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Mode-Selective Amplification in a Waveguide Free
Electron Laser with a Two-Sectioned Wiggler

Michael G. Kong,Member, IEEE

Abstract— One important issue in waveguide free electron

lasers (FEL's) involves an interaction of the electron beam with 25:

one waveguide mode at two different resonant frequencies. Since 20! 1
the low-frequency mode often has a higher gain, the usually = |

preferred high-frequency mode is suppressed as a result of mode 5 r A
competition. In this paper, possible control of this mode competi- = 15+ 7
tion is considered using a nonstandard wiggler magnet consisting 2 [

of two cascaded wiggler sections with different periods and field § 100 ]
strengths. It is demonstrated that with an appropriate differenti- o L B

ation between the two wiggler sections the high-frequency mode - L

may be amplified preferentially. This mode-selective amplification ar ]
may be used to suppress the low-frequency mode. A small signal 05

gain formulation is developed for a waveguide FEL with such a
two-sectioned wiggler arrangement and numerical examples are
used to demonstrate its applicability to mode control in waveguide
FEL's. Effects of wiggler field errors and electron energy spread rig 1. pispersion diagram in a waveguide FEL indicating two resonant
are also considered. It is shown that the requirement for wiggler frequencies.
field errors and electron energy spread in the two-sectioned

wiggler arrangement is similar to that in the usual straight

wiggler configuration.

5 -4 -2 0 2 4 6
Axial Wavenumber (1/cm)

40 :
Index Terms—Free electron lasers, gain control, millimeter- ]
wave generation, mode competition, undulator, waveguides. E 20 n
S 9 ]
= ‘\ 1
I. INTRODUCTION bt | ]
L g 0 ﬁ A
OMPACT free electron lasers (FEL'’s) in millimeter and 2 ‘ /
the infrared regions have recently commanded much F i \ /
attention largely because of their small size and low cost re- & 20 7
alized by using low-energy and/or low-current electron beams -
[1]-[8]. Their output power is modest, usually at the kilowatt 40l , .
level rather than megawatt level, but nevertheless adequate 5 10 15 20

for many applications in medicine and industry. Waveguides Frequency (GHz)

are almost always employed to form the interaction region fig. 2. Small signal gain of a waveguide FEL showing a higher gain for the
compact FEL's and, as such, the electron beam can inter@gtfrequency mode.

strongly with many waveguide modes. Without an appropriate

control, unwanted modes may grow at the expense of

preferred mode a%alysis suggests that the low-frequency mode often has a

One type of mode competition involves an interaction Or?lgher gain than the high-frequency mode [2], [9], [10],

the electron beam with one waveguide mode at two differe%? ;Zognﬂ:g Z;g.easgsofatggsgg;i:gg rll?vﬁfrfequueenncg r:%%i
resonant frequencies, as shown in Fig. 1, where the elect P Y d y '

beam line intersects the dispersion curve of the wavegui S pending on their relative strength, the competition between

mode twice at point A and point B. This suggests that thee.tWO resonant modes may extend into the large S|gnal
Iegime where they have been observed to undergo a highly

waveguide mode may grow at the two resonant frequencies . . . . . .
[1] [Zg] and hence th}érg is a mode competition betv?een ¢ gnhnear coupling [11]-[13]. This nonlinear interaction has

: - een shown experimentally to result in a substantial oscillation
low-frequency mode and the high-frequency mode. Althougg low frequency [11]-[13], although a recent theoretical

