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Free-Electron Laser Amplifiers in the Microwave Regime
- High Power and Bunching -

S. HIRAMATSU
Natinal Laboraiory for High Energy Physics, 1-1 Oho, Tsukuba, Ibaraki, 305, Japan
E-mail: hiramatu@kekvax.kek.jp

ABSTRACT
The basic theory of frec-clectron lasers in the microwave regime driven by a high current
and low energy electron beam is described taking account of the space charge effect, encrgy
spread and emittance of the electron beam. The experimental studies of high power

microwave FEL amplifiers at LLNL, KEK and CESTA are reviewed.

1. Introduction

A free-electron laser (FEL) is a tunable amplifier of coherent radiation. A relativistic
electron beam irteracts with the traveling electromagnetic wave in the ulternating static
magnetic field produced by a wiggler and the energy of electrons is transformed into
elecromagnetic wave. An FEL can produce high-power coherent radiation in a wavelength
range extending from cm to VUV region. After the first investigation on an FEL in the
microwave region (A=5mm), so called Ubitron, by R.Phillips in 19571, the first generation
of the coherent radiation in the short wavelength region (A=10.6um and 3.4um) from the
FEL was demorstrated at Stanford University by J.Madey et al. in 19752.3. Afier these
pioneering experiments, numerous FEL programs have been established in the wide range
of wavelength. As for the FEL in the microwave regime, a high-power FEL with the
amplified radiation power of more than hundred MW is considered as one of the candidates
of rf-source for plasma heating in the fusion field and for the linear collider with high
accelerating gradient. An excellent experimental program of the microwave FEL was
established at LLLNL with an FEL amplifier producing the 1GW rudiation at 35GHz1.5.6,
Futhermore, A.M.Sessler proposed the concept of a two-beam accelerator with high-power
microwave FELs (TBA/FEL) driven by induction linacs as one of the Promissing concepts
for the future lirear collider”.8. In this paper, however, we have no space to discuss the
TBA/FEL and we will confine our interests to the high-power microwave FELs, Basic

physics of FELs is described and the typical experiments are reviewed in the following

For the net exchange of energy between electrons and electromagnetic wave in the
wiggler field, it is required to satisfy the synchronism condition of ¢f3, = w/(kw +k)
which has the familiar expressionof 4 = 4,, /2}/22 in the approximation of y >> I, where
¢f3; is the axial drift velocity of electrons in the wiggler field, A is the wavelength of the

. . | 2
electromagnetic field, A, is a period length of the wiggler and ¥, = /41— i; . Since the
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exponential gain and the saturation power of an FEL are proportional to /
Compton regime ( ' ana 1”2, respectively, in the Raman regime)?, a high-power FEL
in the microwave region are driven by a low energy and high current electron beam as
shown in Fig. 1. Where the Compton FEL means that the gain is not affected by the
longitudinal space charge effect in the electron beam and / is the electron beam current. In
the Raman FEL, the gain is dominated by the space charge effect. If we have strong space
charge effect, the peak position of the FEL gain shifts toward low B,, side. The
performance of an FEL is also strongly affected by the energy spread and the emittance of

the electron beam.
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Fig. 1 The high gain free-electron laser in the microwave regime.

There is noteworthy difference between the high gain FEL and the low gain FEL which is
familiar in the visible light or UV region. The gain of a low gain FEL is zero at resonance
and the maximum gain is obtained at the energy slightly higher than the resonance energy.
On the other hand, the maximum gain is obtained at the resonance energy in the high gain
FEL. These properties are described by a cubic dispersion relation for FELs.6.9.10



2. Basic Theory
2.1. KMR Egquations

Basic FEL equations which describe the electron motion and elecwomagnetic field
evolution in the wiggler field are derived from the single particle Hamiltonian of the
electron and the Maxwell equation. Considering the planar wiggler and the single

waveguide mode of the elecrromagnetic wave, the Hamiltonian and the Maxwell equation

are given by
24 2 29112 ,
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where P is the canonical momentum, J, is the transverse component of the current
density, A,, and A; are the vector potentials of the wiggler field and the electromagnetic

field of the TEg; mode in the waveguide with the cross section of @ x b, respectively,

Ay = Ay coshlk,y)sin(k,,2) ey, 3)

Ay = A Cos(%yjsin(kz—w[+¢)-ex, (4)

e

. . [ _
and the wave number & of the electromagnetic fieldis & = /(w/c)” = {7:b)

)

