

6400 

MiCHpub■~ I .~ 

-~ .. ,: ·.~--. ..:_'---.-_---.. I·.·.· .. _, I mM•_·-.a .. y· ...... ace 25• . . . , , _· so •A .. 

. ~ : - - , ·.. . . . ~ . - - -· ··.. . . ·, ·., 

=~-- ·," ' .. ·. -✓--~. :. _ _ • 

~. ;., .. . . ., . ' ', ~ 

/" 

. Figu:e 3:· Electro~ beam p_ulse formate 

..; 

6f accelerator is equal to :1500 m . .Accelerator operates at repetition rate 40 Hz. During 

'orie macropulse ( T = 2s:6 µs), the accelerator prod~ce~'"'a iraiii 6£ 6400 electron bunches 
~--... 11. \ . . ' • ,, -. 

:'/.'' 
\ ---,, -'. 

r '" 
\ 
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(I"~"~ = 2.kA,r =JOO ps; & 3 GeV) with total stored energy 3850 kJ (see·Fig.3) . 

• . Averaged ~ver macropulse c;;rre~t is equal to 50 A'. . . , .. , . 
Total RF power iosses in on~ cavity aie eq~al to 33 MW (includin{l50 kWof heat • 

losses); · · · , 

· Tot~l ~ffi~ienty "of the accelerator' T/ACC (i.e: . ~fficienc; ;f ~lect~ical pow,er conversio~ 

into the, dectr~n. ,beam p;wer) is given 'by, . .\,✓} 
·.- . . ' ~ 

T/A~C = 'ri(~f .,.+ :e y i;,(~l;st~on) 'x ri6nodulat~r f, 
. . ~- . - ' ' ~ . ;.,.-' . ·. . , 

_ _(4) 

where ~(rf-> e) - isthe efficie'ncy 6{RF,power conv~rsi~~ int~-the electrnn beam power, 

,T/(klystron),is the klystron ~fficiency an'd ~(modulator) i; the efficiency of klystron mod: · 
/ .' . - - . . ' ' ' . ' ' ' -· ,, . ' 

, ulator: So as thepeak ac~elerated current ts-rather high and. RF pulse duration is much . 

·. more than filling timeof the loaded structure, th_e efficiency of the. RF power~conversiori {l 

ri(rf-> e) into the electron beam power is rather large,_17(rf -+,
0

e) :::-:: o'.99>Ifis father •-' 

realistic to ass_ume _the effici:nc_y of themod~lator'. to be equalto ri(niodul~tor)= 0'.8·. ' 

Assuming the klystron efficiency Jo be ri(klystron). = 0:5, we ,obt~in the t~tal efficiency of. 
the accelerator to be equal to qAcc == 0.4 ,i ' • , . . . , 

"" - -·-- , - ' . 

4.2. Separation systein · 
'(; 

' • '. • ' - ,'., . -, j . ,• •. ' ' . :: ._ - ·:.. -. '. - - . '" - .' - ~ 

.,The train~of6400· electron bunches. from the driving accelerator, spaced by 4 ·ns; is . 

separated int'o Mtr~in~ of,90.bunch~s tObe .fed into entr;nces, of 64 parallel rnulti2stage 

· ..• FEL amplifier' cha~nels. s:paration •of el~ctrnn hunches 'is petformed' by kicker 'ma~nets 

. \ using sequentialsche~e (see Fig~4l I~ thi~ ~-ch~rrie, after. k:t}~· ~t~ge, there are 2i:•p~allel 

~channels.with 2k tiai~s a'r b~n~hes in each;-~At (k+ 1)-th-st~ge, e~~h of ik channels is 

'separated. into two chann~ls; i.~ each train is divided_ b/a half: and each hal{~trai~ is 
•''.directed intos~parate ~hannel. Thus, ~uch a scheme mnsists ,of 6 stages (26 ='64) and'.. 

63 kicke~ ~~gnet~ (26 - i ~ 63). Simtiltan~ous a;rival 'of ali train~ to the FEL amplifi~r 
entranc~s is pr~videi by using differen't le~gtn~ o( channels. . . . .. ' . . . . . 

- .-: , - - •. I - , - . , . ~- '· . , - . ., . , -:,; ~ -._ .-- :- ', , , . - ~ . - ~ 

. - Pulse duration.of the kicker magnets 'depends on their place.in the separation system· 

and are equal to 12.8 µs, 6.4 µ~,. 3.2 ~s, ·1.6 ;;~, 0.8 µs_a,nd 0.4 µs f~; the· 1st, 2nd; 3rd, 4th, 
•/' : .. .- ~ . . . . ·. -. . . _· .' .. ~ . . - -~ . .. 

5th and 6th stages, respectively, So as each kicker magnet deflects only a haHof a_train, it 

is nec~ssary t~ minir~ize ~n:1; a·rise ~r ·ran tim~ ~i the ki~ker rriagnets .. At th~ vahi~:of rise 

{fall) time ab.out of so· ~s, abo~t.~f 10 bririch~ii'~re lost per ;eparation stage 'whi~h results , 

in the effide~cy ofsep~rati~n syst~m to be' ½sEP = o:9'. As:a result, s~pifation syitem .. 

p;~vides tr~~sporting th~ trains of 90 b~nches to ~;ch of. 64 FEL ~mplifier chan~cls; . 
__ ! • • • . -~ ' ., ' ' . - , - ·........ • • • ' . . • :· .-'-
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\1;,3 · Multi-channel FEL'-~mplifier 
' . . i," '.-, ' . t : ' ' . ,·.. ·: ,' --·,, ''/ ' ' 

, FEL amplifier consists. of· 64 · separate. channels arid each of. therri is multi-stage FEL 
, , I . ' ·~ . ' • ' , ·, . , ·: •, . - ' , - . .. 

amplifier pr9vidirig amplification of a single optical pulse: Each multi-stage FEL amplifier 
' ' . . - ·. . . 

is composed· of 90 undulators separated with. magnetic snakes. The· train of 90 electron' 
, • , • • •• 

1 
, , • • • • • •• • • • •, • : • ,· ~. I 1 , . . · • 

bunches is fed into ~ntrarice of the first stage of the FEL amplifier together .with the single · 

·optical pulse of.the master.~sdllator ~hichis synchr~niz~d with the last ~lectron bunch 

of the train. "Thent.h'e opti~al hea~ is amplified using opticaTpo,~er summati~n scheme . 

(see ~ection 2). Para~eters of the ~ndulator'.of~ach stage 1are. optimized on effective 
, ,_· ·/' ,','. ','' , ' I' 1. •'.•'' ,,. ',

1
,,1 • l . ' ' ' .·' ' • , ' ; ' ' 

extraction ofthe energy off the· electrons, taking into account' the growth of the ·optical 
,· _:·:, .- .. ,·, ,, _., '.· I, , , ·_. ·,;. ' .· ·.. '.'· , , .. ·:: . ·:·. 

pov.'er from' one stage to another. Assuming average efficiency of each amplifier stage 
, ... : r . ;' -~ . , : • . • - ,, - :. ,__ , • • • . . . . . r , . . ., ,_ : , . . 

to be T/FED ~ .0.3, we obtain that .the energy 6f each optkal pulse at. the amplifier exit 
: , . . . , , . . . ·• ·. I ·: -, . . ·. . . . : . , 

is much more thari the energy of sirigle electron bunch .and is equal to 16 kJ .. 64 FEL 
. , . : . . : . '· . • , . ' • , : ·:. , . : . . , . • '. . , . I . : 

amplifier channels provide total energy ofoptii:al flash to be·equal to 1 MJ.. 1 , ··· .: 

The first st~ge of the FEL am~lifier is' destined ,to amplify relativ~]y: ,weak signal 'rr~m 
','' •• ' I ' \ ,, • ' ,\ • ' • ·-- l 

.·; the IIlastef faser' (We;,t ~- lMW~ by.a fa,~torof the or?e_rof 10\ It.is designed by a s~anfra . 
, way, i.e: its undulator h.as a long untapered section and a sec~icm with tap~f-ed ~arameters 

. · ( see 'section 5.1). Output r~diati~n power at the 'exit of the first ;tage is of the order of the 
" j _.I ' •. ', '}, '••• '.''•' • '- _; 1: 1 • I : . , ._: _, ; •· ,', ( • \ ,' ' ,' \ , ' 1 ,' '( ~- • .' ,I ·• •· 

, dectron beam poW:er .. Subsequent stages 9f the.FEL, amplifier amplify a powerful optical 

· : b~am and pro~ide s~ail ampli:(icatio~. pe~ one st~g~. They ciperatl'! in a taper~d regime 
,' . . •, ·. ,, ·.", ,<; ,1 . , , , '- , .,. ·, '. l·. -". . . - . , ...... . , .' ·" . ·. ,. --
. from the very; beginning and, are 'designed, using a' scheme of multicomponenf undulator 

{i.e., prebuncher _: disper~i~n ·s~cticin -- tape;ed undulator ). To p;ovide effective 'focusing; '. 
' ', . , ,'' , I ;, / ,· ;. \' ' ' ' ' .. ,·,!. ' ,· - ·'.: ' ,,'" ., ' ' 

of the radiation in these FEL amplifiel" stages, ,the diaphragmfocusing line is used (see 
. I. , ' '. ' , . . ' . ' , .. ·. I . . , , . . , 

secti~n 5.2 and Appendix B for mor~ details). - . ·.. , ...... , 
( I , , ;•' , ,''•', ,:·, , ,• ,.,· '.,,, , :', ,. ,.,' ' ' •• " • •• , j '.i,_ ' · , .. ,i .. ., . .• ,, . \ -. 

. I· Total length of the 90 stages of the FEL magne~ic system isequal tb 5500 ,m (including 
. ,. ' - '. ,_ . : '\' . ' ... ·,. /· ·. '. -. ,_, : ' . /' .' ,, . . i, 1' . ' ' 

900 m of the lengths of magnetic snakes):· 
', ,. . ; ,·, . 

,\ 

' Quality of ~ptical b,~a'ITI, 
,' . • • I; , •• 

1 
i'\; ·.-;' ,! 

1 1 
. ' .. , , ' ' ' ·" l • ... .' :,, ' .. : ~, . ',.':, ~ i •, • '.- • ' •. ,c..': f , " , < 

Parameters of radiation 'of the proposed FEL system meet all the requirements to the 
' . '·. . . , ;.: ·:· .~ . ' ' . \ - \. \ . ' ' ' ' 

ICF energy driver.· · , , . . .. . .. · :·. 
' ' I . < . . ~.-:. ;_ .. ' I ., • ., '. '• , • ' ' ,. • , '., • ~ \ , .- ', ' ' 

First,. there is .no significant preheat of the target. The radiation power; fed .to the 

targee pri~:r .· ~rrival. of the" main puls~, i~ defin~d mairily by the ~~perradiation 'of th/ 

~Jedi-on bunches in 
1

the 'fir~t stage of th~ FEL ~~plifier; Undiilato;_,of th.is stage ha~
1a 

' ', . : ·. . . : /, .' ) . '·· '·. ' ' ·_ ·,, '.' : ' . ' ' : . . , . ,,_ -, . 
Jong untapered section ·which provides exponential amplification of a signal by 104 times.' 

,.. • • ' < • •. '' ' • ' • • , • I ' \. ; ' ' L '. . . . -.' " • ," I I ' '. '. • f , J ~. I' 

'It will ,be shownin section 5.1 thafthe amplitude of effective shot noise at the· FEL , 

,· .. ·.entrance is' abou(of 40 W.,All the eleci~on bunches ~f the train; with except of'th~ l~st, ' 

g~~~rate' optic3'.l.radiati,on ~ithth);o;~~ a}>o~t of"4;x .105.y:/This. eff~~t 'does not\tak~~ 
\ '•. '. , ,'" '· ,' ' ·' < t,- . ' . , \ I 

' ' 

,, \ ,, ,'I_ 

·,\ 

. . , . ,' ' ' . /" 

place i; the subsequent stages of the FEL amplifier; becau~~ ~ndul~,t~rs~~f these stages' 

are manufactured with a dee~ taperin~. · So, duri~g time pe~iod about of 1 µs until the·._ 

arrival of the ~ain\uI~e with the ~nergy 1 MJ, the, targ~t ~ill ;e~eiv~_the energy ab~ut ' 
' .. , .' .- . . ·. . , ... ' . .- . ·, ,,,.. ' . , . . . 

0£10-1 J. As a result, contrast of the FEL ba~ed ICF energy driv~r is larger than· 107• 
' . - ' . . ' ~ . . , . , . ,- ., • : ''. '., • * ' . ' ' . ' '- ' ' ' ' ' ~ 

I, 

,Second,.afor·m of the optical pulse influences signi!icantly o~ the process ofthe target 

'implosion. The proposed schem~ provide~ wide possibilities t~ steer.the optical pulse forril 

· ! '. and d~rati~n. It rria.y b~ dan~: f~r instanc;, by i~t~od~~in~ -separat~ delays .of ~lectron 
'! ~' ' ·, ', ' ' ' <, ., ," '. ' ·, I , , • / •' ·'.,(·• • ;~ , 

trains-in different. FEL amplifier channels: . , . · , , 

, , Third, t~ JH~videeffective foc~sin1(~f radiati;n on the target, the laser should provide 
..,_'. _.,· ',, ,l ·:·-:-•.,\ ( :•" •' / .. '··1,-· ~ , • 

a high brightness·B,: · 
\ _j 't ', • . , I 2 

. 13,i = Wopd(S1ra ), i 

' ' , j ' • ' ' • , /" ' 

wher~ Wopt is th{peak,Jaser pci~er; S«~n'd Cl' ar~ the square arid the ~ngle divergence I 

~£ the radiatlmi"at the !~er e;it, respectively. 'A(i ultimat~ b;ightness ~f pow~rful solid

state laser systems does not·e;~~~d th;·~alueo!l019 W/(cm2•sr). :We have e~phasi~ed, 
~' • • • •• , < ' • \ • 0 ~ • ', > , ' • C •• < C ' 

above the r~diation pf the,FEL aii'.iplifier alwiys has minimal, i.e. diffracti~n dispersion .. 

· ,·•. Usirig da.ta fr~m T~ble 1, ..;,e obtain that the FEL based ICF e~ergy clriver possess~s the 
1 , ' ' ' • : • ' • • ~ ' : : ,: ' ': - • - ' ' , ' ' : ' ' ,, • ' ,I, . 

brightness B,,=:4;<·1022 W/(cm2•sr) ... ' . · · · · 

i:_4.4 ,., E:flkiency of.th~ ICF l'ead?r I./ 

The efficiency of the proposed ICF e~ergy driver is giv~Il by'. 
' - . . . ' ' ' ,. ' - - ' ' ' ,·' 

T/TOT := 'T/ACC ,x T/SEP x T/FEL: (5), 
i - : .' ' _· .. ·• - .;,_ _· - . -, - . , \·' . I , . .. - _.• . ·- , ; -· .. ,. ''-- , , 

Assuming the efficiency of the accelerator T/Acc:', of the separation system T/SEP'and of the :·. . ' ' ' ' - . ' :, , '. .' .. ,' \ ' ' ' . ., .. : ' '. " ... , . ' ( \' ' . ' 

FEL amplifier T/FEL to'be T/ACC = 0.4, T/SEP ;== 0.9 and T/FEL = 0.3; respectively, we obtain.· 
'' ' .' < I - ' ' •, ' • '.-- • .e •r ' • •, ' • '• \ 
. \ that the tot~l ~fficien~y of the !CF energy drive; is equal to.T/fOT == 0.1 L - - . 

