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Utilizing laser-driven plasma accelerators (LPAs) as a high-quality electron beam source is a promising
approach to significantly downsize the x-ray free-electron laser (XFEL) facility. A multi-GeV LPA beam can
be generated in several-centimeter acceleration distance, with a high peak current and a low transverse
emittance, which will considerably benefit a compact FEL design. However, the large initial angular
divergence and energy spread make it challenging to transport the beam and realize FEL radiation. In this
paper, anovel design of beam transport system is proposed to maintain the superior features of the LPA beam
and a transverse gradient undulator (TGU) is also adopted as an effective energy spread compensator to
generate high-brilliance FEL radiation. Theoretical analysis and numerical simulations are presented based
on a demonstration experiment with an electron energy of 380 MeV and a radiation wavelength of 30 nm.
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I. INTRODUCTION

In recent years, the development of x-ray free-electron
lasers (XFELs) [1] driven by a conventional large-scale
radio-frequency accelerator becomes increasingly mature,
especially with the great success of several operational
facilities around the world [2-5]. Due to the excellent
features such as short wavelength, short pulse duration,
high brightness, coherence, quasimonochromaticity and
continuously tunable frequency, FEL radiation is widely
used in the fields of biology, chemistry, materials science and
so on [6,7]. With increasing development of the ultrafast
sciences, a more compact high-brilliance light source with a
reduced cost and size is highly desired, e.g. a tabletop XFEL
[8,9]. A compact free-electron laser driven by laser plasma
accelerator has the potential to achieve such a goal [10-12].

The laser plasma accelerator utilizes a powerful laser to
drive plasma gas to produce a few hundred MeV to a few
GeV energy electron beam with high accelerating gradient
of a few hundred GV/m [13-18]. Typically, the laser-driven
plasma accelerator (LPA) beam has unique properties that
the peak current is up to tens of kA, the pulse duration is on
the order of femtosecond, and the normalized transverse
emittance is below 1 ym. With these features, some great
efforts have been made by several teams to pave the road to
the LPA-driven FEL facilities [19-21]. For instance, the
researchers in Shanghai Institute of Optics and Fine
Mechanics (SIOM) have successfully developed a cascaded
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LPA, obtained quasimonoenergetic electron beams with
the energy up to 1.3 GeV [21-23], and been working on
FEL realization [24].

The major problems of the LPA beam for FEL radiation
are the large initial divergence (up to 1 mrad) and the
relatively large energy spread (~1%) which drastically
increase the difficulty of transporting the LPA beam from
accelerator to radiator and cause FEL radiation gain
degradation. In the FEL community, a transverse gradient
undulator (TGU) was proposed to minimize the energy
spread effect leading to an improvement of FEL gain and
radiation power substantially [25]. Consequently, for the
realization of LPA-driven FEL based on TGU, it is crucial
to design a beam transport system from LPA to TGU.

In this paper, a promising scheme is proposed, including
the beam transport line design and the FEL radiation
optimization. In Sec. II, FEL generation with a large energy
spread beam is discussed, focusing on the TGU FEL.
Section III analyzes physics of beam transport from a LPA
to a TGU, including chromatic emittance growth, nonlinear
dispersion generation, longitudinal bunching lengthening
and the corresponding solutions. In Sec. IV, a realistic beam
transport line is proposed with a specific example of a
380 MeV LPA beam and the particle tracking is also
presented. In Sec. V, FEL simulations based on a TGU are
carried out to achieve FEL gain and to demonstrate the
feasibility of the beam transport system. Concluding
remarks are given in Sec. VL

II. FEL GENERATION FOR LARGE
ENERGY SPREAD

As is well known, the LPA beam has a rather large
relative energy spread, typically at the several percent
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levels. According to the fundamental FEL resonant con-
dition, a relativistic electron beam propagating through
the undulator will emit on-axis radiation with the wave-

length of
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where y,, is the relativistic electron energy, 4, and K, are the
undulator period and the dimensionless undulator param-
eter, respectively. In the high-gain regime, it is convenient
to introduce the dimensionless Pierce parameter p which is
given by [1]
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where [, is the peak current, /4, ~ 17kA is the Alfvén
current, o, is the mean rms transverse beam size in the
undulator, k, = 27/, is the wave vector of the undulator,
and the JJ field-coupling factor is defined as [JJ] =
[Jo(&) — J1(&)] with & = K3/(4 + 2K3) for a planar undu-
lator. Due to the large energy spread of the beam, it will
induce a large spread of the resonant wavelength and
degrade the FEL gain. The 1D FEL gain length including
the slice energy spread is written as
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with o the FEL slice energy spread, from which we can see
that FEL power gain length is severely affected by the
energy spread with a quadratic relation, especially o5 > p.

