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‘ABSTRACT

! The. field distributions and physical properties of several waveguides capable of transpor
ting near infrared laser pulses are reviewed, with the aim of assessing the maximum transpor
table power and the limit fields in the laser beam,

INTRODUCTION

| One of the main problems encountered in the conceptual design of lager accelerators is
ithe periodic refocusing of 1\ig]ht pulses having a peak fluence density of the order of some Tw [ cm?,

In fact, in the so-called far-field acceleration schemes the electron is subject to the combined

action of a slow-wave (wiggler field or microwave field) and a powerful laser beam along &

st raight trajectory. ‘
For a acceleration gradient of 1 GeV/m, and an energy of 1 TeV, the laser photon bunch
es have to be guided over a distance of 1 Km with good collimation. The coherent interaction
' with the slow-wave and the electron can be only achieved by containing the deformation of the
light wavefronts within the limits of fractions of wavelengths. If these requirements are quite
difficult to meet when the fluence density is'esmall, in cage of very energetic pulses the damage
to dieleétrics and metals establishes a sharp-threshold for the power density of the fields to be
kept confined. ;
The fact that dielectrics and metals can withstand fluence densities which do not exceed
the value of 10-3-10-1 Tw/ cmz, does not automatically exclude the possibility of achievingthe

required guiding action on the beam by resorting-to hollow dielectric or metallic guides. A way



to concile higher fluence densities with relatively low damage threshold is to accurately shape
the beam so as to obtain a fluence along the bunch tra;jectory much higher 'tham’f that in the v1cﬂ[p_
ity of the guiding structure. A second factor which could help is connected with the grazing in-
cidence of the beam, While current data on laser damage have been taken by normal inc¢iderice
irradiation of the sample, we can speculate that the threshold should increase for grazing in-
cidence in view of the drastic reduction of the field inside the dielectric.

In"the present contribution we intend to examine the problem of propagation through die
lectric and metallic waveguides. We will address the problem from both the electromagnetic

point of view and the laser damage of dielectric and metallic materials,

DIELECTRIC WAVEGUIDES

Basically, the guiding properties of these structures are associated with the process of
total reflection, according to which a light beam traveling in a medium pogs«assing'a‘ﬂ‘d'iﬁdex'lo:f

refraction ny, can be totally reflected when im-

: kl cladding
. 7

~ ‘ pinging on a discontinuity surface separating the

first medium from a second one having a refrag

\ " tive index ny < ny. The waveguides most Wid’e’iy

\‘ u:s‘ed for propagation over-long distances have ey

' lindrical symmetry (see Fig, 1). |
g%—g—l- - Cylindrical dielectric wave The propagation of electromagnetic waves
in these structures can be analysed by consider
ing the field as a superposition of modes, characterized by a space dependence of the forra

exp(-ifv), z being the axial coordinate.

From a physical standépoint the modes separate in two classes, guided modes and radia-

tion modes according to whether the power carried along the propagation axis is conserved or
not. o ‘ k k
Solvin‘gr Maxwell's equations, it can be shown(1) that the electric, E,, and'magnetic, H,,

axial components of a guided mode can be written as:

1 Jw(x,g)eiv(p, pga
H (0,®) o« E (,P) o= 7 (xa) > (1)
==K, (r0)e , 0>a
K (ra) =¥

Here x and 7 are related to the longitudinal propagation constant f through the relations:

; _p2, .2 | 2 -
(D? H‘onl - 8 +x, wztu'nnz = ﬂ - 72 B (B)

v is an integér index, a is the radius of the inner region of the guide and K, is the miodified

Bessel function of order », ‘The other componems of the e, m, field can be obtained from



Maxwell's equations. When the relative difference between the inner and outer refractive indices
is much less than unity, a set of linearly polarized modes (LP),s can propagate. The transver-

se electric components of these modes read:

K4

J,xe)

, : sin v J'V(Xa), ’ ees

(Eyys & (cognd * l K, (70) (8)
K'v(f"a)‘ : ¢>s

A gimilar equation holds for (Ey),”&
' "[‘he consiants 8 x and Y depends on ¥ and 0 through the characteristic equation :
J, (xa) K, (a) ;
anv (xa) )’clKv+ l(ya) | ;

For =0, the fields of the dielectric cylinder break into TM, (HZ =0) and TE (E, = 0) modes just
as in the case of the metallic cylinder. For ##0, hybrid modes, designated NE,, and EH
exist for which both ,Ez and H, are non-zero. The designation HE and EH is given depending
on whether or the largest cont'ribut'ion to the transverse field comes from H, or from E,.