: Let' u~ estim~te o~tput characteristic oHhe' 1'cF reactm assu~ing 'that it' isde~ig~ed' 

by~ standa~d w~y,.i.e. thep~wer of thermonucle~r explosion is :bsorbed by .the ~vails of 

· .. the r~1ctor ~hamber, · c'onverteci intothe'.heat' power and. ~hen converted into the electrical . 
power. : ' . '. . . . \ . . . ' ' . . 

Tc/estimate output power of the
0

ICF reactor,one should choose the value of the pellet 

.• gain .Q • . Iri ~~cordan~e with results of ri~merical sirri~latioris this ~~rameter ~ay re~ch the 

'. ,values 200 .:C·1boo (see: for insta11ce,refs. [3], [10]).' Assumirig that the ICF energf drivei .· 

-iriiti~tes thermon~clear expl~sion ~ith the energy excess by a, facto~ of 1000, repetition. 
, , . ·, - ',. ' ' ' .• ., .,·, . ' . ',, '.". . ' . . . . ' . '. .. '/.·· 

- · · rate to be equal to .40 cydes per second, the efficiency' of thermonuclear power conversion 

int~ the ~lectri~al pmver to b~ e~~~1' toOA, .the Ic:F: reacto; h~~t .a~d ~l~ctrjc~I pow~r are 

' ~quai to\40 GW ~nd lo GW, r~sp~~ti~ely. The ICF_e~ergy dri~e~ itself-~~ri~~IIl~~ abo;t 
' . ~· ' . .. . . , " , : ·, ~ . ,. : . ·~ " . : \ . . . ' . :·· .,.. ' '.. , 

_of 400 MW of electrical power. ,-... 
\ .. 

/' 
-~ -:,., 
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5 
• FEL. amplifier, 

'} 

The FEL ariiplifie~ for the fop reactor consi~ts of 64 parallel channels and ea.ch chan~el . ' {' ' . ' . . ' 

is a'rirnlti-stagJ FEL amplifier with 90 stages of amplification .. Each FEL ~mplifier channel 
I . ' , • ; , , ' , . ' ~ ' , . .- ' .' 

: : provides· ~mplification, o( a single 'optical bunch 'using the· scheme of the optical power 

\sumniation'(see secti~n 2)> O~tput po~er ci(the muiti-stage FEL a~plifier sig,nificantly 
' I.. • . ' ' ' ' . ' •• ' , ' • > • ' , • • ' ' • ' ·, ' • ,· ' '. ~- ' • ,' 1 

'exceeds the power. of a single electron, bunch (in the presented riumei-ical' example - by 

· a: factor ~f 30). Such an FEL ~rilplifi~r IJ?.eets '~n the r~quirements to be.the icF•e~ergy i 

.• dri\;er. Using the electron drivi~g b'eam with the en~ig'yi = ,3 G~V,peak ~uirent j~eak ~. 

2 kA, number of bunche; in a train1 N ;,,, 6440, it providesl·Mj ~n~rgy in optical flash 
1 • with,the radiation ~avelength' 0.5 µm. , , ' ; J 

• '', 1 ', ,•; . , ',.' ' ,•· ,' • I . . .. , '. :·• , . •.,•• , • ,' I ' ,:, ' ',. ,., . " , .i ., '·: _., / 

In this section we analyze. in details the operation' of the multi-stage FEL amplifier: . 
. ' . .,.".·., .. '\' ' •. ' ' '. ',,ii• ··., ·•,, . ' ' .. ,; ,':,, i'.', •/-,' ' 

The first stage of the FEL amplifie~ is destined to amplify relatively weak signal from , 

the ~asterl~ser (Wext ~ lMW) b;,a f~cfor of the ,orde~ of 105
'. It is ~e~igned by 'a . 

., ;t~ndard way, i.e. its' 11ndulatorhas a long untapered section 'a~d a s~ctiOil with t~pered 

para~eters. Output:~adiation po~er ati the exit of the fi~s£ stage is of ~he:~~aei of the 

', electron beam po~eL' Subsequent stages of the FEL am~lifie~ amplify a powerful ~ptical. ' 
: ,' .. ' ' .. " . ',\ ,,•·;•,'I ' ', ''\ ,• ,: ; ', ', ,· .' ,1,' ,' ' ,'• • ·;•" ,;:, ". ; ' '·\i ,: .. (· >, s' J': ,' '. 

. beam aitd provide small amplification per one'.sfage. They'operate in,a:tapered regime 

'from the y~~y beginning a~iar~, dekigned' ~;ing'a schellle. o,f _rimltiwlllpone~½·Ul.l,dulat~r': 

(i.e., 'prebunche~:.. di~persior1 sectio~ - t~pered \indul~for ).' It sh~uld be noticed thafth~ 
', effect of "optical g~iding" (6] 'does n

1

ot pro;ide eff~ciiv~ foc~si~g of th~"r
1

adiati~~in t~~se 
' ' ' . '. .·.'. . _.,_ . ') ' ', .,: ' ' : ' . :';\ ": ' , ; ~ ,·. ,, •' ;'.... ( ,'" . ' ·.i·· <\ 

stages .. To· avoid the radiation power losses, th~, diaphragm focusing line. is used.• in these' ' 
'.~tage 'of~he FEL ~tiiplifier (se~ Appendix•A for ~~re details), ,',' ·, ' ' ' '' ,, , ; ' 

. • - . - . >, . . : . ,: . , .. - ;. . , -: '-i· •. , . l . , 
•, I , ,• '\1,'\ 

,5;1 '. First s'tc1ge 'of t0

he FEL' a~plifier . 
:, :, , ~ ' :> ,:.- \ ,.· ·> .. '· _'·1_·•;:/' ·_,_.::.·,\·'/:! .·· ·.\'.'-. ' . .. · .. ,· ": '·: . 

In this section we present the r1;sults of calculation of the first stage of the FEL ainpliner . 

'(see ,Table 3): It is desti~ed_to a~plify rel~tiyely W~akpow~f signal from the-~.ister laser • 
',• .; . • ,: ' ',. . • ' '.. • . i ' • ', . ; ' ,. ' . " . ~ '. . • < ' , ' ' '. •, j 

(Wext &:::' lMW). The first stage 'of the FEL amplifier is designed by a standard way, i.e. its L 

: -,tindulator ha~ a !orig unta.pered se'ciion 'arid a se~tiori ,~ith t~~efeci' pa~~inetersi Output I 
l \ • f {. ' • > • , • •. ,J '·:(: , " ; . " . ,,' " ,: •, .. ,,, "'- 11 \ :: • • • ,.' • ',- , 

radiation 'power at the exit of the first stage 'is of .the order·of the electron, beam power. 

Analysis of the first stage allo~s one to· obtain requi'rerrients on the driviiig electron b~am··., 

p~ra~~t:ers," ' ' . • '·' ',·, .• '' ' '. •, . ~ : ': ' ' ' > . ' . ,: ,'. . ' : ·, ,, • '' 
... Peculiar feature ·o( the first stage is~ that' there. is no need in external focusing of: 

,' ," ''' ,·.,'"- ' . "' . . .. . i, ;, . ·' - -,. .. ,. ', •'., '. •' ; ·. \ ,' . '.' 

radiation, the. radia:tion is c~ncentrated near the ele~tron\ beam due to the; so called, 
effe~tof ."optical guiding": 'So; to' calc~lat~. ch~ra~teristics or'the FEL :arnplifi~r; ~e u;e ,, ,' 

· FS2R code
1

(see refs. [liL [12]f ~evel~ped for cal~ul;tio~ ~f the FEL a~plifier wfo: an 
•' •·, •. •, ' ,; • • • ·1 ,_.. ' •• ,.-, • \ r ·,, , ' • '' • • ' ' •;· •.~ ,i •: · · ' '.' - • 

a~isy1:1metric e,ledron beam. · , . ' ,. , .· : 

) 

'j 
l· 
l 
1 · 

I 

:, 

'"/' 
:.. 

Table 3: ~irst stage of .the FEL _amp~fier: .. 

• Undulator '/ 

J5' . Undulator. period· ,\w;- cm· 

-Ui':tdulator field.Hw, kG(e~tr./e:icit) · rn.s/ifi. < · 
Length of untapered s~ction, m · , , 
T~t~l undulatorlength,' m ·' . 

• Radiation 

Radiation wayelength ,\, µm 

• 'Inpu(power w, MW 

Output power' W, GW 

Efficiency ~' % 
I -: ,, . _,, •''' :." 

Reduced parameters 

Diffraction parameter B 
\ i." • ' . .,_ ' ,. -' 

Energy spread parameter A} , . 

Space' charge' paramete: A; 
' G~in param~ter r, cin-1 

. ::. '', Sat~ratio~ parameter f3 = ,\f,,r / 41r 

: Liri~ar m~cle of the FEL amplifie~ oper~ti~~· 
~,,, • • ·• .- - ' i' \ • 

17.7 

"64.2 

1 

• ' ' ' t f, ' ' 'r \ ~ ~ 

FEL amplifier can amplify radiation with the ~1!-velength ,\ satisfying the FEL resonance 
, , , , t - l / 

condition: ' ' · · '· 
, - ' 2'' ; ·, :, . ,;· 2 '\ ' ; . 

,\ ~ ,\w/2,z :=='·,\.,;q + Q)/2-y, .< ·, (6) 

. ' where'H~ and,\,,; are undulator magnetic field and period.; respe~tiveiy, Q = eHw,\.;;/21r;,,c2 
is th~ ~nd~latorp~ram~ter (her: and oefow all the f<?rmul~e·~r~ ~ritten for the c~e of 
the·h~lical uridul~tor), I ' - • • \ ' ' • ' ' ,, ' 

~ - , , '... . ' ., ' -, ' '. . - ' . , ,. ' . ' , : ,., . ' ; '.'. - . 
In the linear mode of operation, the radiation of the FEL amplifier may be represented 

' ''"' as a set.of modesiE~~h_m~~~e is charaderized
1

with the ~~g~~~al~e A,➔~;th~ eige~fun~~ion 
l ' of the transverse d1stnbuhon _of the field F(r). Durmg, the prc:i~ess,~£ .amplification,· 

, ! '. th~· transverse field distribution :rem~n:s 'intact·,· while, its amplitud~ i~. growing. with the 
' -und~lator length expone~tially, i.e · · . . . \. . . ' , , , . 

. . • ·t . ; . ' '.: 

I E(z, r> ,~ co~st x exp(Re(A)z) I Ji'(r) 1- ':: -... 
"' , - · .. ..-~ ,, , . · .. _,"-\ :· _,_ ·. •', .. --~ --,:~,~·- ' .. -_·····--. ·_'._'(L-'· ;-_: --- ;'_; .-.·-· 

In the case pf axisyrometric electron beain with radius r0 , the' eigenvalue equation for 
, \ • . ; ' f' ,'• '·.' ". •: ·_.., '\· --.,. _, ;, ••. > '.',-' .. a_:·.".:.' • 

{ 

·' 
15' 

-:-,,._,, 

\ 
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I, 
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: .. ·,, / 

· ,T!JMmn ~ode is ~f the_form_[ll]: 

(7) ··., µJn+i(µ)Kn(g) ~ gJn(fe)Kn+i(9), \ 
, , , , ' .. ; - , , , ·,, ·: - , ·, , • , ' , A ' I .- . , , , A : A A , A, , , , -

where n is azimuthal index of the mode, g ::,-2iBA, µ·~ -2iD/(1-iA;D)'-g2 ,'A ~ A/f 
is the.red~ced ~ig~~valu~, ·, ' · . , ; : • ,· '· · · · , , •. ,_ ,.· · ' · ' 

' ·. B·==fr~w/c 
' ), '. ', 

I _' , i• ,, • ,, " ·' ' 
, · i_s. the diffraction parameter, . \', 

': 

',•"j :'{ , , ·;r··· 

. 12 ~ A2;r2::::: 4c2f(,;i2r202)·, 
P ,P , - .· ,' , _0 _w , 

is the 'space charge paraillt!ter; 0;;, = QI, is t_he rotation angle of electron_ip the unduhi.tor,,, 
. . •·. 

\, 

I. r, = [Iw20!((IA,;,c2)]~f2 > ! 

;is th'e gain p~r~met~r, Ii~ the beam current and f.t== m,'2/e. In the case of.the Gaussian,. 
1 , :,. ·' / '., ,· • •, _ ;..,, ; o.,, , ·, ', ' ,, ' t_: ' , ' I /- ,_ ., ' , • 

energy spread; function D is given by'.; · 
, ~ • , ., , ·. " " '. , , . , ·, . , r. 

_I 

', I,, 

b~ i] e'~'lf;r:__ii:e· ~ (~;1 iC){Jde, 
0: ,' , 

\ 

, ,· ' :,c =·c1r_,= (2;/.>-w :'w/2,;c)/r , -
,, ~ • ' . ,' 1 ,; •. '. • - ',,:' •: _' ': . ' ~-: ' • . • . . ,: • .' ' <, ,' )' ~, •:: -' I ', • ' • '. ', , ': ,• c ' ; ' ·,, ::• I \ 

is .the _reduced d~tuning from t_he resci,nince,of th~ pa~~icle _with the n_orriinal energy &0 , 

;;._i = u2 w2/(ic2,.;4£2r~)·: 
_T __ E, . , . ,I~ O '/ 

•,' '· ; <' ' ' 

idhe 'energy sprea'.d parameter and 
s , -~ ', ' '-' ',, ,: . ~ i- ' ' : : /.>' ; . \ i .· . ' 

, ,); = [<(!::,.i/&)2>+,; <(ii0)2>2 /4]1l2 
i~ tl;e·::ffoctive ;idt~ ~f the energy: distrib~tion:· ~~ ~~uine,the elel;ro: beam tobe 

rnatched\~ith the'.m~gne;ic ~ystem of the, u~duiaior' whi~h results in. th~ following ~~~t 
' .• ; '' ',' '• • , \ ''' ,: '' •, • \. ' • .' ' •. ' \ • , i, .' ' ' ,, , " / \ : ' ,I • ~ 

librium r,adius r~ and angle. spre,ad ( < (!::,.0)2> )112 of the _dectron beam: 
I_, ' • ~ ' • ', 1 • ' , ' .; • ' ·, j • / • •' ' • , , • 'i• > _. f , ,' ' ', ' O • : 

, ro ,;,,,, (/3,;,fn/''f'Ir )112, 
·' 

( < (ii0)2>)1/2 = ('fn/rr/Jw'Y)l/2 . . ; . ' ·. . 
. r .1 . . . , , . , . • . , _ ... __ . _ 

where·/J~ ,;,_ >-w/,/'5.rr0w is.the beta:function of the electron beam in the undulator'. 

' 'Detailed ~nalysi's of the F~L a~plifi~~ oper'atio~ has shown thattHe choice{>fthe FEL 

amplifier parameters\ p~o".idirii ~he'itmplification ~ft~e grou;,_clT EM00 riio'de, is t_he mos,; 

'appr~piiate ,with respect to attaining ·of maximal inciements and reducing sensitivity to · ... 

