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Control of harmonic generation in a free-electron laser
with a quasiperiodic wiggler configuration

M. G. Kong and A. Vourdas
Department of Electrical Engineering and Electronics, University of Liverpool, Liverpool L69 3GJ, United Kingdom
(Received 6 July 1998

A quasiperiodic wiggler configuration made from two periodic wigglers of irrational period ratio is consid-
ered for application to free-electron laséiFEL’s). With an analytical formulation of its spontaneous emission,
spectral behavior of a quasiperiodic wiggler is studied. It is found that the nonlinear coupling between the two
constituent wigglers of the quasiperiodic wiggler configuration leads to significant spontaneous emission at
both the usual FEL harmonic frequencies and new frequencies that are irrational multiples of the fundamental
FEL radiation frequency. By adjusting the relative field strengths of the two constituent wigglers and their
period ratio, the usual FEL harmonics can be suppressed considerably. This unique spectral characteristic of
quasiperiodic wigglers may be used to relieve the problem of mirror damage in some free electron lasers
operating in ultraviolet and x-ray wavelengths.
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I. INTRODUCTION condition for an FEL interaction in an infinitively long qua-
siperiodic wiggler. Subsequently numerical examples are
For many electron beam devices, electron interaction wittused to demonstrate that significant radiations can be gener-
a single-frequency electromagnetic field is relatively well un-ated simultaneously at both the usual FEL harmonics, which
derstood. New interaction mechanisms may be producedre integer multiples of the fundamental FEL radiation fre-
when the electron beam is strongly coupled to an electroduency, and the irrationally related harmonics. When the in-
magnetic field at different frequencies. In the case of freel€rference between the two constituent wigglers of the qua-
electron laseréFEL’s), such new interaction mechanisms are SiPeriodic wiggler configuration is appropriately adjusted
often enhanced for their exploration by altering the charac@1d enhanced, the integrally related harmonics are sup-

teristics of the wiggler magnet. For instance, it has been sug2'€SSed considerably. This may be used to relieve the prob-

gested to use an auxiliary harmonic wiggler to enhance racm of mirror degradation for some FEL's operated at ultra-

. ) ) 4 violet and x-ray wavelength®,10].
diation at higher harmonics when the field strength of the It is worth pointing out that in subjects such as solid-state

main wiggler is only modedtL,2]. A different harmonic wig- . : ; .
gler configuration has also been shown to be capable of erg-hySICS and crystallography, studies of which have, in the

) . . . ast, been centered around periodic structures, the latest de-
hancing the gain of optical klystron devices at the fundameni/elopment has been the study of quasiperiodic systems, for
tal radiation frequency3]. For high gain Compton FEL'’s,

X instance, quasicrystalgl1]. Motivated by this, our work
however, it has been found useful to employ a magnet Syssims to study possible benefits of quasiperiodic modulation
generation of sidebandg,5]. In addition, a wiggler system

of a QOubIe perioq structur.e has begn proposed for mode Il. SPONTANEOUS EMISSION IN A
selection purpose in low gain waveguide FE[&. DUAL-WIGGLER MAGNET

In a recent paper, we have studied an unusual FEL inter-
action mechanism in which the electron beam is premodu- We consider a magnet system composed of two different
lated at two different frequenci¢]. We have shown that if conventional wigglers of periods,,; and\,, respectively.
the two modulation frequencies are not integrally but irratio-For the simplicity, we assume,; >\, and that the on-axis
nally related then considerable radiation is generated at frenagnetic field of this dual-wiggler configuration may be ap-
quencies that are irrational multiples of the fundamental FELProximated as
radiation frequency. The generation of these irrationally re- N
lated harmonics modifies the basic FEL interaction mecha- By =Y(Bwy COSKy1Z+ By COSKy22), )
nism and as such they may be utilized to manipulate the FEL here k= 27/\yn(n=1,2). Suppose the lengths of the

spectrum. In this paper, we extend our previous results an . ! - -~
consider the realization of electron beam modulation at twg"/© constituent wigglers aré;=Njhy; and Lo=Nohy,,

irrationally related frequencies by means of a quasiperiodiéeSpeCt'Vely' wher&\; andN, are integers. We further as-
wiggler configuration consisting of two conventional peri- GsLo—Li<Ay, such that N2:1+|nt[L1/)‘W{]'
odic wigglers. In order to understand the characteristics of herefore Eq.(1) is valid for 0<z<L, whereasB,
this quasiperiodic wiggler configuration, spontaneous emis=yB,,, cosk,,z in the small region ot ;<z<L,.

