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Synchrotron radiation from electron beams in plasma-focusing channels
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Spontaneous radiation emitted from relativistic electrons undergoing betatron motion in a plasma-focusing
channel is analyzed, and applications to plasma wake-field accelerator experiments and to the ion-channel laser
(ICL) are discussed. Important similarities and differences between a free electro(Fiseand an ICL are
delineated. It is shown that the frequency of spontaneous radiation is a strong function of the betatron strength
parameteg,, which plays a role similar to that of the wiggler strength parameter in a conventional FEL. For
ag=1, radiation is emitted in numerous harmonics. Furthermageis proportional to the amplitude of the
betatron orbit, which varies for every electron in the beam. The radiation spectrum emitted from an electron
beam is calculated by averaging the single-electron spectrum over the electron distribution. This leads to a
frequency broadening of the radiation spectrum, which places serious limits on the possibility of realizing an
ICL.
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[. INTRODUCTION eral thousand tesla per meter, which subsequently focus the
body of the electron bunch. Since the initial beam radius

The propagation of electron beams through plasmas i§50—-100 wm) is much greater than the matched beam ra-
relevant to a variety of advanced acceleratpts5] and dius (~5 um), the beam radius will undergo betatron os-
novel radiation sources, such as the plasma-focused fremllations as it propagates through the plasi&d4]. In the
electron laser(FEL) [6-10], the plasma-wiggler FEL blow-out regime, the radial space charge electric fiéldis
[11,12, the ion-ripple lasef13], and the ion-channel laser Er=(mfm/e)kf,r/2. At the edge of the beam=r,, this can
[14]. Recent experiments that explore the interaction of arbe written in convenient units as
intense electron bunch with a plasma include the plasma
wake-field acceleratofPWFA) experiment at Argonne Na- E/[MV/m]=9.06< 10" ®(n cm 3])(rp[ wm]). (1)
tional Laboratory{3], the E-150 plasma lens experiment at ) ) ) )
Stanford Linear Accelerator CentéBLAC) [4], and the leeW|se,1|/g the blow—ou_t regime, t_ht_a petatron wavelength is
E-157 PWFA experiment at SLAE5]. In the E-157 experi- Ng=(27)"Np, Whe.rey is the relativistic factor of _the elec-
ments, a 30-GeV electron beam o&k20™ electrons in a  ron and\ ,=2m7/K, is the plasma wavelength, which can be

0.65-mm-long bunch is propagated through a 1.4-m-longVritten as
lithium plasma with an electron density up tx20™ cm™ 3,
The electron bunch propagates through the plasma in the

so-called blow-out regimgl5], i.e., the initial beam density

. . . : me-integrated optical transition radiation has been used to
is greater than the plasma density. In this regime, the head %T:udy the transverse beam profile dynamics in the E-157 ex-

the bunch expe]s the plasma electrons and leaves behind %riments[24,23, where up to three betatron oscillations of
nearly uniform ion channel. The bunch length and plasm he beam radius have been obser{/26,26.

density are chosen such that the blown-out plasma electrons In addition to the blow-out regime of the PWFA, an ac-

come crashing back to the axis near the tail of the bunchyq o ateq electron bunch will experience transverse focusing

thus driving a very large axial electric field, of the order Of.forces in typical plasma-based accelerators, such as the laser
several hundred MV/m, which can accelerate the electrons if} 5, a_field acceleratofLWFA) [1]. For example, in the lin-

the tail of the bunch. The blow-out regime of the PWFA Cang regime of the LWFA, the wake field is often described by
be viewed as a short-bunch version of the ion-focused re;

. . ; an electrostatic potential of the fornd=d,exp(—r?/
gime of electron beam propagatidi6-—19. The “ion- 2 _ ; . .
focused regime” is a phrase traditionally applied to describer p)COSk‘?(Z |Ct)’ mhereé_p 'S ;h(; ra(;d!us Sf the ,\\llv a|_<e aﬂd 'Sh
the propagation of longcompared to the plasma wave- proportional to the radius of the drive beam. Notice that the

. axial electric fieldE,= — d®/dz and the radial electric field
length electron beams in a plasma and, hence, these beams _adb/ar are phased such that there exists/a region
are subject to the electron-hose instabilidp—23. ! P 9

One consequence of operating in the blow-out regime on axial phasekp(z—.c_t) that is .bOth accelerating _and focus-
the PWFA is that the main body of the electron bunch reside%ng'.An.EIGCtron residing off-aX|s will undergo radial betatro'n
in the nearly uniform ion channel, since the plasma electron scillations about _the axis due to the transverse_focu_smg

. . orce of the wake field. The magnitude of the focusing field
are blown out to approximately the plasma skin dekgﬁ near the axis i$E,|~2rd,/r2, assuming cok(z—ct)~1
=clw,, which is typically much greater than the bunch ra- r 0 pr 9 Akpllz '
dius, wherew,=(4mn.e?/mg)*? is the plasma frequency and the betatron wavelength is;= 7 ,(2y/®o)™, where
andn, is the electron plasma density. Associated with the iond,=ed,/m.c? is the normalized amplitude of the wake
channel are very strong transverse fields, of the order of se¥ield. The density perturbation on axis associated with the

