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Inhomogeneous broadening effects in a multiharmonic wiggler based optical klystron

Michael G. Kong
Department of Electrical Engineering and Electronics, University of Liverpool, Liverpool L69 3GJ, United Kingdom

~Received 26 January 1998!

Multiharmonic wiggler based optical klystrons driven by a monoenergetic electron beam are known to be
capable of producing a considerably higher gain than conventional optical klystrons. In this contribution,
inhomogeneous broadening effects due to electron energy spread are considered for these multiharmonic
optical klystrons. A modification to a recently developed convolution technique is derived to formulate the
inhomogeneously broadened interaction gain in the small signal regime, taking account of the energy spread
effects on electron bunching in the drift section. Based on the new gain formulation, numerical examples are
used to demonstrate that the beam quality requirement of multiharmonic optical klystrons is essentially the
same as that of their conventional counterparts. Thus for the same interaction gain, the gain enhancement
achieved with a multiharmonic optical klystron configuration can be used to relax requirements for both the
quality and current of the electron beam. In addition, it is suggested that the new formulation may be used to
improve the accuracy of gain spectrum based techniques for beam quality measurement.
@S1063-651X~98!06307-7#

PACS number~s!: 41.60.Cr, 07.77.2n, 41.85.Lc, 52.75.Ms
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I. INTRODUCTION

Conventional free electron lasers~FEL’s! based on wig-
gler magnets of single period are well understood in term
their interaction mechanisms and device performance. T
operation has been demonstrated over a very large portio
the spectrum from microwave to ultraviolet with their pe
output power up to gigawatts. To enable a wider range
applications in medicine and industry, however, their perf
mance for a given accelerator system needs to be impro
still further and as such there has been much interest to
plore novel beam-wave interaction mechanisms based on
conventional magnet or/and interaction cavity structures@1–
5#. For instance, it was suggested to use a double wig
system of similar periods to control the FEL spectrum in
high gain Compton regime@1,2#. A quasiperiodic wiggler
configuration was also conceived for an effective control
both the strength and wavelength of its harmonic radiation
the low gain Compton regime@3#. In addition, a two-
sectioned wiggler structure with two constituent parts hav
different field strengths and periodicities was found use
for mode selection purpose in low gain waveguide FE
@4,5#.

The most commonly used unconventional wiggler co
figuration is an optical klystron~OK!, which employs a drift
section between two essentially identical wiggler magnet
enhance the electron beam bunching and thus increase
small signal gain@6#. To optimize the electron beam bunc
ing, it was proposed recently to replace the first wiggler
usually single periodicity with an alternative modulator ha
ing a series of harmonically related periodicities@7#. With
the same drift section and radiator~the second wiggler!, it
was shown that this alternative arrangement is capabl
increasing the small signal gain up to 75%. Such an arran
ment is known as a multiharmonic optical klystron~MHOK!
and one of its advantages is to use the elevated gain to r
the beam quality requirement. However the electron ene
spread effects were not taken into account in the gain for
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lation of MHOK’s @7# and as a result it remains to be a
swered whether or not the gain enhancement in a multih
monic optical klystron is achieved at the expense of a m
stringent beam quality requirement.

One major consequence of electron energy spread i
cause the interaction gain to reduce and the gain spectru
undergo an inhomogeneous broadening@8–10#. Based on a
convolution technique@11#, analytical formulation of the in-
homogeneous broadening effects has recently been obta
for both free electron lasers@12,13# and optical klystrons
@14,15#. Nevertheless, these analytical treatments have so
ignored the energy spread effects on electron bunching in
drift section. Since it is mainly in the electron beam bunc
ing process that a multiharmonic optical klystron diffe
from its conventional counterpart, this effect needs to
taken into account. To this end, an extension of the con
lution technique@11# is suggested here to formulate the i
homogeneous broadening effects in multiharmonic opt
klystrons taking account of the electron bunching dep
dence on energy spread. Based on the gain formulation
rived, it is shown through numerical examples that the be
quality requirement of multiharmonic optical klystrons is e
sentially the same as that of conventional optical klystro
Therefore, the gain enhancement achieved with a MH
configuration can be realistically realized in practice, th
permitting a freedom to relax requirements for both the qu
ity and current of the electron beam. In addition, it is sho
that the newly developed gain formulation results in
slightly different spectrum broadening from that derived w
some approximations but nevertheless widely used in p
tice @8,16#. Discussion suggests that the new gain formu
tion may be used to derive a more accurate diagnostic
for beam quality measurement.