sion of a general dual-wiggler structure is formulated. Num- Under the perturbation of the alternating magnetic field of
ber theory argumen{$] are then used to derive the resonantEqg. (1), an energetic electron beam traveling along the wig-
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gler axis radiates and the induced electromagnetic radiatioBubstitution of Eq(2) into the above equation gives
may be represented by its on-axis electric field component of

dy  eE

E=XEqsin®=XE, sin(wt—Kkz+ ¢). @ 4t~ 2yme n; awn[ COY P —kynZ) — €O P +kyn2) ]-

2

The trajectory of an electron beam in the combined field (8)
of the wiggler magnet and the electron induced radiation is\g jjustrated in Eq.(8), the longitudinal electron velo-

in general governed by its equation of motion, city of Eq. (6) affects crucially the beam-wave interaction
- described by Eq(7) via the phase angles @ * k,,,z= wt
d(VmU):_ = > B —(kxkyn)z+ ¢ in which the electron spatial location
e(E+vXBy). 3 . .
dt needs to be expressed in termg.ofo this end, the electron
average velocity in the longitudinal directiof,oc, needs to

an electron entering the dual wiggler along the magnet axigyngitudinal velocity

may be easily obtained from E) as

1
1 . . ~1- ——(1+%1a2,+1a2,+a, a.,), 9
Bx:;(awlSlnkwlz+aw2smkw22)r (4) IBZO 272( 28wl 25wz f wi W2) ()
wherea,,,= eB,,,/mck,, is the dimensionless field strength Where
of the nth constituent wigglerrf=1,2). Once again with the .
small radiation field assumption, the electron energy ex- :sm(277N1)\W1/)\W2) (10)
change with the radiation field may be considered to be neg- Nym(Z2 /N2,—1)

ligible in the calculation of electron trajectory and as such

the longitudinal electron velocity can be derived frg8§  Note thaté=1 when\,,1=\». However,£<1 if the two

=,8)2(+ ,83 (Boc being the initial electron velocijyas wiggler periods differ from each other appreciably. Wi,
formulated in Eq(9), Eq. (6) becomes

1+ (ay,y Sinky 2+ a,, sink,,2)2]
B=|1— > . 6) 1
Y Bz=Bxot P[afvl €OS XKy Z+ ag, COS KypZ]
For most short-wavelength free-electron lasers driven by rf Y
linacs and electron storage rings, the electron energy is A1y
highly relativistic[12]. Thus y?>1 and the above equation + 22 [ &+ cogky1+Kuwz)Z—cogKy1—Kn2)Z].
may be approximated as Y
11
1
B~1— 2—72(aw1 Sinky1Z+ays Sinkyp)? If we approximatez with the nominal electron positior,

=cB,t on the right-hand side of the above equation, a
straightforward integration of3, in Eq. (11) leads to the

=1— %{(1+ afvl+a3v2)_a§v1 cos X,z formulation of the electron spatial location as
Y
5 z0/B50C 1
—a,; COS XKy Z— 2818y COLKyy1 +Ky2)Z z= Cfo BAm)dr=20+ E[p(zo) +a(z9)], (12
+ 2aw1aw2 COS( kW2_ kwl)z}- (6)
where

It is seen that due to the nonlinear dependencg,ofn the
two wiggler fields in Eq.(5) the electron’s longitudinal ve- ka\fV1 2 awn|Awn
locity contains oscillations at not only the externally imposed P(Z0)= — 2| x_SinZKunzo, (133
wave numbers ok,,; andk,, but also the sums and differ- 87 Baokws n=1 [8w1] Aw
ences of these wave numbers. More specifically, we obtain
terms dependent uponkgy, 2Kz, (KwitKwz), and Ky, _ kagaw ‘ sin(ky,1 + Kw2) Zo
—kw1). These wave numbers play a very significant role in a(z0)= 272B0Kun tKuaZot 1+ Nw1/Nw2
determining the FEL spectrum as will be shown in Sec. IV. o
Note that the high-order terms neglected in deriving @&. Sin(Ky1— Kw2) 2o
contain many other wave numbers, which have very small I W W (130

amplitudes for highly relativistic electron beams.
The energy exchange of an electron with its radiation fieldThe termsp(z,) andq(z,) are related to the nonlinear cou-

is governed by the energy conservation law pling between the two wiggler components of the dual-
wiggler structure, and as will be shown in Sec. IV they affect
d(ymc?) _ e crucially the FEL spectrum. Using E¢L2), the phase angles
——=—¢eE-v. @ .
dt in Eq. (8) become
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= AknZo+ ¢—[p(2o) +a(20)], (14) 5 008 =

