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Generation of ultrahigh harmonics with a two-stage free electron laser and a seed laser

V. V. Goloviznin* and P. W. van Amersfoort
FOM Institute for Plasma Physics ‘‘Rijnhuizen,’’ P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands

~Received 23 October 1995!

We consider the possibility to premodulate an ultrarelativistic electron beam on the nanometer length scale,
so that it can produce coherent spontaneous radiation in the x-ray range. The scheme that uses the same basic
elements as the high gain harmonic generation~HGHG! scheme, two wigglers and a conventional seed laser,
is shown to suit this task if the process of premodulation occurs at zero net gain of the seed-laser wave.
Operation with zero gain provides the opportunity to reach much higher harmonics than in the original HGHG
technique. The output radiation is tunable between discrete harmonics of the seed frequency. The total length
of the periodic magnetic structure is shown to be of the order of several meters, an order of magnitude shorter
than that required for self-amplified spontaneous emission~SASE!. For a beam quality similar to that in the
SASE scheme and with realistic seed-laser parameters, the efficiency of the beam premodulation at the 50th
harmonic~5 nm for a seed wavelength of 250 nm! is shown to be as high as 15%.@S1063-651X~97!16805-2#

PACS number~s!: 41.60.Cr
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I. INTRODUCTION

One of the most challenging problems in modern fr
electron laser~FEL! technology is to operate in the x-ra
region, especially in the ‘‘water window.’’ Because of th
absence of suitable optical resonators in this range of wa
lengths, only a single-pass device may suit this task.
self-amplified spontaneous emission~SASE! mechanism@1#
has been proposed as a way to provide high-power cohe
emission in the x-ray range. At present, both the undula
parameters and the electron-beam parameters that ar
quired for lasing are believed to be achievable. The SA
approach should be noted, however, to rely on the estab
ment of a coherent mode from incoherent noise, a proc
that is not yet well understood in a single-pass device.
addition, SASE implies working with a very long magnet
structure, typically several tens of meters long@2#. This is
mainly because of the rather long build-up time necessar
establish the coherent mode.

The situation would be very much improved if a sho
period premodulation of the electron-beam density were p
sible with an external source. This premodulation can
transformed by an FEL into a coherent electromagn
wave, and if the spatial period of the premodulation is su
ciently small, coherent x-ray radiation will be produced. T
high-gain harmonic generation~HGHG! scheme has bee
proposed in@3# as a possible way to create a premodulat
of the electron beam at a high spatial frequency~see the
schematic layout in Fig. 1!. Namely, an FEL amplifier, op-
erating in the high-gain regime, has been shown to produ
considerable beam density modulation~as well as a certain
amount of coherent radiation! at the third harmonic of the
fundamental frequency. With the help of an addition
single-pass FEL operating at a frequency which is th
times higher than that of the first FEL, this seed modulat
may be transformed into short-wavelength radiation and

*Permanent address: Russian Research Center Kurchatov
tute, 123182 Moscow, Russia.
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plified up to saturation@4#. As the coherent input signal fo
the first amplifier is not available below;160 nm, the
HGHG technique enables expansion of the range of F
operation down to 50 nm, at best. For shorter waveleng
another approach is necessary.

In the present paper we consider a scheme that uses
same basic elements as the HGHG scheme~see Fig. 1!, two
wigglers and a conventional seed laser. The main differe
with the HGHG technique is that in our scheme the proc
of premodulation occurs at zero net gain of the seed wa
This provides the opportunity to reach much higher harm
ics than in the HGHG approach. Numerical simulations
made and estimates are given for the efficiency of the p
modulation, the output radiation power and the total len
of the periodic magnetic structure.

The paper is organized as follows. In Sec. II we consi
the design of the first stage of the device and study the c
ditions necessary for efficient beam premodulation. Cohe
x-ray emission with the premodulated beam is considere
Sec. III. Section IV contains the results of numerical sim
lations.

II. BUNCHING

The first part of the two-stage FEL, the buncher, is
wiggler that provides interaction between the seed laser
the

sti-
FIG. 1. Schematic layout of the harmonic generation techni

that involves beam premodulation and the subsequent coherent
ton production.
6002 © 1997 The American Physical Society
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55 6003GENERATION OF ULTRAHIGH HARMONICS WITHA . . .
electron beam. We assume the first wiggler to be a hel
one to provide the most efficient laser-particle interaction.
we will see, an optimal design implies a high first wiggl
parameter, up toaw1;4–5, in order to reduce the length o
this wiggler and to decrease the influence of the ang
spread in the beam.

