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It is demonstrated that recovery of the electromagnetic energy of the fundamental mode at the output of an
acceleration structure leads to a significant efficiency enhancement. When using a single bunch, the number of
electrons accelerated is rather small. In fact, this number is virtually identical to the case when no feedback
loop is employed. To increase this number, in parallel with the efficiency enhancement associated with the
feedback loop, it is necessary to split the bunch into a train of microbunches—this last process leads to
suppression of high-order modes.
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I. INTRODUCTION rameters emphasizes the importance of the energy recovery
concept. Taking as a figure of merit the Cornell group long
To a large extent, the fate of any future electron acceleraterm plan, the 7 GeV-100 mA beam entails 700 MW of
tor will be determined by its efficiency. Typically this is only power which without an energy recovery scheme is a pro-
a few percent; therefore, the natural question is whether it isibitively high average power.
possible to significantly increase the overall efficiency of the Another aspect that has a profound impact on the concept
system. In principle, the answer is positive since conceptpresented here is the advantage associated with recent
similar to those employed in microwave vacuum tubes mayrogress in solid-state technology, indicating that this may
be applied to accelerators. To envision an existing implemenreach wall plug to light efficiencies of 30% in the relatively
tation consider a beam of electrons generated on a cathodetear future. In order to envision the advantage of operating
which a negative potential is applied, say —400 kV. If in thein the optical regime, it is sufficient to extrapolate the scaling
(groundedl interaction region, 20% of the kinetic energy is law developed for microwave machines to the optical re-
converted into microwave radiation, then, in principle, ap-gime: the gradient is proportional to the square root of the
plying a negative potential of —320 kV on the collector, may power and inversely proportionally to the wavelengéh
lead to an overall efficiency approaching the 100% level.xP/\. Consequently, reducing the operating wavelength by
This is the so-calledlepressed collectomethod and it was five orders of magnitudéfrom 10 cm to 1um) implies a
applied in the past to traveling wave tubes and klystrons aneéeduction of power of ten orders of magnitude provided the
more recently to free electron lasers and gyrotrid]s gradient is kept the same. As an example, let us consider
Conceptually, a similar method may be applied to “short”qualitatively the next linear collidefNLC) design: the an-
accelerators although its implementation is quite differentticipated gradient i&s =100 MV/m, the power injectecaf-
since clearly the decelerating potentials are not available. lter compressionin a single acceleration module is of the
1965 Tigner[2] suggested decelerating the accelerated buncbrder of P=250 MW, and roughly the operating wavelength
by reinjecting it into a periodic structure, thus forcing it to is A=3 cm; these parameters correspond to an interaction
generate radiation and use the latter in order to accelerateimpedancez;,,=(G\)?/P~ 36 k(). If for the sake of the
different bunch of electrons. In other words, energynidi-  present discussion we assume ti@a remains the same
rectly “recycled” after being recovered from electrons thatwhen the system is scaled to operate air with a gradient
are eventually dumped. A recent experiment at Jeffersoaf 1 GV/m then the necessary power is less than 30 W. In
Labs demonstrated an energy recovery efficiency of 75%ractice, as we shall discuss in more detail in what follows,
[3,4], making the energy recovery lingERL) a leading can-  the interaction impedance of an optical structure is three or-
didate for a new generation of high-brilliance x-ray sourcesders of magnitude smaller and, as a result, the peak power is
[3-61. by three orders of magnitude higher. Nevertheless, several
Three main ERL configurations for x-ray generation arekilowatts of laser power are definitely within reach, making
being currently considered in the United States: one is a colthe optical schemes particularly appealing. Although we
laboration of Cornell University and Jefferson Lap§, a  hinted at the resemblance between a microwave and an op-
second one is at BNI8], and a third is at LBL[9]. In the  tical acceleration structure, there is a profound difference
long run the Cornell ERL is planned to deliver a 7 GeV between the two as reflected in this study: at optical wave-
beam with 100 mA of current but as a proof of principle alengths, dielectrics sustain higher electric fields and therefore
down-scaled system 100 MeV—-100 mA is being explored afuture acceleration structures are anticipated to be made of
this stage. The proposed BNL system aims at less than haffielectrics.
the energy (3 GeV) but somewhat higher current |t is our goal in this publication to demonstrate that the
(100—-200 mA, whereas the LBL intends to focus on very recycling concept is not limited only to “small” machines but
short pulsegfemtosecond scajeat energies comparable to may be implemented in a full optical collider kyirectly
the BNL maching(2.4 Ge\). Each one of these sets of pa- recovering the electromagnetic energy within each accelera-
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FIG. 1. Schematic configuration of a possible implementation of
direct electromagnetic energy recycling in an optical accelerator. A
macrobunch consisting of a few hundreds of microbunches gener-
ates a wake that is virtually coherent with the accelerating laser
field. The superposition of accelerating field and wake is amplified
in the active medium, providing the energy increment required to
maintain stable equilibrium.

. . . . FIG. 2. A point charge moving in a vacuum tunnel bored in a
tion module and obviously without dumping the eIeCtrons'?llielectric material generaté€renkov radiation. The emitted power

What makes this concept feasible s the fact that, rather tha ay be determined by using the reaction field, which decelerates
accelerating a single bunch, in an optical linear collider on% y be | y 9 ’
macrobuncltonsisting of many hundreds of microbunches is e particle.
being accelerated—each microbunch being one laser wave-
length (\) apart from its neighbor. With a large number of particular, dielectric acceleration structures that have been
microbunches, thevakegenerated by the macrobunch is vir- developed in recent years, e.g., photonic band [d&} or
tually coherent with the laser field that accelerates the miBragg[11] structures. As already mentioned, this choice of
crobunches. Consequently, at the output of a given travelingtructure is dictated by inherent properties of materials since
wave acceleration module, the two field compongtdser  in the optical regime dielectric materials sustain much higher
and wake are practically inseparable and the total electro-electromagnetic fields than do metals. Moreover, all the
magnetic field may be extracted from the acceleration struddunches are assumed to be pointlike, ignoring both their geo-
ture, amplified by an active medium, and reinjected into thenetric size as well as the finite momentum spread in the
traveling wave acceleration module. Figure 1 illustrates thdransverse and longitudinal directions.
paradigm schematically.
In order to evaluate the significance of this paradigm, let [l. SINGLE BUNCH AND NO FEEDBACK
us examine some figures of merit. Typical collider designs
(1%(1)? e?e?:ll)roprrs;jslgtcs Al\\f \;v lg;::’_i:i%?e?;t?g; 2?;;2 ?erniilsz;ng;/goefﬂuency of an optlt_:al accelerator_wnhout a feedback sys-
S ; e : tem when accelerating a single microbunch, let us assume
as prellrr_unary estimates indicate, the acceleration structurﬁlat the average laser power injected in the structur@ is
will require about 0.1 GW of average laser power and aSand the resulting gradient at the location of the electrons is

suming a wall plug to light efiiciency of 30%, the total Gy. By virtue of the linearity of the Maxwell equations, these

amount of average power n%cessar); IS abput 0.34 GW' .Inﬁ/vo quantities are related, defining the so-called interaction
creasing the efficiency from 8% to 40% entails a reduction 'r\mpedancezimz IGoM|2/ P, characterizing any acceleration

the average po_wgfrom 34.0 MW to less than 70 MW. Ac- tructure operating at a frequency corresponding to a vacuum

