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Generation of ultrahigh harmonics with a two-stage free electron laser and a seed laser
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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 generatld@HG) 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 emis68ASE. 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 hie shown to be as high as 15¢61063-651X97)16805-2

PACS numbd(s): 41.60.Cr

[. INTRODUCTION plified up to saturatiof4]. As the coherent input signal for
the first amplifier is not available below-160 nm, the

One of the most challenging problems in modern freeHGHG technique enables expansion of the range of FEL
electron laser(FEL) technology is to operate in the x-ray OPeration down to'50 nm, at best. For shorter wavelengths,
region, especially in the “water window.” Because of the @nother approach is necessary.
absence of suitable optical resonators in this range of wave- !N the present paper we consider a scheme that uses the
lengths, only a single-pass device may suit this task. Thé@me basic elements as the HGHG schésee Fig. 1, two
self-amplified spontaneous emissi6®ASE mechanisn{1] w!gglers and a conventlongl seed_ laser. The main difference
has been proposed as a way to provide high-power cohereiith the HGHG technique is that in our .scheme the process
emission in the x-ray range. At present, both the undulatoPf Premodulation occurs at zero net gain of the seed wave.
parameters and the electron-beam parameters that are rgiS provides the opportunity to reach much higher harmon-
quired for lasing are believed to be achievable. The SASECS than in the HGHG approach. Numerical simulations are
approach should be noted, however, to rely on the establisit@de and estimates are given for the efficiency of the pre-
ment of a coherent mode from incoherent noise, a proceggodulano_n, t.he output_ radiation power and the total length
that is not yet well understood in a single-pass device. IPf the periodic magnetic structure. _
addition, SASE implies working with a very long magnetic The paper is or_gamzed as follows. I_n Sec. Il we consider
structure, typically several tens of meters Idi#). This is the_ design of the first stfage of the device and s_tudy the con-
mainly because of the rather long build-up time necessary tgitions necessary for efficient beam premodu!atlon. Qoherept
establish the coherent mode. x-ray emission with the premodulated beam is considered in

The situation would be very much improved if a short- Sep. [ll. Section IV contains the results of numerical simu-
period premodulation of the electron-beam density were podations.
sible with an external source. This premodulation can be
transformed by an FEL into a coherent electromagnetic
wave, and if the spatial period of the premodulation is suffi- The first part of the two-stage FEL, the buncher, is a
ciently small, coherent x-ray radiation will be produced. Thewiggler that provides interaction between the seed laser and
high-gain harmonic generatiotHGHG) scheme has been the
proposed i3] as a possible way to create a premodulation
of the electron beam at a high spatial frequerisge the
schematic layout in Fig.)1 Namely, an FEL amplifier, op- 2nd wiggler [harmonic >
erating in the high-gain regime, has been shown to produce a \& (radiator)
considerable beam density modulati@s well as a certain
amount of coherent radiatiprat the third harmonic of the
fundamental frequency. With the help of an additional 1st wiggler
single-pass FEL operating at a frequency which is three seed-wave ) (buncher)
times higher than that of the first FEL, this seed modulation ’
may be transformed into short-wavelength radiation and am-

II. BUNCHING

D

FIG. 1. Schematic layout of the harmonic generation technique
*Permanent address: Russian Research Center Kurchatov Instiat involves beam premodulation and the subsequent coherent pho-
tute, 123182 Moscow, Russia. ton production.
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electron beam. We assume the first wiggler to be a helicalidth of a current sheet. First, the initial energy spread and
one to provide the most efficient laser-particle interaction. Asangular spread in the electron beam lead to a nonzero initial
we will see, an optimal design implies a high first wiggler velocity of an electron with respect to the ponderomotive
parameter, up ta,,;~4-5, in order to reduce the length of potential well. Second, the potential well itself is anhar-
this wiggler and to decrease the influence of the angulamonic, therefore the oscillation period depends on the ampli-
spread in the beam. tude of oscillation, and different particles reach the center of
We adopt a simplified one-dimensiondD) approach for the well at different instants of time. In addition, the current
the description of both electron beam and electromagnetisheets are dynamical objects, therefore their thickness is time
radiation; possible 3D effects are not addressed. The validitgdependent. All the above factors should be taken into ac-
of this approximation is discussed in Sec. IV. In 1D approxi-count when considering the efficiency of x-ray generation.
mation, the motion of an ultrarelativistic electron in the com- It is convenient to switch frone andz to new dimension-
bined field of a circularly polarized laser wave and a helicalless variabless and 7 such that
wiggler is described with the well-known set of equati¢bk