An important mode parameter 1s the cutoff frequency, that is the frequency below which

the mode becomes radiative. The cutoff con.cl1t1ons for the various mode types can be shown to

EH,s
. J,v(xa) =
EHIO )
: 2 _ Xa i o
HE s (n] + I)Jv-l(xa) == J (xa), »=2,3,..... (5)

61J(xa ) =0

™™ é

be :

- Note that the: cutoff frequency of mode HE is zero. For frequency much larger than the cutoff

frequency the characteristic equation simplifies notably info:,

xa qu+ 1(xa) = J’,p’(xa) (8)

where V is the so«called normalized ffreque;nc,y, defined as;:
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V2. kil - nD)M2 | )

=a(x +'y)

By simple algebra it can be shown that eq. (4) 'yiélds;:

, 1/2
xa = (xa)w[l - 2‘:.’ ‘ (8)
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for v# 0, and
o 1V

xa = (xa)ooe
for v=0, (xa}Oo being the zero of the equation J,(xa) = 0.
A plot of the normalized propagation constant
B/K for a few of the low order modes is shown in
Fig. 2. -
' For operating the waveguide single-mode, V
must be chosen 1ess than 2. 405,

AgV mcreases, each -mode be*comes more

prx.

strongly confined-to the core-and the fraction of pow
er in the cladding approaches zero(z). Far from cut

off;Marcuse has obtained an agymptotic expression

2 for Plad/I

P1G, 2~ Propagation.-constant . .- . . clad 00]4 2 . )

b Nt 1 e Ey - 0
normalized frequency. ]..( a) ( ' )‘ (10)

For the HE , mod{e at V = 2, 405 84 % of 1he power travels w1thm the core, At V = 10,
the fraction of power reduces to 2,58 T A

It is also important to notice that for V = 2.4, xa = 1, 68. Consequently, the field on the

interface core-cladding is equal to:

E(a)

Bl J(1.68) ~0.4. ‘ (11)

Far from cutoff we have for the HEH ‘mode :

%-%- JEzz&el/V]—»o; ’ (12)
™ V 0

Consequently, for reducing the field strength-in the cladditig it is:necessary to use higher values
of V. This requirement contrasts with theé circumstance that small irregilarities of the inter-
face can scatter mode HE,; into the higher modes with cutoff. frequenme'a less than V. However,
there is no physical reason why this phenomenon ghould notably influence- the propagation of a
light pulse over a distance of a few hundred meters. While in ‘optical'fibers used for telecom~
munication,the geometrical irregilarities occur on.a scale of a ‘f‘ew microns and are conditioried
by the physical process of pulling the fiberﬁf‘r’om molten gla’sé, for guidingthe besm of a laser
accelerators it would be necessary to use a hollow dielectric fiber with an inner diameter of a
few millimeters, : ‘ o ‘ k

The optical quality of the inner surface could be-controlled mechanically to obtain a good

optical finish,



Various types of middle-infrared optical fibeis have beendevelopedthrough intensive-efforts
to realize ‘1ow-1’os‘s optical transmisgsion of higher-power C()24 laser beams. Sakuragi et al, (3)
have reééhﬂy defeiope’?d'a‘polycrystalline KRS-5 (thallium-bromide-~iodide) optical fiber hav-
ing a high-power transmissioh capability for cw COq laser beams. A sample of fibers obtained
by extrusion, 1 mm in diameter was found to remains free from damage up to a poWer’ﬂux of
30 KW/ cm?f. Bridges et al.(4) have been ablz to grow fibers made with single-crystal AgBr,
These infrared crystalline fibers have ]potentially extremelylow losses. By reducing the me-
tallic impuritiés by 4 orders of magnitude an attenuation of ~ 1073 dB/Km . at 5 pm should be