As far as we know, there are two methods proposed to
increase the FEL performance directing at large energy
spread beam, i.e., decompressing the beam [26] and
utilizing a TGU as a radiator [25].

The decompression method uses a range of dipoles
(chicane) to decompress the electron bunch longitudinally.
In this way it reduces the FEL slice energy spread at the
cost of sacrificing peak current though. For example,
combining chromaticity manipulation to decompression
in Ref. [20], some theoretical analysis and simulations have
been presented recently.

The TGU method was introduced to reduce the FEL
sensitivity to electron energy variations for FEL oscillators
in early years [27], and recently was extended to the high-
gain FEL regime, for instance, enhancing the FEL inter-
action for LPA-driven FEL [25]. According to the TGU
theory, the horizontal dispersion D of electron beam and
the transverse gradient @ = dK/(dxK,) of the undulator
satisfy the function
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where K is the undulator parameter along the x axis with
K =K, at x =0, so that approximately every electron
satisfies the resonant condition [Eq. (1)]. An effective
energy spread can be introduced to replace the intrinsic
large energy spread at the cost of horizontal beam size. For
the optimal transverse dispersion factor, it has a minimum
gain length approximately as [28]
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Hence, with the appropriate parameters the TGU gain
length increases as the square root of the intrinsic energy
spread, superior to the normal undulator gain length as
given in Eq. (3), which also has the same expression as the
minimum gain length of the optimal decompression
factor [28].

However, the decompression method generates a long
bunch with a subsequent energy chirp that will reduce the
temporal coherence and increase the FEL bandwidth. On
the other hand, the TGU method has a number of potential
advantages, including maintaining the ultrashort LPA
bunch length and high peak current, providing narrower
radiation bandwidth with higher saturation power, stabili-
zation of wavelength fluctuation, and enabling direct or
self-seeding. One potential disadvantage of the TGU
method is the loss of transverse coherence, yet it can be
improved by seeding. Therefore, we consider the TGU
method with SASE and direct seeding to design a
LPA-driven FEL in this paper.

III. BEAM OPTICS ANALYSIS
OF THE LPA BEAM

Different from a conventional beam, the large divergence
and the large energy spread of the LPA beam would
increase the difficulty of beam optics design drastically.
We present analysis of these adverse factors and give the
corresponding solutions in this section.

A. Emittance growth and nonlinear
dispersion effect

Since the initial beam divergence o is rather large while
the initial beam size o, is rather small, the beam will
expand rapidly once it exits plasma into free space. Let us
take an example of a typical LPA beam with 6, = 1 ym
and o, = | mrad, and then a drift distance of 10 cm would
increase the beam size to 100 ym.

To effectively control the beam expansion and provide
beam focusing, high gradient quadrupoles are required to
be as close as possible to the LPA exit. For a quadrupole,
the linear transport matrix is
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with x, and s its focusing strength and focusing length,
respectively. With a reference momentum p, we consider
an electron with energy deviation 6, thus the quadrupole
kick experienced by the electron can be expressed as

Q

kOB e OB 1 -8 ()
p Ox  po(l+6) ox 1+6

This indicates that the electron would receive an additional

kick related to its energy deviation from the reference

energy. To analyze the effect on beam emittance, one can

calculate the following three rms relevant quantities as

(x%) = (x3)
(x?) = kgs* (xg)(1 — 26 + &) + (¥F)
— 2K0s(xpx4) (1 — 6)
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If one only considers the monochromatic beam with any
energy deviation 0, the emittance keeps the same value with
the initial, i.e. €3 = &}. However, to integrate 5 over the

range of the energy spread, the total emittance is given by
e = &} + o3k s’or. 9)

This indicates that the beam suffers an additional emittance
growth related to the beam energy spread, beam size and
quadrupole strength [29]. To take the above expanded beam
with ¢, = 100 ym as an example, a quadruple with x, =
100 m™2 and s = 0.1 m would contribute a comparable
emittance growth as the initial emittance, which would
affect the beam transport and FEL radiation.