. From these
equations the tasic one-dimensional FEL equations, so called KMR equatons, are
derived1Z;
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where E;. =-—-grad® is the space charge field, a,, =eA, /mc=eB, /mck, and
ag=eA;/mc are the normalized vector potentals, y=(k, +k)z—wr+¢ is the
ponderomotive phase, fg = Jy(£)—J;(&) represents the effective coupling between the
wiggle motion of the electron and the electromagnetic wave in the planar wiggler field,
&=(w/c)a,? /8}/2[322, 2/ab is the effective mode area of the TEg) waveguide mode and
(---) means the average in a period of y . The axial drift velocity S, averaged in a wiggler
period of the electron is given by
[ (a2, 12)cosh® (k,.5) o

Bo=11- ” =B ©)
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where B, = B,yX° +i'2 is the transverse velocity component of the betatron oscillation
due to the wiggler intrinsic focusing!! and the additional focusing. In the following the
additional focusing is assumed to be weak compared to the wiggler intrinsic focusing and

we will take account of the intrinsic focusing alone;

=0, 10

F=kpyg sin(kﬁz+¢ﬂ), (1)

)"zyﬁ cos(kﬁz+¢ﬁ>, (12)
a, k

k=l 1

il N (13)

It is easily seen that KMR equations satisfy the conservation low of the total energy of
electrons and the electromagnetic field,

d (P +pr)=0, (14)

dz



N )
where P, = (mc“l/e)(y— l) and Py = (mzczwab/ﬂioe“)asz are the energy flows of the
electron beam and the electromagnetic field. For a net energy exchange between electrons
and the electromagnetic wave, the ponderomotive phase ¥ must be stationaly. Because the
effect of the electromagnetic field to the electron orbit is small, the synchronism condition

or the resonance condition is expressed by

w/c
B, =

= . 15
k,, +k (15)

The axial velocity spread caused by the energy spread and the beam emittance degrades the

FEL performance. For the case of kw2y2 << ], the initia] axial drift velocity is given by

1+ab12 8y abkd

ﬁ —:—Bz+ A A g (16>
: Bvd 70 4Byt

where ¥ is the average of electron’'s ¥, Yo+ Ay is the initial electron energy, and BZ 1s
the axial drift velocity for ¥ = yp and yg =0;
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Assuming the uniform distribution of electrons in the elliptic betatron phase space of
(¥,y'), average of yﬂ2 is given by <yﬁ2> = yb2 /2 for the vertical half beam size of yp.

The vertical betatron oscillation shifts the axial velocity and causes the axial velocity
spread. These effects are expressed by the equivalent energy shift (Ay/ YO)';/uf‘ of the

electron beam and the effective energy spread (Ay /yo)eﬁ;

[ﬂ] L) a8
Y0 Johir 8(1+aw/2)

2 1.2
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2.2. rf-Bucket (Ponderomotive Well)

As well as rf-acceleration in a synchrotron, electrons are trapped in the rf-bucket (or
ponderomotive well). The resonance y and y are defined by

1+a 2} /
a wlc
=]~ s = s 20
B, [ " J Y (20
dy, wic .

=- fga,a;siny, . 2D
L

The equations of the Ay =y —y, and y are derived from the Hamiltonian12.13 of

(w/c)(l— B.?) (ayY? w/c

H(y, Ay 2)= -
27rﬁz3r 2Y,Bar

fpaas(cosy + u/sirzu/,), (22)

and the electron trajectory in the (Y, A7) phase space is given by # =costant. In Eq.(22)

a,.a /y2 << [ is assumed for the simplicity.
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Fig. 2 The rf-bucket in the FEL interaction. The stationary rf-bucket (a) for da,, /dz =0 (siny, =0)
and the decelerating rf-bucket (b) for da,, /dz <0 (siny, > 0).



The separatrix which represents the boundary between bound and unbound orbits in the

phase space is given by

(a7)? =E£i{3—a%€—5—{cosy/+cosu/,+(q/+q/,—7z)5my/,}. (23)

z

Assuming the constant a, electrons are trapped in the constant rf-bucket for da,, /dz =0
(Fig. 2(a)) and in the decelerating rf-bucket for da,, /dz <0 (Fig. 2(b)) because of
siny, o< ~(daw/dz)/awa5. Electrons wrapped in the ponderomotive well are bunched with
the spatial period of the ponderomotive well, 27 /(k,, + &), as shown schematically in Fig.
3. Ivis useful to define the bunching parameter!4.15 as

B= <ei(w~¢>)>" 24)

which is unity for the delta-function like bunch.

Wiggler ——

w/c
Fig. 3 Electron bunches in the wiggler.