\plem]=3.34x 10P(n[cm™3]) ~ 12 2)
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Plasma lon Channel amplified from 20 kW to several hundred kilowatts after
propagating 2.8 m through the plasma. In these experiments,
~ the betatron strength parametgliscussed belowwas agz
s W Synchrotron Radiation Cone <0.5.
; In this paper, spontaneous radiation emitted from an elec-
tron undergoing betatron motion in a plasma-focusing chan-
nel is analyzed starting from basic principles. Application of
Elbson B G these results to the E-157 experiment and to the ICL are
examined. Important similarities and differences between
FIG. 1. Schematic of an electron undergoing betatron oscilla-SASE in a FEL and in an ICL are delineated. It is shown that
tions in a plasma-focusing channel and emitting synchrotron radiathe spontaneous radiation emitted along the axis of a plasma
tion. focusing channel fromza single elegtron/ occurs near the reso-
o . nant frequencyn,=2y5nwz/(1+a%/2)Y?, wherey,, is the
wake is given byédn./n.= —q’o(1+4/k§rj)005kp(2—0t)- relativstic factor for the electron eﬁntering the chanmels
Electron blowout near the axis occurs wheg= k§r§/4, as- the harmonic numbety ;= ckz=2mc/\ 4 is the betatron fre-
sumingk,r ,/2<1. quency,ag= y,oKgr g is the betatron strength parameter, and
As an electron undergoes betatron oscillations in &4 is the amplitude of the betatron orbit. The role of the
plasma-focusing channel, it will emit synchrotron radiationbetatron strength parametey; is analogous to that of the
[14,27,28 (see Fig. L In the limit of a small amplitude wiggler strength parametex,, (or K,,) in FEL physics. In
betatron orbit, i.e., an electron displaced slightly from theRef. [14], the ICL was considered only in the Iirm'iz<1.
axis, the wavelength of the synchrotron radiation Ns Whena§<1, radiation is emitted primarily at the fundamen-
=)\ﬁ/2'y2. For plasma-based accelerators, this can easily bgy) frequencwaZ'ygowB and is independent oh,. For
in the hard x-ray range, e.g., in the E-157 experiman{, a,=1, however, radiation is emitted in numerous harmonics
~0.8 m andy=6x 10", such that~0.1 nm. Preliminary and the resonant frequency is a strong functioa,of This is
observations of x rays generated by this mechanism at 6.the case in the E-157 experiments, whege-2-50. In an
keV have been reported in the E-157 experim¢a. ideal FEL, the wiggler strength parametgy is a constanta
The betatron motion in a fOCUSing Channel aISO fOI’mS tthnction of On|y the magnetic field of the W|gg)d'|0r all of
basis of the ion-channel IaSéCL) [14] In the ICL, radia- the beam electrons. However, in an lm‘ﬁ: FYZOkBrB de-
tion at the resonant wavelength=\ 4/2* can feed back on  pends on both the electron energy, and the betatron am-
the electron beam, leading to axial bunching of the beamgjityde rg. Sincerz, and henceag, is different for every
and coherent amplification of the radiation. The amplificationg|ectron’in a typical beam, this places serious limits on the
process is analogous to that in a FEL, with the betatron mopgssibility of realizing a SASE ICL.
tion analogous to the electron motion in a FEL wigdl@o). The remainder of this paper is organized as follows. Sec-
It has been suggested that the ICL mechanism can furthgfon || discusses the motion of a single electron, as well as
enhance the spontaneous synchrotron radiation in the E-13fe radius of an electron beam, in a plasma-focusing channel.
experimentg31], thus leading to partially coherent radiation |n Sec. III, the synchrotron radiation from a single electron
near 0.1 nm. It is necessary that the details of the singlem a plasma-focusing channel is analyzed, including deriva-
particle synchrotron radiation in a plasma-focusing channejions of the general radiation spectrum for arbitrary, as

be well understood, in order to assess the prospects for thgg|| 55 asymptotic expressions valid in tzh1§>1 limit. Sec-
generation of self-amplified spontaneous emis$®ASE in 5 v discusses the total power radiated and the electron

an ICL. ) _ energy loss. In Sec. V, the radiation spectrum from a round
The ICL differs from other FEL concepts in that no exter- (axisymmetrig electron beam is analyzed, as obtained by

nal magnets, cavities, or slow wave structures are requireg qraging the single-electron spectrum over a Gaussian ra-
for amplification. In particular, the ICL differs fundamentally yiai beam profile. Section VI discusses applications to the

from the plasma-focused FE6-10), in which the FELin-  jon_channel laser. A summary discussion is presented in
teraction is based on the wiggler magrefith period A,,) Sec. VIL.

and radiation is emitted at the resonant wavelength
=)\W/272. In the conventional plasma-focused FEL, the 1. ELECTRON MOTION IN PLASMA-FOCUSING
plasma acts primarily to provide transverse focusing of the CHANNELS
electron beam and the plasma density is sufficiently low such
that A s>\,,. The advantage of the ICL is that a wiggler
magnet is no longer required, since the plasma serves to both The electron motion in a plasma-focusing channel is gov-
focus the electron beam and to provide a resonant interactiogyrned by the relativistic Lorentz equation, which may be
for radiation of wavelengtix =\ /272, written in the form

Experiments on the ICL have been carried out by Whit- R
tum et al. [32] in the microwave regime. These experiments du/dct=V®, 3
used a 0.75-MeV, 100-ns, 3.4-kA electron beam propagating
through a plasma of density>410*° cm™3 (Ag=40cm ata where® =ed/m.c? is the normalized electrostatic potential
channeled radius of 1 cm. Input radiation at 9.4 GHz waf the focusing channelj=p/m.,c= vy is the normalized

A. Single-particle orbits
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electron momentum, angl=(1+u?)?=(1—p?) Y2isthe wheree,=yr,6, is the normalized beam emittance afjds

relativistic factor. Here only the transverse focusing force ofthe rms beam angle, where the effects of finite energy spread

the plasma is considered. Near the axi%ﬁré, the space and space charge have been neglected. The solution to Eg.

charge potential is assumed to have the form (13) for ry(ct) with rp=r; (injected beam radigsand
dr,/dct=0 atct=0 is given by

d=do(1-rrd), (4

2 2

oN

r
2=

ri

1+ +11

En En
such that the normalized radial electric field 5= YS! - yzkf;ri“> cos2kget). (149
—(9<I>/(9r=2<130r/r§, where &, and r, are constants. The _ _
electrostatic potential is related to the electron-plasma denFhe matched-beam lfgdllﬂ§=fi:rbn; for which d?r, /dct?
sity by V2 =k(ne/ny—1), where a uniform background ;0 IS fgm:(fn]f)’!(ﬁ) » at which p%lnlt the (prt;anskl]onfof the
of plasma ions of density, is assumed. The maximum fo- eam ijetzhto l'n'te emhlttancle IIZS aiance i y : € olcu]?ltgg
cusing field occurs when the plasma electrons are complete rces of the plasma channel. or parameters typical ot the

expelled(blown oub from the channelp,=0. Notice that in -157 experiment ¢,=10 mmmrad,y=6x10, and\,
. a 2 S5 s =0.82 m),rp,=4.7 um. If the beam is not matched within
the blow-out regimeE, =kgr/2, hence®/rg=<Kky/4.

. o . the channel, the beam radius oscillates betwr%e@rw-2 and
Equation(4) implies the existence of two constants of the :

2__ 2 21,2,.2\ _ 4 2 H : — —
) - ) i ro= €/ (¥Kgri)=rp,/ri with period \ose=m/Kg=\pl2
motion,du,/dt=0 andd(y—®)/dt=0. Inside the focusing d havi | —(r22)(1+r% /r*
channel, the electron orbits are given by and having an average val(eg) = (r{/2)(1+rg/r).