II. THE EFFECTS OF INITIAL ELECTRON ENERGY
SPREAD ON BEAM BUNCHING

The dependence of electron bunching on the beam’s
tial energy spread in optical klystrons has not been ana
1011 © 1998 The American Physical Society
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1012 PRE 58MICHAEL G. KONG
cally formulated, possibly because it is considered to mak
relatively small contribution to the inhomogeneous broad
ing effects in OK devices@8,10,14#. However, since a finite
initial energy spread will alter, to some degree, the elect
bunching process in the drift section of an optical klystron
is possible that such an alteration may become signific
under some operation conditions. Thus for a more comp
assessment of the inhomogeneous broadening effects in
tical klystrons, it is in general desirable to take account of
initial energy spread in the formulation of electron bea
bunching. This is particularly important for the analysis
the inhomogeneous broadening effects in multiharmonic
tical klystrons since it is predominately in the electr
bunching process that they differ from conventional opti
klystrons.

To demonstrate the initial energy spread effects on e
tron bunching in multiharmonic optical klystrons, we co
sider a simple case in which the modulator contains the f
damental and the second harmonics only. The methodo
developed below should, however, apply to any multih
monic wiggler based optical klystron, albeit with a mo
complicated algebra. Suppose such a modulator of lengL
has an on-axis magnetic field of

Bw5 ŷ~Bw1coskwz1Bw2cos 2kwz!, ~1!

with its dimensionless field strength parametersawn
5eBwn /mc(nkw) (n51,2), and an on-axis laser field of

Es52 x̂~E1cosF11E2cosF2!, ~2a!

Bs52 ŷ~B1cosF11B2cosF2!, ~2b!

with En5(nv/nk)Bn , Fn5nvt2nkz1fn , and the di-
mensionless field strength parameterasn5eEn /mc(nv) (n
51,2). In addition, the drift section is assumed to be
straightforward free space of lengthD. Furthermore, we as
sume that the radiator consists of a conventional wiggle
period lw52p/kw and lengthL5Nwlw , and a radiation
field at f 5v/2p with its dimensionless field strength param
eteras5eE0 /mcv.

In the small signal regime, the energy exchange betw
an electron beam and its amplifying laser field in an opti
klystron is usually considered to be significant only at t
second, or higher, order of the laser field@8–10#. However,
with a sizeable density modulation formed in the drift sect
of the OK, the beam-wave interaction in its radiator can
significant at the first order of the laser field@7,17#. For a
monoenergetic electron beam in a MHOK, its energy lo
to the first order of the radiation field may be expressed
@7#

^Dg&52
awas

gbz

vL

2c

sin~DkL/2!

~DkL/2!
sin u0g~DkL!, ~3!

whereDkL5(v/vz2k2kw)L is the FEL detuning param
eter in one wiggler section,u05vD/cbz is the electron tran-
sit angle through the drift section, and

g~DkL!5
1

2p E
0

2p

cosFx1 (
n51

2

Mnu0sin nxGdx, ~4a!
a
-
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Mn5
nawnasnL

2g2bz
F ~kw1k!2

v

c
bzGsincFnDkL

2 G , ~4b!

where sinc(x)5sin(x)/x. It is worth mentioning thatg(DkL)
represents the strength of the electron bunching and as
it is referred to as the bunching strength function.

To maximize the interaction gain, an optical klystron
usually operated withDkL50 ~at the resonant electron en
ergy g r! and sinu051 ~the optimum phase at the radiato
entrance! satisfied simultaneously@7#. Note that

vD

cbz
5@Dk1~k1kw!#D5~DkL!