‘obtained, These fibers have the potential for high infrared power transmission,

Hidake et al.(% 6) have also proposed ‘a new type of middle-infrared optical fiber in which
oxide gglass is'used as§ the cladding material to define a hollow core. When the refra:ct'ive index
of the cladding material is gmaller-than unity, then there exists a critical angle-for rays im-
‘pinging on the core-dielectric¢ interface from the hollow-core side. As already reported by
Cleek(7), some materialg have strong absorptions in the middle infrared region (800-1200 cm'l)

due to lattice vibrations. Consequently, on the high frequency side of the absorption land the
real part of the refractive index is notably less than on the lower frequency side. For some ma
teriale, e.g. SiO,, the reduction is so strong as to give a value of n,, <1, Hidake et al, have
remeasured accurately the reflectivity of fused silica, Pb glass and SF-6 glass and have found
frequency intervals in the spectral region covered by COgy lasers, in which the refractive index
is less than unity, They have also tested a hollow-core Pb glass fiber having an inner diameter
of 1 mm. A loss factor of 7.7 dB/m was measured. It is worth noting that these losses compare
well with those obtainable with a metallic silver waveguide having the same.diameter, By mak-
ing n, small enough, the field remains confined within the core region and the oxide-glass-clad

ding will not be damaged,

HOLLOW DIELECTRIC WAVEGUIDES SUPPORTING RADIATIVE MODES

.- Hollow dielectr'-ic‘waveguides were first suggested by Marcatili and Schmellzer(s) as. guid
ing media for gaseous lasers. Laser action in dielectric waveguides filled with He-Ne and COy
has been demonstrated by Smith(g), Bridges et al,,(lo), Burkhardt et al.(ll), Jenson et al. (12),
Degnan et al.(lz), Chester et al.(14), Marwcuse(ls) and Liaakmann et al.(16). Different materials
like BeO and A1203 in form of capillary tubes with bore diameters ranging between 1 and a few
millimeters have been also used. ”

More recently several groups have built rectangular structures because of the ease of ob
taining polished internal walls. The rectangular structures are fabricated from four polished
slabs of dielectrics fitted together to form a hollow rectangular structure. By using slabs with
corrugated surface these waveguides can be transformed into distributed feedback lasers in
which the stationary wave pattern is obtained by coupling the two counterrining waves through

the periodic wall corrugations.
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FIG, 3 - Hollow d1eleotrlc wavegulde

Hollow dielectric waveguides do-not: support. guided waves: in theusuél, sense, In conven-
tional dielectric waveguides guidance is-achieved by total internal reflection; In ‘ho‘i‘l‘ow -core:wa
veguides the "cladding" has a'refractive index which is larger than that ofithe core {n=1), This
means-that the critical angle is complex. -Consequéntly, we can expect;"'thza\tj ther'pr()pag‘aticm coh
stant -8 ~of the "radiative" modes supported by these structures is intringically complex, i. e.
independent of possible losses:in the dielectric, Marculsé(ls)"has ;cal‘cula»te‘d the loss coeffi’cient,
‘modes’ hie hag

of these leaky modes inrparallel plates hollow dielectric waveguides: For I‘EO1

obtained::

LTE _ (1+1>2;rr2 , i
i 26?0 P 2

while for the TM modes it can be shown that :
a;FM aiTE o , 1

More-accurate calculations for rectangular waveguides have been carried out by Laak-
mann and Steier, .
By limiting ourselves to the parallel plates cage we have that the tr":‘ijnsver‘s‘e,,dis_triﬁuftioh

of the electric field of a TEoi mode is of the form :

E(x) o cos ®x : : o - (15)

where the genérally complex trans verse propagation constant K is related to'the: ]Longliudmal

propagation constant Ky, 3+1a thr‘ough the ‘equation::

x2~+ B V.;az‘ ¥2iaf = K2 . fri IO R (16)
Ag a first approximation we. can pu"c.: '
% 2a 1Zi L . (17)
where ;
TE 2a an E
A | A i R s TS (18)
g i ¥ ) . ) 3 4
01 ‘(nz-l)l/? Ka?



Consequently, the ratio between the field on the walls and on the center reads:

- ,
wall . 22 TE 2 TE 47 1

- — = ginh (Ka” = q_ . Yo =Kaa a_ ;] ~ = (19)

Eoenter 7 %1% ®w o1 ¥ 2,72 Ka

with a spacing of »1 mm, we can easily obtain a reduction of the field on the wall of 1072,
Equation (18) also shows that as a rule this reduction is proportional to the factor a aTE.
Consequently, we can affirm that as a general rule a reduction of the transmission losses posi

tively affects the effective field strength in the dielectric.

