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Ion-channel guiding in a steady-state free-electron laser
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Ion-channel guiding of an intense relativistic electron beam in a microwave (cm —mm) steady-
state free-electron laser I,'FEL) is proposed. By averaging equations of motion over the high-

frequency variation of the radio-frequency field, the expulsion mechanism of plasma electrons is
examined and a criterion to allow development of an ion channel in a steady-state FEL is derived.

Key issues on FEL operation induced by ion-channel guiding are discussed.

LBBU = 17 kA
Ig

where 2m/k& is the betatron wavelength, y the beam en-

ergy in the electron-rest-mass unit. Ia beam current, I.z
induction-gsp spacing, ~0 angular frequency of beam

breakup mode of problem, snd Z~ transverse impedance
of induction gap. For the typical parameters of k&

——2m

m ', Le=2 m, @=16,and cooZi=0. 4 cm ', numerical
evaluation yields 1.8&U

——85 m. This value is crucial for
s steady-state FEI.. If ion-channel guiding is employed

%hen an electron beam is injected into an ionized
channel, the beam space charge ejects plasma electrons
leaving an ion core, and the beam electrons are electro-
statically attracted to the ion channel. Such ion-channel
guiding has been used for the transport of the relativistic
electron beam (REB); particularly, Martin et al. ' report-
ed first use of a uv-laser ionized channel for REB guid-
ing, focusing, snd damping in beam-transport experi-
ments over distances of several meters. This technique
has been used to guide a beam 95 m through the Ad-
vanced Test Accelerator (ATA) without the use of mag-
netic guide 6elds. Recently this has been demonstrated
to function even in the injector diode. In this paper we
propose an important extension of this technique in
which an ionized channel is introduced into a "stesdy-
state" free-electron laser (FEL) motivated by its use in a
two-beam accelerator. This approach eliminates the
need for conventional quadrupole and solenoid focusing
magnets. Introduction of laser guiding into the steady-
state FEL will make s capital and running cost less ex-
pensive because there is no power consumption and the
induction unit without a solenoid employs relatively
small scale ferrite cores to allow its easy assembling.
The transverse instabilities of the driving beam, e.g., the
beam breakup instability, in s steady-state FEI. which
consists of FEI portions snd inductive acceleration
units, is potentially troublesome. When normal quadru-
pole magnets are employed for focusing, the beam break-
up instability can be estimated as follows: Once the
beam breakup instability occurs, the transverse beam
motion grows exponentially with a scale length LzBU
given by

instead of quadrupole magnets, the beam breakup insta-
bility will be suppressed by Landau damping resulting
from the variation in betatron frequency introduced by
the nonlinearities of the ion channel. In fact, the ATA
experiments demonstrated that ion-channel guiding is
very effective for suppression of the transverse beam
breakup mode in an induction accelerator. From these
situations ion-channel guiding of RES in a steady-state
FEI. is very attractive now.

Unlike an induction accelerator such ss the ATA, s
steady-state FEI. is associated with considerably strong
wiggler fields (of several kG) and quite strong radio-
frequency (rf) fields (of several hundred MV m ').
Motion of plasma electrons in such strong external fields
may be characterized by magnetic trapping and sn in-
crease in relativistic mass due to rapid acceleration. In
addition, plasma electrons are remarkably affected by
the space-charge forces of an electron beam. It is not
clear whether or not in these circumstances plasma elec-
trons can be ejected by an injected beam in the desired
time period (nsec) which allows accumulation of a
sufficient amount of ion charge for partial charge neu-
tralization of the beam body. In this paper behaviors of
plasma electrons in the FEL portion are carefully ex-
plored snd s critical condition, which allows an ion
channel to form in the above sense, is derived. II ey is-
sues on FEL operation, e.g. , rf phase variation and rf
breakdown, induced by ion-channel guiding, are dis-
cussed.

All of the present analyses were derived subject to the
following assumptions.

(i) The preionized channel is produced by laser in-
duced ionization.

(ii) The channel radius should be larger than the spa-
rial size swept by s quivering electron beam including
beam size itself.

(iii) The electron-beam density should be greater than
the channel-ionization density to assume complete
plasma-electron expulsion and to prevent s two-stream
instability.