In Fig. 4 is shown the simulation result based on Eqs.(5)-(8) without the space
charge effect for the kinetic energy of electrons of T=3MeV, the energy spread of
AT /T =+1%, the beam current of /,=850A and the rf frequency of f=34.6GHz. The
shift and spread of the axial velocity by the betatron oscillation is not taken into account in
the calculation. The solid line shows evolution of the rf-power as a function of the

interaction length in the constant wiggler.
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Fig. 4 The amplified rf-power and the bunching parameter in the FEL calculated by the 1D simulation
code with a single waveguide mode (TEg,-mode). (a) The solid curve and the dashed curve are the rf-power

in the constant wiggler and in the tapered wiggler, respectively, and the dotted curve is the bunching
parameter in the constant wiggler. The wiggler field strength is shown in (b) as a function of z/4,, .

As is shown in Fig. 5 electrons rotate downward in the rf-bucket, the average energy of
electrons reaches its minimum value at the interaction length of z/A,,=13 and the amplified
rf power saturates. After saturation the rf-power oscillates according to the synchrotron
oscillation of electrons in the rf bucket. Tapering the wiggler field as shown in Fig. 4(b) to

maintain the synchronism condition stationally beyond saturation, a considerable fraction



of electrons are trapped in the decelerating rf-bucket (Fig. 5(d)) and the amplified rf power
increases monotcnically beyond saturation as shown in Fig. 4(a) by the dashed curve. In
this example we can expect the saturation power of 150MW for the constant wiggler and
about 1GW amplified power for the tapered wiggler of 3m long. As for the bunching
performance, the maximum bunching parameter of B=0.74 is expected in the vicinity of
the saturation point and the electron current in a period of y is depicted in Fig. 6. This
suggests the good performance of an FEL for the buncher in the high frequency region.
The FEL buncher for the CLIC driving beam was proposed by S.5.Yu et al.1# and
experimental stuay is going on at CESTA.16
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Fig. 6 Electron current in a wavelength.

Another application of the bunching component of the electron current is the "after-
burner!7.18" which is the resonant cavity to extract the rf-power from the electron beam
passed through the FEL interaction region. It is expected to increase the total extraction

efficiency using the after-burner.
2.3. Longitudinal Space Charge Effect

In the high gain FEL driven by a high current electron beam, the gain of the FEL is
strongly affected by the longitudinal space charge effect. The energy change of the electron
by the space charge field is expressed by

dy _ e ﬁE

—=-—-—Fk, (25)
dz m(;2 .Bz

where 5 is the length along the beam center orbit, e; = ffp/ By is the unit vector in the
instantaneous direction of the wiggle motion, ¢ffy is the electron velocity at the beam center
and E; =e;- E;. is the s-component of the space charge field. The coordinate system is

shown in Fig. 7. The effective longitudinal space charge field is obtained by expanding the
beam charge density p and the space charge field E; in the siries of exp(in8) ;

p= Tpue, 26)

n=—oo

11



Eg= Teue?, 27,

n=—oo

and solving the Maxwell equation;
27 -
2 1 d° 1 af .
Ve —-"S5-—= |E =—/{gradp) + u = (28)
([ o2 &zJ scj £ (g P)s Ho Y
N

with an appropriz e manner where 6 = (k,, + )z — cor.

electron’s orbit
in the wiggler

e, (=B/B)
Fig. 7 The coordinate system for calculating the longitudinal space charge field.

Following to E.T.Scharlemann et al.22 the modified Bessel equation for €, is obtained for
the round beam by substituting Eqs.(26) and (27) into Eq.(28) and averaging in one
wiggler period (see Appendix A). For the uniform charge distribution in the beam cross
section, &, is given by

Camc?(111,) B,

_ P ~in8 (29)
En lne(kw+k)rb2 B sz<€ >’ l‘

where 7, is the beam radius, /4 = 471771C3£0 /e = 17kA is the Alfven current.

fp=l- |n|(kw +k> rbK1{|”|(kw + k) rb} (30)
Y Y

is the space charge reduction factor due to the finite beam size and K;(x) is the modified

Bessel function. For the short wavelength FEL such as the visible light or IR region FEL,

12

Jf2p is very close to unity, however, for the microwave FEL in the cm-wavelength region
this factor is considerably smaller than unity. Recently we recalculated f2p with more
precice approximation and different y dependence has been obtained as described in
Appendix A (Eq.(A13)). At present it is not obvious which representation of frp is
correct, and we will take the reduction factor given by Eq.(30) in the following discussion.

Taking the lowest mode (n=%1) of the space charge field and averaging in a
wiggler period 4,,, the equation of ¥ (Eq.(5)) is rewritten as

dy w/c

e -——mz faa,as siny — £ {cos6(sin6) — sinB(cos )}, (31)
where
. 8(1i14)
=4/ 7 . 2
£ (o + 57 o(&)fap (32)

The 1D simulation results with and without the space charge effect in a constant wiggler are
shown in Fig. 8.
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Fig. 8 The 1D simulation results without the space charge effect (solid line) and with the space charge

effect (dashed line). The FEL parameters for Lhe calculation are as same as those in Fig. 4.