; the energy ~pread 'r11 j .··More6ver' the transvers~ ·fi~ld .di~tribution of this mode is opti~al ' ,, \,• . :, ·>, \.,' ,\. ,··-: i, ,·,·• . '; ' I,' ' '.,: ,,.· ' \ 'r ./!\' •· '. •:,_,•,_ 
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Figure 5: Depende~cy of the'FEL,am;lifier iricrement on emittanc;:(fo· = 10~8cmirad) 
• • c •, •• .• ,. L' < \ , " > • • J ••, " 

j • .:.... f~i s~bsequent matchiiig of the r'adi'atio~ with the diaphragm line.' S~, we ~onsider below 

.the FEL am~lifier tuned to a~plify the ground TEMoo rri~de. '. . ' 
• ,'. '. ' , - " • I •. , ,' .' : ,' ' . - \ .· . • ~ ·: • 

: An~lysis of the !in.ear mode of the. FEL amplifi~r operation en~bles one to impose, 
· ·, _ '·• 'i'" '4 . ' , • -· • '.: ', .' ··r-:·· : ·,•· ' 

restrictions.on the values of energy spread.and.emittance of the driving electron beam . 

:Fig.5 pr~sents the dependen~e of ,the reduced increment versus the beam e~itta~ce ... 

I It is' ~een froxri this. plot:th~t tlie~e is a region of optimal val~es ofe~itt'ance ;hen.in~ 
i .... " > • ' f l ' ' .' •• f 

/, 

<. , . cre'rnerit. achieves it~ maximal valu~. At larger emittanc~ there' is dr.;,;,tical drop of.the 

. · inc;ement due.to 'the large ~p:ead ~f th~ longit~dinal vel~cities of the bea~ electrons. At 

small emittance ,values, a dec;ease ofiricre~entis co~n~ded with the g~owth ~f the space .. ' 

c~a~ge fields,' so as transv~rs~ size' of tl~'e,~ittched electron beam. 
1
i~ dticreased while th~ .. 

•, ._,, , ' • ~ - , ' ' . ' • , , \' •.• ' , , . • I " 

. beam emittance is decreased .. The behaviour of increment ·in• the intermediate· region "is · 
\ '", \ . . ' . ' - ',, ,/ .. ' .. :' ' ,~ ,' . ' , - . ,·' ' 

. defined with. diffracti?n effects due fo the change of the transverse size of matched electron. 

beam .. One_ ~an find from. Table.2 that for_ the numerical examples we.have chosen-the: 
' •: ; • • • • \·· •·. \ •. I,,_ • _1· ',•.•·•• \ •- • 

values ofthe emittance which are slightly larger than those optimal given by the plot in. _ ' ' ', - , . , \ . \' .. ' , .- - . , , , - . , 

· Fig.5. The real reason of such a choice is based on the results ·of the overall optimization\ 

1 ;f the tindulator length; fodeed, when one uses th~ electrnn .beam with the emittance 

-. providing maximal increment i~ the 'linear mode of opera;i~n, tµis make it possible -to 

-r~d{ice the length: of this pa~t ~f th~ a~plifiei: Then, at· the ncinliriear stage of the FEL 

amplifier operation; one should_ trap a 'signific;ant fr~ction of electrons in the regime of 

~oherent decel~ration.to obtaiii a high,efficiency: N~m~rical simulatio~s have shown th~t 

_ in. this case th~ acti~n of the space charge· field forces to pro~ide a mo~e slow undulator , 
1 : ' .',• ' . ,-· . . . . 1 •• .. ,_ :~ ', • , \ ,' ' • ' ' ,. ..... 
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tapering, which results in a more larger undtilator length: An experience obtained .on 

the base ~f num~rical ?imulati~ns has ~hd;n -~ha~ ~~e :;ho~ld choos: su~li. a, value of the 
emittance which results in thevalue of the space charge parameter A; ;S 0.1. . 

Anothe~ important factor influe~cing sig~ificantly on the FEL amplifier ·operation is 
, . . , . , ' .. ,I , . , ., ' 

. the energy spread 'of the electrons in the beam: The plot in ·Fig.6 presents .the dep.ende~ce 
. of the incr~rrient cin the energy sp;ead. . ·,- '· ,, . ·, 

l.O;. ,. 

' : 
~ 

" -~ 
<0·5 .,...._, .. 

CJ.) 

~ 

,. 
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·. 6E-3 i :.BE /3 
'•/ \. ,, ',.' . 

. . . ''I '\ : . '' · .. ' . . • ~ ', \. ' . . . '. ~ ' I • ' '. 

Figure 6: Dependency of, th'e FEL amplifier increment on· energy spread .. 
,"• ' ,' ·,,, ' 'I • ' ! - .' • • • • ,, ,• ~ 

1 , •• - • , • ' J. ' ,'. ' .:: '.' • \. '. ·: '·', '., ' '. ' •• ' ' • : - ' ' ' ' • : ··.: • ' _J 

' It is seeri that increment., vi~ibly drops atl::i.t:/t: 2:, 0.2fo. ,Numerica1 simulation of the/ 

noirlinear mode. of the FEL' amplifier operation have show~ thatthe final FEL efficiency 

., 

dr~tically dr6;s \vh~n' the ener~y'spread exceeds thi~ valu~.: ' ·.. . : . :. ·.. . . 
·',' .' , . . , .,,., , •. ,. ·_ ' ', I " . ' 

·.·Using.this analysis, we havechosen th~ e~itta~ce arid the en~rgy spre~d ~f the driving, ; 

. electr~n beam:to be e~~al t9 i = L6 /10~6:cm•rad (En::, 3 x 10-;-,3 cm-rad) and u/fo = 
\ , '•.' \ ',: , - ·.' ,' ,·. ( ' 'j •' ,' . ' 0.1 %, respectively. . . . '• · . · · . . . . . . . . . 

' ,, ' ' /.. 

. FEL amplifi.~r ~10ise , 1 . 

• • ,· _' ,: I • .·• :, \' '~ J_ • ; :, :, ', ':'' • .' \ • , .:• .: : ,; ' ,.' : '.,.- ' ;" \ • ' \ .' ',.\, 

In the case under consideration the FEL amplifier noise is defined mainly by random 

fluctuations. ~f the ~iectron beamdensit~ 'and effec'iiv~ powJr of the:~oise si~n~l a,t th~ 
FEL ampiifie; ep.t~arice .is giv~n with the expre;sion (13): . . ' / ' . \, 

·, j'., 

I 
' . · 2 2, " w,h ~ elw1z0.,,/c 

' ' ' 

.1 
' 

' I l 
l 

,··,·/'/: 
··1, ", 

j 

i . , 
l 
!· 
J ' . 
/1, 

I. 

J', 

I 

.-,,, 

· I ,, • · , . i "'. 

Fo; the.PEL amplifier parameters presented in Tab!~ 3, the effective p~wer of shot noise 
, ' . . : . . . - .- ' . ' • .. ·., ~ , . ,' ·; ,·. ,_, - . ' _; 

· •at the FEL amplifier en~rance is equal to W,h ~ 40 yv; so the chosen value of the master 
•'' • , I •• - ' ' ,•,, •• I ,·· ' 

oscillator power W,it ~ 1 MW is ·much more than'this value:· . . 
""~ • • '!" . , •. • - ,- ' • 

Optimization ~f the undU:lat,or length and tl{e FEL amplifi~r output; 
char~~teristic~ · · · · · · • · · · · 

• < S' ', • I • \ ,• ; • - • • ', i', ' ' ', - .' 
During the process of the radiation amplification .the electrons lose their energy which 

' ' ~ f•. , . '. ~: .~ . . . l , 1 . •. ' · . '·. '• , ~; · • - .._, 

: leads to. desynchronism of the electrons an the e.lectromagnetic wave: In the case of the, 

' rindulat~r with the fixed parameters' these results in a tituaticm when ~t some ~ndulator 

'lerigth'ihe most fraction'of electr~ns shifts to an accelerating phii.s~ of\th~ ~onderonioti;e 

'well and .the ~lectr~n be~m begiri; tci takeoff the tn~rgy. from the elecfromagn~tic w~ve: 

The radiation po~er ~t the ~atuiation is of an order· of (12]; • · , ,. ,· , / ' ' , . - ', 

·, r·· : w.;t ~ (Jt:ol/e,' .(9) i. 
' . ' . ,(' 

where · 

' 1~.>.wr/41r.' 
'. . ' 

(10) 

'Usually the gain length./9 =' 1/I'is much more thai1the,u~d~l~t~r. ~eriodwhich.results 
\iri a low saturation ~fficiency. ,'. . , , . . ' . .· . ->'(; 0:>., . . ' 
. . ; Fbr. th~· FEL amplifier parameters presented inTable. 3, the sa:i'ur;tion ~fficiency is . 

r,;'at ~, 0.5 ,%, The ~ethod of the .FEL ~mplifier effi~iency in6rease'by th~ undiilat~r .. 

pa,rameters tapering is a wid.ely known one (4],.(14], (15], There)s a. lot o~pos~ibilities. ·· 

ofuridulator,tapering and h~re we have, chosen for nur'nericalexample onl~ ~ne of th6m, 

namely the undulator fi~ld aeciease,at fixed undulator period ),w:-We ha~e performed a, . 
·'set,of'calculations to ·obtain:opthn";;.i"conditions 'of the.taperinl 'As'a :result/a, lin~ai l~\V. 

oLt~peri~g his been °c4osJn. Uiidulator t'apering:begins at 'th~ m:idulato;,length equ'al . , ' . , ,•· . ' . ' 

to .. 17.7 m and the required level of the radiation/pow~r. is ac~ieyed af the U?dulator 
"' . '_ , :· • . -~ ' I , . , ~- . " - , : , . , - • ·. '. - ; '. . - '. , , .. ' 

length L ~. 64 m., At the 'undulator exit, the change in the urid11lator magnetic field is . 
, ' • , : , . . •. , . I . . . , '. , , ·, ', . . . . ·. • . . , . 

flHw/ Hw = · 10 %i A phase analysis shows th~t' ab~ut is % ofthe electrons trap in the 
"• i - > • - • • ·.-· ' -,· ' , ., 

· regime of ~oher~nt d~celeration; . . . , 1 . . , , 

.: ·'.'Fig. 7' presents' th~ 'de~endency' of the FEL 'amplifier outpulpower bn the r~duced 

'd~tu~ing 6 = C /r =/ (2;/ Aw ~ ~/2i;c)/r. This plot enables one to ~nd r~st;icti~ns on 

•·· ..• the values of;ystematical drifts:.f~eq~~ncy of the master'.~~cillatoitiwJC:.,>=.2/3.•'flCI; 
• _.~ ' •l /\ ~ .• ,.• .•• •,, •' •• • .,('•:··_--•. '_:•-•;,.~•A ' "' 

energy deviation flt:/t: =·/3 ~ flC; undulator field flHw/H.;, =: /3(1+ Q2) • flC/Q 2 (here .. 
: <,,,'.,•',., ·••, ., A,· •·• ••,.·:, •, •··\•: 

the reduced bandwidth of the.amplifier:flC is determined,by the·requirenients on th~ 

stability of. the output power level): It is se~n from the-plot in Fig:7 th;t systematical 
·-.· --.. ': '' - :·--. -.-,.. ' - . '' . ·_ "-". - ;·.-·--

drifts ,.;., 1 % of the above mentioned parameters do not influence significantly on the FEL . 
I' • - '. •• . '. ' ' ,_ ' 

:,....,_ amplifier·output power. 

''. ':"11, \ 
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Figure,7: Output FEL amplifier po~er ve~s~sdeturiing 
•, •• , ,.... ! ' ' ' 

'' , '. , '. ' ,I ''1 '\ .· ,,•·:- ,'i,. ,, ', .; ' •~~ ' •.' /',, ' . : · ::••., ' ',, \"< \., ,', ,' '·,~:, :'/ ' i •• \ • I,',,' ' ' , 

· It should, be noti~ed here that. the n~tion of energy. spread :·rieeds some explanation. 

We :have obtained·. above_ that.- the FEL amplifier operates. su'c2essfolly ~hen the erie~g; 
: ' • ... j _: . , '. : , ' ._ ~ _·' ',' . ')- ··~ ' 

· spread)n the beaIIl i~.rather srnall; 6£/£0 ·~ 0.1%. Physical sense of this e°:ergy _sp~e!l-d is . 
' ,, :• ' ' ,, ,• ,•' ', , ,·, '\ , ,, : ' ' " 

• that it is instantaneous, Le.' partides of the beam' with, the mean energy £, occupy finite· 

' ' region iithe phase spa~e. On the other li~nd,, the d~iving ~lectron be~~' produ~ed\y the;, 

' RF accele~afor, has finite phase extent i,ith respe~t to ,the accelerating .RF w~vele~gth; It '' 

\

0 

results ida drift o_f,the Ill,~ari ~~ergy of the p~rtidesalorigthe•be~m;' Using Table 2; ~~e ~an. 

obtai~ th~t t
0

h'e half~width ofthi~ di~tributio'n is equal to 6£ I £0 ~ (1/4)( 1rh/ )..rf ) 2
·.~ 0.5 %. 

' , t ' ,· . • -•~ ' '. , '' , , '1 ' '\ - , • ,, < ,·, . ' , \ , 'i , I · ' '' · \ , '• 

'To· be strict,:this energy drift does not increase the phase space occupyed by the beam and 
, ~ : ,- , • •• ' , , j ':_ I 

0

1•. ,' ' , ' ' " ' ' - , ; ' ,...,...._ · ' ' , : : , ' • , I , 1 , • ' '. . ,"' ' 

in the case under, consideration it doesnot influenc~ significantly· on . the FEL amplifier 

operation d~e to local in.teraction of the radiatio~ with the electrons in the beam'. Indeed, 

~haracteristic scale of the interacti~~ r~gi~n i~ defined by t~e slippage length of the optical , 
' ',. ' ' ,_ .• ' ·'1 . -'' ,1 - .. ,. '. : \ - : • • / • < . '. ·. _'.' - 1 ·· ..... '. .· • 

beam with respect to. electron beam, -which js, about of a fraction of millimeter. So, at 
,. \ ' : , ,, '_\ ' ·: ' , , , ' ' ' , ,,'' ' : ' ' , ' , 

each point the.radiation interacts _with the electrons having approximately instantaneous. 

; energy spread •~q~al to6&/£0 ~ 0:1 %. \The drift ~/ the mean energy iio~g the beam 

equalto 0.5 %,:in accordance with the plot presented in Fig. 7, does not influenc~ on' the 

FEL output power, be~ause ~11 pa;ts of the electron-beam i~tera'.~t reson~ntly i,ith·the 
l .·· , .·, . .-,: ,·,,. _; ·· · · _r .. •. • , , -- ' •• -·,.:. ,- 'i · 

optical be~m, . . . . . 

,, ...... 

.,· 
' ' 

·/ 

r 

\ 

I ;J· 

, 1./ 

'1 .,/ 

5.2 High.efficiency FE.L stag~s ·., \, 
We haye considered above the operati~n 'of the fi~st ~tage ofth~ multi-stage FEL am: 

plifier. This sta~~ pro~idds amplificatio; of relati;ely's111all signal of the master osi:ill~tor . 