In addition to the emittance growth, a strong quadrupole
also introduces a nonlinear effect on the beam dispersion.
Using Eqgs. (6) and (7) which are applicable to dispersion
evolution, the transport of beam dispersion through a
quadrupole can be expressed as

D:Do, D/ :D6—DOK0(1 —5) (10)
which suggests the dispersion kick applied to electrons is
dependent on electron energy deviation. At the downstream
of the quadrupole, the additional kick is also transferred to
additional dispersion AD(5). In the TGU method, a linear
x — p correlation is introduced as x = Do. Therefore, with
D = Dy + AD(5), a nonlinear term is introduced to the

final x — p correlation, which would cause some off-
momentum electrons to fall out of resonant and hence
degrade the TGU gain.

B. Canceling chromatic emittance
and nonlinear dispersion

With the present chromatic emittance and nonlinear
dispersion, it is necessary to include sextupoles to correct
these effects. To consider a sextupole attached at the
downstream of the quadrupole dispersion included, the
kick strength of sextupole is
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with A the magnetic field strength of the sextupole. Here we
assume that D = D, since the dispersion gradient variation
is not transferred to a dispersion variation right after the
quadrupole. In thin lens approximation, the linear transport
matrix is

10
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Combining it with the quadrupole matrix, we have

).

It is straightforward to obtain the beam emittance as

1
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It is illustrated that the chromatic emittance can be
eliminated by the proper choice of the sextupole strength.
Note that since the chromatic emittance exists in both x and
y planes, it is necessary to include a set of sextupoles to
perform the correction in both planes.

In term of dispersion transport, similar as above, we can
obtain
D :Do, D/ :D6—D0[Kos+5S(K‘O—/IDO)}. (15)
This indicates that with the appropriate parameters the
nonlinear x — p correlation can also be canceled along with
chromatic emittance.

C. Bunch lengthening

To introduce the required dispersion for the TGU
radiation and chromatic correction, bending elements
should be used. Generally, a dog-leg composed of two
dipoles can be adopted, but yet it has large transport
elements Rs, = Lp@ and Rsg = Lp6* with Lj the



separation distance of dipoles and @ the deflection angle.
The electron longitudinal position transports as

7= Rs1xg + Rsyxy + 29 + Rse0, (16)

where z, is the particle longitudinal position, x, and x;, are
the transverse position and its slope before the bending
magnets, respectively. For the LPA beam with a large
energy spread and a short bunch length, the bunch length
can be increased significantly with such a transport system.
As a result, the peak current will be reduced leading to a
degradation of FEL gain. References [18,30,31] adopt a
dog-leg scheme with quadrupoles inserted. Such a scheme
reduces the efficiency of the TGU and enhances the
difficulty of beam optics.

We proposed a single dipole scheme to provide the
necessary dispersion. Taking into account the combination
of one dipole and several quadrupoles, the electron longi-
tudinal position evolution can be calculated as

Lgd , Lg6”
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with L the deflection length of the dipole. Note that all the
terms only depend on the single dipole. By comparison,
Rs, and Rsq are much smaller than that of a dog-leg.
Although Rs; is larger than a dog-leg, this term can be
minimized by placing the dipole at a beam waist position.
Therefore, the LPA beam lengthening can be minimized
and the high peak current can be reserved as much as
possible.

IV. BEAM TRANSPORT SYSTEM

According to the above analysis, we present our scheme
of the beam transport system by employing the attainable
LPA beam parameters from SIOM [23] listed in Table 1.

