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Directly	relate	opIcal	frequencies	to	RF	
	⇒	OpIcal	clocks.	
	⇒	Precision	measurement.	

	
Also	essenIal	for	aOosecond	physics	
through	carrier	envelope	phase	control.	

Comb	tooth	linewidth	
determined	by	coherence	=me	
of	pulse	train,	not	the	pulse	
dura=on!	

Frequency	Combs	
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•  frep	and	f0	are	electronically	countable	frequencies.	How	do	you	measure	them?	
		
•  frep	is	easy!	Just	count	pulses	arriving	at	detector.	

•  f0	is	related	to	the	opIcal	phase,	and	thus	requires	an	interferometric	
measurement	of	the	light	wave’s	phase	evoluIon,	either	by	

	 	(1)	beaIng	the	comb	against	itself	(self-referencing)	
	(2)	beaIng	the	comb	against	an	opIcal	reference	frequency	previously	linked			

															to	the	Cs	standard	

Requires		Nonlinear	OpIcs	
(e.g.	superconInuum	
generaIon)	

Requires		previously	
determined	absolute	
reference	frequency.	

Neither	of	these	exist	at	x-ray	wavelengths	



Use	Laser	Physics?	

•  In	principle,	the	f0	of	a	comb	is	uniquely	determined	by	the	physics	of	the	
mode-locked	laser	that	created	it,	so	that	in	principle	if	one	measured	
everything	about	the	laser	cavity	and	gain	medium,	one	could	predict	the	
f0	of	the	comb.	

•  But	in	pracIce	this	is	impossible!	Very	subtle	changes	in	the	gain	medium,	
opIcs,	alignment,	etc.	can	make	large	changes	in	f0	(and	this	is	commonly	
exploited	for	feedback	and	control.)		

•  However…	perhaps	the	XFELO	is	different	in	that	it’s	gain	medium	(the	
electron	bunch)	is	spit	out	every	round	trip,	and	the	phase	evolu=on	of	
the	microbunching	paGern	in	the	ejected	electron	bunches	is	the	same	as	
the	intracavity	light.	

This	is	the	key	idea	to	explore	with	the	accelerator	physics	people.	
	Can	you	measure	the	microbunching	structure	shot	by	shot	or		
	produce	longer	wavelength	radia8on	using	these	ejected	bunches	
	with	the	same	(or	determinis8cally	related)	f0	?	
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Fresh e‐beams

May be regarded as ann infinite 
chain of seeded sections

Zizag cavity for tuning:
R. M.J. Cotterill (1968, ANL); KJK and 
Y. Shvyd’ko (2009)
Diamond can be used for 
all cases ( best thermo-
mechanical properties)

XFELO IHEP Beijing KJK

Right	now	the	electron	bunch	is	just	desIned	for	a	beam	dump,	
but	the	x-ray	phase	informaIon	is	encoded	in	this	bunch.	

Can	you	measure	the	microbunching	structure	
shot	by	shot	or	produce	longer	wavelength	
radia8on	using	these	ejected	bunches	with	the	
same	(or	determinis8cally	related)	f0	?	

From	XFELO	introducIon	slides…	



Coherent	OpIcal	TransiIon	RadiaIon	Coherent	OpIcal	TransiIon	RadiaIon	

•  RelaIvisIc	electron	bunches	can	produce	long-wavelength	radiaIon	
upon	passing	through	foils,	and	this	radiaIon	is	coherent!	

TransiIon	RadiaIon	

Electron	bunch	

Foil	

Interference phenomenon in optical transition radiation and 
its application to particle beam diagnostics and multiple-
scattering measurements 
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The optical transition radiation emitted by electron-irradiated aluminum, silver, gold-coated plates, and self-
supported aluminum and Mylar films has been investigated experimentally. The investigation was made 
with an electron beam incident at 45·, having a mean intensity of I /-tA, and an energy which was varied 
from 35 up to 72 MeV (68.5 < y < 140.9). The study of the angular distribution and degree of polarization 
has shown that the high-directivity radiation is emitted around the direction of specular reflection and that 
the contribution of the optical bremsstrahlung is negligible. When two parallel foils are used, the resulting 
angular distribution exhibits an oscillating behavior arising from the interference of the fields emitted at 
both interfaces. This interference phenomenon is strongly related to the so-called formation zone in a 
vacuum, introduced by Garibyan. The intensity of light integrated in a small aperture at the center of the 
interference pattern presents a strong y dependence (of the form y8) which was exploited in the optimization 
of the phase adjustment of the electron bunches in the accelerating sections of the machine. In such a 
device using the interference phenomena in transition radiation, the possibility of measurements of the 
beam energy with a precision of about I % has also been shown. On the basis of the visibility of fringes, the 
angular spread of the electron beam and the mean-square scattering angle in a given material were also 
estimated. 

PACS numbers: 29.25. 