:(W;~ ~ 11 

MW) up to the_power comp~;abl~-with the po;e~ of the electror/beam. While· 

, this scheme is optimal for amplificatiori of a ~111all signal, it is completely. ~on~ptirrial whei. 
. .·' ., - . / ' .. 

the input.optical pow~r is comparable with.the electron beam power: So, we propose to 

. us~ in the subsequ~nt stages the FEL amplifier with the'multicoinponent un.dulator whic~ 

consi.sts of a prebunch~i, dispersion' section and tapered µndulator:
1 

Such an FEL. ampli: 

. fier ~onfi
0

gur~tior ~iio'ws one ti> pr6vide effective cipture -of el;ctrnn~ iii.to the r~~im~ of 

cohere~t decelei~tion and attain ~ high effi.ciency. ..: ,' . 

·r~ the piesent~i paper we, pr~pose to
1 

use ~' p~riodic diaph~agIT\ lin~' fo~ foc~sini th~ ' ' 
I' \ - c ' ' ' ' ·~ ' • ' ••~• " . ' .:, I \' • ' \ ' ] 

radiation.· It has a form of a sequence of screens with holes. <When Fresnel.number is. 
•. ,.· ., ~, ' / ; . ' - ' •· ··:· • ·-,. . · ••. ' , .. •; • • '. ,' . I -~, i _, , 

large, eigenmodes of such. a line have rather small diffraction losses·. Fcirriristance, in a 

visible wav~length r;nge, at the r~dius of th~ hole about ~flciii and the distance between' 

th~ scref'us ab~u.t 9£ 1 m, diffractio11lbsse5_6f.t~he ground eigen11;~cle are abo~t~f.o.mr% 
. per one diaphragm; ·. _ . /. , . . 

' . Oper~tion ofithe multistage FEL ~IIlplifier proc~eds as follows.' In the iniu'al stages 

.. a\i-_a~~it~~nal processes t<!-ke\piaci:. the.op~ic~l po;er a~plification andJormati~11 of th~ 

, , , optical field eige?mode'. .• After passing a large numbe~ of stages' the, amplification coeffi~, 

' ~ie'nt G b~rnmes to be small' and the 't;a~~verse fielddistrib~ti~n'.is settled ~omsponding 

. .to \h; g;ound TEMoo mode of th~ diaphra~m foc~sfng 1i~~- Estidiations h~ve sho'wn that . 
j, ," , ; ; , : . ,/ . \ , " ,. '.. , - . ; '·. , , , . .- \ . , '. , . , . • ,' . I, ~·, -, . , , . , 

't_his prncess is lasted approximately. IO .amplifier stages. I; As a result, calculation of' the 

stages fr~in 10 to 
0

90 ca~. be performed usi~g' one-dimensi@al theory. in approximation bf 
the giv~n optical fi~ld <!:~pliti:ide. _,, - ,· ; : ' :. ' ' , ·,. -

, ·~ ,· . , , .I , ' , , '•. • • ., \ £•,., , ,•· ' ;t 

· A choice_of the multi-stage amplifier· parameters'-· 
; . ,, ; . .. : ' . ',· ,· ·.: ..... ·,:\ .. 

Ge~erni approach to the analysis of the'higli-~fficiericy FEL
0

amplifier stages ispres~i:tted 

-' in Appendix B>He~e we pres,ent the,;esults of numeric~l simulations. ' . ' ·•· '· ' . 
·]·: ' ··. ,' _//, . ,' ' ·- ,•' '' , .· - ' ·,,· '. ·_, , - . , , ., . . . ', . ' 

. . . ·. Using' the'requirements'on the output characteristics of the ICF energy driver; we-have_ 
'' ,, /" ~ \ - ,( ., : " , ., ' . ' \ ·, . ' '·, ",. ' ' . . ,, ' 

fixed in. the.previous sections.'such' parameters as the energy ·and current of the electron 

·be~m; nm~bei 
0

0f the FEL amplifi~ ~tages ~nd their efficiency: ·Thes~ plraineters are as 

foll~~s':' £0-~ 3 ·GeV, 'I·::. 2 kA/N, = 90, 1/FEL ~>o.t Values of the emittance and the 
' . ' . ' ' '. ' ,· . ' - ' ' . : ' - ' , ' .. -.' ; ' ' 

energy spread of .the driving electr~n beam 'are defined by the requirements' of effici~nt ·• 
' .. . : . _, . ', '' , '· . ~ '•, ' . ' . ·,. : \ ' ' ' . ',,. .. '' ·'; ' ~·· ' ,· ,. ' : 

operation of the first stage and are equal to E ~ 1.6 :x 10-,6 ~m-rad and: u I £0 ~ 10-3 , ' 

;·:Assu~ing th~ ~ndulat~r, pe;iod. to b~ jw . ~' '20' rni 'rid ridiitio~ '\vavelen~th t~. be 
I. •/· J ·, ·, , : . .- •; . , • - ',' ,, ; 

'' 



-'r. 

• 1, 

.,\ = 0.5 µm, we obtain: 
I 

,Q;,,(o)~ 13, 

The gain parameter is given with th~ formula (B,5): 

Ow ~ 2.2 X 10-3
, 

I . 

\ \ 

. ' 
I 

.~ 

\' ,,·1_. 

.) , lrll2 ~ 4.~ X l'Q-,6• 

, I 

r = 2.3 x 10'-:41!/ R2, . ~. ' 

i (ll) I 

Here and below iw i; in:met~rs ~nd the diaph~agm radii,;s R is in.c:Ill. Fact~r g i~ giv~n 
·wjth the for~ula (B.7): . ·... . . , , •, . . .' •· " . 

. \ . g ~ 1.6 x 10-; /lw, ,' (12) 
j'; ': I , • \ • • ~ '. '., :, •, , ' :, ,• - ',::• '', ' ~ ' • ,•, • .. _:,' '...._ • •., "' • :'. '' , , 

' Assuming the energy spread' in the bea.m·. to be gaussian w.ith u / £0 ~ · 10-~; the energy . 
spread ~iramete~AT from expression (B.14)i~ giv~n ~ith: . , , : , . 

I if ,.-.'; •: ,'; '• '' f , ...... ,.' 1 •. •,\' ,: : ', \ \ ~••, 1, 
1
-,., • 

. Ai·.;;,u/£0g~6.3xl072/,,;,.· {13) 
: ·, ' r , , : , ',, ,. • \ 'r; ' . ' ' • ·, ': ',"'. ', 1 · .. ' :··1 ,r· •,,. ·: •. :·•. ' ' ', 1, :· ' '/ . C 

At a large·number of the stage.(i.e .. at n >!no·.= 10), the transition processes are 
• " I ' ' ' • . ' \ ·' : • ' ' ' • . "I . . / I • • .' • '' ', : ' '" ~-

' finished arid 'the fi~ld amplification may be cal~ulated iri the rra:mework of one-'difuensicinal . 

mod~l using a sm'all-~ain approxiriiation (se~CAppend_ix 'B/ Jn th~ ~resence offocisi~g 
, '•: ·,, . ,·.:-' _.·,--,.. __ \' 1 :- ',· , , . ,' '•., \, _ ' , ,1:,1· · , '. •, ,. 

diaphragm line lwo co1:1peting processes t~keplace: one of the field amplification given ' 
.with the gairi factor G ~nd anoth~r · . .c. of the .field da~ping ~iv~n ~ith the dampi~g· facto~ 
,· '1.";. ,. : , \ ,' . . -'• , ' ·,. . 'i >,' ·- \, .' ,,· '. .: ; . ,; ' >~ ',' -,-: . ', , . , ' ', 
,K '.' Total FEL efficiency 1/FEL is connected with the electron efficiency: 1/ by the relation: '' 

, .. ··•· \ . .· .. ·. •.A•L'°(1:_it°'l.r< ... · i· . . , ,· · .·· · ... 
'· Here damping factor K can be calculated using formulae of Appendix A and the gain'factor • 

, .· . . , ... -~· , . , , , ·, ·, .\ .. _. ·: , .. L · · , , , , i' ·_, .. ,- 1 , •• r. , , .; :'' · , \ ,, ; , , . ',' ,_ ·,. · 1 ·• 

, G - by formulae <>f Appe11dix.B. Estimations have.shown that the number of transitional 

.. stages ,isappro~ima~ely eq~al to n0 .. ~ lo and thefr avera1~ ~ffici~~2yjs app~oicim;ately .· 

~qual to·a half of the efficien~y ofthe high~~fficien:cy'stage: So, we may write the foHowink, 

formul~ f~r the o~tp~t pow~r 'or' the muHi-st;g~ FEL
0 

a~plifie/with th
1

e number of stages 
equ~lto n. (n; n0):' ,. ' ·.•· 1: · ·. · . · , · . · ,• . · . ' 

. ' ,, •' \::i .-\_'. \' 1" . ,' ' . •• ·:,, ,- ', ., ', '\' '. ,• 

. lVn ~ [0.5no ,+ (n,- no:-;-l)]TJFELwb =;= n1
1JFELwb,, . 

' 1 ' I " \. .' \ " ",' ,, ' /, , , :-•~.'' . > i \, ,'• • ' •~ r' 

•. where' wb is the power ofeledron beam, n',= n -;-,0.5 x no,'-,J. So.as the number,of 
•• .. /":.'_•,•',-.' ·, __ · ·, •,., .. , . ._,•'_,',',",•"•. :,.),:'·'·;t''[' -•·,'', ·., ", 't 1 'i(J'~• .. ~:\, ''.,,';"'·'•.• 

: transitional stages is equal to n0 = 10; then n' = n - 6, Field amplification factor in the 
n-th st~ge i~ given with th~ f<mn:~la: . , .. . . . ... , .. ,. ·,, : , . ' .. ,'t

1 
.-.... ,. ,-_ ,-, -~:·-:···.' .-'-1_i."-::.(" ·~·\.'' ·.1,"•,' <,'•.:,,,~ 

Gn ~ TJWb/2n
1
1JFELWb =OTJ/2n'1JFEL• : · · 05) 

, '. ! ,-'::·, .•.•_. . .'·.'.;:,:\-':.,.·.,!·,·.:·.'\:.i.:,,,•,·•~\:.:/,•.,>.· '. ::.:·,.,.\· .: ... ·. , -.<· .. •:,;~:.; .. 
Taking.. into ,i1.ccount. that ,the field distribution of the ground mode .TEM0o, of .the di~, 
. ' . '' '.\ I.,, ',' ' :, " ' .. ,,. ,-: ' . ,. ' : >' I ' .. •'. C. ' 

,aphragm,li~e is I £ lex Jo(µo1r/ R) (see Appen:dix A),:;ve F'ay calcul,atefe~ucedampliJude. 
of radiation fi~ld after 1 n-tli stage: · ' . • . ' ' ' . . · · · . . ' ' . '· , · · 
. , " , ... , . ' • ', ·., ,( . : " ·,.; ' 1/2 2 ' 

U,i.=_0.24 X [n 1/FELJ.. lw/ R. 
. - - ' ' ( . 

> \ (. .'' ' •, • m C' ,,~ ,, ' F •; ' • ' C '• 

, Dampirig factor K may be calculated using' formula' (A.5), 
'' '1, ':-. ·': .. ' ';.· 'j, •,, , ,·' ''._,,· 

aphragm line to be L = 0.5 m, we obtain: ' · · · 
• ' • ' ' ·' • t 

, ··: ,. r ,- .· ·• • ·,'" 

Assuming the,..period of di-
, ,! 1 .. , ., ,·,' '_•, ', , , 

' / 

', . 5 /n3 ' ' , K ~.3.7 X IQ-: lw Il, •, 

' . ,· ,- '. ' .... ". ..1 .·'' ' ./: /:' ' ' .. ·.:' •.• ' ' ' ,,; :, ' ' ' 

, . The next step of our study is the optimal ~hoice of the values of the undulat.or lengths lw 

,' '\ 'and diaphragm radiuse~ R as functions of th~ ~t~ge number n. We assume that diaphragm 
i,,,. _. ; \ f" I ,' • •-:' ,' ,, ., - - : '.I: ;•' . ' ' 

radiuses ·· R is changed adiabatically along the. diaphragm line;. We· confine op_timizati.on 
• • ' '·. • • ' • • ' ,, ~ : ,' • I , ' ' I • ) ' • '. ·' ! .. ·-· '· . ,' , ·, • ·,. ) ', '. ' • • - . : • '. . , 

· process·,by two c~nditions: First, we assume the efficiencies. to be equal,for all stages.'·,. 

' I ' Sec~!ld, th~,r~.te of~~diatio~ d~mpingtciampli
1

fication K/Gis ~s1;1m~d'to,be ~on~hmt .. 

J .f .: Tii'e latter co~dition me~s th~tth~ he~t lo~d on thediaphrag~ li~e is alm~stuniform 
. : 1 ,, '' in' all thd stages: As a res~lt, we obtain:,. ' I ' ' ' ' • ' 'r ' '' 

/ 

(17) 

l i :'1 , ,·1 • :· ,_,,·'.>, . '"·} ' '• ' " ' '' ,· •, '·. •. 

, · ,. . ·, . _ n'lw(n') ·,_ .,. ,. 

, , 'I . . , . . : . ... '. 
1 

. . . . J{ / G ?( R~ ( ~') : = c~n~t: 

\'J .. . . .. U,int formu;:, (B,9(; ({i) Md (16) wO •htrun oi,!, ~;,:;• ,~~ti¥'b,/~ ;i:~ ":-1•esl ~£ 
1 'J , .. l.,; and R : . . " , ' · , .-
. i

1 
j . ' ' - ;' . •'-· . .( !)1/2[ '( ') ,>; ·.' ·' , ,. I , . • . . n .. w n ,, ., 

, \ · .1/ ex gu ex . 'R( ) . . = const. 
I ,.,', • ,'• ,. , n' 

Using'~~l~ticins {18) add {1
1

9), w~ obtain: . 
' ., :"'· ,l J. 

\,: 
•\, 

' . z,,, 'J ( ~')c.114, 
,: : /•' ; • •. : ;_ < >••I;: • ; \ ' • ) ,' ;, < ,, •, ,,. / \',. < • ',,') • 

)'he~; using for!Il~lae {l.~) , (13) and (16), we obtain_ the foll?wing ·parametric ~ependen~ 
, ~i~~=.::•·:\' I , " / . I · ', . • . _'< ), i , ,, ' . 

·\ 

'''4 · '.,{ .,):::.s/4,,. · ·A., · ·(,. ,')·21/4 • ·.'; '( ;).:.1/4 ·' , • (. ')-
-r: oc n, ,,: ·T_exn.:•, · .. ·•\.uCXn· ,,,, ,a:ex,n. 