radiation at high frequency is usually preferred, small sign S i .
g q y yp 9 study suggests the possibility of utilizing the nonlinear mode
_ _ _ interaction to achieve an appreciable oscillation at high fre-
Manuscript received May 20, 1997; revised November 13, 1997. Quency [14]. This contradiction highlights the fact that the
The author is with the Department of Electrical Engineering and Electronic . L. .
University of Liverpool, Liverpool L69 3GJ, U.K. parametric depepdence of the_: mode competition is yet to pe
Publisher Item Identifier S 0093-3813(98)01475-1. fully understood in the large signal regime, and therefore it is
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preferable for the low-frequency mode to be suppressed in #rergy, the electron beam intersects the waveguide dispersion
small signal regime. curve at two resonant frequencies in a straight wiggler magnet,
It is worth considering a possible variation of Fig. 1 foas shown in Fig. 1. The slope of the electron-beam line may be
which point B is moved to the left of the origin by, for instancegontrolled by the wiggler field strength, and its intersection on
using a shorter wiggler period. In this case, the mode comple wavenumber axis of Fig. 1 is given by2r/\,,. Suppose
tition is no longer related to the high-frequency forward wavihis waveguide FEL now employs a two-sectioned wiggler,
mode of point A competing with the low-frequency forwardand in both of its wiggler sections the electron beam interacts
wave mode but instead with a low-frequency backward wawégth the waveguide mode at two resonant frequencies. With
mode [15], [16]. Since the backward wave mode is relatatifferent wiggler periods and field strengths for the two wiggler
to the absolute instability, its suppression may be achievedctions, the single electron-beam line for the case of a straight
by employing a short-pulse electron beam [15]. However, faviggler in Fig. 1 splits into two beam lines of different slopes
waveguide FEL's driven by long-pulse or CW electron beamand different intersections on the wavenumber axis, as shown
this backward wave mode can lead to a significant absolute Fig. 3. It is therefore possible to adjust the periods and
instability and, as such, the mode competition is likely to bigeld strengths of the two wiggler sections so that the two beam
favorable to the low-frequency mode even more [15], [16lines intersect the dispersion curve at an identical high resonant
In other words, the mode competition between two forwarfdequency, whereas their low resonant frequency intersections
wave modes shown in Fig. 1 is in fact a less severe problare apart. The implication of this arrangement is that either
for long-pulse waveguide FEL's. of the two low-frequency modes receives an appreciable gain
Techniques for the control of waveguide mode competitiaanly in one wiggler section and undergoes no significant
are not likely to be useful for the competition between thiateraction in the other, while the desired high-frequency mode
low-frequency mode and the high-frequency mode since thisyamplified in both wiggler sections. Therefore, by limiting
belong to the same waveguide mode. One possible solutiontie amplification of the low-frequency modes to within only
to choose a quality factap for the low-frequency mode that one wiggler section, their growth should be suppressed.
is sufficiently small for its suppression, but this technique is This two-sectioned wiggler technique is conceptually very
not applicable to the case where the wavenumber of the higjmilar to the compound wiggler technique proposed for
frequency is an integer multiple of that of the low frequencyasing optical free electron lasers at a selected harmonic [20].
On the other hand, it should be possible to derive more sophiteswever, the compound wiggler technique realizes harmonic
ticated cavity-based techniques capable of achieving a begetection by differentiating the combination of wiggler period
control of mode competition [17], [18]. With their controland harmonic number in its two constituent parts, while the
mechanisms based on the cavity’s frequency selectivity, thesm-sectioned wiggler technique achieves mode control by
techniques can suffer from their limitation on the tunability oflifferentiating the combination of wiggler period and field
the eventual FEL system [10] as well as their sensitivity tstrength of its two wiggler sections. It is also of interest
beam/cavity misalignment especially at high frequencies [18h note that both configurations may be considered as a
An alternative approach is to control the mode competitispecial types of tapered wigglers [21], [22] or multicomponent
without enhancing the frequency selectivity of the devicewigglers [23], [24], usually conceived to achieve a substantial
radio frequency (RF) structure, and one example is to emplogprovement in FEL device performance.
a nonstandard wiggler consisting of two cascaded wiggler
sections with different periods and field strengths [19]. It 1
was shown that this magnet-based technique is capable of ) o ) L
suppressing the low-frequency mode considerably in the smalP€@m-wave interaction in waveguide FEL's is, in general,

signal regime while maintaining approximately the same lineff¢€ dimensional, and usually the space charge effects are

gain for the high-frequency mode [19]. However, the proposé@portam' For compact FEL's driven by low current glectron
technique was only discussed phenomenologically withoBgams: however, the space charge effects are not important,
gain formulation. In this paper, the FEL interaction in sucﬁ_nd thg mteractlon mgghamsm IS d.on.nnaFed by waveguide
a two-sectioned wiggler is analyzed with a small signal gamspers!on with a neghglb_le field variation in the transverse
formulation. It is shown that with an appropriate differentiatiodi Mensions of the waveguide [1], [2], [4]-{6]. Hence, compact
between the two wiggler sections, the high-frequency modéveguide FEL's may be analyzed in the single-particle
may be amplified preferentially, and this mode-selective ampf€9ime with both the wiggler field and the radiation field

fication may be used to control mode competition in compa@PProximated by their on-axis values. _ _
FEL's. The proposed technique is further examined for its Consider a two-sectioned wiggler magnet with both sections

gain dependence upon wiggler field error and electron enefgyN€ same lengtti. We assume that a rectangular waveguide

spread in comparison with the case of a straight wiggler. 1 used to form the interaction region and the electron beam
only interacts with its Ty mode. The electric field of Tf

mode has one transverse field component on axis given by [2]

. SMALL -SIGNAL ANALYSIS

IIl. MoDE CONTROL WITH A TWO-SECTIONED WIGGLER - .