I. INTRODUCTION 
More than 25 years ago, Frank and Ginzburg pre-

dicted the existence of the so-called transition radia-
tion. 1 This effect was discovered during a period in 
which Russian theoreticians made an extensive effort in 
the area of radiation-producing phenomena after the 
discovery of the Cerenkov effect. Actually, transition 
radiation can be considered, from a phenomenological 
point of view, as a Cerenkov effect of the second order 
since it is produced whenever a uniformly moving 
charged particle crosses the boundary between two 
media with different dielectric constants. More gen-
e rally, the effect will take place in the presence of in-
homogeneities in a medium. 2 

Through the years, experimental investigations de-
voted to this effect were undertaken mainly with non-
relativistic electrons, in order to firmly establish the 
validity of the theory, in spite of inconvenience arising 
at these low from the simultaneous existence 
of scattering of the electrons and, consequently, of 
bremsstrahlung radiation. As the latter, unlike transi-
tion radiation, is generally assumed to be unpolarized, 
criteria based upon the polarization of the observed 
light were used to separate the two effects, though the 
question of interference between them was only theoret-
ically examined. 3,4 

In recent years renewed interest in this type of radia-
tion was brought about since Garibyan predicted that 
the total transition radiation yield was proportional to 
the energy of the bombarding particle. 5 The application 
of this property to the detection and identification of 
individual particles was the main goal of scientists con-
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cerned with nuclear physics, high-energy physics 
instrumentation, cosmic rays, and astrophysics. In 
their pioneer work, Yuan et al. 6 demonstrated the va-
lidity of Garibyan's prediction, operating with positrons 
in the GeV region. 

For a single interface, the radiation yield produced 
by an individual electron is very weak; it is of the order 
of the fine-structure constant, i. e., roughly one photon 
for hundred electrons. It turns out that in the above-
mentioned applications, the use of a stack of foils rather 
than a single one is the principal condition for the ob-
servation of the effect, The use of such an arrange-
ment was first suggested by Frank in his Nobel lecture. 7 

However, for the detection of very high-energy parti-
cles' the choice of such a stack of foils appears to be 
untrivial: the influence of the thickness of the foils as 
well as the distance between them must be carefully 
studied. This arises from the consideration of the so-
called formation zone effect introduced by Garibyan. 8 

The question was further experimentally examined by 
Yuan et al. who noted the influence of these paramenters 
on the total photon yield. 9 We recall that the formation 
zone has generally been physically understood as the 
minimum distance inside a medium required for the 
electromagnetic field of the incident particle to reach 
its new equilibrium configuration. 

In a recent paper, Belyakov et al. claimed that they 
observed the interference effect of transition radiation 
(which is strongly related to the formation-zone effect 
as will be shown in Sec. II) in their spectral investiga-
tion of the hard x-ray region. 10 However, a great deal 
of blurring out of the oscillations and the presence of an 
important background level in their measurements show 
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FlG. 9. 'Y dependence of the normalized number of transition 
radiation photons llt the center of the pattern for the two-foil 
arrangement and for different values of 80 (AI-coated foils); 
L=9.9 mm; A=4530 A; 6A=190 A; (a) 80=2.1 mrad; (b) 80 
= 2. 8 mrad; (c) 80= 4. 0 mrad; (eI) 80= 5. 7 mrad; (e) 80= 22 mrad. 

The y dependence of the intensity of light at the 
center of the pattern, integrated in a given small solid 
angle (cone with apex angle 00) is shown in Fig. 8 
where, for comparison, the intensities are normalized 
to the intensity No observed at the nominal energy (y 
= 130, of the accelerator. Curve 8(a) is for the same 
conditions (distance L and wavelength x) as in Fig, 6, 
Varying the energy from y = 130 down to y = 55, the first 
minimum encountered corresponds to the destructive 
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interference of the second order, The most remarkable 
behavior of this registered pattern is the increased de-
pendence of intensity on y, as compared with the case of 
the single interface. From curve 8(a), it can be seen 
that, for certain ranges of y, a variation of 1% in y 
gives a corresponding variation of about 8% in the sig-
nal. Figure 8(b) corresponds to a smaller value of L; 
in this case, the first minimum is of the first order and 
the OSCillations, though of great amplitude, are less 
rapid than in the above case, Curve 8(c) was obtained 
for a different selected value of X corresponding to a 
decrease in the fractional order Po at y = 130. 

A straightforward application of the strong y depen-
dence was the optimization of the phase adjustment of the 
electron bunches in the accelerating sections of the 
machine. For a l-/-LA accelerated mean current, this 
adjustment was achieved in the range ±2° of the rf phase 
shifter, while the conventional technique, using the de-
fleeting magnet together with a 1% resolution slit and 
rather sophisticated electronic devices, would give an 
adjustment of the order of ±10°. This comparison 
suggests that, for this application, a simple device using 
the interference phenomena in transition radiation 
should give better results than the usual procedure, at 
very small accelerated currents. 

Figure 9 shows the variation of the radiation intensity 
at the center of the pattern for a given value of L and for 
different angles of integration 00 • When 00 is large com-
pared to y-1, the registered intensity corresponds to a 
great number of fringes and, if the angular radii of 
fringes are much smaller than y-1 (as is the case since 
L» Zv), the oscillatory behavior tends to disappear. 
The first minimum (Po = 1) was extrapolated to vanish-
ingly small apertures (dashed lines) and the value of y 
obtained was in excellent agreement with theory (theo-
retical value y=104.5; experimental y=105.5). 