(note the usage of relativistic unifs=c=1 throughout this U= € 1 3)
papej (€9)

de mlwg _ and

—_—= a,1assind, 1)

dz € wozmz

_ Vaau(1+a2,)

dd 1 T= <€2> asawl( 1+ awl)a (4)

= wo| ——1]=Qyy, 2 . :

dz Uy where(€?) is the mean-squared particle energy in the beam

andu is assumed to be smallj|< 1. Expanding Eqg1) and

(2) to the first order inu, combining them and averaging
over one wiggler period, one obtains the second-order differ-
ential equation

wherem is the electron masg is the particle coordinate
along the wiggler axisp = wgt— (wg+ Q1) 2 is the particle
phase with respect to the ponderomotive potential welhd
v, are the particle energy and longitudinal velocity and
a;=eEy/mw, are the frequency of the laser wave and its d=—sin® (5)
normalized intensity, an€l,,,=2m/\,,, is the spatial wig-

gler frequency. The above equations are often referred to awith the initial condition

the “pendulum equations” because of the similarity between

Egs. (1) and (2) and the equations of motion of a massive ci)( e 0)21 1+a§u v 3 2(e*)Q1

point in an external coslike potential well. The initial condi- 2\ agay m?wo(1+as,)

tions for Egs.(1) and (2) correspond to a nonmodulated o 2

beam at the entrance of the wigglerd(z=0) is assumed . (ev? B 6
to be uniformly distributed from 0 to 2 The results ob- m2(1+aﬁ,1) of ©®)

tained with the above set of equations must be averaged over
the initial electron energy spread and the initial angularwhereug=u(7=0) and an overdot refers to the derivative
spread in the electron beam. d/dr. Equation(5) contains no input parameters and de-
The basic idea of how to transform the seed frequencycribes small-amplitude oscillations with a period of @or
into a very high harmonic consists in the simple observatio®|<1). In dimensional variables, the length of the first wig-
that in a parabolic potential well all particles having startedgler that provides the best bunching is therefore
their motion at zero initial velocity meet each other in the 5
center of the well after exactly a quarter of an oscillation Lo ™ (%)
period. In other words, the initial spatially uniform particle W12 womaga,(1+as,)]Y?
distribution is transformed into &like distribution that for-
mally has nonvanishing amplitudes of infinitely high Fourier From Eg. (7) one can see the advantage of a high
components. The coslike ponderomotive potential appearingw1: the length of the buncher may be reduced consider-
in Egs. (1) and (2) is similar, in a sense, to a periodic se- ably as compared to the caag;~ 1.
quence of parabolic wells. One may thus expect that after a As was already mentioned, efficient particle premodula-
certain distance in the wiggler the particle distribution overtion requires a small initial “velocity”®(7=0). One sees
the longitudinal coordinate is periodically modulated in suchfrom Eq. (6) that the condition
a way that the spatial period coincides with the seed-laser
wavelength but the Fourier transformation contains very high
harmonics. As a result, the electron bunch splits into thin
current sheets orthogonal to the bunch axis. Upon injection
into a short-period undulator, such a current sheet emits ccprowdes(cb(r 0))=0 where() means averaging over the
herently if the radiated electromagnetic waas determined beam. Equatior{8) may be considered as a resonance con-
by the undulator parametérbas a wavelength longer than dition relating the beam energy to the parameters of the first
the sheet thickness. wiggler and the seed laser. The above condition is distinctly
The &like distribution is, of course, never reached in re- different from that of the HGHG approach. Namely, ampli-
ality. In 1D approach, there are two main factors limiting fication of an electromagnetic wave in an FEL is known to

)

1

_<UJ_>) ®

(e2y=m?(1+ awl)
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originate from overall deceleration of an electron beam; 1
therefore, the gain curve reaches its maximum at a beam Nyt
velocity that is slightly above the phase velocity of the pon-

deromotive potential well responsible for the interaction beyyhereN,, is the number of periods in the first wiggler. The
tween the beam and the electromagnetic wave. The HGHG,jtia| condition Eq.(6) may also be rewritten as

scheme operates at a maximum of gain, while @gcorre-

sponds to exact resonance between the electron beam and the . R

ponderomotive potential, and, respectively, to zero net gain ®(7=0)=— < Uo, 13

of the laser wave.