U,= Uy, (5) I1l. SYNCHROTRON RADIATION
- The energy spectrum of the radiation emitted by a single
Y=7Y0tTAD, ®  glectron on an arbitrary orbi(t) andB(t) can be calculated
. . from the Lienard-Wiechert potential84],
U2 =27,0AD +AD?, 7)

o A d?l e?w?
where y,0=(1+uZ)% AD=®&(r)—d(rp), andrgis the  dwdQ  4mc
amplitude(gssumed con_sta)m)f the betatron orbit_. Note that (15)
at the maximum excursion of the betatron orbit,(r =r )
=0. Assuming the electron orbit lies in th&,¢) plane, the  whered?l/dwd () is the energy radiated per frequensyper

T2 _ _ 2
f Tlzdt[nx(n><ﬁ)]exp[icu(t—n~ ric)]| ,

orbit is given by solid angleQ), during the interaction tim&, andn is a unit
_ vector pointing in the direction of observation. Using the
Bx=kgr gcogkzCt), (8)  betatron orbits given above, the radiation spectrum can be
calculated with conventional techniquE36—38. It is con-
?(zrﬁsin(kﬁct), (9)  venient to introduce spherical coordinatesé, ¢) and unit

vectors € ,ey,€,), Wherex=r sinf cos¢, y=r sinfdsind,

B,=Bao(1—K2r3ia)— Bo(Karjd)cos 2ket), (10)  Z=Tcosf, and
~ . =sin#d cos¢e,+sinf sinpe,+ cosbe,, 16
2=20+ Bao( 1~ K3r214)ct— Bo(K3r 2/8)sin 2k Ct), w & e 8 & (19

€p=C0S0 COS¢pe,+ Ccosh sin pe,—sinde,, 17)

where
. €,= —Sin¢e,+cosge . (18
kg=(2Po/y,0r5)" (12)
_ _ Identifying . =n, gives
is the betatron wave numbe8,o=u,q/ v, andz, is a con-
stant. Equation$8)—(11) are the leading order contributions
to the orbits, assumingr5/2<1. Notice that in the blow-

out regimed,=k2r3/4, which givesk= K, /(2,02 +(Bysing— B, cose)e,, (19

nX (nX B)= — (By cosf cosg+ B, cosd sing— B, sind)e,

B. Electron beam envelope n-r=xsinfcos¢+ysindsing+zcosd.  (20)

For an ensemble of particles comprising an electron o _ . _ o
beam, the rms beam radius evolves via the envelope equa- The scattered radiation will be polarized in the direction of

tion [33] nx (nx B). Hence,| =ly+1,, wherel, andl, are the en-
L ergies radiated with polarizations in tegande, directions,
d’rp/dct=eqy 2y S~ Kiry, (13)  respectively, i.e.,
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T2
[ a
—T/2

dz .
—asme)exp(n/;)

dx 0 +d§/ 0 si
acos COoS¢ acos sin¢g

d?l, 3 e?w?
dodQ 4723

2
(21

2
d2| ¢ ezwz

dodQ  472c°

TI2 dx d
f dt (dtsmqb— cos¢)exp(|z,//)
(22)

where

= (wlc)(ct—zcosf—xsinf cosgp—y sindsing).
(23

In the following, the electron orbit is assumed to reside in the

(x,z) plane, and is given by Eq$8)—(11). Hence,

U= o+ agkct— ay sinksct+ a, sin 2k zCt, (29
ao=1-Byo(1-Kj5r5/4)cos, (25)
ay=Krgsiné cosg, (26)

a,= Bo(kKgr5/8)cosd, (27)

wherek= w/c and = —kzy cosé. Using the identity

exp(ib sing) = Z_ J.(b)exp(ing),

PHYSICAL REVIEW E65 056505
sinkL/2
? Jm( a’z)

Kors
1-—— 4 Jn+om(az)

Tz: ﬁzoei Yo 2

m,n=—o

X142

2r2
—%[me_z(ax)+Jn+2m+2<ax>]}, (33

whereL=cT and

d2|0 ew 2
doda = an 3|I cosfcosp—1,sin6|%, (34
a2, elw?
dwdQ_4 2 3|| S|n¢| (35)

Assuming that the frequency spectra for two different har-
monics,n andn’, are sufficiently well separated, the sum-
mations in Egs(34) and(35) may be simplified to yield

d?l e?k? ska/2
P — 2
dod0 — &4 477 c( CZ(1—sir? 6 cos ¢)
+C2sir? 9— C,C, sin 26 cos¢], (36)
where

©

Cyx= kBr,Bm;m Im(@)[Int2m-1(a) T Iniome1(a) ],

(28)
(37)
where J, are Bessel functions, allows the phase factor o
exdi(y+/ksct)] to be written as CZ:’BZOm;w Jm(az){2(1+kgr%/4)‘]n+2m(ax)_(k%r%/‘l)
exdi(y+/kee)]= 2 In(@)dnioms A ay) X[Jns2m—2(ax) +Insame2(@) ]}, (38)
m,n=—x
_ 2
x exgli (o +Ket)], (29) _ n(k/k,)(az/4)coso (39
[(1+a3/2)cosf+2y%(1—cosh)]
where
_ n(k/k,)2y,0a5 Sin 6 cos
K= gk —nko. (30) = (2 el ¢ o
[(1+ag/2)cosf+2y50(1—cosb)]
In order to evaluate Eq$21) and(22), it is necessary to
evaluate the integrals and

R T2 d(x )
l(x,z)= f—T/Zd ——expiy).

Using the orbits, Eqs(8)—(11), along with the identities in
Egs.(28) and(29), gives

(31

. & [ sinkL/2
Ix=kﬁrﬁe"/’0 2 ( — )Jm(az)[Jn+2m1(ax)
m,n=—o k
+Jn+2m+l(ax)]- (32)

is the betatron strength parameter. HérescT is the inter-
action lengthk= w/c is the radiation wave numbar,is the
harmonic number, and,, are Bessel functions. For param-
eters typical of the E-157 experimeny£6x10* and Ng
=0.82m, ag=45 forr z;=r,=100 um (typical unmatched-
beam radius and az=2.1 for rg=r,,=4.7 um (typical
matched-beam radius

In the limits y2,>1, 6?<1, andaj/ y;,<1, the radiation
spectrum can be written as
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d?l

G d0 = 2, @Yok NGR(20Cl+ C2P?