A device using interference phenomena in transition 
radiation could be a simple tool for energy measure-
ments with a precision of about 1 %. 

10 20 m.rod. 

FIG. 10. Transition radi-
ation patterns for the two-
foil arrangement: 'Y= 141. 9; 
L = 13. 5 mm; A = 4530 A; 
6A = 190 A; 80= 0.5 mrad. 
Foil I: (a) aluminum-
coated Mylar. (b) Uncoated 
Mylar. 

Wartsk i et al. 3651 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  129.49.50.222 On: Sat, 25 Jun 2016
21:03:11



Coherent	OpIcal	TransiIon	RadiaIon	
•  COTR	is	a	commonly	used	accelerator	diagnosIc	for	measuring	

beam	sizes	and	temporal	profiles.	Has	been	used	for	both	
convenIonal	accelerators	and	wakefield	accelerators.	

•  And	it	has	been	used	to	study	microbunching	in	FELs…	

Single-Shot Coherent Diffraction Imaging of Microbunched Relativistic Electron Beams
for Free-Electron Laser Applications

A. Marinelli,1 M. Dunning,2 S. Weathersby,2 E. Hemsing,2 D. Xiang,2 G. Andonian,1 F. O’Shea,1 Jianwei Miao,1

C. Hast,2 and J. B. Rosenzweig1

1Department of Physics and Astronomy, University of California Los Angeles, Los Angeles, California 90095, USA
2SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

(Received 12 July 2012; published 1 March 2013)

With the advent of coherent x rays provided by the x-ray free-electron laser (FEL), strong interest has

been kindled in sophisticated diffraction imaging techniques. In this Letter, we exploit such techniques for

the diagnosis of the density distribution of the intense electron beams typically utilized in an x-ray FEL

itself. We have implemented this method by analyzing the far-field coherent transition radiation emitted

by an inverse-FEL microbunched electron beam. This analysis utilizes an oversampling phase retrieval

method on the transition radiation angular spectrum to reconstruct the transverse spatial distribution of the

electron beam. This application of diffraction imaging represents a significant advance in electron beam

physics, having critical applications to the diagnosis of high-brightness beams, as well as the collective

microbunching instabilities afflicting these systems.

DOI: 10.1103/PhysRevLett.110.094802 PACS numbers: 41.60.Cr, 41.75.Ht, 42.30.Rx

X-ray free-electron lasers (XFELs) [1,2] are a unique
tool for the investigation of ultra-small and ultra-fast
systems, permitting unprecedented studies of atomic-
molecular structure at the angstrom length and femtosec-
ond time scale. The XFEL is an example of a new class of
intense, coherent electromagnetic sources, which can be
fully exploited in measurements by the introduction of
innovative, diffraction imaging-based techniques [3,4].
Diffraction imaging requires the use of sophisticated
phase-retrieval methods that indeed permit detailed inves-
tigations of spatial structures down to the x-ray diffraction
limit. This new approach to imaging, stimulated by the
burgeoning availability of coherent sources, is rapidly
diffusing into a wide range of different applications. In
this vein, we extend diffraction imaging techniques to a
new frontier application in the physics of intense electron
beams and provide a first demonstration of the newly
proposed method.

An XFEL is a complex system that may be described as
a controlled beam-radiation instability. The successful op-
eration of an XFEL requires use of a low-emittance, high
peak current electron beam. The generation, compression,
and transport of such high-brightness relativistic electron
beams poses many challenges, due particularly to parasitic
beam instabilities that amplify the beam’s shot-noise-
derived microbunching during beam compression. This
type of collective effect may be broadly identified as the
microbunching instability (MBI) [5–9]. The MBI may
generate strong perturbations in the beam’s longitudinal
phase space which serve to reduce the efficiency of the
downstream FEL [6,10]. Most importantly, MBI may also
induce the emission of coherent optical transition radiation
(coherent OTR, or COTR) in beam diagnostics [11–14],
severely compromising the utility of optical transition

radiation-based measurements. While the effect of the
microbunching instability on the FEL performance per se
can be mitigated using a laser heater [10], this approach
does not effectively suppress COTR emission in diagnos-
tics [10]. This situation renders conventional OTR-based
diagnostics ineffective for compressed high-brightness
electron beams.
In this Letter, utilizing methods originally employed in

coherent x-ray imaging, we propose and experimentally
test a method that exploits the coherent radiation rather
than attempting to avoid or eliminate coherence effects in
beam diagnostics. This approach, which uses the micro-
bunching present in an electron beam to give a single-shot,
far-field COTR image, yields a robust path for the recon-
struction of the transverse spatial structure of the beam
microbunching. We report on the experimental demonstra-
tion of this technique at the Next Linear Collider Test
Accelerator (NLCTA), located at the SLAC National
Accelerator Laboratory.
The coherent imaging technique proposed provides a

general method for the reconstruction of the beam micro-
bunching profile from the far-field COTR image. This
technique has a number of important applications that
depend on how the microbunching arises in the electron
beam. For example, it can be applied as an advanced
diagnostic for the FEL interaction, in which the entire
electron beam transverse profile contributes to the for-
mation of microbunching. It can also be applied to yet
more complex cases, as typified by the space-charge
induced optical microbunching, in which the beam den-
sity modulation may be transversely incoherent [8,9], or
to novel types of microbunching with more complex
topological dependencies. An example of the latter case
is found in the helical microbunching structure used to
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Temporal Characterization of Femtosecond Laser-Plasma-Accelerated Electron Bunches
Using Terahertz Radiation

