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A wake-field accelerator is described based on the use of a waveguide structure in which many modes can
participate in wake-field formation, and in which the wake-field period equals the period of a train of drive
bunches. A dielectric-lined waveguide is analyzed that is shown to support multimode propagation with all
modes having nearly equal phase velocities, equal to the initial velocity of injected charge bunches that drive
the wake fields. For this waveguide, the ratio of wake field to drag field for a bare drive bunch is 4.7, as
compared to 2.0 for a single-mode waveguide. The compositg, TMke field of such a structure is shown to
include highly peaked axial electric fields localized on each driving bunch in a periodic sequence of bunches.
This allows stimulated emission of wake-field energy to occur at a rate that is larger than the coherent
spontaneous emission from a single driving bunch of equal charge and energy. This mechanism can make
possible the design of a stimulated dielectric wake-field accelerator that has the potential of providing an
acceleration gradient for electrons or positrons in the range of 50—-100 MV/m, taking a driving bunch charge
of a few nC. We present calculations for such wake fields from a bunched sheet beam in a two-dimensional
dielectric waveguide. Numerical examples are given, including the acceleration of a 30 MeV test bunch to 155
MeV in a structure 200 cm in length, using ten identical 2 nC/mm drive bun¢B&€63-651X%97)03610-9

PACS numbdps): 41.60.Cr, 41.75.Ht, 29.1Fw

[. INTRODUCTION for the Stimulated Dielectric Wake-field Accelerator
(S-WACQ) enjoys two uncommon virtues. The first arises be-
In the conventional dielectric wake-field accelerator, acause many waveguide modes can participate in wake-field
dielectric-lined waveguide supports wake fields with longi-formation, and these are designed to have phase velocities
tudinal electric fields induced by the passage of an electronearly equal to one another, and to the bunch velocity. This
bunch of high charge numbéthe “driving bunch”). Phase leads to a coherent superposition of many copropagating
velocities for the modes of dielectric-lined waveguide can bevaveguide modes, so the net wake-field amplitude can be
less than the speed of light], so that Cherenkov radiation significantly larger than amplitudes of individual modes. The
occurs[2], manifesting itself as a wake field that fills the second virtue arises because the near-periodic character of
waveguide behind the driving bunch. If a “test” bunch of the wake fields allows constructive interference of field am-
low charge number is injected at a suitable interval after thelitudes from successive bunches. Furthermore, the analysis
driving bunch, it can move in synchronism with the wake given here is formulated to add to tepontaneou£heren-
fields and experience net accelerat[@+-5]. This approach kov wake-field emission of one bunch, teémulatedCher-
for development of novel accelerators is appealing becausenkov emission from a train of succeeding bunches. The
no external source of rf power is required for accelerationpunches are assumed to be identical, and each bunch is in-
and because high-gradient longitudinal fields are predictegected to move initially with near synchronism in the net
for achievable high intensity driving bunches. For examplewake field of prior bunches. It will be shown that stimulated
Rosing and Gaj4] consider a 100 nC, 1.0 mm long driving emission from each trailing bunch can exceed spontaneous
bunch passing through a dielectric-lined waveguide with arCherenkov emission from a bunch moving alone. Conse-
inner radius of 2.0 mm and an outer radius 5.0 mm; theyquently, the drag field that decelerates a “dressed” bunch
took the relative dielectric constant of the outer liner to becan be much larger than the drag field acting on a “bare”
k= ¢ley=3.0. For this they predict a peak wake-field accel-bunch.(Terms in quotes refer to the presence or absence of
erating gradient ofE, peq=240 MV/m, a value about 14 decelerating wake fields from prior buncheBhus a dressed
times that at the Stanford Linear Collider. Experimental con-bunch leaves behind a stronger wake than a bare bunch, and
firmation of wake-field generation in a dielectric-lined wave- so forth for succeeding dressed bunches. Of course, the suc-
guide has been obtain¢8] using 21 MeV driving bunches cessive wake maxima are found to be not exactly periodic,
of 2.0-2.6 nC and 15 MeV test bunches of much lowerand decelerating particles can slip behind the wake-field
charge. Acceleration gradients of 0.3—0.5 MV/m were ob-maxima; so the cumulative superposition of wakes can be
served in the experiments, in agreement with supportingess than a sum of peak values. But the validity of building
theory. Acceleration gradients in all dielectric-lined up a substantial wake-field amplitude by stimulated wake-
waveguides must be below the breakdown field of the dielecfield emission from a number of driving bunches of modest
tric [6]. This will limit achievable acceleration gradients in charge will be demonstrated here. It is this that is proposed
any dielectric-lined waveguide to a level that may not be asss a new means for achieving high wake-field acceleration
high as the 240 MV/m value predicted in RE4). gradients, without need for bunches of exceptionally high
The particular dielectric waveguide analyzed in this papercharge.
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Ruthet al.[7] have modeled the wake field from multiple
driving bunches, assuming that successive bunches radiate
wake-field energy identically. In their model, the composite
wake field of a train of bunches would be a linear superpo-
sition of individual wake-field amplitudes. Synchronism of
multiple driving bunches with the wake-field period has been
discussed previously by Onishchenkoal. [8], who have
experimentally observed intense radiation attributable to the
progressive buildup of a strong wake field. Finally, Bane,
Chen, and Wilsorj9] have considered collinear wake-field
acceleration generally, and show that a “transformer ratio”
(i.e., the ratio of wake field to drag field for a bare bunch
greater than two is possible in multimode structures where ,~ Geometry for the two-dimensional dielectric-lined
the mode eigenfrequencies, are equally spaced, with,, waveguide.
=wo(2n+1); this signifies that particles can be accelerated

