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In this paper, we propose a scheme to generate tunable attosecond coherent X-ray radiation for future light
source applications. This scheme uses a short-pulse seeding laser, two bunch compressors, and a laser chirper to
generate a prebunched, kilo-Ampere current electron beam from an initial 10-Ampere low-current electron beam.
Such an electron beam sent into a short undulator generates attosecond coherent soft X-ray radiation. The final
X-ray radiation wavelength can be tuned by adjusting the compression factor. It also allows one to control
the final radiation pulse length by controlling the seeding laser pulse length or the compression factor.
As an illustration, we present an example to generate 1 GW, 200 attosecond, 1 nm coherent X-ray radiation from

a 28 A current, 200 nm laser modulated beam.

Keywords: modulation compression; attosecond radiation; X-ray radiation

1. Introduction

Ultra-short coherent X-ray sources have important
applications in biology, chemistry, condensed matter
physics, and material science. In recent years, there has
been growing interest in generating single attosecond
X-ray radiation using Free Electron Lasers (FELs)
[1-8]. In our previous study, a modulation compression
scheme was proposed to compress the initial seeding
laser modulation to generate short-wavelength X-ray
radiation [9]." That scheme consisted of a modulator, a
chirper, a bunch compressor, another chirper, and
another bunch compressor. In order to effectively chirp
and de-chirp the modulated electron beam, two laser
modulators besides the initial seeding laser were used
as chirpers before the two bunch compressors.
The fluctuation of the field amplitude in the first
chirping laser will cause fluctuation of the electron
beam energy chirp. For a large compression factor, e.g.
100, a small change of the electron beam energy chirp
will cause a large change of the compression factor and
hence the compressed beam current. To overcome this
large jittering effect, we recently proposed a new
scheme to compress the initial seeding modulation to
generate short-wavelength radiation [12]. A schematic
plot of the lattice layout of the scheme is given in
Figure 1.

It consists of an energy chirped electron beam, a
seeding laser modulator, a bunch compressor A, a laser
chirper, and another bunch compressor B. The scheme
uses a chirped electron beam as an input to the seeding

laser modulator. The requirement of the compression
factor from the first bunch compressor is also
reduced from the order of 100 to the order of 10.
This significantly reduces the final current fluctuation
due to the effects of the jitter of the electron energy
chirp. It also makes the scheme more compact com-
pared with the previous scheme, in reference [9]. In that
scheme, an example was given to generate attosecond
coherent X-ray radiation using a few-cycle laser
chirper. Here, the laser chirper denotes a laser mod-
ulator that is used to introduce local energy chirp to an
electron beam. The electron beam bunch length after
the first bunch compressor is longer than the laser
chirper wavelength. Only a periodic segment of the
beam is compressed correctly. In this study, we explore
a situation where the bunch length after the first bunch
compressor is less than the laser chirper wavelength.
In this case, a major part of the beam is compressed.
The requirement of the initial current can be even
lower due to the large beam current compression factor
(on the order of 100). Instead of using a few-cycle laser
chirper, in this study, a short-pulse seeding laser before
the first bunch compressor is used to generate the final
attosecond X-ray radiation. This makes the final
radiation pulse length easily tunable by controlling
the seeding laser pulse length or the compression
factor. In comparison with other proposed schemes in
references [1-8], the scheme proposed in this paper has
the advantage of generating more than 1GW of
coherent attosecond X-ray radiation using a much
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Figure 1. A schematic plot of the lattice layout of the modulation compression scheme together with longitudinal phase space
distribution of an electron beam after each lattice element. (Note the changes of the vertical axis scale in the laser-chirped beam
and the horizontal axis scale in the final phase space.) (The color version of this figure is included in the online version of the

journal.)

lower current electron beam (order of 10-Amperes
instead of kilo-Amperes).

The organization of this paper is as follows:
after the introduction in Section 1, the seeding laser
modulation of a chirped electron beam will be
discussed in Section 2; the modulation compression
scheme is presented in Section 3; an example of
generating a coherent attosecond X-ray radiation is
presented in Section 4; and the final discussions are
given in Section 5.

