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' PESOHAMCHOR YCKOPEEUIE BAPAMEFFSY VACTU] HOBEFXHOCTHON
oot BOIHOM, BOGHMKAKNE! [P NOIHOM BEYTPEHHEM OTPAKEHI

: B nengx NMONCKOB BOBMORHHX OyTell yBeawdeHHs Temna YCHOpeHUN
SapAEEHHHX YACTHI PRCCMOTDeH BADHAHT DEe3CHANCHOIO YCRODGHMS Iif-
BEDXHOCTHOR BONHOH, BOBHUKAmmMe! B BAKYyMe ODH OONHOM BHyTDEHHEM
OTDARCHMM CBETA OT TPAHMUH C IMSMEKTDUHKOM M SaTyxammel B Hampas-
JICHIE HODMAJM K T'paHdne pasmeds. [IDEITomenc HCNOAB3CBATE IOJHDH--
30BAHHYN J33CDPHYD BOXHY, . ROJMHOBOK BERTOD KOTODPO# OpHMeHTHDGBaH &
TAK, YTOGH MORHO GHJIO OCECHEYETE (as0ByD yeio OCTH yCKOpAe-
MEX YacTHll: MMEHHO, HAIIpaRNeHme DACHDOCTpaHeHMA odpasypuefcs mo-
BEPXHOCTHO! BONHK MONRHO COCTABJATEL UEPEHKOBOKMA YTON ¢ HAmpap—
JIeHEeN CKOPOCTY 3aDAKEHENY YACTMULL, IBMEYNMXCHA BIOJL IICCKOR MO-
BEDXHOCTH pasyesa. Lid odecnevenus. Ju30BOf YCTOWIMBOCTH 1 BHCO-
EOTO TEMIA ' yOKODEHUS - BRNKMAeTCA TOTOJHUTERBHOE NOCTOSHHOE MaTHE-
THO® NOJe, NEPUSHINKYNADHOS [OBEPXHOCTHU DASIENs ¥ HAINDABICEEN
CKODOCTH YACTHll. DePTUKAJEI0e DABHOBECHE OCECIeMMBAET MATHMTHOE
noje, Napa/ie/bHOe NMOBEeDXHOCTE Da3Nena M TaKMe NePHeHFMKYJADHOe -
HAPABTEHNN CKODOCTH YACTHN. 3TO TOJe, ONHAKO, NAA odecHeueHms
BEPTHKASBHOR yCTOMUMBOCTY NONKHO MEHATH SHAK OT ONHOTO YUACTRS
TPAKTS YCKODEHHA K JDYTOMYy OZHOEDEMEHHO CO CKAYKOOODASHHM W3Me-
HeHneM (asH JasepHOM BoJHH. HecMOTpA HA TO, UTO IOBEPXHOCTHAR
BOJHA SKCHOHEHIMANLHO 34TyXxaeT Ha DAOCTOAHMAX OT HOBEPXHOCTH
Daslens OODANKA TANHH BOMHH JAA3€Da,B DEXIM ycxogffna MOXeT COHTE
3axBaveHo (HESABECHMO. OT IJMHH BOIHN Ja3epa)no I0llyac HMOY ALC.
- apameT(H NOAADESAIMM ¥ YroJ DANSHAA JA3ePROA BOZHN MONCEDANTCA
. U8 yOROBAA ONTHMASALME TEMIA YCKODEHIA IPH. DASYMMEYX 3HAYCHMAX
HANDAREEHOC TSN - HONOAHTTENEBHHY . HOGTO I¥ MATHATHHY TIonefl @ ¢
YYBSTOM BAEKTPIMECKOR HPOYHOCTE IMSMEKTPMKA. LOKA38H0; TC He—
NI0/IE30BAHAE CYWECTBYDUMX JA36POB, COSIAHHEX WA medeh TepMos-
-JEDHOTO  CUHTEBS; MORET OCECISUATE TeMI YCROPEHRA' Hopanka . LOOMaB/ M.
daaniefiiiee yCOBEPUOECTBOBANNG TEXHOJOTHR (B UACTHOCTH, COBNAHAE
MOWHHY TMKOCEKYHIHHX J23eDOB M CHIbHNX, GHCTPO MSMEHHEMUIXOR B
. OPOCTDRHCTHE HOCTORHHHNK MATHITHHX nogeﬁ), IO-BEIMMOMY , IIO3BOIA—
- eT O¥MIATEH OPE MCHOIL30 { IDEANATAEMOrO COOCO0a JOCTHREHNA
- 7eMua yckopenusa no- 10 TeB/m, WTO Ha Tpw opARKa TPEeBHEAeT IpaK-—
| THHECKE ROCTAIHYTHI M MCHQIBSYeMd? B HACTOAMEE BDEMA TEMI yOKO-
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RESONANCE ACCELERATION OF CHARGED PARTICLES BY A suaract__'rf.
- WAVE ARISING AT TOTAL INTERNAL REFLECTION o

In search of possibie ways to enhance the charged particle acceleration
rate we have considered a version of resonance acceleration by a surface-
wave that occurs in vacuum at total internal reflectio. from a- dielectric
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
prepagation 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 velo-
city 1s applied. Although the surface wave vanishes exponentially at dis-
tances of the order of the laser wavelength from the flat interface, suff{-
cient number of particles per pulse can be captured in the acceleration mode
(frrespective of the laser waveiength}. The polarization parameters as wel}
as the laser wave incidence angle are chosen from the acceleration rate op-
tinizatfon conditions for reasonable values of the additional constant mag- -
netic fields strengths with respect to the dielectric breakdown limit. The
application of existing lasers. designed and constructed for thermonuclear
fuston 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
1.0 - 10 GeV/m. :
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1. I.m':rodo_ctton B

s 'l‘he phenomenon of tot.a‘l 1nternal reﬂectfon of electromagnetic waves

V"-"-:-'passing through ‘the interface of en optical?y denser medium into a raner one’