J. van Tilborg,1,* C. B. Schroeder,1 C. V. Filip,2 Cs. Tóth,1 C. G. R. Geddes,1 G. Fubiani,1,† R. Huber,1 R. A. Kaindl,1

E. Esarey,1,2 and W. P. Leemans1,2

1Lawrence Berkeley National Laboratory, University of California, Berkeley, California 94720, USA
2University of Nevada, Reno, Nevada 89557, USA
(Received 1 July 2005; published 4 January 2006)

The temporal profile of relativistic laser-plasma-accelerated electron bunches has been characterized.
Coherent transition radiation at THz frequencies, emitted at the plasma-vacuum boundary, was measured
through electro-optic sampling. Frequencies up to the crystal detection limit of 4 THz were observed.
Comparison between data and theory indicates that THz radiation from bunches with structure shorter
than ’ 50 fs (root-mean-square) is emitted. The measurement demonstrates both shot-to-shot stability of
the laser-plasma accelerator and femtosecond synchronization between bunch and probe beam.

DOI: 10.1103/PhysRevLett.96.014801 PACS numbers: 29.25.Bx, 41.60.!m, 52.38.Kd

Laser-driven plasma-based accelerators [1–9] are of
great interest to the scientific community because of the
ultrahigh accelerating gradients generated, and the high-
brightness electron bunches that are produced. In such
an accelerator, a focused intense (>1019 W cm!2) laser
pulse drives a plasma density wave, oscillating at the
plasma frequency. For a sufficiently large amplitude
wave, plasma electrons can be trapped and accelerated to
relativistic energies. Accelerating gradients on the order of
10–100 GV m!1 and generation of multi-nC electron
bunches have been demonstrated [3–9]. Simulations and
theory [10,11] indicate that the electron bunches are in-
trinsically short and dense since the transverse bunch size
is on the order of the laser spot size ("10 !m), and the
bunch length is on the order of the plasma wavelength
(typically 5–20 !m, depending on the plasma density).
The laser, the relativistic electrons, and secondary radia-
tion such as " rays [12], x rays [13,14], and THz waves
[15–17] are intrinsically synchronized in time. The com-
pact accelerator size, the ultrashort electron bunch genera-
tion, and the synchronized radiation emission open a broad
perspective for future scientific experiments.

Temporal characterization of electron beams produced
by conventional accelerators has been performed either by
analyzing the direct Coulomb field of the bunch [18–22],
or by characterizing coherent transition radiation (CTR)
[23–25]. CTR is emitted by the electron bunch as it
propagates from one medium to another [26], e.g., through
a metallic foil. Note that CTR measurements at conven-
tional accelerator facilities have generally focused on the
angular and spectral intensity distribution rather than on
the direct (electric field) CTR waveform. For the laser-
plasma accelerator [also referred to as laser-wakefield
accelerator (LWFA)], the plasma-vacuum interface acts
as the CTR media transition and LWFA-produced CTR
at THz frequencies has been measured [15–17,27].
Previous CTR experiments on LWFA-produced electron

bunches have focused on measuring THz pulse energy and
polarization [15], and two energy measurements in differ-
ent spectral ranges of detector acceptance suggested the
existence of sub-100 fs bunch structure [27]. However, to
date, neither extensive spectral analysis, nor temporal
characterization of the THz pulse and the LWFA electron
bunch profile have been realized.

In this Letter we report on direct THz waveform mea-
surements (amplitude and phase), obtained with an electro-
optic (EO) sampling technique [18–22,28–30], performed
to derive temporal properties of the LWFA electron beam.
Through the EO effect, the THz waveform induces a
change in birefringence of a crystal, proportional to the
THz electric field strength and sign, which is then probed
by a femtosecond laser beam (probe beam). By scanning
the delay between the THz pulse and probe beam, a full
THz waveform was recorded. This measurement also dem-
onstrates LWFA stability and applicability in pump-probe
type of experiments.