We adopt a simplified one-dimensional~1D! approach for
the description of both electron beam and electromagn
radiation; possible 3D effects are not addressed. The vali
of this approximation is discussed in Sec. IV. In 1D appro
mation, the motion of an ultrarelativistic electron in the co
bined field of a circularly polarized laser wave and a heli
wiggler is described with the well-known set of equations@5#
~note the usage of relativistic units\5c51 throughout this
paper!

de

dz
5
m2v0

e
aw1assinF, ~1!

dF

dz
5v0S 1vz21D2Vw1 , ~2!

wherem is the electron mass,z is the particle coordinate
along the wiggler axis,F[v0t2(v01Vw1)z is the particle
phase with respect to the ponderomotive potential well,e and
vz are the particle energy and longitudinal velocity,v0 and
as5eE0 /mv0 are the frequency of the laser wave and
normalized intensity, andVw152p/lw1 is the spatial wig-
gler frequency. The above equations are often referred t
the ‘‘pendulum equations’’ because of the similarity betwe
Eqs. ~1! and ~2! and the equations of motion of a massi
point in an external coslike potential well. The initial cond
tions for Eqs.~1! and ~2! correspond to a nonmodulate
beam at the entrance of the wiggler:F(z50) is assumed
to be uniformly distributed from 0 to 2p. The results ob-
tained with the above set of equations must be averaged
the initial electron energy spread and the initial angu
spread in the electron beam.

The basic idea of how to transform the seed freque
into a very high harmonic consists in the simple observat
that in a parabolic potential well all particles having start
their motion at zero initial velocity meet each other in t
center of the well after exactly a quarter of an oscillati
period. In other words, the initial spatially uniform partic
distribution is transformed into ad-like distribution that for-
mally has nonvanishing amplitudes of infinitely high Four
components. The coslike ponderomotive potential appea
in Eqs. ~1! and ~2! is similar, in a sense, to a periodic s
quence of parabolic wells. One may thus expect that aft
certain distance in the wiggler the particle distribution ov
the longitudinal coordinate is periodically modulated in su
a way that the spatial period coincides with the seed-la
wavelength but the Fourier transformation contains very h
harmonics. As a result, the electron bunch splits into t
current sheets orthogonal to the bunch axis. Upon injec
into a short-period undulator, such a current sheet emits
herently if the radiated electromagnetic wave~as determined
by the undulator parameters! has a wavelength longer tha
the sheet thickness.

The d-like distribution is, of course, never reached in r
ality. In 1D approach, there are two main factors limitin
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width of a current sheet. First, the initial energy spread a
angular spread in the electron beam lead to a nonzero in
velocity of an electron with respect to the ponderomot
potential well. Second, the potential well itself is anha
monic, therefore the oscillation period depends on the am
tude of oscillation, and different particles reach the cente
the well at different instants of time. In addition, the curre
sheets are dynamical objects, therefore their thickness is
dependent. All the above factors should be taken into
count when considering the efficiency of x-ray generation

It is convenient to switch frome andz to new dimension-
less variablesu andt such that

u5
e2

^e2&
21 ~3!

and

t5
v0zm

2

^e2&
Aasaw1~11aw1

2 !, ~4!

where^e2& is the mean-squared particle energy in the be
andu is assumed to be small,uuu!1. Expanding Eqs.~1! and
~2! to the first order inu, combining them and averagin
over one wiggler period, one obtains the second-order dif
ential equation

F̈52sin F ~5!

with the initial condition

Ḟ~t50!5
1

2S 11aw1
2

asaw1
D 1/2S 12

2^e2&Vw1

m2v0~11aw1
2 !

1
^e2&v'

2

m2~11aw1
2 !

2u0D , ~6!

whereu0[u(t50) and an overdot refers to the derivativ
d/dt. Equation ~5! contains no input parameters and d
scribes small-amplitude oscillations with a period of 2p ~for
uFu!1!. In dimensional variables, the length of the first wi
gler that provides the best bunching is therefore

Lw1;
p

2

^e2&
v0m

2@asaw1~11aw1
2 !#1/2

. ~7!

From Eq. ~7! one can see the advantage of a hi
aw1 : the length of the buncher may be reduced consid
ably as compared to the caseaw1;1.