METALLIC WAVEGUIDES

A nu‘mber.of metallj.c;vwaveguides‘ have been studied in the search for flexible systems
able to deliver the output of COy laseré. Allthese dévices, the best understobo‘l being rectan-
gular, helical and circular guides, share the
feature of efficiently transmit‘ting’ low-order
modes:; |

The waveguide studied by the Center for

Laser Studies, U.S.R. (see E.Garmine et al.

‘Refs. 17-20) consists of two metallic strips

‘ ‘ FIG. 4 - Metallic waveguide consisting of
two metallic strips separated by slimstocks
isidewalls (see Fig. 4). It allows the propaga whose edges form the sidewalls.

tion of TE and TM inodes.

geparated by slimstocks whose sides form the

| Customarily the waveguide height 2a is much smaller than the widths so that the propaga

tion is insensitive to the presence of sidewalls and occurs as through two parallel infinite plates,

The modes are given by:

' e e mar .
E o= y..sm[nzg (x - a)] exp(-1i ﬂmz) TE,, mode

(20)
E o 2 cos,[];l:f(x - a)]‘:exp(— iBy,2) TM,,, mode

‘with B = [KZ - (m n/:2a)2] 1/2

These waveguides exhibit strong attenuation, The relative loss factors can be calculated
by a simple ray-optical analysis. In fact, a mode TE,, or TM,,  is formed by two plane wa
‘ves travéliing at angle Q?'m = }.mn/za with respect to the waveguide axis. Then, each ray trav
" els a distance dpy, = a/tan 9, between two reflections on upper and lower plates. Let A(9) the

loss per reflection at the incidence angle i = @/2 - &, the mode undergoes an attenuation per

“unit length equal to:

= mia . (21)



A being the absorptance of the metal ‘at the grazing angle .
For grazing incidence A(®) is given by (see f. i, Ref, 17):

TE(‘q?) = 4Reln 1)s1n.0 41)Re(n "-‘)M,

o | (22)
ATM gy o 43e()s1n'0 L
T1#2Re(n) gind +|.n : fju,lliﬂ**
n being the generally complex refractive index of the metalconsequently,
. 2.2 o .
aF A gl ML B A pewmy. (23)
m "~ T3 m T8 e

A tranemlssmn of ‘more than 95 % per meter ina stralght alluminum wavegu idé having &

cross section of O 5%x7 mm - has Been. measured at ) = 10 i,

TE

It is noteworthly that « scales with the mverse cublc power of ‘the anegLude height.

Consequéntly, using.a ‘W’aveguide S»mm Izngh the attenuatmn,reduce to 5%10° 1.

Another factor to be cons1dered ig-the’ ratm between the electric. f]ulds on the walls-and

-in the rmddle of the wavegulde for the TEm mode w]h1ch exh1b1ts ‘the Iowest losses,

B :
wall _1_ <Yy wk L -1 .
center s :

Since n oscillates‘betwee‘n §0 and 70 for Al, ‘Cu or Au, the above ratlo is.of the order pf:

E,w‘a‘l‘l 5 0\.’5~X‘10‘"~3 ' : (25)
E a ; )

center

with "a" expressed in mm, With a spacing of a few millimeters the field on the walls reduce S
to 107 -3 - 10 -4 of the value in the middle, This reduction isof the same order of magnitude OE
"the reduction which can be reasonably achieved in a hollow dielectric waveglude

If we assume that E sytep €80 reach values of the order of & few LxV/ M, a rough estlrﬁn
te of the field-inside the metal yields E a1 MV/m. This field 'corresponds toa flux dens1tb
of ~ 109 W/em?. The same intensity can be reached by illuminating the: metal almost at hori%mal
incidence with a: flux density of :~10 MW/ em?, having assumed a fefleétivi‘tv-of 99 ;9‘8‘%. ‘Gdodl
quality copper mirrors can withstand such high flux densities. for a few nanoqeconds. _—

if we illuminate a metallic waveguide with-a well focused beam we can exmte a few b

des in'such a-way as to-keep the field on the walls below the damage thresho] d valu;e ’[‘h1s“me"ans
_that the most critical stage of this system concerns the couplmg of the 1nput beam w1th the Ma-
veguide. In case of Gaussian beam, the percentage of power channeled thromrfh any waveguld}e
mode can be calculated by assimilating the beam fo that irradiated by a: source located at a dom
plex point. In so doing it is possible to apply the geometrical theory of diffraction (GTD): whleh