_ _ E. = 2Fp cos(wt — k.z+ ¢) @
Suppose in a waveguide free electron laser the electron

beam only interacts strongly with one waveguide mode with allhere ¢ is the electron entrance phase with respect to the

other waveguide modes suppressed. With a sufficient electelactromagnetic wave. The wiggler field may be expressed by
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its on-axis expression to the second order of the radiation field, and one method
- . _ is to use the classical FEL treatment of the second-order
Biwl =yBu sinku1z (2)  perturbation analysis [25]. However, it has been shown that
Byo =By sinkyo(z — L) (3) the simple relationship between the first and the second order
i ) ) _ perturbations of the electron energy suggested by Madey’s
for the first and second wiggler sections, respectively. To ttf‘r?eorem [26] is applicable to waveguide optical Klystrons
first order of the radiation field, a direct integration of th 7]. Since waveguide FEL's with a two-section wiggler
energy conservation law gives the energy change of a refere £ be considered as a special version of waveguide optical

electron at the exit of the first wiggler section as klystrons, Madey’s theorem should apply to the former as well.

Ay Gyl < wlL ) [Sin(Ale/2)} Therefore, with
Y1|1st sec 270 ﬁzlc (Ak‘lL/2) A e 1 ag wL 2 ag)l o CL%UQ L
-sin(¢p + AkiL/2) @ ((Am) >—§,y—3 =)\, e (z1) + 2, e (2)
where a1 = eByi1/mcky1 and a; = eEy/mew are the 2001 G2 sinc(z;)
dimensionless field strength of the first wiggler section and the Ba1f3z2
electromagnetic wave, respectively;; is the average axial - sine(s) cos(y +$2)} )
component of the normalized electron velocity; alé; . =

[w/B1¢— (k= + kwi)]L s the FEL detuning parameter of theqormuylated from (6) and Madey’s theorem [26]
first wiggler section.

Now we consider the energy change of the reference elec- (Avyo) = 11((A%)2> (8)
tron in the second wiggler section. To this end, we need 2dy
to know the electron’s phase at the entrance of the secomd have
wiggler section. Note that since the electron travels slower 1 a2 /wL\?2
than the electromagnetic wave, its phase lags behind the latter (Arya) = 6 ,y—é <7> g(x1,22) 9
0

in the first wiggler section. Under the synchronism condition _ _ .
AkiL = 0, the electron slips a distance df; ), behind With the gain function given by

the wave at the exit of the first wiggler section with. d (a2 a2
and N; being the radiation wavelength and the number of g(z1,22) = d—{ﬁ—uﬁl sinc®zy + ﬁ—LSQSinCQM
wiggler periods in the first section, respectively. This suggests RLC Guw2lwl . =2 .
that the electron phase at the entrance of the second wiggler + Bo1foa SINC 1 SIC Ty
section is, in generalp + 2N, 7 + Ak, L with respect to the e
electromagnetic wave. Thus to the first order of the radiation - cos(xy + a:Q)}. (10)
field, the electron energy change in the second wiggler section
may be expressed as The power gain for waveguide FEL'’s is given by
A7 ondace = Qw205 < wlL ) |:SiIl(A/€2L/2):| G, = —(Ay2ymc2I/|e] (11)
2’}/0 /Lgc (A]{;QL/2) Pern
-sin(¢ + Ak L 4+ AkaL/2) (5) wherel is the current of the electron beam a#tl,, is the

agating power of the radiation field. For ;jEmode,
= (k./2wpo)E3 Aern, With A.,,, being an effective cross-
sectional area of the radiation field. Consequently, the small