·.··, . . . , •, .·. . ·:.:tL:, .... ··,···,·• ... X , . -1,-
,r~ 

l,' 

·,, f1: 
./1 
,) \ 

.'It is useful to n~tice that the depth of the undul~tor field tapering.' 
"." ' . ,' i ,' .' : \' ,. ''' • '. :. i '-I '' ; . _'; . •, ' / > ~. • ,-' :~ -', : 

I LlHw I //f~•{O) = fxg: . 
,, ' ' - '. J ' ' 

',' •'•,' .' ,;' ,,;·;,,,,. ',,_,, ,!',, ', ·.' ' ,'' : ., '.•,·· \. '' 

end on the number of the stage; Analysis of the obtained parametric rel 
_1,' , ,." I "" , • ', , .. : . ' "' ,• ' ' •.' ,· .... , " ' . . 

h 'relation (B.16) shows,· that the similarity of the stag .. ' .. · , · 

'-~Iic~of the v~hie of A~/(u)1/2, on the~.,." '· '·~·· 

. Nev~rth~l~ss~ thisd' 
'~' . ·.'' ,\, , ,, r· 



', ,,,., 

i 

ii 

•'i 
' ,-

~ \ 

.. '/ 
·1 

The co~respondin.gparamet~c.:d~p~ndenciedor the p~ebunchei- and drift space are 'I defined with the relations: . - ' ' ' ' - -- ' . - ' 

·. · · (SP) ,,,; id ex u•.1/ 2 
, P·· P '1 

(oP)pid =;: const.,I I 
/ 

which results i~ 
(22) .lpcx (n') 118, '_ id CX (n') 118: 

✓ ' ' 

,Phase shift 'ot/J in thedrift space is equal for all.stages: so it is suffi~i~nt to find it f~r ~ne 

~f the ~ta~e~. Fcir definite~ess, we c~nsider the las(90-th stage: We perform ~ptimization -

airilini a g~~rti attain ~inimal length of the stage at fixed FEl efficie~cy ~FEL = 0.3'.'• 
'· Numerical simulations have shown, that the ;hoice of . - -- . , 

- ·'"[; : ' ' R·,. I /' 
- • w = _40 m; '· -- = 1 cm. .. 

is, ciose to th~ opti11!-al values_: Acco,;di~g to relations (11) -· (13} and (16), such a choice 
. ~· ' . ' • - , . (. • • ' . • • • ·' . '. '' '. • . ·- ~' ' - ; ! ' . , ' 

corresponds .to the following reduced parameters (see Appendix B): 
•••: .' : . ; ' : t '•,. ,• ... ' , I - •• • .•• '• ' ' ' I • ' • '> • 

·g=4;·10:::4, . r=:ih;: · A;·=2.s,' 11·~2x103
• 

I ' . ' •r- , - " ' '-.... I. ~ 

• ·'., ·, •, . ~-:~ .•,' ', •,~·: ,, •:.,,,•-, '\ f., ,,. :, ; •.:,,I.. ; '·1 ~ , - :,:.' t ~,"'-

Parameter of the tapering depth is-chosen to be.a=;: 1.5 x 10~ w.hich results.in the decrease 

:~i th~' mag~eti~ field along the :irutin 'undulat~r: 
. :· .. ' ' - ! '' .. 

',, I \'' .. ' ,,, l '• '• 

-j ·~Hw JI H,,;(0) == ag == 0.6. .· 
• -, ·''. .~·: l•,,. ' , • -<,> ,\: ., 

/, 

Pa;ai.:ueters ~f 'preh~ncher ~nd d~ift space' are as foHows: ' 
, ' ,· ' .. .:- - . . 

: C ,; - 3 A > , 

,, lp ='6 .. 3 x 10- , ld = 0.11, 
,, ' - ' ,: ,: - - - -/ ' 

'Whe~ calculating- the le~gthof prebuncher, ~ne may'obtain thatits,le'rigth ~ay be not 

-multiple or Ie~'~ than' undul~t~r p~ri~d.1 In this ~ase' parariletei~' 6f prebii~~hei (p~riod and :-, _ 
' . . ,. ," , I , ·, . . , ', .. , 

rilagnetic field) should be chosen to provide calculated b~am bunching for a corre~pon.ding 
' I"• , ' - :' '., I ' ,_ ' ': - ', -' ' ' - , ' -' ' - _, -,,- ' - -
-stage. The number of prebuncher periods is usually about of 3 - 4 and their total length 

, ,, '1 ,, •. ·; .,., ; ,, •• , ,_· ':• <·· . ',_ ' :· .' . ,', ,, .: .. :.:'' ,, ,; . 
is much less than the length of the main undulator. As for the length df the. drift space 

>id= fdl,,;(l +-Q +Jl2), :in som~cases it ma;ie rather larg~: In,this' cas~ the drift spa~e -

_sh~uld b~ replaced with equivalentdisp~rsiori sectio1/whifh.l~ngth i~ much less than the 
L ·. ,' ' • l ' • ·, ,1 \ ~ , ,. • ' ,· ,' ' • 

' length of the main unduJat01;. ' · ' - · - ' · 

The ~xtraction efliae~cy of the 90-th 'st'age is equ~lto T/ .~ 0.4. Figs .. Sa, Sb arid8f 

mustrate phase distributi6n'of the' pa;ticle/at the e~tr;nce, in the middle·a:-fid ~t ;he exit 

of the-main undulator, respective!;. Usi~g fo~niulae (15) 'and ,(17), we obtain ,th~ values 
of the field amplifi~ation and field los~es in ,the 90-th stage; . , - - -- · -

' :,.,. > \ I..: . - . C - • -! -'· • , ', , ' t ' ' .', .. / "~-,'· l 

a~.7.5 X i'o-~.' J{',;=l.5 x.10-3,, i K/G ~ 0.2, 
. ., ' \ ' ' . - ' 

ff 

·/ 

(a) 

O.B 

'( ·- -· 

~&/&~(%)· 

/, 

I' l -~ ··l·-- . I . · r~ ·· -\,1 a:~_-··--- ·,:::$;;:;=l· ;1/1 I I • ..._"f - ; : _,♦;-, ,. 
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•f'.igure 8: Phas~ distributlon ofth~ particle~in the '90-,th FEL\~~lifer stage: ·'(a) -
_ entrance, (b r..: middle and· ( c) 7, exit' of the main ~hdulator - ,, . -, -

\ ' ~ 0 • ' , " • : H • ' •' > ,. 
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6.2 i S~paratiori·system 
/ ,.. / , ' . . ~ 

I, 

·. There are six st~ge in the s~paration ;ystem prnviding s~paration of the·electr~~ bunc!/ 

train by sequential scheme. P~ls~ duration of the kicker magn~ts are equaLto 12.8; Jt~, '' 

6.4 µs, 3.2 µs, l.6<µs, 0.8_µs and 0.4 µs for the 1st, 2nd, 3rd,: 4th, 5th and 6th 'stages, 
,,. - • . . . I' . •. ., I. . ' ' - . . . . , 

respectively. To provide 'a high efficiency of separation· system, e.g. 1/SEP ~ 0.9, kicker 
i- . . . /. . . , .: . . ·.. . ' . . . . . •· . , . 
magnets should provide rise {fall): time about of. 50 ns: \ Such kicker magnets may be . 

manufact~red at the present level of acceleratio~ tech~ique R&D, kicker inagnets of the; 
SLC damping ring provide parameters ~lose to tl10s~ required (18):•· /. , . '- , 

,,. • -1- ·')' " ' •. 

6.3. Undulator1 
• 

Undulators ,'of the FEL a~plifier ·sho~ld ha~e periid Aw ~ 15 - 20 ~~ a~d magn~tic . 

field Hw ~ 7 ..c. IO kGs. It shouldi1ave rather large ~pe~tlire to place di~pl1ram focu.sing 
/ ., • • • • i • -

line insid~ .. Taking into ~ccount. these r~quir~ments,.it seeiii~:to b~ ·~atural" to c~~strnct. 1 

• I ~· sup~r~oriducting ·u~ctulator. It ~hould be noted'that tl~e first FELliising was obtained / 

,with the superconducti~g undulator (19, 20). That uncl.ulator~l~ad,thheriod .x~ .~ 3.2 .cm . 

a:nd 0total length 5 m.· Amplitudeofthe magnetic field lfw = 10 kG ~as ii.ti'ai~ed "it 

the curr~nt densi,ty in\~percond~cting w'indings ). = 700 A/m~-?, Bifilar _windings. were· 
'. .· . ' . . . . . . . ;,,- .. • . ··- ·: .· .· 

mounted on the tube with.diameter I cm. To scale these p~rnineters to the case·under 

. consider~tion/ we.use th~ foUowihg ex~ression f~r th~ ma~rieti~ field at the undulato~ axis. 

'r211=, ·· 1 
•• ·.•.•.··•··

1
_: .• :.:'j.:·· · · 

H'1: = 1r;;)(2Ko(() + (1<1(()), · ·· (24) 
,, .. ' .. , ( - -~-.-," . ·, ,:~., _/_ ,.:· -· ,.· :, 

where ( = t.'.»Rw, Kw =. 21r / >.;; lw is the current in the winding, Rw is the winding radius 
andi<o a~d Ki a:retheinoclified Bessel.function~- (here.it 'is.assu~ned ihat the.\rans~~i:se· 

- _, • ·, ; ,-, , ,,,_ . _:· r - :·· + , ' .I . 'i , .• , _, 

dirriensions·of the winding ~ and 8 are much less than the winding radius Rw); The: 
, . c : I • , a • . ' • / : ~ . , , :·. , / J • ".' .._ ,' 

•. I 

extrapolation of the results,of,ref. (20] t.o the case_ under study may be perforined bf th~ 
: • ., •. ' ' ~- _, .. :_,· t \ • '. -, ·, ''. • •• ' . '! •'c' . ·- . . ·. ;-. ' . . • \ ' } · •• 

increase of the winding current ·fw and all geometrical dimensions, namely "Rw, >.;,,, ~ and 

8'.by (i' +7 tim~s. So as. the.winding current. is eq~al to /; = j.8~? ~~ec~n.se~ Ui~t the 

re.quire~ent on ,the :v~iu~ of the i;iti~al ciment is' diminished significa1~t1; and th~re is ' 

. .. a:. ;~serve t~ increase the V.:inding c~rrent. Th~s, th~ undulat.or of the first free-el~ctiO!i . 
' ',' i : ,. - • : ' \ ' . . . . . ·• . _.., .. . '.. . ' - • . : ,· 

laser may be considered as .a scaled model of the undulator for the FEL based ICF energy 
drive~. ··· . · ·· · • · ' ·· . ' ' ~"< · · .. · 

./ . 

. 6.4. -Cryogeni~ system.·· ,· 

r Cryogenic system· ~hould provide cooli~g of magnetic. system of the FEL a:mplifier·.: It 
, may_ be designed to be rather. effective, ~sing, fo~' instance,. a package placeine1~t bf .th~· 

,, .·\ . (' ·. . . ; '•- ,·:'. - ·., , ..... _ .. ,, . ,·. ·:·. .. ·'-

'\ ~' 28 

. ( ' 

'I 

FEL amplifier ~lements. Iii this casi/the ~ryogeni~ ·syst~ni ~iii corisis.t' of 1432 cryo~tats 

., of two type~. . One type of cryost~ts provides cooling of a package· ~f 8 undulat6rs, ~nd 
. ) , r ; , ' I ,_ :· , , 1 ••• , , r . : ·,_· 

,i;tnother '- of 8 magnetic snakes. It seems to be perspective' to use a' multi'refrigerators 

. system iii°kgrated into the' cryostat' which provides effective. cooling with6ut the use of 

external' ~oolani It con~ists of a' 4° 'K'closed-cycle He' gas: r~frigerator ,and a 20/80~ K ' : 

two-stage closed~cy~le He gas refriger~t6r a'.dopted to _co~l 40" K and 80° Kheat shi~ld;' 
and ~the~iom~onents of. the cryostat [22]. • ' . .. .•· . I 

- I , , . .. . , • 

In the case under consideration, the summed static.heat load to 80° K shield, 40° K 

shi~ld and t~ the liquid He v~ssel·will bi/about of 300 w, 100.W'and 10 w per one cryo~tat, 

respe~tiveli ,' Ass~mi~g the' ~lectrical poviiir COilSU~pti~ri. per I. w coolant ~apacity to be/ . 

· 

1 

,20 
1
W, 100 ,w ·~nd )00 \\'for: 80° 'K, 4.0,° K and 4b K ref~·iger~tor~, 'respectively, t~tal 

1 electrical power cons~mption-ivill be about of 25 kW per one cry~stat. :xs ~ result, the 

cry~geriic ~ystem of the FEL. magnetic ~ystem ~ill ~6n;urrie 'about 'of 35 MW 'of ~lect;ical .. 

powerwhi~h constit~te ~elati~ely small fr;cti~n ~f tlie to.ta! powerc~nsi.Imption ( 460 MW). 
'~. • > I .· ',. , f' ' • ' < • • ', '/:" • • ; • ·, 1 ,. • .': 'l • \: ' ' : • . .--~ •, " ' ; , • I \ ,I / 

7 ' Dis~ris,sion : 
'.__ ' I . , 

1 
! , . ' .·• _- ': ; ', ~ ." - . ' , ~ , , , ' , I , ; ·I. ' , , ' • , '• l ' , ;-

'.:When pr~pa.rinifthe conceptual project of the FEL based.ICF ·reactor, 'we have based 
'.' , • : •.' .... 

0 
• f_ 1 • ' , .' , , , . · , •_- , , , ; ' . - i, . ·. -~ . l .. ' ·. ·, •. • ·' ' ' ,". • • 

at the present level of acc!;lerator technique .R&D. w~_en considering foture PfTSpectives. 

~fthe p~~posed appro~ch, it ~ho~ld bf fldticefthat:the parameter~of the c~mniercial. 

"FEL basea ICF r~actor (s~e Table 1) a;~ not ulti~ate: The main reser~e to incr~ase its 

power and efficiency is to increase the po~er and 'effici~ncy ~fthe driving ~ccelerator; In 
the pres~~ted ;tudy. 'we: have_ b"a,sed, on. the klystron efficie_ni:y ~(klystrnn) = '.. 0.5, · ~ le~el 

'which is',well ~aster~d by indristri fo~ pulsed klystrons of de~imeter wavelength :range: . 
: ::,•. ' . " · ..... ,, -·, ; ·,,:' . ; ,':: / . )' ' '·, .,\',,'.' ,, .,., '. '.'•.' . ·, , .\ ' . '' 
It seems to. be rather realistic that the efficiency of pulsed. klystrons m~y be. increased 

·. u;' ~o,the :value about·'or'. TJ(kiystro~),-~· 0.7·~· 0.8-in ·the nearest future.· Such a. v~lue,, · .. 

. ~/the klystr6n efficiency has be~n · achiev~d at cw klystrons d~v~loped for RF .s~stems 

. of circul~r colliders .• For. instance, . TH 2089. klyst~~~; 'operating at. 350 MH~ frequen2y, 
' ', ' ' ' ) .. ,· \.' • ' : / • • ,, , " ' 1 . . ! . . ,~' -,, . . . ·: -: ', ' . ; \ , • ' ' ' : '. ' , ' ' 

provides output RF power I MW ,at .70 % efficiency. The· use of klystrons with such an 

. , efficiericy will ailow one to incr~as~ th; ICF e~ergydrivereffi~iency from 11 % up torn%.: 

· .• Anoth~r r~serve to in~rease the' I CF , ~eac:"tor power is ~he in~r~~e of ~epeti tion ~a:t1.;:': In 

the p;oposed_ ~roje~t, repeti~i6n '~at;'is limit~d by: the a~erage p~wer of klystrons. The 

;Use of klyst~ons with the ave;a~~ output RF po~er 100 kW wiil inable t~ 1lcrease .the 

r~petiti~n ra~e ~p _to 120 ~ydes per second and to increas~ electrical ~ower ofthe re~ct~r . 
from 16 GW up t~ 50 GW, 1 ·. . · . . ' · . · .. 1 • , · ' · • ' · . .• .· 

,· . ' 'I'h~:thorqu~h .anai~~is Jr~sente'ci in this p~per have sho~n'hiat the FEL techniq~e 
•• '' ••• ,·, ,. ; ,_ ' ••• - : ' • \,; : • • ; •• , ' • ' I ; ':~ • • '' .'', • '. - :. ' ••• ' • 'I. \. . ',.,.· ._ •·, . ,i ' , 

enables·one to ~6nstruct the'energy driver which fits the requirements to be' the energy 
"!,, ,';,,:·,·' ·'.· '~ .'"·,' ·,:'· , ·,, ' .; ," 1:.•_ •• '; :-' ,,.' ,_.,",~•·... i .. ,,_,. ,, l~ /; 
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dri~er for inertial · confinement ·fusi;n. : We have 'showri. above that. such a ~ystem. may 

... be'realized at the present level of accelerator technique.R&D. Nevertheldss, it should be·· 

·. emphasized that des~ite n;iany piec~s ~f the proposed eq~ipment have been de~eloped for .. 
•Y • )[ •• ''\ •• ' / , • ,- • • ,,' > • /• '\ 

, ' other. applications, there are. no operating FEL amplifiers .with the parameters dos~ to 

thos;req~ired. So, the basic ide~ of th~ P!Oposal, na~el; a possibility to.construct inuiti:: 

stage FEL. am;lifier, i-equhe; experimentai' ~erification: To perf~rm such' a. ~erification/, 

· th~re is ~o ~eed to,_build a full-scale fa~ility. It may _b; done,. for inst:rice,. by .constructing .. 