The experiments were performed with the high-power
Ti:Al2O3 laser of the LOASIS facility at the Lawrence
Berkeley National Laboratory [27]. A schematic of the ex-
perimental configuration is shown in Fig. 1. A Ti:Al2O3
laser beam (wavelength of #0 # 800 nm) was focused
[spot size ’ 3:6 !m root-mean-square (rms)] by an off-
axis parabola (OAP1) onto Helium gas emerging from a
gas jet (diameter of 2 mm) with a backing pressure of
1000 psi. The peak electron density in the plasma was 3$
1019 cm!3, corresponding to a plasma wavelength of #p #
6 !m. The total charge of the electron bunch was ’ 2:4 nC
(measured 50 cm from the gas jet). The electron energy
distribution g%E&, measured by a magnetic spectrometer
and averaged over multiple shots, showed an exponential
form of g%E& " exp%!E=Et&, with Et # 5 MeV. Part of
the THz radiation was collected and collimated by an F=2
90'-off-axis parabola (OAP2, 15 cm focal length), posi-
tioned off center ($ # 19' with respect to the main propa-
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First Observation of z-Dependent Electron-Beam Microbunching
Using Coherent Transition Radiation

A. H. Lumpkin, R. Dejus, W. J. Berg, M. Borland, Y. C. Chae, E. Moog, N. S. Sereno, and B. X. Yang
Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439

(Received 21 July 2000)

We report the first measurements of the electron-beam microbunching z dependence in a self-amplified
spontaneous-emission (SASE) free-electron laser (FEL) experiment by the observation of visible wave-
length coherent transition radiation (CTR). In this case the fundamental SASE wavelength was at
537 nm, and the CTR exhibited an exponential intensity growth similar to the SASE radiation. In addi-
tion, we observed for the first time structure in the CTR angular distribution patterns that may be useful
for optimizing SASE FEL performance.

DOI: 10.1103/PhysRevLett.86.79 PACS numbers: 41.60.Cr, 41.60.Ap

One of the fundamental predictions of the models de-
scribing the self-amplified spontaneous emission (SASE),
free-electron laser (FEL) process is the longitudinal micro-
bunching of the electron beam as it copropagates with the
optical beam in the undulator [1–4]. As the fraction of a
microbunched electron beam increases along the length z
of the undulators, so does the coherent radiation produc-
tion. This leads to the exponential gain regime. A review
of the experimental efforts up to 1997 has been given by
Kim [5]. Some experiments have shown high gain at the
end of an undulator [6], and exponential growth as a func-
tion of z of the undulator radiation (UR) has been mea-
sured in the cm wavelength regime [7] and more recently
in the visible wavelength regime [8]. Initial microbunch-
ing experiments in the far infrared have been reported, but
only at a single sample point [9,10]. In this Letter, we re-
port the first z-dependent measurements of electron-beam
microbunching in a SASE FEL experiment by evaluating
the visible-wavelength coherent transition radiation (CTR)
emitted. The CTR intensity was sampled between undula-
tor sections within a 12.0-m undulator length by inserting
a 6-mm-thick Al foil just upstream of the radiation pickoff
mirrors. These data were taken just after the z-dependent
undulator radiation data were acquired. Since the funda-
mental UR and CTR were in the visible wavelength regime,
we took full advantage of the imaging diagnostics to obtain
intensity, angular distribution, spatial profile, and spectral
information. In addition to showing clearly the exponen-
tial growth of CTR intensity along the undulator length, the
structure and localized enhancements in the CTR angular
distribution patterns suggest strongly that both interfer-
ence phenomena and electron beam/photon beam overlap
aspects are involved. The former effect is an analog to
two-foil optical transition radiation interferometry (OTRI),
which can be used to evaluate beam divergence and angu-
lar direction [11,12]. The latter aspect relates to the funda-
mental criterion to align (in transverse position and angle)
the electron beam and photon beam to maximize the gain
in the SASE process.

A brief review of the generation of CTR is appropriate.
One begins by writing the differential radiation spectrum

equation as a function of the single particle spectrum [13]

d2U
dvdV

! N2
bFL"v#FT "v, u#x"u#

d2U
dvdV

Ç
single e2

,

(1)

where Nb is the bunch population and FL"v# and FT "v, u#
are the Fourier transform square amplitudes of the longitu-
dinal and transverse beam profiles, respectively. The factor
x"u# is used to address the finite divergence of the beam.

In the case of a microbunched beam produced in an
FEL, the beam transverse distribution needs to be taken
into account as in Refs. [9,14]. These authors then predict
that the number of photons scales as N2

b and the angular
spectrum is narrowed when nkrsx,y$g . 1, where n is
the harmonic number, kr is the radiation wave number
(and thus the beam modulation wave number), sx,y are the
transverse e-beam sizes, and g is the Lorentz factor. They
also predict the number of emitted photons for forward
CTR, normal incidence, and x"u# % 1,
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where a is the fine structure constant, bn is the bunching
fraction, and sz is the longitudinal size. Higher density
beams with large Nb and smaller sigmas are favorable
for CTR generation. In the experiments here, we have
both forward and backward CTR involved, but an identical
geometry is used after each of the last three undulators.
The observed exponential growth of the CTR is driven by
the z-dependent increase in the bunching fraction. We use
this technique rather than a single-point measurement after
one undulator [9,10]. The change in bn is sufficient for an
unambiguous signature since the multiple I"z# points are
easily referenced to the initial OTR value.