2 3 % 1 ]

where Ak, z=[ w/(cfB,)— (k*kyn) ]z and the approxima- E 0.06 -

tion of (k=ky,)/k~1 has been assumed. . : ‘ ]

In Eqg. (14), all phase angles of relevance to Ef) are § 0.04 - j .

expressed in terms of the nominal electron position only. § r ]

This allows Eq.(8) to be integrated directly to give the elec-  § 0.02- : -

tron energy change over the entire length of the dual wiggler, @ 49} JL . JL ‘ K . D]

Av. According to Madey’s theorem, on the other hand, the 0 2 4 6 8
spontaneous emission of the electron beam is proportional to Normalised Frequency

((Ay)?) where(---) denotes an average over the initial o ‘ o
electron phase. Without the angular dependence of the spon- FIG. 1. Spontaneous emission as a function of the radiation
taneous emission taken into account, this relationship in Sfeauency normalized to the fundamental frequency for a single
units is given by{13,14 wiggler of a,,=1.

d2w m2c w2 The relationship in Eq(19) can then be used to derive the
— 2 H i
Joda 877260Eg<(A Y)%). (15  electron energy change in Eq45) and(16). Introducing

2

2
Therefore((Ay)?) needs to be formulated frodiy. From F2=|D ayn(a’ —a;) v{Z awn(by—b)| (21
Egs.(8) and(14), we obtain
EL 2 we have
e
Ay=-— e ngl awn(Tn—Ty), (16) eEL |2
YBz0 (AY)Z:( C2> F2cog(¢+0) (229
where 2yBzom
T L (" o (ak: d (A7) 1( Bl (220
“(¢)=Re| = | ex(AkEzo—p(zo)—a(zo) + =S| ——| 2
$(9)=Rel T [ exi(aki 20— p(z0) - a(z)+ 4102 RR P
=Ree'[a; +iby 1} (170 consequently the spontaneous emission in(E§). is formu-
lated from Eq.(22b) to give
and
w1 eN 2 L2
i_l L + = @—1 (i_) _7:2' (23)
a = OCOiAkn 20— p(20)—q(z9)]dzy, (183 dodQ) 4V €|2y(1-B,)| \or Ly

10 where w,1=ky1CB,0/(1— B,o) is the fundamental resonant
£ _ : + frequency in the first constituent wiggler. To emphasize the
b, =— Ak;zg— - dz,. 18h S .
n LJO sin Ak, 2o~ p(20) ~4(20)1d2 (180 spectral features of spontaneous emission, we introduce a
spontaneous emission function of
Thus the summation term in E¢L6) becomes
2 2
2 w* F
S=— ——. (24

+ - 2 2
21 awn(Tn _Tn ) Wry Ay
n:

=R%é¢

> awn(ar —ay)

In Fig. 1, we plot the spontaneous emission function against
> aw(a —a;)+iY, awn(b:—b;)H the normalized radiation frequeney/ w,; under the condi-
tion of a,,; =1 anda,,,=0. When normalized to the value of
2 2) 12 the spontaneous emission at the fundamental frequency, the
+[E awn(b:_br:)} ] values at the third, fifth, and seventh harmonics are found to

be 0.4866, 0.1485, and 0.0424, respectively. These figures
xXcog ¢+ 0), (199  compare very well with those predicted with the following
relationship[15]:

where
2

a‘w ,
dwonch [Jn-02(FO) = In+ 1y FO 17, (25

2 awn(arT - ar:)
g=tan ! . (20

> awn(by —by)

where {=(a2/4)/(1+aZ/2) andh is the number of har-
monic. In other words, the formulation in Eq21) and(23)



2342 M. G. KONG AND

developed for dual wigglers reproduces the well known re-

sults of Eq.(25) for the single-wiggler case.