In order to have a rough estimdtE?] of what may be the

present Stanford linear collidéSLC) operates at roughly
20 MV/m gradient, while the next linear collider is proposed

to operate at 100 MV/m; thus for a 1 TeV final energy its raportional to the charge, nameRy. = here the value
length should be about 10 km, whereas an optical collidePtoPort 9e, ec= K0 W_. i vau
of x depends on the details of the structure; it will be referred

may reach this energy within 1 km since the typical acceler- . :
ating gradient anticipated is of the order of 1 GV/m. to as thewake coefficientBy virtue of the fundamental load-

As a first step in the current approach we examine thé'ng theorem, the amplitude of the trailing wake is twice this

efficiency when accelerating a single microbunch in a strucyalue’ namerEW:ZEd?C:ZKq: . . -
In the case of a uniform dielectric medium filling the en-

ture without feedback; the second step is to repeat this pric§re space except a vacuum tunrisbe Fig. 2 of radiusR

cedure in the case of multiple microbunches; and the third . : '
to reexamine the efficiency of accelerating a single mi_along which the point charge propagates, the wake coeffi-

wake there is a decelerating electric fiék},.) which again,
by virtue of the linearity of Maxwell’s equations, must be

crobunch in the presence of a feedback loop. In the Ias(l?Ient IS

stage, multiple microbunches and a feedback system are 1

combined for evaluating the efficiency of acceleration of the K= = X 2. (2.1
electrons. 0

Throughout this study we shall employ Elealized model This result has been demonstrated analytically in RE3)
in order to convey the essentials of the concept, including, irand it can be demonstrated for a metallic wall waveguide
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loaded with a dielectric layer and a vacuum tunnel in the ® By Zint T
center(partially loaded dielectric waveguiyldt is valid for a K= kWp = 1- By Amen2’
Bragg concentric fibef11,14 and it was concluded to be ar Vol 4770
true for any azimuthally symmetric dielectric structure hav-In other words, this is the coefficient that, given the charge of
ing its vacuum-dielectric discontinuity &. Although these the bunch, determines the amplitude of the fundamental
structures are very different, from the perspective of an ulmode generated by the buntB™ =2«Fq).
trarelativistic point charge propagating virtually @t what In the absence of an accelerating gradiBgtthe electron
counts is only the vacuum-dielectric discontinuity since thisbunch is decelerated along a distamci the structure and
is the only discontinuity that generates a reflected wave thahe loss of kinetic energy idU,;,=-0°«d. Consequently,
may affect the point charge. Any reflection occurring furtherwhen the gradient is not zero, the net change in the kinetic
away from the first discontinuity reaches the structure’s axisnergy of the bunch traversing the same structure is given by
only after the point charge has passed—thus it may affecAU,;,=q(Go—-qx)d. As reference, the total electromagnetic
only trailing microbunches as will be discussed subsequentlygnergy stored in the structure lif =P, 7ey, Wherein
Consequently, the spatial behavior of ttatal electro-
magnetic power generated by such a point charge is d( 1 ) (2.6)

(2.5

= c(gE4cindependent of the transverse variations beyond the TEm = c

ﬁgr
vacuum-dielectric discontinuity. Obviously, the behavior of . . _ . . .
the trailing field on axis is strongly dependent on the trans S€€ Appendix A. This last expression takes into consideration

verse characteristics of the structure. For example, in thEhe requirement that the_point ch.arge and the electromagnetic
case of a uniform structure, like the one illustrated in Fig. 2,PulSe ought teverlapduring the time the latter spends in the

the spectrum is continuoy42], and the wake decays expo- 'structure. Moreover, in the same Appendix it is illustrated
nentially in time(t) and in spa{ceﬁz): that it equals the delay between the front end of the laser

pulse and the point charge:
E,(r =0,7=t - z/c) = qx[2e""™h(7], (2.2 d( 1 )

—-1

(2.7

whereinz,'=cs/RJe-1 . On the other hand, in the case of
a partially loaded dielectric waveguide the spectrum is disresulting from the different propagation velocitigs,, andc,

crete[15]: respectively. With these two energy definitions, the effi-
. ciency of the acceleration process may be determined by
EAr =0,7=t-2c) = qx X W, codwyn[2h(7)] (2.3 _AUn . 49(90-9)
n=1 n= Ugyy = Mmax 2 ) (2.9
o

and the wake has an oscillatory characté.are weighting  whereing,=Gy/ « is the charge for which the effective gra-

functions that may be determined analytically and can bgjient vanishes, and the maximum value of the efficiency is
shown to satisfy&,_,W,=1 with w, representing the discrete

spectrum of frequencies generated by this point chdr@e;
is the step function

(F)
Nmax = T =W, (2.9

0, u<o, occurring forq=q,,=0o/2. As a typical example we con-
sider the parameters of a photonic band-gap structure as cal-
h(u)=10.5, u=0, culated in Ref.[10]: Zpy~20Q, By=0.6, andR=0.7X;
1, u>0. according to these values theaximum efficiency i8%. As-
suming that the threshold for breakdown limits the power to
For example, in the idealized case of a dielectric loadedf kw, the optimal number of electrons to be accelerated to
waveguide of radiuR., and a bunch of radiug,, disregard-  reach this efficiency is 8 10*. Evidently, considerations of
ing scattering processes, the relative weight of each mode isnergy spread will lead to charges and efficiencies below

given by these optimum values.
Although this result relies on aidealizedmodel, it em-
_ 2J1(PnRy/Rext) 2_ (2.4 phasizes the motivation behind the present study: in the ab-
" Pd1(pr) ’ ' sence of a feedback loop, more than 90% of the electromag-

netic energy is wasted; therefore, by “recycling” part of this
p, are the zeros of the Bessel function of order zero and thenergy we may significantly improve the efficiency of an
first kind [Jo(p,) =0]. Obviously, the first mode in this rep- optical system. Moreover, the analytic result in E2,.9) re-
resentation is the one designated to accelerate the electroftgcts the fact that the efficiency is determined by the relative
having a phase velocitg, group velocitycBy, and interac-  projection of the wake on the fundamental mdilé). This
tion impedance;,,. These quantities are related to the wakequantity may be enhanced by splitting the bunch into a train
coefficient(x) and, in particular, it is possible to establish of microbunches each one separated by the wavelength of
[16] the “projection” of the total deceleration on the funda- the fundamental. One last comment in this context before we
mental mod&superscripf) represented by proceed and determine the efficiency when the bunch is split