13



Since the space charge force prevents bunching of electrons, the FEL gain decreases and
the position of saturation shifts from z/4,,=13 to 16 as shown by the dashed curve. And
the maximum value of the bunching parameter also decreases from (.74 t0 0.63.

2.4. Cubic Dispersion Relation for FELS

Using the complex rf amplitude defined by

d; = age’?, (33)
the KMR equations are rewritten as
dy _ _wic - 6,2 ( -6/ i6\)
0 = —Z‘E(waﬂ lm(ase ) Ejlm e <€ >), (34)
do wlc . B
;;- k+—2YTB;anBRe(aSe ), (35)

_ -if ]
da _;emg 2N, el N g A 136)
dz 2mck ab B, 13,

where 8 =y ~ ¢, and Ak is the detuning parameter defined by

wl/c

Ak=k, +k- .
w ,BZ

(37

Linearizing Eq.(34)-(36) with respect to the perturbations of &y/y and 66 by the

interaction with the electromagnetic field and picking up dominant terms with the
assumption of / " + Ak /<< k,,, we obtain the approximated linearized equations of

K ax =% - S ()g.. (38)
dz 2 2‘}’0 z

&k = ayX, (39)
dz

da,

H=a¥)p 40)
i s(V)g, (

14

where X = <(5}’ / YO)e'iGO >0 , V= <696_i90 >9 , Yo and B = 6; + Akz are unperturbed ¥

and @, respectively, and a;, a; and as are given in Appendix B. (-4 and ()/3 mean
1 Z
the averages on the initial values of 6 and f,, respectively. Assuming X, ¥ and g, are

proportional to e'n in Eqs.(38)-(40), we obtain the well known cubic dispersion
relation®10 for I;

2
r3+2xcr2+{xcz—%~Az}r+A]=0, (A1)

N

where x, and & are the center value and the spread of Ak, respectively. The coupling term
A; between the electron beam and the electromagnetic field and the space charge term A;

are given by

; 2, 2
Ke :kw+k~”;6£1+“—aw Zktvzysz, (42)
2 87’0 ﬁz
2 2, 2
K:_%%{r1+ﬂjﬂ+a“’_k“;yb2}, (43)
70 ﬁz \ 2 Yo 4
iz % 2
PLALY:! (w5/5)5[1+__aw jfgzaw? (44)
2k abi2 y,° B, 2

gy 47 Lily ol [5[1+aw2

kw +k Op ’}/OSBz-? Bz 2

}Io(ﬁ)fzu (45)
For the case that the initial bunching and energy modulation are zero, i.e. X(0)=0 and

Y(0; =0, the electromagnetic field with the initial amplitude of @;(0) is given by

/“LZ/F{_;L’MIZ v 13;1,]81}»22 ).1;&28113:

2= 4:(0) (= 20) ~23) (Ag=23)%2 = A1) T 2 - 12)} o

where A, A;, and A3 are three roots of the dispersion relation (see Appendix B). It
should be noted that since the effect of the space charge term A2 on the electromagnetic
field amplification is similar to the effect of the axial velocity spread &, it is difficult to

separate these effects in the experimental data.
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To see the basic properties of the dispersion relation, we consider the case of the
cold beam here. Neglecting the space charge term (€ =0) and assuming x =0 i,
(Ay/y)eff =0, Eq.(41) becomes to be

[(r+x,)’ =-4,, 47)
where kp =k, +k— a)/cBZ 1s the detuning parameter for the cold beam. The maximum

owth rate of g, is given by |—Im(I" = \/gkwp at kg =0 where p is so called the
gr s max 0

FEL Pierce parameter or the FEL gain parameter given by

173 173 173 213
p=A] _T (I/IA) (fgawj ‘ (48)

2k, 2yp \ab/2 k

w

The Pierce parameter gives the conversion efficiency of the beam power to the rf-power in
the constant wiggier i.e. the saturation efficiency, P,f(“”) = pP,.9:10 For example the

expected efficiency for the FEL amplifiers of LLNL and KEK are listed in Table 1.

Tablel. The Pierce parameter and expected rf-power at saturation in the constant wiggler for the FEL

experiments of LLNL and KEK.