The experiments were performed using the thermionic
rf gun (No. 2) [15,16], the S-band linac normally used for
the injector system of the Advanced Photon Source (APS)
storage ring, and the set of five undulators as schematically
shown in Fig. 1. In this case the rf gun cavity was oper-
ated with a higher gradient than used for injection opera-
tions, and it was optimized for peak current by use of a
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FIG. 4. Results of the z-dependent intensity measurements for
UR (diamonds) and CTR. Both the UR and the peak CTR
(pluses) have a similar exponential growth corresponding to
Lg ! 1.3 m. The angle- and wavelength-integrated CTR data
(squares), however, have a growth consistent with Lg ! 2.3 m.

enhanced emissions of the transverse core of the e beam.
An average gain length of !1.6 m is indicated, which is in
reasonable agreement with the experiment and the nomo-
gram [22] value of 1.3–1.6 m based on Xie’s parametriza-
tion of SASE gain [23]. A calculated bunching fraction of
0.2% at the end of undulator 5 with a factor of 8 increase
after U1 is consistent with the CTR intensity growth us-
ing Eq. (2). The centroids of the angular distribution and
beam profiles were also calculated and showed jitter of
less than 60.1 mrad and 650 mm, respectively, in both
beams for 90% of the data. The intensity does fluctuate
!620%, and this is partly attributed to the SASE process
itself (although we are averaging over 25 micropulses).
The sub–0.5-ps electron bunch also leads to a GENESIS-
calculated narrow optical pulse that may have relevance to
eventual user experiments.

In summary, we have obtained the first direct verifica-
tion of the electron-beam bunching fraction evolution us-
ing CTR along the undulator in a SASE FEL experiment.
In addition, CTR interference effects in the angular distri-
bution have been observed for the first time as well as the
localized, hot spots in the distribution. These features can
be used to coalign the electron and photon beams and thus
optimize FEL performance. The use of CTR to image the
e-beam spot size within the undulator series with increased
light output over OTR is an added bonus, particularly since
it would be the core involved with SASE gain. The overall
stability of the thermionic rf gun beam transverse position
and its short optical pulse are features that are relevant to
potential user experiments. We look forward to further

experiments at higher gain (and at saturation with nine un-
dulators) and development of the modeling of these special
effects.
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Coherent	OpIcal	TransiIon	RadiaIon	

But…			I	think	the	COTR	from	the	microbunched	beam	at	x-ray	
wavlengths	will	again	be	at	x-ray	wavelengths	(not	useful).	The	COTR	
spectrum	for	a	bunch	is	essenIally	the	Fourier	transform	of	the	bunch	
profile.	
	
Here	is	an	example	with	an	IR	FEL:	
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Observation of Self-Amplified Spontaneous-Emission-Induced Electron-Beam Microbunching
Using Coherent Transition Radiation

A. Tremaine, J. B. Rosenzweig, S. Anderson, P. Frigola, M. Hogan, A. Murokh, and C. Pellegrini
Department of Physics and Astronomy, UCLA, 405 Hilgard Avenue, Los Angeles, California 90095-1547

D.C. Nguyen and R. L. Sheffield
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(Received 9 July 1998)
We report the measurement of electron-beam microbunching at the exit of a self-amplified

spontaneous-emission free-electron laser (SASE FEL), by observation of coherent transition radiation
(CTR). The CTR was found to have an angular spectrum much narrower than spontaneous transition
radiation and a narrow-band frequency spectrum. The central frequency of the fundamental CTR
spectrum is found to differ slightly from that of the SASE, a finding in disagreement with
previously invoked CTR theory. The CTR measurement establishes the uniformity of microbunching
in the transverse dimension, indicating the SASE FEL operates in a dominant transverse mode.
[S0031-9007(98)08027-2]

PACS numbers: 41.60.Cr, 41.60.Ap

Charged particle beams with microbunch structure, the
periodic modulation of the beam longitudinal profile, are
now present in a variety of experimental scenarios, e.g.,
free-electron lasers (FELs) [1], their inverse (IFELs) [2],
and advanced accelerators based on laser excitation of
plasmas and structures [3]. In the present investigation,
we focus on the microbunching that develops as a result
of the self-amplified spontaneous emission FEL (SASE
FEL) process [4]. This microbunching, which occurs at
the wavelength of the FEL radiation, is central to the FEL
gain process, as such a distribution produces radiation
coherently, giving rise to exponential gain.
The creation of ever shorter time structures in particle

beams has pushed the methods of longitudinal beam
diagnosis past the reach of time domain methods, such as
streak cameras [5] and rf sweeping [6], into the frequency
domain. Methods using coherent transition radiation
(CTR) have found wide use in diagnosing macrobunches
at the picosecond level [7,8]. CTR-based methods rely
on the fact that the spectrum of coherent radiation emitted
by the beam as it passes a transition radiation foil
is essentially the Fourier transform of the longitudinal
beam distribution. The transverse distribution is usually
unimportant in this case, because the bunch width is
typically much smaller than its length. This is not the
case for microbunching-induced CTR, as the wavelength
of the radiation is smaller than the bunch width [9].
The traditional analysis of CTR begins by writing

the differential radiation spectrum due to multiparticle
coherence effects as a function proportional to the single

particle spectrum [8],
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narrow band transition radiation, however, this factor is
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The case of a microbunched beam produced, e.g., in an