—29,0C,C,0 cose], (42

where

[

Y20Cx=25 2 In( @) Inszm-1(a) + Inszmea(a)]

(43
Cz=m:2_w 2m(a@z)Insomlay), (44)
k/kp) (a2

o N s

(1+ag/2+ 6°)
- n(Ran)(ZzaB) ¢A9A<;05¢ 49

(1+a%/2+ 6?)

and

_Sif{mnNg(k/k,—1)] “n

[mnNg(k/k,—1)]12

is the resonance function, witNz;=L/\; the number of
betatron periods that the electron undergoes apde?/hic
~1/137 the fine structure constant. Hefle v,00 and the
normalized frequencies afe=k/2yZk; andk,=k,/2y%k
=n/(1+a3/2+ 6?).

Plots of the normalized
d?1/dhw dQ for the first four harmonicsi(=1, 2, 3, and %
from a single electron is shown in Fig. 2 fap=2 in the
limit Ng>1 such thak=k in Eqs.(42)—(47). The intensity
distribution is plotted in the transverse plangy() of a de-
tector located along the axis some large dlstancm(x/z
~ylz~ 1/yzo) from the interaction, wherex= v0X12Z, y

= y,0y/z, 8= (x?+y?)2 and cosp=x/6. The color coding

shows the resonant frequency of the scattered radi&;;on

=n/(1+aj/2+ 6?).

A. Resonance function

Provided the number of betatron periods is lafgg> 1,

intensity  distributions

PH'SICAL REVIEW E 65 056505

_ ks
a0 [(1+a5/2)cosh+2y5(1—cosd)]’

(49

wherey§O>1 was assumed. Typically, for frequencies of in-
terest, the synchrotron radiation is confined to a cone angle
#?<1 and the resonant frequency can be approximated by

wn=NMoCkg/(1+Mq6%/2), (50)

where Mo=2y2/(1+a3/2) is the relativistic Doppler up-
shift factor. The intrinsic frequency width w,, of the spec-
trum R, aboutw, is given by Aw,/w,=1/nNNg;. Further-
more, R,(k)—~Aw,0(w—w,) as Ng—. For a single
harmonicn, the angular width 8, about the axis of a cone
containing radiation with frequencies in a small bandwidth
Aw aboutw, is given by
, [ 2
Abr= (Mo) X

for Aw=Aw,,
for Aw=Aw,.

Awyl o,

(51)

Awlwy

B. On-axis radiation

Of particular interest is the radiation emitted along the
axis, =0, where only the odd harmonics are finite, i.e., the
even harmonics vanish. Settifg=0 in the above expres-
sions gives, for theith odd harmonice,=0, a,= «,,, and

d?l,(0 4e? NZR,F,
n( ) kBNB ZG F= @ 720
dedQ 7 o, c w, (1+a/3/2)
(52
where
Fn(aﬁ):na’n[\](nfl)lz(an)_\](n+1)/2(an)]2 (53
is the harmonic amplitude function,
N(w/wy)a5/4
an—m, (54
and
R, (k 1 sif[mnNg(w/w,—1
Go(w)— n(K) [7mNNg(w/w,—1)] (55

Aoy,  Aw, [mnNg(oloy—1)]2

is the frequency spectrum function with the resonant fre-
quencyw,=nMgCkg.
An expression for the number of photond,{j radiated

radiation is emitted in a series of harmonics and is confinedlong the axis per solid angleN,/dQ), per electron for
in a narrow bandwidth about the resonant frequency of eacphotons in a narrow bandwidthw about the resonant fre-

harmonic. The frequency width of the radiation spectrum forquencyw, is obtained by integrating E452) over Aw and
a given harmonic is determined by the resonance functiomy dividing for the energy per photor fv,,),

R,(k), where

(sinVLIZ) 2
Ry(k)=| — . (48)

kL/2

dN Aw, Y2N5F
_”:4af_'—’yZO 52 n (56)
dQ @n (1+aj5/2)

where Aw;=Aw for Aw<Aw, and Aw;=Aw, for Aw

This function is sharply peaked about the resonant frequency: A w,,, with Aw,=w,/n N, the intrinsic bandwidth anek

wy,=ck,, given byk=0,

the fine structure constant. The total number of photons ra-
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(a)

dQdw

Fn

4
1 3

1
FIG. 2. (Colon Intensity distributiong(arbitrary unit in the X=y,ox/z andy= vy,0y/z plane for the first four harmonias=1 (upper

left), 2, 3, and 4lower right for a;=2. The distributions are evaluated at the normalized resonant freqﬁerﬁ:,yz n/(1+ a§/2+ 292), the
value of which is indicated by the color scale.

diated per electron in the bandwidthw aboutw, is given  for all values ofA w?< wﬁ.

by multiplying dN,/8Q by the solid angle (A 0,2/2)1’2, The photon angular densityN,/d{) and the spectral en-
whereA ¢, is given by Eq.(51). This yields ergy densityd?(0)/dw dQ of the nth harmonic emitted
along the axis are both proportional to the functiep/(1
Np=4maAw/w,)(Ng/n)Fq(ap), (57 +ag/2)" The number of photons radiated in théh har-
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backscatter direction widens. In particular, in the vertical di-
rection, ¢ = /2 (the direction normal to the-z plane, which
contains the electron orbjtemission is confined to the ver-
tical angle8,~ 1/y,q. In the horizontal directiongp=0 (in
the plane of the electron orpjtthe emission angle widens
and is confined to the horizontal anglg~ag/ y,9, Which is
determined by the deflection angle of the electron inxte
plane.

Asymptotic properties of the radiation spectrum for large
harmonic numbers)>1, can be analyzed using the relation-

0.25 i
3 ®) ships[39]
0.20 s
= N _ 52\ 14 3
e 015 Jn(n2)= - (1-2°) " ""*Ky5(nx), (58
Iy E
R 0.103 R
3 . Xl/2 R .
0.05 3 Jn(n2)=— —=(1-2%) YK 5(nx), (59
3 mz
0 00 s T 1 T | T 1 T | 1 T 1 | T T T | .
0 0.125 0.25 0.375 0.5 where|z|<1 and is a function ofiz and 6,
2
as/4 . - - -
B x=In[1+(1-2%)Y]—Inz—(1-7%)*? 60
432 [1+(1-2)%7 (1-29)Y% (60

FIG. 3. The functionan/(1+a,23/2) (top) and F,,/n (bottom and K3, K,5 are modified Bessel functions. In particular,

versusa, /n=(a3/4)/(1+a3/2) for the first eight odd harmonics, for nx>1,
wheren=1 is the leftmost curve and= 15 is the rightmost curve.
Ky/z=Kag= (m/2nx)exp(—nx), (61)

monic along the axis depends on the functigiin. For high
h;irmonics,n> 1, Fn becomes significant .vyhea]f%l. For  and, hence, only harmonic radiation witfx=< 1 will contrib-
ap<l, 0”2|y the fundamentah=1, is significant. A plot of  ute significantly to the spectrum. The critical harmonic num-
Fn/(1+a5/2) (top) and Fp/n_ (bottom versus an/n per s defined a®eXmin=1, i.€.,Ne=1min, WhereXpiy is
= (a5/4)/(1+aj/2) is shown in Fig. 3 for the first eight odd 6 minimum value of Eq(60). Furthermoredx/d2<0 and
harmonics, wher@=1 is the uppermost curve amg=15 is - - - . 2

the minimum ofx occurs atzy,,. Typically, for ag>1, 1

the lowermost curve. < ) )
—z5,.=<1, and Eq(60) can be expanded to yield, to leading

order, Xmin=(1/3) (1— 22,0 %2 The critical harmonic num-
ber is given by the inverse of this expression.