’ ‘_15 wel'l knovm ever since one 3 school-days Far ‘less popuTat- is the fact that-' e

at total 1ntem] reﬂect'ion 'ln the optfcaﬂy rarer medium a surface uue

arises (see, eq. [1 417, whose f!e‘ld components have significant values
; 'on'ly in the 1med1ate proxhnity to the 1nterfaCe and fan-off exponentiaJ ly
T accordfng to: the. Taw H ‘

'-_:.'_lg')'(p{- %7 E ain? LP {

. where” 2 'Is the distam:e along the norma‘l to the plane sur-face, , ﬁ" is-
'-the wavelength 1n the rarer medium (vacuuln n uhat follows). lP 1s the fn-
- r..idonce angle which is 1arger than the’ crit1ca1 ang'le Lf’g Sin 1?3 = 1/\f—‘

E_(w) s the dielectric constant of the first optically denser ie- -

S

'dium Hote that if the' wave vector ® - of the inc'ldent wave Hes in the X02
plane, the surface wave 1n the second med fum tr-ave1s along the X axts with a

.phase veloc‘lty c(\(’—” :m—.q?) , 1.e. the effective ‘refraction index for it
I i he : : '



'|<n rsmw., “?a cp<T/e )

Thus the surface wave created 1n yacuum at total internal reflection

' "1s & s1oued duun one, which makes 1t particular1y attractive for the purpuses

' of laser. acceleratieu of part1c1es The averaged per cycle energy flux of the

: Vsurface ueve in the' direct1on 0x-1s: nqnzero. Therefore, if above the surface_n..':

“An. the reg1on uhere the- surface vave f1e1d strength 1s st111 hfgh 2 charged""'

: ;part!c]e 1s eJected w1th a velocity CJ5 at an angle E; with respect

- }{;to the Ox axis determined from the Cerenkov eondition

cos —~—-'.-' n '>j4 ’ (1.3'5
o e B np o

'the particle u111 be 1n phase uith the surface wave, It follows from {1, z)
'f‘]aﬂd (1 3) that the louer bound on the perticle Loventz factor §s

. E>( 4_ ._a)_ﬂz - X | o N {1.4)

To ana%yze the feesibility of particle ecce1erat1on by a surface wave

-“ﬂfand the stab11ity of 1ts notion, Tet us write down the se1utions of Maxue11 o -

'f'j equat1ons for 8 surfnce nave 1n vacuum with a wave vector '-j-" T

‘=—-(I‘LQ +L\' 'l 25) K= Q_) /C : (15)
."f_zand arbltrlry polarization defined by complex parameters <i and” d.gf.f:"'
'.‘E('Z t) 43 Re[d e *'-Kn 3)*6\ ea]exp{ (K'L {.Jt)}

L _ S o (15).-'
‘H.(%t}____[.:a%n[{el[d, (e, iy, _,’)+ d ea]exp{ '_f-wt)}



The fiéld (1 6). 1s not transverse and the scalar product E H ?‘ O -

even though the wave travels in vacuun. At 0( O the uave 'Is transverse
electrical, at d\a- 0- transverse-magnetic.

“in the coordinate system s X g z ‘t ) mov‘lng with the me aiong

the X axis direction { e ) with velucity c/n. (static wave system - SHS) l

- the’ f1e1ds (l 6) transform into

(1 7)‘-‘

.'.-_E.eu )G, smh(& [e H]) E ¢f Reol (e ues]e "’_,_

il

H’:-éﬁ,’(‘&~"'§n:).(fe‘i- ﬁ)ﬂsn(ﬁ%[é'é]) e Re».d @ +Le3)e g

ga-—-i

Just as 1t stuoum be, feds E and. H'. are t'lme-'lndependent " sus,‘; A

- W"‘fntim Pmmeters A, and o{ are coupled respectively with the mags: |

: 'nitudes of tne electric and magnetic fie]ds The condit'ton of partic‘le ver—

ticﬁ equﬂihrium reqn‘lres Z - const, the Cerenkov resonance. cond'itlon re. ‘

: fquires phase. c;g; stabt11ty; hence, fn virtue of (1.9), the equilibrium

R '.parth:'le 'In SHS can move only 1n direction ea with a velocity

Jb E‘,f’-‘ n.Q.;,_ _ K }g/xn’:..__ ) (1.10)

- uhich fol?ous also fren Lorantz trensfomtions of the. particle ve'iocity V .
“'Particies moving vith velocity {1. 10) in SWS, as it fol'lows from (1 7}, do

" not gain’ longitudinal acce'leratton fran a Surfnce wave, Houever, the required‘

R



:}eTectric field cemponent directed a\ang Ef in SHS can be obtained by intro
-fa,ducing a constant vertical magnetic fier %3 in the lah system directed ;

'.liagainst the z axis. Then, in virtue of (1 7), an: eiectric fieid arises in

) (-'1‘.'_1'113 S

':;icIe traJectory and'para1le1 to the-die]ectric surface in the Tab system.,
":-However for the stabiiity of this equiiibrium, the field must ‘be aiternating,

",changing its sign from one section aiong the acceieration iine to another

"-"As i* fO‘iows from equations of motion, this circumstance in turn demands a.

‘_“_jump-of the 1aser'wave phase.‘;j:_'

._ Note that the vertical equiiibrium conditions re simiiar to those con- B

Vsidered a]se in another version of Taser acceleration based on the Smith--;

f:g_Purceil inverse effect [51 when a particle passing over & diffraction .
. grating ata distance of approximately h from 1t is accelerated by the field."
"‘of the laser waves incident upon the grating under definite angies [§ 9]

'"f?'Here also. i order to maintain vertical equiiibrium an alternating sign

.c"_magnetic field para]lel to the grating plane and normal to the particie tra:
.jectory 1s needed with a simuitaneous change of the laser wave phase [10]

_ The above-described qualitative picture of tha possibility of stable .
acceleration of charged particles in & surface wave field should be supple-
mented by a few remarks.