T(MeV) I(A) f(GHz) p(%) Psar(MW)

LLNL 3.0 850 34.6 6 150
KEK 1.5 600 9.4 9 80
KEK 0.8 600 9.4 8 30

To avoide gain degradation by the axial velocity spread, the effective energy spread is

required to be (Ay/y)eff << p. The amplified power Fy(z) 1@‘2 is expressed by

2.2 2
I m°cwab) ~2ipk,,z ipky,z ey
‘ =t °= 7 shi (2 )0
Prlz)=3 w aS(O){e + 2675 cosil 3 pk,, )}L
P(0
=—’f—9(—)e2‘/§”"wz. (for pk,z>>1) (49)
16

Growth curves of the rf-power given by Eq.(46) and Eq.(49) are depicted in Fig. 9 for the
cold beam (x =0). If the space charge effect is negligibly small, extrapolation of the
growth curve Fr(z) in the exponential growth region to z =0 gives a simple estimation of
the effective input rf-power to the FEL amplifier.6 On the other hand, if the space charge
effect and/or the effective energy spread are not negligibly small, this extrapolation does

not give a simple estimation of the input power as shown in this figure.
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Fig. 9 Maximum growth of the rf-power predicted by the cold beam (x=0) dispersion relation. The solid

line and the thin line are the calculated growth curves without and with the space charge effect, respectively.

To show the resonance shift and gain degradation by the space charge effect, the
exponential gain as a function of the wiggler field, so called detuning curve, calculated
from the dispersion relation of Eq.(41) is shown in Fig. 10. The parameters of the FEL are
chosen to be close to the LLNL FEL amplifier?2 except for the single mode approximation.
If we ignore the space charge effect, the peak gain of 36dB/m is expected at B,,=3.55kG
where the peak gain is restricted by the axial velocity spread of electrons due to the finite
beam size. If the space charge effect is taken into account in the calculation, the peak gain
decreases to 26dB/m and the peak position shifts toward low B, side by 150G for the
space charge reduction factor f5p given by Eq.(30). If we assume the reduction factor
given by Eq.(A13) in Appendix A, we have smaller shift and gain degradation than this
example as shown in Fig. 10. It may be difficult to make clear this difference because of

other ambiguities of the experimental parame:ers.
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Fig. 10 The FEL gain taking account of K. and K as 2 function of the wiggler field. The solid line is

the gain curve without the space charge effect. The dashed line and the thin dashed line are gain curves for

the space charge reduction factors given by Eq. (30) and Eq. (A13), respectively. The parameters for the
calculation are T=3MeV, [=850A, A,=9.8cm, f=34.6GHz, axb=10cmx3cm, Npode=1 and

r, =Yy =5mm.
3. Experiments on High Power FELs in the Microwave Regime

Numerous experimental programs on high power FEL amplifiers in the microwave
regime have been established and are also in progress at many laboratories and universities,
LLNL, NRL, MIT, JINR, JAERI, KEK, CESTA, etc. In 1991 M.E.Conde et al.
demonstrated efficiency enhancement 10 27% of the FEL amplifier employing the untapered
helical wiggler with reversed guide field and obtained 61MW amplified rf power at
33GHz.19 Although their investigation is quite interesting for the FEL physics, we will
discuss other 3 rypical FEL experiments related to the application for accelerators in the
following because of lack of the space.

3.1. The 35GHz FEL Amplifier at LLNL
Excellent experimental studies on the high power FEL amplifier in the microwave
regime were carried out at the Electron-Laser Facility (ELF) of LLNL in 1980's.4:5:6 The

high current electron beam was generated by the 3.5MeV induction linac (ETA). The

18

electron beam of 850A with the normalized brightness of 2x104A/(cm-rad)? passed
through the emittance selector was injected to the interaction region in the oversized
waveguide with the cross section of 10cmx3cm as shown in Fig. 11.20 The wiggler was a

3m long planar wiggler consisting of reversed solenoid pairs with the period length of
A, =9.8cm.

Beamiine from Focusing
the ETA doublet Matching doublets N Wiggter Microwave
laagd (W —— VAN
. B ’
IRV NIV N
; N
Emittance selector Microwave Input /mnspon q \ 22 Sx
Diverted

electron beam

Fig. 11 The 35GHz FEL amplifier at LLNL (ref. 20).

Power (W)
Power {W)

L, (m)

(a) (b)
Fig. 12 Amplified rf-power in the FEL for the constant wiggler (a) and for the tapered wiggler (b) of the
LLNL FEL amplifier (ref. 5).