D

L
1~k1kw!D, ~5!

thus sinu05sin(k1kw)D51 needs to be satisfied atDkL
50. So forgÞg r , sinu0 may be expressed as

sin u05sinF ~DkL!
D

L
1

p

2 G5cosF ~DkL!
D

L G . ~6!

Similarly Mnu0 of Eq. ~4! may be expressed as

Mnu05xn
r j~g! sinc~DkL/2!, ~7!

where the superscriptr denotes resonance and

xn
r 5

nawnasn

2g r
4bzr

3 S vL

c D 2 D

L
, ~8a!

j~g!5g r
4bzr

2 ~12bzrbz!/g
2bz

2. ~8b!

Consequently Eq.~3! becomes

^Dg&52
awas

gbz

vL

2c
sinc

DkL

2
cos

mDkL

2
g~DkL! ~9!

with m52D/L and

g~DkL!5
1

2p E
0

2p

cosS x1 (
n51

2

xn
r j~g!

3sinc~DkL/2!sin nxD dx. ~10!

It should be mentioned that ifx2
r 50 is specified in Eq.~10!,

Eq. ~9! may be used to calculate the first-order interact
gain of a conventional optical klystron having a sizeable d
sity modulation in the small signal limit.

Equation ~9! is derived for a monoenergetic electro
beam. If the electron beam has an initial energy spread, h
ever, the gain will be reduced through terms dependent u
the electron energy, which, in the case of Eq.~9!, are namely
(gbz)

21, sinc(DkL/2), cos(mDkL), and g(DkL). Of these
four terms, (gbz)

21 affects the gain magnitude only and fo
relativistic electron beams its dependence on the electron
ergy spread may be considered negligible@8–15#.
sinc(DkL/2) represents the electron beam’s spontane
emission in one wiggler section, whereas cos(mDkL/2) rep-
resents the interference between radiations from the two w
gler sections and it depends crucially on the electron phas
the entrance of the second wiggler section. These two te
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PRE 58 1013INHOMOGENEOUS BROADENING EFFECTS INA . . .
are affected by the electron energy spread considerably
they have been considered@8,10,14#. g(DkL), on the other
hand, contains information about the electron bunching
the drift section and its dependence on the initial ene
spread has been ignored in previous analytical stu
@8,10,14#. This dependence will be considered here to und
stand possible differences in the inhomogeneous broade
effects between multiharmonic and conventional opti
klystrons.

Suppose the initial energy spread of the electron beam
a Gaussian distribution

f ~e!5
1

A2pse

expS 2
e2

2se
2D , ~11!

where e5(g2g0)/g0 is the relative deviation from the
nominal electron energy,g0 , and se is the rms energy
spread. The gain for a nonmonoenergetic electron bea
the convolution of the gain for a monoenergetic beam,
~9!, on the energy distribution of Eq.~11!. Mathematically
this convolution is an integral frome52` to e51`. But
if the gain for a monoenergetic electron beam can be
pressed by a parametric integral of
gy
in

th
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is
.

x-

^~Dg!&5E
0

1

E~DkLt!dt, ~12!

the required convolution of an infinite integral may altern
tively be expressed by a finite integral@11#, permitting a
much more efficient numerical estimate of the convoluti
and hence the interaction gain for nonmonoenergetic elec
beams. It has been shown that many sinusoidal functions
be expressed by a finite parametric integral@11,13,14# and
this technique has been applied to both FEL’s@11–13# and
conventional optical klystrons@14,15#.

For multiharmonic optical klystrons, however,g(DkL) of
Eq. ~10! is not a sinusoidal function and so it is found n
possible to express the exact bunching strength functio
the form of Eq.~12!. To overcome this, we first conside
g(DkL) as a function of two variables,S5sinc(DkL/2) and
T5sinc(2DkL/2), and Taylor expand it,

g~DkL!'g~Dk0L !1g18~Dk0L !~S2S0!

1g28~Dk0L !~T2T0!, ~13!

around its nominal value atS5S05sinc(Dk0L/2) and T
5T05sinc(Dk0L/2) with Dk0L calculated atg0 and
gl8~Dk0L !52
x l

rj~g0!

