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In this letter, we propose a scheme to generate tunable coherent X-ray radiation for future 

light source applications. This scheme uses an energy chirped electron beam, a laser modula
tors, a laser chirper and two bunch compressors to generate a prebunched kilo-Ampere current 
electron beam from a few tens Ampere electron beam out of a linac. The initial modulation 
energy wavelength can be compressed by a factor of 1 + hbli$n •" phase space, where hb is the 
energy bunch length chirp introduced by the laser chirper, R^ is the momentum compaction 
factor of the first bunch compressor. As an illustration, we present an example to generate more 
than 400 MW, 170 atto-seconds pulse, 1 nm coherent X-ray radiation using a 60 Ampere elec
tron beam out. of the linac and 200 nm laser seed. Both the final wavelength and the radiation 
pulse length in the proposed scheme are tunable by adjusting the compression factor and the 
laser parameters. 

PACS numbers: 29.27.Bd; 52.35.Q/,; 41.75.Ht 

Coherent X-ray sources have important applications in 
biology, chemistry, condensed matter physics, and mate
rial science. In recent years, there is growing interest 
in generating single atto-second X-ray radiation pulse 
using Free Electron Lasers (FELs) [1-8]. In this let
ter we propose a scheme to generate density modula
tion at X-ray wavelength with application to producing 
single atto second pulse coherent X-ray radiation. This 
scheme compresses the initial seeded energy modulation 
wavelength inside the electron beam by a factor of M, 
M = 1 + hitR^Q. This compression factor can be made as 
large as a few hundreds by using a laser chirper and two 
bunch compressors to reach the final short-wavelength 
modulation. It differs from other PEL seeding schemes 
that make use of harmonics of the seeded modulation 
wavelength to reach short-wavelength radiation (9, 10], 
even though the harmonics of the compressed modula
tion in the proposed scheme can still be used. This makes 
the final radiation wavelength and pulse length from the 
proposed scheme tunable by adjusting the compression 
factor and the laser parameters. The proposed scheme 
also has significant advantages over our previously pro
posed compression scheme [11] ' , where the final modu
lation compression factor is C instead of M. Here, C is 
the compression factor from the first bunch compressor. 
Eor a final compression factor of hundreds as proposed in 
this paper, a small jitter of the initial beam energy chirp 
will result in a large change of the compiession factor. 
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'A similar scheme to Ref. |11| using accelerator cliirpcrs was 

also independently ptoposcd by Ratner ct al. (12). 
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PIG. 1: A schematic plot of the lattice layout of the modula
tion compression scheme. 

In contrast to those previous schemes, this new scheme 
docs not suffer from jitter largely as will be explained 
late. The new scheme also simplifies the hardware layout 
by using one less laser modulator and makes the whole 
scheme more compact than the previous scheme. 

A schematic plot of the modulation compression 
scheme is given in Pig. 1. It consists of an energy chirped 
electron beam, a seeding laser modulator, a bunch com
pressor A, a laser chirper, and another bunch compressor 
13. In this scheme, an energy chirped electron beam is sent 
into the seeding laser modulator to obtain initial energy 
modulation. By doing the energy chirping first instead 
of energy modulation first, it avoids the potential dis
tortion of the modulation from collective effects during 
the process of chirping inside the linac. This also allows 
one to use the full linac to generate the initial energy-
bunch length chirp. This is contrast to most of the cur
rently operating XPELs and those under design, where 
the residual energy chirp after the bunch compiession has 
to be removed by running the election bunch ofF crest af
ter the bunch compressor. That makes the acceleration 
less effective. Inserting a chicane with a reasonable com
pression factoi inside such a linac will produce the same 
amount of chirp required in this compression scheme and 
will reduce the total voltage needed from the linac by a 
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factor of that compression factor. For an electron with 
initial longitudinal coordinates (zoi^o) before chirping, 
where z is the relative longitudinal distance with respect 
to the reference particle, and c5 = &E/E is the relative 
energy deviation, the energy after the chirping and the 
first laser modulation will be: 

. 1 sin(4A/u,«5i7r) 
h = S, + Al+5i 4AU,„ S m ( f a ) ( " 

where <5i — 60 + h z represents the relative energy spread 
after chirping from the linac with h standing for the en
ergy chirp associated with the electron beam before the 
first bunch compressor, A is the modulation amplitude in 
the unit of the relative energy, Nw is the number of pe
riods of the wiggler in the laser modulator, and k is the 
wave number of the seeding laser. Given the fact that 
the bunch length is normally below a millimeter, the re
quired initial chirp for the first bunch compressor is on 
the order of tens m _ 1 , and the number of wiggler periods 
is small, then Eq. (1) can be approximated as: 

S2 = Si + A sin(fc*). (2) 