(iv) Relativistic effects are taken into account to order
v in the exact kinetic equations snd to order v in drift
motion appearing after averaging over the high-
frequency variation of the rf fjelds.
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%'e choose a Cartesian coordinate system so that an
electron beam is traveling in the z direction and the pla-
nar wiggler Seld is in the y direction. The variation of
the y component of the wiggler 6eld along the z direc-
tion can be written as Bii ——Bocos(2nz/A, ii ), where Bo is
the amplitude and A, z is the wavelength of the wiggler.
The accompanying radiation 6elds of the TE0, mode are
written in the linearized forms

and a =2 cm), the equations of motion can be averaged
over the high-frequency variation of the field. After
tedious mathematical calculations following the method
of averaging developed by Bogolyubov and Mitropol-
skii, ' Eqs. (3) can be replaced by the average equation
to Grst order of u, v, m,

u =g (1 w)—Gx —wcBo cos(kii z ),
E„=Eocos(tot —krz ),

E0k8 = cos(orat —k z),
CO

g 7

F. =E,=8„=8g——0,

(gEo)'
+ Q

( ——,'+ —,'w )Gx+ —Gy

+-,'(1+w)cB, cos(kz), (4a)

where E0 is the amplitude of the x component of the ra-
diation field N and kg the angular frequency and wave
number in the waveguide. Assuming a Gaussian distri-
bution of the electron-beam charge, that is, the linear-
ized space-charge 6elds, the radial electric field and az-
imuthal magnetic field are given by

(gEo)'
i) =g (1—w)Gy+ 2 ( ——,'+ —,'w)Gy

w=g uGx+UGy+ucBocos(k~z)

(4b)

E„=2 I~

0

PIC
(2)

(gEo)' U+
N

——Gy (4c)

where Iz is the beam current, I0=17 kA, a the root-
mean-square radius of the beam, r the distance from the
beam center, m the electron mass, e the unit charge, and
c the speed of light.

Then, a plasma electron ejected from the beam core is
governed by the following relativistic equations to order
U

2

2 2

u =g 1 ——'u2 — — [Gx+Eocos(cot —k z)]2 2 2

u =g Gx(1 —-', e)+wGx( —1+—', e)

+NC80 —1+ + C+0 (5a)

Here we assume that drift motion is not ultrarelativistic.
Let us now consider the particular cases where essential
properties of motion are understood without loss of gen-
erality.

%hen y =y =0, in the small-amplitude region z g k~,
Eqs. (4a) and (4c) reduce to

E0kg
uUGy wc—80 cos—(kwz)+ s cos(~t kz)—

QP
g w =g(uGx +ucBo), (5b)

Q 3 l8
1 —N- Gp —AUD

2 2 2

(3a)
where e=(gEolto)z Substituti. on of the first integral of
(5b) into (5a) yields

T

2

x =cg ( —1+-',e)x'+gBoG( —
—,'+-,'e)x'

w =g —uu [Gx +Eo cos(cot —ksz )]+U(1 —w )Gy
+ 6(1——'e)+ cgB o —1+— x +—cB4 2 0

+uc 8 o(ckos)sz

E0k 6
cos(cot kz ) +—x—

CO

(3c)

where u, U, m are the velocity normalized by c in each
direction, the dots denote differentiation with respect to

g =( —e/mc), 6 =2(Is/Io)(mc /e)/o, and

k~ ——2m/A, ~.
If the frequency with which the electromagnetic field

varies is large coIDpar ed with the Larmor frequency
QL (=eB/2my) ((5 GHz for 8 =3 kG) and the re-
ciprocal transit time &eG/my ( & 5 GHz for Is =1 kA

u =go 1 ——y — 1 ——wy
2

(7a)

& =g Gxu +80x+6 1 ——yU
2

(7b)

In the limit of weak radiation fields, motion of a particle
is characterized in the schematic potential curve shown
in Fig. 1„namely, plasma electrons initially placed in the
beam region are confined there.

Meanwhile, for motion in the vertical direction Eqs.
(4b) and (4c) become
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Integrating the latter equation and substituting into Eq.
(7a), we then have

y =cgG 1 ——— 1 —— geo(x —x, )
4 2

+ (x —xo) y2c

'2
(gG)' e

2 2

where x is the initial position in the horizontal direction.
The first term in the right-hand side corresponds to the
expulsion force due to space-charge force ( ~ E, ). The
second term involving the horizontal excursion x and
the third term ( ccy3) originate from the y,. XBs force.
Magnitude of each term degrades due to relativistic
effects e depending on rf field parameters. If @=0, Eq.
(8) is completely in agreement with the nonrelativistic ki-