For values ofaf;<1, the emitted radiation will be nar- Letting 6 represent the observation angle in the vertical
rowly peaked about the fundamental resonant frequency direction(i.e., ¢=m/2), then in the limitsaz>1, n>1, and
given by Eq.(50) with n=1. As a, approaches unity, emit- 6?<1, the coefficient<C, and C, occurring in Eq.(36) are
ted radiation will appear at harmonics (_)f the resonant fregiven by C2=4J2(/7) andC2= kf;rng'/Z(/Z), where addi-
quency as wellw,=nw;. Whena,>1, high harmonic @ tional terms of order ®j; have been neglected amd=2/
>1) radiation is generated and the resulting synchrotron ras 11 Here,
diation spectrum consists of many closely spaced harmonics.

Finite variations in the paramete;= y,okgr 5 within an

electron beam can broaden the linewidth and cause the spec- =%~ _
trum to overlap. Hence, in the asymptotic limit, i.a,>1, 71+ agl2+ v 0°
the gross spectrum appears broadband, and a continuum of

radiation is generateq, which e>-(te-nds. out tp a .cr|.t|(;al fre-Note that 1 22:(4/a2)(1+y2002), assuming 21
guencyw. beyond which the radiation intensity diminishes. 2 2 B - 3 B~
The criical frequency can be written as.=nMqwg, T Y200 HeNce, for6=0, Xpay= 1/7 =8/3a, and the criti-
wheren, is the critical harmonic number. It is possible to €@l harmonic numbenc=2/ is

calculaten, by examining the radiation spectrum, E§6),

C. Asymptotic behavior

a, ag/ 2

(62

in the asymptotic limitaz>1. ne=3aj/4. (63)
Furthermore, whea <1, radiation is generated in a nar-
row cone about the backscatter directiéhs= 2770@, where Using Egs.(36), (58), and(59), the asymptotic spectrum

0.~ 1lv,0. However, wherag>1, the emission cone about in the vertical direction is
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FIG. 4. The functionY (&) = £2K34(£) versusw/2y%w plotted

on a linear(top) and log(bottom scale. The solid curve shows the

radiation from a single electron witly;= y,oKsr 5= 10. The dashed
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Gaussian distribution of betatron amplitudes(i.e., an elec-
tron beam with a Gaussian radial profile, as is discussed in
the following section with a rms value satisfyings ms

= v,0Kgr g,rms= 10. To calculate these averages, the quantity
é=wlw, has been approximated bfz(wlzﬁowﬁ)(l
+3aB/2)‘1, since the asymptotic form for the spectrum is
not accurate wheas<1, i.e., the dashed curve in Fig. 4 is
inaccurate in the regiowlzﬁowﬁsl.

Equation(64) is analogous with R; times the standard
result [34] for the synchrotron radiation spectrum emitted
from an electron moving in an instantaneously circular orbit
in the ultrarelativistic limit with a radius of curvaturg
=3y3clw.. Several well-known propertie§34] follow
from Eq. (64), for example,

di 7€ Ngooyg 5 Yt ] 67
dQ 240 (142,62 7 (1+9%6%)]

i 4\/§e2N wf dEK 68
do = ¢ Nevo - rutor EKs3(6). (69)

The peak intensity is of the ordelN%ezyzolc and the total
radiated energy is of the orden\l%ezyzowclc. The peak
intensity occurs along the axié=0, at approximately the
critical frequencyw=w,, i.e., n:nC:3a2/4. Half the total
power is radiated at frequencies<w./2 and half atw

curve shows the spectrum integrated over a Gaussian distribution @wCIZ. For harmonics below, (w<w.), the radiation in-

betatron amplitudes; with ag ;ms= ¥,0Kgl g,rms= 10.

ol 66 ¥l
dw dQ B ac (1+ 92,67
2 n2
7200 2 2
—— S KO +KHO |, (69
(1 +7§o 02) 1 2/3
where
= 2 (1442 02) %2 65
(= (1t 70697 (65)
Cc
we=NMowz=3a,750, (66)

is the critical frequency, anM,=4yZ/a3. In deriving Eq.
(64), /Xx— ¢ and 2nR(k,nkg) —1/2Ng, where the factor of
1/2 is due to the fact that in the asymptotic limit=2/". For
E-157-like parameters y=6x 10%, A;=0.82 m, andag
=45), n.,=6.8x10" and \.=2wc/w.~=1.7X10 2 m.

tensity increases asw{wo)?®, and aboven, (w>w,), the
radiation intensity decreases exponentially as exof/ w,),
ie.,

d2| 662 - ® 213
M#O:NBE[F(Z/@] 7’zo<2—wc) , 0<wog,
(69)
d?l \ 3’ ,[|w 20
do o0 ,_," re el o 5] wmee
(70)

Furthermore, foro<w., the scattered radiation at a fixed
frequency is confined to an angular spreadé
=(w./w)Y¥y,, about 6=0, whereas foro>w,, A6
=(wc/3w)*? y,0. The average angular spread for the fre-
quency integrated spectrum in the vertical directiop (
=m/2) is 6,=(6?)Y?~1/vy,,. In the horizontal direction ¢
=0), emission is confined to the anglg~az/y0.

Hence, for these parameters, the radiation spectrum can bi&. RADIATED POWER AND ELECTRON ENERGY LOSS

accurately described by the asymptotic expressions, Egs.

(64)—(66).