As was already mentioned, efficient particle premodu
tion requires a small initial ‘‘velocity’’Ḟ(t50). One sees
from Eq. ~6! that the condition

^e2&5m2~11aw1
2 !S 2Vw1

v0
2^v'

2 & D 21

~8!

provides^Ḟ(t50)&50 where^ & means averaging over th
beam. Equation~8! may be considered as a resonance c
dition relating the beam energy to the parameters of the
wiggler and the seed laser. The above condition is distin
different from that of the HGHG approach. Namely, amp
fication of an electromagnetic wave in an FEL is known
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6004 55V. V. GOLOVIZNIN AND P. W. van AMERSFOORT
originate from overall deceleration of an electron bea
therefore, the gain curve reaches its maximum at a be
velocity that is slightly above the phase velocity of the po
deromotive potential well responsible for the interaction b
tween the beam and the electromagnetic wave. The HG
scheme operates at a maximum of gain, while Eq.~8! corre-
sponds to exact resonance between the electron beam an
ponderomotive potential, and, respectively, to zero net g
of the laser wave.

If the above condition is satisfied, the remaining spread
Ḟ(t50) is due to individual deviations of the electron initi
energy and the transverse velocity from the averaged val
From Eq. ~6! one may see another advantage of havin
high aw1 : the term describing the transverse velocity co
tribution is suppressed in this case with a large factor
1aw1

2 )21. The influence of the angular spread, as compa
to that of the energy spread, is seen to be negligible if
following inequality holds:

^v'
2 &,

m2~11aw1
2 !s

^e2&
, ~9!

wheres is the relative energy spread in the electron beam
the further considerations we will assume this condition to
valid.

A simple estimate can be made concerning the influe
of the initial energy spread on the bunching efficiency. D
ing a timet, a small initial ‘‘velocity’’ Ḟ(t50) would result
in an additional phase shiftDF;tḞ(t50). To provide co-
herent emission at thenth harmonic of the seed frequenc
one should keepDF,p/n at the timet;p/2. A typical
value ofu0 is uu0u;2s. Using Eq.~6! one finds the condi-
tion

s

2 S 11aw1
2

asaw1
D 1/2,1

n
. ~10!

Hence, to reach the highest frequency up-conversion,
best beam quality~smalls! and the highest seed-laser pow
~largeas! are necessary.

For further considerations, it is convenient to introduce
dimensionless parameters,

s5
2

ns S asaw1
11aw1

2 D 1/2. ~11!

Simple intuitive reasoning shows that an optimal bunc
design corresponds tos;1, when the length of curren
sheets is about half a wavelength of the output radiation.
much lowers, the current sheets are significantly thicke
therefore, the Fourier component of the electron density
the nth harmonic becomes exponentially suppressed.
much highers, the lifetime of the current sheets~and, re-
spectively, the power emitted in the second wiggler! de-
creases. A more careful choice ofs requires numerical simu
lations.

Many quantities may be better expressed in terms of
new parameter. For example, the length of the first wigg
@see Eq.~7!# may be rewritten as
;
m
-
-
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Nw1;
1

4nss
, ~12!

whereNw1 is the number of periods in the first wiggler. Th
initial condition Eq.~6! may also be rewritten as

Ḟ~t50!52
2

ns
û0 , ~13!

whereû0[u0/2s is now a random variable distributed wit
unit standard deviation. The influence of the initial ener
spread is clearly seen to decrease ass increases.

From Eqs.~5! and~6! the typical final energy spread afte
the first wiggler is seen to be of the order of

De;S asaw1^e2&11aw1
2 D 1/2;snse. ~14!

One can see from Eq.~14! that the final energy spread i
considerably larger than the initial one:

De

se
;sn@1, ~15!

as an inevitable consequence of phase area conserva
This is a crucial relation preventing further usage of the el
tron bunch for amplification of the radiation produced in t
second wiggler.

III. X-RAY GENERATION

We now turn to the second part of the scheme, the em
ter. As soon as electrons leave the first wiggler, the pond
motive force vanishes. The process of inertial bunchi
however, continues to develop, due to the redistribution
the longitudinal velocity induced by the buncher. If th
length of the first wiggler and the gap between the bunc
and the emitter are chosen correctly~see Sec. IV!, the maxi-
mum density compression will take place inside the sec
wiggler. The latter one is assumed to be a wiggler with
variable magnetic-field strength, because the buncher
poses a strict condition on the beam energy@see Eq.~8!#;
therefore, the only way to tune the output photon frequen
is by changing the second wiggler parameteraw2 . As a pos-
sible solution, we consider here a planar wiggler with a va
able gap between two arrays of permanent magnets; fast
ing is easily achieved with such a design@6#. Of course, there
are other options: for example, a short-period electrom
netic helical wiggler would also be a good solution.

