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B ue.Jlf!x no>rcRoB .BOSMOlltHIIX eyTel! YBE!JIH'teHM TeMITa ycRopeHI!.q 
sap!lllteHHHX '!aCTHU paCCM0TP6H Bap>!aHT peaOHa'!CHoro yCJwpemm ao-· 
B6PXHOCTHOl! BQl!Hol!, B09!11IR8.Dllei! B BB.JcyyMe ITp>! UOJ!HOM IlllyTpe!ffieM 
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TaK, '!ToOH MOl\IHO 6HJIO o6ecrre'I>!Tb wasOBY!O YCTO~OCTh ycROpHe­
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BepXHOCTK paa)le.Jia • .ILJlil 066C!1~'16HHli waaoBOJ! yCTOl!'!>!BOCTK II BHCQ­KOrO T6MITa•YCROP6HJ!ll BKnl0'186TCH AOITOJIH>!TeJihHOe UOCTOHHH06 MarHH­
THOe ITOJI6, rrepne~JtYJIHpHOe ITOBepXHOCTII pa3)l6Jia II HaiTpaBJISHRIO 
DR0p0C'rll '!aCTHJ1. B6PTI!Rallb:i06 pa.BHOB6CII6 066Cl16'1>!Ba6T MarH>!TH06 
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Haupa1lJleHRIO CK0p0CTII '!aCTIIU. 8TO !10JI6, O)lHaKO, ,I1,JlH 066CIT6'16HHli 
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Tpa!tTa ycRopeHIIH It gpyrOMJ O)le0Bp6M6HHO CO Cltaq!(006pa3HHM IISMe­
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RESONANCE ACCELERATION OF CHARGEO PARTICLES BY A SUR~ACE 

WAVE ARISING AT TOTAL INTERNAL REFLECTION 

In search of possible ways to enhance the charged particle ac~eleration rate we have considered a version of resonance acceleration by. a surface wave that occurs in vacuum at total internal reflectio,1 from a- die·lectric surface and vanishes towards the normal to the surface. It is suggested to use a polarized laser wave with the wave vector oriented so that one could provide the phase stability of accelerated particles, i.e. the direCtion of propagation of the surface wave is to make up the Cerenkov angle with the· direction of the velocity of charged particles moving along the surface. In order to provide phase stability and high gradients of acceleration. an addi· tional constant magnetic field normal to the surface and the particle velo­city is applied. Although the surface wave vanishes exponentially at dis­tances of the order of the laser wavelength from the flat interface, suffi­cient number of particles per pulse can be captured in the acceleration mode (irrespective of the laser wavelength}. The polarization parameters as well as the laser wave incidence angle are chosen from the acceleration rate op~ timizat1on conditions for reasonable values of the additional constant mag­netic fields strengths with respect to the dielectric breakdown limit. The applicatio.n of existing lasers. desi9ned and constructed for thermonUclear fusion purposes (for example, TIR-I) is shown to provide an acceleration gradient of the order of 100 MeV/m. After further improvements in technology the suggested method will allow to obtain acceleration rates as high as 
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1. Introduction 

The phen.non of total i~t~.,.l _reflecUon Of el~t~~gneti·c wa~es 
-.pas-s'ing -th-,.~gh ·the i~terfac·e .Of '"· op.tf~alJy- de~se~ ·~tum .ftlto a_ raNr one 
is wel-1-.kRo.,n ever stftc:.e one's .schopl .. days. F_ar. less popular i-s the. fact that 
at_ .. t~~l 1~tt!ina'l refl~tio~-- i·!l.·the opttcall)'·- rar~r ·snecu~ ·a: ;s~~~~-e wa~e 
ariSes (see, e;g, (1-4] ), whose field eomporw!nt$ have significant values 

. . 
only i.n the. inmediate proximity to .the Interface and fall•off .exponentially 
a<eordfng to the law 

( l; I) 

~here- e. is the c:Hs_tanc_e a·lo!:ig the normal to the plane surface, ).. is 
the wavelen9th. h1 the rarer- ~fum {vac;uum- 1n wha.'t follows). lf. is the in­

cidence angle which ts larger than the critical angle lf'~ . ~in:'f3 • t(R. 
t ·::;,; t(C0) fs _the.d~e_leCtric ·constant-of the first.,. optically denser me~ 

. -d1um. Note that tf -the ·wave Vector· ·K ·of the incident wave 11es in the xoz 
plane, the surface-wave .in-the Setond medium travels along the X axis with a 
phase ve-Jocny c.{'.re- ~iht.pf 1. -~ i.e. the effective refraction index· for 1t 
will he 

' '""'" ..... ~ ... -- -~ ... --· ··~-~--~---"""""-"'""" ""'" , ....... -····~ ... ""' 



(!.2) 

··rhuS·. 't;he·surlace.-_Wave.cTeatEHi.'1n .vacuum at total internal reflection 

is_ .... sli::Mt!d_--down one,_. which: mikes '1t particularly attractive for the purpose~ 

Of)ase:r.-acCe_l!!rl_t10n ·of ·Par-ticl!!S .. .The averaged per cycle energy flux of the 

surfac.e· wav_e h• _the. (11:rect1on- OX 1's- nC,nzero. Therefore, if. above -the surface 

In ~. reglpn·where the surface wave field s.trength Is st111 high, a charged 

particle is ejected with a nloclty ·'4: cf.l at an ang)e El with respect 

.. to the QX. ul:s detennln~d fr<llll the Cerenkov condition 

co~ e: .i.. ; 
nf.> 

(1.3) 

the.partlcle wl.n be .In· phase with the surface wave. It follows from (1.2) 

and.(l.3) that the lower bound on. the particle Lorentz factor Is 

(1.4) 

·To analyzl! the feaS-fM11ty of' ·par·tiC:"le ~cce_lerat1on by a surfaCe wave 

and the. stability of .. 1ts ... t1on, Jet us write down the solut!.ons of Maxwell 

eQ~~U()I'IS ::for. :a ·surf~_ce Wive ·1n vacuum. Wtth a wave vec-t9r 

(1.5) 

and·_·u~bttra,.. p~lar~zation· defined by COIRPlex parameters ol, ~ and eX. 2 

4 



_· - .- . -. . '. -.--· •' ~---*:.· •'. 
The field (1.6) is not transverse and the scalar. produ~t E ·:H f 0 · 

: . . ' . - - ' . 
even though ·the wave .travels :in vatuuri.~ -At ot.·· -0. thE!·wave .t$ ·-.tf.ansver~e.;; 
etectrical.-at ~,=- 0 trans~ei-se-mag_net:1c.· · __ ·,. :. ·· __ · .··,· .... __ ._- -- __ -.·.· .::. 