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

under the assumption of both staticnarity of the total internal reflection

6




process and: 1nfin1te extension of the dielectric surface and the 1ncident -'"
_‘wave front. _ S d _ _
. In this case’ the aVerage energy flux normal to the 1nterface of two me-'

.dia is zero. The wave energy flows - out a?ternately through the interface

1nto vacium and back into the die1ectr1c at some other p]ace of the surface
in the same amount, so that the average f1ux through the surface is zero,

but the average qux a]ong the surface in the p]ane of incidence 1s
nonzerg, - as it was a1ready mentioned ‘

For partic]e acceleration we sha!] however deal uith space—restricted
beams of 1nc1dent electromagnetic waves, and the dieiectric breakdown 1imit
at high f1e1d strengths requlres short pulses. _ ) ‘

The total ref1ection of a finite cross section ]ight beam was investi-
.gated for the first time by Jd. Picht in: 1929 and with a different ethod by :
E. Noether in 1931 D 4] “These authors shoued that formulae for the fields
Zchange in such -& Wiy, that the average: energy f1ux normai to the interface in
this case, 1s nonzero. Changes of surface wave fields due to the finiteness
"of the time. interval have not. been treated _ _

' The account of both abovementioned circumstances wi11 impose certain -
restrictions on the space time dimensions of ‘the laser pulses, or demand at
least a quantitative revision of the va1ues of the amplitudes Jf the - surface
- waves and the externai magnetic fields.

_ Another factor violating the balance’of energy fTuxes wi]l be the Ceren—
' fkov radiation of particies moving in vacuum above 2 dielectric surface

i The account of this radiation whose properties are extensnvely studied
:(see, e. g. a revieu by B.M. Boiotovsky [}fl and references therein), will
R resuit in the limitation of the number of acceleraced particles .The estima
tions of relevant beaw loading effects in the suggested acceierltion scheme

ware carried out by one of the authors (H N.) and reported at the meeting on;




-1_Laser Acceieration heid in: the end of Septenber, 1982 at Nor Amberd near

'-;Yerevan It is important to mention that vertica] equiiihrium conditions are

33nnt so restrictive nhen heom ioading effects ore taken {nto account.’

” _ Both in the case of appiying ‘the Smith-Purceii inverse effect [5] and

in the case under consideration, aceeieration takes place in the region
T'spoced from the surfece at distances of thc order of 2 laser wavelength, 1.2,
.10 microns in case of a Coz-laser At first sight, this iimitation seems se-

" vere, decreasing sharpiy the intensity of the acceierated baams . On the other

' ,hand norks of the Novosibirsk group (AR. Skrinsky et a1, [12] ) and the
3Stanford group (B Richter et a1 {;3 141 '} devoted to designing linear col»

:-(1iding benms E Iinear collioers - grodualiy force us to- think that it is pos

.sibie and even necessory to have beams of micron and even submicron diameter

-kfin the interaction region in order tn obtain iuminosities required by physics

Sy needs

In case of singie coilisinns, the hean-beam interaction is of no signi-
' ficance and the diminution of beem diameters becones principally possible.
: Besides, as it foilons from (1 1}, -the been height above the surface in
' f-the considered version of iaser acceieration can be effectiveiy adjusted by ’
i varying the incidence angie L? ‘

The idea to use a surface nove arising at tota] internal reflection of-

”.jﬁeliipticaliy poiarized laser radiation for the perticle ‘acceleration purposes-

ir'uas proposed at Yerevan Physics Institute in 1971 [;5] Honever the configu-
-ration of fieids nith space variable poiarization parameters considered in
{;51 does not provide A significant stability region in the phase space and
‘gives a iow rate of acceleration,
“The possibiiity to use the evanescent waves arising on a dieiectric sur-
face at totai internal refiectinn for laser-driven acceleration is mentioned :

also in the. norks of J. Lawson 7, 16]



Table 1.4 1ists the result  of calculations of the main physical para-

meters of the set-up: the average acceleration rate <d£/d ZS’ . vert1ca1
é %cod&]a and hord zontal % Emnq, constant magnetic fields, the

- length f_ of the section with a defin'te sign of fie!d %4_ i One can see
from the table that using the (:02 'leser TIR I of the’ Atomic Energy Inst‘ltute
and ‘the Scientific Research Institute for Electrophysical Apparatus [17]
with 1 nsec puise Iength 900 cm aperture, 103 U’ energy and total nunber of
shots ~ 10 {prior: to g}ass change) may provide the acce‘leration gradient of E
~ 100 Me¥/m at a fleld § ~ 17 and length { ~.0.1tm with KCI taken
as a dielectric (to be replaced after 103-f01d ex;ﬂtrltation [18]) As 1s seen‘
from the ub'le. the acceleration rate can be enhanced 100 times, 1.e. upto.
10 Ge¥/m 1f the pulse length 1s decreased down to 1 nsec, magnetic field &
1ncreased up to tens T and E 1s  decreased to about 0.01 ¢m,

The following sect'fons of this work contain . basic arguments and: calcula-.'
tions of physical parameters 1isted 1n Table 1.4. B

2, Equilibrium Conditions and Mechanisms of Dynamic Stab{lity

Lot's consider the equatfons of motion of a particie with .charge e
and #a8s m  moving tn the field {1.6) in the preseénce of an external mag;
netic field

(2.1)

whare

E"'- 2 (2.2,

A
nf
is the directfon of particle velocity _ﬁ in the lab. system connected with

the dielectric, Z,m %J_ - vertical and horizontal (sign-changing) magnetic

q -



'f{eIdsg by s the-magnetie field component parallel to the particle ielef::

city. Fields - b, and 'gi Y perpendieu)ar'te‘the‘eﬁuﬁ]ibrium trajectory,

“are strong, whereas field &“' fs ‘a-weak residual Yengitudinal one occurring

for technical reasans. Neglecting the radiation friction force the equili-

' brium trajectories 1n'tﬁe uttrare1ét1vistic case are-stfaight Tines), we

shall obtain the foliouing equations of motion

4By | eki o zg e“d’{d (e SUCRL SRR |
;o dt me o o : (2.3)

da(e'a‘ E[P Len*"ﬁnea)]}fi,—_n_c [F’ ¢ ] ;

uhere.-?{i %% Zdr§-1 is the particle vertical displacement from the dielec-

tric surface, = %% (rtx "(:t) is the surface wave phase at particle loca

tion, For particles in eguilibrium, taking Z . XS = const, ¢ = d)s =

= const and taging into account (2.1), (2.2), (2.3) can be rewritten in the

form

_é'_d__._ a f a—r'-.- QH.ED _‘Z,Re dt.’&a'(e +——-€ )
"dt dt .