to energies greater than twice the energy of particles in thgiy, respect to thes axis; these are also known as LSE and
driving bunch. In S-WAC, the multimode aspect of the di- | g\ modes[10]. In 2D geometry, only the TKmode has
electric waveguide chosen is a crucial factor since, as will b&, axial electric field; this is the mode considered here. For
demonstrated below, the waveguide eigenfrequency Spegp geometry, when the waveguide shown in Fig. 1 is closed
trum can be designed to nearly fit the relationsk  from above and below by conducting planes normal toythe
=wo(2n+1). _ axis, both TE and TM modes must be included. In cylin-
_In this paper, we shall present the wake-field theory for &jrica| geometry, only axisymmetric excitations separate into
simplified slab geometry driven by a bunched sheet beamrg 504 TM modes, and generally one must deal with hybrid
Numerical examples are provided to show how a well-mo4eq1]. For the geometry shown in Fig. 1, conditions can
defined, spatiotemporally localized wake field may be proyg found where all TN modes have phase velocities equal
duced using high dielectric constant low-loss material, proy, v, corresponding to wake fields that move in synchronism

viding the geometrical variables are correctly chosen. Weiih the electron bunches. The field components for the
discuss how wake-field amplitudes may be further enhame@omplete orthonormal TKImode set are given by

by the superposition of contributions from successive drive

bunches, together with stimulated emission. We provide a < f(X)
numerical example showing acceleration of test electrons E,(X,z,t)= E En
from 30 to 155 MeV, in a 200 cm long two-dimensional m=0
dielectric waveguide, using 2-nC/mm drive bunches. For thi§Nhere
example, the transformer ratio is 4.7. Further examples are

given in which drive bunches are removed from the interac-

tion once they have lost most of their energy, but before they — fn(X)=
can slip into accelerating phases and drain wake-field energy,

and thereby reduce the available accelerating gradient for the costka sinp,(b+x), —b=sx=-a

test bunch. x 1 costk,x sinpp(b—a), —asx<a (2
costka sinp(b—x), asx=<bh,

Electron sheet 4 Y
\

Dielectric slabs

e_i“’mZO/V’ (1)
m

sinp(b—a)

Il. WAVEGUIDE MODES AND WAKE-FIELD STRUCTURE .
andzy=z— vt;

The model analyzed here is simplified to bring out the
essential physics. Thus a two-dimensional waveguide is con-
sidered, in which two parallel slabs of dielectric are sepa-
rated by a small vacuum gap, and in which the outer surfaces
of the slabs are sheathed in a lossless conductor. The relativéhere
dielectric constank for the slabs is assumed to be indepen-
dent of frequency. The geometry is depicted in Fig. 1, and all 9m(X) = Y
guantities are taken to be independeny ofrhe electrons are m Kk coPn(b—a)
injected along the axis in sheet bunches, with charge den-
sity given byp(x,z,t)=—eNd§(x)h(z— vt), wheree is the )
magnitude of the electron charde s the charge number per X{ « sintkpx cospp(b—a),
unit length in they direction along the sheefi(x) is the sintka cospy(b—Xx), asxs<b,
transverse charge distribution, assumed to be of infinitesimal (4)
width in x, andh(z— »t) is the longitudinal charge distribu-
tion for bunch particles moving at axial speedSimplifica- and
tion is afforded when the geometry is two dimensiof2),
with orientation of the dielectric as shown in Fig. 1. In this Kk, —bsxs=-a
case, orthonormal wave functions can be found for the elec- Hy(X,z,t) =CcBEL(X,z,1) 1, —asx=a (5)
tromagnetic fields that separate into *T&nd TM' classes K, asx<bh.