. · · ... - - -/ -· i. I -' I . . . -·.. ,·. _-':·. · . . . ··. _ ·_-· 
In the ~oordinate system (X, 1;1, ~. t .. ) .lftOYj'ng with the wave along .. 

the X axis dir..,t1on ( e ) with velocity c(n. (static wave sy$iem ; SWs) 

the fields (1,6) transform lnto 

(1.8) 

H'= e.(~-~-)(e, H\+~nlfic-\;:(e;'EJ):, ~"E.e'~t<et<l~(e,+ce,)e't, 

where 

G./ ·_· -<~/ ,I 

~"c~ ,¢:c:x, . (1.9) 

Just as it should be, ftelds I' ·and H' . are timeCindependent in SWs; . 

polarfz~tion parameters ot, and rJ.a ar. coupled r.Spect!vely with the .. g•• 

.nitUdes _·of Jbe· -~1Ktric and- miglte~ic _fieldS. The- condition· of. ·parti~le _ ·ver­

tical ~f-11bf.1WI) -_requires i • Const,- the Cerenkov resonance condition re~ . 

quires pllase <j> stab111ty; hence, in virtue of (1.9), the equtllbrl.., 

.part1cle.t~ SIIS can move only tn direction ee with a velocity 

(1.10) 

. . 
which follows also f,... Lorentz transfo,.,.tlons of the particle velocity V 

Particles moving with velocity (1,10) in SIIS, as It follows frem (1.7); do 

not gain longitudinal acceleration frCMI! a s-.rface wave. ·However-~ the required 



el_~-~':'-1~ -f:.1~ld -~omJ)on~~t.:d._ir~ted--_ai.o!1g -~~- -1~--S~. ~an be Ob~_ihed by. intro~ 
4~~-fn_~ ~: :~-O~~tan·~ _ Y~r~·i_Ca-1-"_~g~ettC .. field. _t-~:: · .1.~ ·the lab sy"stem directed 

.·-.:~·Qa-_1·-~st:_the z ax.~s::.Th~~. -1.n_v.irtu:e-~f ._(1-,7h an-eleetr.ic field ·artseS -in 

(1.11) 

. th~t pr9;:1des: ~~~:r~tli~l--a~cele~tion·._:_ 6~ J;~~ ~ther h•nd, _~he: f.i~ld·: g~ in 

· · :_~he: ·-lab --~jsteni·:· ~-s. -:ri_.;ee~~a~y: to·. ~_1n~fo. -pha_~e- equfi'ibri.um .in ··th~. wave_ ac_~ele-- . 

. ·· _- .. ---~"ii-t1~_g·."~.h~~~-/ ·T·he ~~~~-~cr~· _o.f .. _~3 -~ ·: .wl_H ·be.-detennined .from·· this requirement . 

. The_veri-iC~l-eci~tt".1btiu·m ev:fdently "reqtJires a _f·1eld nor'Rial t"o the.par:t.:.. 

1.~:le -t-~~jeito;;, .. ~-~:-~:i-a:llel--to :·--th~-- .diel~c1:ric .sur-~ace in .the lab-.sYstem. 

_ H.oWev~.r-· t.Or:--.---~h~ s"-tabil.nY ·Of·-th_1s- ~utnb_r-iUhl, the field mus-t -be al~rnat.ing; 
chari~.1:~g: 'fts_··:s·i-~_li: frotn··--on~.-- seC~-~~-~-. 'a l~ng _ the. aCceleration 1 in.e to another. 

·As it 'i0.1JOWS. frOm ·eciu·a-_iion·s ·.o(·q.otfOQ·, thts·- drcumstance· in turn demands·.a 

. ·jUmP":: oi. ·_ ~~e- · i~~:er ~a~e :~as~~-
:Note -that· the _ver't1ca.l eqU111~r1.uiri:condi-tionS are similar to. those con-· 

··sfde·r~ ·al:sO: 1-~ :-an~t-her- .verSion f)f ·laser .acceleratio·n baSed -Oil the .Smith­

Pur~~li--i-~ve:~~e-:·_~f-f~ct··{s}:·. when·a._partf.~·l_e_ paSsing over a diffraction 

grati'ng __ a't a··diStance_ of ~~prox·i~tely A· 'from 1t is, -acceleraU!d _b.Y' ·the -field 

. of-)h~- 1~-ser- w~·v.es· fncideilt i.jpOn th-e grating .under defi"nite a_hg1~s [6~9}. 

··Here· also. ·in·· order to ·ma1.ritai-n vertical -equili-brium, an alternatfng-s~gn 

inlignetic 'field parallel to the grating plane and nOrmal to the- particl~ tra­

jectory is needed with a simultaneous change of tne· las·er wave phase l 10}. 

The above-described qualitative picture of the possibility of· stable 

acceleration of charged particles in a surface wave field should be su~ple­

~ented by ·a few remarks. 

The first one implies that the surface wave fields (1.6) are obtained 

tlndel' the assun1ption of both <;tationarity of the total internal reflection 
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process and inttnite ex tens ton Of· the dielec1;rie surface and the in~fdent 

wave.front. 

In this case the average energy ·flux- n~rma1 to t~e interface of·~o me~ 

dia is zero. The wave energy flows oi.lt alternately_ through ttie· interface 

into vacuum and back. into the dielectric at some o.th~r place Of the sui-face 

in the same.amount, so that: the average flux through the·surface·is zero, 

but the average flux along the surface 1n.- the pfane. of in_c1dence: _is 

nonzero, as it was already mentioned. 

For particle acceleration we shall ~Owever d!al with Space-restricted 

beams of incident eleCtromagnetic waves. a·nd the dfelectrf'c breakdown limit' 

at bigh field strengths requj-tes short puhes. 

The total reflection of. a ftnfte cross section light beam·was investi­

gated for the first time by J.P.icht in 1929 and, _with a dif'f:eren_t .. ethod.~ by 

E.Noether in 1931 '[1,4] . The_s·e authors showed that fOrmulae f-or tOe :f1elds 

change in suCh .a way_ that the aVerage energy .flux normal to -the -interface in 

this case is nonzero. Changes of ·surface wave· fields ·Cue to the fi_niteness 

of the time interval have not.been treated. 

The-account of both abovementioned circumstances will impose certain 

restrictions on the 'space-time dimensions of.the laser pulses~ or demand at , 
least a quantitative revision of the values of the amplitudes Jf the surface 

waves and the external magnetic fields. 

Another factor violating the balance of energy fluxes w~_ll be the Ceren­

kov ~~di~tion of particles 'moving In vacuum above a di~lectrf.c surf:ce. 