They demonstrated saturation of the FEL with a saturated power of 180MW (n=6%) and
the efficiency enhancement to 71=34% with the 1GW amplified rf-power by tapering the
wiggler field at 34.6GHz as shown in Figs. 12(a) and (b). The measured exponential gain
was 34dB/m which is reproduced by the 2D simulation code FRED. Since the difference of
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the resonance energy between the TE21(TMz)) and TEp: mode. is oniv ~2.6%.
comparable power of the fundermental mode was measured in the higher-order mode (Fig
13).21 The measured results were consistent to analysises including higher-order mode by
the dispersion relation and the simulation code FRED except for the rf-phase evolution
beyond saturation in the constant wiggler 4.21,22,23
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Fig. 13 Measured fraction of totl rf-power in the TEg; mode and in the TE,; and TM;. modes (ref, 21)
3.2. The Ion-Channel Guided X-band FEL Amplifier at KEK

To investigate the feasibility of the FEL as an rf-power source for the linear
collider, the X-band microwave FEL has been studied experimentaly at KEK 24.25,26.27 |
the concept of a TBA/FEL, a high current electron beam for driving FELs passes through
many stages of FELs and induction units for reaccelerating the beam, and we will meet the
difficulty of beam transportation due to the strong BBU. To suppress the BBU in the
induction linac ATA at LLNL, the ion-channel guiding was demonstrated successfully 1o
transport the 7kA clectron beam.?8 This experiment suggests the efficacy of the nonlinear
focusing field ir. the ion-channel 10 suppress the BBU in a TBA/FEL. To investigaie the
focusing performance for the FEL drive beam, the ion focusing FEL amplifier at 9.4GHz
has been studied at KEK. The electron beam was generated by the 0.8-1.6MeV induction
linac and guided by the ion-channel formed by irradiation of the KrF laser of ~140mJ in the
diethylaniline (DEA) gas filled in the beam path at 0.5-1 mtorr s shown in Fig. 14 The
electron beam of 500-600A passed through the emitiance selector was :injected into the

wiggler region. The wiggler was a planar wiggler with 15 periods and & period length of
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A, =16cm. The 9.4GHz rf-power of 77kW was fed through the input coupler with ~90%
transmission efficiency to the interaction region in the oversized waveguide with the cross
section of 1lemx5.5¢m. It is expected that the higher order mode exitation in the FEL
interaction should be small because the resonance energy of the TE>| mode differs from
that of the TEg; mode by 15%. At 1.5MeV operation, maximum performance of beam
transportation in the wiggler and of the rf amplification was obtained with the ion density
of 2x1010¢m3,

Magnetron(81KW)

Laser Window
X-band RF Window

Input RF-Coupler

Receiver 5
@ 0 '
N— Laser Beam | I

R.Waveguide

prsoedl Rrsoxyy mittance
elector

Oversized RF Window
Anechoic Room

Fig. 14 The ion-channel guided FEL amplifier ai KEK.
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Fig. 15 (a) Amplified rf power as a function of 2/, at 0.8MeV operation. (b) Exponential gain as a
function of B,, where the solid line and the dashed line are calculations with and without the space charge
effect, respectively, for T=0.78MeV, /=650A and (A}'/y)ef/=2.4% (4y/yg =0and r, = y, =15mm).
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In the FEL amplifier operated at 800keV, the maximum gain of 158-19dB/m and the
amplified rf power of ~30MW were measured as shown in Figs. 15(a) and (b). In this

operation the FEL gain was limited by the space charge effect. At the beam energy of
1.48MeV, the exponential gain of 20-21dB/m was obtained at B,,=1.21kG and the FEL

amplifier saturated at z/A,,=12 with the saturation power of 100MW as shown in Figs.

16(a) and (b). Power growth in the wiggler is well reproduced by the 1D simulation with
(Ay/)/)eﬁr=5‘6% (Ay/y=0 and r, =y, =15mm). In the calculation of the detuning

curve, (Ay/y)eﬁ-=7.8% (Ay/y=0 and r, =y, = 18mm) is assumed to fit the maximum

gain, The fraction of the total rf power in the higher order modes was less than a few
percents as expected. These results mean that the FEL performance at 1.5MeV operation is
limited by the beam emittance and not space charge, and the availability of the ion-focused
elctron beam for :he single stage FEL amplifier is also demonstrated. After this expenment,
the experimenta. study on the FEL amplifier driven by a bunched electron beam is in
progress at KEK to investigate the basic properties of the interstage FEL in the mulustage
FEL in a TBA/FEL concept.?9
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Fig. 16 (a) Amplified rf power in the KEK FEL at the beam energy of 1.48MeV as a fuction of z/4,,.
The curve is the 1D simuladon with / =600A and B8,, =1.26kG. (b) The exponental gain as a function of
B,,. The solid curve and the dashed curve are the calculated gain by the dispersion relation with and without

the space charge effect, respectively, for 1 =600A.
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3.3. Beam Buncher for the CLIC Driving Beam .