2p E
0

2p

sin lx sinS x1 (
n51

2

xn
r j~g0!sincFnDk0L

2 Gsin~nx!D dx ~14!
lcu-

the

a-

ed
s

of
with l 51,2. If we denote

A~Dk0L !5g~S0 ,T0!2S0g18~S0 ,T0!2T0g28~S0 ,T0!,
~15!

then the bunching strength function becomes

g~DkL!5A~Dk0L !1g18~Dk0L !sinc~DkL/2!

1g28~Dk0L !sinc~DkL!. ~16!

Note that in the above equation,A(Dk0L), g18(Dk0L), and
g28(Dk0L) are all calculated at the nominal electron ener
Thus the electron energy spread affects the bunch
strength function only through the sinc(DkL/2) and
sinc(DkL) terms. When Eq.~16! is substituted into Eq.~9!,
the gain becomes a function of sinusoidal terms only and
allows the gain to be expressed in the form of Eq.~12!, as
will be shown in the next section.

It should be emphasized, however, that although the T
lor expansion technique allows the gain to be expressed
finite parametric integral, this is essentially an approximat
and therefore its validity needs to be examined first. To t
end, we note that the change ofDkL due to an electron
energy change,dg, is given by

d~DkL!5dF vL

cbz
G52

4Nwp

bzr
2 F11

Dk0L

2NwpG dg

g
~17!
.
g

is

y-
a

n
is

and thus the actual FEL detuning parameter can be ca
lated usingDkL5Dk0L1d(DkL). This may be used to
compare the bunching strength function of Eq.~10! and its
approximation of Eq.~16!. In Fig. 1, the bunching strength
function and its Taylor expansion are plotted against
nominal FEL detuning parameter,Dk0L, for g05100, Nw

510, dg/g5531023, x1
r 51.92, andx2

r 50.81. It is clear
from Fig. 1 that Eq.~16! represents an excellent approxim
tion of g(DkL) for dg/g<531023. It should be noted,
however, that an identical energy shift of 0.5% is assum
for all electrons in Fig. 1. For an electron beam with a rm

FIG. 1. Validation of the Taylor expansion approximation
g(DkL) for g05100,Nw510, anddg/g5531023.
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1014 PRE 58MICHAEL G. KONG
energy spread ofse5531023, a large percentage of elec
trons has an energy deviation of less than 0.5% from th
nominal value. Thus Fig. 1 overestimates the deviation
Eq. ~16! from the actual bunching strength function and
Eq. ~16! should in practice be an even better approximat
than suggested in Fig. 1.

III. OPTICAL KLYSTRON GAIN
FOR NONMONOENERGETIC

ELECTRON BEAMS

With the bunching strength function expressed by the t
(DkL) dependent sinusoidal functions in Eq.~16!, the aver-
aged electron energy loss of Eq.~9! has now threeDkL
dependent sinusoidal functions, namely,

K1~DkL!5sinc~DkL/2!cos~mDkL/2!, ~18a!

K2~DkL!5sinc2~DkL/2!cos~mDkL/2!, ~18b!

K3~DkL!5sinc~DkL!sincFDkL

2 GcosFmDkL

2 G .
~18c!

These three sinusoidal functions may be expressed in
form of Eq. ~12!. If we introduce

Ul~x!5
l

2 E
0

1

cos~ lxt !dt, ~19a!

Vl~x!5
l 2

4 E
0

1

~12t !cos~ lxt !dt ~ l 51,2,3!,

~19b!

it can be shown that

K1~x!5Um11~x!2Um21~x!, ~20a!

K2~x!5Vm12~x!1Vm22~x!2V2m~x!, ~20b!

K3~x!5@Vm13~x!1Vm23~x!2Vm11~x!2Vm21~x!#/2.
~20c!

