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Project 1: Laser Acceleration 
and XFEL demonstration 

Beam Measurement and Control	

•  Measurement 

– Frequency Domain Interferometry and 
Holography 

– Betatron radiation 

•  Control 
– Laser Stability 
– Phase space rotation 
– Beam injection 

– Radiative Beam cooling	




Desired electron beam 
parameters for standard 

undulator	
 
•  Energy E> 1 GeV 
•  Charge Q~10 pC (107 electrons) 	
 
•  Stability 

•  Emittance εn<0.1 mm mrad 
•  Energy Spread ΔE/E~10-3 – 10-4 



Laser Wakefield Accelerated 
Electrons	
 

•  Energy >1 GeV ☑ 
•  Charge Q~10 pC (107 electrons) ☑ 
•  Stability!"

•  Emittance εn~π mm mrad 
•  Energy Spread ΔE/E~10-2  



Considering	
  Staged	
  AcceleraGon	


•  Injector	
  E~30	
  MeV	
  Lacc~mm	
  
•  Phase	
  Rotator	
  LWFA	
  

•  Booster	
  E~1	
  GeV	
  Lacc~10	
  cm	




Beam	
  injecGon:	
  Sharp	
  Density	
  
Gradient	


cient trapping of nonrelativistic plasma electrons. In con-
trast, in the case of the sharp transition, the plasma wave is
fully loaded at once due to the sudden increase in plasma
wavelength. Electron trapping at sharp downward density
transitions has been extensively studied theoretically [14–
16]. Sharp in this context means that the characteristic
length of the transition is on the order of the plasma
wavelength [17]. Up to now experimental realizations of
this scheme did not produce monoenergetic electron beams
and relied on a second laser beam that induces a plasma
density transition via local plasma heating [18–20].

In contrast to former schemes, in the present experimen-
tal approach the density transition is formed in the gas jet
prior to ionization by the driving laser pulse. It exploits
shock-front formation in a supersonic He-gas jet. The jet is
generated by a pulsed de Laval nozzle with an exit diame-
ter of 300 !m; the shock is generated by introducing a
knife edge laterally into the gas jet. In contrast to a sub-
sonic flow, the supersonic flow cannot adapt upstream to
the obstacle and therefore needs to adapt locally in the
form of an abrupt change of all flow parameters. The
typical length scale of this sudden change is on the order
of a few times the molecular mean free path depending on
initial Mach number and shock angle [21,22]. The (asymp-
totic) values of the flow parameters before and after the
shock can be calculated using the Euler equations. For the
ratio of gas densities in front of and behind the shock, one
obtains [23]

n1
n2

¼ 1" 2

"þ 1

!
1" 1

ðM1 sin#Þ2
"
; (1)

where n1 and n2 are the gas densities before and after the
shock, respectively, " is the specific heat ratio with a value
of 5=3 for a monoatomic gas, M1 is the initial Mach
number of the gas flow, and # (see Fig. 1) is the angle
between the gas flow and the shock front. Relation (1)
exhibits a minimum for # ¼ 90& corresponding to a strong
perpendicular shock and a maximum value of 1 for #m ¼
arcsinð1=M1Þ for weak distortions propagating at the Mach
angle. A sketch of the nozzle setup is given in Fig. 1(a).
The razor blade is mounted on a small translation stage
allowing to switch the shock front on and off as well as
moving the shock transversally through the gas jet. Since
moving the knife edge through the gas jet not only changes
the shock-front position but also the angle, the density ratio
changes accordingly.