IIl. RESONANT CONDITION IN A DUAL WIGGLER
With the eight spatial integrals defined in E{.8), Eq.

(23) may be used to calculate numerically the spontaneous

emission in a dual-wiggler configuration for different com-

bination of wiggler fields and periods. To aid such a study,

however, it is desirable to identify first conditions under
which there is a strong spontaneous emission.

A. VOURDAS PRE 59

xE Jns(u3)ein3<kW1+kW2)ZOE Jn4(u4)ei“4(kw2—kw1)zo
n3 Ny

=2 2 2 2 I, (U)dn,(U2) I (U3)dp,(Ug)

ng Ny, Nz ng
X exd i (AK;, o+ (2n14 Ng— g+ Ug)Ky1Zo
+(2n,+ N3+ ny)kyozo)]. (30)

As illustrated in their definition in Eq(28), ug,uq,uUs,,Us,

It is well known that an electron beam radiates mostandu, are independent of,. Hence the infinite integral of

strongly when it is in resonance with its radiating electro-

Eqg. (26) may be reduced to

magnetic field. For the case of a dual wiggler, this resonance

condition is satisfied when one or more spatial integrals in

Eq. (18 become maximized. However the analytical com-
plexity of Eqg. (18) makes it difficult and ineffective to for-

mulate exactly the resonant condition in a dual wiggler of

finite length. To simplify the mathematical derivation, we
approximate the finite dual-wiggler configuration with an in-
finite dual wiggler and consider the following integral:

1L N
7= lim © | exi(ak; 20 p(zo)-a(z0)

(26)
L—oo L

Herep(zy) andqg(zy) may be reexpressed from E{.3) as

pP(Zg) = —uq Sin 2k,1Z9— U,Sin2k,,»Zo, (279
0d(2o) = — Uokw1Zo— Uz sin(ky1 +Ky2) Zo
— Uy Sin(kyo = kw1)Zg, (27b
where
X=21/[8%(1= By, (280
Uo= —4(ayz/ay)(w/w;) Ex, (28b
U;=—(olon)y, (280
Up= (w2 /8w1) (N2 /A1) Uy, (280
Uz=4(ay/ay)uy /(1+Ny1/Nw2), (28¢
Us=4(ays/ay)u/(L—Ny1/Ny2). (28f)
Note that
+oo
ei(r;sinaz):n;w I (e, (29)

thus the phase angle in E(6) becomes
expi (Aky 20— p(2o) — (20))
= eXFj [Ak;: Zo+ Uokwlzo+ Uq sin 2kwlzo+ Uo sin 2kW220
+ Uz Sin(ky +Ky2)Zo+ Ug Sin(Ky2 —Kyi1) Zo]

=exi(AK, Zo+ Ugkw1Zo)]

XZ Jnl(ul)eiankwleE an(uz)eianszzo
Ny N2

J=2 2 2 2 In (U (Uz)Jp,(U3)dp, (Ug)

ng Ny N3 ng

X lim

L—oo

1 (L
EJ’o {exdi(AK, +(2n1+ ng—ny+ Ug) Ky

+(2n,+ N3+ Nny)ky2)7Z0]1d 7, (31)
Note that
N L S}
fIm <) &1 i 0=0. 42

Therefore7 is finite only when

AK (20 Ng= Mg+ U)Ky + (205+ g Ny k2 =0

(33

is satisfied. Sinc& is small when\ 1 # Ay,

§ayian(w/ wyy)
|u0| = 2 = W2 . - (34)
1+ay,/2+aj,/2+ éaya,,  @r1
Also from Eq.(14), we have
+ w — ® —

AkEZ%—k+kwn= kwlw—rl—o—kwn. (35)

Using the condition of Eq¥34) and(35), Eq. (33) becomes

w )\Wl
__l_n_
w1 A2

0, (36)

wherel,n are integers. This is the resonant condition for a
strong spontaneous emission in dual wigglers of infinite
length.

We first consider the case where the ratio of the two wig-
gler periods is a rational number. This implies that there exist
a pair of integerd; andh, such that\,; /\,,,=hy/h,. As
a result, Eq{(36) becomes

hy
I+nh—2.