016504-3



LEVI SCHACHTER PHYSICAL REVIEW E70, 016504(2004

10 e r ' .
° /R =07
°°°°°°Oo§booeonooooo %
08} o 4 3
5 C] /R_=05 2
ﬁ nnnnnnﬂfbﬂn?unuun “3
) 06| ] o
&
] ° B
kS :
3 041 oo R /R =03 ] 3
S ©00000000000000¢ Eﬁ
02t E :2
0.0 L L L
0 5 10 15 20
M ctl/i
FIG. 3. Normalized wake coefficierfic) as a function of the FIG. 4. The normalized envelope of the wake for the three pos-
number of microbunche@\). sible cases, namely, the pulse length is longer than, shorter than, or

equal to that of the structure. M\ =d the pulse shape is triangular;

into a train of microbunches: since throughout this study wePtnerwise. itis trapezoidal.

shall refer to the ratio of the projection of the wake emitted

power onto the fundamental represented ,59) and the characteristics. Bearing in mind thisk af'feCt_S Only the non-

wake coefficieni k), we define the quantity fundamental modes, then all the reductiorxirs reflected in
the ratio <P/ k, which qualitatively was shown above to

o = @ (2.10 represent the maximum efficiency developed in E2)9).
' K ' Since'x was shown(Fig. 3) to drop by a factor of almost 5
. - correspondingly, the efficiency may be expected to increase
as therelative wake coefficient by a factor of 5.

While Eq. (2.9 which has been developed forsingle
bunch reveals a general trend, it does not reflect adequately
. MULTIPLE MICROBUNCHES AND NO FEEDBACK the nature of the interaction between a train of microbunches

In order to illustrate the effect of splitting the macrobunch@nd the waves in an acceleration structure. There are two
into a train of microbunches, we examine first the powermajor differences that ought to be accounted for. First, for
generated by such a macrobunch and compare it to the powgfll overlap of the macrobunch with the electromagnetic
generated by a single point charge—both carrying the sameulse, the latter's duration must be

amount of charge. According to E.3) the latter is given d (M-1x-d
by P=qcE,.~0°ck, Whereas splitting the point charge into TEM=——+t———. (3.2
M pointlike microbunches entails ar c

Second, contrary to the previous section, the accelerating
(3.1) gradient is nonuniform since it must compensate for the
beam loading effect in order to ensuraiform acceleration

o ) ] of all microbunches. This loading is qualitatively illustrated
wherein sin¢x) =sin(x)/x; see Appendix B. in Fig. 4 which shows thenvelopeof the projection of the

Two conclusions may be immediately drawn from this yake on the fundamental mode for the three possible cases,
expression: first, the projection of the emitted power on thenamely, the pulse length is shorter than, longer than, or equal
fundamental(n=1) is independentof the number of mi- g that of the structure. Explicitly, this envelope
crobunchegM) or, explicitly, <P does not vary as a func- "
tion of the number of microbunches. Second, the sinc func- 1 z z d
tion acts as a filter that suppresses the contribution of le{h[t_ o~ (m- DT} - h{t_ c (m=-1T- V”
virtually all the frequencies higher than the fundamental
(n>1). Consequently, as expected, the relative weight of the 3.3
fundamental mode increases and the relative wake coeffieyeals the fact that the time it takes a microbunch to traverse
cient «, approaches unity, leading, according to E9), to  the structure isl/V. SinceM> 1 in all three cases, then-
higher efficiency. velopeincreases linearly until it reaches its maximum value.

For the case of a dielectric loaded StrUCtUre, the nOI’malrf the macrobunch is shorter than the Structure, the peak
ized wake coefficientx) as defined in Eq(3.1) is illustrated  vajue of the envelope is reached within the structure’s do-
in Fig. 3 with the bunch radiuéR,) as a parameter normal- main and it remains at that value, until the first microbunch
ized to the radiugR.,,) of the waveguide. Evidently it de- |eaves the structure—at that time the envelope starts to de-
creases rapidly from unity to an asymptotic value that decrease linearly. If the pulse length exactly equals that of the
pends on the bunch size and on the structure’structure, the envelope has a triangular shape since as the last

- siné[mM o/ w;] _
P(M) = ¢? Wy————==¢
(M)=a CKE " sind[ 7wy w;] qreu,
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microbunch enters the structure the first one leaves. In ththe overall accelerating field and imposing the condition that
third case, when the macrobunch is longer than the structuré¢he overallU; ought to bei independent, we found that the
the peak value of the envelope is smaller than in the previousnvelope of the accelerating field needs to vary linearly, i.e.,
two cases, since a fraction of the microbunch is outside the

structure. 1 z c z
In order to realize the difficulty associated with these pro- Gt = [a+ b |\/|T(t - Vw)]cos{Zw)\ (t N c)]

files, one should bear in mind that either one of these enve-
lopes propagates in the structureVat c: Xp(t _ éaTEM) (3.9)
ar
® M 27C o ) _
Emr=1t-2V) =2« MZ cos ——| 7= Explicitly, the amplitudesa and b are determined from the
m=1 condition
N N d )
__(m_l)]}p|:7._ TD——(I’TI—].),—:| q mpH(i—1)A+dic q
c c v —C {G(t,z(V) - En(t,z(1)} = Md(GO — K0