The beam transport system is shown in Fig. 1, which
includes an initial strong focusing stage, a subsequent
optics matching stage, and an associated chromatic cor-
rection stage. Similar to other schemes [20,32], the strong
focusing stage is composed of three compact and high
gradient quadrupoles, placing close to the plasma jet
position of the LPA after a drift distance of 10 cm.
Considering the SIOM LPA facility limited by the vacuum
chamber structure, the former two quadrupoles are put
inside the chamber with a gradient up to 150 T/m and the
third one is outside with gradient of 80 T/m. The employ-
ment of electromagnet quadrupoles other than a permanent
magnet enables adjustable matching into the subsequent
stage for different central energy. The optics matching stage
includes one dipole with a deflection angle of 6 = 0.1 rad
to introduce dispersion and three quadrupoles with a
gradient of ~80 T/m to match the Twiss parameters and
dispersion required by the TGU FEL. The correction stage

TABLE I. The parameters of the LPA beam for SIOM facility
studies.

Parameter Symbol Value Unit
Beam Energy yome? 380 MeV
Rms Energy Spread o5 1% /
Normalized rms Emittance Y0Ex.y 0.1-1 um
Rms Beam Size Oyy 1-2 pm
Rms Beam Divergence Oy 0.1-1 mrad
Charge (0] 80 pC
FWHM Bunch length L, 24 um
Peak Current Iy 10 kA

composed of three sextupoles is inserted into the matching
stage with the strength of several thousand T/m?.

For the beam matching, we used MAD [33] to simulate
the beam optics setting initial Twiss parameters as
Po = 0.001 m and ay = 0 (beam waist). The final matching
conditions during the undulator are Twiss ,Bx_y ~ 3,
dispersion D, = —21 mm and its slope D, = 0, as shown
in Fig. 2. Note that f,, f, and D, are shown for only the
central energy particles. In terms of the off-momentum
particles, there are some small deviations due to the residual
chromatic emittances and nonlinear dispersion despite the
sextupole correction. Meanwhile, we also matched a beam
waist in the x direction at the position of the single dipole to
restrain bunch lengthening effectively.

To verify the above theoretical analysis and further
investigate the beam performance with the designed
scheme, we conducted particle tracking using Elegant [34]
with a beam of 380 MeV energy, 0.45 ym normalized
emittance and 0.3 mrad divergence. It is noted that we
assume a Gaussian beam without any initial energy
correlation since the bunch length is comparable to the
FEL cooperation length. In Fig. 3, the evolutions of
emittances and beam sizes with and without sextupole
correction are presented. With the sextupoles, the trans-
verse emittance growth is significantly reduced and the
transverse beam size is well controlled after the beam
transport system of less than 3 meters. The sextupoles
suppress the emittance growth to a large degree but not
completely, because of the overlarge chromaticity and the
high order effects of sextupoles. Figure 4 shows the x —y
phase space at the entrance of the undulator without [4(a)]
and with [4(b)] sextupole correction, at the position of
z = 2.7 m in Fig. 2(c). It can be observed that a nonlinear
curvature of x — y correlation is effectively eliminated with
only the required linear component left when these sextu-
poles are employed. In terms of the longitudinal phase
space, the FWHM bunch length is increased from 2.4 to
4 um with the peak current dropping from 10 to ~5 kA.
The bunch length is still comparable to the cooperation
length.

To understand the beam evolution along the undulator
section, the transverse phase spaces and the x—y
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FIG. 1. Scheme of the proposed LPA beam transport system combining to TGU.
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FIG. 2. Beta functions (a) and dispersion function (b) of the reference energy along the beam line. (c) Layout of the beam transport
system including one dipole (red), six quadrupoles (green) and three sextupoles (orange). After the position of z = 2.7 m, the drift space
is used for the TGU radiation.
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FIG. 3. Evolutions of the LPA beam properties with (solid) and without (dash-dotted) chromatic correction, respectively. (a) Evolutions
of the normalized projected rms transverse emittances. (b) Evolutions of the rms beam sizes along the beam line. Note: the emittances of
x are without dispersion contribution.
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FIG. 4. Dispersion distributions at the entrance of the TGU undulator. (a) Nonlinear distribution of x — y phase space through the
focusing system including dipole and quadrupoles. (b) Quasilinear distribution of x — y phase space with additional sextupoles.

correlation of the beam at the entrance of the undulator
and after a three-meter drift are shown in Fig. 5. Both of
the transverse phase space plots show the beam sizes
change slowly (a dispersion component along the x axis
is included). From the x — y correlation, we note that the
dispersion is maintained in the three-meter drift. The
increase in the uncorrelated part in the x — y distribution
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FIG. 5.
3 m drift distance (right).

is due to the horizontal betatron beam size increase in this
drift. Therefore, the compact optics provides the necessary
beam properties for the TGU FEL. Finally, the results of
particle tracking at the entrance of the TGU undulator are
summarized in Table II.