2. Laser modulation of a chirped beam

In the scheme used in this study, an energy chirped
electron beam is sent into the seeding laser modulator
to obtain initial energy modulation. By applying the
energy chirping first instead of energy modulation first,
it avoids the potential modulation distortion from the
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. Notice
that, in most of the currently operating XFELs and
those under design, the residual energy chirp after the
bunch compression has to be removed by running
the electron bunch off crest after the bunch
compressor. That makes the acceleration less efficient.
Furthermore, inserting a chicane with a reasonable
compression factor 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 factor of that compression factor. For an
electron with initial longitudinal coordinates (zg, &)
before chirping, where z is the relative longitudinal
distance with respect to the center reference particle,
and §=AF/E is the relative energy spread, the longi-
tudinal coordinates after the chirping and the first laser
modulation will be:

Zy) = 2 (1)

1 sin(4N,68;7) .
H=08+4 k 2
2 1+ 146, 4N.oim sin(kz) 2

where 8, =38y+h z represents the relative energy
spread after the chirping from a linac with /# standing
for the energy chirp, 4 is the modulation amplitude in
the unit of the relative energy, N,, is the number of
periods of the wiggler used 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 required initial chirp for the first
bunch compressor is on the order of tens m~', and a
small number of wiggler periods, Equation (2) can be
approximated as [13]

8 = 8 + Asin(kz). 3)

This is the same equation for an electron with the laser
modulation first and then the chirping second as used
in the previous compression scheme.

To check the laser modulation of a chirped
beam, we also did numerical simulation of a section
of a chirped electron beam passing through a
Gaussian laser field and a wiggler field inside a
modulator. Here, we assumed an electron beam with
an energy of 2GeV and an energy chirp
of =24.7m™" entering a laser modulator with five
wiggler periods (7.0cm period length), 2 Tesla
magnetic field, and 440 kW laser power. Figure 2
shows the longitudinal phase space distribution of
such an initially chirped beam at the end of the
modulator together with the phase space distribution
of an initially modulated beam at the end of the
linear chirper.

It is seen that the two longitudinal phase space
distributions with and without initial energy chirp are
very close to each other. This suggests that the energy
deviation from the resonant energy of the chirped
electrons does not have a significant effect on the initial
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Figure 2. Longitudinal phase space distribution for an
initially chirped beam at the end of the modulator (green)
and an initially modulated beam at the end of the chirper
(red). (The color version of this figure is included in the
online version of the journal.)

energy modulation as predicted from Equation (3).
This is due to the fact that laser electron resonant
interaction inside a short wiggler has a large band-
width. Such a bandwidth allows the chirped electrons
to get nearly the same energy modulation as the
electrons without initial energy chirp.

3. Modulation compression scheme

In the following, we will derive the longitudinal phase
space distribution of the beam transported through an
ideal lattice as shown in Figure 1 using a one-
dimensional model. The beam is assumed to be
longitudinally frozen in most of the lattice except in
the bunch compressors. The initial longitudinal phase
space distribution function before the laser modulator
is given as:

f(20,80) = F(z0, (80 — h z)/0) 4

where z; is the longitudinal coordinate with respect to
the bunch center, 8§o=AEy/E, is the relative energy
deviation, o is a constant related to the initial energy
spread. After the laser modulator, the distribution
function becomes

f(Zz, 82) _ F(ZQ, (32 — /’lZz — A sin(k22)>. (5)

g

Next, the beam passes through the bunch
compressor A. The longitudinal coordinate
becomes, z3 = zo+ R¢$,, where R¢, is the momentum
compaction factor of the bunch compressor A.

After the bunch compressor, the phase space distribu-
tion becomes

f},(23,53) = F<Z3 - R?6837

83 — /’ICZ3 —CA sin(k(23 — R(51683)) (6)
Co

where C=1/(1+4 R¢h) is the bunch compression
factor of the first bunch compressor A. Then the
beam is transported through the chirper B that will
introduce another energy-bunch length correlation,
84=2583+ hy, z3, where hy, is the energy chirp across the
bunch length of the beam caused by the second chirper.
After the chirper B, the phase space distribution
becomes

J4(24,84) = F| za(1 + R$shy) — R5¢é4,

{ 84 — (hb + /’IC)Z4 }
—CA sin(k(za(1 + Réshy) — R%384))
Co

(7
Finally the beam is transported through the second
bunch compressor B. The longitudinal coordinate of
the beam becomes, zs=z4+ R8s, where R% is
the momentum compaction factor of the bunch
compressor B. The final longitudinal phase space
distribution becomes
f(z,8) = F(Mz — (RbM + R%)8, [5(1 + hR%
+ (hy + hM)YRE) — (hy + hM):z
— Asin(kMz — k(Ri M + R%)8)]/0)  (8)

where
M =14 hyRS, )

denotes the final modulation compression factor. If the
second bunch compressor B is set up so that