. . rop
where 3., is the average axial component of the normaPpem
ized electron velocity in the second wiggler sectiap,, = \

eBya/mck,» is its dimensionless field strength, and:, L = signal gain is formulated as
[w/B.2c — (k. + ky2)]L is its FEL detuning parameter. ,
The total energy change of the reference electron over the G, = _ [W‘O} {i} [ L }g(wl,m)- (12)
entire wiggler magnet is the sum of its energy change in each 8 L ko JLme? | [ Aem
section. Therefore, from (4) and (5), we have If the above equation is specified for the case of a straight
Gu1ts [ WL wiggler under the conditions of,,; = a2, 8.1 = (.2, and
A ota —— w S . . — . .
V1| total 2, </3Z16> {SIHC(wl) sin(¢ + 1) z1 = 20, the gain fl;nctlon t;ecomes
ﬁzla'wQ . awl(l‘i‘awl) wL| d . 2
Hzl%wa — g 2wlm T Pwl) Y
P21 sinc(z2) 9@, o) Y82 c |z ™CF e=2z,
. 13
- sin(¢ + 221 + xg)} (6) (13)
Consequently, the small signal gain is reduced to
where sinc(z) = sin(z)/x, and for compact expression of 1 [0 (el w \ a2, (1+a2,;) (2L)>
derivationz; = Ak L/2, andzy = AkyL/2 are introduced. Gp = 16 g <W) <ﬂ) N3P A
z 0Mz1 em

From (6), it is clear that to the first order of the radiation (20)] d
field, the net energy change of the electron beam is zero. . {w—} — sinc?z
Therefore, the electron energy change needs to be formulated ¢ X

(14)

=2z
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Fig. 3. Dispersion diagram in a waveguide FEL with a two-sectioned wiggl&ig. 4. FEL gain in (a) the first section; (b) the second section; and (c) the
magnet. whole of a two-sectioned wiggler magnet.

Note that2[ is the total wiggler length in this case. Theyf apout 0.3 GHz from 7.1 to 7.4 GHz for the total gain of
above gain expression is therefore the same as that deriygg low-frequency mode. It is of interest to note that over

for conventional waveguide FEL's in [1] and [2]. the whole wiggler magnet, the low-frequency mode reaches
its maximum gain of 8.41% at 7.23 GHz, where the low-
IV. NUMERICAL EXAMPLES frequency mode obtains a negative gain in the first wiggler

Based on the gain formulation developed in the precediggction. This may be understood from the fact that the low-
section, a waveguide free electron laser is used to investigiigguency mode interacts strongly with the electron beam over
numerically the suggested mode-selective amplification inrather different frequency regions in the two wiggler sections
two-sectioned wiggler magnet. To this end, we consider firgnd, as such, the cross term (the third term) in the gain function
a waveguide FEL with a straight wiggler magnet. Suppose w#é (10) can be a large positive number at frequencies outside
employ an electron beam of 300 kV and 50 mA, Znband the amplification frequency band of one wiggler section. Hence
rectangular waveguide with internal waveguide dimensions ibfs possible for the total interaction gain to peak at a frequency
a = 2.286 cm andb = 1.016 cm, and a wiggler magnet of where the low-frequency mode has a negative gain in the first
Aw = 4.2 cm anda,, = 0.4. Fig. 2 shows its small signal gainwiggler section.
as a function of frequency calculated from (14) for a wiggler In contrast, the high-frequency mode has a very similar
length of 96 cm. The high-frequency mode has a peak gainfegquency dependence of gain in the two wiggler sections.
29% at 15.3 GHz, less than 32% for the low-frequency modks peak gain is about 0.6% at 14.5 GHz in the first wiggler
at 7.1 GHz. To obtain a mode-selective amplification for thgection, and 3.5% at 14.8 GHz in the second. The amplification
high-frequency mode, the straight wiggler magnet is replacé@quency band is from 12.1 to 15.8 GHz for the first section
by a two-sectioned wiggler of the same total length with ea@nd from 13.2 to 15.8 GHz for the second. Thus these two
wiggler section 48 cm long. The first wiggler section has amplification frequency bands overlap almost perfectly from
period of \,,; = 4.8 cm and a field strength of,,; = 0.2, 13.2 to 15.8 GHz. It is therefore conceivable that the two
whereas the second wiggler section is essentially half of thediation fields generated in the two wiggler sections have very
straight wiggler with\,> = 4.2 cm anda..» = 0.4. For the similar characteristics, and their interference with each other
parameters of this two-sectioned wiggler, the small signal gdi#ads to a positive superimposition of the two radiation fields.
is calculated for the first section, the second section, and the a result, it is possible to achieve a total interaction gain that
entire wiggler magnet using (10) and (12) and plotted asisagreater than a simple summation of the two individual gains
function of frequency in Fig. 4. The dispersion diagram cichieved separately in the two wiggler sections. Indeed, Fig. 4
this waveguide FEL is that shown in Fig. 3. indicates that over the whole wiggler, the high-frequency mode