Along the axis#=0, d?l(0)/dw dQ ~ £2K3,4(¢), where
é=wlw. The functionY (&)= ¢%K34(£) is maximum até
=1/2 and decreases rapidly fér>1. A plot of the function
Y(&) versu3a)/2y§0w3 is shown in Fig. 4(top plot, linear

The power radiated by a single electréh,, undergoing
relativistic motion in an arbitrary orbit can be calculated
from the relativistic Larmor formulé34],

P=(2e%/3c)y’[(du/dt)?>— (dy/dt)?]. (71

scale; bottom plot, log scaleThe solid curve shows the Using the orbits described in Sec. Il, the power radiated by a

radiation from a single electron with;= y,okgr ;= 10. The

single electron undergoing betatron motion in a plasma-

dashed curve shows th¥é(¢) spectrum integrated over a focusing channel is
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P~ (2/3)remec3( 1+ ugo) Ygok?;( 2’ (72) V. RADIATION FROM A BEAM

- ) ). . For a single electron undergoing betatron motion in a
wherex is given by Eq.(9) andr.=e“/m.c” is the classical plasma-focusing channel, the resonant frequency of the ra-
electron radius. Averaging the above expression over a betgfiation emitted along the axis 'Ls=2y§0nwﬂ/(1+af,/2), as

tron period gives indicated by Eq.(50). Here,az=y,oKgr 5 is a function of
_ 32022 both the electron energy,, and the radial position of the
Ps=TeMeC”y5okzaj/3, (73)  electrons via the betatron amplitudg. If a monoenergetic
) beam of finite radius is injected into a focusing channel
where yz>1 was assumed. (without any special taperingelectrons at different radii

The total energy radiated by a single electwis given il have different betatron amplitudes;, different values
by the product ofPs with the interaction timeNghg/c, i.e.,  of az, and hence different resonant frequencies. In general,
the spectral energy density of the radiation emitted by a finite
W= (27/3)r MeC?y2ok sagN 5 . (74 radius beam will be significantly different from that of a

] ] single electron, especially in the limat;=1.
The average number of photons radiated by a single electron Consider the case of a monoenergetic, axisymmetric

(Ns) is given by dividingW; by the average photon energy, (roung beam in cylindrical geometry in the limit of zero

f{w)=2yhwe(n)/(1+a3/2), ie., emittance. In this casaz= .0kl 5 represents the normal-
) ) ized radial position of the electron, since the initial radial
(Ng)=(7/3) ars(1+apl2)apNg/(n), (75 position of the electron at the channel entrance is assumed to

. . be equal tor,. Let d?l/dwdQ=Sg(k,a,,6,¢) be the

2 B B

where(_n)_ IS 2the averilge harg"O”'C number amg=e“/ct. single-electron spectrum, as given by E4R). The radiation

In the limit ai<1, Ns=a;Nsa. spectrum from a beanSg(k, 6), can be approximately cal-
The rate at which a single electron loses energy due tQ ated fromSs by multiplying by the electron distribution

radiation isWj,ss=Ps/c, i.e., function f, and integrating over both radiua) and overe
) » 2.2 2 (from O to 27 for an axisymmetric beanFor an axisym-
Wioss™ T eMeC”¥z0Kpa5/3. (78 metric beam
In the blow-out regimek s~ n§?yo,"* and the rate of energy 2nd ¢ (=
loss scales a¥Vj,ss~Ngy5r 5. In addition, if the betatron SB(k,0)=f0 ﬂfo dagagfe(ag)Ssk,ag, 6, ).
amplitude is equal to the matched-beam radiug (77)

=(e,/ yzokf)l’z, the energy loss scales ¥, .~ e, v50k5

~end?y32 For the parameters of the E-157 experiment inFor simplicity, a Gaussian radial beam distributityta,) is

the blow-out regime, i.e., a density=2x10"* cm 3 (A,  assumed

=0.24 cm) and a beam energy 9f,=6x10*, an electron ) 2, 2

with a betatron amplitude af;=100 um (ag=45) would felr p) =fe(@p) = (2farms)exp —ag/ams),  (78)
2

lose energy at a rate oi|,,;=0.2 MeV/m. This is small such that [idaasfe=1 and [3da, af;fez a2 . where

compared to the accelerating gradient in the E-157 experi=""" . / .
b g9 P a;ms IS the normalized rms beam radiwgms= v,0Kglp -

ment, which is several 100 MeV/m. This is a source of en- For a large number of betatron periods. the radial intear
ergy spread for the accelerated electrons, however, since :{m or alargé number of betatron periods, the radial Integra-
ion can be approximated analytically. Let

electron along the axis with;=a;z=0 would not lose en-

ergy by this mechanism, i.e, the effective energy spread in- o o .

creases at a rate of the order ™' ~W/,.. Ssz dag aﬂfesszj dagagfeSsRn(k,az,0),
This radiative energy loss and the associated effective en- 0 0

ergy spread becomes more pronounced at a higher density

and energy, SinC&j,ss~ ”gﬁoré' whereas the accelerating where R, is the resonance function given by E@8). At
field of the wake typically scales a#/,..~ng”. For ex- resonanc&k=k,(ap) or, alternativelya,=a, (k), where
ample, consider parameters relevant to experiments being

planned at SLAC on the so-called “plasma afterburner” con- a?=2[Nn2y%kg/k—(1+ y%6%)]. (80)
cept[35]. In the plasma afterburner experiments, the energy

of an initially 50-GeV electron bunch is increased by 56 GeVFurthermore, in the limitNz—, R,—Aagd(ag—a,),
by passing the 63m-long bunch through a 7-m-long where Aaﬂ=27§ok5/ngaﬁkﬁ. Hence, for Ng—c, Sg
plasma of density 210'® cm™2 (100 times high density ~SsAazs(az—a,) and

than the E-157 experiment#\n electron of energy 100 GeV

at the beam radius afs=25 um would have a betatron 2y§okﬁ .

wave lengthhz~15 m and a strength parameter af; SRZN—kae(aB:ar)Ss(aB:ar)- (81)
=210. This gives an energy loss rateWf,;;~1.5 GeV/m,

which is a significant fraction £18%) of the predicted In this limit, the spectrum of the radiation emitted along the
wake-field acceleration rate of 8 GeV/m. axis (#=0) from a Gaussian beam profile is

(79
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] (2) =m/2. The results of averaging only ovay (for fixed ¢)

are shown in Fig. 7, fofa) =0 and(b) ¢=m/2. The re-
sults of averaging over only for a;=2 is shown in Fig.
8(a), whereas the results of averaging over b¢tanda, are
shown in Fig. 8b). The effects of averaging over; leads to
a dramatic smoothing of the radiation spectrum.