~ If the above condition is satisfied, the remaining spread iWNhereGOEUOIZcr is now a random variable distributed with
®(7=0) is due to individual deviations of the electron initial ynijt standard deviation. The influence of the initial energy
energy and the transverse velocity from the averaged valuegpread is clearly seen to decreases ascreases.

From Eg.(6) one may see another advantage of having a From Egs.(5) and(6) the typical final energy spread after
higha,: the term describing the transverse velocity con-the first wiggler is seen to be of the order of

tribution is suppressed in this case with a large factor (1
+ afvl)*l. The influence of the angular spread, as compared
to that of the energy spread, is seen to be negligible if the
following inequality holds:

" 4nos’ (12

Ae~ (14

2\\ 1/2
asayi(€) Shoe
1+aZ, '

One can see from Edq14) that the final energy spread is

) m?(1+a2,)o considerably larger than the initial one:
(1)< 2 , ©)
(€9)
Ae
;~sn> 1, (15

whereao is the relative energy spread in the electron beam. In

the further considerations we will assume this condition to be o )
valid. as an inevitable consequence of phase area conservation.

A simple estimate can be made concerning the influencd his is a crucial relation preventing further usage of the elec-
of the initial energy spread on the bunching efficiency. Dur-tron bunch for amplification of the radiation produced in the

ing a timer, a small initial ““velocity” ®(7=0) would result second wiggler.
in an additional phase shif®~ 7®(7=0). To provide co-

herent emission at theth harmonic of the seed frequency, IIl. X-RAY GENERATION
one should keep®</n at the timer~m/2. A typical We now turn to the second part of the scheme, the emit-
value ofug is [Uo| ~2¢. Using Eq.(6) one finds the condi- ter, As soon as electrons leave the first wiggler, the pondero-
tion motive force vanishes. The process of inertial bunching,
however, continues to develop, due to the redistribution of
o 1+aﬁ,1 V2 the longitudinal velocity induced by the buncher. If the
2\ a@y; n (10 length of the first wiggler and the gap between the buncher

and the emitter are chosen corredige Sec. 1Y, the maxi-

Hence, to reach the highest frequency up-conversion, thBUM density compressipn will take place insid_e the se_cond
best beam qualitysmall ) and the highest seed-laser power Wiggler. The latter one is assumed to be a wiggler with a

(largeay) are necessary. variable magnetic-field strength, because the buncher im-
For further considerations, it is convenient to introduce aP0S€S @ strict condition on the beam enefgge Eq.(8)];
dimensionless parametey therefore, the only way to tune the output photon frequency
is by changing the second wiggler parametgs. As a pos-
2 [ a.a.. |12 sible solution, we consider here a planar wiggler with a vari-
sAwl

(11 able gap between two arrays of permanent magnets; fast tun-

ing is easily achieved with such a desid@. Of course, there

are other options: for example, a short-period electromag-
Simple intuitive reasoning shows that an optimal bunchemnetic helical wiggler would also be a good solution.
design corresponds te~1, when the length of current As we have shown, the first wiggler can considerably re-
sheets is about half a wavelength of the output radiation. Fadistribute electrons within one seed-laser wavelength. The
much lowers, the current sheets are significantly thicker; parameters of a patrticle trajectory at the exit of the first wig-
therefore, the Fourier component of the electron density agjler serve as input parameters for a description of the process
the nth harmonic becomes exponentially suppressed. Foof coherent spontaneous emission in the second wiggler. Par-
much highers, the lifetime of the current sheefand, re- ticle motion in the second wiggler is assumed to be com-
spectively, the power emitted in the second wigplde- pletely determined by the wiggler field, no back influence of
creases. A more careful choice ©fequires numerical simu- the emitted electromagnetic waves on the emitting particles
lations. is taken into account. This approximation is justified by the