It is clear from Fig. 4 that the low-frequency mode obtaints amplified from 14.4 to 15.8 GHz with a peak gain of 13.8%
a peak gain of 1.13% at 7.72 GHz in the first wiggleat 15.2 GHz, almost four times as large as the higher value
section, whereas in the second its peak gain is about 3.84%d¢he peak gains achievable in one wiggler section. This is
at 7.13 GHz. The frequency band for positive gain (signalso much higher than the peak gain of 8.41% for the low-
amplification) is very different for the low-frequency mode irfrequency mode. It is therefore evident that with an appropriate
the two wiggler sections. In the first section, this amplificatiodifferentiation of the two wiggler sections, the high-frequency
frequency band is from 7.4 to 8.7 GHz, whereas in the secombde may be amplified preferentially.
section the interaction gain is positive from 7.0 to 7.6 GHz. The high-frequency mode achieves a greater gain than its
Therefore, the low-frequency mode is amplified over verpw-frequency counterpart because it experiences a significant
different frequency regions in the two wiggler sections and, &eam-wave interaction in both wiggler sections. Thus for
such, its two individual amplification frequency bands overlaine high-frequency mode, the two-sectioned wiggler may be
for only 0.2 GHz from 7.4 to 7.6 GHz. This narrow frequencygonsidered as a straight wiggler twice as long as one wiggler
range is similar to the overall amplification frequency bansection. Based on such a consideration and the fact that the

Authorized licensed use limited to: LOUGHBOROUGH UNIVERSITY. Downloaded on August 26, 2009 at 06:59 from IEEE Xplore. Restrictions apply.



KONG: MODE-SELECTIVE AMPLIFICATION IN WAVEGUIDE FREE ELECTRON LASER 89

small signal gain is proportional to the cube of the wiggler 20 ;
length, the total gain for the high-frequency mode over the A —— !ﬁé
whole wiggler magnet was estimated to be eight times as large P
as that achieved in one wiggler section [19]. This hypothesis
can be shown analytically if; = x2 anda, /5.1 = Gw2/B.2

are assumed in (10). However, its prediction does not agree
with the numerical results shown in Fig. 4, where the high-
frequency mode has a total peak gain about four times as large
as that achievable within one wiggler section. Note that the
concerned numerical example does not satisfy the condition of :
21 = &3 and a1 /B4 = awz/B-2, and thus mathematically 200
its interaction gain should be different from the prediction of 5
the hypothesis. It should be noted, however, that the condition

of_ T1 = T2 <_’:1nd a;wl//jz.l = ay2/B.2 implies two identical_ E;?.(li:? EEOL,fa;';J”(S mg-szecltg);;dxwg)gflef with (a),2 = 98% x 0.4,
wiggler sections in which the electron beam would radiate

equally and the radiation fields generated from the two wiggler

10°

Small Signal Gain (%)
o
o
b2

10 15 20
Frequency (GHz)

sections would interfere with each other most effectively to 60 T @ ' "

give a maximum interaction gain. In other words,= z, and aof © :
aw1/B:1 = aw2/B.2 represent the condition for the maximum £ i

achievable gain over a given wiggler length. However, such £ 20 8
a condition does not support any mode-selective amplification ‘_: L

since both the low-frequency mode and the high-frequency & 0» v

mode achieve their maximum possible gain simultaneously. 2 0

Therefore, the mode selective amplification in a two-sectioned UE;

wiggler is realized at the expense of maximum possible gain 40 .

with a greater gain reduction for the low-frequency mode. 600 . . ]

5 10 15 20
Frequency (GHz)

V. WIGGLER FIELD ERRORS AND ENERGY SPREAD . o . ) )
Fig. 6. FEL gain in a straight wiggler with (&).,o = 98% x 0.4, (b)

In the preceding section, mode-selective amplification is.2 = 0.4, and (c)aw2 = 102% x 0.4.
discussed for a monochromatic electron beam and a perfect

wiggler magnet with no field errors. However, any realistifs studied for the same amount of field variation, and its

wiggler magnet has a_ﬁnite field error, and any rea_lisfugﬁect on the small signal gain is illustrated in Fig. 6. For
electron beam has a finite energy spread. These vanau%wg wiggler field variation of-2%, the peak gain is found to

in system parameters can reduce the FEL gain significantly. . 0 : 0
Therefore, it is important to understand whether or not thcéange approximately-5% around the nominal value of 29%