FIG. 1. Potential curve V(x).

netic equation without rf 6elds. The solution for the or-
bit y(t) from Eq. (8) is complicated, but we are mainly
interested in the outer limit of the orbit and the charac-
teristic expulsion time in the smaB-amplitude region. So
we define the following instantaneous turning-point ra-
dius and expulsion time:

y~= (8—2e) —(8—4e) box+ (x —xo)
2 c

(2—e) gG 2c

' j/2

cGg 1 ——— 1 —— gB x+ (x —x )
e gG

4 2 2c

—1/2

(10)

Here we recall that for motions in the horizontal plane
plasma electrons are con6ned around the initially placed
position. Therefore, it seems reasonable to assume
(x ~, ~xo

~

&a. Thus we can neglect the terms of
gG(x —xo)l2c in Eqs. (9) and (10) since

(gG/2c)x & a =Itt /Io-0. 06
2c

for Iti ——1 kA and gx8o &gaBo-2 for a =1 cm, Bo=3
ko. If the steady-state FEL parameters satisfy the con-
dition: b/2&yM and r-nsec for (X (

= ~x —xo
~

&a,
plasma electrons in the wiggler section are understood to
escape along the y direction parallel to the wiggler field,
as shown 1n F1g. 2.

Thus from Eqs. (9) and (10), after algebraic calcula-
tions the cri.terion which allows an ion channel to be
realized is written in the form,

corresponds to the parameter regions where ion-channel
guiding in a steady-state FEL is realizable. When the
parameter set of a typical steady-state FEL under con-
sideration, " Eo=200 MV/m, A, =1.8-2.4 cm,
Itt= 1 —3 kA, waveguide height b =v 8 cm, and Bo=3
kG is plotted on Fig. 3, it falls in the hatched zone.
There we assumed ~0——1 nsec and a =1 cm. This indi-
cates that an ion channel is able to form in the desired

el Column

ron Beom

2(ceo) 1 ——— 1 ——gBox2 E

4 2
~ ~

8[(4—e)—(4—2e)g8ox ]
b (2 —e)

where e=(A, /2m ) (eEo/mc ), A, is the wavelength of ra-
diation Selds, and vo the desired ion-channel forming
time, typically measured in nsec as described above.

Now, the criterion (11) is represented in the parameter
space (e, (Ia /Io )/a ) as sllowii ill Fig. 3; a hatclied zone

FIG. 2. Schematic of ion channel, electron beam, and eject-
ed plasma electron in part of a FEL.



37

Never Return Limit

=1 cm

l

p)0

x =0.5

I x=-lcm

g x=lcfA
,;Ii~i

~l
I

I
l

I

/
x= Ocrn

)0 I

2 3 4

Expulsion Time Limit e -=(—")(' ',
)

FIG. 3. Criterion represented in the parameter space
{e,(I&/ID)/a'). The ordinate scale corresponds to the case of
b =&8 cm and ~0——1 nsec.

xo el';2

+ Xo=-
dz 2m ycPeo

e8o
(12)

where n is the charge density of ion channel p, y the
usual relativistic factor, and eo the electric permittiviiy
in vacuum. It is written as

—(e8o/my)
~o(z}= cos(kii, z),

k, —k~
(13}

time period at least in the microwave region of current
interest.

There is a particular problem for an ion channel in a
steady-state FBI. Since an ion channel produced by a
laser trails the laser path, the electron beam performing
a quiver motion is necessarily ofF centered from the ion
channel as seen in Fig. 2. In this con6guration the elec-
tron beam always feels a restoring force which is propor-
tional to the distance from the channel center. This not
only gives focusing about the equiBbrium orbit but also
results in distortion in the equilibrium orbit itself ori-
ginated by the wiggler 6eld. I.et us estimate the size of
distortion.