Many quantities may be better expressed in terms of thigact that the seed-laser wave is out of resonance in the sec-

new parameter. For example, the length of the first wiggleiond wiggler, and the high-harmonic wave has too low an
[see Eq(7)] may be rewritten as intensity to influence electron motion in the presence of the

no \1+aj,
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large energy spread imposed by the buncher. dE
The energy emitted by a moving charged particle per unit;> z >
. ; ) LI d“n ldw (277)
solid angle per unit frequency interval is given by the text-

book expressiofi7] " ayomM SiN(Qy{vHt) F{ wtm?(1+ag,/2)
T, . 2 (€) 2(€%)
dtAxg(t)eelt=nrol - (1g) 2 21|2
Tl n . 2 H)ro
2 _V|> 'wfo_ni(7> }

where we switched to §=¢-V,t. The factor
ex;{—nf(erIZ)z] is seen to effectively restrict angular inte-
gration to the region of very small angles:

f dtf déodV,fo(£o.V))

dE, B ew?
dQdew (27)

+iowt

wheren is an unit vector directed along the photon momen-
tum, andr(t) andd(t) are the particle coordinate and veloc-
ity, respectively, as functions of tinte If one is interested in
the coherent radiation emitted by many particles, Bd)
should be modified to

dE, n?<(wry/2) 2. (22)
dQdo

In the following we will consider the case of a sufficiently

e2w? | [Ty _ 2 wide electron beam:
:(ZT)Z f dtf d3rd3 f(F,J;t)ﬁxﬁe“‘)["“'r]
T1 (17) wrg>LW2, (23)
where f(f,5;t) is the time-dependent particle distribution WhereL,; is the length of the second wiggler. Under this
function. condition, the factor exp@tn /2) may be extracted from un-

The above expression may be simplified in our case duder the integral sign because in the region allowed by Eq.
to the fact that all particles in the beam move in nearly the(22) it is nearly constant. .
same direction and at nearly the same velocity. One may The next step is to take into account that the function
then neglect transverse motion and write the distributionfo(&y.V)) is periodic in§, with period Ay. Assuming the
function as electron bunch to consist dfl>1 identical current sheets,

one has
f(F z?'t)~i e_(r‘L/ro)Z&(ﬁ Yfi(z,v,;t) (18
WUy ’]Trg 11 WUzl dE,y e2w2
d’n, do  (27)?

T, Cwtm?(1+a2,/2)
f dtJ dVHex IT

2
aW2m< E>7lSin(Qw2<UZ>t)

2

where a Gaussian beam profileith r, for the waist radius

is assumed in the transverse direction &npz,v,;t) de- , 5[ @lo
scribes the longitudinal evolution of the beam. As we are —loVit=ni 2
interested in the radiation at the fundamental frequency of

the second wiggler, the above expressions may be further sin(wAoM/2) ik
simplified if one neglects longitudinal velocity oscillations sin(whol2) jo déofo(éo, V)€
imposed by the wiggler fieldin the case of a planar wig-

glen. It is convenient to separate the motion of the beam as (24)

a whole and the slow evolution of the current density inside

the beam by introduction of new variablés=z—(v,)t and  There are two sharply peaked factors in the above expres-

V,=v,—{(v,), where(v,) is sion. One of them is connected with the periodic particle
oscillations in the wiggler field and gives, upon integration
m2(1+a§vz/2) overt, a peak at the Lorenz-shifted spatial frequency of the

(v)=~1- TxNd (199 second wiggler, the so-called spontaneous emission line. The

other one comes from interference of the waves emitted by
different current sheets. This factor is multiply peaked at
harmonics of the seed-frequency. One may note that the in-
terference peaks are typically more narrow than the sponta-
neous emission line: say, faor~50, M~200 interference
gives the linewidthdw/w~(nM)~1~10"* while the spon-
taneous emission linewidth is onlva‘vzl, whereN,,, is the
number of periods in the second wiggler. A reasonable out-
put power is produced only when both peaks coincide. This
g|ves the resonance condition for the second wiggler:

The longitudinal distribution function then becomes
fi(z,u ;) =Fo(§=Vit,V)), (20

wherefy(§,V,) is the particle distribution over the longitu-
dinal coordinate and longitudinal velocity at the exit of the
buncher(this point corresponds to=0).

One may also use the small-angle approximation for pho:
ton variables, due to the fact that an ultrarelativistic particle
emits electromagnetic waves in a narrow cone around the
direction of its velocity[7]. With all the above simplifica-

| B | _ 20ualo() 5
tions, Eq.(17) becomes

2 Nwom?
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wheren is the number of harmonic. By proper adjustment of TABLE I. Electron-beam, seed-laser, and output radiation pa-
a,2, one may thus choose between different harmonics ofameters.
the seed frequency.