The laser employed in the present experiments is the
multi-TW sub-10-fs light source light wave synthesizer 20
(LWS-20) [24], an upgraded version of the system used for
the experiments in [25]. During the experiments it deliv-
ered pulses with 65 mJ energy on target and a duration of
8 fs full width at half maximum (FWHM). The laser pulses
are focused onto the target by a f=12 off-axis parabolic
mirror (OAP) to a spot diameter of 12 !m (FWHM),

yielding a peak intensity of 2:5' 1018 W=cm2. This value
takes into account losses introduced by residual phase front
distortions.
The electron energy spectrum is measured by a high

resolution focusing permanent magnet spectrometer [26]
suitable for analyzing electrons in the range of 2–400MeV.
Scintillating screens (Kodak Lanex) imaged to a 12 bit
CCD camera are used for electron detection, allowing
simultaneous measurement of energy spectrum and diver-
gence. This detection system was absolutely calibrated at a
linear accelerator source [27].
Shadowgraph images of the plasma [Fig. 1(a)] are ob-

tained during the experiments by using a small part of the
laser beam as back light. By introducing a Nomarski
interferometer [28] into this probe beam, the same back
light is used for interferometric measurements of the
plasma density. Lineouts parallel to the shock front are
taken out of the phase-shift maps produced by the mea-
surement and subsequent Abel inversion yields the plasma
density distribution. It was confirmed that the tilt by the
angle # of the lineouts with respect to the plasma channel
does not significantly change the results. A density lineout
along the laser axis is shown in Fig. 1(b).
Figures 1(a) and 1(b) yield # ¼ 16( 0:5& and n1=n2 ’

1:6. Substitution into formula (1) gives a Mach number
M ¼ 5:1( 0:2 which is in good agreement with M ¼ 5:3
obtained from computational fluid dynamics simulations.

FIG. 1. Sketch and shadowgraph image of the target setup (a).
A razor blade is introduced laterally into a supersonic gas jet
(undistorted gas jet edges: white dashed lines) in order to
generate a shock front (blue line). The shadowgraph image
was taken during the experiments showing the nozzle tip, the
razor blade (slightly tilted), and the plasma produced by the
driving laser. Inside the plasma the tilted shock front can be
discerned and a small, bright spot indicative of electron injection
is visible. (b) Measured electron density along the laser propa-
gation axis.
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Figure 1 from Schmid et al., Phys. Rev. ST Accel. Beams 13, 091301 (2010)	
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Betatron	
  RadiaGon	
  Parameters	
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Spectra	


€ 

rβ =15µm

€ 

rβ =10µm

€ 

rβ = 5µm

Need to compliment with FDI or FDH measurements	


Kneip et al., PRST 15, 021302 (2012): Transverse electron beam emittance, 
“knife edge” x-rays source size, electron beam divergence, electron energy 	




3D theory of a high-gain free-electron laser based on a transverse
gradient undulator

Panagiotis Baxevanis, Yuantao Ding, Zhirong Huang, and Ronald Ruth
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(Received 21 October 2013; published 6 February 2014)

The performance of a free-electron laser (FEL) depends significantly on the various parameters of the
driving electron beam. In particular, a large energy spread in the beam results in a substantial reduction of
the FEL gain, an effect which is especially relevant when one considers FELs driven by plasma accelerators
or ultimate storage rings. For such cases, one possible solution is to use a transverse gradient undulator
(TGU). In this concept, the energy spread problem is mitigated by properly dispersing the electron beam
and introducing a linear, transverse field dependence in the undulator. This paper presents a self-consistent
theoretical analysis of a TGU-based, high-gain FEL which takes into account three-dimensional (3D)
effects, including beam size variations along the undulator. The results of our theory compare favorably
with simulation and are used in fast optimization studies of various x-ray FEL configurations.