As we have shown, the first wiggler can considerably
distribute electrons within one seed-laser wavelength. T
parameters of a particle trajectory at the exit of the first w
gler serve as input parameters for a description of the pro
of coherent spontaneous emission in the second wiggler.
ticle motion in the second wiggler is assumed to be co
pletely determined by the wiggler field, no back influence
the emitted electromagnetic waves on the emitting partic
is taken into account. This approximation is justified by t
fact that the seed-laser wave is out of resonance in the
ond wiggler, and the high-harmonic wave has too low
intensity to influence electron motion in the presence of
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55 6005GENERATION OF ULTRAHIGH HARMONICS WITHA . . .
large energy spread imposed by the buncher.
The energy emitted by a moving charged particle per u

solid angle per unit frequency interval is given by the te
book expression@7#

dEg

dVdv
5

e2v2

~2p!2 U ET1
T2
dt nW 3vW ~ t !eiv@ t2nW •rW~ t !#U2, ~16!

wherenW is an unit vector directed along the photon mome
tum, andrW(t) andvW (t) are the particle coordinate and velo
ity, respectively, as functions of timet. If one is interested in
the coherent radiation emitted by many particles, Eq.~16!
should be modified to

dEg

dVdv

5
e2v2

~2p!2 U ET1
T2
dtE d3r d3v f ~rW,vW ;t !nW 3vWeiv@ t2nW •rW#U2,

~17!

where f (rW,vW ;t) is the time-dependent particle distributio
function.

The above expression may be simplified in our case
to the fact that all particles in the beam move in nearly
same direction and at nearly the same velocity. One m
then neglect transverse motion and write the distribut
function as

f ~rW,vW ;t !'
1

pr 0
2 e

2~rW' /r0!2d~vW'! f l~z,vz ;t !, ~18!

where a Gaussian beam profile~with r 0 for the waist radius!
is assumed in the transverse direction andf l(z,vz ;t) de-
scribes the longitudinal evolution of the beam. As we a
interested in the radiation at the fundamental frequency
the second wiggler, the above expressions may be fur
simplified if one neglects longitudinal velocity oscillation
imposed by the wiggler field~in the case of a planar wig
gler!. It is convenient to separate the motion of the beam
a whole and the slow evolution of the current density ins
the beam by introduction of new variablesj[z2^vz&t and
Vi[vz2^vz&, where^vz& is

^vz&'12
m2~11aw2

2 /2!

2^e2&
. ~19!

The longitudinal distribution function then becomes

f l~z,vz ;t !5 f 0~j2Vit,Vi!, ~20!

where f 0(j,Vi) is the particle distribution over the longitu
dinal coordinate and longitudinal velocity at the exit of t
buncher~this point corresponds tot50!.

One may also use the small-angle approximation for p
ton variables, due to the fact that an ultrarelativistic parti
emits electromagnetic waves in a narrow cone around
direction of its velocity@7#. With all the above simplifica-
tions, Eq.~17! becomes
it
-

-

e
e
y
n

e
f
er

s
e

-
e
e

dEg

d2n'dv
5

e2v2

~2p!2 U ET1
T2
dtE dj0dVi f 0~j0 ,Vi!

3
aw2m sin~Vw2^vz&t !

^e&
expF i vtm2~11aw2

2 /2!

2^e2&

1 ivtS n'
2

2
2Vi D 2 ivj02n'

2 S vr 0
2 D 2GU2, ~21!

where we switched to j0[j2Vit. The factor
exp@2n'

2(vr0/2)
2# is seen to effectively restrict angular inte

gration to the region of very small angles:

n'
2,~vr 0/2!22. ~22!

In the following we will consider the case of a sufficient
wide electron beam:

vr 0
2@Lw2 , ~23!

whereLw2 is the length of the second wiggler. Under th
condition, the factor exp(ivtn'

2/2) may be extracted from un
der the integral sign because in the region allowed by
~22! it is nearly constant.

The next step is to take into account that the funct
f 0(j0 ,Vi) is periodic in j0 with period l0 . Assuming the
electron bunch to consist ofM@1 identical current sheets
one has

dEg

d2n'dv
5

e2v2

~2p!2 U ET1
T2
dtE dViexpF i vtm2~11aw2

2 /2!