The radiation from the second wiggler is concentrated in a Electron-beam parameters
§mal| S|O“d andil)e_aroundil=0 arlld in a smlall Ifre.quency Beam energy 1 GeV
interval aroundw =nw,. To complete our calculations, we ... cirrent 2500 A

need to integrate the spectral-angular distribution

i . e Relative energy spread 1073
dE,//dZnde over this region. Taking into account the nor- g9y sp

L g Beam radiug 50 um
malization condition forf(&q,V)), Bunch length 50um
o INo Normalized emittance 17 (mm)(mrad
f dVHf déofo(éo, V)= Pt (26) Seed-laser parameters
0
Wavelengthh o 250 nm
one has finally the following expressions for the peak powelpyse power 200 GW
P, and the peak §p¢ctra| brightnedaBy/Qw of the coherent  Normalized intensitya, 25x 103
spontanequs radiation at tieh harmonic of the seed-laser \yjjst radiust , 200 um
frequency: Output radiation parameters
dpP, _ aﬁ,zmzl 2 | |2 SIP[M 7(®— Nwg)/ wg] Harmonic numben 50
do  Mm2n%(e)riwg (w—Nwg)? ' Wavelengthi 5nm
(27 Peak powerP,, 30 MW
Bandwidth dw/w ~10"*

a2, m?l?
e B @ | .
0 0 function after the buncher and, finally, to evaluate the radi-
ated power. To be specific, we consider 50th harmonic gen-
eration (=50) for the seed-laser wavelengtly=250 nm.
The output radiation wavelength is then 5 nm in the soft
X-ray range.
>. (29 As for the electron-beam parameters, we adopt those of
the TESLA-FEL projec8]. The aim of this project is to
demonstrate the feasibility of the SASE mechanism for pro-
duction of x-ray radiation. The saturated power of about 2.8
GW is expected at 6.4 nm, while the necessary wiggler
length is estimated to be about 25 m. A modern supercon-
ducting linac together with the bunch compression technique

wherel is the beam current and the functiBnis a result of
averaging over the beam particles,

efinw0(§0+VHT1)(1_ e*inwOVH(TZ*Tl))
B= -
21V,

Assuming  symmetry  under the  transformation
&y, Vi— — &, —V,, one may reduce Eq29) to

NwoV(T,—T
B:<V”_15in( 0 ||( 2 1)

2 will be developed to provide an extremely powerful and
NV (T1+T5) “cold” electron beam: peak current=2500 A, particle
X €08 Nwoéo+ ———% (300 energye=1 GeV, and relative energy spread=10"3. The

bunch length is expected to be about ath. Due to the

Equations(27)—(30) express the parameters of radiation Small normalized emittance of aboutr Xmm) (mrad, the
in terms of the particle distribution function. The only step to beam radiug, may also be very small, of the order of 50
be done is to relate the arguments of the particle distributiomm- The parameters used in our simulations are summarized

function, & and V,, to the output parameters of electron in Table I. _ _ .
trajectories in the buncher. The following relationships are Our primary goal is to study the formation and dynamics

applicable here: of current sheets. It is convenient to characterize the degree
of modulation of the particle density with the amplitudes of
Nwoéo=nDds, (31 its Fourier components at spatial harmonics of the seed fre-
quency. Assuming a symmetric density distribution within
nsom?(1+a2,/2) . one seed-laser wavelength, we define the degree of modula-
Vi=-— ) fy (32 tion at thenth harmonic as
whered; and®; are the parameters of a particle trajectory at bn=(cognwof)), (33
the exit of the first wiggler. Results of numerical simulations _ o _ o
will be presented in the next section. where £ is the longitudinal coordinate of a particle in the

comoving frame of reference. Note that thg parameters,
although they are not directly related to the radiated power,
give a more clear physical picture of the process than the
Our ID numerical model is based on the equations ofmuch more complicated functidd [see Eqs(29) and(30)].
motion (5) and(13). These are solved numerically for differ- As an illustration, in Fig. 2 we shows, as a function of
ent initial conditions, to simulate the particle distribution the distance between the electron bunch and the exit of the

IV. NUMERICAL RESULTS



55 GENERATION OF ULTRAHIGH HARMONICS WITHA . .. 6007

0.2 T T T 1 T T T T T 1
0.1 -
/\ )

] t t L - -
3 0.0 10 ]
=] ]

-0.1| - ]