In the CLIC project at CERN30, the accelerating rf for the main linac will be
generated by the rf transfer structure which is the resonant structure driven by a high
current bunch train of electrons with the frequency of 30GHz as shown in Fig. 17. They
have an optional plan to generate the driving beam for the rf transfer structure using an
induction linac and a microwave FEL (FEM).14:31 As shown in Fig. 18, the bunching
parameter of 80% is expected for the FEL with a helical wiggler which is driven by a

electron beam of 4kA and 9.5MeV!5. The expected bunching performance of the FEL is
shown in Fig. 19 where very sharp electron bunches with the peak current of 7//5 =9-9.5

are expected at 30GHz for the average beam current of /. The experimental investigation

on the bunching performance of the FEL is in progress at CESTA!16,

1 bunch/pulse
Main TW accelerating structure
linac 29 GHz e
e H u' H )]
Several Drive ‘L
GeV linac Supercond.
- cavily

i transter 352 MHz
structure
"Pulse" @ 1.7 kHz and 4 "bunches’/pulse

I () B
\_/<

28ns

“Bunch” with ~ 11 “bunchlets”
= 1/352 MH
352 M @29 GHz

Fig. 17 The CLIC-TBA concept. The high energy beam in the main linac is accelerated to 1TeV . The
accelerating rf is generated in the rf-transfer structure driven by a bunched electron beam at 29-30 GHz with

the energy of 3 GeV (ref. 14).

The FEL amplifier with a helical wiggler driven by the 1.75MeV pulse line accelerator
produced the saturation power of 5S0MW at 35GHz, and the coherent radiation from the
beam passed through the FEL interaction region was observed. Next program of the FEL
driven by a 2.5MeV induction linac with the beam current of 1kA is going on at CESTA
where the banching parameter of ~40% is expected.
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Fig. 18 (a) The expected bunching parameter and (b) the amplified of power in the 30 GHz FEL driven by
an induction linac with /=4kA at 9.5 MeV (ref. 15).
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Fig. 19 (a) The instantencous electron current in a period of y and (top) and the electron distribution in the
(w.7) phase space (bottom) of the FEL (ref. 15).
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4. Appendices
4.1. Appendix A: Longitudinal Space Charge Field

To calculate the space charge field taking account of the wiggle motion of the
electron beam, the s-component of the Maxwell equation given by Eq.(28) is solved in an

approximated manner. We assume that the electron orbit is determined by the planar
wiggler field alone and the wiggler field is approximated by B,, = B,, cosk,z-e,. We

define the (u,v,5) system by the Frenet-Sere orthonormal unit vectors of e; = fy/8,
e,=e,x fip/[3 and e, = e, as shown in Fig. 7 where cfy is the electron velocity at the

beam center, ¢, is the instantaneous direction of the wiggle motion and s is the length
along the beam center orbit. From the periodicity of the ponderomotive force the beam

charge density and the space charge field may be expanded as

p=Nwy) Tpaen?, D
s
E, = e, (u v, (A2)
n
E, = S0, (v, (A3)
n

where 8(u,v)= (k,, +k)z{u,v)— ar, N(u,v) is the beam profile function, E; = Eg, ¢
and E, = Eg, -e,. The explict expression of Eq.(28) is written by

’E,  « OE, 0°E, | 9°E,  ux’ JE K? 1 &°E
7~ = T2t 752t T 7E -7
out  I-ux ou M (I-ux) O° (I~ux) & (I-ux) ct o
2k OB, «

u

(I-ux)® @ (I-ux)
L1,

YRS (A
where J; = cﬁ:p and xis the instantaneous curveture of the beam center orbit;
= L dBox(s). (AS)
Bo, ds
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To solve Eq.(A4) in the lowest order approximation, we neglect the s-dependence of £,,
7, and N, and assume the round beam with the radius of 1,. Changing the variables from
(u,v) to (r,¢) defined by u=rcos¢ and v=rsing and averaging Eq.(A4) in the interval
of 5, = Xwﬁ/Bz which is the length of s corresponding to a wiggler period, we obtain the

equation for &, in the lowest order approximation where £, does not depend on ¢ and

small quantities in the order of O(ai /474Bf) are ignored,

2 2 | ’ |
S S-S f
- i'g—;——w(g)‘ "{(kw + k)-%}l\/(f)» "

where <)s means the average on s in the interval of s, and the terms depending on 7,,

vanish by averaging on ¢. In the region of r2<1(2> << {,Eq.(A6) is approximated to be
s

2
d’e, lde, 2 3 .nhp,
i Z — = N(r), A7
dr2 rodr m8 e ) ) (A7)

where
2,2 A2 2

2 2 W ky, 5 (kw+k)