The·account of this radiation. whose properties are extensively studied 

(see. e.g~ a l'eview by B.M. Bolotovsky [111· and referer~es therein)~. will . . 
result fn the li"..itati_on of the number of accelerated particles~. The eStima· 

t'J(ms of· rt!levant bft111 lOildfng effects i-n the suggeSted _accelfl'etfon· s_cheme 

were carried out by one of the authors (H.t-4.) and reported at. the mee1.fng on 
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.ia~er .Ac~_eler~tiO~ held.-1n.tbe-encl."of_S.ePtSber, 1982 at ~~r Amberd near 

Yer~v-ar:t. I~ i_s important·. to··mentfon that vertical equilibrium conditions are 

. ·not .so. restric;tive ·when ·beam-loading··effects are taken into account. 

so·th_in ·the case of app_lying the Smith-Purcell inverse effect [s} and 

1~ ihe' case ·.und.er -co_ns1-deJ:"at1on, accelerat·i·~n· takes place in the region 

Spilced . .-f.r_~ the . .-:surlace. at_d~stances ·of the· order of a laser wavelength. i.e. 

io m_icrofts -in--~ase-. o~ a:_co2--.l_aser-~ At f1rs·t-S1~ght, :ihi.s limitation seems se­

vere, ,decreaS1.n9 sharply the 1ntei'is.1ty' of the ·-accelerated beams. On the other 
.· . . · ... I 

hand, works of the Novosibirsk grQO!i> (A.N.Skr1nsky et al. [12] ) and the 

Stanford group (B;·Rfc~ter et .. al, 113,14)) devoted to designing linear co1-

1.1di.ng··b·eams ·7- -nnea:r"·co-llfciers --gra.dually force ·us to think that it is p·os· 

si:b'le 4nd·. 'ven. ·necessary_ -~:_hive ·.beal'IIS of ·micron. and even submicron diameter 

-1~- th.e intet~ct~on· .regi~n:in order to ·Obtain. luminositieS requi.red by .physics 

~eeds. 

1~: cue·· of ·s1ng_le_--cOllis1o~s-, the. b!!am--bearn inieraction is of no signi­

ffcante and the dlm.1nut1on .of "'""diameters bec001es principally possible, 

.Bes:tdes>a-s.t:t ·fol·hJW$ ·-f"rOm ... (l.l}.- the beam height above. th! surface in 

the .C~nsi~~~ed Y~~SiQ_1{ ~~ :liS'er:·.a'cc_ele~ti~n. (;~~ be· effectively adjusted by 
.· . . ' . 

varying the fn~fdente •ll!lle 4'" . ; 
. The'· idea to Us_e:a:sur:face wave.ari_S1ng at total internal reflection of 

: e1.11Pti~I-11Y.' pol_artZ~: l~ser ~a.d1_i_~ion f~t ~he pi~ticle acceleration purposes · 

waS. p-~Os:~--,at Y·erevan -~h!~ks.·-'_Instituie .;n. 1971 _(.15]. However tbe Configu­

ration of field~ With ·spa~-e~variable pOl_ar.1:zat1on parameters considered in 

.U.s1 does not provid'e a s:tgniftcant siab1Hty region in the phase space _and 

gives··a low rate of acCeleration, 

The ·possibility to ·use the evanescent waves arising on a dielectric sur­

face at total internal reflection for laser-driven acceleration 1s ment1~ned 

also in the works. of J.Lawson [7,161 .. , 

B 
. ,, 



Table 1.4. lists the result of calcul,atfons of the main physical para­
meters of the set-up: the average acceleration rate <·d:C .. j cJ ;[..). , vertica_l 

{,,: ~co1<j- and horizontal t~ ~ t~in f constant magnetic fields, the 

length t of the section wf.th a defin~te sign of -f1eld t~ , One- can See 
from the table that using the co2-laser TIR-1 of the Atomic Energy Institute 

and the Scientific Research Institute for Elec-troph-ys_ical ApparatUs. (11] 
2 I . . · with 1 nsec pu-lse -length, 900 c~t _aper~ure; 10 J energy ·and total ·nud>er of 

shots ""':'.Hl3 (prior· to glass change) lillY provide the acceleration gt•adfeni of 

~.·100 MeY/m at a ffeld f, ~ I T and length { ~ 0.1 i:m with Kcl token 
3 . . as a dielectric (to be replaced after·IO -fold exploitation [ts}). Asfs seen 

frun the table, the acceleration ra.te can btl' enhanced ·too times, ·1-.e·., up ·tO 

10 GeY/m ff the pulse length is decreased down to 1 nsec, magneti~ field ~ 
increased up to tens T and e is decreased to about 0.01 em. 

The following sections of this work contain basic argume~ts arid·Calcula~ 
ti~ns of physical parameters listed in Table 1.4. 

2. Equilibrium Conditions and Mechanisms of Dyoamlc Stability 

:.'.'t 1 :t consider the equations of motion of a particle with charge e. 
and :riiss m moving in the field (1.6) in the presenee of an external mag-

netic f1e"!d 

-e, + 

(2 .I) 

(2.2, 

is the direction of particle velocity _¥> in the lab. system connected with 

the dieleCtric, t?:., ~J. • vert1c6l and horizontal (sign-changing} Magnetic 
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fields-,- "b 11 is the· magnetic field canponent parallel to the particle velo­

city. Fields ~. and t~ , perpendicular to. the equilibrium trajectory, 

·a·re strong. whereas field tn is a Weak residual longitudinal one occurring 

for technical reaso·ns. Neglecting the radiation friction force ~the equili­

brium trajectories in the ultrarelativistic caSe are straight lines), we 

shall obtain the following equations of motion: 

(2.3) 

where 5 :::r. ~ ~4rt·-1 is the particle vertical displacement from the dielec· 
. w 

tric surface. <P: C (rtX -ct) is the surface wave phase at particle loca· 

tion. For particles in eQuilibrium, taking -3" = ';S"s "'const, <P • <Ps = 

= const and ta~1ng into account {2.1), (2.2), (2.3) can be rewritten in the 

form 

-d~ - d~'~= enEo e-'•Re'q,•a.te,+i.. e,)• 
e, dt t e, dt me . \ ~n 

(2 .4) 

-Projection of {2.4-). "Qn eZ> axis yields the vertical equilibrium condition 

Po Eo -<'sR ·e'<f>s o =--e eL a. . ~ ... 
(2.5) 

-Two remaining projections on € 1 and ea .axes yield the phase equilibrium 

Condition 

10 



~,= "'-;,_1 r.e-~'Ree'~•a.nn.•f'J·-1··· 
. . 

and the acceleration rate fOr particles at ieq~ilibrfum 

e E, _ ef. ,->sR e•<Ps -. -- - --- ~ . e .ct. , me: me .n 
.·. (2.7) 

These conditions are easily gene_ralized for ·-:the_·.-~as~ when _ali ih,e iJuantitfes-· 
are slowly (compared with ·the laser wavelength_ and.-frequeney) varyfrtg func~ 
t1ons of coordfnat_es and· time, in particular,_. _f_UOctions of. _the :e:qui.l1'br1um 
particle energy. (Despf_te. the· high _accele;ratfon ·_rate. __ ~-. 10· -GeV/m, the L(,-:· . 

rentz factor cbaoge aloog a wavelength fs l>lf"-9- = ef~/(mc<.J)« 1 >>; 
Our: ~rpose is: ~o clarify~ fn principle, :the· consistency Of t~e _sugge_sted 
s~heme, therefore we do no~ const<t;er. SUch ---t~-~tcal~y ·fmport~nt· aS~~cts ~s­
the permf_ss-fb le surface· curvature -rad1f,- ·Tue·r. :.pulse sp·ectra 1. compQSitton.~. · 
scattered _f1etds. etc.; where_sl~ v~_r14t1~ns_ ~f-__ t~ _sch~-_per~-mete:~- .a~ 
essential. 