gm(X)
— e
Om

EX(X,Z,t)zi 2 Em *imeO/V, (3)
m=0

—sinkka cospy,(b+x), —b=sxs-a

—asX=a



56 STIMULATED DIELECTRIC WAKE-FIELD ACCELERATOR 4649

The normalizing constant is

1 b %
An(k)= Zwam(kz—wrzn/vz) fﬁbdx ﬁxdzosz(x \Zg)

14 sinh(2k,a) + cosf(k k(b—a)
am=1+ =y T costknd)| T gizn h—ay X k(X" (X" YW(x" ) ek, (10
_tanhtkna) | Then, integrating ovek, with due regard for the choice of
(kmd) |’ the contour of integration consistent with causality, and in-

voking Eq.(6) yields
B=vlc, y=(1—/32)‘1’2, the eigenfrequencies are)m
=CBPm/ VKB~ and Kyn=wn/CBY=Pm/yWKB—
The (evanescer)uttransverse wave number in the vacuum is E,(x,z,t)= 2 f dx’ f dz,S,(x",2)Gm(X,29:X",24),
k., and the(real) transverse wave number in the dielectric is
Pm, andwy=cpk, . For the fields given by Eqs1)—(5), 1D

orthonormalization is obtained in the form . :
where the Green'’s functio®,,(x,zq;x’,2g) is

a
. _ _a L, k(X , ,
ﬁbdXEz,sz,n Omn msoEmEn Gm(X,2g;X ,Zo):mw(x ) Em(X") fm(X)
Xexd —izg(wn— o)/ v], (6) w @~ iomlzo=zgl/v (12)

. . .
wDere D;,=¢Ej ,=«keoE;, in the dielectric slabs and the weighting factor is w(x)=[(xB82—1)"",
D’ 8oEzn in the vacuum gap. The dispersion relation |s_y (kB%—1)"1] in the intervals[(—b<x<-a),(— a

found to be <x=a),(a<x=<b)], respectively.
For a rectangular bunch(x,z,t)=—Ned&(x)/Az in the
P tanh(k,a) = kk,, cof p(b—a)]. (7) interval zg—Az/2<z<zy3+Az/2, and p(Xx,z,t)=0 other-

wise, one finds for the coherent spontaneous wake field from

It is noted that one can have eigenfrequencies with nearlp bunch containingN electrons the result
equal spacing, since(b—a)—(n+1/2)7 as k—x. As
m—oo the asymptotic eigenfrequency spacing approaches % :
Aw=mcB[(b—a)VkBZ—1]"1. The wake field is more E,(X,z,t)=—Eq >, fm(X) SiN(wmA2/2v)
strongly peaked and more closely periodizjas the eigen- m=0 am (0nAZ/2v)
frequencies become more nearly periodic, i.e., as a higher (13
value of k is used.

To find wake fields induced by an electron bunch, one”
expands in orthonormal modes the solution of the inhomo-
geneous wave equation,

—iomzglv

While for a Gaussian bunch dfi electrons withp(X,z,t)
=[Neds(x)/Az]exd —(z,/A2)?], one finds the result

o fu(®) |
2 EZ(szlt): - EO E m ei(“)mAZIZV)Zefla)mZO/V.

m=0 am

E,(x,z,t)=S,(x,z,t), (8) (14)

In Egs. (13) and (14), Eq= —Ne/2¢gpa is a measure of the
Coulomb field of the bunch, and causality dictates that the
results are valid only behind the bunch, i.e., #g=0; ahead

3 . #  k(x) 9
ax?  9z%  c? at?

with the source function

dj, 1 dp of the bunch the fields are, of course, zero.
S(X,z,t)=po — " oo 92" The fields for the Gaussian bunch case have been evalu-
ated for a waveguide witta=0.30 cm, b=1.147 cm, «
where thez component of the current density js(x,z,t) ~ =10.0,Az=3.0 mm,—Ne=Q=—2nC/mm, andy=60. A

=vp(X,z1), and whereS,(x,z,t)=0 for |x|=a. A com- relative dielectric constant of=10.0 is close to the value of
plete solution can be constructed from fields as given in Eg9.6 for alumina, the material that could be used to construct
(1), since these are solutions of E@®) with S,(x,z,t)=0  a proof-of-principal device. It is assumed in this analysis that
everywhere. We expand the solution of E8).in the interval ~ « is independent of frequency. For these parametggs;

—b=x=<b in a Fourier series: —37.7 MV/m. The wake field is computed by including
modes up tan=50 in the sum in Eq(14), although beyond
w the 12th mode the relative amplitudes are less than 1% of