DOI: 10.1103/PhysRevSTAB.17.020701 PACS numbers: 41.60.Cr, 52.65.Ff

I. INTRODUCTION

In recent years, with the successful commissioning of
several major facilities around the world [1–4], the free-
electron laser (FEL) has demonstrated its immense value
as a tunable source of intense, coherent x rays. However,
achieving the desiredquality for the output radiation requires
the availability of a high-brightness electron beam to drive
the FEL, a fact which places serious restrictions on param-
eters such as the transverse emittance and the relative energy
spread of the e-beam. In this paper, we are predominantly
concerned with the latter quantity, which must be much
smaller than the gain bandwidth (given by the FEL param-
eter) if efficient lasing is to occur. This is because a large
spread in the energy of the electrons translates into a
significant spread in the resonant wavelength (as can be
seen from the FEL resonance condition), thus drastically
reducing the FEL gain. While standard designs satisfy the
aforementioned condition, there exist a number of promising
novel concepts for which doing so (in a conventional way)
wouldbevery challenging.Oneprominent example is that of
FELs driven by electron beams from laser-plasma acceler-
ators (LPAs) [5]. The latter are characterized by high energy
(∼1 GeV), low normalized emittance (∼0.1 μm) and very
high peak current (up to 10 kA), features which make them
attractive for compact FEL applications. Unfortunately, they
alsohave a relatively large energy spread (∼1%) compared to
beams from conventional accelerators. Another potential
scheme involves the use of the beam fromanultimate storage
ring (USR) [6] inahigh-gainFELsituated inabypassclose to

the ring [7]. This configuration would allow for a high
repetition rate but is again limited by the relatively large
energy spread (∼0.1%), as well as the low peak current
(∼100 A). For the case of the LPA-based concepts, some
proposals make use of bunch decompression techniques in
order to address the energy spread problem [8]. Instead, we
will consider an alternative concept, the transverse gradient
undulator (TGU), which can also be used in the scheme that
involves an ultimate storage ring. The TGU (Fig. 1) is an
undulator with canted magnetic poles, so that its vertical
field has a linear dependence upon the horizontal position x.
Using a suitable dispersive element, one can also introduce
a linear correlation of the electron energywith x. Byproperly
selecting the parameters involved (cant angle and
dispersion), one can ensure that electrons with higher than
nominal energy are dispersed towards the higher-field region
in such a way that the variation in the resonant frequency is
minimized.

FIG. 1 (color online). Schematic of a transverse gradient
undulator (TGU). The undulator poles are canted, which in-
troduces a linear dependence of the vertical field with x. The
constant field gradient depends on the cant angle ϕ.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Energy Spread: Transverse-
Gradient Undulator (TGU)	
 

•  Large energy spread 
ΔE/E~10-2 

•  Huang et al PRL 2012 
•  Zhang et al Opt Exp 

2014 
•  Baxevanis et al PRSTAB 

18, 010701 (2015) 
•  Higher order modes in 

transverse space 
•  transverse coherence loss 

Fig 1 from Baxevanis et al. 
PRSTAB 17, 020701 (2014)	
 



Using Off-Resonance Laser Modulation for Beam-Energy-Spread Cooling
in Generation of Short-Wavelength Radiation

Haixiao Deng* and Chao Feng
Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, People’s Republic of China

(Received 30 May 2013; published 20 August 2013)

To improve temporal coherence in electron beam based light sources, various techniques employ

frequency up conversion of external seed sources via electron beam density modulation; however, the

energy spread of the beam may hinder the harmonic generation efficiency. In this Letter, a method is

described for cooling the electron beam energy spread by off-resonance seed laser modulation, through

the use of a transversely dispersed electron beam and a modulator undulator with an appropriate transverse

field gradient. With this novel mechanism, it is shown that the frequency up-conversion efficiency can be

significantly enhanced. We present theoretical analysis and numerical simulations for seeded soft x-ray

free-electron laser and storage ring based coherent harmonic generation in the extreme ultraviolet spectral

region.

DOI: 10.1103/PhysRevLett.111.084801 PACS numbers: 41.60.Cr

The availability of high brightness and short-wavelength
radiation, especially x-ray pulses, is of great interest. X-ray
pulses enable the simultaneous probing of both the ultra-
small and the ultrafast worlds and continue to revolutionize
the understanding of matter. Therefore, synchrotron radia-
tion (SR) light sources and free-electron lasers (FELs)
based on advanced particle accelerators are being devel-
oped worldwide to satisfy the dramatically growing
demands in the material and biological sciences [1]. The
fundamental process of SR and FEL sources usually
involves a relativistic electron beam passing through a
transverse periodic magnetic field, e.g., the undulator,
and generating electromagnetic radiation ranging from
the infrared to hard x-ray regions, depending on the elec-
tron beam energy and the undulator period and strength.
More recently, the successful user operation of the first
FEL facilities [2–5] in soft and hard x-ray regimes
announced the birth of the x-ray laser. Currently, the light
source community is continuing to develop more sophisti-
cated schemes in pursuit of e.g., full coherence [6–18],
fast polarization switch [19–22], and compact x-ray
configurations [23–26].