~ model of the FEL 'amplifier with the number of amplification stages about 6L10: Such' 

_ a -test,facility require~ ·electron accelerator pro;iding'accel;ratio.n of 10 electron bunches ' 

(bunch spacing about of 4 ns, £ ~ 3 Gev, peak current_/·.~ 2 kA, .. emittance fn ~ 
- ' : .. . ', ' ·, : -. -•. , . I I • .. ,, ,, / • ' - ,. ·, • '. -~ • • .: 

3 x 10-3 cm•rad, energy spread <J'E/£0 ~ 10-3 ). Micropulse duration of this accelerator 
'. . . . ·\.' . : . . . - / . . . ' . '·,. . . 

may be done rather short, about of 10·ps, in this case slipp_age effect is almost negligible. . . . \ . ' ' 

. . The energy stored in 10 bunches ~ill b'e about of 600 J; .s~ such a test accelerator 'may' · 
! ,.-- \ ' >' • • • I • ' '., / • ~ ; • • ; • • • • .. ! operate iri L-barid RF W~':elength range in _a, regime C>fsto'red RF energy. At ~Cfelernting. 

; gradient ab,out of 30 MV /m, its length will be about of lOQn/ A~. accelerator. faciHty 

~ith par~meters close to' those required is' develop~d, for i~stance·, iri: the framework of 
·. . . .. :_ . . . . .. · I .. · . . . . / -. 

superconducting·linear collider project TESLA [23). ' . . . . 

.• Experiments; ·carried out at a such relatively low~costfacility wi!lre~eal a p6ssibility to. 

constr;ct i~ the ne~rest f~ture. a full-seal~ FEL b~sed en'erg; driver for inertial confi~errie~t~ .: 
_fu1sion;'_:. ' ... ·.· .· .. · · ' ; ·.. ' · ·. ' .: ... ·. ·'' · · · _, 

I, 

_ Appendix A. Diaphragm focusing line ·-
As a rule, lens. systems are usedJ~r transporting and f~2using oLoptical radiation.· 

While this, te;hnique i;' apprnp~iate ~t a relativelysmall ~adiation p~w~~; it is ~om'pletely .. 

··unfit fo~ fo~using and tra;~po;ting ~fpowerful laser bea~s: with-·the a~erageand p~ak 
• 1 , · '.. ., ' • • ' . • , , • , · .. f • • • , ,' • ' • • • ' , / 1 I , , ',,_ , ) ,. • , ,\ 

radiation power about of one megawatt and .several hundreds tei:awatts, 'respectively. 
' : '.. ., . ' : . . . · .. ' ' ' ' . ' . . . ' '. ~ 

Nevertheless, this problem may be solved by using diaphragm focusing line whic~ has a 

form of periodically spaced ~creens ~ith round holes. : i,' . . . . ~ . - . 
) C 

· Basic.co~sideration ,·. 

Diaphragm focusirig. li~e operates as follows. - Consider electromagnetic wave .pas~ing 

' al~n{the seque~ce of diaphragm'. When 'el;ctr~magn~tic· wa~e diffra~t~- ~(the first di~ 
' - . ' • - ' ' . \. ·• '. '"' . ' ' \, ~ •. • • >, ~ ' • : , ~ / . • 

, aphragm, it produces diffraction pattern in the plane of the next diaphragm. When the 

. second diaphragm is placed in the rri~in m~xiinum of the diffra~tion pattern, diffra~tion .• 

los~es'are minimal:.Furth~r, sid~b~~dmaxima,of the diff;~cti~n patte~n prodhced by the 

's~corid diaphi:agiil. ar~ less than ~h~t ?f th~ fi~st pattern, etc. W~en the V:.~.Je pass~s ~ large . 
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• • I : \, •' '.. ,, • < ' ' /" • > > , • : ' • r •I•, ' r ~ ! • ~ • ~ ' •' ' ' • ' _< •. ;' ' • 

number of diaphragms, the field eigenmode is formed which has low .diffraction losses. For' 

~he first time eigenmodes of the'diaphragm line h~ve been calcul~t~d°~mnerically by Foi 
•• : • '_;. / • , • ' • • • • ~ • , • •• , ' ' • ' , ', - • ', , I ' • ', 

and Li [24] and later .have been obtained analytically by Veiristein (8). •··.· • . 1 t ' . • 
',• , ' 1 • ,·' ) . ' ' ' • •.\ • I • 

• 
1 
To get .a deeper insight into the role of.diffraction effects for forming the eigenmode 

\•. ' . / ' . , - ' ' 

iri the diaphragm line, we, following by ref,.' [25fstudy th~ proble~ of' the diffraction of.'.' 
.· .. ' ,;, . •,•' ' ·. . : . ·_,,' : ' ' ' . ,,.·,_· - . ' ,' . ' 

the plane wave at periodical sequence of completely absorbing semi-infinite screens.(see · . . . . . . .• . . • I . . . . 
. Fig.9). , , ' • 

:, .I.,'_ ' ·•, :.",'::· ·_\· '.•, ', ),:,; ·.,, . ~ '\' •.·.', .::·, : ,}," .; .. '• / ',. . • , - .. , , i 

·. Figu~e 9:: Diffraction of plane wave at semi-infinite s~re'ens. He~e:. 1' ...:.screens', 2 ;.:. incident· 
witve. , , , · ·,.! ' · • ... ; , , • · 1 ' . 

. p;iiod ~f. the stru2ture is' ~qual t~ _ i' ~nd ~i~e~tion: of the. w~V~ Bropag~ti~n ~rmJ a small 

~rigle a with"the pl~ne perpendicufa~· tci the edges ~f th~ ;cr~e~s. ire ·a:ssu'~~-th~t '·'. 
• ' ·1, \ -, ' . \. ~' '.} ' /' ~ '_; '., I : /,,, I \.' . I·.: ·, : - / ;< , • • '• ., t •• '.+ ,·. 

\·' .:·'!. ·.:• ..... ·' ··:. •. 
· .. ·where,\ is the wavelength. . , . . .. . ... . . . 
' ··~,.>:.' /•- 1 1·: ,i.' r-··.,. •_, 1

·: '1 ,' ·_ ·'},' ';:_:· , ··,-· .. /, ·,_ ,::"' :·:· ·,·;',:··._, 

·. The field of the wave, diffracted at the edge of totally absorbing screen/can be pre~ 

~~nted.as !L ~u;ri of tw~ w,ave~:-the ,;;a;e ~hicli·d~es not exi~t,in the regiori of geoi-ne~ric;r ·.' 

~h'adow and is unpe~turbed ~~tside it;· 'aJd ~yli~dricai wave which is'produced by a im~ge ·· . 
'1, ','· ' • ,, '',• \' • , •• ; ,• • 1 ' ';. '" .' ... '" . ' ! ' •, ,",'. ,•.• ,J~ ' t : . ·/ '.;,' :> \' . ,'. ' ', .• I 

scmr~e locatedat theedge of tlie screen [26). In the,c@~idered geometry, the field U1(x) ' 
of the _.;,;~~e, diffr~cted at th~ fir~t s~~een i~ given· with. the: expr~ssiJns: . . ' . 

I ., • , -. ' 

,1 : ..• :; .. ·)· ·-->{' Uo :;- ( uo/;1r112)f (e __ ),: 
'\.. ' U1~X -:-· ' ( ;· 1/2)F(t) : . , ... , . . Uo 7r . '> , .. 

I ,/ / . , :. ,•'• '."'.1.: ', •\ .':1'. ,;; :1. :: , ••_• • ,• ' :. 7 ·, 

. where ,uo is the' amplitude of incident plane wave, I 
' ' ' ' 1' ' ' , '. ,, • • ' .·' " 

x·<O 

.of_::, ~ 
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i~ F~~~nel i~teg~aland (;= (1r / ~L)1l2x; Subs

1

tituting appr~xim~te expression for Fr~s_nel 
. int~gral ' ' __ ' - · - ' ' ._ ·· · \ · . 

// 
. F(f),= iexp(if2f[~ [e+~]]-l . . I 

int~ f~rmula (A.I) foi: u1(x) we obtain,the field distribution inthe regionof g~ometrical· 
shado;: ' I • 

u1(x) ~;A(3:)e~p(ikc/2L), 

where k := 21r / A and A(3:) is'sl~wly c~a.rigii'igJunction: . . . . , .•: 
When. unpertU:rbed wave'is ·diffracted. ~t. the second. edge, it' produces' an~the~ ·. cylin-. 

'drical wave with the imag/sou;ce iocated at the edg~ ~f the second s~re~~- Besides th.is 
' . _· , - ; · . i. . -: . , · , / .· _ . . ,,' . · . , · . 

wave, there exists also_ unperturbed plane, w~ve whjch produces another cylindrical. wave 
. ' ' ' " . ' ,, ' .·, ' ·. ,' ' .. , " , 

'at the third screen, etc. <As a result, the field of diffracted wave is presented in.' the re-- -. . . ' .· . ··.· ,, \ . . '. ' . ·, . ,, . .·, 
· gion x < o by a, superposition of cylindrical wav~sproduced by irn'age soU:rce~lo~ated at 

the ,edges of ii.n the sci:~~~ and with amplitudes de~re~ing with the deflection.of their 

prnpagatio11 <;>ff the direc,ticm ofpropa:'gatio~ 6f ,the }nitial :wave, ·. _ · · .. .\ , ; · · 

. Dueto the iriterferen~e of a large nu:m:ber of cylindrical waves, there exists a series. 

~f discrete di_re~tio!_!s where 'a~plitudes of th~se wa;es ;'re -s~rnmed. :It i's .illust(ated: with , .: 
, ' 1l-:, - ,. · · ,, < · , ,,, t .· -.. · ·1, ·1 

•Fig:10. . , . 

/ 

·,,,,~· 

_ -· \- ·.:.' .:_ r > , ._ -. ., , '; i · _ 
Figure 10: Diffraction of plane wave at semi-infinite screens. Here:· 1 :- screens; 2 -, 

j • • • ' ~~ ' ' a ' '• 

incident wave; 3 :- diffracted wave. 
·' 

The difference ofpathsA1B1 C1 and A2B2C2 is eqU:aHo the' difference of,pathsD1B1 a~d 

B~D2,: whi_ch :m:ea~~ th~t tlie waves ~rod~ced b;,ed,gesof the.adjacent screens are sumrµea.', _ 
• , "-,:. ' -~ _:.; • '·, :_ ,., " - • '. ' ', , > ··.'. ' , • • .... ,\.\. \ 

,, 

1 

,l' 

when ' ' ' . ) . < <, •' 

. kL(02 
- ci)/2 ~ 2irn, - . \_ . 

·I 

. • , .' , .' ' . . ., __ ,·_-, C • •. , ., I ', ·: •.. . • . ' j ,. ·, :,. , 

where,n is.integer·number. At the intermediate directions;,the field amplitude takes zero 
.• , . / . ' ,.•. .. ' ' , ' . . •I,,:·, , ' ' " , ' 

value due to interfererii:e effects. At o2 << ..\/( ,r L) the amplitude of the "reflected"' wave 
•' \ •,• ;• • :. • ,' • ' ' ' ' • / • ' ,' I 

'with n = 0 and 00 ;, o'significantly ex_ceeds the amplitudes of another :waves. ·· ; 
•• .• \ ' •.• • ! '' " > ' ' ·, ' • '. : •• ,, ". ,. -

. So, wherl'theincident arigle'ofthe .wave is rather small, (a? <i A/(1r L)), the radiation '.-
• >, ': , I , ' • , •' , , , •. ,

1 
1 .. - •: ·,•• ·' _- \, 

does not. absorb ,and is. dispersed .due to diffraction, effects and the' mo~t fr4ction of the · 
",,,· I . , 1 •· • ' ' • ' . ' 

po".",er is in the, ''.reflected''. ·wave'. . , . . . . . . _. . . : . , . 
'· .. ·. using. analyti~al tech~iques, Veinst~in has obtained .ccieffici~nt' of diffraction reflectio~ i 
: , , • I • • .·'. , ' :, ' ' • • , • ~ ' , ' t' . ' 

.. fio•of the plarie wave from the sequence of.semi-infinite periodical screens [8]: . , 
•: '• 1,. ••,•,,•, , ,' • , 

01 

-:,•:•,.\:, L '•;:, •' • •-•:. •, 'J,;:••• ' ' ' i , C ,,, > 

· Ro = - exp [ -,Bo(l --:- i)s]; · · (A'.2) . ' ·.. · .. ,' 
\' 

': ' ' .. ·. ' ' ' . . · ..• , . • . . • . :_, . ' ' • ,j 

where:s_ = a(kL) 1l 2 a~d /30 _ = 0.8_24. ,When factors is decreased, the absolute value'.of 
· R.o is

0 

~pp~o~ch~d to the unity .. ;The phas~ multiplier in the righ·t~harid:part of ~q. '(A .. 2) 

corresponds to th~ ~has~ shift not ·;~u~l to·;, \As a result', the process of reflecti~n t~kes. ' 

✓ •• place ~s if a mirror sho~ld be pla~ed slightly farther then the pla~e of the screen ed~es. , 
• / ,' • • : 1_ / ( • • ' • • • • ' -~ , • ' • ,, 

, Let its derive one important cciris_equ~nce ?f eq .. ( A.2). Resulting field of'im:;itlent and. 