— 1 ” —ikz that form=1. For this case, the first eigenfrequency interval
E(xzt)= 2 fm(>) J_mdk An(le 0. (9) (w,— w)/27 is 5.70 GHz, while the asymptotic interval
Aw/27 is 5.88 GHz; eigenfrequency intervals differ by at

Inserting Eq.(9) into Eq. (8), and multiplying both sides most 3.1%. The computed coherent spontaneous wake-field
by w(x)D3 (x,z,t) gives pattern forE,(x=0,zy) of a single bunch is shown in Fig. 2

m=
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FIG. 2. Spontaneous wake field from-a2 nC/mm, 30 MeV FIG. 4. Peak amplitude of the composite axial electric field for
3.0 mm long Gaussian sheet bunch after it has traveled 100 cii® Wake-field example shown in Figs. 2 and 3.
left-to-right in the 2D waveguide.

tional high-frequency structure develops; this is undesirable

for 0=<z=<100 cm. The wake-field peaks are seen generallyn connection with the superposition of several bunches.
to alternate in sign; each is relatively concentrate¢ mnd ~ Also, the wider the bandwidth, the greater the influence of
has a period of 10.5 cm, corresponding to the vacuum wavedielectric dispersiorineglected heje Below, we consider
length at 2.856 GHz, i.e., half the asymptotic frequency in-multiple injected bunches with parameters identical to this
terval Aw/27. The peak values o, for the first wake are ~first bunch. o
—5.57 and+5.54 MV/m, and later wakes develop oscilla- The transverse structure of the waveguide fields has also
tory precursors. Figure(8) shows the mode frequencies, and Peen computed for the example discussed in the preceding
Fig. 3(b) shows the mode amplitudes,,. It is clear that paragraph. Figure 4 shows the peak_ axial eIectrl(_: field
consideration of only the first few modes would give an in-Ez(X,20=0). Itis seen to be essentially independenkaf
complete picture of the wake-field structure. If the bunchthe vacuum gap, but it falls rapidly to zero in the dielectric

length is decreased, the spectral width increases, and addggions. The peak transverse fields(x,zo=z,) and
Hy(x,zo=2y) have been computed from EgS8) and (5),

where z,,=(2m+ 1) 7mv/2w,,; these fields are depicted in

120 ————1 71— Figs. 5 and 6. It is seen that the transverse fields are antisym-
r @ . metric inx, essentially linear with in the vacuum gap, but
100 | R not insignificant in the dielectric regions. Figure 7 shows the
80 - ] ) 3 Poynting vectorS,=E, X H,, which is seen to vanish at
E C - ] =0, to be discontinuous at the dielectric-vacuum interface,
(O 60F 1 and to be largest near the conducting walls. Most of the
"E f . ] power flow is seen to be within the dielectric, so that losses
- 40 ¢ o > must be minimized to avoid undue heating. The wake-field
203 ] power per unit height can also be found, &%,
Lo ] =flibdeZ(x); for the example discussed, one finds
ol 0 Pwake=80.0 kW/mm. The wake-field power at any point in
0 5 10 15 20 the waveguide is maintained at this level for the full 3.3 nsec
Mode m
10" 6.0
o aET ® ; :
- 107 ¢ : ] 40 .
R : : : / ]
£ o F E S C / k
© 10* | = ]
o E £
2 10° | w” /
)
2 100}
107 F NPT BT NV R M L
0 5 10 15 20 - 0 0.5 1
Mode m x/b
FIG. 3. (@) Wake-field mode frequencies; ar{d) wake-field FIG. 5. Peak amplitude of the composite transverse electric field

mode amplitudes. for the wake-field example shown in Figs. 2—4.
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FIG. 6. Peak amplitude of the composite transverse magnetic FIG. 7. Poynting vector for the wake-field example shown in
field for the wake-field example shown in Figs. 2—5. Figs. 2-6.
transit time of the bunch. In contrast, the peak power in the dW 1
10.0 psec bunch, defined & =(mc/e)(y—1)(Qv/AZ), E f dx{e(X)[EZ m+EZ ]+ moH? ot
is 6.0 GW/mm.