can account very accurately for the geometry of the Jmetal(zl) In Figs, 5a,b,c,d, e, ;g we have
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plotted the coupling coefficients for different parazmeters‘i‘of |a
Gaussian beam. These plots show how critical thé‘ "couplihg with

these structures is, A flared wavegmde oecilon or a compowndl

parabolic concentrator can be used for reducing the sensxtlve of

fiared

; . the misalignments of the be im and increasing
_ aveguide these . guides to the mi g @ ’ g

the couplmg to the fundamental mode(ﬂ) (
L(21)

see Fig 6).

Recently, Marhic and Garmu‘e

\

have reported the qpe

ratmn of a COy lager over the TEOI and T}+02 modPs of a Ene
. parabola

; tallic waveguldte having an inner diameter of 1.1 mm and a
) foci of ) s
Eag’i.‘sﬁ‘?i‘l'.""_‘_".’_‘?-i_,\Jpara'bolas ~length of 3.4 cm,

FIG. 6 - Geometry of flared waveguides and compound
parabolic concentrators proposed as irput sectlons ior
metalllc guides.

enlry aperture

LASER INDUCED DAMAGE IN CiPTI,CAL MATERIALS

‘The interaction of high-poiﬁéf‘t »l‘asefs with material surfaces has received considerable af
tention over the past several year.a : k o

The interest has been motivated by the requirement for accurate clamdge thr esholds for
optical components to .allow reahstm designs of laser syotems Experlments ‘have emphas1zed
the laser power requirements necessary to cause ca1astroph1c failure of the material surface
due to melting, fracture or,s’hp plane distorsions. ‘ :

Breakdown niechanisms in insulators at-dc-and near-IR optical frequenciesuarefve;y sim
ilar, as documented by laser-induced breakdown threshold measurements carried out by Yablo

(22)

novitch who irradiated samples of alk_kall -halide crystals with 10,6 pm COy laser pulsessn

Crisp et a1.(24.25) (

see also Ref, 26) have c»bs'esr"v?d that the nominal external i‘nt'e‘ns‘ity; for
damage at the rear surface of a pléne-parallel glass iéi‘:éibc“)ut a fécfor 1.5 less than for the front
surface, These results seem to indicate that local electric fleld strengths are of pmmary 1mpor
tance in determining surface damage either on the average energy density present at the suﬂiace
or on the direction of the electric vector with regpect to the surface normal, : e

Another indirect evidence of this dependence from electr‘icf'i.eld' <‘trength on1y1s pyrovihed
by the lowering of the damage thresholdl dueto the electric field enhancemerﬂt near pares, ‘
scratches and incipient cracks on the surface of a dielectric, Bloembergen( & has shown thiat
this reduction can be.quantitatively explained by accounting for the correct depolarization‘ faic -
tor depending on the geometry of surface cracks and gi“cim}’e;s‘.v‘ ‘

If these consideratibnsy are correct; we ghould obs_erfve" an increase of the damage thﬁré;s;h_
old at grazing incidence. In fact, in'this ecase the fejﬁleétfivity is ‘élmost ‘equal to-unity and thie
field inside the d1e1ectr1c is a very small percentage of the 1n<‘1dent one, H()WPVQ!‘ ‘we cainhiof
disregard the tole of the surface 1rregu1ar1t1es> for wh1ch there is no. field reductmn In any

case careful measurements of these threshold under grazing incidence #nd different surface
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finishing would produce a wealth of basic dafa.

‘ The large number of experimental data relative to alcali-halides shows no variation éttri
butable to frequency change alone, of the absolute magmtude of the breakdown threshold at 10.6,
1,06 and 0.694 pm. Thus, up to w of almost 3x 1015 Hz the bas1c behav1our of bulk dielectric
breakdown 1s quite similar to the dc behaviour. This is attrlbutable to the fast hot electron col
lision process and to the large matemal bamdgap as compared to the photon energy.