2^e2&

2 ivVit2n'
2 S vr 0

2 D 2Gaw2m^e&21sin~Vw2^vz&t !

3
sin~vl0M /2!

sin~vl0/2!
E
0

l0
dj0f 0~j0 ,Vi!e2 ivj0U2.

~24!

There are two sharply peaked factors in the above exp
sion. One of them is connected with the periodic parti
oscillations in the wiggler field and gives, upon integrati
over t, a peak at the Lorenz-shifted spatial frequency of
second wiggler, the so-called spontaneous emission line.
other one comes from interference of the waves emitted
different current sheets. This factor is multiply peaked
harmonics of the seed-frequency. One may note that the
terference peaks are typically more narrow than the spo
neous emission line: say, forn;50, M;200 interference
gives the linewidthdv/v;(nM)21;1024 while the spon-
taneous emission linewidth is only;Nw2

21 , whereNw2 is the
number of periods in the second wiggler. A reasonable o
put power is produced only when both peaks coincide. T
gives the resonance condition for the second wiggler:

S 11
aw2
2

2 D 5
2Vw2^vz&^e

2&
nv0m

2 , ~25!
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wheren is the number of harmonic. By proper adjustment
aw2 , one may thus choose between different harmonics
the seed frequency.

The radiation from the second wiggler is concentrated i
small solid angle aroundnW'50 and in a small frequency
interval aroundv5nv0 . To complete our calculations, w
need to integrate the spectral-angular distribut
dEg /d

2n'dv over this region. Taking into account the no
malization condition forf 0(j0 ,Vi),

E dVi E
0

l0
dj0f 0~j0 ,Vi!5

Il0

e
, ~26!

one has finally the following expressions for the peak pow
Pg and the peak spectral brightnessdPg /dv of the coherent
spontaneous radiation at thenth harmonic of the seed-lase
frequency:

dPg

dv
5

aw2
2 m2I 2

Mp2n2^e2&r 0
2v0

uBu2
sin2@Mp~v2nv0!/v0#

~v2nv0!
2 ,

~27!

Pg5
aw2
2 m2I 2

n2v0
2^e2&r 0

2 uBu2, ~28!

whereI is the beam current and the functionB is a result of
averaging over the beam particles,

B[K e2 inv0~j01ViT1!~12e2 inv0Vi~T22T1!!

2iV i
L . ~29!

Assuming symmetry under the transformati
j0 , Vi→2j0 , 2Vi , one may reduce Eq.~29! to

B5 KVi
21sinS nv0Vi~T22T1!

2 D
3cosS nv0j01

nv0Vi~T11T2!

2 D L . ~30!

Equations~27!–~30! express the parameters of radiati
in terms of the particle distribution function. The only step
be done is to relate the arguments of the particle distribu
function, j0 and Vi , to the output parameters of electro
trajectories in the buncher. The following relationships a
applicable here:

nv0j05nF f , ~31!

Vi52
nssm2~11aw2

2 /2!

2^e2&
Ḟf , ~32!

whereF f andḞf are the parameters of a particle trajectory
the exit of the first wiggler. Results of numerical simulatio
will be presented in the next section.

IV. NUMERICAL RESULTS

Our ID numerical model is based on the equations
motion ~5! and~13!. These are solved numerically for diffe
ent initial conditions, to simulate the particle distributio
f
of

a

n

r

n

e

t

f

function after the buncher and, finally, to evaluate the ra
ated power. To be specific, we consider 50th harmonic g
eration (n550) for the seed-laser wavelengthl05250 nm.
The output radiation wavelength is then 5 nm in the s
x-ray range.

As for the electron-beam parameters, we adopt those
the TESLA-FEL project@8#. The aim of this project is to
demonstrate the feasibility of the SASE mechanism for p
duction of x-ray radiation. The saturated power of about
GW is expected at 6.4 nm, while the necessary wigg
length is estimated to be about 25 m. A modern superc
ducting linac together with the bunch compression techni
will be developed to provide an extremely powerful a
‘‘cold’’ electron beam: peak currentI52500 A, particle
energye51 GeV, and relative energy spreads51023. The
bunch length is expected to be about 50mm. Due to the
small normalized emittance of about 1p ~mm! ~mrad!, the
beam radiusr 0 may also be very small, of the order of 5
mm. The parameters used in our simulations are summar
in Table I.