VI. ION-CHANNEL LASER

0.3 Under special conditions, e.g., sufficiently high electron
] (b)  peam quality, SASE can occur whereby the incoherent syn-
] e chrotron radiation emitted by the electrons is amplified via
Tl the ICL mechanisnj14]. In the ICL instability, the radiation
' 1 beats with the betatron motion to create an axi&lB (i.e.,
1 0 ol i i BN ponderomotivg force that leads to bunching of the electron
B ‘ ~ beam and growth of the radiation field. This can lead to large
. levels of semicoherent or coherent radiation. In SASE, the
mwmwl.ﬂ‘q
4

d?I(¢p = 0)
dQ dw

incoherent, spontaneous radiation acts as a seed for the in-
stability, in a manner analogous to the SASE mode of opera-
tion in a FEL[30].
There are important differences between the ICL and FEL
mechanisms, however, that limit the SASE mode of opera-
2/720 wg tion. For electrons undergoing betatron motion in a plasma-
focusing channel, the resonant frequency of the radiation
FIG. 5. Normalized spectrund?l(0)/dew 8Q (arbitrary unity  emitted along the axis i3)=2'y§0nwﬁ/(1+a§/2), as indi-
versusw/2yZw, from a single electron witt,=2 (solid curve,  cated by Eq(50). For a FEL, the resonant frequencyds
Eq. (52), and from the analytic theory of a Gaussian beam Withzzygonww/(1+ aev/z), where w,,=ck,=2mc/\,,, \,, is
_armS:_Z (dashed curve Eq. (82), fpr the first several odd harmon- e wiggler Wavelengthaw=eBN/kaecz is the wiggler
ics with Ng=4. The bottom plot is a blow-up of the top plot. strength, and,, is the field amplitude of the wiggler magnet.
In an ideal FEL,a, is a constant since all the electrons
—0) — 2 2 experience the same value Bf,. This is in contrast to the
SB(G_O)_; (4e°/e) 7oNgfe(@)Fn(@r)/n, — (82) focpusing channel, in WhiChllfi y20Kgl 5 is @ function of
both the electron energy,, and the radial position of the
where the sum is over odd harmonicandF,(a,) is given by electrons via the betatron amplitudg. If a monoenergetic
Eq. (53 evaluated aa%:afzz(n/k_l), i.e., the argument be_am of finite rao!ius is injected into a foc_using chan_nel
of the Bessel functions iSanz(n—R)/Z, where k (V\_/lthout any special tapering elgctrons at' different radii
=k/27§0k,3. This is to be compared with Eq52), which will have different b_etatron amplitudes;, dlffe_rent values
gives the on-axis spectrum for a single electron. of ag, ﬁmd henc;e d|ﬁer§nt Iresonap:]freﬁuenue_s. ler of th
Figure 5 shows a plot a2l (0)/dw 50 versu5w/2y§0w5 Furthermore, for an ideal FEL with a planar wiggler of the

for the first several odd harmonics witd;=4. The solid form B=B,, cost.z)ex . all of the beam electrons W|gg|e n
o . . the same plane with the same amplitude, i.e,

curve shows the radiation from a single electron wath  — C | diati itted by all th
=2, as obtained from E(52), indicating that radiation is — 8w cos(<wz_)ex. on_se_quent Y, 1d |_at|on e_m_|tt¢ y all the
emi,tted in well-defined harmo’nics The dashed curve Showelectrons will have similar polarization. This is in contrast to
the spectrum for a beam with a Gaussian radial distribution focusing channel, in which the betatron motion, and

€ Sp ; hence the synchrotron radiation, will have a variety of polar-
with a,,s=2, as obtained from Eq82). The effect of aver- ._~ . . : i~

. o o izations in thex-y plane, depending on the position and
aging over a distribution of electron orbits is clearly to

smooth out the spectrum, since the frequency of the radiatio‘r%lngle of the electron as it enters the channel. Hence, to am-

emitted by a single electron is a strong functionag. plify radiation of a given frequency and polarization in a

In general, the integration over the beam distribution infOCUSIng channel, only those beam electrons with the proper

. values ofy,, andr g will be resonant with the radiation, and
Eq. (77) must be performed numerically. The resuits of SUChonIy a subset of these will have the proper polarization. This

e . & 4 N contrast 1 an ceal FEL in wich al he sectons 1 a
distribution witha,,s=2. The result for a single electron, as fonoenergetic beam are resonant with the radiation field
obtained from Eqr(nZ,SZ) With N.—4 anda.—2. is shown i,n with the proper polarlzatlpn. This effgct may be mltl_gqted
: hich sh th Bt ld Sﬂ'i%ll/df,i 40 ~ somewhat by using a drive beam with a highly elliptical
Flg', 6, which s OZVS € spectral den , @ (no[ cross section, such that the resulting wake fieldblow-out
malized to ajy) versus normalized frequencyk  channel will be highly elliptical. This could result in trans-

=k/27§0k5 and anglef=y,,6, for (a) $=0 and (b) ¢  verse focusing forces that are more planar and, consequently,

I
3

056505-10



SYNCHROTRON RADIATION FROM ELECTRON BEANS . .. PH'SICAL REVIEW E 65 056505

FIG. 6. (Colon Normalized spectrurd?|/dw 6Q (arbitrary unit versus normalized frequen&yand angle@ from a single electron with
ag=2 andNgz=4 for (a) =0 and(b) ¢=m/2.

056505-11



ESAREY, SHADWICK, CATRAVAS, AND LEEMANS PHYSICAL REVIEW EG5 056505

g7 1.0
ddus

FIG. 7. (Colon Normalized spectrund?l/dw8Q (arbitrary unit$ versus normalized frequen(fyand anglef9 after averaging over a
Gaussiara distribution witha,,s=2 andNgz=4 for (a) ¢=0 and(b) ¢==/2.
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g5 1.0
dfldu

FIG. 8. (Colon Normalized spectrund?l/dwSQ (arbitrary unit3 versus normalized frequendyand angled after (a) averaging overp
with az=2 and(b) averaging over botlp anda, with a,,s=2 andNg=4.
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betatron oscillations and synchrotron radiation with nearlyin the beam would undergo approximately the same betatron
the same polarization. orbit and would have approximately the same valueafpr

