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Abstract component satisfies the scalar Helmholtz wave equation,

5 . - "
An open iris-loaded waveguide structure is considered f(}? 3; J; I;rﬁ _;’ ;N Tﬁge\lfva;ewg c?ﬁal:tjigcrjlec:r;zebg%?tﬁgrnfe
a , -

laser acceleration of highly relativistic particle in vacuum, i .

Complete characterization of all eigenmodes are given Iz%uced to a parabolic equation

analytical form for the structure. In particular the domi- O

nant radially polarized TM mode is evaluated in detail for ViU + 2ik 2, = 1)
laser acceleration. The entire parameter space is searched

and it is found that below the laser damage threshold of thehere®(r,z) = ¥(r,z) exp(ikz), ¥(r, z) is the envelope
structure an acceleration gradient around 1 GV/m can ksdowly varying in z, andv? is the transverse Laplacian.
obtained over a phase slippage length of 10s of cm with For open waveguide without side walls it is convenient
TWs laser in the wavelength range from 1 to;&. to solve first for the radial component. Wiih= E,(r, z),

Eq.(1) becomes
1 INTRODUCTION

. . . 2 10V 1 v
The Open Iris-Loaded waveguide Structure (OILS) consid- 0 + Low =¥ + Qika— =0. (2

ST : : . Or? r Or r2 Jz
ered in this paper is made of a series of equally spaced thin
screens each having a circular aperture. It differs from thEhis is the equation with azimuthal mode numher= 1,
usual iris-loaded linac structure in the following aspectsand its solution may be labeled g§2 (r,z), where nis the
first of all it does not have side walls thus called an opefadial mode index, and the superscript indicates the mode is
structure; secondly all its character!stlc dimensions i.e., rRadially polarized. The radially polarized mode is a linear
dius of the apertureaf and separation between the adjasyperposition of two degenerate, orthogonal linearly polar-
cent aperturesl(, are much larger than laser wavelength, o modeellg’;) (r, 2)sin(p) and\Ifﬁ)(r, z)cos().

(M\). As a result the eigenmodes of the structure are deter-our goal is to solve Eq.(2) for the eigenmodes in an
mined dominantly by diffraction. Recently, Pantell [1] Pre-o|Ls. This problem is shown to be equivalent to finding

sented a calculqtion of the Iorjgitudinal field comppnent ililhe eigenmodes in a Fabry-Perot optical resonator with two
the structure using the numerical method of Fox-Li [2] and\ircar plane mirrors of radius, separated by a distance
discussed the possibility of laser acceleration. But, sog0 151 " ynder appropriate boundary conditions, Vainshtein
after that Pantell [3] claimed that an additional fast aX|at4] obtained solution of the eigenmodes to all orders in-
phase oscillation absent from the Fox-Li's original calculag;ya sych a resonator. Onig is solved, all other field

tions [2] was found and thus concluded that the structure E%mponents can be determined directly through Maxwell

not suitable for laser acceleration. equations. With all spatial-temporal dependence explicitly
However the claimed fast phase oscillation does not €XAcluded. the solution reads:

ist. The numerical method of Fox-Li is not an appropri-
ate approach to this problem. To demonstrate net energy E, = E.Jo(ker) expli(k,z — wt)] , (3)
gain for a test particle, the field everywhere along the tra-

jectory needs to be calculated. The kernel of the Fresnel E; = —i(k,/k;)EaJ1(kv) expli(k,z — wt)],  (4)
integral used in Fox-Li's method becomes increasingly fast

oscillatory for the field at locations close to the diffract- H, =E./Zru , (5)
ing aperture, causing the integral extremely cumbersome . V1in o -k K2/9K (©)
to calculate and prone to various sources of numerical and ™" — L4901 +i0)/M° :/2k,

systematic errors. To avoid the numerical difficulties fully ) ]

a?/AL, n = —((1/2)/y/7 ~ 0.824, ((z) is Riemann’s
2 EIGENMODES OF THE OPEN WAVEGUIDE Zeta function,Ztyv = (k,/k)Zo, ZTm IS the impedance