Our primary goal is to study the formation and dynam
of current sheets. It is convenient to characterize the deg
of modulation of the particle density with the amplitudes
its Fourier components at spatial harmonics of the seed
quency. Assuming a symmetric density distribution with
one seed-laser wavelength, we define the degree of mod
tion at thenth harmonic as

bn5^cos~nv0j!&, ~33!

where j is the longitudinal coordinate of a particle in th
comoving frame of reference. Note that thebn parameters,
although they are not directly related to the radiated pow
give a more clear physical picture of the process than
much more complicated functionB @see Eqs.~29! and~30!#.

As an illustration, in Fig. 2 we showb50 as a function of
the distancez between the electron bunch and the exit of t

TABLE I. Electron-beam, seed-laser, and output radiation
rameters.

Electron-beam parameters

Beam energye 1 GeV
Peak currentI 2500 A
Relative energy spreads 1023

Beam radiusr 0 50 mm
Bunch length 50mm
Normalized emittanceeN 1p ~mm!~mrad!

Seed-laser parameters

Wavelengthl0 250 nm
Pulse powerP 200 GW
Normalized intensityas 2.531023

Waist radiusL' 200mm
Output radiation parameters

Harmonic numbern 50
Wavelengthl 5 nm
Peak powerPg 30 MW
Bandwidthdv/v ;1024
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55 6007GENERATION OF ULTRAHIGH HARMONICS WITHA . . .
first wiggler ~note that for ultrarelativistic particles this dis
tance is justct!. The modulation at the 50th harmon
reaches a smooth maximum at about 70 cm behind
buncher and starts to oscillate at distances exceeding 105
For completeness, we varied the dimensionless lengtht of
the first wiggler@see Eq.~4!# in the range 1.2,t,1.6. The
results in Fig. 2 correspond tot51.5; the other parameter
were chosen to bes51, aw154, aw251. The behavior seen
in Fig. 2 is typical for the whole range of 1.2,t,1.57; the
only difference is an overall shift of the curve along t
horizontal axis. As the dimensionless length of the bunc
increases, the position of the peak shifts towards smaller
tances; it reaches the exit of the first wiggler (t50) at t
5p/2'1.57. However, the peak value of the degree
modulation always remains nearly independent oft, and
rather large. This is the most surprising result: even for
initial energy spread of 1023, the density modulation at th
50th harmonic may reach 15% and remain relatively h
over a distance of about 0.5 m.

The dependence ofbn on harmonic numbern is shown in
Fig. 3. The wiggler and the seed-laser parameters are
same as in Fig. 2; the distance from the exit of the bunc
~70 cm! corresponds to the peak modulation at the 50th h
monic. A rather flat curve is observed for low harmoni
while a sharp decay is seen atn.70. Nevertheless, even a
the 100th harmonic there is still a noticeable modulation
about 5%.

Such a high degree of modulation is provided with
proper choice of thes parameter@see Eq.~11!#. Figure 4
shows the peak value ofb50 for different values ofs. The
degree of modulation grows quickly at smalls and tends to
reach a limit of about 22%~shown as a horizontal dashe
line! for s→`. The high-s limit is a result of the anharmo
nicity of the ponderomotive potential well. This is the hig
est value reachable at the 50th harmonic with the propo
technique, even for zero energy spread in the beam. As
mentioned earlier, the results in Fig. 2 correspond tos51.
This value is about optimum, because it gives a high deg
of modulation on the one hand, and provides a rather l

FIG. 2. Degree of beam density modulation at the 50th h
monic, b50, as a function of the distancez between the electron
bunch and the exit of the first wiggler. The modulation is seen
reach its maximum of 15% at about 70 cm behind the buncher.
wiggler and seed-laser parameters aret51.5, aw154, aw251, s
51, the relative energy spread in the electron beam is 1023.
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lifetime of the current sheets on the other hand.
One should note that the choice of thes-parameter means

actually a choice of the intensity of the seed-laser wave:

as5
~nss!2~11aw1

2 !

4aw1
. ~34!

For s51023, n550, aw154, the above value ofs51 cor-
responds toas;2.531023. In the case of a circular polar-
ization, the powerP carried by a Gaussian laser beam is

P544 GWS asL'

l0
D 2, ~35!

whereL' is its waist radius. One sees from Eq.~35! that
focusing would reduce the required power, since the on
relevant parameter in the problem isas . A naive approach
would be to takeL' equal to the electron beam radius (L'

;50mm), which would result in the seed-laser powerP
;10 GW. There is, however, a stronger limitation comin
from the fact that the seed-laser wave intensity was assum

r-

o
e

FIG. 3. Degree of modulation at thenth harmonic at the point of
the peak modulation (z570 cm) as a function ofn. All beam and
seed-laser parameters are the same as in Fig. 2.