Rl = —R4/M (10)

the final longitudinal distribution function can be
written as

(2.6) = F( o 3= U+ hM)Mz — M4 sin(kMz))

Mo
(11)

If the chirp 4, introduced by the laser chirper is —/C,
i.e. h, =—hC, the total modulation compression factor
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M will be C, i.e. M=C. The final longitudinal
distribution function will be

f(e.0) = F(Cz, %W)

From the above distribution, we see that the longitu-
dinal modulation wavelength is compressed by a factor
of C and the relative amplitude of modulation is
increased by a factor of C. If the beam is over de-
chirped inside the laser chirper, i.e. iy = (—h+ h)C,
the total modulation compression factor will be
M = (1 +hR¢,)C. Here, the over de-chirp means that
the energy chirp from the laser chirper not only undoes
the previous energy chirp of the beam after the
compression but also introduces extra energy chirp in
the opposite direction with respect to the previous
chirp. This improves the final compression factor in the
scheme by a factor of 1 4 1R, where the / stands for
the extent of over de-chirping of the initial chirp
through the laser chirper. The final longitudinal
distribution function will be

8 — Mhz — MA sin(kMz)) a3

(12)

f(z,8) = F<MZ, Vo

The above distribution function represents a com-
pressed modulation in a chirped beam. It should be
noted that the momentum compaction factor of the
second bunch compressor B does not have to be of the
opposite sign with respect to the first bunch compres-
sor A if the total compression factor M, ie. C or
1 + hR¢;, is made negative. In the above equations,
we have also assumed 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. Assume an initial
uniform current distribution and a Gaussian energy
distribution in function F of the Equation (4), the final
current distribution can be represented as a Fourier
series yielding [14]:

I(z) =1y (1 +2 i by, cos(nan)> (14)

n=1
where

B k

1+ hRS + (hy + hM)RS
is the compressed current modulation wave number

and the coefficient b, (i.e. bunching factor of har-
monic 7) is given as:

1
b, = J,(—nD 4k) exp(—znzkzDé) (16)

n

(15)

where the J, is the Bessel function of order n, D, =
A(RS + RiM)/(1+ hRS + (hy + hM)RY), and Dp =
o(Rés + ReM)/(1 4 hR% + (hy + hM)RY). Under the

condition R’5’6:—R‘5‘6/M proposed in this paper,
K,=Mk. For small jitters of the relative initial
beam energy chirp A, and the chirp #;, the jitter of
the compressed current modulation wave number is
given as:

8K,/ Ky = (Réshy/C) hy + hR%hy Reg hahy. (17

It is seen that the final compressed current modulation
wave number is less sensitive to the initial beam energy
chirper jitter than to the laser chirper jitter. It should
be noted that the bunching factor under the ideal
nominal parameter setting of the RZ, will be zero.
This corresponds to the compressed phase space energy
modulation of a chirped beam. By detuning the R%
from the nominal value, a large current bunching
factor can be obtained for the compressed modulation
at the fundamental mode.

It is easy to produce a large energy chirping
amplitude inside the chirper after the first bunch
compressor using a conventional RF linac structure.
However, using a laser modulator, this chirp can be
easily achieved by taking advantage of the short wave-
length and the high power of the Ilaser.
The disadvantage of using such a laser chirper is
that, depending on the beam bunch length and the
laser chirper wavelength, the whole of the electron
beam might not be linearly chirped owing to the
sinusoidal form of the energy modulation.