For shorter wavelengths mu1t1photon absorptmn processes become most relevant and
pF‘oduce a 1owermg of the damage threshold ,

; Smce the breakdown process dependr on therma]L diffusion (parucularly for long-duration
pulses) or to plasma growth by electron diffusion from an initial location, we can expect a squa
re-root functional form ( ‘/—_’E) of the time -dependence of the breakdown evolution, This leads
1o predlct that the breakdown threshold electric field w111 scale like t'l/ 4

Damage of metallic mirrors strongly: depends on the increase with temperature of the ab

sorptance A, This parameter can be approximated by the relation

A=Ay +AyT, | ‘ (26)

'I‘SVbeiyn'g the surface temperature, For damage at 100 ns in vacuum of clean-surface Portens
et al.(zs) have shown that the catastrophic failure of the material surface is due to melting.

f A first principle calculation of the damage threshold based on the above equation and on
the melting criterion for these materials: by Sparks et al.(zg’ 30), has given a value close to
45 J/cm? for Cu at 10.6 wm and 100 ns.

More complex phenomena characterize the damage induced by pulses lasting a few nano
geconds, Observations of the morphology of laser induced damage in copper mirrors irradia-
ted with a succession of 1.7 ns COZ lager pulses, have been reported recently by Thomas et
al,(S]‘). In particular they have observed that initial damage occurs at isolated gites due to
m‘andom‘ surface i:mpéx"fectioﬁs as for transparent dielectrics, After repeated irradiation the’
entire surface appears covered by an array of spheres with a rather uniform diameter of
1 pm, These alterations of the surface structure of polished copper mirrors tak'e'place at
a fluence level a factor 4 below that required for single-shot surface damage (11.2 §/ cmz).
| While for transparent dielectrics the damage threshold depends on the strength of the
electric field ingide the material, the factors controlling the damage of metals seems to be
the absorbed power. Consequently, a reduction of absorptance obtained by grazing incidence
of the laser beam should produce a rather notable increase of the damage threshold. Accurate
tests of metallic mirrors at grazing incidence would prove quite es'sential in assessing the or

der. of allowed power:leadings for different pulse lengths,



CONCLUDING REMARKS

The reader is justified in questioning how well founded is the suggéstion of using dielec-
tric or metaliic waveguides for (:6nfini~ng and guiding the very powerfull lager beams requirelc‘l
by laser accelerators, over distances of some hundred meters. Inquiry of the laser damage ‘EI.A
terature to date indicates that wide -bandgap insulators can withstand rs optical electric fiellds
ranging from 1 MV/cm to 10 MV/ cm depending on the pulse duration. These field breakdowh

2

-3_1071 Tw/cm?2,

thresholds correspond to flux densities of ~10
The experimental data refer to the case of normal incidence. In case of grazing ihcideh._
ce we can expect a notable increase of the dafn:age threshold. If we assume that the déimage ori

ginates in the bulk of the dielectric the above Ciubted values of ele‘ctric‘fie:‘ld will modify as "

E T
normal (.graz )1/2» - : |
Egrazing Tror : : (27
where T, .= 4n(n+ 1)2 is the transmission coefficient for normal incidence while T{,razyre -
D

fers to the case of grazing incidence at angle 9(<<1),
From. Fresull's equations on reflectivity for optical quality surfaces we have at near in-
: I
cidence

pTE. A2 ™™ n (28)

So that we have

~ 1?‘1/2(1 -10) MV/em - (TE)

.’—]/2' - (29)

=77 (1-10) MV/ cm  {TM). ; )

Ethfeshold

If we assume that our dielectric waveguide is used to confine a gaussian beam having a spot-
size ®,, We obtain a rough estimate of the incidence angle“in the above reldtion by equating

4 to the far field aperture, i.e,

F ~ A

; , ' |
N (30)
s ;
o) being '&he waist spot-size. So that, k ) ‘ LA
Wo 1/2 ;
R . o : -} . ., Lol
Eipreshold ~ (w7 ) (1-10) MV/em . (31)

wl
i

If we consider that the field on the wall fi‘s«equaifto“t»hat forii'chefa-x'i‘s&time:s‘e?x‘p’(’ -32/ W‘z)', we ob-
tain a rough estimate of the highest rms field obtainable in the center of a hollow dielectric

waveguide
2

2 . ;
E___ ~ (39)1/%3 /“’0/ (1-10) MV/.cm . (32)

max A
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As an example, if we choose a=1.5 mm, @y=1 mm, A=10.6 pm, we obtain

E_..~8-80GV/m, (33)

These values are of the correct order of magnitude compared to laser fields considered for ac

celeration where useful gradients of 0.1 -1 GeV/m, are assuried.
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