: ' S '- (2.9)
C a2 [aph, &y by (Ee- € J N1, °~*d+Jnf5 1d,
Projection of (2.4). on E?g axis yields the vertical equi115rium condition
- -Z . - . . . N .
P TReie P a | sy
n’ '

Two remaining projections on €, ‘end s axes'yie]d the-phese equi]ibr1um

condition

10



T our ;,.:rpose is to clarify, in pr'lnciple, ‘the consistency of the suggested

E _: essential

5 E e' ;5 R e ¢5a./\/ (z 5)
and the acceleration rate for particles at eqmlibrium E . _ C
LT en ef _"se ¢t e s

dt e mg.---mcn

‘These condftions are easily generalized for the case uhen al‘l the quantities

are slonly (con-rpared with: the laser wavelength and frequency) varying func-';_-":_" L
tions of coordinates and time in. particular functions of the equil'lbr'lum T -
part'lcle energy (Despite the high acceleration rate A 10 GeV/m, the Lo- . o
‘_"rentz factor change along @ uavelength is Alff\-q, EE /(mcw)« 1 ) -

 scheme; therefore we do not consider such technically important aspects as S

the perruissible surface curvature radii, laser pulse spectral composition,

_scattered fields, etc., uhere slou varlations of tlie schene parameters are ;

. MNote however that conditions (z 5) (2 6) allou alternatlons of the et
s'lgn of & sinultaneously wlth sl':arp changes of phase ¢5 (phase Sy
.the value and sign of field @; being unaltered .

= h t-is convenient to carry out the stability analysis in the wave rest

e fralne For particles moving near an, equilibrium trajectory ue consider the

' ""linearized equation of motion in Slls assuming ?_' —_ Z * 3

3 “: g % . e.a % +e3% . Taking into aceount equilibrium conditions

' -"-‘,"'(2 5}, (2 6) as. we‘ll as relat'lons (1. 7) (1 8) (2 1) (2 2}. We' derive a..-' L

s "_set of equations fcr"the components of'



.,ih%a:j%%.

oo 'p'a/zs ‘a Pt a%"‘a% hua) 0,

.,-Qs%,)c‘ B, %5% w% L0 nﬁ/an% h@ M;

where the dot means d1fferent1at1on w'lth respect to time . t N an;l the fol- -

‘Imnng notat'uons are 1ntf~oduced

Ez L¢gci 6" % ST A
'Eoéf"égg';g‘_?*&-;# ?v_fL_P_Mﬁ Y

sg
,Kh "l *.nzp /Kr\.

In mbst pract‘cai]y fmnortant cases the 1nv1r1ant dimension1ess paramen

; ',ter q £ e.E (mcw} o_f field strength is much less than unity Thus ;. -

et g_E ~ 3 10806, A ~ 107 3 4 107% cm we have q ~102 5103

. (Note that the magnetic fields must be of the order of 100 T 50 that prac;'
tically all’ mater1als are ruptured after single use). It.is sense1ess to ysef
fields in which matter ionization takes place during time “‘!/h) ; i.e. At'i
any wavelength we require that q < 1/137. This restriction allows one to’
appiy for the stability ana!ysis the perturbation theory- u:sing q Cas the
expans1oﬂ pa‘ra%eter ' E .

Equilibrium conditions (2.5), (2.6} and the acceleration rate (2.7)

which are rewritten in SWS ir the form of

(2.10)
Piab,=£ ¢ % Re oids (o, ralgn ] gn)

12



.,how that coefffcwnts of the system (2 B) remafn pract‘ica?ly coﬁstant during
'.".a time *nterva’l typ'lca] of variatfons of 9 and % :

: ::‘;_'1ng a dirnens'inn'fess variable .Slf where f?. is the corresponding charac-, )

o "terist'[c frequencv, we are convinced that the only choice oF 0

-fnrf:f
el which thnse coefffcients are arranged in the order nf decreasing of smaH

"parameter C”‘G beginning with unity at second derivatives consists frf
tak‘lng 52_ NAC.) \/qlﬁ

—-dei‘ivative, responsible

Here, accordfng to (2 10) t.erms with the f‘lr'st

for adiabatic oscfl!ation damping and coupHng

coefffcients of phase { (} ) and transvarse ( cg %3 ). oscﬂlatfons :

e q /K << ‘l E ' whereas coefficients at setond -and - zero derfvatives

7 -'.are of the order of unft_y The' absence of zero derivat‘ives in. the equation
-',fcr g al]ows one ta negiect the variat'ion of. . % during tfmes ~2§/.51
This impHes that in the presence of ’instabﬂity of the non- -perturbed -

L fsystem, which according to (2.8) has’ the form of
N m hvon oL b g, Jieipige
%. %. 3%2’ 3 yo = men g 1+rL)’b /'Kn.’

Cos R : o (2.11}

. T La

N e A . _ e_w',rb E’DKH

B e 0, ms el

me ¥ '

the deviations % s % increase exponentially with a time constant .
: 3

' ~ ’K'(qw'a)" . During this time corrections from terms A q/?f

will amount to less tham 10% in the nonrelativistic case (i.e. when in the

13



“- 1ab system the equi11br1um narticle moves with a velocity \f*'cu/rb ),
and less than 0.1% in the ultrarelativistic case Thus stability of motion
‘nearby an equiijbrium trajectory is determined basically by the presence in
Eqs.{2.11) of oscﬂlating solutions. One can easiiy verify that in the. case

VQ = const { ™, s practica11y always constant,- otherw1se the accelera-
“tion wil] not take place), among characteristic roots of Eq. (2 11) there s
a positive une. i.e. %rv pr{-r ™2 ™M, )’! t 3 , and stability is ab-
sent, A similar trouble occurred at a time in strong-focusing accelerator
theory and now we know well how to handle it ﬁB].

we deem in this case that #R must net be sign—&onstant over the
whole acceleration 1ine. In the accepted flat surface model, slow variations
of the wave phase, polarization and amplitude for Mo = const and '%

# cohst cannot take place. Consider therefore the case when the magne-
tic field &L is sign-varfable, which according to (2.5) leads to the re-
guirement 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 %; > %5 on them. We shall take the coefficients
constant within the 1imits of one section. In this approximaiion-rea1 non-
uniformity of laser pulse amp)ftudes and magnetic fields can be taken into
account by selection of the model values of r.mzi’f-lcierats,-\';‘1 ;'n13 which re-
sult in the same deviations ?; in one s2ction as real 'fields do.