Assume the longitudinal phase space distribution af
ter the laser energy modulation as F(z, (6 — hz — 
As'm(kz))/a), after the beam transports through the 
bunch compressor A, the laser chirper, and the bunch 
compressor B, the final longitudinal phase space distri
bution will be: 

f(z,6) = F{Mz-(Rb
56M + Ra

5Q)S, 

[6(1 + hRlQ + (hb + hM)Rb
56) - (hb -t- hM)z -

A sm(kMz - k(Rb
56M + R£6)6)\/a) (3) 

where 

M = 1 + hbR$6 (4) 

denotes the total final modulation compression factor, 
i?56 is the momentum compaction factor of the second 
bunch compressor, and a is the beam uncorrelated en
ergy spread. If the chirp hb introduced by the laser 
chirper is -hC, i.e. hb = -hC, the total modula
tion compression factor M will be G, i.e. M = C. If 
the beam isover unchirped inside the laser chirper, i.e. 
hb = (—h+h)C, the total modulation compression factor 
will be M = (1 + hR$6)C. This improves the final com
pression factor in the new scheme by a factor of 1 +hR^6f 
where the h stands for the extent of over unchirping of the 
initial chirp inside the laser chirper. It is also seen from 
Eq. 4 that the final modulation compression factor does 
not depend on the initial beam energy chirp jitter. Mean
while, using a lower compression factor (~ 10) from the 
first bunch compressor while maintaining the same final 
compression factor (~ 100), the final beam current can 
also be made not sensitive to the beam energy chirp jitter. 
By properly choosing the momentum compaction factor 
of the second bunch compressor, i.e. R\G — -R^6/M, 

the final longitudinal phase space distribution is reduced 
into: 

f{z,6) = F(Mzt[6-Mhz-MAsm(kMz)}/M<j){5) 

The above distribution function represents a compressed 
modulation in a chirped beam. It should be noted that 
the momentum compaction factor of the second bunch 
compressor does not have to be opposite sign with respect 
to the first bunch compressor if the total compression 
factor M, i.e. C or 1 + hR^6, is made negative. In the 
above equations, we have also assumed a longitudinally 
frozen electron beam and a linear laser chirper instead 
of the real sinusoidal function from the laser modulator. 
The effects of sinusoidal energy modulation from the laser 
chirper will be discussed below. 

To generate a large energy chirping amplitude in the 
chirper after the first bunch compressor is not easily ac
cessible using a conventional RF linac structure. Using 
a laser modulator, this chirp can be easily achieved by 
taking advantage of the short wavelength and the high 
power of the laser. The disadvantage of using such a laser 
chirper is that not the whole electron beam will be uni
formly unchirped due to the sinusoidal form of the energy 
modulation. Only periodically separated local segments 
of the beam will be correctly unchirped. However, such 
a property can be used to generate ultra-short coherent 
X-ray radiation by controlling the fraction of the beam 
that can be properly unchirped using a few-cycle laser 
pulse with carrier envelope phase stabilization. In the 
following simulation, we will produce such an atto-second 
short-wavelength modulated beam as an illustration. 

A short uniform electron bunch (100 /im) with 20 pC 
charge, 2 GeV energy, -23.95 m""1 energy-bunch length 
chirp, and an uncorrelated energy spread of 1 x 10~6 is 
assumed at the beginning of the laser modulator. The 
initial normalized modulation amplitude A is 1.2 X 10~6. 
Assuming 1 Tesla magnetic field in the wiggler with a 
total length of 33 cm and a period of 11 cm, this corre
sponds to about 130 kW 200 nm wavelength laser power. 
After the modulator, we add an uncorrelated energy 
spread of 0.56 keV to account for the synchrotron radia
tion effects inside the wiggler magnet using an estimate 
from Refs. [8, 13]. After the initial seeding laser modula
tor, the beam passes through a chicane bunch compres
sor. Here, we have assumed that the R$G of the chicane 
is about 4 cm. As the electron beam passes through a 
bending magnet, the quantum fluctuation of the incoher
ent synchrotron radiation (ISR) could cause the growth 
of the uncorrelated energy spread. Such a growth of the 
uncorrelated energy spread might smear out the modula
tion signal after the compression. Here, we assume four 
4 meter long bending magnets inside the chicane each 
with 0.0655 radian bending angle in order to reduce the 
growth of the uncorrelated energy spread. The rms en
ergy spread induced by the ISR through such a chicane is 
about 0.44 keV using an estimate from Refs. [8, 14]. After 
the beam passes through this bunch compressor, the total 
bunch length of the beam is compressed down to about 4 
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/tin due to a factor of 25 compression from the first bunch 
compressor. This beam is transported through another 
fewcycle laser modulator with 200 nm resonance wave