We further conducted simulations in order to take into
account collective effects such as space charge and

(b) After3m

x' [mrad]

y' [mrad]

-05 -025 O
X [mm]

025 0.5

Transverse phase space distributions and dispersion distribution at the entrance of the TGU section (left) and after a following



TABLE II. The results of the LPA beam tracking.

Parameter Symbol Value Unit
Beam Energy yome? 380 MeV
Normalized rms Emittance  yoe,/yoe,  0.72/0.53 um
Rms Beam Size o./0oy 200/40 um
Dispersion D -21 mm
FWHM Bunch length Ly 4 um
Peak Current Iy 54 kA

coherent synchrotron radiation (CSR). For the space charge
effects, we tracked the initial LPA beam through a segment
of the beam line using Astra [35]. The result is consistent
with Elegant simulations without space charge. This indi-
cates that the space charge effect is not significant despite
the micron level beam size and the kA level beam current,
since the beam has a rather high energy and a large
divergence. For the CSR effects, we used Elegant with a
1D CSR model [36,37] to track the beam through the beam
transport system. As shown in Fig. 6, we presented the
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tracked beam properties at the entrance of the TGU
undulator. The peak current in Fig. 6(a) is slightly
increased to 6 kA due to the CSR induced energy chirp
[see Fig. 6(b)]. Figures 6(c) and 6(d) show both the
horizontal slice emittance and the slice energy spread at
the bunch tail are increased considerably. As the result, it
degrades the FEL gain at the bunch tail and makes the FEL
pulse shorter. No vertical emittance growth is observed in
Fig. 6(e). Finally, Fig. 6(f) shows that the effective energy
spread in the TGU is increased to about 1.5 times at the
position of the current peak, which will affect the TGU FEL
performance to be discussed in the next section.

V. GENERATION OF FEL RADIATION

The FEL performance of the tracked beam was inves-
tigated by TGU based FEL simulation using a modified
version of Genesis [38]. Both SASE and seeded configura-
tions were simulated using the tracked beam with and
without CSR. As listed in Table III, a 5 m TGU with period
length of 2 cm and K parameter of 1.15 is used and the
transverse gradient a is —120 m~'. The external seed laser

(b)
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FIG. 6. LPA beam properties at the entrance of the TGU with (red) and without (blue) CSR effects, including the current distribution
(a), the slice average energy (b), the slice energy spread (c), the slice transverse emittances (d) and (e), and the x-slice effective energy

spread (f). Part (d) excludes dispersion contribution.



TABLE III. The parameters of TGU and seed laser for FEL
simulation.

Parameter Symbol Value Unit
Undulator period Au 2 cm
Undulator parameter Ky 1.15 /
Undulator transverse gradient a —120 m™!
Seed laser power Py 1 MW
Rayleigh length Ly 2 m
Resonant wavelength Ag 30 nm
Pulse duration (FWHM) T, ~8 fs

is expected to be obtained from a 30 nm high-harmonic
generation source with 1 MW power [39]. The FWHM
pulse duration is ~8 fs and the rms spot size is 100 um
at the entrance of the undulator. As a comparison, we
simulated SASE and seeded configurations with a normal
planar undulator using an optimized beam with the same
parameters (Twiss parameters, emittances, current, etc.) as
the tracked beam without the horizontal dispersion.

Other than the normal undulator, the TGU undulator
would induce an additional dispersion variation and natural
focusing in the x direction. For TGU magnets, a corrector
magnetic field is attached to counteract the horizontal
trajectory deviation, which can be simplified to the first
order of x dependence and expressed as [40]

K2
B, = 1¢%%0 <1_L)_ (18)
e 270 DO

Taking into account a constant static magnetic field, and
neglecting the second term of this equation, the horizontal
deviation will be related to energy and induce dispersion
variation. According to the parameters with Dy = —21 mm
and D), =0, through a 5 m distance, TGUs induce a
dispersion variation about 1.8 mm which is 1 order of
magnitude smaller than the value Dy. When the second
term is included in the corrector field, dispersion variation
is canceled and yet it induces the betatron motion and a
weak horizontal focusing. For simplicity, we ignored these
effects approximately in the FEL simulation.