Coherence describes all properties of the correlation
between physical quantities of a single wave, or between
several waves or wave packets. It is widely used in any
field that involves waves, such as acoustics, electrical
engineering, neuroscience, and quantum mechanics.
Spatial coherence describes the correlation between waves
at different position, which is naturally ensured in SR and
FEL sources. Temporal coherence describes the predict-
able relationship between waves observed at different
times, and is usually obtained in SR sources by purifying
the noisy spectra with crystal monochromator. As the
leading lasing mode of the hard x-ray FEL, self-amplified
spontaneous emission [27] starts from the initial shot
noise of the electron beam and results in radiation with

poor temporal coherence. Recently it was demonstrated
in the Linac Coherent Light Source [3] that the temporal
coherence of self-amplified spontaneous emission
could be significantly improved by the configuration of
self-seeding [6].
Alternatively, in order to generate fully coherent radia-

tion, various seeded FEL schemes [9–18] have been pro-
posed and intensively studied around the world. One of the
initial seeded FEL configurations is high gain harmonic
generation (HGHG) [9], which has been perfectly demon-
strated in the visible and ultraviolet region [4,10,11].
Unfortunately, the standard HGHG suffers an essential
drawback that a single stage allows only a limited fre-
quency multiplication factor. Therefore, a multistage
HGHG approach [12–14] was proposed for short-
wavelength production from an ultraviolet seed wave-
length; however, this leads to a rather complicated overall
design. Meanwhile, novel concepts are under development,
e.g., echo-enabled harmonic generation [15] which has
been experimentally demonstrated at the third, fourth,
and seventh harmonics of the seed laser [16–18], and in
principle could work efficiently at several tens of harmonic
number in a single stage.
Recently, the use of a transverse gradient undulator was

proposed to greatly reduce the effects of large beam energy
spread from laser-plasma accelerators and ultimate storage
rings for driving short-wavelength FELs [24,28]. Inspired
by these earlier works, we point out in this Letter a new
physical mechanism of using a transverse gradient undu-
lator in seeded configurations for strongly enhancing the
frequency up-conversion efficiency. Theoretical analysis
and numerical simulations are used to demonstrate that
the local energy spread at a certain phase relative to the
seed laser wave can be suppressed significantly, thus deliv-
ering unprecedented frequency up-conversion efficiency
even at several tens of harmonic order. In order to clearly
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illustrate the new mechanism, we first review the conven-
tional method to modulate the beam current in the
standard-HGHG technique.

The standard-HGHG setup is shown in Fig. 1(a).
Generally, the pulse length of the electron beam is much
longer than the seed wavelength !s, and the beam current
variation over the distance of several laser wavelengths can
be neglected. Thus, we locally assume a longitudinally
uniform electron beam and Gaussian beam energy distribu-
tion with the average energy "0mc2 and the energy spread
#. The external laser and the electron beam interact with
each other in the modulator undulator to give a sinusoidal
energy variation in the electron beam energy. Upon passing
through the dispersive chicane, the electron beam’s energy
modulation is converted into density modulation, which
contains frequency components at harmonics of the seed
laser, and can be characterized by the bunching factor:

bn ¼ e"ðn2D2#2=2ÞJnðnD!"Þ; (1)

where!" is the maximum energy modulation at the end of
the modulator undulator, n is the harmonic order, D ¼
2$R56=!s"0withR56 the dispersive strength of the chicane,
and Jn is the Bessel function of order n. It follows from
Eq. (1) that the bunching factor bn decays exponentially
with increasing n because of the presence of the beam
energy spread [9,29,30].