Note how~ver .tbat.condit.lons (2.5), (2.6) ·~)low alternations of tti.e 
sfgn of ~4 siOllltaneously with ~~rp·c~nges of pllasup~ (pllas~ Jump~); · 
the value and sign of field t:., b~lng unaltered,· 

.-._'it '.1--S--~~~~~f~~t· .1:o· Ca~~y· OUt the_ stabtlti,Y:_adalys1.{_1~- the ~ave r.~St · 
._ fr~me-;· ·Fo~ ·~r.tfcl~~ -~P_V1.ng.near an_ equ1~1br1_~= tra.:i~torY· We :.·co_riS~d~~. th·e·-
•• : •• ·_ ·_: • c. ' •• ' ·.'- • ·.._:,.. ~ •• _ ,.;..... • 11_~a~fze<l equat1_o~· of motion ln -SWS a's·s_i.lmfng · Z. - 'l.:s _+. ~ 

:·~ =-:. ;,·~,·+_-=te: '3:e. ~--e3~--~~~ -Tak:~n9:. fRto a~Coun,t ._equ1.i1br_t~m-~o·~·H1oRS 
(2;5}, (2.6) •• well as .relttlons (1.7), (1.8), (2.i), (2.~). ""d;rive. 

·:set Of equ~i1.on:s :~o-~· th~ c~ne·nts __ of :_<J: . 

. U 



.. {~'~,)'· ;,J w' t~ ~~ ~1 • ,.•f?>·•;o! ~.- w·~·~~"·~.'l>•~.-n .. ~,)=o, 

~i·~,y.,:<r~w·~~.t,~,-w·t. ~ ~1·,.·.5·;~~~;i.~:~.~.), o 

. . . . ... 

low-~iig nOt~ti9~s a_re._ il'it~OdiJced:-. 

h = t,+njO't,, (5, 

. u. St·;.•r,'i I<~: 

(2.9) 

ln· ril~S:t·pract·!ca:ll.Y .imPortant cases the invari_ant dime·nsioriless parame':' 

t~r .9~-e·E:~-(.me.wr 1 
.of field strength is much less than Unity.. Thus,· 

.. · .E . · · s -3 -4 -2 -3 
·. at·e ·

0
"""' 3··4 .10 e\', ]\. -10 t 10 ern we have 'J. ......... 10. + 10 ._ 

(NOte tha_t_· th.e niagnetic fields must be of the order of 100 T, sO that- prac-. 

tically all materials are ruptured after single use). It-is senseless· to use 

fields in which 1!'1-ltter ionization takes place during time ""'1jc;; , i.e. at 

any wavelength we require that 9 < 1!137. This restriction allows orie to 

apply for the stability analysi~ the perturbation theory IJiSing 9 as the 

expans10·~'pif~t~r.' . 
1 

Equilibrium ·con<!itions {2.5), (2.6) and the acceleration rate (2.7) 

which are rewritten in Sl4S in the form of 

(2.10) 
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ef, f!>'tn. 
rn·c n.. ) 

•• •••••••••••• •••••••••••• ••••••• ••• • •••• • ••••••••••••••••••••••••• •• 

r~i:n·---~~~~~1~~ 1 :1Y- .coil.~-t~nt-'4~r.f--~~:--~-. 
·a tifue: .hl_t~r.v~f .t.Y_Pical -~f- __ .v8rht1ons- .;f -~~-- -~n.d-: ·_ ~;:·-:· ~:·-__ :r:~~~-ed~·-'/n_~:~-~~-~/-· .: .. 
i rtg ·il dimens.f·on-less·: varia·b-le ·Q.±: '.- · _, where_ .. Q:. ··iS the.· e;Orr:eS.Porid.tiig·· eha'fa·c· ... _- · ·· : teri~ti~ ti-equen~-~ ;·we are co~~-iriced- ~hat ·.t_h~ -9nJ·y -~-ho-tc.e ·:rit:_ -~((.-_· _· ~ ·_ f~~ · 

WhiCh-_ thes~ -c-~thcfen.ts '_are ~~r~~;ed .fn :the :o~d-e_~--~f:.de_~~~-~M~·_g :of :sma·ll· . pa~~me~_~r:" r1(~/. ~-fnn~n-~:wfth; Uriit;_ at _se~ond_:--d~rl~~tt~es. ~Onsi~-ts· 111. ia~i-~g-_--4-.~:·w-:Jq./o-' . Here., according _tO ·(Z.lO)·, ·terms w:ith the first der1vatf·Ve~--: ~s-Ponsf~ 1 e t~i: a·diabati~.·-osCH la.tio:n.-.d.ampfng, ·and ·Cou·Pii ng :·~~~f~ft;~·~tS. ~f··.~~aS.~. ( -~ aJ a.i1d ~·ra~sVer~~- ( :.~ 1 ·' ra.~ ) .. 9$Gillat_ioil~ . ~.·J.9.J .. 01.f< ·~· ···.~· whe~as·.co~ffic'ients at se"cond.and·~E!~o .de~.i-~_ati.veS. · are. ~r·:the·.ord~~···of. unity. rtte·. ~bs.ence ~f ~e-f.O. derfvat1v·es in ·.the equatiOn · . . . ·. ' .. · ' .· ' . '' ' ~ · fo·r ~.1.· .·.A1.1~s_.ofle t~ neglect the variatio_n Of. ~a.· during· times "-'0/Sl. 
This: i~~l";'e:s·_.that· fn the presence of instability of· th~ non-perturbed 

system; which. acco.r'dihg to (2.8} ·has the· form of 

i + .;,~ ""'~'/; • 0, ' <un'~.t .~, 
~1+ rc'f'"(o~ "'' ' ' , men. Q' 

' 0, ew'f->'t,~n CJ-"''<1- m ~>' m.;)::. , , ' 
ITIC 01 

,_ g increase exponentially with a t'ime constant ' 

(2 .!I) 

the deviations ~ 

~J~'( 9<.V>a r I ; During this time corrections from terms "-""9Ti' 
will amount to lesS than 10% in the nonrelativistic case (i.e. when in the 
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: la,t;i;_ system·- the "equi-11br1·um parti~le moves -with a velocity V o'Vc/ n.. ) , 

and less than 0.1%'· in the ultrarelativ1stic case. Thus stability of motion 

nearby an equilibrium trajectory is determined basically by the presence in 

Eqs.(2.11) of oscillating solUtions. One can easily verify that 1n the case 

" rn • const ( rn~ is practically always constant, otherwise the accelera-

tion will not take place), among characteristic roots of Eq.(2.11) there is 

a positive one, i.e. \}~ exp{+ (ri>•+m,•)'1't'j, and stability is ab­

sent. A simila'r trouble occurred at a time in strong-focusing accelerator 

tht~ory and nO\tl we know well heM to handle it ~9}. 
A 

We deem in this case that 1"1"\ must not be sign-constant over the 

whvle acceleration line. In the accepted flat surface model, slow variations 

of the wa~e phase, polarization and amplitude for m~ =canst and m 

~ const cannot take p~ace. Consider therefore the case when the magne­

tic field tL is sign-variable, which according to (2.5) leads to the re­

ouirement of phase jumps, so the equilibrium conditions aren't violated. Be­

sides, we have to choose the values of the accelerating section lengths and 

the values of fields tJ. , e,~ on them. We shall take the coefficients 

constant within the limits of one section. In this approxi~tion ·real non­

uniformity of laser pulse amplitudes and magnetic fields can be taken into 
' 

account by selection of the model values of coefficients nn , rn~ Which re-

sult in the same deviations ~ in one S2ction as real ~fields do. 