@4 Mo

wherein the pulse functiof(t,T)=h(t)-h(t—T) represents

an idealized envelope of the wake generated by a single mivhere the right hand side was chosen such that the net ki-
crobunch. For comparison, any radiation pulse injected fronhetic energy gain of the macrobunch will be identical to the
outside propagates in the structureegf,. Such a pulse con- case in the previous subsection; consequently,

sists of two contributions: one that accelerates all the mi-

(3.9

crobunches uniformly and the second designed to cancel the _ GRS
effect of the wake generated by the microbunches on their a=Go-kg+xq M B +1/, (3.10
trailing counterparts—this last component will be referred to o
as the compensating fie|&(t,z)]—or explicitly b= 2P,
c z z
G(t,2) =Gy Co{zﬂx(t‘ E)}P(t‘ V_rTEM> +Ec(t,2); This result reflects the fact that to overcome the difficulty
ar

associated with different propagating velocities of the two
(3.5 envelopes we have compromised on part of the constraints of
the compensating field and injected an electromagnetic field.
This has a phase velocitybut itsgroup velocityis ¢S, and
it has a trapezoidal shape with @entical slopeto that of
he wake. Moreover, because of the difference between the
yelocities of the electromagnetic pulse and macrobunch, an

wake [Eq. (3.4)] and ignoring transition radiation or reflec- additional condition has been imposed, namelyf the mac-
tions as well as the accelerating gradient. Bearing in mindObunCh must bequalto the length of the acceleration struc-

that the trajectory of the microbunches may be approximate&”e_(M)‘:d); othe_rwise, since the shap? O.f the Xv_ake is_ trap-
by ezoidal, the gradient pulse cannot be “tailored” in a simple

way such that all the microbunches gain the same amount of
z(t)=c(t—m) - (i—-1\ (3.6) kinetic energy. Figure 5 illustrates the amplitude of the gra-
dient at theinput for three cased/,=0.4c,0.50.6c and a
loading factora=«Fq/Gy=0.2.

Tem IS defined in EQ(3.2).

Our focus moves now toward determining the explicit
functional form for this compensating field. For this purpose
let us examine the variations in the kinetic energy lost b
microbunches traversing the structure subject to their ow

whereini=1,2,... M, the energy gained by thgh mi-

crobunch is The electromagnetic energy injected into the system may
moHi-1)T+dic 1 be readily calculated based on E®.8) and, with it, the
U, = f dt(’ﬂ (- 29— efficiency in this case is given by
oHiI-DT M M
D
AUy
M kin
(t A =—
x> h{t—?—ﬂ)‘(m—l)z]} 7 Uem
e Vv _ [12(1 - Bgr) Kr]Q(QO B q)
d\l 1 - - 2 2
=— C(E>(ZQK(F))<—> _2 h(i —m) 3[do—a+ar (/M + 1))+ [qu/:Bgr]
M ¢/ L M=y 2 9(do—9)
1 1 =12(1 —ﬁgr)ﬁgrm. (3.11
:—(%)(qu(”d)[ﬁ(i—1+5)}. 3.7 oar

In the last step we assumed a large number of microbunches
This linear dependence of the kinetic energy gain on théM> 1) implying that most of the energy generated is in the
location of the microbunch represented by the indiits at ~ fundamental(x, ~1). Subject to this condition the optimal
the functional behavior of the compensating field. Includingcharge is
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1.0
=02 output =0.2 a=02 f ;
08 _3’9‘ = 0dc “t(,‘ _“j;_ ~ 0.5 0'”{:“ v =06 output ~ FIG. 5. Normalized field at the
3 s il i 14 ' . input and output of the accelera-
& osp inpyt J i - nput I - ingut /'i tion structure for three values of
8 oafb A ! I -/ i == the group velocity. Ignoring
E 0.2 L sser |  aser !  Jaser ; Ohmic and diffraction loss and
2 i : ! then subtracting the adequate de-
0.0 - . - 174 lay provides us with the informa-
0.2 L L ' 1 2 . L L L tion regarding the laser field as
0 00 1.0 20 30 -1.0 00 1.0 20 30 -1.0 00 10 20 3.0 ) :
discussed in Sec. V.
ttgy 8 T t/tgy
5 1 pulse, the maximum efficiency reaches the 50% level. To
Qopt = 3008y | \/1+ 32 1l=a¢ (3.12  approach this efficiency level, the relative change of the am-
ar plitude is comparable to the efficiency, imposing a significant
and the maximum efficiency is constraint on the optical system. In practice, the taper is ex-
pected to be moderate, implying low efficiency and low
~12(1 - 2 5(1__5) 3.13 charge, and consequently it will be necessary to combine the
max ( ﬂgr)ﬂgr 2 J (3.13 . " : “ "
&+ 3By train of bunches” concept with the “feedback.” However,

before doing so let us examine the feedback concept decou-
pled from the train of microbunches.

It was shown in Sec. Il that the number of electrons that
an be accelerated in a single macrobunch is of the order of
0°; consequently, a repetition rate of about 1 GHz will be

both being illustrated in Fig. 6. Several facts are evidéint.
Maximum efficiency occurs forjy,<do/2. (i) Maximum
efficiency depends on the group velocity, reaching an uppeg
limit of 45% when gy, =0.3. (iii) From the explicit expres-
SIOI’]'fOF the qumal charge to be acceleratgd in order to gei:tecessary for obtaining the desired flux of events at the in-
maximum efficiency(qop:=0.34p) we may mistakenly con- o raction poin{IP), namely,~10* electrons/sec. It is there-
cIude_that Fhe charge to_bg accelerated is ;lmllar to the €a36re natural to build a feedback loop with an overall period
described in Sec. Il. This is not necessarily the case SinCgpich equals that of the macrobunches. Further support of
Go= Go/ x and for a given gradient the maximum amount of yis conclusion stems from examining the energy balance in
charge that_ can he acc.elerated is inversely prqpor_tlonal 10 e first subsection. It was systematically shown that only a
wake coefficientc. But it was clearly revealed in Fig. 3 that g4l fraction(6%) of the electromagnetic energy is actually
this quantity may be reduced quite S'gn'i'ca”“y. by splitting converted into kinetic energy: therefore, in principle, the re-
the bunch into a train of microbunchesd® remaining un- maining energy may be fed back into the system. In practice,
changed. Therefore, we should be able to enhance t0 SOMi€is hecessary to add the energy for maintaining a constant

extent the efficiency and, in parallel, it is possible to increasegradient during each cycle as well as for global phase con-
the amount of charge accelerated. trol.

IV. SINGLE BUNCH AND FEEDBACK A schematic of an acceleration module with a feedback
loop is illustrated in Fig. 7. At itsnput, two contributions to
The last result is encouraging since it demonstrates thathe longitudinal electric field are assumed: that of an external
by using a train of bunches accelerated by a tapered lasgiser pulse coupled into the acceleration structiie and
that of the feedback l00fErg).