)reflected wav~ 'inay be presented in the form': 
' : :.;,' ··.· ,,: .. i :':-.' ,,· .. ·. ,·' '' .: ::,'. 'i;: ', .. •. ,, ' .. ' .. ·.· >, ·. \ 

. E(x, ~• t) = u(x }exp( ik/-:- ,iwt) ;,;,,, [A exp(ikxx) +B exp( _.:,i~xx )] exp(ik~..::. iwt), . 
. , I .< ,,•, ·:, , : , ·\ :, : ' '. ., ':: .. . .. , '. ·. t . ·:- ,' '· ';', ',· ' ';' ; , ,: 

, where kx/k, ~ a, k;.:+ k; = 4,r2 / ).2 and w ~ 2,rc/ >..\ At ,the p_lane of the screen'edges .the 
• : /, • . I '' , ' -J ' ·: •~ ,"· ' • '• ' '•· ., ,'> <' ', ' '\ 1 '. , , • '. I I,' '•, .: ', • ' • I 

C ratio of reflected and iricidi:mt waves BI A ,i,s equal to Ro, which results in 
',' !. ,· ,:' ::-- '', ;. :., ' ,·,i,,', ,,, ;,/' ':,, .• ' .•· \ ', 

' '1 • ,., • -, •· . ,--· 

u(x) = AJexp(ikxx)' + 'Roexp(_-ikxx)]. 
• '. ', r ·: ' .. -, ' f. , ... -::, " ~ ' ' I,;. ·. . • ·, · ' . '·.·' . • 

One'can obtai~ th~t the value of logarith~ic derivation of u(x) at the; plane of the screen \. \ 
'. ,' ~ _, •' 1• , .', <,' , ,' . >•. • I 

1
, . . • ',; < 'f '... ; \ \ ' :; , ; I'.' i" , • . ' 

e~g~sis ,e,qual \o:. · · · · · · · 

.dl~(u)/d;lx,,;~ ~ (llu)au/dxlx=O·=- ikx(l'- Ro)!(l'+Ro) .. ,· 
' .. ' ', ' '· . : . ' . : . , . )~ .; ' .'. . ' ·; ;' ·, 

Assuini~g f~dor }to be small and repl~ci~g exp [':-/3o(l -\)sf by l.:_; /3o(l _:i)s, 0eobtain 
\ ,: •.. . . . ·.· . ·<:. .· ,·· .. , . ,, . , :·>·; 1.· .·.: .·.· ••. • _ l \ . :_,; ·, .. ·•.:· :'-,., ·,·· . . 

! ' ·.. >,(l ~ ~)/(1 +Ro)~ [~oU -·i)k,:V,\L/(81r)F
1> , . \' 

. ~ ~ . ' . ' , ~ . , . 

' . ·.' ·, 
dln(u)/d~l~=ci ~ :_ [/3p(l, + i},/>.L/(S:r)F

1

, · 1 . 'i: (A.3) 
,' _,.' . , _ _, , ·_' , ·: .. 1 ' '' ,. ,-· r ·. , · · _ · 

' Peculjar f~ature of the latted~rmula is that the term k,: is c~mpletely excluded ,from 

. . to use .it as a llnive~sal boundary condition: 'Let ~s consider, for -
' . '_ ' ' ': ,~. ,, . . ' ' ·, . . ' ' 
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/ instance, a periodical diaphragm line formed-by a sequence of slits in absorbing screens. 
' \ . ._ . . . 

' .Tr~nsverse dimension: of-the slits is equal to 2a-and coor_dinates_ of-.the-screen edges· are 
' • _) ".- • _ :_..,.... • ' ' •• ' , " • ! "" , I 

equal to x = ±a .. Eig~nfunctions uj(x) of such a diaphragm-line are the soluti_ons of the 
_ -homogen~ous. equation: 

I 

l • · d2u :/dx2 + k2u · :=;; O 
' ' ,,, C r • J , J •' ' 

i 
.:, , • i, 

... ·. . . ~· 
and satisfy boundary conditions 

,!', 

, . /> -.:.___· \ -1 , • 

· • .. ·, [u;± (I+_i~PriJ-\D/(8ir)d~;/d~L=±a = 0. . . 

• J • /• '. .• •. ' ; . '., • .. ' \ •. /. 

In .the fi,rst approximation of a small parameter M = (Bir NF t 112, where NF·~ a2 I ( ,\L) 
is· Fresne~ 1-1-umber; functions J, are given with . . . 

_ '{·. cos[irj(L-:-- 6)x/(2a)], 
Uj.(x) --: . sin[irj(l c:.; ~)x/(2a)]; 

j == 1,3: ... 
j ~ 2,4, ... / 

(A.4f'· . 

. , / ~her~·~ =c (1 + i)/3~M. V~lidity region of the~e ~esults is_ that par~rri~~~/j i:nust satisfy 
. . . . . .,, ,--', ' . 

irieqri_ality · 

ir2j2M2 ~ L' 

. Substi~uting k,, -:d: irj(l~ fl)/(2a) intorelatibn 

l ·, 
·---. ' k; + k; ";;, w2 /~~,== 4ir2 / ,\ 2· 

y;~ obtairi expr~sslon ro: kz~ .· . \ 

kz~ ~ wL/c _:_ ~2j2 M2 /2+ ir2j~~~(l + i)/30 • 

; j 

I 

' \, I ·, - , , • , ., . - • ', , ;-, . ,. ,,· • } -

For the j~th eigerimode, a fraction of the radiation power losses per passage of one di-
, ~ . . ; ' . . ' .. . - '',' ... ,· (: ' ' .· ; :· . . . ' '.', ' ' ' ', ' . . . - \. -. 
aphragm is given with the relation:· ·· · ···H · ' 

"~ •• '. I - • , • 1.,, 0 .•~-....._ 
•.,., ., .... ! 

. 21m(kzL) == 2~2//JoM3
; 

'\1 ' ,. ' f , 

: . Axisy~metric'diaphraglll Hne.· \ ··. I 

On' the b~se ~{pre~ious · study we'. c~n calculat~ parani~t;rs· of the ~xi~;mmetric di

aphragm line~ We assum~ th~ radius of the ho!~ to b~ rather l~rge, R ~- ,\.' Eigenfunctions 
~m(r,~) of the ~isyrrimetric diaphragm line ha;e the form; , . . · ·. 

. '· ' . . i . ..... ,\ 

'~m.= Umj(r)exp(c..im<p):, m = o; 1, 2·, ... , 
' , ·, ·,' 

Fu~dions u,;.ra;e the sol!Jtions of the homogeneous equation: 

··22••; .. -· .. · ··;_.··2 . . 
rd Um;/d~,-+;. rd11mj/dr.+(kmj - m )Umj'= 0 ,( 

,\, 

\ 34 

,. 

-, 

' 

._ ,/, .. 
r-

\ . 

and ~atisfy bciundary conditions: 

. - = • [~mj~ (I+ i)J10J~ycs.ir)d~mif d{=~ ::o. 
-:7-

In:the first order of a:_-~mall Pi\fameter M ;,,, (8; NF )-112' wher~ Nj,, := R2 I ( >.L) is Fresl!-el ~ 
'nu~ber, functiontu.m; ha;e the form [8] ;[25]; [27]; ·. . . . . '. > .. - . . , · ·. 

/ .. u,,;j = J,;.(km;r), 

where f;;.{-=. µm;(l -·~o)/ R, t;,.o ;, {1+ i)/JoM, µ.,,;_j is{th rociofthe Bess~l foi1ction of 

them-th order (i.e. Jm(µmi )= o·): Su'bstituting expressions fork~jinto relation.:.. ' 
•'•' -• ' ,, • ' • • • :__ ' I , .••,• ,< • 

k2+k2 -·=. 2/ 2 . z . mJ,. W C . -
., 

· we obtain expression for k, :. 

,· · . ·' k···L ~ L/: 2 2 M 2 + 4· 2 M3(1 .. ·+· :)•/3 : . / .. : z . -. W C-:- µmj • µmj . i O• 
. . :~ _, , ... , '-,...- - ~' '.. . ' . ' 

For the TEMm_i eigen.mode, a fraction o(the radiation power.losses per pas~age 'of one 
diaphragm is given with: the rela'~t _,,• : · . . . . . 

' . 

,-:-;: 
:'.· 2Im(k,L) ~-8 .. 2 

_; <' 

~mperfe~tio'its _ ~f di~phragrn lin,e 

Let us ;b1dy the infhien.ce of imperf~cti~ns in the diaphragm lin.e;n. its properties (see,· • · 
· t!:g: ref. [2?]). · .·. - · · .. · · · . · ·. · . · ·. · • .. · 

; When. ~ne of the dcreens is' shifted off the. axis, it may cause distorticm: of the ainpHtude ... 

... an.cl. ~haie of. the. s~;ttere<l wave:C To. e:timate the 'change' i.n. the ~~li~tide,. ~ne sho~ld 

.. / r;member th;t the amplitude of th.e cyli~dri~al wave, prodti~ed by the edg~ :of th~ ~~reen, 

•·· is proportional to the Fresnel-integral F(e) iri the regio~ a'f the n~xt s~re~n a:nd i; d~creased 

. by a factor of'2.5 af I X ,~ (>.L/1r) 112 = A1,• So, the _i:~gion of.x > . .t.i is the .region of 
' • . " '>' ,.. • ,•. • 

shadow. If the'.screen is shifted offthe_axis by the value.a~ ~1,'either_ this screen or the 

· n~xt scr~~n f~lls-fo.io th~ re_-;i6n. of the shadow. and d~es ~ot prod~cediffr_ a~ted wave. •.·· 
• - . J. -· . - . -, - .•• -- _. ,·· 

. To estim~te'phase err~rs,.we consider thedr~wing'presentedinFig.fa· .. One c~·see .. 

that. the ;hift • ~f the siree~ b; the -~alue ex in the tran~verse di~ecti6n ~au~~s th~ phase 
: .·:., ~hift of the \v~ve; pi-~pagated _by the ingle 0 • . - . , 

,;k8x(si~~-+.sin0) ~ k8x(a+0f 

For 'the reflectel~av~, th~ ch~g~ i~ th~ phas~ eq~aito ; is'a~i~~:d at ex _=62 ·= >./ ( 4a ). : 
At stl{a1(a~gle app;~ximation &2 • ~ ,\/ c/i );it. res_ults in th{iii'.eq~~lity' ti;· :i> ~i ~which 

' ·- . . ' -, ' -,, : ',_ \ -- - . " .-. ·,' ·_:.;,. \ . ' ~. - " ' 



j" 

·-

'./•. 
means· that. the• value. of admissible· shift of the screen is defined mainly by . aperture 

restrictions but not by phase distortion~. So, requirements on the acc_uracy of traitsv~rse 

adjustment of tp.e screens is given with.bx~ A1 = ().L/1r) 1l2
• 

. l As for the accur·acy ~f the longitudinal adjustment of the scr~ens:it is d~fined mainly 

. by the effect of the higher o~der modes prod~ction. A relative pow_er of this. effect i; gi;en 

. - with the ~atio of the error in the period h'L to the period L: When the screens are adjusted . 

wi~h the accuraty ab~ut of h'L ~- 10-2 crri"(which is ~sual iri the accele:r;ator teclmiq~e), 

parameter h'L/L _will be ofJhe or~ei of 10-4 and irregularity of the, diaphrag~ 'focusing 
Jine does ~ot ~esult in the_ext~a diffraction losses.. . . . .. 

. . . ' '. ·, . ( .. ' 

In conclusion of this'sectio:ri it should be noticed that there is no need to use completely . 

·· absorbin~ s~reens in the diaph~agm:·line. Mbreover, it would be p~eferable ~o hse refl~c;ting 

screens. At accept~cl~lim:itati01{s, ·reflectin~ s~r~ens are almost' id~ntical t? ~bs~rbing. · 

. screens' with respect to diffraction effects, while the problems of the heat load .on. the 

' edges of diaphragms are not so severe .. . .. ' -· 
\ . / 

V 

Appe_ ndix_·B~-. 
/ ' . . 
:r ' -• 

Calculation of a high-efficiency · 
·FEL .~mplifier· st~ge. . 

•,..- • • ./ I ,, • '• .""--..-·~ 

In the pr~sent section we describe briefly the method of ·calculating the FEL amplifi~r 
' ' j, "'"''' ,..·" " ----· - . . ' / • - :. • . ':· • ,, -~ • 

, ·· stage with a high efficiency. When'the field is amplified in the multi-stage FEL amplifier, 

· · the process of the field eigenrriode for~ation, coi:responding to the gro~~d TEM;o ~ode 

of th~ ~~i~ymm~tricdiaphragm line takes'-plac~ (se~ sectio~ 5 and Appendix A). At a_·· 

~ large number of the stage, the field amplitude eigenmode is _settled and the field gain G . ,, 

. per one st~ge becomes to)e SIIlall. ~Thesefeveals a'po~sibility to ~ca~culate the proce~s .. 

- -•· of the fidd amplification using.one-dimensional model in approximation of th,e' smaU fie!( 
'· ;,.. \ 

gain. 

· So as the o~tical field power is rather large in this cas~; it b~comes to b~ optimal to use. 

the FEL amplifi~; with multicompci!le~t undulator consi~ting ofa preb~ncher; dispersion _· ·. 

section and main unduiator with tapered parameters. It operates asfollows. At first; the 

i electron bea~ is modulat~d by the energ; in the prebunch~r. Then it is bunched in the 

4rift'~p:ce < or dispersion section) .. Finally, th; bunched beam is fed to th~ entrance of · . 
" .• - I -• ., • • • 

·the main undulator with the· tapered parameters where a significant fraction of electrons 
_ _. • tra~s into the regilrie or' coherent deceler~tion ... ·. . ·... . , · · . - _. 

, . Fo~ simplicity, we begiri the analysis of the field amplification iidhe multic~mponent 

~;dulator with the.case of a small £EL efficiency .. This allow one t~ write down-th~· 

FEL equation in a 'more simple form; neglectirig the change 'of the el~ctro~ energy £ ~nd 

undufator field. H;,, i~ ihe_ amplitude te~ins and taking int~ account the. change ~f Hw in 
- ' . -". ,- , . ·, . ', , ; ~~- ' _.:- ·<, 

:, 
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the_aetuning: 

·c ~ 11:w~w[l +Q!(z))/2,~, . Qw == eHw(z)/rnc2 11:w. 

Si~ulatid~ 'of n5mlinear mode of th~ FEL ciperatio~ is perfo~med by m<l-crop~rtide meth~d. · 

Whenthe~umber ofciacroparticles p~~~adiation w~velength' (~r phase interval O < 1/J< 
21d is equai to M, the ~qU:ati;ns· cif motiori of the ;k-th particle are as foliows: · 

, ;, r ,r • • , • , •• " .--

'-

dF(k)/dz: =. u(z)c~s(lf'(k)+'Po); 

"dfiki/ dz == P<w+- 6.' ; 
•·• .. :ti.>, 

(B.1) 

'(B:2) 

· Here the fiill~wi~g not~tlons have been introdum.l.: E = z / lw, c: = C 1,;;, lw is the length of 

th~main unditlator; ji ~ w_lwP/c:r;~£~, p = £-£0:
0 f=;, wl!uf~;o&o; ~exp(ii/Joh;:.._ee:e, . 

0w ~ i:J:(O)ho, 7o =:= £o/mc2 'and ~;;}~,7;·2 + O!. •··. tJ' : · ·· · · · · ·· ·"' 
. . . . . ,. . . ' \. .. 

We .isslime the transverse size-of _the electron 'beam to be rriu.i:h les·s than 'apert{ire 

of diaphrag~ Jin~; sowe !1-eglect the radia.tion fi~ld cha.rige in. the trans;ers~ diredion: 

' Using Max&lnequatic:in, we obt~in ·the foll~wi~g\reduced equati~iJ.s on the amplitude 11, 

' and-phase ¢a ofeffecti~e p~ten!iaJ: . . _ . . 

wher1: ~--
:rj. 

,· .. M ·. -. 

d ~/d. , ·•. 2r ""'' ( 
u z = - M t'i c~~-

.. iifo/dz 
,-" .. " 

,_; 2r_.:M,. 
· M. ·Lsin( 

U k=l •. 