goE3D . i h?(&m) (@ [sinh(2kgqa)
Il. STIMULATED EMISSION OF WAKE FIELDS 2 m=0 a% b Y 2kpna
BY A TRAIN OF BUNCHES 2
b—a « coshik,a)
. . . . . + 2 :
The choice of the particular dielectric-lined waveguide b «kB°—1|siMpm(b—a)]

parameters in Sec. Il is seen to result in a spacing of 10.5 cm
between the first few sharply peaked positive polarity wake-
field features. This spacing is equal to the interbunch spacing
from a typical 2.856 GHz rf injector gun, or for that matter,
a rf linac driven at this frequency. Therefore, if successiveFor a rectangular bunch, the structure factor is given by
bunches were injected into the dielectric waveguide, the sed¥(&,,) = (sin &n/&,)% and for the Gaussian bunci(£,,)
ond bunch will find itself riding just on the crest of the first h(&,) =exp(— &), with £n=wmAz/2v. In Eq. (16), F is a
decelerating wake feature generated by the first bunch. Irscale factor fixed by balancing the energy loss rate between
stead of generating only a coherent spontaneous Cherenkavag on the bunch, and increase in the wake-field energy, as
wake as did the first bunch, the second bunch will be deceldescribed in the prior paragraph. For a bare buRchl.
erated in the field of the first wake, and its energy will beThis scaling procedure assumes that the source current and
radiated as additional stimulated Cherenkov energy, whicleharge distributions in Eq8) remain constant during the
builds up its own wake. Successive bunches will interacinteraction. If not, the individual mode amplitudes must be
similarly. To make this quantitative, one calculates the increadjusted interatively; this amounts to introduction of a
mental energyAW radiated into the waveguide by a bunch in z-dependent structure factb(&,,) in equations such as Egs.
advancing a distancéz, and equateAW/Az to the energy  (13) and (14).
loss rate of the bunch. This loss rate is identified with a drag For the parameters chosen, Ed6) with F=1 gives
field Eg5g acting on the bunch. Thus, dW/dz=23.6x10 * J/m mm.(Note: the mm?* comes from
a 1 mm height up the sheet bearBquatingdW/dz to the
energy loss rat® Egag 9iVeSE = Espoi=1.18 MV/m for a
bare bunch. The wake field induced by a bare bunch can be
as high as 5.54 MV/m, as seen in Fig. 2, namely, 4.7 times
For a bare bunchEy,q= Espon, the drag field corresponding the drag field. This factor, commonly referred to as the
only to coherent spontaneous emission. But for a dressetiransformer ratio,” is larger than the customary factor of 2
bunch that follows behindN prior bunches, the drag field because of the multimode nature of wake fields that can par-
consists of the spontaneous drag field added to the combinéitipate in this cas¢9].
wake fields of the preceding bunches. The total wake field is Now, when a second bunch is introduced into the wave-
incremented by equating the sum of energies lost by alguide at the peak of the first bunch wake field, it can be
bunches to the change in wake-field energy, the latter beingecelerated by up to 1.4#85.54=6.72 MV/m, the sum of its
proportional to the square of the sum of wake-field ampli-own bare drag field associated with spontaneous emission,
tudes. It is also noted that perfect synchronism is assumed plus the wake field of the first bunch; this produces addi-
the above simplified discussion, so that wake amplitudesional stimulated emission. Second bunch deceleration at a
(and not energigsare added constructively. rate of 6.72 MV/m, i.e., 5.7 times that of a bare bunch, can
The rate of energy accumulation in wake fields behindclearly not proceed as far as the pamt 30/6.7=4.5 m be-
any bunch(per unit height along the sheet bunéhgiven by  fore which synchronism fails, due to slippage between the

U T 19

2pm(b—a)

QEgrag=AW/AZ. (15)
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TABLE I. Constructive superposition of wake fields for ten suc- Table | that participation of many copropagating modes, and
cessive bunches in a 100 c¢cm long dielectric waveguide, as destimulated emission from a periodic sequence of driving
scribed in the text. Initialy=60. The simulation result shown in the bunches, can increase dramatically the extraction of energy
last column is at the time the first bunch has reacked 00 cm. from the bunches, which in turn promotes the buildup of an
intense overall wake field after passage of a relatively few
moderate-charge driving bunches. These results suggest that
stability problems can be avoided that may attend the propa-
gation of a single drive bunch of very high charge that is

SEw,
Bunch Edragj Ew.i ZiEw,i (simulation
number (MV/m) (MV/m) (MV/m) (MV/m)

1 1.18 554 554 5.82 needed to produce a strong wake field on its own.

2 6.72 8.79 14.33 13.69

3 15.51 10.34 24.67 23.05 IV. NUMERICAL SIMULATIONS

4 25.85 11.12 35.79 32.80

5 36.97 11.56 47.35 42.66 The conceptual model discussed in the prior section as-
6 48.53 11.84 59.19 52.49 sumes perfect synchronism between driving bunches and
7 60.37 12.04 71.23 62.20 peak wake fields, and assumes the wake-field amplitude to
8 72.41 12.17 83.40 71.80 be uniform over the finite spatial extent of each bunch. The
9 84 58 1228 95 68 8125 problem has been examined with greater accuracy in a nu-
10 96.36 12.36 108.04 90.61 merical simulation, using 100 particles per bunch, and taking