The evolutions of the FEL peak power along the
undulator are illustrated in Fig. 7. For the seeded FEL,
the TGU case excluding CSR (solid blue) has a saturation
power up to 4 GW and the case with CSR (solid red) is also
up to ~2 GW, while the power of the planar undulator case
(solid green) is below 100 MW. Thanks to the compensa-
tion of energy spread by the TGU, the TGU cases can
generate stronger bunching before the radiation slips out
of the electron beam. The CSR effects do not reduce the
saturation power drastically but increase the saturation
length. It additionally leads to the redshift of the radiation
wavelength due to the energy loss, as shown in Fig. 8. For
the SASE FEL, the final power is relatively low due to the
large slippage effect. Nevertheless, the exponential gain can
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FIG.7. SASE (dash dotted) and seeded (solid) FEL peak power

growth based on TGU cases without CSR (blue), with CSR (red)
and on normal undulator case (green) along the undulator.

still be achieved in the TGU cases. In the frequency
domain, the bandwidths in the TGU cases are much smaller
than the normal undulator one owing to the energy spread
compensation. Furthermore, since the bunch length is
comparable to the coherence length, the spectra in the
TGU cases show single coherent spikes.

In general, for an ideal LPA beam with the emittances of
0.45 um and the peak current of 10 kA, the peak power in
the SASE configuration within a 5-meter TGU can reach
about 100 MW to 1 GW. However, from the above start-to-
end (S2E) simulation, we see that the LPA beam quality
will be deteriorated, and the FEL power is about 1 to 2
orders of magnitude lower than the ideal case. This clearly
illustrates the importance of including the beam dynamics
effects in transporting the LPA beam to the TGU.
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FIG. 8. Typical single-shot radiation spectrum of SASE FEL

for the TGU cases and the normal undulator case through a 5 m
distance.
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(a) Seeded FEL power growth for the LPA beam with different initial divergence (emittance). (b) Normalized sliced emittance

growth versus initial divergence. The slice is at the longitudinal position of the current peak. (c) Saturation power of seeded FEL as a
function of TGU gradient for the tracked beam with a fixed dispersion of 21 mm.

There are several practical issues to be considered here.
One is the variation of the initial beam divergence at the
scale of 0.1-1 mrad, as illustrated in Table I. Figure 9(a)
shows the radiation power of the seeded FEL along a 5-m
TGU undulator with a fixed rms beam size of 2 ym and
variable rms divergence (i.e. different emittance) using the
S2E simulations. The corresponding normalized sliced
emittance growth at the position of peak current are also
presented in Fig. 9(b). The seeded FEL power drops 1 to 2
orders when the beam divergence is increased from 0.1 to
0.9 mrad, but still maintains considerable gain. In addition,
it is worth noting that the resonance relation of Eq. (4) is not
always satisfied experimentally between beam dispersion
and TGU gradient, which leads a degradation of the FEL
gain [41]. Hence, we show in Fig. 9(c) the simulated
saturation power with a different TGU gradient at a fixed
dispersion. The saturation power variation is within 1 order
of magnitude over a wide range of the TGU gradient.

VI. CONCLUSION

In this paper, we have proposed a compact scheme of
the LPA beam transport system combining with the TGU
radiator to achieve significant FEL gain, in which both
theoretical analysis and numerical simulations were per-
formed to demonstrate its validity. The theoretical analysis
shows that the strong focusing quadrupoles and the
chromatic correction sextupoles are the critical components
for the beam transport system. Both the increase of the
chromatic emittance and the nonlinearity of the dispersion
induced by the quadrupoles can be compensated by these
sextupoles. We have also demonstrated that the layout of
the single dipole case not only simplifies the design of the
beam line and facilitates the beam adjustment, but also
avoids the bunch lengthening to maintain high peak current
and ultrashort radiation pulse. Simulation shows that a
significant FEL gain within a short TGU undulator is
achievable at a wavelength of 30 nm. Such a beam transport
combining with the TGU undulator will be tested at the
LPA-FEL facility in SIOM experimentally [24].
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