=(hy +k) -+ B - s (A8)
g =l k)= nz[ BZJ ¥?
hzkw+sz_a)B=kw;k& (A9)

and y, =1/ I—Bf. Assuming the boundary condition of &, =0 at r=5/2 and the

uniform charge distribution in the beam cross section, i.e. N(r)=1 for r <n,, we have

£,(ry=—i pnh2 {1 ~ ngrbfnlo(ngr)}, (A1)
Ephg
where
/ - 4 / N
1= Ig(ngb/2)K (ngry) — Ko(ngb(2)1(ngry) _ K1(ngry ). (ALD)
I(ngbi2)
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For n(k,, +k)r/y <<1, £,(r) is approximated to be

. Pn
- n Al2
enlr) = =i nao(kw + k) fap: ¢ )

where f;p is the space charge reduction factor due to the finite beam size:

P
o = y:B, [1—n<kW+k)rbK1{n(kw +k)rbH' (A13)
4 14 14

z z J

On the other hand, E.T.Scharlemann et al.22 gave the expression of the reduction factor of

P n(k,;/-%- k)rbKI{n(k“;,+ k)rb}’ (AL

which has different y dependence from Eq.(A13). This reduction factor is obtained by
ignoring the terms introduced by 96/du = ~(k,, +k)By, /B in the 1si term of Eq.(A4).

The ratio of these reduction factors is
fop(Eq.(A13)) f2p(Eq(Al4)) =y, 1y < 1,

therefore fp of Eq.(A13) gives smaller space charge field than that given by Eq.(A14).
For example, in the LLNL 35GHz FEL experiment, the ratio of reduction factors is
Y.y =2.7/6.9=04.1Inthe limit of kr, >> I, we have the limits of foplEq(Al4)) — 1
and fop(Eq.(A13)) > yzz 17? where yf/yz represents the reduction of the longitudinal
space charge field £; by the wiggle motion. The remarkable difference between these
results is the energy dependence of the space charge field. In Eq.(A13) the space charge
field decreases in proportional to y“2, however, y‘l in Eq.(A14). This difference may be

important for the consideration on the optimum energy of the driving beam in the TBA/FEL
concept.
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4.2. Appendix B: Cubic Dispersion Relation

Following to ref.(6) and ref.(10), the cubic dispersion relation for un FEL and the
expression of amplitude growth of the amplified electromagnet.c field are derived by
linearizing KMR equations. Let 8y =y — 7, and 88 = 8 — 6, be the perturbations by the
interaction with the radiation field where 7y, and 6y = 6; + Akz are the unperturbed y and
0, respectively, and 6; is the initial 6. Linearizing Egs.(34)-(36) with respect o 8y 7

and 68, we have

— A+ iMX = —a, — Y (B1)
2 P 2)/0( )ﬂz '

&y =ax+ B, B2
dz 2

da, . o ’

717_’”14<X>/32 +a5(Y)ﬁZ iagds, (B3)

where X = <(5y/:/0)e—190 >9 , Y= <59e_i90 >9 and

i i

2

ﬁzO fBaw 2 w/c N
gy =12l JOTW g :ﬁ az = fBu,,,, (B4
S T AP

a fga,, 2r 111, fpa .
ag =3 ==lptag= Ll B

B B ab’2vpfio

Since the last terms in the right hand sides of Eqs.(B2) and (B3) have small contributions
and a4X/asY = {F+Ak0)/kw, the terms proportional to a3, ay and dg can be ignored

by assuming ]F+ Akol<< k,, and we obrain the approximated lineuarized equations ot
Eqs.(38)-(40). Substituting 4, = aseirz into Eqgs.(38)-(40), we have the cubic dispersion
relation for I

{ 2
i

F3+2KC['2+iKCZ—K7—A2}F+AJ:/), (B6)

where A; = ajazas/2 and Ay = £,/2y4. Using the roots (1;,47,43) of the dispersion
relation of Eq.(B6), the solution of 4 is written by
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dglzy =& 4 vfge[lzz + E5M5E (B7)
The coefficients &7, &; and &3 are determined by the initial condition. For the case of
X{0y=0 and Y(0)=0, i.e., zero initial bunching and energy modulation, the initial

condition given by Eqs.(38)-(40) 1s written by

&+ &+ 83 =45(0), (B8)
Al +iaby+ 2383 =0, (B9)
A28+ a2 + 5% =0, (B10)

and we obtain the explicit expression Eq.(46) for dg(z), which is a bit different from
ag(z) given in ref.(10) because the approximated equations of Eqgs.(38)-(40) are slightly

different from those in ref.(10).
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