The methods of an;]ysing‘Eqs.{Z.ll) as well as the choice of the focus-
ing structure, i.e. the path lengths and field amplitudes on them are well
studied in the theory of conventienal strong-focusing accelerators [}é].
However the presence of strong coupling (mb) of vertical and horizontal
oscillations results in a quantitative change in the focusing structure pa-

rameters, 5o these structures have to be recalculated, Another distinctive



featurejof'the considered laser-driven ecceierétorfis1thatjthe freeféeps;hl
on which 5 I 0, are extremely'undeSirable because this reduces the acce-
leration rate Therefore, structures of the type FODO in the laser-driven -
" accelerator are replaced by structures with 45 = 0-for the "O* type gaps,
whereas %h ¥ 0 and particles are accelerated on all the elements of the -
structure the acceleration rate in the "0“ sections being even higher than
that in focusinq “F¥ and defocusing wp# sections, It is seen from (2. 8).

: (2 9} that the choice of polarization parameters affects both acceleration

rate and adiabatic variation of the oscillation amplitude This circumstance o

permits also to optimize the acceleration rate in order to increase beam in~
tensity and reduce- the accelerator_cost for‘a.giyen focusing structure..

' Note'that'the two complén quantities CX B and .é{a are connected by oner_

‘ condition if the value of the time- averaged electromagnetfc ‘wave flux in the - |

medium is Fixed (assuminq that iL vacuum- the flux before entering the medium )
is equal to ck, /8‘]1 » and the reflection is neglected)
© This condition is as -follows -
" ‘ &. . : A
LR (4+a*)+ldz!=¢—q——€ |

3. FD Type Focusing Structure

“As an example, we consider fn what follows the simplest FD type struc-
ture with sections of equal length E . elong the 8 axis The time inter-
.val ‘té in SWS during which an equilibrium particle passes through this
- section 1n Yab system is defined by the formula L

. ‘;f"(§;1)_ﬁt 



Introducing a: new 'independent variable €

. ";_- - , .mc.‘(s' ;fa_ - (32)

‘we rewrite (2.11) as . .
Lo ' ' S (3.3)

e e gty L T
de® - M%fov ¢ (%5)., M"(_'1__-t31)-,"524’=@;\!—-§2 ;i' B

where %l = const within one section and éhanges its sign within the

adjacent one. Notfcing that the transformation

1 1 _ - (3.4)
q=Ug , U=( g 20‘); sha =g, cosd=1/chd
diagonalizes the matrix
4 0
M=U'1(1 -i) U/cos (3.5)
ard taking € =68 \jcobnp in (3.3), we shall dzrive a solution of
Eq.{2.3) .
(3.6).

-4 -dg cosd © - and O ) .
%—,UCU %0+USU a—g,ézo} C:( 0 Ché)’ -( o 5'15:.:"

where & s counted from the Beg.-]_n'n'lng of the section; %o , d(}/d& Seo

and thefr derivatives with respect:

are the initial displacements G , %a

to & . Here the length P., depends on ) éccording to the formulz '

P’: : ;S | .(}nc'ﬁ'.com]; \1{?_: 6( h.'\cb”ﬁ cos W )1[3 (37) .
B .(na_j Leb, Pw Y eb,wn® P11

A cha_ra'cter'istié equation of ‘the transition matrix through two adjacent sec'-'r

16



" tions of the same length & ' has the form

QAN /\a+/\q ~/\a+1=o
8(:05 ¢(ch26c0526+etg L’z ch5 COb(S) ll (38) ‘
-—cos L};[2+ 1+coé LP chas 03 85 o

+8tcé \{ach& coﬁ& +t3 q)(coﬁ aéfchaé +3)]

L Valuesr‘of LIJ and 8 _for which a!‘l the roots]/\ [*— 1( v o= 1, '2;""3;,‘;4)--

S cor-respond tn the case of' 'tab‘le mw_ ion For arbitrary L'a
‘ _'tions of Eq (3.

A e":"_t.ﬂ-

bers, the stabil'lty' eing absnnt in the Tatter case, Real numbers Ju

the:s6lu=
T P;esented in the form Aa= e * Lﬂ and '

‘where Ju are el ther real or comp}ex cOnJugate num-

: ,'_'dimensfonless frequencies of "betatron oscﬂ]ations“, 1,e show the fraction_';}i :
of 2 Jl _covered by the 1ength 2 5

From (3 8) we find for ‘these- fre- ‘
queucies T

| - - : o @, 9)
o cos (""_)E»L—cos \!:[chs c056 \[ chs *c.obé) +2tg \{4(1+chécocé) ]

Regions of stab'le va'lues of par-ameters \[.» 6 are defined by the conditionj-: s
_ Coé(.{“ /8)‘- 1 _,,namely B

(3.1‘0’)-‘

c:ho c056
- ch6c055

. (ché‘ wcoﬁs ) 1< 4 {.,oa.h,a;pu—i::h: cosd<q
h&cosd cos Sh¥$ + cos?s-2 uchScoaded

'\ -chgeo _ ‘{' -a(1+ch5m55)’ A
' The Ieaef étab]}f value of 't%q) x 2 26 occurs at § 2 16 For these
'values ‘the. 'Iength E .

of the sectmns along the d1rection (2 2) of mot'ion '




C.omew

of‘-'e'm equ;lﬂhrium partic)e, 'tak‘ing into acéount (3.7) is given bty

fmc % p S osdh ey j%m:__
_nﬁe 2% » @ {2 ;5_"'.1"‘45T % w\fn “5““'1 :

For the remaining stab'i'l'it._ar reg'ions concentrated around 6'\- KO .Tf

(3.1.1).

for- k>4 the teast value of %9 t{/ ~—-ch(K:ﬂ'+ Jfa) , which resuits
on the one hand, 1n 1ncreasing the field B, if ¥ is not too close to .
" the fhreshold value X,L , and on the o'her hand, decreases sigmf‘lcant‘ly

. the acce"lerat'lon rate For this reason the regions with K>=1 are not
‘..considered be,ow The region with the least stable va]ue %—%\[/ is shown
'-in the F'igure ' _

. Formu‘iae (2 11) (3‘ 3'— 3 11) hold, if the relative var'lat1on. in equi-
'Iibr'lum particle energy over the Jength U ois negHgiMy small. Using.