For the simplicity of mathematical expression, we furth
introduce

Pl5
l

2 E
0

1

cosF l ~Dk0L !t

2 GexpF2
l 2me

2t2

8 Gdt, ~21a!

Rl5
l 2

4 E
0

1

~12t !cosF l ~Dk0L !t

2 GexpF2
l 2me

2t2

8 Gdt,

~21b!

wherel 51,2,3 andme5a0se . By noting that

DkL'a0S g2g0

g0
1

g02g r

g0
D5a0~e1e r !, ~22a!

a05~v/c!L/~g0
2bz

3!, ~22b!

the convolution of the three functions in Eq.~20! on the
distribution of Eq.~11!,
ir
f

n

o

he

r

Fl5E
2`

1`

Kl~DkL! f ~e!de ~ l 51,2,3!, ~23!

may be shown to be

F15Pm112Pm21 , ~24a!

F25Rm122Rm2222Rm , ~24b!

F35@Rm131Rm232Rm112Rm21#/2.
~24c!

Consequently the interaction gain for nonmonoenerg
electron beams is obtained as

^~Dg!&52
awas

g rbzr

vL

2c
z~Dk0L !$A~Dk0L !F1~Dk0L,me!

1g18~Dk0L !F2~Dk0L,me!

1g28~Dk0L !F3~Dk0L,me!%, ~25!

where z(Dk0L)512bzr
2 (Dk0L)/4Nwp. It should be men-

tioned that although Eq.~25! is derived for multiharmonic
wiggler optical klystrons, it is also applicable to convention
optical klystrons whenx2

r 50 is specified.

IV. APPLICATIONS

To illustrate the inhomogeneous broadening effects
both the spectrum and the magnitude of the interaction g
in Eq. ~25!, we introduce a gain function defined as

G~Dk0L,me!5
2^~Dg!&

~awas /g rbzr!~vL/2c!
. ~26!

We first consider a multiharmonic wiggler based optical k
stron driven by an electron beam ofg05100 with Nw510
andD/L516. With the electron beam bunching optimized
x1

r 51.92 andx2
r 50.81@7#, the gain function for this MHOK

is calculated from Eq.~26! and plotted as a function ofDk0L
for both se50 andse51023 in Fig. 2. It is clear that the
interaction gain is reduced considerably in the presence
finite energy spread. Atse51023, the peak value of the gain
function at Dk0L50 is reduced to 0.01 from 0.74 atse

FIG. 2. The gain function withse51023 ~solid curve! andse

50 ~dotted curve! for g05100,Nw510, andD/L516.
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PRE 58 1015INHOMOGENEOUS BROADENING EFFECTS INA . . .
50, a reduction of 87%. For the corresponding conventio
OK optimized atx1

r 51.84 (x2
r 50), calculation using Eq

~26! indicates the same peak gain reduction of 87%.
If the optimized bunching~at x1

r 51.92 andx2
r 50.81! is

achieved over a shorter drift length, the inhomogene
broadening effects become less severe. In Fig. 3, the o
mized gain of a MHOK is plotted forD/L52 and compared
to the case of its conventional counterpart. For an ene
spread ofse51023, the gain function of the MHOK at
Dk0L50 is reduced to 0.71 from 0.74 for the monoenerge
case, representing a reduction of only 4.2%, whereas for
conventional OK this reduction is slightly less at 3.4% w
the gain function atDk0L50 decreased to 0.56 from 0.58
se50.

Also shown in Fig. 3 is a very similar trend of gain de
radation for the two different types of optical klystrons. T
illustrate this comparison more clearly, the peak value of
gain function under the optimized bunching condition ofx1

r

51.92 andx2
r 50.81 @7# is calculated in the unit of its value

for a monoenergetic electron beam and plotted in Fig. 4
a function of se for two drift lengths. For the case o
D/L516 in Fig. 4~a!, the gain of the MHOK is seen to hav
an identical energy spread dependence to that of its con
tional counterpart. Further calculation suggests that
agreement is also true for longer drift lengths. When
shorter drift section ofD/L50.7 is used, the two optica
klystrons become slightly different in their energy spre

FIG. 3. The optimized gain function for~a! a MHOK and~b! its
conventional counterpart withD/L52.
l

s
ti-

y

c
he

e

s

n-
is
a

dependences forse>0.04 as indicated in Fig. 4~b!. How-
ever, since it is unlikely to operate an optical klystron wi
the electron beam quality worse thanse50.04, the peak in-
teraction gain for both types of optical klystrons may
considered to experience the same degradation in prac
devices.