Making the assumption that the ion channel has an
uniform cylinder shape, the equilibrium orbit is a period-
ic solution of the equation

k rok, (T)
5$/L ~k,

8k~@,

k;(H}
k, (T)

or

k eok, (T)

8k~@,
(14)

Zo I~ 1 e80
&2 ab &o &2mck y„'

where the right-hand side is obtained by averaging the
FEL rf phase shift equation' over the betatron and syn-
chrotron wavelength, and the emittance distribution of
particles, I. the length along the steady-state FEI.,
Zo(377 0}impedance in vacuum, e rms normalized em-
ittance, ab cavity size, y„resonant energy, and n, ion
density. %ith a~=10 mrad, I~ =2 kA, ah=2&5 cm,
Eo ——100 MV/m, 80——2. 5 kG, k~ ——27 cm, y„=16,
A. =l cm (Ref. 13), k;(T)=2m m ', n, (H)/n, (T)=—,', and
L =300 m, numerical evaluation shows

~
5$

~

=42'.
This value still seems to be tolerable because the super-
position of the electric 6elds is made through the sum-
mation of cosine terms.

where the abbreviation k, =. en; /(2m ycpeo) is used.
Solution (13) tells us a very simple result, that if the be-
tatron wavelength A&

——2m/k, . is sufficiently large com-
pared to the wiggler wavelength, the magnitude of dis-
tortion will be negligibly small. Note that the betatron
wavelength could be varied in wide ranges by control of
gas pressure or ionizing laser Auence.

One may be concerned with any coupled instability
between the electron beam and ion channel. Ions will
oscillate in the strong radial electric field produced by
the electron beam at a frequency

co„=[2(m /M)(I& /Io)]'i (c/a),
where M is the mass of the ion. %'ith a 2-kA beam
current and 1 cm beam size, the oscillation period ~
(=2m/ai„} is about 20 nsec for proton and 70 nsec for
nitrogen. For the electron beam with relatively short
pulse length (20—30 ns), therefore, we will not meet seri-
ous coupled instabilities.

Ion-channel guiding gives beam focusing on both
planes in addition to intrinsic focusing in the wiggler-
field direction: k„=k;, k =k o +k, , where ko and k,
represent the intrinsic focusing number and ion-channel
focusing number, respectively. This necessarily dupli-
cates the stop-band width in which the synchrotron-
betatron resonance is excited. However, our theoretical
and computational works have indicated the resonance
can be easily avoided by choosing appropriate machine
parameters.

The head and tail portions of beam pulse feel difFerent
focusing strength due to the longitudinal nonuniformity
in the ion channel. The variation in focusing strength
leads to the error variation in the amplitude and phase
of the microwave. It may be roughly estimated by
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Generally, rf breakdown in the waveguide is classified
into ionization breakdown snd electron multipactoring
breakdown. The ionization mean-free path at s given
electron energy is described by A, =(no ) ', where n is
the neutral gas density and 0. the cross section. For ni-
trogen with the maximum cross section (-2.5&(10
cm ), the minimum ionization mean-free path is
&=[0.11/P(torr)] cm. In the pressure range of current
interest (10 —10 torr), A, =1-10 m, which is much
larger than the cavity size, —10 cm. Thus me mill not
meet ionization breakdown. However, one may worry
that bombardment of runaway plasma electrons (of or-
der 10' /cm ) on the waveguide wall ignites serious elec-
tron multipactoring and leads to rf breakdown, since the
rf field with a very high frequency employed in a
steady-state FEL violates the multipactoring-suppression
condition E o& rncodz/2e, where d is the waveguide
size. However, in the wiggler section, one-dimensional
motion on secondary electrons produced by 6rst bom-
bardment is always perpendicular to the field direction
of TE mode, therefore multipactoring efFects will not be
enhanced. Even in the induction section, retnarkably
strong static space-charge forces of electron beam (of
tens of MV/m) will prevent secondary electrons from ap-
proaching the waveguide center; thus multipactoring
cannot occur.

Limitation of the ion-channel length is set by the
difFraction and absorption of the laser pulse. It may be
possible to place laser amplifie sections directly in the
beam line to regenerate the laser pulse in a manner that
maintains the timing. At that time, the driving electron
beam may also be refreshed.

Beam front erosion in s FEL waveguide with rec-
tangular shape hss not been discussed here because beam
front erosion dynamics is in principle the same as that in
beam propagation through a cylindrical aperture of rela-
tively large size which has been considered in much
literature. Most of the discussions in literature' can be
apphed for the present case. Nonlinearities in space-
charge forces and radiation fields of TE mode, which
have not been included in the present derivation, may
slightly modify the boundary regions for criterion (11),
but do not a8cct the main discussions of our paper.

In conclusion, it turned out that a steady-state FEL,
especially in the microwave (cm-mm) range of interest
in the high-energy accelerators society, has s possibility
of ion-channel guiding of its driving RES. So a "proof
in principle" experiment is particularly expected now.

The authors would like to thank members of the FEL
group for useful conversations about the present topic.
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