slip and actual wake-field amplitude variations into account.
Particles in each 3.0 mm long bunch are injected each 350
particles and the wake fields as the bunch energy is depleteBS€c(10.5 cm around the peak of the wake field from prior
The wake field of the second bunch adds its energy to that gunches. The energy loss rate from each bunch is given by
the first bunch to give a combined wake field of 14.33 Mv/m EQ. (16), with successive values ¢F found from the drag
total. This addition of amplitudes only continues as long adield on that bunch, i.e., from the sum of its spontaneous drag
synchronism is maintained between bunches and peak wal€!d Espon@nd the net wake field from prior bunches. Par-
fields. Highly relativistic bunches can maintain synchronismficles in a given bunch obey the one-dimensional equation of
while losing a larger fraction of their initial energy, as com- motion dy/dz=(e/mc®)Ey,, evaluated at each particle’s
pared with bunches of lesser energy, since for the formeinstantaneous location, whety,q is obtained from Eq.
Ve|0city S||p is lower, |eAﬂf~vA7/73 (17) The initial energy of each bunch is chosen V\mnitial

In the following simple model for the buildup of a cumu- =60, or about 30 MeV. In this model, the bunches—now
lative wake field from a driving bunch train, the bunches aredistributed spatially—will lose energy and thus can slip with
taken as point charges that remain perfectly synchronizetespect to the wake fields. Motion in tkey transverse plane
with the wake fields. The energy radiated into the wake fields neglected.
of the nth bunch can be written in terms of the net drag on In Figs. 8 and 9 are shown the results of injecting a test

the chargeQ as electron bunch of small charge into the accelerating phase of
the wake field set up by the passage of ten prior driving
dw n 2 (n-1o)2 bunches in a structure 100 cm in length, taking the initial
n .
az R 21 Ei| — 21 E; energy of all test electrons to be about 30 ME&¥., yisital
1= 1=

=60.0. Beam loading by the test bunch is neglected, so it is
assumed that the test bunch charge is very small. The param-
= QEgrag; (17) eters of this simulation are identical to those pertaining to
Fig. 2. Figure 8a) shows the buildup of the wake field from
the ten driving bunches, and Fig3 shows the location of
the finite-length test electron bunch to be accelerated. The
12 test bunchNo. 11) enters behind the tenth drive bunch at the
(18) peak accelerating field, after the first drive bunch has trav-
eled vot=100 cm. Bunch velocities are initially close to
(i.e., 0.99972 for vjnia=60.0. The location of the drive
The factorR is obtained from the coefficient of the electric bunches at this instant is indicated on Fir)8As the drive
field squared in Eq(16); R=76.9 nC/MV for the example bunches proceed through the 100 cm long device, the energy
cited. The individual wake field from thigh bunch isE; . of the test electrons increases. In Fig. 9 we plot the energy of
Table | (except for the last columrshows a compilation every other drive bunch and the energy of the accelerated test
from this (admittedly crudg estimate of the drag fields, in- bunch (No. 11). After v4t=200 cm, the 94.5 cm train of
dividual wake fields and combined wake fields, as theydrive bunches has moved out of the structure, and the accel-
would build up for ten injected bunches. The fifth column in erated electrons are just departing. Their energy has been
the table lists, for purposes of comparison with the fourthincreased to 100 MeV, with an average acceleration gradient
column, the wake field obtained from the numerical studyof about 70 MV/m. The value 70 MV/m is greater than ten
described in the next section. For comparison, the drag fieldmes the 5.6 MV/m peak wake field of a single bunch. This
that results when the transformer ratio is two is, for eachshows that a stronger wake field can be produced by a mul-
bunch, an odd integer multiple of 1.18 MV/m, i.e., 1.18, tibunch train, than by a single bunch containing the total
3.54, 5.90, 8.26 MV/m, etd.7]. One can appreciate from charge of all the bunches. The peak wake field in the struc-

n—1

= Q|: Espon+ 21 Ei

from which the combined wake field is found to be

2
+

n—1

Q
Espon+ ;1 Ei

=1

n
> Ei=
i=1
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-100 _ SR Test bunch #11 = FIG. 9. History of the energy of various drive bunches and the
F 0.3 cm ] test bunch, up to the time the test bunch just leaves the waveguide.
o5 Lo Cv e L oo uuy oy, ]
0 0.5 1 1.5 ' . :
z (cm) paragraphs, the wake-field energy is 174 mJ behind the test