Wrg

(37

The above equation suggests that if the wiggler periods are
of rational ratio, the radiation frequency of a dual wiggler is
also a rational multiple of the fundamental resonant fre-
quency of its first constituent wiggléand also of the second
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wiggler). In other words, the induced radiation in the dual 0145 7 "~ 1 T 1 @ ]
wiggler occurs at one or more integral harmonicswupf. In 5 5 i ; ;
the special case d&=0,n=1 andh,=1, Eq.(37) reduces to

)\Wll)\WZZhla w/w,1=h1, (38) 0.10__ __
suggesting that if the period of the second wiggler is a har-
monic of that of the first then the radiation of the dual wig- 0_05'_ ]

gler is at the same harmonic of the resonant frequency of its
first constituent wiggler. Therefore E@L0) is essentially the
resonant condition in the two harmonic wiggler configuration
[1,2,16. As an extension from the conventional wiggler con-
figuration, the two harmonic wiggler concept has been pro-
posed to enhance FEL radiation at a particular harmonic
frequency[1]. However, these two different wiggler configu- 015 — ¢t [ 1 ] T
rations are similar in the sense that their spontaneous emis- 5 5 5 5 ?

Spontaneous Emission Function

0.00: J-Lg J-L s

Normalised Frequency

sions are both induced at integer harmonics of the fundamen-
tal radiation frequency of one of the constituent wigglers.

=
S
g
el Lo P
. : ) o : § 010~ P
On the other hand, if the wiggler period ratio is an irra- 2 - : § § o
tional number, then there exist no two integkfsandh, that ‘E
satisfy Eq.(37) [8]. In other words, r I : : : D]
g 005 e
® hy s I i : i o
—#l+n—. (39 = [ ; s §
o he g A
- Y T TR S U U U S
For such cases, the spontaneous emission peaks at a fre- 0 2 4 6 8 10
guency that is not rationally related t,, and is said to Normalised Frequency
occur at an “irrational harmonic” of the fundamental radia- o . . .
tion frequency of the first constituent wigglgf]. It is con- FIG. 2. Spontaneous emission function againgfu;,) in a two

ceivable that based on such an unique spectral property nefjgrmonic wiggler of N;=20,a,,=1, and a,,=0.4 with (&
techniques may be derived to relieve the long-standing probtwi/Awz=3 and(b) Ay /Awz=2.

lem of mirror damage by harmonic radiation in x-ray free- ) ) )
electron laser and synchrotron devices. In other words, the nonlinear coupling, or the interference,

between the two wiggler components of a dual wiggler is
responsible for the emission enhancement at frequencies that
are not common harmonics of the two wiggler components.
The resonant condition of E@33) is derived for a dual In Fig. 2(b), the spontaneous emission is plotted as a func-
wiggler of infinite length. For dual wigglers of a finite tion of radiation frequency for a similar harmonic wiggler
length, their spontaneous emission needs to be assessed franith \,,,=\,1/2,a,1=1a,,=0.4, andN;=20. Thus the
Eq. (23) through the eight finite spatial integrals in E@3). second wiggler is effectively a second harmonic wiggler of
We first consider the case of a harmonic wiggler configurathe first constituent wiggler. As shown in Fig(k?, the in-
tion with N;=20a,,=1a,,=0.4, and\,,=\,1/3. The troduction of this second harmonic wiggler results in addi-
spontaneous emission is calculated from E8), (23), and tional radiation peaks at even harmonics«@f. Also shown
(24), and plotted as a function of the radiation frequency inin Fig. 2b) is that many of the original odd harmonics®f;
Fig. 2(a). Compared to the single wiggler case of Fig. 1, Fig.experience a reduction in their emission strength except for
2(a) suggests that the addition of a second wiggleingp  the fundamental frequency. Since the odd harmonics of the
=\u1/3, a third harmonic of the period of the original wig- second wiggler are not integrally related to that of the first,
gler, leads to an enhanced spontaneous emission at the thifte spectral characteristics in Figlb2 cannot be explained
and ninth harmonics of the fundamental radiation frequencyy the argument of simple superposition of odd harmonics of
w1, both of which are also odd harmonics of the secondhe two constituent wigglers. The aforementioned observa-
wiggler. This agrees well with the conclusions drawn in pre-tion of Fig. 2b) thus supports the suggestion that the inter-
vious studies of harmonic wigglef4,2] and thus confirms ference between magnetic fields of the two constituent wig-
that the spontaneous emission is enhanced at certain harmaglers affect strongly the strength of spontaneous emission,
ics of w,; when the magnetic field is increased at these harespecially at frequencies that are not common harmonics of
monics of\,,; with the addition of the second wiggler. On these two constituent wigglers.
the other hand, it is of interest to note that also enhanced is In order to understand the characteristics of quasiperiodic
the radiation at the fifth and seventh harmonicsvpf, nei-  wigglers, particularly their similarity to and difference from
ther of which are harmonics of the second wiggler. Thisharmonic wigglers, we consider an exampleagh =1,
suggests that radiation enhancement observed at the fifth arel0.4, and\,; /\,,,=\/5. The spontaneous emission is plot-
seventh harmonics may have resulted from the cross ternted in Fig. 3 and exhibits radiation peaks at the fundamental
(the nonlinear terms throughp(zy) andq(z) in Eq. (13),  frequencies as well as around their odd harmonics of both
between magnetic fields of the first and the second wigglerghe first and the second wiggler components of the quasi-