It is of interest to note that in Fig. 4 the peak gain calc
lated with the nominalg(DkL) is in an excellent agreemen
with that calculated with the Taylor expansion technique
se<0.04. This implies that atDk0L50 the energy spread
effects on the bunching strength function are negligible. T
above observation about the peak gain agrees with the fi
ings of our previous study reached with a phenomenolog
argument@7#. The implication is that aroundDk0L50 the
presence of an electron energy spread affects the beam-
interaction predominately through the cos(mDkL/2) and
sinc(DkL/2) terms in Eq. ~9!, whereas its effects on
g(DkL), or the electron beam bunching, are much less s
nificant.

The inhomogeneous broadening effects in opti
klystrons used for storage ring free electron lasers are o
considered in terms of the following dependence of the p
gain on the electron energy spread@8,16,18#:

G}exp@28p2Nw
2 ~11D/L !2se

2#. ~27!

FIG. 4. Peak gain function atx1
r 51.92 againstse for ~a! D/L

516 and ~b! D/L50.7. The solid curve is for a MHOK (x2
r

50.81), whereas the circles and the dashed curve are for a con
tional OK (x2

r 50) with its g(DkL) calculated using the nomina
value and Eq.~16!, respectively.
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1016 PRE 58MICHAEL G. KONG
It is therefore of interest to compare this energy spread
pendence with that in Eq.~25!. Since most storage ring
FEL’s are driven by a high-quality electron beam and
optical klystron arrangement used usually employs
very large effectiveD/L, we first consider a MHOK and
its conventional counterpart both with a drift section
D/L530. As shown in Fig. 5~a!, the exponential dependenc
of Eq. ~27! agrees very well with our calculation. For
shorter drift section, however, Fig. 5~b! shows an appreciabl
disagreement atD/L55 at large values of the energy spre
especially whense>1023. In view of the fact that Eq.~27!
is derived under the assumption ofse!1 @8#, its application
to cases with a sizeable initial energy spread appears to o
estimate the actual gain degradation as indicated in Fig. 5~b!.
In other words, the newly developed gain formulation of E
~25! represents an improved account, from Eq.~27!, of the
gain degradation in optical klystron devices. One benefi
this improved formulation is that it may be used to develo
more accurate diagnostic tool for measuring the electron
ergy spread in storage rings for a wider range of ene
spread.

Having now established that the degradation of the p
gain in a MHOK is no worse than that in its convention
counterparts, one can take advantage of the gain enha
ment achieved with a MHOK arrangement to relax requi
ments on either electron beam quality or electron beam
rent. For instance, an electron beam of modest quality

FIG. 5. Peak gain function in an MHOK againstse for ~a!
D/L530 and~b! D/L55. The solid curve and circles are calculat
from Eqs.~26! and ~27!, respectively.
e-

e
a

er-

.

f
a
n-
y

k
l
ce-
-
r-
a

given current may be employed to provide the same intera
tion gain in a MHOK as what is needed in a conventiona
optical klystron arrangement. As suggested in Fig. 6, a ga
function with its peak value at 0.57 requires a beam quali
better thanse54.431025 with a conventional optical kly-
stron, whereas a MHOK configuration allows the require
beam quality to be relaxed tose52.831024. Such a relax-
ation on the beam quality requirement should permit th
same FEL performance to be achieved with a less expens
accelerator system.

Our discussion thus far has mainly been concerned w
the degradation of the peak interaction gain~at Dk0L50!,
for which it is established that the energy spread effects
the bunching strength function may be ignored. Such an a
proximation, however, is less accurate for the interactio
gain under nonresonance conditions~when Dk0LÞ0!. Fig-
ure 7 illustrates the gain function of a MHOK atDk0L
54.63 calculated with and without the energy spread effec
on the electron beam bunching. It is shown in Fig. 7 that th
gain degradation forDk0LÞ0 is underestimated markedly if
the energy spread effects on the electron beam bunching
ignored. Calculation for conventional optical klystrons sug
gests a similar underestimate if the bunching strength fun

FIG. 6. Peak value of the gain function for an MHOK~dashed
curve! and its conventional counterpart~solid curve!, both with
D/L520, x1

r 51.92, andx2
r 50.81.