_ ) o bunch atyt=200 cm, i.e., when the first drive bunch is

FIG. 8. (a) Cumulative wake-field set up by ten identical suc- leaving the waveguide and when the test bunch energy is

cessive bunches, at the time the first bunch has moved 100 Mo1.7 MeV. If. for example, the test bunch charge were 0.5

along the waveguide. The positions of the bunches are indicated b|¥C .it Woulcj hélve absorbed,36 mJ in acquiring 72 MeV up t.o

the black dots in the figurdb) Location of the test bunctNo. 11) v t,= 200 cm, so about 138 mJ is still available. Thus the test
in the accelerating wake field near the entrance of the Waveguid%o h Id, ; incipal . h 27é MeV. f

when the first bunch has moved 100 cm. unch could in principal acquire another ev, for a

maximum ultimate energy of 374 MeV. However, as the test

bunch approaches this energy, beam loading will have de-
experimental breakdown limifd 1]. Table | shows, for com- pl_eted the wake-field energy, and the acgeleratu_)n gradient
parison, that the simplified model predicts a total wake fieldWIII have fallen below th‘? 56 MV/m value it experienced at

of 108 MV/m after the 10th driving bunch. The later drive Yot =200 cm. Thus the distance necessary to reach, say, 350
bunches show energy depletion, and indeed iyt Me;/ will ?}e grea’ier tr;]an 6 T"-F_ 9 and 10. it i

=120 cm they decrease in energy so that there is first a slip- rom the results shown in Figs. 9 and 10, it is apparent
page off the wake-field maximum, followed by a further slip- that one should endeavor to eliminate driving bunches from
page into the following accelerating phase, after which th he system after their energy has decreased so much that they

drive bunch energy begins to increase again. In this way, th egin to slip into an accelerating field. The consequence of

maximum wake-field amplitude is eroded downstream. melim_inating spent _driving t_)u_nches has been examined bY nu-
nerically decoupling a driving bunch from the computation

Fig. 10 is shown the energy spread of the accelerated ele ) _
trons, about 14% over the bunch length of 3 mm, due to th efore reacceleration can take place. In Fig. 11, we show a

variation of the accelerating wake field over the finite-extent
of the test bunch; forward slippage of the test bunch is insig-

ture, 90.6 MV/m, does not exceed known theoret|é&dlor

nificant o b Tambmen i
The wake-field power at any point in the waveguide 205 3

builds up in a stepwise fashion, over a 3.3 nsec interval, to a 200 E

level of 19.4 MW/mm.[This value is found by multiplying 195 E

the single-bunch value of 80.0 kW/mm by the square of the Y :

ratio of peak wake-field amplitudes for ten bunches and one 190 :

bunch, namely, (90.61/5.82%242.4] The 19.4 MW/mm 185 |

level is maintained for a further interval of 3.3 nsec, after 180 F :

which it diminishes in stepwise fashion back to zero. 178 Eeelovil b e, Lo
One can find an approximate upper limit for the ultimate 0.2-0.15-0.1 -0.05 0 005 0.1 0.15 0.2

energy to which a test bunch can be accelerated when it z (cm)

follows a train of driving bunches. This can be determined

by calculating the wake-field energy available for absorption FIG. 10. Energy spread of electrons in the test bunchgat
by the test bunch. For the example discussed in the preceding200 cm.
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FIG. 11. Energy of the test electrons vgt for two cases. The _FIG. 12. History of the energy of drive bunches in a six bunch
dotted line is for the case described in Figs. 8 and 9, but carried odf@in: when the bunches are eliminated zat 65 cm. The total
for a 200 cm long waveguide, where the bunches are left in thgyavegwde Iength is 200 cm, and the average accelerating wake
system the entire length. The solid line is for the case where théFEId produced is 42.5 MV/m.
drive bunches are eliminated after moving 100 cm along the 200 cm
long waveguide. out seriously affecting test bunches, will doubtless require
careful design and control of the deflecting field, and will