The methods of analysing ·Eqs.(2.11) as well as the choice ef the focus­

ing structure, i.e. the path lengths and field amplitudes on them are well 

studied in the theory of conventional strong-focusing accelerators [191. 

However the presence of strong cou'li~ ( rn:;,) of vertical and horizontal 

oscillations resu1ts in a quantitative change in the focusing structure pa­

rameters, so these structures have to be recalculated. Another distinctive 
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feature- of the considered laser.;.driven aCcelerator_ is that_ the fre~ !Japs., . 

on which t!> • o, are extremely-_ undeSirable because this redu·ces the acce­

leration rate. Therefore, structures of the tYPe FOOO 'in· t~e laser-dr~ven 

accelerator are re'placed by structures with ·tJ. ~ 0 for the 11 011 type gaps, 

wherea-s ~~ I 0 and part~_cles are accelerated on ~11 the .elements of the 

structure, the acceleration rate in the ·uou Sections betng even ·higher_ thafl 

that in f0cusinq 11 P' and defocusiMg 11011 sections. It is seen from (2;8), 

{2.9) that the choice of polarization· parameters affects both acceleration 

rate and adiabatic variation of the -osci11at1on a:mplftu<:t_e. This circumstance 

permits also to optimt_ze the acceleration· rate in order tO -increase beam fn_· 

tens tty and ·reduce- the accelerator cOSt for. a gt_ven f_ocusing· structu-re. 

Note 'that "the two ccmph!x quantities o( 1 ~nd d., are connected by one 

condition if -the value of the time·averaged electromagnetic .wave flux in the 

~dium ts -fixed (•ssurning that i'•·, vacuum the flux before ent~ring the medium 
• t's eqUal to cEo /8gr, and ~he refle'ction is neglected}. 

This condition is as-follows 

(2.12) 

3. FD Type Focusing Structure 

As an example, we consider fn what follows the simplest FD type struc­

ture with sections of equal length t along the e, axtL The time fnter-

t
, 

val e in SWS during which an equtltbrfum particle passes through this 

se~tfon ln lab system is defined by the fo110t.1la 

(3;)) 
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tntrodu_c:ing- ·a new independent variable E. 

we "ew"ite (2.11) as 

ca-(~') 
~, ' 

where t! • canst within one section and changes its sign within the 

adjacent one. Noticing that the transformation 

u 0 ( ·-~ -e. 

diagonali7es the matrix 

1 ( 1 0) M~ u· 1 -1 Ujco~~ 

ard taking €,. 6 ~co~* in (3.3), we shall C::rive a solution of 

Eq.(2.3) 

(3.2) 

(3 .5) 

. (3.6) 

'~~)' 
where 0 is counted from the beginning of the section; ~o. d<a-/cl5! 6 , 0 

are the initial -displacements ~1 • ~:., and their derivatives with respect 

to 0 Here :the length E1 depends on S according to the formuh 

(3 .7) 

A characteristic equation of the transition matrix through two adjacent sec-
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t1ons of the. same length 0 has ·the fonn 

4 ' 2 A - !\a, + A a._- !\a,+ 1 : o, 

Q,~ 2c0 ,
2,y(ch 2o co<>.2.5 t 2t'i!'f ch 8 co~/5) 

Q 2•co6'f[2+(1+co~2 f) 2 ch2.5 co~ 28 + 

+8t~'tcho co~o+t~'Hco~2ii•ch2c5 +3)). 

(l.Sl 

Values of .<l- and 8 for whlch all the roots lAd= HL • 1. z, :i:; 4) 
correspOnd· -to thE:. Cise .of _:s;tabTe .. -mOt1orl; For· ~rb1trary 'f , . 5 
t-~o~s of· Eq. {~-~_al :a:r~ -r:~P~e~eoi~/·i ~ .t~-~ ·t:onn' 1\ 1 .:e :=- -~ ·-~ l.PA + 

the· scHu"' 

arid . ' ':". + 
1\.?.;.;''i·-:;.:e. ±.\.:ft. :·.,'Whef.e y._-:- are_ ·ei-ther. real or cOmplex c'onjugate num-

. . . ' ' '• . . bel-s- 1 the·s~biHty;~e~ng ab~~:rlt in t~e Tatter case. Real numbers ,JJ- are 
dimensfonlf~ss freque·tlci·es .. ~f ::'.~b-~_tatr"on os~illations", i·.e. show the fraction 
of .. ZSi covered-by_:t~~ 1e:n9th iO .. :From (3.8) we t'inc!.f'o'r these-fre~ 
qUencies 

(3.~) 

CQ~'(~} ·~· co,'o/(cho- co,<$!~(ch0H.b"o)'+ 2t'i!\Y(1tch8co6~) r 
Re9ions of sta~le values of parameters t , &· are defin.ed by the conditi-on 
co~(Jlo'/2)~ 1 , namely 

(3 .10) 

chd-co'6¢._ j ChO-'-.cb~O-:~ ~- ... ["~-~npu-i<ch~co6.6<i ==-.,--'-=-;::-+ :(~-) -1<-· < ~ h'.5 'o-e 1-.ch$C0-~.·6· 1-ch0Co!)6- - . C0~4· ... c ._-teo~ ,Mpuch¢co16<-1 . · .. ·. . · ·2(1+choco,o) 

T~e least stabl' value oft~'f· ·..,_ 2.26 occurs at 0 o:.:·· 2.16. For these 
values the length--·.J. o.f the··.sed:lOri_s -alo.ng the··direction {2.2} _Of motion 
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ot" an equ.ilibrium particle, taking into account (3.7) Is given by 

(3.11) 

For the remaining stability reg:ions concentrated around 0 ~ .1-\51 ·( .. "Yr/ i.'~ 

for K>1 theleastvalueof <\-~t-~ch(Klf+JT/2) ,whichreou1ts 

on the one hand, in increasing the field ~J.. 1f ~ is not too close to 

the·+.hreshold value ((~ , and on the other hand, decreases significantly 

the acceleration rate. for this reason the regions with 1'\ > 1 are not 

considered below. The region with the least stable value+~+ is shown 

in the Figure. 