two-sectioned wiggler arrangement is more sensitive to thearéd the peak gain frequency approximatef).2 GHz around

variations than the usual straight wiggler configuration. To th'i € nominal value of 15.3 GHz. These calculated changes in

end, the small signal gain of the waveguide FEL of Fig. 4 i e peak gain and peak gain frequency suggest that the effect

calculated for different wiggler field strengths and plotted a%fh variations in both the_ peak gain af‘d peak_gain freque_ncy
ould be less severe in a two-sectioned wiggler than in a

a function of frequency in Fig. 5. When the wiggler field of Ot i
the second wiggler section varies2% around its nominal stra!ght wiggler. i
value of e, = 0.4, the high-frequency mode experiences_s'm'larly the electron energy s_pread effect may be studied.
a visible change in both the peak gain and the peak gdﬂgs._ 7 and 8 show the small signal gains calculated at the
frequency, whereas there is very little change for the loytominal electron energy of 300 keV, 1% less than 300 keV
frequency mode. Ati,» = 98% x 0.4, the peak gain of the and 1% greater than 300 keV for the two-sectioned wiggler
high-frequency mode decreases to 13.5% from its nomirgtlld its corresponding straight wiggler, respectively. For a
value of 13.8% with the peak gain frequency shifted to 15.38/0 variation in electron energy in the two-sectioned wiggler,
GHz from the nominal value of 15.21 GHz. When the wigglelhe peak gain of the high-frequency mode changes about 2%
field increases ta.,» = 102% x 0.4, the peak gain becomesaround its nominal value of 13.8% and the peak gain frequency
14.02% at 15.08 GHz. Thus as the wiggler field chang2% Varies about 0.26 GHz around the nominal value of 15.2 GHz.
around the nominal value ef,» = 0.4, the peak gain changesWith the usual straight wiggler configuration, on the other
approximately the same amount #2% around the nominal hand, 1% variation in electron energy leads to a 2.1% change
peak gain of 13.8%, whereas the peak gain frequency movieéhe peak gain (around its nominal value of 29%) and a 0.23
within £0.14 GHz. Similar field variation in the first wiggler GHz change in the peak gain frequency (around the nominal
section is found to result in a much smaller change in botalue of 15.3 GHz). Therefore, the requirement for electron
the peak gain and the peak gain frequency. To compare withergy spread and wiggler field error in a two-sectioned
the case of a straight wiggler, the waveguide FEL of Fig.®iggler is comparable to that in a corresponding straight
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Fig. 8. FEL gain in a straight wiggler with (&, = 99% x 300 keV, (b)
E, = 300 keV, and (c)E, = 101% x 300 keV.

wiggler. This implies that the usual design consideration for
the latter in terms of its dependence on electron energy spre:[-aﬁl A. Doria, G. P. Gallerano, and A. Renieri.
and wiggler field error may be adapted directly for the former.
It is of interest to note that the 1% electron energy change
results in very little change in the peak gain and peak gain fref?
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tive means to suppress the unwanted low-frequency mode. In
addition, it was shown that the mode-selective amplification
was achieved by introducing different gain reductions to the
two modes. In some cases, this can reduce the gain of
the high-frequency mode considerably. Such an undesired
gain reduction may be overcome with gain enhancement by
introducing a drift section between the two wiggler sections
to form a waveguide optical klystron configuration [27], [28].
As an alternative to cavity-based mode control techniques, this
magnet-based technique is capable of suppressing the low-
frequency mode in the small-signal regime, and its practical
implementation is straightforward.

Numerical examples were used to demonstrate that the two-
sectioned wiggler arrangement has a similar requirement for
electron energy spread and wiggler field error to the usual
straight wiggler configuration in waveguide FEL's. Therefore,
the usual design consideration for the latter in terms of its
dependence on electron energy spread and wiggler field error
may be adapted directly for the former. It was also found that
for a given electron energy spread and a given wiggler field
error, the high-frequency mode would suffer a much greater
gain degradation than the low-frequency mode and, as such,
the actual mode competition would be much less favorable
to the high-frequency mode than predicted in Fig. 2. This
further emphasizes the need to control linear gains of the
low-frequency mode and the high-frequency mode. It is worth
mentioning that with a similar gain control for a preferred
waveguide mode and any unwanted ones, the application of
this two-sectioned wiggler technique may be extended to mode
competition among different waveguide modes.
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