To overcome the low efficiency of the standard-HGHG,
we propose to use an off-resonance seed laser modulation
for cooling the electron beam energy spread. The setup is
depicted in Fig. 1(b), which we call cooled HGHG. After
transversely dispersing the electron beam by the dogleg
dispersion %, the electron beam is then injected into a
modulator with transverse gradient of & and central di-
mensionless parameter of K0. Such a modulator is usually
realized by canting the magnetic poles of a normal undu-
lator, to give a linear x dependence of the undulator
parameter:

KðxÞ
K0

¼ 1þ &x ¼ 1þ &%
"" "0

"0
: (2)

For a given wavelength of the seed laser, the resonant
beam energy should be written as

"rðxÞ ¼ "0 þ &%
K2

0

K2
0 þ 2

ð"" "0Þ: (3)

Now we consider the longitudinal dynamics of the reso-
nant electron ("0

0, '0) and an arbitrary electron ("0, '0) at
the exit of the modulator undulator, which is the electron
("0, '0) and (", '0-!’) at the entrance of the modulator
undulator, respectively.!’ is the phase advance of the off-
resonance electron with respect to the resonant one. It can
be given by the phase equation of the modulator undulator:

!’ ¼ 4$N
ð"" "rÞ

"0
; (4)

where N represents the period number of the modulator.
Then for small '0, one has

"0
0 ¼ "0 "!" sin'0 ¼ "0 " !"'0;

"0 ¼ "" !" sinð'0 "!’=2Þ ¼ "" !"ð'0 "!’=2Þ;
(5)

where!’=2 is from the phase average of the off-resonance
electrons in the modulator undulator. Combining Eqs. (4)
and (5), we can easily derive that

"0 " "0
0

"" "0
¼ 1" 2$N!"

"0

!
&%K2

0

K2
0 þ 2

" 1
"
: (6)

Equation (6) illustrates a universal scaling of the off-
resonant laser modulation as a tool of beam energy spread
cooling. It is clear that, in the standard-HGHG setup, the
beam energy spread is amplified by a factor of
2$N!"="0, which is usually a relatively small number.
When we increase the &% product and make the right-hand
side of Eq. (6) to be unity, the beam energy spread is
maintained because every electron satisfies the FEL reso-
nant condition, as in Ref. [24]. If one further increases the
&% product properly, the right–hand side of Eq. (6) can be
adjusted to zero, then the electron beam energy spread will
be fully cooled; thus, the frequency up-conversion effi-
ciency will be dramatically enhanced. This is the working
regime of the cooled HGHG. Then according to Eq. (1), the
bunching factor in the cooled HGHG is mainly determined
by the Bessel function term, which can be optimized by the
longitudinal dispersion of the chicane in Fig. 1(b). It means
that for a moderate beam energy modulation, the bunching
factor of the nth harmonic is about 0:67=n1=3.
In order to clearly illustrate the essence of the cooled

HGHG, GENESIS1.3 [31] simulations using minute trans-
verse emittance and beam size, i.e., 1D simulations, were
carried out on the basis of the parameters of the Shanghai
soft x-ray FEL test facility (SXFEL) [32]. The baseline

FIG. 1 (color online). A standard-HGHG system (a) consists of
a modulator undulator and a dispersive section. The proposed
cooled-HGHG scheme (b) includes a dogleg, a modulator un-
dulator with transverse gradient, and a chicane.
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Radiative Beam Cooling	
 
•  Telnov PRL 1997 
•  Yokoya NIMA 2000 
•  Esarey NIMA 2000  

– Cooling Equations (25) and (22) 

– Quantum fluctuations Eqs. (33) and 
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Estimations	


•  Esarey NIMA 2000
– γ0=400 (200 MeV) 

– λ0=1 µm 
– a0=5.3 (7.7x1019 W/cm2) 
– LR~300 µm 

•  FEL 
– γ0=2000 (1 GeV) 
– λ0=1 µm 
– a0=85 (1x1022 W/cm2) 