FIG. 4. Peak value ofb50 as a function ofs @see Eq.~11!#. The
degree of modulation quickly increases at smalls and tends to reach
a limit of about 22%~shown as the horizontal dashed line! for
s→`.
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to be constant throughout the whole length of the first w
gler. It means that the Rayleigh lengthZR[pL'

2 /l0 should
be longer than at least half the length of the first wiggl
ZR.Lw1/2. In combination with Eq.~35!, this gives P
;200 GW, a very high but realistic power at today’s tec
nological level~see, e.g.@9,10#!. A possible way to reduce
the seed-laser power is to use a longer electron bunch
respectively smaller energy spread, sinceP depends strongly
on s: P;s3 @see Eqs.~7!, ~34!, and~35!#.

More detailed information on the formation of curre
sheets is given by the phase portrait of the system. In F
5~a!–5~c! particle distribution~within one seed-laser wave
length! is plotted in the phase space defined by the long
dinal coordinate and the longitudinal velocity. The distrib
tion is shown at three characteristic points of the system:

FIG. 5. Particle distribution~within one seed-laser wavelength!
in the phase space defined by the longitudinal coordinate and
longitudinal velocity at three characteristic points of the s
tem: ~a! at the entrance of the buncher,~b! at the exit of the
buncher, and~c! at the point of the peak modulation. All inpu
parameters are the same as in Fig. 2. Vertical dotted lines ind
the largest interval (52.5 nm) between two electrons which st
enables them to coherently emit the 50th harmonic of the s
frequency.
-

,

-

ith

s.

-
-
at

the entrance of the buncher, at the exit of the buncher, an
the point of the peak modulation. The particle density profi
is shown in Figs. 6~a!–6~c! for the same three instants o
time. All the input parameters are the same as in Fig.
Vertical dotted lines in Figs. 5~a!–5~c! indicate the thickness
of a current sheet that can emit coherently at the 50th h
monic of the seed-frequency: this thickness is justl0/100
52.5 nm. One can see how the modulation builds up: t
initially uniform particle distribution becomes strongly dis
turbed upon passage through the first wiggler, the subseq
evolution takes some time, and, finally, a significant fracti
of the beam is compressed into a sheet that is a hund
times thinner than the seed-laser wavelength. At the sa
time, the energy spread is seen to increase dramatically
accordance with Eq.~15!.

We turn now to the photons radiated in the second w
gler. For generality, we do not assume the emitter to be s
ated directly behind the buncher. The timeT1 @see Eq.~30!#
may be understood as a drift time, while the length of t
second wiggler is given byLw25c(T22T1). Quite natu-
rally, its length as well as the gap between two wigglers m

he
-

te

d

FIG. 6. Particle density profile within one seed-laser waveleng
for the same three characteristic points as in Figs. 5~a!–5~c!.
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be properly adjusted to cover the region of the peak mo
lation ~see Fig. 2!. However, the spectral characteristics
radiation and the output power appear to be rather insens
to the exact values ofT1 andT2 ; therefore, a good estimat
may be obtained if one takesT150 and assumes the secon
wiggler to occupy the whole region whereb50 is positive.

Figures 7~a!–7~c! show the spectrum of the photons rad
ated from the second wiggler, for three different values
s: 0.5, 1, and 2, respectively. The emitter is assumed to
tuned at the 50th harmonic; in fact, a small number of sp
tral lines appears to be emitted simultaneously~solid line
indicates their envelope!. The relative intensities of side
bands, as well as the intensity of the central line, are see
depend on the final energy spread imposed by the bun
@one may note that the final energy spread in the beam
nearly linear ins; see Eq.~14!#. However, the spectral width
of any one harmonic is aboutdv/v;1024, independently
of the energy spread. This is a characteristic feature of
seed-laser-assisted harmonic production: the perfect sp
and temporal coherence of harmonic radiation is determi

FIG. 7. Spectrum of the photons radiated in the second wigg
for three values of the dimensionless parameters: ~a! 0.5, ~b! 1,
~c! 2. The inset in~a! shows the shape of a spectral line. All inp
parameters are the same as in Fig. 2.
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by the seed-laser wave, not by the electron-beam parame
The inset in Fig. 7~a! illustrates the shape of a spectral lin
A fine structure of the line seen as a number of small pe
on both sides of the central peak, is a result of our simpli
ing assumption that the bunch consists of identical curr
sheets; it will be smoothed out if a more realistic curre
profile is considered.