IV. APPLICATION
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FIG. 3. Spontaneous emission in a quasiperiodic wiggler of
ay1=1,a,,=0.4,N;=20, and\ ;= 5\y;.

Q.40

periodic wiggler. In addition, radiation is also seen to be
significant at frequencies that are not harmonics of either g °->°
wiggler component. These additional radiation peaks are =
again a consequence of the interference between the twcE 0-2°
wiggler components.

It is evident from Figs. 2 and 3 that there are more radia-
tion peaks in the spontaneous emission spectrum of a quasi
periodic wiggler than in that of a comparable harmonic wig-  o.oc g
gler. In the case of harmonic wigglers, strong radiation =, ~=
occurs only at integer harmonics of the fundamental radia- =
tion frequencyw,;, whereas for a quasiperiodic wiggler
spontaneous emission can be significant at integer harmonic
frequencies of the fundamental radiation frequencies of both
constituent wigglers as well as other frequencies. These ad- o o S
ditional radiation frequencies are not integer multiples of ei- FIG. 4. Spontaneous emission function in a quasiperiodic wig-
ther of the two fundamental radiation frequencies, and thu§'€" of awi1=1,a,,=0.8, andN, =20 with (&) q(zo) given in Eq.
are referred to as “spurious harmonics” of the quasiperiodic}3P and(b) q(zo) set to zero.
wiggler. Because of the generation of these spurious harmon- o
ics, the spontaneous emission spectrum of a quasiperiodf@Nkw—Ki2)Zo/(1-Au1/\yp) term. As a result, it is reason-
wiggler is more complex than that of a comparable harmoni@ble to deduce that the interference between the two wiggler
wiggler. It is our main motivation to examine whether new components affects the FEL mechanism predominately
physics realized with the quasiperiodic wiggler configurationthroughd(zo) of Eq. (13b). To confirm this quantitatively,
may be used to improve the performance of free-electrofhne spontaneous emission of Figapis recalculated using
lasers and similar devices. Egs.(13), (18), (21), and(24) with the contribution of(zo)

To demonstrate clearly the generation of spurious harset to zero and the results are plotted in Figp) 4t is shown
monics, we consider spontaneous emission at different ratid8 Fig. 4b) that the majority of the small radiation peaks in
of wiggler periods of the two wiggler components in a qua-Fig. 4@ are now absent and the spontaneous emission spec-
Siperiodic W|gg|er In F|g éa), the spontaneous emission is trum now contains prEdominatEIy the fundamental and odd
plotted as a function of radiation frequency and wiggler pe-harmonics of both wiggler components.
riod ratio for a quasiperiodic wiggler od,,;=1a,,=0.8, Also present in Fig. @) is a small group of radiation
and N;=20. It is seen from Fig. @ that although strong pgaks at frequencies that are not the u_sua_l 0(de hgrmonics of
spontaneous emissions are indeed induced at the usual radfither wiggler component of the quasiperiodic wiggler but
tion frequencies of the first wiggler compondat w,, and ngvertheless appear to be related to these_harmonlcs in a
presence of a large number of smaller radiation peaks scafween the two wiggler components througfz,) rather than
tered in areas where the ratio of wiggler periods is close té1(Zo). This may be understood with a resonant condition
unity. Detailed inspection of Fig.(d) suggests that most of analysis similar to that in the previous section but vej(iz,)
them occur at frequencies that are not integer multiples ofet to zero. In this case,
the fundamental frequencies of either wiggler components.