FEL or IFEL, has been worked out in detail in Ref. [9].
Here we need to extend the previous results to account
for asymmetries in the beam transverse distribution.
The microbunched beam distribution is therefore taken
to be
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is the radiation and, therefore, beam modulation
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of Ref. [9] predicts that the wave spectrum of CTR is
localized in peaks near these frequencies, with an angular
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where u and f are the polar and azimuthal angles with respect to the beam axis, respectively, and a > 1
137 . Several
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FIG. 3. SASE and CTR signals as a function of wavelength,
with CTR scaled to SASE amplitude.

give similar scale), are shown in Fig. 3. Both the CTR
and SASE signals are localized near the same wavelength,
with a small difference in the distribution centers. This
discrepancy points to a subtle error in the standard analy-
sis of CTR [8,9]. Because the radiation components are
summed by considering a temporal “snapshot” of the beam
distribution [8], the off-axis Doppler shifting of the radia-
tion, which is not created “at rest” by the foil, but over
a radiation formation length [15] by the relativistic elec-
trons, is not obtained. Within this region, the initially
radiated energy can interact with the bunched beam to
absorb and re-emit photons, thus rearranging the wave-
length spectrum. Initial analysis of this effect indicates
that it tends to shift the wavelength spectrum, as in the
FEL, towards l ! lf1 1 sgud2g. While the SASE radia-
tion is peaked at u ≠ 0, the CTR is peaked off axis, which
leads to a shift in the centroid of CTR wavelength with
respect of SASE by Dlyl > sgy2k

r

sd2 > 3.8%; the ob-
served shift is 3.3%.
In conclusion, we have demonstrated two critical as-

pects of the microbunching-induced coherent transition
radiation—the narrowing of the angular spectrum and
the formation of line structure in the wavelength spec-
trum. These observations have verified some aspects of
microbunching-induced CTR theoretical analysis but chal-
lenged others. In particular, this analysis must be redone
employing a model where the beam interacts with the ra-
diation over a formation length, as opposed to the instanta-
neous radiation model presently used [8,9]. Also, to have a
well understood diagnostic, which produces the expected
level of coherence, one must minimize the beam diver-
gence induced by the CTR foil. It should be emphasized
that this diagnostic method is important not only for FEL
experiments but for short wavelength advanced accelerator
experiments, such as the plasma accelerators [16], plasma-
based injectors [17], and direct laser acceleration [3].
It is equally useful to view the current experiments from

the FEL physics view point, as these measurements were

performed at a SASE FEL exit, verifying the crucial role
that microbunching plays in the gain process. The narrow
angular spread of the CTR signal indicates that the mi-
crobunching is fairly uniform in the transverse dimension;
otherwise, the CTR signal would have a less localized an-
gular spectrum. This information indicates that the FEL is
running with a dominant transverse mode and verifies the
microbunching expected from the SASE process. Also,
the agreement of measured and predicted photon number,
using the microbunching given by simulations, is espe-
cially encouraging, as it provides an independent check
on the code predictions. The CTR microbunching method
will be even more useful in next generation SASE FEL
experiments, in which the FEL should saturate. In this
case the signal will be larger, not only on the fundamental
radiation wavelength, but on the harmonics as well. The
large signal levels will allow closer investigation of off-
axis Doppler shift effects. The added information from
harmonics should permit a more detailed reconstruction of
the beam’s microbunch distribution.
This work was supported by U.S. Department of

Energy Grant No. DE-FG03-93ER0796 and Alfred P.
Sloan Foundation Grant No. BR-3225.
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What	to	ask	the	accelerator	people	
1.  Can	you	somehow	measure	shot	by	shot	the	microbunching	

structure	of	the	electron	bunch	in	a	phase	sensiIve	manner?	Does	
not	have	to	be	absolute,	just	need	phase	differences	pulse	to	pulse.	

2.			 	Can	COTR	from	the	ejected	microbunched	electrons	be	used									
	somehow	to	produce	a	comb	with	the	same	(or	determinisIcally	
	related)	f0,	but	at	longer	wavelengths?	

My	understanding	 from	a	 quick	 literature	 search	 is	 that	 this	 is	
beyond	the	state	of	the	art,	but	something	accelerator	physicists	
would	love	to	do	anyway.	

My	 understanding	 is	 that	 simply	 passing	 the	 electron	
macrobunch	through	a	foil	will	not	do	this,	but	perhaps	it	can	be	
decelerated	or	otherwise	manipulated	to	do	this.	



What	to	ask	the	accelerator	people	

4.  X-ray	energy	of	15	keV	will	be	the	5th	harmonic	of	the	microbunch,	is	it	
also	possible	to	extract	light	from	the	fundamental	of	the	microbunch	
(3	keV).	This	could	be	used	for	DFG	or	a	heterodyne	beat	with	
stabilized	laser	HHG	source.	

3.  If	not	COTR,	can	an	opIcal	comb	be	made	by	using	a	longer	
	wavelength	FEL	at	a	sub-harmonic	of	the	microbunching	paOern?	
	(similar	to	injecIon	locking).	