FIG. 7. The gain function optimized atx1
r 51.92 andx2

r 50.81
againstse for D/L516 andDk0L54.63. The solid and dashed
curves are obtained withg(DkL) calculated from Eq.~16! and its
nominal value, respectively.
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tion is calculated using the nominal electron energy. The
fore when considering the gain degradation forDk0LÞ0, the
energy spread effects on the bunching strength function
need to be taken into account using the gain formulation
Eqs. ~16!, ~24!, and ~25!. This is important for an accurat
picture of the FEL gain spectrum covering a wide range
Dk0L as illustrated in Fig. 8, and as a result it bears
interesting implication to gain spectrum based diagno
techniques. For instance, the spectrum of either the spo
neous emission or the interaction gain in optical klystr
devices is often used to measure beam quality in stor
rings @16,18#. It is of interest to note that there are expe
mental conditions under which the existing beam quality
agnostic technique based on Eq.~27! is not very accurate
@19#. The formulation of the energy spread effects on be
bunching developed in this study should permit a more
curate measurement of beam quality. In fact, one can n
measure the beam quality over a wider range~for an rms
energy spread as large as 531023 in the case of Fig. 8! even
with a compact optical klystron~shorter drift section and
hence smallerx1

r !.

V. CONCLUSION

The inhomogeneous broadening effects in multiharmo
optical klystron devices have been analyzed. With a Tay
expansion technique, it has been demonstrated that one
express the bunching strength function in terms of sinuso
functions and as a result the energy spread effects on

FIG. 8. The gain spectrum forD/L54, se5531023, x1
r

50.4, andx2
r 50.2. The solid and dashed curves are obtained w

g(DkL) calculated from Eq.~16! and its nominal value, respec
tively.
es
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ge
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-
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he

electron beam bunching have been formulated into the in
action gain analytically. Based on the newly developed g
formulation, numerical examples have been used to dem
strate that the degradation of the peak interaction gain
MHOK is very similar to that in its conventional counterpa
suggesting that MHOK’s have essentially the same be
quality requirement as that of conventional OK’s. Therefo
for the same interaction gain, the gain enhancement achie
with the multiharmonic wiggler arrangement may be used
relax the requirements on either the quality or the curren
the electron beam used, permitting the possibility of achi
ing the same FEL performance with a less expensive ac
erator system.

The multiharmonic wiggler configuration was original
conceived for optical klystron applications@7# and thus its
feasibility has been discussed for optical free electron las
employing high-energy electron beams. However the ba
concept may be easily extended to FEL devices driven
lower electron energies. One example is its possible imp
mentation in the waveguide optical klystron configurati
typically driven by electron beams of less than 1 MV (g
,3) @15#. It is worth noting that compact FEL’s driven b
lower energy electron beams are in general operated in
frequency range of 1–300 GHz where other radiat
sources are available. Therefore, if such electromagn
fields are chosen to be multiharmonically related, they m
be used as the modulation signals to achieve the functio
the multiharmonic wiggler configuration for lower beam e
ergy devices@20#.

The small signal gain formulated is applicable to bo
multiharmonic and conventional optical klystrons. The e
ployment of the Taylor expansion technique has allowed
inclusion of the energy spread effects on beam bunching
our analytical formulation of the interaction gain, thus avo
ing the otherwise time-consuming and less explicitly info
mative approach of large scale numerical simulation. T
extension of the convolution technique should be applica
to other two-sectioned wiggler systems for a similar analy
cal formulation of their interaction gain@1,3,5#. Furthermore,
it has been shown that under some operation conditions
gain spectrum obtained with such an extended convolu
technique can be appreciably different from that predic
previously@8#. Since the latter was derived under some
strictive approximation, the newly developed gain formu
tion should give a more accurate assessment of the inho
geneous broadening effects in optical klystrons. This may
used to improve the accuracy of gain spectrum based t
niques for beam quality measurement.
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