10 0.5 At the output of the acceleration structure, the electric
Ml field is a superposition of two contributions: by virtue of
0.8} 104 Maxwell's equations, one is a linear function of the field at
g‘ the input and the second is the projection of the wake on the
§ 06l lo3 fundamental(superscriptF) mode E,,=2«"qg. Obviously,
&
g 0al Joa ;:5 Activez[edium
g Loss
02} {01
EFB
0.0 . s . L 0.0
00 02 04 06 08 10
FIG. 6. The maximum efficiencyEq. (3.13)] in the case of a S
macrobunch consisting d¥1 microbunches. When this number is ecleration Module \‘EV(,,”)
much larger than unity, the contribution of the high-frequency
modes to the wake is negligible and as a res(M)/«P ~ 1. Our FIG. 7. Schematic of an acceleration structure that includes a

analysis indicates that in this case the peak efficiency is about 45%eedback loop.
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both waves occur at the output with a delay determined by In equilibrium by virtue of energy conservation, these two

the length of the structure and the group velocity; moreoverquantities balance the energy that leaves the systégg,

the coherent wake reduces the acceleration field. An addand AU,;,; Ujsss iS the total energy “wasted” in the loop,

tional contribution at the output is that of the high-frequencywhich is inversely proportional to the quality factor men-

modes(superscripH) and it should be included in the over- tioned above, and proportional to the total energy in the loop

all energy balance since it has a significant effect on theepresented here by the energy at the output of the loop, i.e.,

efficiency of the structure. Ujoss= Uou/ Q- With these observations the efficiency is de-
Without significant loss of generality Bnear feedback fined by

system is assumed to relate the input figidg) with that at

the output of the acceleration structure. It is characterized by

a delay(7ep) in the feedback section, by an overall gajn AU, AUy, 1

=ge’ con3|st|ng_of the gairig) of 'Fhe active medium and'a 7 Unsert Unctive AUpin + Uigss 1+ Ugud QAU

loss parametete™); the latter being related to the quality

factor of the system by 1e=2¥=1/Q. With these definitions (4.9

we may determine the equation describing the field dynamics

in terms of the output field

B Substituting adequate definitions including E@8.5 and
Eoult) = 9Eout = Ty) + EL(t - dlC,Bgr) - E@E)(t - dlcﬁgr); (2.6), we obtain

(4.1)

T, =g +d/cBy being the periodicity of the macrobunch 1
(inversely proportional to the repetition ratéor more de- n= 1 1 . (4.6)
tails see Appendix C. Once this equation has been estab- 1+=
lished our goal is to determine the corresponding efficiency Q x4q(qo = )/ (o — 2k,0)?
of the system.
With this purpose in mind it is convenient to revert to the
pulse functionP(t,d/V) defined in the context of Eq3.4)  In the case of a single bunch the relative wake coefficient
representing aidealizedenvelope of the wake generated by «,=«P/x<1 is much smaller than unity; therefore, the ef-
a single micro bunch moving with a velocity=c and in-  ficiency may be simplified to read
jected in a structure. This pulse shape may be understood in
terms of the power generated by this microbunch: the latter

starts generatingerenkov radiation as it enters the structure 1

(t=0) and it ceases the emission as it leaves n= 1 1 . (4.7
(t=d/V)—transition radiation and reflections are ignored. In o

addition, we disregard the higher eigenmodes excited in the Q x:4a(do ~ )/

system. They decay on a time scale that is determined by the
overall quality factor of the system—in fact, it may be as- ) . o
sumed that this field is filtered out by the feedback system. It may be readily shown that the maximum efficiency occurs
terms of the pulse function introduced above, a typical solufor dop=0o/2 and is given by
tion has the form of an “infinite” series of pulses with peri-
odicity T, e.g.,

w 1

Eou(t) = > ECYP(t - nT,,). (4.2) a1+ 1Qx, {
n=0

11 Qﬁmi

f Qo1 (4.9

In what follows we shall focus on one cycle, after all . - ol
transients associated with turning on the system have de@vealmg that the efficiency approaches the 100% limit if the

cayed. A similar approach for evaluation of the efficiency asquality factor is sufficiently large, and it equals the eff_iciency
in Sec. Il is adopted. Clearly, the kinetic energy is the same!" Eq. (2.9 corresp(_)ndlng to Iac_k of feedbgck. Two impor-
but the injected energy has two contributions: theernal tant comments are in order at this stage. First, the number of

electrons that can be accelerated remains as in Sec. Il—

laser field which is rather low. Although some tradeoff is possible by
)\ZEE reducing the efficiency at the expense of increasing the total
Ulaser:ZTEM (4.3 amount of charge, still the latter is limited tqy=Gg/ «,
which in the case of one microbunch is minuscule. Second, it
and that of theactive medium has been tacitly assumed that the system has reached steady
N2 - 1)(G, — 2P)g)? state, implying that in any give!’n cycle _the energy from the
Uacive= (0% — DUy = Tem external laser and from the active medium exactly compen-
Zint sate the energy lost to Ohmic processes or diffraction and

(4.9 energy transferred to electrons.
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V. MULTIPLE MICROBUNCHES AND FEEDBACK sated by the external laser. This is easily accomplished if the

Combining multiple microbunches and a feedback IoopgroUp velocity is designed to be exacify,=0.5 since both

will enable us to enhance both the efficiency as well as th(%he external laser pulse and the accelerating electromagnetic

number of electrons to be accelerated. Subject to the condi€!d have the same duration; otherwise, the form of the laser

tion d=M\ and a trapezoidal pulseee Fig. 5 propagating pulse is difficult to implement since it is no longer triangular.
at the group velocity, then the gradient as experienced by However, from the perspective of energy balance, it does not

test charge is matter what fraction of the energy is injected via the active
medium or the external field—in this context, we ignore
E, (t2) = <a+bt_Z/Vgr)CO w()(,{_z) P(t— Zz - ) noise phenomena associated with spontaneous radiation in
e ™ Vg oV the active medium or finite momentum spread of the elec-
(5.1) trons.

Evaluation of the efficiency requires establishing the total
which is a homogeneous solution of the wave equation, cor€N€rdy fed into the system during one cycle. Based on Fig. 5

trary to the wake of the macrobunch, which is a nonhomoe realize that the energy linked to tarternal laseffield is
geneous solution,

M

1 z \ d
Ew(t,2) = - 2Pl = P{t—fo—-——(m—l),-} N2 [de ct]2 2\? d
i M= c ¢ ¢ Ujaser= _Zf dt (K(F)Q)E :——(K(F)q)zz'
0

. int
Xco w0<t—(—:> ; (5.2 (5.3

the amplitudesa andb have been defined in E¢3.10.