(2 7) and (3 11) the foﬂowing restriction on 23 is obtained

: e%3 << (R § C S a2
Cwew _sa'cow\r'_‘"nap-1 ' ' '
h Since ‘the r'tght hand side of this. {nequality has a minimum with respect to

';.r‘f at n= (f{ P] 555 3 L whu:h is essential near the threshold

\d K ~. 1 then the 1nequa11ty (3 12) can be rewr'ltten in-the form
L : - : . (3. 13)
!)3 G 46( f‘ E 5 Coﬁtp) ~1.6555 % <<.'{75 10 mjb TC

. h I"lI’M
"4, Uptirﬁzatibn of Acceleration Condftions

- 'nle will not dwell’ on a more detailed study of such properties of the

set (2.8} as the coup'Hng “of phase mot'lons and transverse oscil'lations.
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adiabatic vartation of the oscillation amplitude and other sTow effects, for -

-~ such an expansion of'the_problen'is beyond the 1imits of our approximations.

for our simple mode‘l and requires a simu1ta'neous study of a. numb'er"ot prob'—”;- a

“jems dealing both nith matter behaviour in strong fie]ds and ways of their 11' :

generation and utﬂizaﬂcn Neverthe'less, ‘lt is possib]e and necessary to-
estimate the optimal parameters of the mode1 a_cce1erator. TMs. t:om:erns ¥
first of all, the acceleration rate. ‘_ e A
The connection between the magnet'lc fie'lds & . E»j_— s the:se-ction
length § and parameters & 4/ , fie. re]ations (3 3), (3 II) rerafn
" the same for a focusing structure of eny type (FODO unequal interva}
lengths, etc.). Taking nto account also that the. beam acquires a spatial- )
‘rnoduloteo structure during acceleration and hence the wave velocity (i..e. N
paraneter . ) must not change along a considerable number of 1ine sections,
it s posstble to obtain a general formula for the mean acceleration rate,
by summ'l’né up the energy gains in all the sections of.the focusing structure_ .
element (of periodicity) and dividing then the overall '_gai_g‘by the total
length of the sections. Then, with account of (2.7), (3.115 the following

<dK >__€\j"«p 2‘5 \“3 cos\IJL . ’(4‘_.'1)__.'
d _mCJ’b(n ) g_s W) o

'where superscripts L s ) number the sections Equﬂ'lbrium conditions

' formu'la is dertfved

{2.5), (2 6) a!low to reurite this formula through the wave polarization pa- S

o rameters For each section they are expressad uith account of (2 12) through

tuo independent real parameters I Cb 43

PRI "’5) Xe'l“'(81 %-)‘f*'/zft,

(8.2)

-



'.L_(q;a ¢ >CO$XE,'!L'(€ 1) /a({_: W ) ja

".,where O < 7( t/&‘ ;.an arbftrary comnon phase 'ls added to simpry the :
:.‘,calcu'latwns Subst‘ltution of (4 2) mto ‘the equ'l‘librium conditions (2 5), .
”_‘-‘(2 6) aﬂows to express the magnehc f1e1ds through the 1ndependent polaﬁ-

B rati on parameters

s.l&- th (-—mn?(co:sd%»r CO&Xcos 4’9.)

IIH (a 1)11'3 . '_\én

(4 3)

oy |
] € SJS n? \/n jb ¥ :
e'h (e AT PY ( mxmd’ mxmd’) :

)”_:.‘ g h} p‘_1 o ,

,gg‘ ) cosq» <coéti)> 26 cosq_; /g;g

pendent on the equ'ehbrium partic'le re]at'lve he'fght E Z/?\ V«_:r,y']ng e

the inc1dence ang'ie \? for a g!_Ven va'lue .qf g . ', orie can find out ,s,uch'

o

and .

(44)"_5}"



a valueof n -~ at which ?LE) is ‘at maxfmum This maxfmum can be enhanced

by chaosing the dfelectric constant however the dfelectric breakdow : I1m1t

varies with €& A numerical ana1ysis (see Tab1e 1} shows “that: 1n any case ' i
(g) 0, 975 At large § }3 1 we rnust have. n. "<< 'f -hence R

E)A“ ‘fu V 866:11 \]‘1 exp{ e-ﬂgr} 4 5)

Choosing'the angle' \-? in (1 2) so that N _n. 1/(25-§) ,'we shaﬂ_ '
get &(E) (STEE%E) N2E+1 /\f¢,+ 0176 1e apower

1nstead of an exponential decrease of  the acceTeraﬁon r'ate This circumstance
may allow one to adjust the device for large heights o.f-the equﬂfbrium.tra—
Jectory { 2 ~ 10 ¢+ 100 A},

5. Limitations of the Acceleration Rate Due to the Dielectric

Breakdpwn. Limit

Experimental investigations of typical laser material breakdown [20] o
by high-power Ticjht pu'|5és of T > 10 nsec. dhrat'lon show that 30% of rup-
ture occurs after the passage of one pulse wfth an 1ntegra1 flux

satisfying the re1at10n )
I~ Je= I, n (eL/‘tm),‘ ‘3_.7:-' (5.1).