-0.2 1 1 ] -2 1 N RN L L ]

10
0 50 100 150 200 1 10! 102

z (cm) n

FIG. 2. Degree of beam density modulation at the 50th har- FIG. 3. Degree of modulation at ttth harmonic at the point of
monic, bsg, as a function of the distance between the electron the peak modulationz&= 70 cm) as a function ofi. All beam and
bunch and the exit of the first wiggler. The modulation is seen toseed-laser parameters are the same as in Fig. 2.
reach its maximum of 15% at about 70 cm behind the buncher. The
wiggler and seed-laser parameters arel.5, a,;=4, a,,=1, S lifetime of the current sheets on the other hand.
=1, the relative energy spread in the electron beam i$°10 One should note that the choice of th@arameter means

] . o ) _ . actually a choice of the intensity of the seed-laser wave:
first wiggler (note that for ultrarelativistic particles this dis-

tance is justct). The modulation at the 50th harmonic (nos))(1+a2,)
reaches a smooth maximum at about 70 cm behind the A= .
buncher and starts to oscillate at distances exceeding 105 cm.
For completeness, we varied the dimensionless lemgth For 0=10"3, n=50, a,; =4, the above value af=1 cor-

the first wiggler[see Eq.(4)] in the range 1.2 7<1.6. The responds tca,s~2.5><, 10°3. In the case of a circular polar-

results in Fig. 2 correspond to=1.5; the other parameters ization, the poweP carried by a Gaussian laser beam is
were chosen to be=1, a,,; =4, a,,,=1. The behavior seen

in Fig. 2 is typical for the whole range of x2r<1.57; the
P=44 G\/\r(

4a,, (39

2
: (35

agl |

Ao

only difference is an overall shift of the curve along the
horizontal axis. As the dimensionless length of the buncher

increases, the position of the peak shifts towards smaller di%hereL is its waist radius. One sees from E@5) that
L .

tances; it reaches the exit of the first wiggle=Q) at = focusing would reduce the required power, since the only

:77(1/273'57' IHowever, t_he peakl V"’.‘Ilije of (tjhe tdefgrede Ofrelevant parameter in the problemag. A naive approach
modufation aways remains nearly Independentroian would be to takd., equal to the electron beam radius, (

rather large. This is the most surprising result: even for an~50,um), which would result in the seed-laser powRr

initial energy spread of 1%, the density modulation at the ~10 GW. There is, however, a stronger limitation coming

. 0 . . .
S0th har_monlc may reach 15% and remain relatively hlghfrom the fact that the seed-laser wave intensity was assumed
over a distance of about 0.5 m.

The dependence df, on harmonic numben is shown in

Fig. 3. The wiggler and the seed-laser parameters are the 0.25 T T T T
same as in Fig. 2; the distance from the exit of the buncher
(70 cm corresponds to the peak modulation at the 50th har- o0.20 _
monic. A rather flat curve is observed for low harmonics
while a sharp decay is seenrmt-70. Nevertheless, even at 0.15L N
the 100th harmonic there is still a noticeable modulation of g
about 5%. a

Such a high degree of modulation is provided with a 0.10F N
proper choice of thes parameter{see Eq.(11)]. Figure 4
shows the peak value dfs, for different values ofs. The 0.05} ~
degree of modulation grows quickly at smalbnd tends to
reach a limit of about 22%shown as a horizontal dashed 0.00 ; ) I e
line) for s—o. The highs limit is a result of the anharmo- 107! 1 10!
nicity of the ponderomotive potential well. This is the high- s

est value reachable at the 50th harmonic with the proposed

technique, even for zero energy spread in the beam. As was FIG. 4. Peak value db, as a function ot [see Eq(11)]. The
mentioned earlier, the results in Fig. 2 correspond+al.  degree of modulation quickly increases at srsahd tends to reach
This value is about optimum, because it gives a high degree limit of about 22%(shown as the horizontal dashed linfer
of modulation on the one hand, and provides a rather long— .