It is straightforward to quantify some of the conditions i.e., the spread i@, is given byAag/ag=Ary/ry,. In this
necessary for SASE to occur in a plasma-focusing channetase the condition Aw/w<1 implies Ar,/ryp<(1
In the following discussion, it is assumed thgt2<1. Con-  +a%/2)/a3, which, in principle, could be easily satisfied.
sider an ideal monoenergetic electron beam of radjus-  The more stringent conditiod y,/y,<p implies Ary/ryg
jected into a focusing channel such that the beam centroid i&zp/az, which could be satisfied for sufficiently small val-
along thez axis. An electron moving along the axis would yes ofa,.
have a betatron amplitude of=0, whereas an electron re- Even if the conditionAy,/y,<p is satisfied, it is not
siding at the edge of the beam would have a betatron amplilear that the SASE process would occur. In a conventional
tude ofr s=r,. For the beam to emit radiation along the axis FEL, SASE requires that a number of conditions be satisfied
with a narrow bandwidti\ w/w<<1, it is necessary thaet% (in addition to Ay,/y,<p) [30], i.e., ,<yN/4m, Nghg
<1 for all the electrons. This implies that the radiation>Lg, Lg<Lgr, andNg\<L,, whereN, is the number of
wavelength satisfj\>rry,/y. For a matched beam with a betatron oscillationsl.s=0.046\ z/p is the gain lengthl g

normalized emittance,, the matched-beam radius g, ~ =mw3/\ is the Rayleigh length of the radiation with spot
=(en/'ykﬁ)1/2, and the conditiom§<1 implies size wg, andL, is the electron bunch length. Furthermore,
for the case of an ICL driven by a narrow beam with a

A>menly. 83 centroid undergoing betatron oscillations, it is likely that the

h gain(i.e., p) is reduced since the geometric overlap between

the electron beam and the radiation is reduced, due to the
betatron motion of the centroid. Such ICL configurations re-
guire a detailed analysis.

It is interesting to note the similarity of this condition wit
that usually required of a SASE FHEBO], \>4me,/ 7.

The conditiolA w/ w<<1, however, is not sufficient for the
SASE process to occur. A more stringent condition is that th
normalized axial energy spredxty,/y, be small compared
to the so-called Pierce or gain parameteri.e., Ay,/v, VIl. SUMMARY

<p, where by analogy with a FEL, . ,
Spontaneous radiation emitted from an electron undergo-

agknn 23 ing betatrqn motion in a plgsma—focusing channel was ana-
o T aag)| (84) lyzed starting from basic principles. Application of these re-
4y”Kg sults to the E-157 experiment and to the ICL was examined.
Important similarities and differences between SASE in a
FEL and in an ICL were delineated. In particular, the spon-

wherek,,?=4mn,e?/mec?, ny is the beam density, and

a2/4 a2/ taneous radiation emitted along the axis of a plasma-focusing
Fa(ag)=Jo A 5 ) -J; A > ) (85) channel from a single electron occurs near the resonant fre-
1+ap/2 1+ay2 quencyw,=2vy%,nwz/(1+a%/2)*2 The role of the betatron
n z0 B B

strength parametes; is analogous to that of the wiggler
strength parametex,, (or K,,) in FEL physics. In Ref[14],
the ICL was considered only in the limit;<1. Whenaj
P=(|bFi/47|A)1/3, (86 <1, rad|at|on2|s emltteq prlmarlly at the fundamental fre-
quencyw=2yz;wgz and is independent cd;. Forasz=1,
wherel ,=m.c3/e=17 KA. Using the equations of motion however, the resonant frequency is a strong functiom of
for an electron in a focusing channel, E(®—(11), the nor- and radiation is emitted in numerous harmonics extending
malized energy spread iSy,/y,~ az/4, for a beam with a out to the critical harmonic numbeTC=3af§/4. This is the
centroid along the axis. HencA,y,/y,<p impliesag<4p  case in the E-157 experiments, in whiah~2-50.

In terms of the beam curremg=eanbr§, and evaluating
the expression fop atrg=ry, gives

or \> 71, /(2yp*d). For a matched beam, this gives In an ideal FEL, the wiggler strength parametgy is a
constant(a function of only the magnetic field of the wig-

TEn glen for all of the beam electrons. However, in an 1Gi,

)\>47p' (87) = y,0Kgl g depends on both the electron energy and the

betatron amplitude ;. Sincer z, and hencey, is different
This is considerably more stringent than the usual FEL confor every electron in a typical beam, this places serious limits
straint\>41e, /vy, since typicallyp<1. For the parameters on the possibility of realizing a SASE ICL. For an electron
of the E-157 experimenp=5x10"3, beam with a centroid along the axis, a radiusr, and
In principle, it may be possible to tailor the energy distri- a5(rp)>1, the radiation from the beam is no longer emitted
bution and radial profile of the beam such that a greateat discrete harmonics as it would be from a single electron
fraction of the beam electrons is in resonance with the radiawith r ;=r,. Rather, since &agz=<ag(ry,) for the electrons
tion field. For example, consider a monoenergetic, very narin the beam, the resulting radiation is in the form of a broad
row beam of widthAr, injected off-axis such that the cen- continuum as indicated in Figs. 5-8, even for the case of an
troid of the beam executes betatron oscillations of amplitudénitially monoenergetic beam. In the limit2<1, the radia-
r g="rpo With rpo>Ary, [40]. In this case, all of the electrons tion from the beam could be nearly monochromatic at the
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fundamental frequency. The conditioaf;<1 implies N\ ICL. These arguments, however, assumed an untailored elec-
> 1e, |y for a matched beam, which is similar to the crite- tron beam centered about the channel axis. It may be pos-
rion \>4e,/y often quoted for a SASE FEL. The condi- sible to relax this constraint on the radiated wavelength in a
tion a3<1, however, is not sufficient to ensure that the SASE ICL by appropriately tailoring the electron beam; for
SASE ICL process will occur. A more stringent condition for €xample, a narrow electron beam injected off-axis such that

the occurrence of SASE is on the axial energy spread of théll of the beam electrons execute approximately the same
beam within the focusing channel, i..y,/y,<p, wherep betatron orbit. Such ICL configurations require further analy-

is the effective Piercgor gain parameter. Again, since; SIS t0 assess their viability.
varies across the beam, there exists a large energy spread
Ay,ly,~aj/4. The condition Ay,/y,<p implies \
>1e,/(4yp) for a matched beam. Since typicalp<1, The authors acknowledge useful conversations with the
this restriction on the radiated wavelengtbr e, /(4vyp) is  participants of the Working Group on Plasma Wake-field Ac-
much more stringent than that in a conventional SASE FELcelerators at the Advanced Accelerator Concepts Workshop
Furthermore, the betatron orbits in a typical beam in a focus¢Santa Fe, NM, June 20D@nd with the members of the
ing channel are not polarized in the same plane as they are 157 collaboration. This work was supported by the Depart-
a conventional FEL. This also can reduce the gain in a SASEent of Energy under Contract No. DE-AC-03-76SF0098.
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