4. Attosecond X-ray radiation generation using
a short-pulse seeding laser

In this section, we show an example for generating
attosecond coherent X-ray radiation using a short-
pulse seeding laser in above compression scheme.
A short-bunch electron beam (e.g. 100pum) with
9.16pC charge, 2GeV energy, —23.95m~' energy
chirp, and a slice energy spread of 1 x 10~ is assumed
at the beginning of the laser modulator. This energy
spread is based on an assumption of 2keV uncorre-
lated energy spread inside a beam coming out of a
photoinjector. A few keV energy spread was observed
at the LCLS photoinjector experiment [15]. The initial
relative energy modulation amplitude is 4 =2 x 107°.
Only a fraction of the electron beam is energy
modulated by a short-pulse laser with a modulation
width around 30 fs. After the modulator, we add a slice
energy spread of 0.54keV to account for the synchro-
tron radiation effects inside the wiggler magnet using
an estimate from references [16,8]. After the beam goes
through the modulator, it passes through a standard
C shape chicane bunch compressor. Here, we have
assumed that the Rsq of the chicane is about 4cm.
As the electron beam passes through a bending
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magnet, the quantum fluctuation of the incoherent
synchrotron radiation causes the increase of the
uncorrelated energy spread. Here, we assumed four
4m long bending magnets inside the chicane each
with 0.052 radian bending angle in order to reduce
the increase of the uncorrelated energy spread.
The uncorrelated rms energy spread Aoy induced by
the incoherent synchrotron radiation inside a bending
magnet can be estimated from [17]

E [ 55 P
Aop == |22 e sp3 18
AW R (18)

where L is the length of the bending magnet, r, is the
classical electron radius, « is the fine structure
constant, y is the relativistic factor of the beam, 6 is
the bending angle of the magnet. Using above assumed
magnet parameters, this gives about 0.44 keV increase
of the uncorrelated energy spread after the first bunch
compressor chicane. The effects of coherent synchro-
tron radiation are not included in this study due to the
assumption of the low current (28 Ampere) beam.
The microbunching effects from the coherent synchro-
tron radiation and other collective effects will be weak.
After the beam passes through this bunch compressor,
the total bunch length of the beam is compressed down
to about 4um with a compression factor of 25.
This beam is transported through another laser mod-
ulator with 10pm resonant wavelength. Since the
modulation wavelength is longer than the bunch
length, this modulator works as a laser chirper to
remove the global energy chirp across the beam.
Another 0.54keV increment of uncorrelated energy
spread is added to the beam due to the synchrotron
radiation effects inside the wiggler. After the beam
transports through the laser chirper, it passes through
a dog-leg type bunch compressor that can provide
opposite sign Rsq compared with the first bunch
compressor. The required Rsq from this bunch com-
pressor is a factor of M smaller than that of the first
bunch compressor. For a total final compression factor
of 200 through the system, the Rs¢ of the second bunch
compressor is about 0.2mm. Figure 3 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,
the initial 30 fs modulated beam is compressed to a
width about 150 attoseconds. The initial uncorrelated
rms energy spread of 1x107° has risen to about
2x 107* with a correlated energy chirp. This energy
spread is still small enough for generating coherent
X-ray radiation in an undulator downstream. Figure 4
shows the projected current distribution for this
prebunched beam.

0.2
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Figure 3. Longitudinal phase space at the end of the bunch
compression scheme. (The color version of this figure is
included in the online version of the journal.)
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Figure 4. Beam current distribution after the compression
scheme (a) and the zoom-in current distribution around the
center of the beam (b). (The color version of this figure is
included in the online version of the journal.)

Given the initial 28 A current, the central
prebunched current peak with 1 nm wavelength mod-
ulation reaches 5.5kA after the above compression
scheme. Such a highly prebunched beam can be used to
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generate coherent attosecond X-ray radiation through
a short undulator.

Two laser modulators, one for initial energy
modulation seeding and the other for global correlated
energy de-chirping, are used in this scheme for
attosecond generation. Figure 5 shows the relative
energy modulation from the seeding laser and from the
laser chirper.

The modulation amplitude required from the
seeding laser is small due to the compression amplifi-
cation. Assuming 1 Tesla wiggler magnet field, the
required 200 nm laser power is about 0.35 MW with a
wiggler length of 33cm and a period of 11cm. The
modulation amplitude from the laser chirper is rela-
tively large in order to de-chirp the amplified initial
energy chirp. Assuming 1 Tesla magnetic field, it
requires about 31 GW laser power inside a 1.2m long
wiggler with a period of about 40cm. The energy
spread induced by synchrotron radiation inside the
wiggler can be estimated following [8,16]

) 2
Aoy = E\/4.16r—€y2Nw (§> (19)
o

mc

where N, is the number of wiggler periods and B is the
wiggler magnetic field. This gives about 0.54keV
increase of the uncorrelated energy spread after the
laser modulator and the laser chirper. The transverse
profile effects of the modulating laser were not
included in the study, assuming that the transverse
spot size of the laser beam is much larger than that of
the electron beam.