6008 V. V. GOLOVIZNIN AND P. W. van AMERSFOORT 55

2 T T 1.0 T T T
(a) (a)
1 - - — =
o - - 0.5} -
-1 - - .
-2 . 1 0.0 I I T
2 T T Z’ 1.0 T T T
..... “ (b) s (b)
—~ L
R \ - g - -
c <
: A
o = - —
s ° A z 05
~ (2]
. c
B - [T}
= H - © L _
> -r \ § @
i o
§ ]
1 '
_o 1 1 8 o.0 A 1 4
2 T T 1.0 T T T
R (c) (c)
1rF - \\ 1 B .
o b 0.5 -]
o
0' '
-1F ‘K\ - o -1
s -
H s A.")JJ
-2 . : 1 0.0 i ] 4r
A, /2 -A /4 o A, /4 A /2 “Ag/2 /4 o Ao/4 Ao /2
€ g
FIG. 5. Particle distributiorfwithin one seed-laser wavelength FIG. 6. Particle density profile within one seed-laser wavelength

in the phase space defined by the longitudinal coordinate and thgy the same three characteristic points as in Figa\-5&(c).
longitudinal velocity at three characteristic points of the sys-

tem: (a) at the entrance of the bunchdh) at the exit of the .
buncher, and) at the point of the peak modulation. All input the entrance of the buncher, at the exit of the buncher, and at

parameters are the same as in Fig. 2. Vertical dotted lines indical@e point qf thg peak modulation. The particle d?‘”SiW profile
the largest interval €2.5 nm) between two electrons which still is shown in Figs. @)-6(c) for the same three instants of

enables them to coherently emit the 50th harmonic of the seeiMe: All the input parameters are the same as in Fig. 2.
frequency. Vertical dotted lines in Figs.(®)—5(c) indicate the thickness

of a current sheet that can emit coherently at the 50th har-
to be constant throughout the whole length of the first wig-monic of the seed-frequency: this thickness is jugtl00
gler. It means that the Rayleigh lengfiz=mL%/\o should =2.5 nm. One can see how the modulation builds up: the
be longer than at least half the length of the first wiggler,initially uniform particle distribution becomes strongly dis-
Zr>Ly1/2. In combination with Eq.(35), this gives P turbed upon passage through the first wiggler, the subsequent
~200 GW, a very high but realistic power at today’s tech-evolution takes some time, and, finally, a significant fraction
nological level(see, e.9[9,10]). A possible way to reduce of the beam is compressed into a sheet that is a hundred
the seed-laser power is to use a longer electron bunch wittimes thinner than the seed-laser wavelength. At the same
respectively smaller energy spread, sifcdepends strongly time, the energy spread is seen to increase dramatically, in
ono. P~o°[see Eqs(7), (34), and(35)]. accordance with Eq15).

More detailed information on the formation of current We turn now to the photons radiated in the second wig-
sheets is given by the phase portrait of the system. In Figgler. For generality, we do not assume the emitter to be situ-
5(a)-5(c) particle distribution(within one seed-laser wave- ated directly behind the buncher. The tiffig[see Eq(30)]
length is plotted in the phase space defined by the longitumay be understood as a drift time, while the length of the
dinal coordinate and the longitudinal velocity. The distribu-second wiggler is given by,,,=c(T,—T;). Quite natu-
tion is shown at three characteristic points of the system: atally, its length as well as the gap between two wigglers must
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ing assumption that the bunch consists of identical current
sheets; it will be smoothed out if a more realistic current
profile is considered.
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& o.sfF 4 FIG. 8. Peak power radiated in the main spectral line=60),
~ as a function ofs. An optimum is seen to be reached at absut
w 0.6 - ~1.
0
£ .4l - by the seed-laser wave, not by the electron-beam parameters.
ey The inset in Fig. {) illustrates the shape of a spectral line.
5 o.2F . A fine structure of the line seen as a humber of small peaks
© on both sides of the central peak, is a result of our simplify-
© 0.0 L 4
)]
Q
/)

o.sf (¢} - The peak power radiated in the main spectral line
(n=50) is shown in Fig. 8 as a function af One can see

0.6 - that indeed there is an optimum at abait 1. With the
beam parameters from Table I, the radiated power at 5 nm is