As already indicated in Sec. lIl, with these field compo-thys our next step for the evaluation of the efficiency is to
nents allM microbunches are equally accelerated and thggicylate the energy provided by thetive mediumAt the
kinetic energy of the macrobunch iU,i=0(Go=«®)d.  jnnyt of the active section the energy is assumed to equal the
However, in contrast to the case when there is no feedbaclnergy at the output of the acceleration structukg,; there-
the form of the output signal becomes critical since it m”Stfore, denoting byg the gain of the active section at the fre-
be self-consistent with the signal from the feedback loop an%uency of interest we get
the gain medium. Figure 5 illustrates this output signal for
three group velocitie¥y,=0.4c, 0.5, 0.6c and a loading fac-
tora=«kPq/Gy=0.2. It is evident that the front of the pulse
at the output is constant for the time duration that electrons
traverse the interaction region. Beyond that period, the out-
put varies according to the injected input signal and the wake
of the microbunch.

Since it has been tacitly assumed that the active sectio
exactly compensates any radiation loss, subtracting the o
put from the inpuiwith adequate delay adjustmégptrovides
us with the exact shape of tlexternallaser field necessary
to compensate the beam loading, i.e., the wake projection

Uactive: (92 - 1)Uout- (5-4)

Burther assuming that the system has reached steady state,
Uhese two energy contributions “injected” into the system
compensate for the energy that leaves the system, namely,
0trpe net kinetic energy and energy wasted via Ohmic loss as

the fundamental mode. In all three cases illustrated in Fig. well as difiraction. These two last contributions are propor-

the external laser pulse has a triangular shape since the wa&ggaelntgrtheai"r;ﬁ;g%liml:?%;qhtzeaggglr;;%gﬁ r;‘r)l:ﬁtsu?rmed by
itself has this form—after imposing the conditia=MNA\. 9y P dee

The time scale is normalized to the electromagnetic puls nd inversely proportional to the effective quality facof

: _ e entire loop, or explicitlyJ,ps<=Uq/ Q. By virtue of en-
durathn('rEM—'d/cBg'r) and the length of the external laser ergy Consenvationq.t U AUgr +Ueos therefore we
pulse is identical with that of the electrongg.~2d/c. It may define the system’s efficiency as
therefore becomes evident that ¥g=0.4c its normalized
length is shorter than that of the electromagnetic pulse, if
Vg=0.5c it exactly equals it, and for the case whafy,
=0.6c the wake duratiofand thus the external laser pulse

: s AUy AUy 1
longer than the accelerating electromagnetic field. n= Ukin = Ukin = )
intain thi i i i Ujasert Uactive AUyin + U 1 +Uq QAU
To maintain this self-consistent solution two equally im- laser™ “active kin T Yloss ou kin
portant contributions are strictly necessary: first, the active (5.5

medium needs to exactly compensate all radiation loss and,

second, the external laser field needs to compensate the beam

loading. In principle, it is possible thagrt of the energy lost

to high-order modes or optical components will be compenBased on the plot in Fig. 5 it can be shown that
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10

g=5
08
g’ 0.6 FIG. 8. Efficiency as a func-
% 04 tion of the accelerated charge with
) the quality factor, wake parameter,
0.2 and group velocity as parameters.
000 02 04 05 05 1.0 00 03 04 05 08 1.0 0.0 02 04 06 08 10
ala, - qlg, q/q,
v
laser— Zint c6 ’
ai+ab<i—2>+b21<i— ) Byr<0.5
A2 d Bar Bgr Bg o
Uput==—— X 5 (5.6)
Zn C 51 1 of 1 2 4
a“——+2ab| — -1 +b| 5 -—5+_/|, B;=05
Bgr ar Bgr Bgr 3
leading to the following explicit expression for the efficiency:
(
1
(F) 2 !
LoLla By &7 Ké)i+e(%_2>+z(i_4)J By=05
77:< Qgo-ql- ﬁgr K b [j_gr b Bgr Bgr (5.7)
(F) 2 ’
s AT 2]
Qao-ql- Bgr K Bgr b Bgr Bgr lggr 3

According to this result the efficiency depends on four pa-efficiency is independent ok, but its off-peak behavior
rameters: normalized chargel/qo), group velocity (By), strongly depends on this parameter. Similar to the left frame,
relative wake coefficientx, =P/ k), and quality factofQ).  as the wake parameter approaches unity, the sensitivity to
Figures 8 and 9 illustrate the main features of the efficiencyariations in the number of electrons accelerated diminishes;
and its dependence on these parameters. the same holds for the case when the group velocity is one-
The left frame in Fig. 8 shows that larger quality factors half c—see right frame.
lead to higher efficiency and reduced sensitivity to variations Further support for these findings is revealed by Fig. 9. Its
around the peak-efficiency. Even for a low quality factor theleft frame shows the maximum efficiency and the optimal
maximum efficiency may reach the 40% level since the maceharge where it occurs, as a function of the group velocity.
robunch is formed by a large number of microbunches—agor a large quality factor there are negligible variations in the
discussed in Sec. Ill. The direct impact of the relative wakeefficiency when the group velocity chang@s2< 8, <0.89).
coefficient (k,=«P/ k) is illustrated in the middle frame For all three case$Q=1,5,25 the optimal charge to be
where it is assumed that the latter is not dependent on thaccelerated is independent of the quality factor but it varies
group velocity. We see rough indications that the maximunsignificantly with the group velocity. The opposite holds

1.0 1.0 1.0
®x =1 0
g' 0.8 %‘ 08
'S k] FIG. 9. Maximum efficiency
E 0.6 5 ?,"f, 0.6 g and the optimal charge where it
E o4 & § 04 & occurs as a function of the group
£ § velocity with the wake parameter
§ 0.2 s 02 and the quality factor as
parameters.
0.0 L T S —— |} 0.0 L 1 h 1 X
00 02 04 06 08 1.0 00 02 04 06 08 10
Bu Bee
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TABLE |. Main estimates of the study.

Single bunch
Without feedback With feedback
49(q-do) = 1
NTKeT5 =
T N
Q x4d(g-do)/dy
Mmax— Ky
_1 -1
Qopt= 2q0 Nmax= 1+1/Qxk,
1
QOptZEQO
Multiple bunches
Without feedback With feedback
12(1_Bgr)Kr[q(q0_q)] 7= 1
7= 2 2 B
3[Q0‘q+qkr] +[qu/Bgr] 1+l a _'qu_
o i F(d, Byrr k1, 0o)
QQO_ql_IBgr rFq ,Bgr r»0o
Tmax= Byr ﬁgr‘fz_'_sﬂérv Ky = FQ. B s 0= By b IBSr 3 ﬁgr gr=Y.
Barr 10l §2i+2§(i_1)2+(i_£+f) 8,505
b/ By \b\By ) \BZ gL 3 T
Qopt= &do
E=36% 1+ L a-Kr[q a-q (1 1)]
= 14— 2oy —a—aw | —-
gr\‘“ 3B§r b 2q 0 rBgr
when the quality factor is kept constai@=5) and the nor- VI. DISCUSSION

malized wake parameter is taken to le=0.1,0.5,1.0.