Starting f ; M I E . . of TM wave, Z, is the vacuum impedance;,, is the nth
tartlngk rom ”source ree agWﬁ c1ugt|03§r:\r)l Vacéjumfzero of Bessel function satisfying (v1,) = 0, andE, is

we seek axially symmetric, radially polarize mode o peak acceleration gradient. It should be noted that as a re-

the form: E(r,z,t) = E; + E,,H(r,z,t) = H,. All

\ : sult of slowly varying envelope approximation, the modes
other types of modes can be obtained following the same., charact)e/rizezj/ b?/k | ~ kpandp|rl)< | < k. The solu-

procedures. For fields wittxp(—iwt) dependence, each iy, is more accurate at small diffraction loss per cell, or

*This work was supported by the U.S. Department of Energy unde@quivalently wheN > 1, which happens to be the regime
contract No. DE-AC03-76SF00098. favorable for laser acceleration, as will be discussed later.
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3 ACCELERATOR CONSIDERATIONS

In this section, we exploit properties of tﬁEMgrn) mode,

and derive necessary formulas and scaling laws for the ev
uation of OILS as an acceleration structure.

Another important concern for high gradient accelera-
tion by a waveguide is surface field on the structure which
i? limited by damage threshold. For OILS, we define an
Qdge field byE. = |E.(r = a,z = 0)|, and it can be shown
that the conditiork, > E, always holds.

3.1 General Characteristics and Formulas 3.2 Weak Diffraction Limit and Scaling Laws

For convenience, let’s introduce a complex quantity=

o, + i — ik?/2k, and from Eq.(6) we have Before going to the exploration of OILS performance over

design parameter space using the general formulas pro-

42 (M + 1) vided in Sec.(3.1), it is instructive to look at more trans-

Qr = 5 35 (7 parent weak diffraction limit and scaling laws for several
L[(M +n)" + 772} important performance parameters. We will consider the
dominant radial mode with = 1 andvy; = 3.832. Keep-
o — 202 M(M + 2n) i (8) ing only the leading term while taking the lindit > 1, we
L [(M +n)% + 7]2} have
The{z, t} dependence for all field components becomes Ea — M ~ 1.7VN()\/a), (16)
. Ee vV [Jo(vin)]
{Ex Br, Hy} ~ elllconzetizas = (g) 122
~ 27y
and power flow through the waveguide is simply Ls ) M 2.7a°/X = 27NL, 17)
P(z) = Pge 2**, (10) as — 1—e V2N x 1 - e~ 21/VN , (18)
P — 7Ta2|kz/kr|2E§ /1 |J (k ap)|2pdp (11) AWS [MGV] - 29\/N a[mm] Ee[GV/m] ’ (19)
°T TRe(Zrm) Jo T ' Lo [PW/em? — 1.7 x 10°*NE2[GV/m],  (20)
As seen from Egs.(9,10), the mode is characterized by a I (v11m)?
phase velocityy, = w/(k —a;), larger thare, and a power e M 0.79/N, (21)

attenuation due to diffraction loss at the apertures. How- Loy AN
ever, for sufficiently large N both phase slippage per cellvherea; is the fractional power loss per slippage length,
6. = o;L, and fractional power loss per celt, = 2a,L, lav iSthe laser intensity averaged over waveguide cross sec-
can be made as small as desired, as seen from Eqgs.(7{®n atz = 0, thus the required laser power is given by
Let's define a slippage length, = 7/a;, over which an Po = ma’lL,,, andl. is the laser intensity at the edge of
acceleration phase slippagerois experienced by a highly aperture. Also we havés — 2/, and withl' = k — «;,
relativistic particle ¢ =~ ¢) moving along the z-axis. The

w
energy gain of the test particle traversing a slippage length Vo = [ SNV (22)
thus can be calculated as 1= 5( 2ma )
AW, E/LS'( Ye~“%dz = eE, LTy, (12) dv ° (23)
s = eE, sin(ajz)e” “?dz = eE, LTy , Vg =X R ————5 .
° 0 & dr 1 + %(Vll/\)Q

2ma

wher€eTy is a reduction factor due to a fullphase slippage  The most important characteristics of OILS as a poten-
and the attenuation of the acceleration field over a slippagdielly attractive structure for laser acceleration is revealed
length, given by by Eq.(16). Itis shown that the ratio of acceleration to edge
(surface) field is enhanced from the usual scaling for all
near field accelerations [5),/a, by a large factory/N. As

a result, substantial acceleration gradient can be obtained
on the axis with a favorable intensity scaling, Eq.(21), even
ﬁmugh the boundary is hundreds of wavelengths away.