.·, - · .. i :. <-3 ·, . 2 c' - ·I ~i 
_T = 1rOwJ0Wlw(c:Y,o'YOJA) (B.5) 

is 'the 'gairi"pt~arneter _anci' I~ ~ 17 kA>To take_into account the field di;tribution· in~ 

: the cliaphragin line, aneffectite electron cuirent·de-nsity should be substltiite~intothe 
equations:' .· . ' ... ' -- ·. . - - .. 

. · Jo== I{iR2Jl(µo1)r1 ~ 3~7I/(1rR2). ~ T • 

Here We have taken i~to accoun{that trans~erse field distributi~iJ. ';;une gr~~nd TEM001 . 

rriode of t_he axisy~metri/1iii~hrag~ lii{e i:give~,~ith the exp;ession (see Appendix A): · 

;~, IE lrx Jo(µo1r/Jl). 

The soh.i'tion of equations (B.2) ·- (B.4) allows onet~ ·obtai~'the fieid arriplificati~n d '= 
-· ·: . . - . ', .... ·. . - ·- '. . .... - : 

.. Llu/u~·pei- ~n~ und~lator p'ass. · The·elecfroii eflicien~y of the. FEL is given .V.:ith .- the : 
.. ,,.,.__ , , . - .- . ·• . . . . .. .~ ' . ,· . . -. . 



_\ 

() 
; ' 

or f' 

. ~ =·11/g == Gu2 /2, -(B.6) 

where G ~ G/r and : - -_ J-'-
g = ,;0c/ wlw,; , _ g « 1. " (B.7) 

_Under accepted ~pp;oximati6ns, namely of a small gain and that there is a bunched beam 

at th~ main u~duiator entrance, it follows frnm ~q. (B.2) that the main undulator should 
.. - - _- -- __ , / -

be tapered by a linear law: _ _ _ . ·or 

_. C(i);, C(o)+ &z. (B.s) 

When 'the undulator tapering is perforiued by the undu1ator, field decrease at a fix~d 

_- undufator period, :the line;r law of the faperirig (B.8) _takes place at a linear change of 

-the undulator fi_eld along' the undulator: a~is: . -

'rn:(z)·~-H~(O)]!~w(O)=G·~·z; 

where~a is equal to 

& =, awlwQ!(O)/g(l + Q!(O)). 

•· To obiain simpie phjsical estiU:ations for th~ ;~~ :ffici~ncy, let us consider.a model situ- ' 

ati@ when the; electronbearn is totally b~nched and is,locateli~ an: opti~~l deceleratini ·, 

phase at.the entrance~{ the rnafo und_ulator (i-.e. M;=_ l, 1/>fo(O) ~ 7l', 1/,;o i~ e_quations 

(B~2) -(B.4)). In this c~e the optimal' valu~ of the tapering parameter & is equal to.? 
i" ... , ·. ~ ,' . .,__. "_-. . . . .... .' •.. . -

_ & ~ u,and the change ,of the energy, in accordance with eq .. (B.2); is given with,the -_ 

~xpr~ssion .P ~ -ui ~ -&z. The ·change of the fi~ld a~plltude, iU:.accordance withe~. 

(B.4), is equalto ti.u ~ 2r.and the fieldg~in is equal to G =, ti.u/u ~ 2r/u:. Substituting 
-· - -- . \ ' .• -- . - - . . -- . . ' 

the latter expression into formula (B.6), we obtain. expressionJor the_FEL efficiency: . , 
. - . ,, ': ' , ' . \ . . . , . ~ . '·'~ 

\ ~---;;; 11/g ~ u~O .,, 
.._,._;# .- .-

' \ - , ' 

A 'thorough optimization of, t?e FEL amplifier ~ith t4e m~ltic~rriponent undulator, per- . 

formed with a large U:umber of macroparticles, confirms these parametric dependencies 
f ~ u,a (XU and G C:X -u~1, but results in smaller.coefficients,-nainily; . --- . 

/ 

·'-' ~ ~ 0.65-u, _ & ~ o.9u, -· 
·.• . 1 
G ~ 1.3-u-, -(B.9) 

· In the real situation; the particles occupy a finite region i~ .the ph~se space and perform 

sy~ch~otron oscillations near the equilibriu~·p_hase ip; =: arccol-&/(-u)] ~ 2.7. The mean_

val~e of the energy of the trappecl pa;ticles is equal t; < 6.£ / £0 >tr== g 
0

".( .P >tr~ -g&z. 
. Let us now co~sider a sitliation when the elec_tron efficiency, calculated ~ith formula 

(B.9), . - , . . . • . . . , \ 

.l - 71 ~ o.659 -u,· 
' . 

' 
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is of the ·order of unity, which co;~ponds to the case of the high efficiency, i.e. a signif

icant change of the'electron energy occurs during the amplificati~n-process. In this case · 
equati~~s (B.2)? (B.4) sh~uld be m~dified to - - - , . 

<" 
· d.PcicJ 

dz_ 

. 1 - g&z(l + b)/b . ·: . ~-- ~~ -, · 
__ _ • . u(z)cos(1P(k)+1Po), 

·- ·.~l+ gP(k). ·- _ ·- - • . . . . 

. dip~k) · ~ Co:+ :P(k)(:·+ ~p(k)/2) -t &z !I - g&E(l + b)/(2b)] ,· 
dz . _ ._ · - , _ · (I+ gP(k))2 / · · >•·,, 

d~ . = '. ~ 2/[l _ g&zp; b)Jbj I: cos{t/>(kJ: t/Jo); , -
dz · · M . _ · , . -_._ k=l l+gP(k) _:·.• . 

_ d~o = __ 2r, [l ~~&z(i + b)Jb] I: :sin(1P(k) :1PoY,. 
':.. d:: Mu ._ . ·· k=l 1 + gP(k) .-

. (B.10). 

(B.11) 

(B.12) 
,·': ,.,.,,: 

(B.13) 

~hereb~ Q;(O):Th~s·e e~uati~n are'reduced iithe

0 

same·wa~ ase~uatio~s\B.~) - (BA) . 
The orily differenc~ is that all reduced parimeters a~e c~lculated at th~ iriitial, par~meters 

·.'. - '" . ,i ·- .. ' - . . ' ' . ",., ,·-' ' - '': • ' ·: . ':- ·:.,,. ,·: . , ' . - . . • ·, ' ' . 

· of.the electron,beam and uudulatcir: Parameters & and a are connected with eacli.other . . ·, ' . . . '· . .·., / ' -· " . " 

by the relation:_& 2=' o:b/,,;/g(l+ b): 

. . . Rechiced length dr'the prebuncher;is•eq~al to}p = lp/lw:: The charig~ of the phasei~f '. 
'electrons i? th~ drift spac:;e of -l~ngth ld ~~ gi;en_ withthe expressio~: - ·• . -· 

. . ~-- • • . ' - / i • . ' • . • , 

, ::·;; ti.¢(k) =c: [co +Akifii+ 8ip, ;:t . 
. ,i:.:· . .... . ·:<!., .. ::. <.·: ___ / '• ,··,, -:, · .. ,_:·· ---~------,: ,·,' ·•._. .'._ •. ' ' 
. , , whereld = ld[l + Q;(O)J-1 /;;;1'and Sip= -;1l'ld/(,~>-.) = =-:-ld/2gis the:phase shift.due to.·. 

th~: ;ptical beam slippag~ with respect' to the eledtron beam fo'be not . m~ltiple to' th~ 
raqiaHonwa~elengtk. -- . •• . . , . - . • ' .. - . . . . 

- ._ When the energy sprea~ ·~f ele~trons i~ t~e:bea~ is ~a~~sian af th.e:~ndulat~r ~~tra~Je,, 

.. F(P)=,= [27ru2
[

1
(

2 
exp[~(£-£~); /(2cr2

))\ 

theri red~ced distribution ti£ macroparticles is given with the expression:< 
. , ,, . -. ' . . . - ' - . ·- . ·'' 

. F(.P) =:(27l'A})=r
12

ex~J-~P2;2A}];: 
t . . > 

_;here AT ==- d j £og is the. energy spread parameter._ · - -, . 

So,\quafons (B.H) ~- (B.13) 'all~~ on~ to sim~late the FEL'ainplifie/with a high : 

. efficiency .. It should be notii~d .that in the high~efficiency case it is /rather difficult 'to\ 
·.- . ' ' • c'• \. __ , ·, '.. . .:: •'. •. - : • -.. : .. . • : \ ' , . ·-. ,• _•. • ' ,- - :,',". ' • : ~ 

obtain universal formulae for the efficiency similar tci formulae (B.9)'obtained for a low-

effici~ncy, ~e. In-the geri~ral case, , nuine;ical siinulati~n shoitld , be p~rfor~ed as soon 

as -para~et~rs of th~ FEL-~plifie; have. been ch~ged .. N ev~rth~l~s; w~. ca'.n make s~me •. 
. . . '. . - '·-:, . - - .. · ... ' .,. 

. useful remarks;, 



/ 

\ 
·:.,, I 

1/ ' ' 

First, at the linear law of tap;;ing, the obtained efficiency will be· lower than th~t 

given withformulae (B.9). Ifis conn;cted with thefact that when effici~ncy appioa~hes .. 

to unity; the _size of separatrix _is decreased: , . . . -

)oP)~ax ~ S[(l ,- g&z)u] 1
[

2
, (8.15) 

where factor Sis of the order of unity. So; we may condude that: the value ofthe efficiency 

depends on the vaJue of g& ( or on th~ Value of ~ii, because & <X :a r ' " 
Another effect decreasing. the .FEL efficiency. is-the: influence of th~ energy spread in . 

tl~; electr;n b~~m. T~ diIIlinish .thi.s effect; we 'should· p;ovide the energy modulation iµ . 
, .- . ' ~ •.' \ -· - . ' ' : . , _-

the prebuncher (5.P)p = ulp to be greater tha1i'the energy spread in t_he beam Ar: On 

i the othei: ha;;,dttheenergy modulation in the p~ebuncher should be less than the ~ize of 

. separii.trix, (5P)p < s~112• So, 1Ve may c~~clude that the' ene~gy spread will not de~re:se . 
the FEL ~fficiency ~~hen - . , . · , · . . .. 

' . Ayil/2· ~ 1.' 
< 

Taking into; c1,ccount' the, abov~ mentioned remarks/expiessioU: for the FEL efficiency may 
be. written in the following forrri: . . ,. . . .· . . . .• . 

_-; t : ,'. ,,' : ,1. 

:. d ~- 0.65iuf(gu;J..:r~~112
), • .. 

' :~~ ---.,._ . . ' , - •. -~ '" 

.· .. : wh~re functio'n f is c.lose to unity at small values ofargum~nts ~nd is dec_reased with their 

. gr~th .. fo th~. general. cas~, when the values -~f gu. and ATu::71
/

2
. are. rather large, it i/ 

•nece~sary to perform ~ptimiz~ti~n of.allpar~meters ~fth~ FEL arnplifi~r:including th~ 

.. ch~ice of the equilibrium decelerating phase, of th~ ;ed~ced le~~th of the p;ebun~he~ lv,· ... ,. . . . . . . . . . . , . . ., . . . . , . . ( .· . ·. . .· . , , : 
· .of the reduced length of the drift space. ld. and of the phase, shift in the .drift space D?f • -.; , : .. / ., .-· . .· ... , . ·.:,-' . ,: ... ~ r: - . 1' ; • - -· - -, - , • ::~ .. --

'. 

:- ', 

r -,_ 

\, ·. 
:..-·' 

<'. ,·-, 
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CaJIJIHH E.JI. 1-f ;ip. E9-94-237 
Jla3ep Ha CB060J1HblX :JJieKTpOHax JIJISI HHep1.1HaJibHOl'O TepMOS!JlepHOl'O CHHTe3a 

IlpeMOJKeHa HOBall KOH1.1en1.1HSI Jia3epa MS! npOMbIIIIJleHHOl'O TepMOSIJlepHOl'O peaKTopa Ha 
OCHOBe HHep1.1HaJibHOl'O TepMOSIJlepHOl'O CHHTe3a (HTC). CxeMa OCHOBaHa Ha npHMeHeHHH Jia3epa 
Ha CB060JIHblX :meKTpOHax (JIC3) B Kaqecrne HCTOqHHKa :mepnm JIJISI CJKaTHSI TepMOSIJ1epHOl1 
MHUleHH, qTO CTaHOBHTCSI B03MOJKHb!M 6Jiaro;iapll npHMeHeHHIO np11n1.111n11aJihHO H0B011 cxeMbl 
JIC3-yc11JI11TeJill, npeJ1JIOJKeHHOl1 B ;iaHH011 pa6oTe. B paCCMOTpeHHOM npOeKTe Jia3epHaSI Cl1CTeMa 
Ha 6a3e JIC3 pa6orneT ua M11He BOJIHhI 0,5 MKM. IloJinasi :meprnsi Jia3epuoro 113JIYqenHll paaua 
l M,[J:JK. 3Ta :meprnsi JIOCTaBJilleTCSI Ha Ml1UleHb B 11MnyJihCe C JIJll1TeJihHOCTbIO, peryJ111pyeMOl1 B 
npe;ieJiax 0,1-2 HC. 51pKOCTbJia3epHOtt Cl1CTeMbl COCTaBJilleT 4x1022 BT CM -2 cp- . JIC3 pa6orneT 
c qaCTOTOtt IlOBTOpe1111J1 11MnyJihCOB 40 r1.1, nOJIHaSI scpcpeKTl1BHOCTb npeo6pa3oaa1111l1 SJieKTpO
:mepr1111 B sueprnIO onT11qeCKOl'O 113J1yqe1111SI COCTaBJISieT 11 % . IloKa3aHo, qTO pa3Mepb! 11 CT011MOCTb 
l1CTOqn11Ka suepr1111 Ha 6a3e·JIC3 conOCTBBl1Mbl C pa3MepaM11 11 CTOHMOCTblO COOTBeTcTByI011.1ero 
l1CTOqH11Ka ua OCHOBe nyqKOB TSIJKeJibIX 110HOB, B TO apeMSI KaK npo6JieMbl Texu11qecKOtt peaJ1113a1.11111 
MOryT 6b!Tb pa3peU1eHhl Ha coapeMeHHOM ypoane pa3B11Tl1SI yCKOp11Te.TlbH011 TexH11K11. 

Pa60TB BblllOJIHeHa B Jla6oparnp1111 caepxBhICOK11X sueprn11 01-UlM. 

Ilpenp11HT O6'be;i11HeHHOl'O 11HCTl1ryra SIJlepHblX l1CCJ1e;ioaau1111. ,[J:y6ua, 1994 

Saldin E.L. et al. E9-94-237 
Free Electron Laser as Energy Driver for Inertial Confinement Fusion 

An FEL based energy driver for Inertial Confinement Fusion (ICF) is proposed. The key element 
of the scheme is free electron laser system. Novel technical solutions reveal a possibility to construct 
the FEL system operating at radiation wavelength). = 0.5 µm and providing flash energy E = I MJ 
and brightness 4x l 022 W cm -2 sr-1 within steering pulse duration 0.1-2 ns. Total energy efficiency 
of the proposed ICF energy driver is about of 11 % and repetition rate is 40 Hz. Dimensions of such 
an ICF driver are comparable with those of heavy-ion ICF driver, while the problem of technical 
.realization seems to be more realistic. It is shown that the FEL based ICF energy driver may be 
constructed at the present level of accelerator technique R&D. 

The investigation has been performed at the Particle Physics Laboratory, JINR. 
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