‘where \']'m C[,m are characteristic constants for each material, For .
exarnp'le for silica glass ED 2 Jm = 3. 64 J/cm ,-F_M z .63 ps I_'F"
M 1 pulses are reqtrired then the f‘lux ':j of each of them is to be re- :

duced accord‘fng to

clnayt, Aemerot, o ea
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‘where for ED 2 g?ass o 2, 45. Note also that for MgF,, films

T 58.7 J/cm " for K3 samp'les 3 = 170 Jfen®

and, 300 J/cm2 for
surface and vulume rupture respectively These va1ues are obtained by re- '

calculating (5 1) with “fm = 0,63 ps the experimentaI daty in nanosecond

- (MgFy [20]y and microsecond (KC] [18}} rariges.

for pulses of arbitrary duration with an amp‘litude satisfying the con- .
straints (5. 1), (5. 2) we present Eo in the form ' .
o . . SR . . (5. 3)
: 85 Tm)? ( p eT )!
-_'E ~q(T;, M) Em= ;(cftm')-’%TM 2“
The va!ue of Em , in genera'l, depends on the same atomic constants as. ﬁ
does whereas the t'lme factor %(T M) is def1ned madnly by the avalanche-

“type: breakdown mechanism and sound generation. Numeric.ﬂ values of% )

N o “are g1ven Tn Tab'le 1 4 together with the optfma‘l values of n o, &

(g) The numer‘lca'l values of QEm are, for Hng - 265 MeV/cm, for. .
K1 451 Mewcm . '
. 6. _Es't'l:rsat-ioh of the Luminosity in 'the--Coiiiding-Bealh' Case .

" The event rate ¥V for a collision of two identical beams of cross

"section S , with tota) number of particles. X An; each, is given by

BT 6.1)
V=8 X5, : U
where @& 1s a cross section of the given interaction, \7/6 is the 1umino-

sity for the pulse-repetition rate'of 1 Hz,

The permissible particle density N in one stability region is -_ee‘_ti-'-f' S

mated by the magnitude of induced fields up to a numerical factor:
4 0,01 + 0.1
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N "L ('t M) (EN | '(e é) : A

For example, 1.~ 1 Mev/em fields for A ~.1 cm we obtainNNQ 10 3cm 3,‘_._"':

which corresponds to the beam density in conventiena‘l accelerators For ' )
laser driven acce'lerators fncreasing the field 30 t1mes and reduc'lng J\
10 “times gives N ~ n 3 mlscm 3. However - the tota‘l number nf part-
icles JX* s explicitly A -‘lndependent lndeed; the transverse dimen- :
sions of the stability region are ~ 0.1 §.7\ , the long‘ltudinal - of the
order of D/coaf=nD , where D s the acceleration path width, 1
the width of the laser-iilluminated magnetic track, finally, the total number
of stability regions is ~ CT/J\ . Thus, the total beam vo'lume is
~01rn EcTDX and A cancels out when being multiplied by (6.2)
The acceleration path width I! depends on the total energy of the
laser pulse ¥/ by a relation .
. (6.3)
W‘-—-E 4 (T, M) DK cos Y '
where the acce1eration path length <, according to (4.4), (5.3}, is ex-
pressed through the particle enmergy & in the foIIIomng &ay’:‘ )
‘ . (6.4)
=& [eEnF(¥)g(T, M)ccosyp>]"
Taking into account the fact that the beam cross secfien S decreases
 adiabatically with increasing energy as ~(‘6,/ ‘({)1{2 , and using
Eqs,(6.1-6.4) we shall obtain the constructfon parameters for one accelera-

tor D , N° , ¥ as functions of the pulse energy

8T eF(§)<coa s’ (6.5)

D=
g <l Emq (T, M)cos}




JN= Q‘Z—lﬁbﬁ'?f“-i"ﬁi--??(%.)n_ﬁz.-}’l .<<_¢°,é~f%>./-é-d¢-?tﬁ,_'-_ S e
8Jl\x/ N r_q
_ 0 6(1&, ) O’f 'L':_(“-)' § (E) (n 1)<cosx}z>/<:oaiﬂ(6a
L 'where parameter § -is. 'Hmted by the enerqy balance cond1tion whfch is '. .
"rewntten 'in the 'Form : . . _ o ‘ - .
01 ‘é "L<CO¢KP (BJ{m\J '! <c;o$k[—'>_)'4

) 'we sha]l Hf‘]te out a‘lso the physwa] parameters of the magnetic tr'ack -

oo “Fieln's % % -and section !ength f, which accardwng to. (4 3) are calcu .'

' -lated by, formulae

.'_.'.-'j.lg(L—él.%(‘t‘ M)E"LE)%;.;:%)- ;q»

% b m%\‘t M d‘(E)\fn,—'l {smq.rL}

-l'z(‘} o ( " mcwﬁx ' ')1/-2.. ‘
R eEm%(ft M &(*g Y 1)

The tymca] scale of advancement of nartic]e phys1cs researches 1nto ]

{s o

the hwh energy reqion 15 determined by the total energy of the 'laser pu'lse- ‘:‘;‘::"'.
Wi g =8, (hc/&j {cross section of particie pair production .

with mass f\-e/c in the S - state) provided that at least one event
with this cross section is observed during M cjfcles of the_acceIerato'r_

operation. From (6.7) the following limitation is obtained
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' e b
. It 7
E-56»\){/0 G:{716W9=(8]—|E-\o‘?/;\x—/) V

' ' " ' — 10)
G O1M6 *L §J (§)e ( -1 <cosx{z>/coé.L?
For - \x/ 10 A (TIR 1). o~ eV, N~ IOJU we have éw ~ 100 Gev.
Increas1ng W up to 10° 4. (Sh‘iva Nova- II) [17] for A~ 1 the Vimit =
8,vyo 1ncreases up to 5 TeV We did not take into account the possib€l1ty

of addit:ona] focusmg of the beams before the co]hsion which will raise

the stattstics

7. _Cost Optimiza tion

Let us cons1der a procedure to optimize the: number of "shots" M. :' The_
: technica]ly consistent for-mu?at‘ion of the problem requires that the resource
of: a‘lt the systems and etements of the accelerator stand M -fo]d opera-
tion. For instance. the difference 1n breakdown threshons of 1aser g]ass
' and the d1e1ectr1c requires that the 1ignt stiould be focused after passinn :
the l.':mt amplification phase. The amphficat'ion factor is to be chosen s0
that the cost of the glass should be equal to that of several magnetic tracke.
which are to be reptaced during operation (or vice versa, if the tracks are
more expensive). _
Thus, ir the first approximatié the ai:ee‘lerator; cost C s determihed-‘_' "
by the cost C of/.l’.,,m) of the magnetic tracks (here Sfm;n is the length

w

9 .
of a single track) and the laser cost Cw(_" ) where Wmm‘is the maxi-
maox
mum eneray of the pulse necessary to observe an event of energy & at M =