– LR~0.5 µm 
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•  Huang et al PRL 1995 
– Continuous focusing channel  

– Recoil like Mössbauer effect 

•  Huang et al PRL 1998 

•  Sub-µm size channels→Carbon nanotubes 
– Y. M. Shin, et al., NIMB 355, 94 (2015) 
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result of radiation (anti-)damping (the first term) and
quantum excitation (the second term) in this combined-
function system. The relative amount of radiation damping
and quantum excitation, as well as the natural emittance
(if any), can be determined by a single dimensionless
parameter j, which is a measure of the radiation formation
length in units of the reduced betatron wavelength.
In normal synchrotrons and storage rings, the radiation

formation length is much shorter than the reduced betatron
wavelength, i.e., ryg ø b or j ø 1, and Eq. (27)
becomes

d´N

dt
≠ Gb

(√
´N 2

l-c
2

!
1 l-c

55
p

3
96j3

)

≠ Gb

(√
´N 2

l-c
2

!
1 l-c

55
p

3 g3

96n3

)
, (28)

where n ≠ ryb is the betatron tune for the simple
system. The first term of Eq. (28) is antidamping instead
of damping because the combined-function system studied
here has a negative horizontal damping partition number
sJx ≠ 21d [3]. However, the second term of Eq. (28)
gives the same quantum excitation rate as that using the
quasiclassical model in a smooth storage ring [3].
In the opposite limit, where r ! ` (a straight focusing

channel), we have ryg ¿ b or j ¿ 1; Eq. (27) then
reduces to

d´N

dt
≠ 2Gbj2

√
´N 2

l-c
2

!
≠ 2Gc

√
´N 2

l-c
2

!
, (29)

where Gc ≠ Gbj2 ≠ 2reKy3mc is the damping rate due
to the focusing field, and re ≠ e2ymc2 is the classical
electron radius. As expected, no quantum excitation is
induced, and the fundamental emittance l-cy2 can be
reached in the ideal focusing channel [4].
In the intermediate regime where the radiation for-

mation length is on the order of the reduced betatron
wavelength sryg , bd, the rate of quantum excitation is
exponentially suppressed according to Eq. (27) and starts
to depart from the result based on the quasiclassical model
(Fig. 1). A physical interpretation can be given as fol-
lows: The transverse energy levels of the electron are well
separated as a result of the strong focusing force. Radia-
tive transition to higher transverse levels becomes impos-
sible for the electron with almost all photon emissions, and
hence the quantum excitation is suppressed by the focusing
environment.
Although the vertical motion is omitted from our sim-

plified model, it can be included in our analysis without
difficulty. It is clear that quantum excitation to the ver-
tical emittance will be similarly suppressed by the ver-
tical focusing force when the radiation formation length

FIG. 1. Quantum excitation rate in units of Gbl-c , predicted by
(a) the quasiclassical model, i.e., the second term of Eq. (28),
and (b) the quantum mechanical perturbation approach, i.e., the
second term of Eq. (27).

becomes comparable to the reduced betatron wavelength
in the vertical direction. In addition, we note that all of the
above results can be extended to alternating-gradient and
separated-function systems when longitudinal variations
of both bending and focusing fields are short compared
with the radiation formation length. Thus, the electrons
in such lattices will damp instead of antidamp in the hori-
zontal direction, and the natural transverse emittance may
be substantially reduced because of the enhancement of ra-
diation damping and the suppression of quantum excitation
due to very strong focusing. In Ref. [6], we have provided
preliminary lattice considerations on a focusing-dominated
damping ring based on the results obtained in this Letter,
and discussed some limiting effects to the ultimate emit-
tance of an intense electron beam. Generation of ultralow
emittance electron beams is an interesting subject in its
own right, and the effects discussed here may have poten-
tial applications in novel accelerators or light sources.
This work is supported by Department of Energy,
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Conclusions	

•  Stable injection beams possible 
•  Injection with larger energy spread 

– Staged acceleration 

– Or TGU 

•  Cooling possible 
•  Measurement possible with betatron 

radiation	
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