Form~lae (2.11), (3.3- 3.11) hold, if the relative variation in equi­

librium particle energy over the length [ is negligibly small. Using 

(2.7) and (3.11), the following restriction on t, is obtained 

(3.11: 

Since the right-hand side of this inequality has a minimum with respect to 

n..'z. at n..-z.::.(~.-)-l~)("?:!.f->'4)- 1 , which· is essential near the·threshOld 

11 o(_ '6" ~. 1 , then .the inequality (3.12) can be rewritten in the form 

(3.13) 

4. Optimization of Acceleration Conditions 

We will not dwell on a more detailed study of such properties of the 

set (2.8) as the coupling of phase motions and transverse osc111ations, 
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adiabatic variation of the oscillation amplitude and other slow effects, for 

such an expansion of the problem is beyond the limits of our a:pproXfmi!:tfons 

for our simple model and requires- a simulta'neous study .of a number of prob- .. 

1ems dealing both with matter behaviour· in s~rong f·felds·and. ways· of. their 
. . 

gener<~.tio_n and utilizatftn, Nevertheless. it is possf~le _and necesSary" to 

estimate the optimal parameters of the model accelerator. Tnis" c-oncer.ns, 

first of all, the acceleration rate. 

The connection between· the magnetic fields ~~ , &.~.: , the se{;tfon 

length t and parameters 6 , 'I' , i.e .. relations (3.3), (3.ll), remafn 

the same for a focusing structure of any type (FODO, uneql!al interVal 

lengths, etc.). Taking into account alsO that the-beam acquires a spa;ial­

modulated structure during acceleration and hence the wave velocity (i.e. 

parameter rt ) must not change along a considerable number of line sections, 

it is possible to obtain a general formula for the mean acceleration rate, 

by summing up the energy gains in all the sections- of the focusing structure 

element (of periodicity) and dividing then the overall gaf, ·by the total 

leng:th of the sections. Then, with- account of (2.7}. {3.11) the following 

fOrm!Jla i.s derived 

. I t 1 l 
~6\'1/~, co~<Pc 

~ oJ ~co~ +J / t,(4l 

(4.1) 

) 

where sUperscriptS_ i.. , J number ·.the· s~tforis .. Equ11-~brfum Conditions_ 

(2.5), (2.6) all"" to rewrite this fo,....la through the wave polarization pa-. 

rameters. Fo.~ each section they· are expre$$ed wit~· account. of (2.12} through 

two indePendent· rea 1 parameters I .· ¢ 
1 

- ¢a 

(4.2) 



.. Wher~ _0 <··)( < ·Ef /2 ; an arbitrary comnon phase is added· to simplify the 

. ca l.;:u·l·a·i;ons ... :SubStH~Uon. of. (4. 2). "into the equi Hbr'ium. ·cond1.tions ( 2. 5) , 

·.<"2".6) a.lloWs to. eXp.ress the. magnetic fields through the indePendent polari-

7ation· ·~arameters .: 

· ~ (~ ~t~ Xco~<}1 +co6 "Xco6 <j>) 
on · a (4.3) 

J n• f->'-1' 
f.J'6n 

Orie·.may -bon~:]~~- ~r~·.{4 .. t} that .the eccelerat~on .rate grows· with -ba and 

· ·.·rea:ch~s ·a.··lllai_f.~m··at· \f: .;; cons.t (see (3.3)) f_or 4;>
1 

= <P~ = ~ 
_t~·X_-:··y~ ; . ·Thus· th_e .-~~·celeration rate opt_imi zed on polar:i"zatfo:n is 

·given ~y 

[f·f·· .. ~ .... ) .. " e~p.·.·.f~··.2jf ~.··~ tt'-l.l2 ~ i c'·n· .. l1.• £. -.·)' \" < · . J nf.>c'i• \j c-1 , 

w"tte~·e .. :t~·e-·: f:~Cto_r·.:-~.(~j dOe.s· not· depeild. on ·the :foc.usi ng.·.strticture type, . .. . 
.. 'l_lf~klY .·de_p.~d.s: t>"n. :.)t1 · ·. ~ ha:s:,·_':'!> .singula_rfty in· the typic~ 1 tor the .C·e.rerlkov 

~esoilarlce pOint _ _\') = ·lj h· .a.M -produCes some surface for:-m-factor still de­

pendent·on· the equll"ibT'iu·m·pa:r.ticle·r·elative height ~-=l.j.A . Varying 

the· ·iri.ci<fence angle .. ·tfl for a .given· value .of ~ , one can find out .s.uch 
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a value ·of ·tt at which r ( ~) is ·at ma_x1mum. This ma~imum can be enhan_c~. 
by ·choosing the dielectric -constant; how~ver the dielectric ·biecil<doWi1.- .liinit· 

varies wi-th C. . A numer.icai analys'is (see Table 1) shoWs. that· in af)y c~se 
j" ( n ~ 0.975. At large ~ f->•1 we must have n.' 1<< 1 , hence 

(4.5) 

Choosing the angle \j' 1n (1.2) so that -J.,•, 1' = 1/(2.li'0 , we shall 

get ~(q=(5fe.t.'l'~r'm:"1/h•1 ~0.17GH, Le. a power 

instead of an exponential decrease Of the acc-eleration· rate. Thf~ circumstance 

may allow one to adjust the device for large heights of-the equilibrium.tra­

jectory ( 'l - 10 t 100 A ). 

5. Limitations of the Acceleration Rate Due to the Dielectric 

Breakdown Limit 

Experimental investigations of typical laser mate~ial breakdown [20] 

by high-power light pulses of <t" > 10 nsec duration show that 30% of rup­

ture occurs after the passage of one pulse with ~n integral flux 

satisfying the'relation 

(5.1) 

where :1..,... • C[,...... are charac_teristic constants fOr each· material. For 

example, for silica glass ED-·2 S,.. ~ 3o64'Jicm2·• ·ce· ... (?::. C'.63 ps. If 
. . M > 1 pulses are required, then"·the flux· ~J ·o{ each of- them-_-is to be re-

duced acc~rding to 

1<M<1o", ( 5 .2) 
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where for ·E0~2 gl'ass 't.. ~ ·2.45. Note also that for MgF
2 

films 

:lm R:;_ 58.7 J/cm?·, for I<Cl- samples :Jrn ~ 170 J/cm2 ·and300 J/cm2 for 

.sul-face·_and volume rUpture, respectively. These values are-obtained by re~ 

c-alculating (5,1) with CC'"" .. 0,63 ps the experimental data in nanos·econd 

(MgF2 (20]) an<J micro$econd (KCl [Is]) ranges, 

for pu'lses of ci.rbitrary duration with an amplitude s·atisfy'ing the con· 

strai.nts' {5.1). (5.2) we prese~t Eo iil the·forni 

The va"jue oi .Em , in general', depends on the same iltomic constants as C 

does, where~s the time factor <a(t'C, M) is defined mainly by the avalanch'­

t,Ype hreakd~n ~ch.inism -and sound· generation. Numerical values of 't(<t 
1 
M) 

are· given fn:Ta~le 1.4, togeth-er with the optimal values of J1.. , C and 

g-l_~}.. The.riumerical values of ·q·Em are,for MgF
2

: 265 MeV/cm, for 

KCl: 451 MeV/cm . 