Hence we extrapolate that these new radiation peaks are in- Nz=n,=0, Ue=0 (40)
duced by the interference between the two wiggler compo-

nents. Examination of Eq&13), (18), and(21) indicates that N EAs:(29)—~(33) and thus Eq(33) becomes

the interference between two wiggler components is con-

tained mainly inq(zy) but more importantly that(zy) is ikwl: Kwn+2Nn31Ky1 +2n5k,»,=0 (41
indeed significant when\,,;/\,,~1 as it contains a Wr1

on

Spontaneous
o
S

& <
« rceonen

BRS
e <O
A



PRE 59 CONTROL OF HARMONIC GENERATION IN A FREE. .. 2345

0.15[ ' ' ' ' ' ] Thus in cases where the band gap structure of the mirror

coating material is particularly suited to absorbing UV pho-

I ] tons at harmonic frequencies, the quasiperiodic wiggler pro-

0.10 4 vides a useful mechanism to shift the induced photons away
I : 1 from these harmful frequencies. For the new radiation peaks,

they are generated at frequencies not integrally relateg to

and as such they are diffracted much less effectively by the

Spontaneous Emission Function

0'05__ ] downstream mirrof20]. Consequently when they are re-
flected to the upstream mirror, their damage to the upstream
[ A ] mirror should be significantly lower.
0.00 ¥ et On the other hand, the extent of mirror degradation is

0 1 2 3 4 5 6

Normalized Radiation Frequency known to be dependent on photon flux inten$ity]. If cav-

ity mirrors’ photon absorption is reduced below their satu-

FIG. 5. Spontaneous emission function in a conventional wig-rated absorption level by reducing the intensity of FEL ra-
gler (dashed curveand a quasiperiodic wiggler of,,=0.2 and  diation at frequencies suited for significant photon absorption

Aw1/Aw2=7—1.5. For both cases,,;=1 andN;=20. of mirror materials, mirror degradation should be small and
could become, once the FEL radiation is turned off, sponta-
or neously recoverablgl?7]. Figure 5 suggests that the quasi-
periodic wiggler produces low intensity photon flux at high-
i=—2n1—2n2mtm. (42) frequenciee I><{)r1_)- For FEL experiments where.high?
w1 Aw2  Awn frequency irradiation contributes to mirror degradation dif-

ferently at different irradiation frequenci¢$7], it should be

Here radiation frequencies are simply proportional to the rapossible to relieve mirror degradation by reducing the level
tio of wiggler periods with different coefficients as suggestedof photon absorption at frequencies for which cavity mirrors
in Fig. 4b). Thus the radiation frequencies additional to theare particularly vulnerable to high-frequency irradiation.
fundamental and odd harmonics of both wiggler componentgjowever for cases where high frequency irradiation contrib-
in Fig. 4(b) are also spurious harmonics although their gentes to mirror degradation uniformly regardless irradiation
eration is due tg(zo) rather tharg(z,). Mathematically the  frequency, it is possible to derive an appropriate quasiperi-
addition ofq(zp) in Eqgs.(18) and(21) merely permits many odic wiggler structure that produces less hard photons than
more combinations of integers ,n,,n3, andn, that satisfy  that in a corresponding conventional wiggler. In the example
Eq. (33). This is particularly the case in areas of low wiggler of Fig. 5, the total radiation power of hard photons, calcu-
ratios where the difference between the two wiggler periodsated from integrating the spontaneous emission power from
is small to permit many different values aofto satisfy Eq. 24, to 6w,,, is about 1% lower in the quasiperiodic wig-
(41). As a result, significant overlaps of radiation peaks argyler than that in the conventional wiggler.
developed in areas of,,/\,,~1. Since these interference  Control and suppression of harmonic generation are also
induced radiations are not rationally related to the usual odémportant for conventional insertion devices of synchrotron
harmonic radiations of the two individual wiggler compo- radiation that generate x-ray photons with a wide band of
nents, the latter are suppressed considerably. energy or higher harmonics. For these short-wavelength de-