To study the detailed radiation process and the
radiation properties, we used the GENESIS simulation
code [18] to calculate the coherent X-ray radiation
through a short undulator radiator. The -electron
particle distribution from the above-mentioned one-
dimensional simulation is used for the GENESIS
simulation. The normalized emittance of the electron
beam is chosen to be 0.2 um. The transverse distribu-
tion of the beam is assumed as a Gaussian distribution
with 12.4um and 11.4pm rms size in horizontal and
vertical direction, respectively. The length of the
radiator is 1.5m with an undulator period of 1.5cm.

The details of the radiation properties at the end of
the undulator are shown in Figure 6, where the
radiation pulse power temporal profile is shown as
the left subplot and the radiation pulse spectral profile
is shown as the right subplot. The profiles are fit to
Gaussian curves, which give a temporal rms size of
86 attoseconds and a spectral rms width of 4.1 pm.
This results in a time-bandwidth product (the angu-
lar frequency rms width times the time rms width of
the radiation) of about 0.65, which is close to the
transform limit of the X-ray pulse. The full width at
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Chirper laser field oo
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Figure 5. Relative energy modulation from the seeding laser

and the laser chirper. (The color version of this figure is
included in the online version of the journal.)
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Figure 6. The radiation pulse temporal profile (a) at the end
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profile (b) at the end of the 1.5m long undulator. (The color
version of this figure is included in the online version of the
journal.)
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half maximum of the radiation pulse is about 205
attoseconds, which is larger than the width of the
central modulated current density distribution.
This is due to the slippage of the photon pulse
with respect to the electron bunch inside the radiator.
In summary, in the above example, a single 1 nm, 200
attosecond, 1 GW peak power X-ray radiation was
generated with a 28 A current electron beam seeded by
a 200 nm laser.

5. Discussion

In this paper we proposed generating attosecond
coherent X-ray radiation using a modulation compres-
sion scheme. This scheme allows one to tune the final
X-ray radiation wavelength by adjusting the compres-
sion factor. It also allows one to control the final
radiation pulse length by controlling the seeding laser
pulse length or the compression factor. The high
compression factor in the proposed scheme also lowers
the required initial current in order to achieve a final
kilo-Ampere electron beam current. This helps main-
tain good beam quality transporting through the linear
accelerator.

The proposed scheme requires a small initial
seeding laser power due to the compression amplifica-
tion. This makes it possible to use a relatively lower
power (~100kW) and a shorter wavelength laser
(~10nm) from the higher-order harmonic generation
(HHG) scheme to seed the electron beam before the
first bunch compressor [19]. This could result in a
prebunched beam with a modulation wavelength down
to the hard X-ray regime using the above single stage
compression scheme. Such a prebunched beam can be
used to generate coherent attosecond hard X-ray
radiation for applications such as core -electron
ultrafast dynamics studies [20]. Careful lattice design
is needed in order to preserve the prebunched micro-
structure of the electron beam before entering the
undulator for X-ray radiation [21].

There also exist some potential technical challenges
associated with this scheme. These include synchroni-
zation between the electron beam, the seeding laser,
and the laser chirper, and the stability of the laser field.
For example, the energy jitter of the chirped beam at
the entrance of the first bunch compressor results in
the time jitter of the beam. Those challenges might be
solved in the future with the rapid advance of the laser
technology and the electron beam instrumentation
technology [22,23]. Using a combination of feedback
control and nonlinear optical limiter technology,
the fluctuation of the laser field might be controlled
within the tenth percentage level [24]. Recently, a lot of
progress has been made to synchronize the electron

beam and the laser beam for FEL-based light sources.
Experimental results have demonstrated the synchro-
nization between the electron beam and the laser beam
on the level of 10 fs [25]. Further development of laser
electron beam synchronization by using a master
laser to lock the whole accelerator system, including
the photo-electron driving laser, RF cavity, and
modulation lasers, might be able to push the laser-
electron beam synchronization within the order of
subfemtoseconds [26].
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Note

1. A similar scheme using accelerator chirpers was also
independently proposed by Ratner et al. [10,11].
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