Clearly, the maximum efficiency is independent of the latter Using simplified models we have demonstrated that the
but the optimal charge to be accelerated varies significantlefficiency of a future optical collider may be enhanced from
as a function of the group velocity and the wake parameter. l& few percent, in the simplest configuration when a single
is important to point out that these results have to be considsunch is accelerated and the accelerating pulse is eventually
ered only as a general trend since the assumption that ttdumped, to over 90% when feedback and multiple mi-
group velocity and the wake parameter are independent is @obunch schemes are employed. Table | summarizes the
very stringent constraint. For a particular structure their in-main estimates of this study referring to four main param-
terrelation should be accounted for and, as a result, the exaeters: efficiency, optimal charge where maximum efficiency
character of these plots may vary from one structure to aneccurs, group velocity, and relative wake coefficiegt
other. Nevertheless, it has been checked based on a simpte")/ k. It is shown that the last determines the efficiency in
dielectric loaded structure that the general trend of an effithe absence of feedback and when only a single microbunch
ciency approaching the 90% level can be validated assuminig accelerated—see E@2.9). In this expressiong is the

a quality factor of 25 and a group velocity of @8.3vioreover, wake coefficient which, given the charge of the bunch, de-
compared to the case of a single bunch and no feedback, thermines the overall decelerating field. In principle, this field
amount of charge can be up to ten times higher since thbhas an infinite spectrum but of special interest is the projec-
wake parametek can be significantly smaller in the case of tion of this field on the fundamental mode—the one respon-
a large train of bunches—see Fig. 3. sible for the acceleration. The corresponding coefficient is
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denoted byx'P) and the typical efficiency is 6%. that needs to be reiterated. Our reference for the applied
By splitting the same amount of charge into a train ofenergy was the energy provided by the active medium and
microbunches with a periodicity identical to that of the fun- external laser. In either case we took the wall plug to light
damental mode, it is possible to substantially enhance thefficiency as ideal100%), which, as already indicated, is far
efficiency (45%) since the high-frequency content of the from being the case; however, we used that as our reference
wake is dramatically reduced by the “microstructure” of thejeve| in this study. Any efficiency mentioned above, either
bunch. In parallel, the charge for which maximum efficiencyhe one corresponding to the simple configuration in Sec. II
occurs is inversely proportional to the wake coefficient, o, the more complex one in Sec. V, ought to be multiplied by
Gopt™ 1/(M); therefore the amount of accelerated electrongpe \a|| plug to light efficiency of the laser system regardless

is higher. A direct by-product of splitting the bunch into @t it operates as a sourdexternal laseror amplifier (active
train of microbunches is different loading along the Mac-medium.

robunch. For this reason, the accelerating gradient ought to Before we conclude it is important to address three more

be taperedin order to compensate this space dependence qf . . e ) - .
the loading: otherwise, the kinetic energy gain along th(%oplcs. the first is the system'’s stability, the second is the

bunch will not be uniform. Another process that was taken easibility of pulse tapering as required in the configurations

into consideration is related to the different propagation Ve_analyzed in Secs. 1ll and V, and the third is accumulated

locities of the bunch and the wave in the structure. Specifil®i€- For analyzing thetability of the system let us assume
cally, since the wake propagates virtually at the speed of Slight deviation in the energy stored in the lop. In
light whereas the gradient's envelope propagatedsat, it Secs. IV and V we used as referer_me for this quantity the
was convenient to impose a constraint on the pulse duratioignergy at the output of the acceleration structukg,, there-
namely, the macrobunch must kqualto the length of the fore let us assume
acceleration structurbia =d.

Recycling part of the electromagnetic energy leads to Uou— Uour* oV 6.1
much higher efficiencies~90%) in either of the cases: In zero order, during one cycle of the syste(i,) this
single bunch or multiple bunches. However, while in the casehange does not affect the net kinetic energy gain or the
of a single bunch the optimal amount of charge that can bexternal laser pulse. As a result, this small variation is antici-
accelerated is virtually identical to that in the absence opated to “dissipate” according to
feedback, in the case of a train of microbunches, the overall

charge can be significantly larger since the wake coefficient Eau - 1 Ut Uoi =AU, —U

is reducedgy>1/«). To a large extent, the efficiency is de- dt Trr( laser ™ active kin ~ iosd

termined by the quality factqiQ) of the system; however, to 1

maintain this self-consistent solution two equally important = T—{U,aseﬁ (0% = 1)(Ugye+ 8U) = AUy,
18

contributions are strictly necessary: first, the active medium

needs to exactly compensate all radiation loss and, second, 1

the external laser field needs to compensate for the beam _6(Uout+ oU)

loading. As illustrated in Fig. 5, this is easily accomplished if

the group velocity is designed to be exactly,=0.5c since _ i{( 2_1)6U - lw}

both the external laser pulse and the accelerating electromag- T, 9 Q

netic field have the same duration, implying a triangular

shape for the external laser pulse. - i{gz_ 1 _l} SU (6.2
Although the present analysis makes a clear distinction Tee Q '

between the energy provided by the active m_ed(lammpl_l- .where in the last step energy conservatidth,eet(0°
fier) and that supplied by the external laser, in practice, It—l)U —AU. +U d C vt )
may be possible to provide all the energy by the external out™ =~ kin ouQ, Was assumed. Lonsequently, to en
laser. We believe that by incorporating the active medium ipUre St_ab'“ty’ thesg fluctuatlon oughF to decay during several
the feedback loop we effectively produce a hiQhcavity” cycles; therefore, it is necessary to impose
similar to a superconducting one; therefore, the analogy to
well-known systems becomes clearer. Moreover, the external g°-1< 6 (6.3
laser has to generate a pulse that is shaped to the require-
ments of the “eigenmode” of the system, namely, the feed- Now a few comments on our tacit assumption regarding
back loop and electron pulse. On the other hand, in the anpulse shapingf a picosecond long laser pulse as reflected in
plifier, no such shaping is necessary, reducing significantlfqg. (3.8). There is an extensive research effort in the world
the number of passive optic components involved and conwith the sole purpose of shaping pico- or femtosecond laser
sequently diminishing the overall radiation loss. pulses[17]. A variety of methods are being used: starting
Contrary to the amplifier section whose energy contribu-from fixed masks, through adaptive pulse shapes controlled
tion may be supplied by the external laser, the latter is irreby a computer, including liquid crystal devices, acousto-optic
placeable since beyond providing the necessary energy tmodulators, and ending with movable or deformable mirrors.
compensate for the beam loading effect it locks the phase @& short list of applications of picosecond and femtosecond
the field in each acceleration module at the desired valugreshaped laser pulses is varied, including dark soliton ex-