0.4 T then about 30 MW in a bandwidth of about 70 The above
value has to be compared to the saturated power of about 2.8

0.2 h GW in a bandwidth of about I¥ that is expected to be

0.0 L+ 1 1 reached with 25-m-long TESLA FEL in the SASE regime

' 46 48 50 52 54 [8]. Our scheme is seen to provide much lowabout two

orders of magnitudeoutput power, while the spectral bright-
ness is of the same order of magnitude. One should, how-
FIG. 7. Spectrum of the photons radiated in the second wigglerever, take numerical estimates for both cases as very prelimi-
for three values of the dimensionless paramster (a) 0.5, (b) 1, nary ones since no experimental evidence is available in this
(c) 2. The inset in(@) shows the shape of a spectral line. All input wavelength region. Among possible advantages of the seed-
parameters are the same as in Fig. 2. laser-based scheme are its higher stability and much better
spatial coherence and smaller linewidth, since these param-
be properly adjusted to cover the region of the peak modueters are defined by the seed laser. Last but not least, the
lation (see Fig. 2 However, the spectral characteristics of whole length of the system appears to be about 1.6 m, over
radiation and the output power appear to be rather insensitiven order of magnitude shorter than in the SASE scheme.
to the exact values of; andT,; therefore, a good estimate  As was already mentioned, the process of premodulation
may be obtained if one takds =0 and assumes the second imposes a large energy spread in the electron beam; there-
wiggler to occupy the whole region whebg, is positive. fore, further amplification of the produced x-ray radiation is
Figures Ta)—7(c) show the spectrum of the photons radi- impossible with the same electron bunch. However, as a pos-
ated from the second wiggler, for three different values ofsible improvement of our scheme, one more wiggler and a
s: 0.5, 1, and 2, respectively. The emitter is assumed to bé&fresh” electron bunch(that has never been illuminated with
tuned at the 50th harmonic; in fact, a small number of specthe seed lasg¢ifrom the accelerator may be used to amplify
tral lines appears to be emitted simultaneoudylid line  the radiation generated in the second wiggler, up to satura-
indicates their envelope The relative intensities of side- tion. It is worth mentioning that the saturated power in the
bands, as well as the intensity of the central line, are seen teigh-gain regime does not depend on the initial laser wave
depend on the final energy spread imposed by the bunch@ower but on the electron-beam parameters; therefore, one
[one may note that the final energy spread in the beam imay finally reach the same power of about 2.8 GW as in the
nearly linear ins; see Eq(14)]. However, the spectral width SASE case. The length of the additional amplifying section
of any one harmonic is abowtw/w~10"#, independently is then just about 3—4 m, as the power gain length is ex-
of the energy spread. This is a characteristic feature of thpected to be about 1 fi8].
seed-laser-assisted harmonic production: the perfect spatial To complete this section, we discuss the conditions that
and temporal coherence of harmonic radiation is determineflistify usage of the 1D approximation. Several inequalities

n
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are to be satisfied for the 1D approximation to be valid. Firstso that it can produce coherent spontaneous radiation in the
of all, the initial angular spread in the electron beam is nex-ray range. The scheme that uses the same basic elements as
glected. This is correct if the normalized emittangg is  the high-gain harmonic generation scheme, two wigglers and
sufficiently small. For our parameters, it medese Eq(9)] a conventional seed laser, has been shown to suit this task.
The first wiggler and the seed laser provide a premodulation
ey<6m (mm) (mrad (36)  of the beam, while the second wiggler serves as a source of
radiation at a harmonic of the seed frequency. The possibility
) . X . . to reach ultrahigh harmonidsip to 100 is provided by the
tri':)en”?(?rl nsémﬁJI?gionfmiﬁﬁgﬁs‘;riﬁ?|ipﬂ?\gﬁﬁzct::gncgr??ﬁe fact that, in contrast to' the HGHG techniqqe, our scheme
output phogtog er)T/]ission For our parar%eters this condition iope_ra_tes at zero net gain of the seed-laser §|gnal. The OUtPUt
satisfied if ) ' Tadiation appears to be tunable between discrete harmonics
of the seed frequency.
L,»<2.5 m. (37) To get insight i.nto the efficiency of premodL_JIation, 1D
numerical simulations have been performed in the one-
Third, the seed-laser power density is assumed to be constaparticle approximation. For the same beam quality as in the
over the cross section of the electron beam. This is valicself-amplified spontaneous emission scheme and with realis-
under the condition tic seed-laser parametdis wavelength of about 250 nm and
a peak power of about 200 G\Wthe degree of beam pre-

L, >re~50 um. (38)  modulation at the 50th harmon{& nm) was shown to be as
high as 15%. The total length of the periodic magnetic struc-
ture was shown to be of the order of several meters, an order
of magnitude shorter than in the SASE case.

(note that we have assumeg~ 17 (mm) (mrad in our nu-

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

Lyr<wol?. (39)
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