result obtained using a 200 cm long dielectric structurefequire slots in the dielectric waveguide for egress of spent
where the ten drive bunches are abrupﬂy deflected out aftéj'rive bunches. An alternative is to allow drive bunches to
traveling 100 cm. We find that the energy of the test particlegnove rectilinearly, but to deflect the wake fields into a sec-
increases steadily to 155 MeV after traversing the systenPnd waveguide where the test bunch also moves rectilin-
This compares favorably with what happens when one leave@2rly, @ scheme that resembles one suggested in[R&f.
the drive bunches in for the full 200 cm, where the testEither of these approaches lends itself to multistage accelera-
particles only reach an energy of 135 MeV. When drivetion, in which achievement of energies of interest for high-
bunches decrease in energy so that particle speeds are sfjiergy particle physics experiments is possible. In any case,
nificantly reduced below, their wake fields will not remain it is clear that collinear transport of drive bunches and test
Synchronized with the fields of the more energetic drivebunCheS will impose limitations on the net acceleration one
bunches; the net wake field could lose its Spatiotempordpan achieve with a wake-field accelerator, as others have
coherence. But, since stimulated wake-field emission is prodlready concludeg9].
portional to the local net field of prior bunches, this will fall
rapidly once a driving bunch loses synchronism. Nevert.he— V. DISCUSSION
less, the reacceleration of drive bunches will drain wake-field
energy and diminish the accelerating field available for the The model presented in this paper is admittedly a simpli-
test bunch, as seen in Figs. 9 and 11. One cure for this is tfied one, in that it is a two-dimensional waveguide and a
deflect away a drive bunch when its energy falls below abunched sheet beam that were discussed and analyzed.
certain limit, e.g., using a transverse magnetic field that isClearly a practical arrangement will be three-dimensional,
too small to deflect the orbit of the test electrons appreciablyutilizing either a dielectric-lined cylindrical waveguide or a
and then using a second magnet to correct the orbit of theectangular waveguide containing one or two dielectric slabs.
test bunch. We have run another case to show this, as dé&he analysis should be extended to these cases to examine
picted in Fig. 12, where six bunches are deflected owt at their potential for producing wake fields similar to those de-
=65 cm. The energy of thénitially) 30 MeV drive bunches scribed in this paper. Preliminary stufii3] of dispersion in
does not fall below 3 MeV, and the test electrons reach 12@& cylindrical dielectric-lined waveguide has shown that
MeV at the end of the 200 cm long structure, for a meaneigenmodes with phase velocities closectwill have mini-
accelerating gradient of 48 MV/m. As in the prior example, mum deviations in eigenfrequency spacing that are some-
this value is seen to be more than six times the wake-fieldvhat more than double the deviations for planar waveguide
amplitude 5.6 MV/m of a single bunch, showing again that g cf. Fig. 3@]. But cylindrical waveguides may not allow
stronger wake field can be generated by a multibunch trairtransformer ratios as high as those found in this paper, since
than by a single bunch whose charge is equal to the totahdiated wake field energy must fill a larger volume propor-
charge of all bunches in the train. tionally than for the two-dimensional case. The possibility of
Deflection of drive bunches when their energy falls, with-employing advanced materials with dielectric constant
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greater than 10 should also be examined since, for short drivength (100 cnj along the first part of the system, this is a
ing bunch lengths, highek results in sharper wake-field good assumption until the drive bunch energy has been re-
peaks. It also may be that a multilayer dielectric liner couldduced below a few MeV, as discussed above. Additionally, it
be used to introduce compensation for the dispersion of @ould be necessary to include a variable structure factor
single-layered liner, but preliminary study of this questionh(¢, ) [see Eq(16)] to account for distortions in bunch dis-
has so far yielded inconclusive results. tribution when severe energy depletion sets in. On the other

Significant wake-field power flow has been found for thenand, accelerated particles always travel very closedad,
train of ten driving bunches, namely, 19.4 MW/mm. The py the time 200 cm has been reached, the accelerated elec-
corresponding value for a cylindrical waveguide could ex-trons have not slipped significantly ahead of an accelerating
ceed 100 MW, in about a dozen M modes ranging in  wake-field pulse. Extension of the theory to include beam
frequency from 2.856 to perhaps 50 GHz, and in a pulsgoading by a test bunch is necessary to obtain accurate accel-
about 10 nsec long. Comparable power and pulse width witration lengths. It will also be necessary to examine means to
such a spectrum cannot be obtained from a conventional deflect away either the spent driving bunches, or to diffract
source, without a complex system for pulse compression anghay the wake field, once the driving bunches begin to slip.
harmonic multiplication_. But a Iimitatior_] exists in _peak and These improvements to the theory are needed to allow opti-
average power capability for a dielectric waveguide, on acmjzation of strong multibunch wake fields, with acceleration
count of dielectric breakdown and bulk heating from volu- of one or more test bunches. But, the above limitations not-
metric losses. _ ~withstanding, it seems reasonable to expect that the simpli-

Transverse wake fields have not been addressed in thgyd calculations presented in this paper can provide an ad-
analysis presented here. But recently, it was shown that thesguate guide for further detailed calculations, and ultimately
vanish in ideal planar geometry gs- [14]. For dielectric-  for the design of a convincing proof-of-principal “two-
lined cylindrical waveguides, transverse fields from a singlegeam” stimulated dielectric wake-field accelerator experi-
driving bunch have been examing8l4]; it was found that ment.
these can be weaker than in traditional disk-loaded
waveguides. Nevertheless, transverse wake fields will need
to be analyzed for S-WAC to determine how they build up in ACKNOWLEDGMENTS
a multibunch train, and how they influence beam stability.
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