This observation brings us to an additional tacit assumptiomperiments in nonlinear opticgl 8] or ultrashort pulse com-
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munications based on spectral phase encoding and decoding, Acc. Structure Acc. Structure

where different users share a common fiber optic medium e

based on the use of different spectral codesde division

multiple access In addition, it is possible to preshape a laser

pulse to compensate for dispersion along an optical fiber

[19]. The progress in this area indicates that the techniques 7 d

have matured during the past decade and there is no reason

to refrain from employing them within the framework of a  FIG. 10. As the point charge traverses the acceleration structure,

future optical collider. it must experience an electromagnetic field throughout the time it
Finally, on the issue of noise and instabilities in a systenfpends in the structure.

with feedback: It is anticipated that the noise has three main

sources, the randomness associated with the distribution @bint charge exactly overlaps the pulse in the acceleration

electrons, the external laser, and the active medium itselitructure. Explicitly, it takes the point charge a timéc to

since it generates spontaneous radiation. Conceptually, beamaverse the structure. In a similar way, the length of the

break up(BBU) is not expected to be significantly different pulse in the structure is given by its duration and its propa-

in an optical structure than in a regular microwave acceleragation velocity 7gycf,,. With these observations, we realize

tor. On the one hand, in our favor is the fact that both phothat the time it takes the front end of the radiation pulse to

tonic band-gap structures and symmetric Bragg fibers conreach the output end of the structure is given @y

fine fewer modes due to their geometric characteristics as TemCBgr) ! CBy Clearly, the overlap constraint imposed ear-

well as the frequency dependence of dielectrics in this fretier implies that this time ought to equal it takes the point

quency range. Consequently, better control is anticipated ogharge to traverse the structure, namely,
the suppression of high-order modes. On the other hand, the

radius of the electron beam, relative to the operating wave- d_ d- 7emCBy O 7oz di1
length, is expected to be significantly larger comparing to C ChByr EM™ ¢ Bar '

this ratio in a microwave accelerator—and this may lead to . = .
enhanced sensitivity to BBU. The active medium as well advhich is exactly Eq(2.6).

the external laser contribute their share to the noise that ac- | "€ delay time(rp) between the front of the radiation
cumulates in the ring. Like the efficiency, their relative con-PulSe and point charge must equal the duration of the pulse

tribution will be determined to a large extent by the quality SUPject to the assumption that the group velocity in the space
factor, and the latter’s choice will eventually be a tradeoffin front of the acceleration structure & namely, 7o= ey
between high efficiency, stabilitiEq. (6.3)], and acceptable (€€ Fig. 11

noise level that we may allow to develop in the loop.
APPENDIX B
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APPENDIX A cﬁgr
The purpose of this appendix is to demonstrate that the o>
condition for full overlap between the point charge and the ™o ) N

radiation pulse leads to E@2.6). In the acceleration struc-
ture the radiation pulse propagates at a velocgy, whereas
the electrons propagate virtually at As the point charge
enters the acceleration structure, it encounters the field at the
back end of the radiation pulse—see left frame of Fig. 10
As the point charge enters the structures there are two
possibilities. On the one hand, if the radiation pulse is too
short, it may pass the front end of the radiation pulse which
obviously is undesirable since the point charge is not accel-
erated during all the time it spends in the structure. On the b d
other hand, if the radiation pulse is too long, there will be a
fraction of this pulse which will have no contribution to the  FIG. 11. Outside the acceleration structure there is a detgly
acceleration process in the structure. Again, this is undesilbetween the point charge and the front end of the radiation pulse.
able since energy is wasted and the overall efficiency dropShis delay exactly equals the pulse duration assuming that the
For these reasons, the pulse duration is taken such that tipeopagation is in vacuurtBy=1).

v
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suming that the overall charge in the macrobunch is main- APPENDIX C
tained constant. The structure is assumed to be closed and
therefore the spectrum is discrete. Moreover, the structure ils d
designed such that the phase velocity of the first modeats €

Here we bring a detailed account of the arguments which
to Eq.(4.1). At the output of the acceleration structure,
- ; the electric field is a superposition of two contributions: by
th t I ly, the lat- ", ; . ; X

e operating wavelengtfho) and, correspondingly, the la virtue of Maxwell's equations, one is a linear function of the

ter is also the sepgrat!on of any twp microbunches. field at the input and the second is the projection of the wake
Our starting point is the wake in a closed structure as

i =2,(F)
presented in Eq(2.3), which for convenience is repeated on the fundamentafsuperscrip) modegy,=2«q

next: .
- Eal0= | AL EN ) - Bt
E,(r=0,7r=t-2zc) =gk, W, cow,n[2h(7)]. —
=t note that it was explicitly assumed that the coherent wake
Let us label byr each microbunch such that1,2,... M.  reduces the acceleration field. In a similar way we assume a
Since the total emitted power is given By [dvJ,E, we can linear operator relating the field at the input with that at the
explicitly find that this power is given by output of the accelerating structure, and in addition there is
the external laser fiel(E, ) injected into the system,
P= quvE Wn2<<cos[&2w(,u - v)] h[27(u - V)]> > .
n=1 wy wnl v

Ein(t) =EL(t) + f dt’ G(t[t") Equdt’).

M

wherein(---),=(1/M) X ---. Using geometric series expan- N . .
Con=( ):1 94 P Without significant loss of generality, the linear operator rep-

sion and taking into account the value of the step function afeésenting the propagation through the traveling wave struc-

zero, the double average may be shown to equal ture (ignoring dispersion or radiation loss of any kjni
given by L(t[t")= &t -t+d/cpy,); the last term(d/cy,)
wp represents the delay of the envelope of the pulse. In a similar
<<Cos[w_277(:“ B V)] h[27 (- V)]> > way, the operator representing the feedback loop includes the
! mrv feedback delay7-g), the gain of the active mediufg), and
_ 1sincm(wy/w)M] the overall loss in the entire looge™); thus G(t|t')
2 sind mwy o] =ge ¥s(t' —t+1=5). Consequently, the difference equation

for the amplitude at the output is
and consequently

sinc{ m(wy/wy)M] Eoult) = GEoult = Tyy) + EL(t = d/cBy) — En(t — d/cBy);
sinc mwp wq]

P(M) = kv 2, Wy
i here the overall gain is denoted ly=ge™” and T,,= 7
which for a relativistic particle is exactly the expression in+d/cgy, is the periodicity of the macrobungmversely pro-

Eq. (3.1); here sin€x) =sin(x)/x. portional to the repetition rate
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