The peak power radiated in the main spectral li
(n550) is shown in Fig. 8 as a function ofs. One can see
that indeed there is an optimum at abouts;1. With the
beam parameters from Table I, the radiated power at 5 nm
then about 30 MW in a bandwidth of about 1024. The above
value has to be compared to the saturated power of abou
GW in a bandwidth of about 1022 that is expected to be
reached with 25-m-long TESLA FEL in the SASE regim
@8#. Our scheme is seen to provide much lower~about two
orders of magnitude! output power, while the spectral brigh
ness is of the same order of magnitude. One should, h
ever, take numerical estimates for both cases as very pre
nary ones since no experimental evidence is available in
wavelength region. Among possible advantages of the se
laser-based scheme are its higher stability and much b
spatial coherence and smaller linewidth, since these par
eters are defined by the seed laser. Last but not least
whole length of the system appears to be about 1.6 m, o
an order of magnitude shorter than in the SASE scheme

As was already mentioned, the process of premodula
imposes a large energy spread in the electron beam; th
fore, further amplification of the produced x-ray radiation
impossible with the same electron bunch. However, as a p
sible improvement of our scheme, one more wiggler an
‘‘fresh’’ electron bunch~that has never been illuminated wit
the seed laser! from the accelerator may be used to ampl
the radiation generated in the second wiggler, up to sat
tion. It is worth mentioning that the saturated power in t
high-gain regime does not depend on the initial laser w
power but on the electron-beam parameters; therefore,
may finally reach the same power of about 2.8 GW as in
SASE case. The length of the additional amplifying sect
is then just about 3–4 m, as the power gain length is
pected to be about 1 m@8#.

To complete this section, we discuss the conditions t
justify usage of the 1D approximation. Several inequalit

r,

FIG. 8. Peak power radiated in the main spectral line (n550),
as a function ofs. An optimum is seen to be reached at abous
;1.
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are to be satisfied for the 1D approximation to be valid. F
of all, the initial angular spread in the electron beam is
glected. This is correct if the normalized emittanceeN is
sufficiently small. For our parameters, it means@see Eq.~9!#

eN!6p ~mm! ~mrad! ~36!

~note that we have assumedeN;1p ~mm! ~mrad! in our nu-
merical simulations!. Second, Eq.~23! provides the condi-
tion for negligibly small influence of light diffraction on th
output photon emission. For our parameters, this conditio
satisfied if

Lw2!2.5 m. ~37!

Third, the seed-laser power density is assumed to be con
over the cross section of the electron beam. This is v
under the condition

L'@r 0;50 mm. ~38!

And finally, we neglected diffraction of the seed-laser wa
This is justified if

Lw1!v0L'
2 . ~39!

One may see from our numerical results that the first th
conditions ~36!–~38! are satisfactorily met. The conditio
~39! was actually used to estimate the seed-laser power;
therefore just marginally satisfied. Hence, the most impor
3D effects seem to be those related to the seed-laser p
evolution.

V. CONCLUSIONS

We have considered the possibility to premodulate an
trarelativistic electron beam on the nanometer length sc
-
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so that it can produce coherent spontaneous radiation in
x-ray range. The scheme that uses the same basic eleme
the high-gain harmonic generation scheme, two wigglers
a conventional seed laser, has been shown to suit this
The first wiggler and the seed laser provide a premodula
of the beam, while the second wiggler serves as a sourc
radiation at a harmonic of the seed frequency. The possib
to reach ultrahigh harmonics~up to 100! is provided by the
fact that, in contrast to the HGHG technique, our sche
operates at zero net gain of the seed-laser signal. The ou
radiation appears to be tunable between discrete harmo
of the seed frequency.

To get insight into the efficiency of premodulation, 1
numerical simulations have been performed in the o
particle approximation. For the same beam quality as in
self-amplified spontaneous emission scheme and with re
tic seed-laser parameters~a wavelength of about 250 nm an
a peak power of about 200 GW!, the degree of beam pre
modulation at the 50th harmonic~5 nm! was shown to be as
high as 15%. The total length of the periodic magnetic str
ture was shown to be of the order of several meters, an o
of magnitude shorter than in the SASE case.
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