. 6. Estimatiml of_ the Luminosity in the· Colliding-Beam ca·se · 

The event rate V for a collision of _two identical beams of cross 

section S , with total number of particles ~ in each, ~s givPn by 

0=6X'ajs. ( 6.1) 

where 6 1s a cr:oss section o.f the given interaction, V /6 is the lumino-. 

sity for the pulse-repetition rat~'of 1Hz. 

The permissible particle density N in one stability region f.s '!S'ti-

mated by the magnitude of induced fields up to a numerical factor 

'L ~ 0.01 ' 0.1 



N = 1. ~ ~ l 't > M) n ~ Hna-1 (6.2) . 

13 -3 
For example, in""-' 1 MeV/cm fields for }. -.1- em We obtain:N ~-tt · 10 em 

which corresponds to the beam de~sity in -conVentiortal-acce.tera·tors. For 

laser-driven accelerators, increasing the field 30.-t_i_nM!s .a"nd reducing .). 

104 ti.mes gives N"" t'1_ • 3 to18Cm~3 . HOw!Ver·the tota·l-nuniber· of-par·t-

. 

fcles .J<"l' is explicitly ]\. -independent. lnde~d.,.~ the transVerse dimen­

sions of the stability region are .......,_ 0.1 ~).' , the longitudinal -of the 

order of D/co~G=n.D , where D is the acceleration path width, i.e. 

the width of the laser-illuminated magnetic track, finally, the total number 

of stabil fty regions is ........ ct" /).. . Thus, the total beam volume is 

~ 0.1 h. l; c'tD.fi and J... cancels out when being rrult1pl1ed by (6.2) · 

The acceleration path width JD depends on the total energy of the 

laser pulse ~ by a relation 

c't • •( ) 'w'= BST Em~ 't,M ·]·';;Cco~Lj' 
(6.3) 

where the acceleration path length ~ , according to (4.4), (5.3)~ is ex-

pressed through the particle energy C in the following way': 

(6 ,4) 

Taking into account the fact that the beam cross section 5 detreases 

adiabatically with increasing energy as ....... (Oo/ Q) 1
(2 , and using 

Eqs.{6.1-6.4) we shall obtain the construction parameters for one accelera­

tor J) , !'(' , Y as functions of the pulse energy 

e:t" l ~) < co~ t > 

cT Em~('t', M)co~'f 
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8:ifW ""'(·~) . ~1 d> I . .i.f . J(~-· .-·0,1·.[·l;·J 5 rdn.--1 <co~T>. co~ , (6.,6) t . . 

\'lh~~e .partltnet~r_· --~ is 11mi_ted by the energy .balance -condition.'wh.ich .iS 
i-ewri tten .. fn- .the--form 

Q,1·~ ·1-i; C06'f·( Bgjn. ~ n.'-1 <co~ o/ 7 f' 
( 6 .8) . 

we shaJ·l' '.'trite·_ O~t a_,-~-~ the ~~ysical p-ara~ters Of -t;he m~_gn¢>ti.c·_·tr_~~k ~-
__ fieldS t; , ·ti _._and section let1gth { whic'h- ac_cording tO --(4.~) a·re cal.cu 

-lated by·_ formulae 

.?(l)"E.·. (·.'t.···~·)J['~')·f.lfri.'- 1 ) co~· 1 ·, , 3 m~.' · .... 5 ~ri'f.>~-1 '!', 

(6.9) .. 

The. typic~l scale ·of _advancement of part'icle physics r~sea_Tches tntO 
the hi~h-energy _region is determined by the total energ·y-of-".thB laser ~ulse 
'Ill if 6 ~ 6o("'nc./C)2 

{cross section of particle pair. pr·odUc.tfon 
with mass ,_,.f../cz Jn the S - state) provided that at least one event 
with this cross section is observed during t1 cycles of the accelerator 
operation. From (6.7) the following limitation is obtained 
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.,_ ' . . (6.10) GM• 0,1·M·6o·'l· ~:i (~)n.'(n.'-l)<co~t>/co~"Lf 
. 3" 

For · W - 10 J (TIR· I), C..o - I GeV: ).. - 10 .!" we have Cwo ~ 100 GeV. 
Increasing W up to 10

5 
J (Shiva-Nova-ll) [17] for). ~ !-"' the limit 

C-wo ·increases up to 5 TeV. We did no_t take into account the possibility 
of additional focusing of the beams_ before the collision, which will ra.fs-e 
the statlstics. 

7. Cost Optimization 

Let us consider a procedure to optim.fze the number of "shots" M . The 
technically consistent formulation of the problem requireS that t_he resource 
of. all the systems and elements of the accelerator stand M .fol.d opera­
tion. For- instance. -the diflerence in breakdown thresholds of laser glass 
and the dielectric requires that the light s·hould be focused after passtn(!_ 
the last amplification phase. The amplification factor is to be chosen so 
that the cost of the glass should be equal to that of several magnetic tracks 
which are to be replaced during operat·:on (or vice versa, if the tracks are 
more expensive). 

ra.s, in the first approximat~·the a~celerator cost C is determined 
by the cost C~(J:.j:l..,..,v.l of the magnetic tracks (here c:iMi..n is the length 
of a single track) and the laser cost Cw( "':!!.__ )~ where \x< •. ~ is the maxi-

Wm= mum eneray of the pulse necessary to observe an event of energy C. at M = 1. 
. . ' Noticinq that according to (6.10) w M '=. w!'r\Q.)I and minimizing the function 
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o¥er. M . , ~ f10d th~ optimal number of shots 

<?. 
.· .M :!.9< c. w) q .. Pi" 
. . \. p c, 

(7.1) 

(7 .2) 

·-arid .et:on~ .pe,.Ce'nt. Q , -compared wi1;h the s.fng·le varh._rit, tn the fonn of 

.,l,er~. R o 'i9/f' . It is. evident that (7 .2), (7.3) Olake sense only for 

. Cw /C, >P ;{1.9 )' 1 , l,e. if the laser .cost Is sufficiently high. The 

·. j)ifr of,quant.itles{l"'', Qj .. 1s ta.,;;lated (see T•ble 2).in the range 

'1 .. / .. 8. < C: ·jc < 8: . R :.··1..;. 8 . Note that M for modern Iuers de-- __ . ·'fll I:-. I 

-$1.g~ed .·for ·thenftQnUctear. .research needs ranges frQm a few tens up .to a. few· 
th01J5ands{t7]. . . . . . . . 



Table 1.1 

Optimal values of the polarization coefficients /d.. I ,.-1 d.
2

1 

fonnfactor ~ and parameters C. • n. as functions of --tne 

equilibrium particle velocity f> for ~ = z /). - 0. 