The suppression of harmonics @f; is useful for many vices, it is necessary to monochromate the generated radia-
coherent radiation sources designed to operate at ultraviol§ibn so as to minimize contamination of experimental data by
and X-ray Wavelengths. For UV free-electron laser deviceshard photons{ZO]_ Monochromator Crystals may be used to
mirror degradation by harmonic radiation and other photongemove hard photons, the energy of which is not integrally
at above the fundamental FEL radiation frequency is a majofelated to the fundamental radiation frequency. However,
obstacle for their successful operatiph7—19. Since the since they diffract simultaneously both the fundamental fre-
quasiperiodic wiggler may be used to control and suppresguency and higher harmonics to an observer, experimental
harmonic generation, it is of interest to examine whether thejata are still contaminated by higher harmon28,21]. The
new wiggler configuration could provide a means to relievesuppression of harmonic generation achieved in the quasi-
mirror degradation. To this end, we consider a conventionaperiodic wiggler configuration should also be useful for these
wiggler of a,; =1 andN;=20, and a quasiperiodic wiggler synchrotron radiation sources.
constructed from the above conventional wiggler and an aux- |t should be mentioned that harmonic generation in con-
iliary wiggler of a,,=0.2 and\,,=M\y1/(y7—1.5). Their  ventional FEL’s may be alternatively controlled by using a
spontaneous emissions are plotted in Fig. 5 against the nodifferent quasiperiodic wiggler configuration, proposed re-
malized radiation frequency/w,1. As shown in Fig. 5, the cently as an insertion device of synchrotron radiation
significant emission at the third and fifth harmonics from the[20,21]. In this case, the guasiperiodicity is realized by rear-
conventional wiggler is reduced considerably when the auxranging permanent magnet bars, in terms of their size and
iliary wiggler is added. The spontaneous emission spectrurposition, within the length of one wiggler period. This qua-
of the quasiperiodic wiggler now consists of more but muchsiperiodicity of one wiggler period is then repeated periodi-
smaller radiation peaks at frequencies distant from integratally to form a quasiperiodic wiggler configuration and the
harmonics ofw,;. It is known that mirror degradation is eventual magnet system is essentially of a single-wiggler
wavelength dependent and such a wavelength dependencestsucture. Such a configuration is different from that of the
also different for different mirror coating materidl$8,19.  dual-wiggler structure discussed in this paper in that the lat-
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ter combines two conventional wigglers of different periodsthe interference between two wiggler components to manipu-
to realize quasiperiodicity. Their similarity lies with their late FEL interaction characteristics. However, their applica-
function of generating irrationally related harmonics at thetions are rather different. The former is used for control of
expense of integrally related ones. Consequently both masideband generation around a central resonant frequency,
be employed to control emission spectrum of both freewhereas the latter is employed for suppression of integrally
electron lasers and synchrotron radiation sources. It is ofelated harmonics.
interest to note that the quasiperiodicity of the single-wiggler
structure was denvgd by an ar_1alogy to the quaS|per_|od|c lat- V. CONCLUSION
tice [22], and how it may be implemented in practice and
optimized for better spectral control remain to be addressed. Spectral behavior of a quasiperiodic wiggler configuration
On the other hand, it has been established that spectral cohas been studied with a formulation of its spontaneous emis-
trol in a quasiperiodic wiggler of the dual wiggler structure is sion. With the aid of number theory, it has been established
achieved by adjusting and maximizing the interference bethat such quasiperiodic wigglers produce irrationally related
tween its two constituent wigglers and as such its optimizahigher harmonics. Their integrally related harmonics can be
tion is more straightforward conceptually. significantly suppressed by enhancing the interference be-
It is equally of interest to compare the proposed quasitween the two wiggler components of the quasiperiodic wig-
periodic wiggler to a two-frequency wiggler proposed for gler configuration. Depending on the mirror materials used,
sideband control in high gain Compton FEL[4,5]. The this spectral characteristic may be useful to relieve the prob-
sideband control mechanism of the two-frequency wiggledlem of mirror damage for some free-electron lasers and syn-
configuration is similar to the spectral control mechanism ofchrotron radiation sources operated at ultraviolet and x-ray
the quasiperiodic wiggler configuration, since both explorewavelengths.
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