length. This modulator works as an unchirpcr to remove 
the correlated energy chirp across the beam. Here, the 
normalized amplitude of the laser is chosen as 1.58x 10~4 

so that the total modulation compression factor at the 
end of the second bunch compressor is about 200. This 
modulation amplitude corresponds to about 2 GW laser 
power using the same wiggler as the first laser modulator. 
After the beam transports through the laser modulator 
chirper, it passes through a dogleg type bunch compres

sor that can provide opposite sign /? | 6 compared to the 
chicane. For a total compression factor of 200 in this ex

ample, the /{r6 for the second bunch compressor is about 
0.2 mm. Figure 2 shows the longitudinal phase space 
of the beam at the end of the second bunch compressor. 
It is seen that after the second bunch compressor, only 
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PIG. 2: Longitudinal phase space after the compression 
scheme (top) and the zoomin phase space around the cen
ter of the beam (bottom). 

a small fraction of beam is locally unchirped and further 
compressed. This also makes the above scheme less sensi

tive to the time jitter between the laser and the electron 
beam. The final energy spread in that zoomin small 
section of the beam is also small and good for generating 
coherent Xray radiation in an undulator radiator down

stream. Figure 3 shows the projected current profile for 
this prebunched beam. Given the initial 60 A current, the 
central prebunched current peak with 1 nm wavelength 

bunch lenqth ((s) 

PIG. 3: Beam current distribution after the compression 
scheme (top) and the zoomin current distribution around the 
center of the beam (bottom). 

modulation reaches 5.5 kA after the above compression 
scheme. There are other lower current spikes besides the 
central peak inside the beam. Those spikes will not con

tribute significantly to the final 1 nm attosecond radia

tion since density microbunching in those spikes is very 
small due to misunchirping of the initial global energy 
chirp at those locations. The length of the central pre

bunched beam is about a hundred attoseconds. It is set 
by the half wavelength of the laser chirper. Such a highly 
prebunched beam can be used to generate coherent atto

second Xray radiation in a short undulator. 
To study the detailed radiation process and the radia

tion properties, we use the GENESIS simulation code [15] 
to calculate the coherent Xray radiation through a short 
undulator radiator. The normalized omittance of the 
electron beam is chosen to be 0.2 //m. The length of 
the radiator is 1.5 m with an undulator period of 1.5 
cm. The details of the radiation properties at the end of 
the undulator are shown in Fig. 4, where the radiation 
pulse power temporal profile is shown as the top subplot 
and the radiation pulse spectral profile is shown as the 
bottom subplot. The profiles are fit to Gaussian curves 
which give a temporal rms size of 71.3 as and a spectral 
rms width of 4.2 pm. This results in a phase space area 
of about 0.56, which is close to the transform limit of 
the Xray pulse. The full width at half maximum of the 
radiation pulse is about 170 as, which is larger than the 
width of the central modulated current density distribu
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PIG. 4: The radiation pulse temporal profile (top) at the end 
of the 1.5 m long undulator and the radiation pulse spectral 
profile (bottom) at the end of the 1.5 m long undulator. 

tion. This is due to the slippage of the photon pulse with 
respect to the electron bunch inside the radiator. 

In this Letter, we proposed a scheme to generate 
atto-second coherent X-ray radiation through modula
tion compression. This scheme allows one to tune the 
final X-ray radiation wavelength by adjusting the com
pression factor. It also allows one to control the final ra
diation pulse length by controlling the laser chirper pa
rameters and the initial compression parameters. The 
proposed scheme requires a small initial seeding laser 
power due to compression amplification. This makes it 
possible to use the relatively low power (~ 100 kW) and 
shorter wavelength laser (~ 10 nm) from the higher-order 
harmonic generation (HHG) scheme to seed the electron 
beam before the first bunch compressor [16]. This could 
result in a prebunched beam with a modulation wave
length down to the hard X-ray regime using the above 
single stage compression scheme. The high compression 
factor in the proposed scheme also lowers the required ini
tial current, in order to achieve final kilo-Ampere electron 
beam current. This helps maintain good beam quality 
transporting through the linear accelerator. In the above 
illustration example, a single 1 nm atto-second pulse is 
generated with a 200 nm laser seeded 60 Ampere current 
beam. Another laser chirper, bunch compressor and ra
diator can be added after the first X-ray radiator to gen
erate a second atto-second pulse with different radiation 

wavelength using another part of the beam to achieve 
two-color option [8]. Also, in this example, we assumed 
an opposite-sign second bunch compressor. By tuning 
the laser chirper parameters, the momentum compaction 
factor of the second bunch compressor can have the same 
sign as the first bunch compressor. In this case, another 
chicane can be used in the above scheme to generate the 
atto-second coherent X-ray radiation. 
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