N 
~ 

j'.l 0.28 0.396 o. 512 0.628 0.744 0.86 "K • 4 "K = 8 ~ = 100 

1 0.6305 0.7180 0.7751 0.8258 0.8733 0.9193 0.9691 0.9720 0.9750 

c. 38.196 18.991 13.152 10.072 7.9190 6.2583 4c6536 4.8328 4.6251 

n. 3.5714 2.5253 2.1295 1.8961 1. 7146 L5632 1.4107 1.4129 1.4024 

I d,l 0.6305 0.7180 0.6704 0.6009 0.5380 0.4781 0.4106 0.4082 0.4032 

1".1 0.0005 0.0010 0.4021 0.5915 c .7273 0.8433 0.9695 0.9700 0.9807 



Table 1.2 

Optimal values of £ fl. T, \ol,l' l,j,, 
as: functions -of ~ at .f->=1. 

~ t n I d., I I d. a I :+ ( 0 
0. 4.78807 1.41190 0.40380 ~. 97627 0.97518 

0.05 3~37161. . 1.24284 0.38985 1.05796 0.74698 

0.1 2.76690 1.16815 0.36202 1.11386 0.60604 

0.2 . 2.16982 1.09603 0.30595 1.19673 0.43760 

0.4 1.6808! 1.04278 0.22262 1.30605 0.27768 

Table 1.3 

Dielectric breakdown factor \J('L, M) The va 1ues of rt' 

are in ps (!o- 12 s). 

~ I 10 100 1000 10(100 

0.63 0.62506 0.39069 0.24421 O.E-·26<~ 

30 0.31957 0.19975 0.12486 0.07804 0.04878 

100 0.19551 0.12220 0.07638 0.04774 0.02984 

1000 0. 07262 0.04539 0.02837 0.01773 0.01108 
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.Ta.ble 1.4. Ma.in physical pa.rameters T [MeV/cm} . ~ [r] 'eo 
lcm] which._define: 

1) the average aCceleration rate 

<:;&,)=T<co6-l'>, T=eEma('C,M):f(O; d.;c d 

ti) vert;ical t 3 and horizontal gl. magnetic fields 

iii) length t of the section with a fixed sign of eJ. 
D s . ~· "')·'/e l.= 10 ·( e~~ n .1. 2."' 

for two vaiues of the constant e.E"' : '{ 265:, 451} t1eV/cm. The values of 

the parameters are defined for an optimal choice of 'C. , 11.. for 

~ = 2/ A . .., .{ 0:, 0.1; 0.4-} versus both pulse duration '1:' _(in pico-

secOnds) and. number of runs t1 

A'll the quantities are weakly sensitive to C. near the optimal va-

lues given irl Tabl_e: 1.2. Always (l >> ~ 1'\. , i.e. the ~ltrarelativistiC case 

is considered. 

In order t,O calculate ·the necessary values ·ot t~-e physical parameters 

<d.cj d ;;t > ~. ' ~ ... ' e one should choose definite values 

of o/ and & :' Minhnum of t and maximum of 0 .(the edge of the 

stability r·egiOn) are rrientioned in the text. 
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Tab-le 1.4 

!0 
1001)· eE J'<" 451 MeV/CI>I 265_ MeV{CIII 4.51 "'eY/on 265 HeV/011 451-~/01! ·265)1eV!Qn -c[~sJ ~ T ~!v g T -to em T- ~~ ~-T r, C&_ T~~ "tr_ . lo Cll T ~~--t T fo:.on r:~~v·tT to Cm. T ~:,v -~ T to- Cll 

'" 0.006 25S 85.9 \1.0079 . 27~ 9Ll. o.oon ~-63 C.l 273 
"' ss a.0126 161 32.3 O.Q!IS-5 171 .34;'~ IJ.IJ16 

;o 

2~0 

0.4 125 12.3 0.1)38 73.6 7.25 o-.05 

141 46.7 O.OliJ7 82,6 27A 0.0139 
A7.3 17.6 0.0224 51.3 10.3 1),0292 

n_4 40 3.94 0.0675 2-1.5 2.32 O.OM 

" 28.6 0.0136 50.5 16:8 0.0178 
0.1 53.4 10.6 0.0286 31.4 6-.3 0,0373 
0 4 24.5 2.41 0.0862 14.4 1.42 0.113 

78.3 7.71- 0,648 

87,9 N.2· :_ 0:1Jl3S 

54.6 u · 6.olil3 

25 2:41 0.-1)853 

53.7 17.9 0.0173 

33.4 6.-72 0.13-362 

!5.3 1.51 o· •. l09 

31.9 10.6 0."0224 !3.8 6.23. 0.f)292 . "2.0 6.63· 0.0283 :Joo c1 I9.s 3.99 o.tl-469 u.7 2-.~5 :o.o6J2 12.4 1.51 0.0]63 
5.68 0.56 1).!]9 

0.4 9.09 o.896 o.I42 ·-s.~ o.527- o.rss 

. . . ' . -·. ·-A II data- h .CilnPilted foi-. -optf.u t acc;eleratlon rate· ~a lues of. thl!. df-electrk eonsiant _C. and· plia:se velocity ~ra~~eter n. ._ 

162 53.7 o.ot ·toi -_js.7 o.o12 63. 
100 20.2 0.021 66.7 13,4- 0.0256 . 39.2 

" 4.53 0.063 . .W.6: 3.01' 0.077 18 

5!.6 11.2 o.i:m6 34.3 tr.4 o.o216 20.2 
32.1 _6.46 o.o369' 2}.3. 4.29 · o-.o452 12.5 

21 0,016 

7,39 0.033 

1:77 0,10'! 

6.7 0.028 

iL52 0,059 
14.7 1.4_5 ·0.111 g:n : o.% o.u1. s.74 o.s1 o.IJ8 

31.6 10.5 0.0225. 2l 

19.6. 3",95 0.0472" B 

g_gs 0,0.276' 12.3 

2.63 0.0578 7.67 
8.99 ll.68ii o.t42 · 5.98 o,sg o.t7$ 3,51 

.,:.r 0,036 

!.54 0.075 

o;3s n,2is' · · 

ll.7 3.9 0.03! 7.8· 2.59 0'.(1453 4.58 ·:L52 O.OS9 
7.29 J.47 o.IJ174 _4-.85 o.975 0.0949 .. 2.-ss··. run -0_.124 
3.34 0 . .129- 0.234 2:22 ·O ;Z19 0.286 1.3 O.Jt!l ·_o,j74, 



Table 2 

Cost optimization. 

c~ 1 2 4 8 

1/8 
1; -0 

1/4 I;· ·o 3.43: 2.8 

l/2 I; 0 3.03; 4.3 u.s.; \2.5 

I I; 0 .. 2.52; 5.5 9.19; 11,s 40.3 ; 29 

2• 2; 5.7 6.35; 20.6 27.9; 36.8 138 ; 49 

4. ~; .20 16'; 40 8·4."~; 56.5 474 ;· 67 

8 .s_; '31· 40.3; 58 256 ; 72 1625 t 80 
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1 

50 'o 7f7 80 go 1(J(J ,,q 101) t!Jo. 
5m 

Dependence of 1/coot on 8 (in degrees),' 

The edge point of the stability reg1on 

o., • 123.72631°- 2.159431480 rad,­

'/co~f .... = 2.472995323. which corresponds to 

tM. 66.14847554°, CMo/.,; 0.4043679301, 

~[M~ • 0.91459640. 
~ 
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