Noticing that according to (6.10) W ™M= W L and minimizing the function
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o i\P.ﬁ_‘f SR q T g

O MT g, M E o _

'wé"'f‘-it'ad -thé 'bbﬂmal number of s_ﬁp't;f.' -

q"«’- TR - (7.2)

C.
and econonwpercent @ ; ,‘;om‘_paiwgﬁ'w-ith:tﬁ_e:si'-hg‘lé variant, in the form of
« fC)iL Aok T
L W, —-T T Redy 0 :

Q( nC ) 100/ U 1+C [c (R +R )l 10 o

S 'wherel R "cq/p It 15 evident that (7 z) (7 3 nake sense on1y for -

_v-;‘CW/C>P ('“i)--: r
'pa‘lr of: quantities IM ,,;Q'j is tabulated (see Table 2). . the range .

1.e 1f the 'Iaser' cost is sufficiently high, The

R 1—‘—3 . Note that M ‘ for modern ‘lasars de-
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Table 1,1

Optimal values of the polarization coefficients ]o(,[ ol | >
. | . 2 .
- formfactor f;rr and parameters &, N " as functions of ‘the

equilibrium particle velocity ﬁ) for E = Z/_?t 0.

f oz 039  0.512 0.628  0.744  0.86 - }g‘='4- X=8 ¥100

g o._s365 0.7180  0.7751  0.8258 0.8733 0.91'93_ " 0.9691 .o.-!_;f'zo'- 7;0’.'9'75}0 o
€ 38.196 18.991  13.152  10.072 7.9190 6.2563. _4.-6536l 4.8328 st
N 35714 25253 21295  1.8%61 1.7146 - 175632 14107 1.4129 1.4024

ld| 0.6305 0.7180 0.6704  0.6000 0.5380  0.4781  0.4106 0.4082 0.4032 .
ld,| 0.0005 0.0010  0.4021 0.5915 €.7273  0.8433  0.9695 0,9700 ' 0.9807° . .



Table 1.2

O_ptima? y:a'-]ue_s of € fl,(-; e !da[

-as’ functions -of E

0. 4.,78807

: 0105' 3137161 .

0.1 2.76690
0.2 2.16982
0.4 1.68081

no
1.41190°
~'1,24284
".1,16815°
" 1.09603

1.04278

e

" 0.40380
" 0.38985
0.36202
0.30595
0.22262

.at

IR

|4 |

. 0.97627

1.05796
1.11386
1.19673

1.30605

Dielectric breakdown factor g(‘f, 54)

are in ps (10'12 s},

M :

(t- 1
0.63 1

30 0.31057

109 0.19551
0

1000 .07262

10

(.62506

0.19975
0.12220
0.04539

100

0.39069
0.12486
0.0763R
0.02837

28

1000

G.2442%
0.07304
0.04774
0.01773

T(E)

0.9?513
6;74698
0.60604
0.43760
0.27768

Table 1.3

. The vatues

10000

0. 14264
0.04878
n,02984
0.01108

of T
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.--i'a‘blierl..fl.- Ma'ln physical parameters T [MeVIcrn] % [T] R Eo
. er} . which, define:

- "-1) the average acceleration rate . .
<y i Toorys, Toebng(TMI(E)
i\) .vert;ic'a! -%3 ~and holr1zont.a‘l %1 _magoetic fHelds
ga; &'coaq’/, b= b Qmp, b= E'm%. 't-,H) E)J——L:
_:m') 1eﬁgth : E  of the section with a fixed s1gn of 2

E = 1,8 (CGGV-. 7\,,:_) e , ‘E %J aSU

: for.two-vaiué's ‘of the constant ?_E {265 451} MeV/cm ‘The, vatues of
the parameters are definéd for an optimal cho'lce of & Yy n.‘ 'for o
Z/?& ={ 0:, 0 1 0.4 } versus both pulse durat‘lon ‘.’l’.’ (1n pico—
‘seconds) and nimber of runs M , ) . o
‘ All the quant'lties are weakl_y sensitive to f_ ﬁear tﬁe b;ﬁtimai va-
Tues: given in Table 1 2, Always Y >> ‘({n , 1.e. the u‘ltrarelativistw case
s considered ' o :
‘ “in order t.o ca1cu1ate the necessar‘y values of. the phys‘lca'l parameters
,.<&é/d i> B &5 , %; , R _ one should choo,Se def'ln'lte_ va]ues IR
- of k{/ . and 8 ‘_‘.“‘.?qinimUm of + and maximun of &~ (the edéé'o‘f-the

stability region) ‘are mentioned in the text.
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0.05
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24
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0.96 -

259 gids3 .
0,975 00949 .
0219 0,286 -

0256 -

o 0215,
0 0452'
.
:o '_255'_'
o.0578
0.175.-

a0
L 125

g
‘_12.'3.: A )
F6T
3iE
450

2. ss-'.-"

!3

6.7 - 0.028
"-.2.'5_2‘ g
0.5

- 6,573
ST I

e
paosz
©0.10L -

0,059
'
9.178

CB03
L 005
RS

RS
0124
0.4




32

Table 2

" "Cost optimization.

3.03; 4.3

| 9,195 17.5°
27.9; 36.8
84.4; 56.5

256, 72

130

R
40,3

_ :'1é3 “
1625

13

. 3430 2.8
;12,5

29
49
o7
aolﬁ



B Dependence of !/c05+ on & '(1n_'-degrees_').. e
The edge point of the stability reglon - -

S = 123.72631° = 2.150431480 rad, ~
Yeosd, = 2.472995323, which corresponds to

4
¢ = 66.14847554°, oM, = 0.4043679301,
Sind = 0.91459640,
™
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