1 4+ e (ox/ai)m
Tg= —— . (13)
1+ (ar/ai)]
Two other figures of merit, the shunt impedance per un
lengthZ;, and theQ factor, are given here for comparison

with traditional microwave acceleration structures 4 PERFORMANCE EVALUATION

_ |El(r =0, 2)]”  E2 With the parameter definitions and general formulas given

v/ = , 14) |
L —dP/dz 20, Py (14) in Sec.(3.1), we are now ready to evaluate OILS perfor-
U mance. It is noted that there are only four independent
Q d T T (15) parameters and they are chosen for convenience to be

—dP/dz  Aox(vg/c)  Aox’ {)\, Ee, a/A, N}. We are interested in only a few discrete

whereU is the field energy per unit length given by =
P/v,, andv, is the group velocity very close to

wavelengths where bright sources are available, in partic-
ular at 1 and 1Qum. The maximum tolerable edge field
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E. is determined by laser damage threshold, which can of- PEAK GRADIENT (GV/m)
ten be set at a constant value given laser wavelength and
material of the structure. It can be inferred from the ex-
perimental data [6] that 10 GV/m seems to be a reasonable
upper limit forE, at\ = 1um. Thus we are left with only

two independent parametefs/A, N} to vary, all depen-
dent parameters can therefore be conveniently visualized in
contour plots.

Shown in Fig.(1-3) are the peak acceleration gradient,
energy gain per slippage length, and the required laser
power, respectively, fofA = 1um, E, = 10GV /m}. Four
examples including A = 10um,E, = 5GV/m} cases
with more complete listing of performance parameters are
given in Table 1. All these results can be readily scaled to
other parameter regime of interest according to the scalindigure 1:E, vs. {N,a/A}@\ = 1um, E; = 10GV /m.
laws given in Sec.(3.2).

(contour plot)
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Table 1. Example Cases of Acceleration Parameters = (contour plot)
[ CASES [ 1A [ 1B [ A J1B | v DY
A(pm) 1 1 10 [ 10 =5 AR
a(mm) 05 | 0.25 1 0.5 ohi W
L(mm) 1 | 0125]| 2 1 de|\
N 250 | 500 | 50 | 25 e -
E.(GV/m) | 054 | 15 | 0.6 | 0.84 S
AW (MeV) | 227 | 161 | 100 | 35 SEEN
L (cm) 69 17 28 | 7.2 e
Po(TW) 34 17 7.1 10.92 gl ‘ I —
Ia\,(PW/cmz) 4.3 8.6 0.23 0.12 50.0 1*5.\]‘ 300.0 &:5:\] 550.0
To(TW Jom?) 13 13 33 133 FRESNEL NUMBER
b (degree) 0.26 | 0.13 1.3 | 25 Figure 22AW, vs. {N,a/A}@X = 1um, E, = 10GV /m.
ae(%) 0.019| 0.0067| 0.2 | 0.56
s (%) 12 8.8 25 33 LASER FOWER (TH)
Q(10) 33 | 12 | 062|011 E lcentour plat]
Zo(MQ/m) | 0.045| 0.25 | 0.049] 0.14 -
Ts 0.62 0.62 0.59 | 0.58 =
E.(GV/m) 10 10 5 5 =
Do
T 24
5 CONCLUSIONS <7
| have presented a systematic evaluation of laser accelera- é £
tion inside an OILS assuming well established eigenmode. -
Analysis of planar and rectangular structures can be car- = ‘ ‘ ‘
ried out parallel to what's done here. The scaling laws de- .0 }PE“‘ ‘E?EU]UH ! ‘B*EF“ o500

rived from the powerful analytical approach of Vainshtein
have both revealed the simplicity of the acceleration mechFigure 3:Pg vs. {N,a/A\}@A = 1um, E. = 10GV /m.
anism and uncovered some surprlsmgly favorable charac- 6 REFERENCES
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