My	feeling	is	that	this	could	be	possible	but	challenging/expensive	

HHG	currently	only	demonstrated	out	to	1.6	keV	



If	you	could…	

Microbunched	
Eleectrons	from	XFELO	

OpIcal	Comb	
GeneraIon	

ConvenIonal	
Laser	Amplifiers	

ConvenIonal	
Nonlinear	OpIcal	

Comb	self-referencing	

X-ray/OpIcal	
Wavemixing	

	
DFG	Comb	is	f0	free!	

ARTICLE
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X-ray and optical wave mixing
T. E. Glover1, D. M. Fritz2, M. Cammarata3, T. K. Allison4, Sinisa Coh5,6, J. M. Feldkamp2, H. Lemke2, D. Zhu2, Y. Feng2,
R. N. Coffee2, M. Fuchs7, S. Ghimire7, J. Chen7,8, S. Shwartz8, D. A. Reis7,8,9, S. E. Harris8,10 & J. B. Hastings2

Light–matter interactions are ubiquitous, and underpin a wide range of basic research fields and applied technologies.
Although optical interactions have been intensively studied, their microscopic details are often poorly understood and
have so far not been directly measurable. X-ray and optical wave mixing was proposed nearly half a century ago as an
atomic-scale probe of optical interactions but has not yet been observed owing to a lack of sufficiently intense X-ray
sources. Here we use an X-ray laser to demonstrate X-ray and optical sum-frequency generation. The underlying
nonlinearity is a reciprocal-space probe of the optically induced charges and associated microscopic fields that arise
in an illuminated material. To within the experimental errors, the measured efficiency is consistent with first-principles
calculations of microscopic optical polarization in diamond. The ability to probe optical interactions on the atomic scale
offers new opportunities in both basic and applied areas of science.

Light–matter interactions have advanced our understanding of
atoms, molecules and materials, and are also central to a number of
areas of applied science. Although optical interactions have received a
great deal of study, the microscopic details of how light manipulates
matter are poorly understood in many circumstances. A material’s
optical response is complex, being determined by coupled many-body
interactions that vary on the scale of atoms rather than on the scale of
a long-wavelength applied field. Data are needed to combat this com-
plexity, and so far it has not been possible to probe the microscopic
details of light–matter interactions.

X-ray and optical wave mixing, specifically sum-frequency genera-
tion (SFG), was proposed nearly half a century ago as an atomic-scale
probe of light–matter interactions1,2. The process is, in essence,
optically modulated X-ray diffraction: X-rays inelastically scatter
from optically induced charge oscillations and probe optically polarized
charge in direct analogy to how standard X-ray diffraction probes
ground-state charge. Furthermore, the optically induced microscopic
field is determined because it is closely related to the induced charge3–6.
So far it has not been possible to measure these two quantities directly.
X-ray and optical wave mixing has frequently been discussed1,2,4,7–12, but
it has not yet been demonstrated owing to a lack of sufficiently intense
X-ray sources. More generally, although there have been theoretical
studies of nonlinear X-ray scattering13–18, experimental observations
have largely been confined to the spontaneous processes of X-ray para-
metric down-conversion19–23 and resonant inelastic X-ray scattering24,25.

X-ray free-electron lasers offer unprecedented brightness and new
scientific opportunities26. Here we use an X-ray laser to demonstrate
X-ray/optical SFG through the nonlinear interaction of the two fields
in single-crystal diamond. Optically modulated X-ray diffraction
from the (111) planes generates a sum-frequency (X-ray plus optical)
pulse. The measured conversion efficiency (3 3 1027) determines
the (111) Fourier component of the optically induced charge and
associated microscopic field that arise in the illuminated sample.
To within experimental errors of ,40%, the measured charge density
is consistent with first-principles calculations of microscopic
optical polarization in diamond. The ability to measure atomic-scale
charges and fields induced by light should contribute to a better

understanding of materials and create new ways to study photo-trig-
gered dynamics.

X-ray and optical wave mixing
X-ray and optical wave mixing is an atomic-scale probe of optical
interactions: X-rays provide atomic spatial resolution and light makes
it possible selectively to probe optically polarized valence charge1,2.
Sum-frequency radiation is produced when two applied fields
simultaneously drive a coherent electronic response; the second field
must polarize charge before the polarization due to the first
field decays. For X-ray/optical SFG, the simultaneously polarized
charge is equal to optically polarized valence charge because only this
charge has significant polarizability for both the optical and X-ray
fields. Tightly bound core electrons can only be polarized by the X-ray
radiation. More generally, as the ‘optical’ wavelength is varied through
the visible to the extreme-ultraviolet (EUV) and soft-X-ray regimes,
the polarized charge corresponds to different charge components in a
material. Therefore, various charge components can be selectively
probed by adjusting the ‘optical’ wavelength. The SFG technique
can, for instance, be extended to probe the full valence charge
distribution by mixing X-rays with EUV radiation of a frequency
high enough that all valence electrons respond uniformly as free
electrons8,20,23 (but low enough that the polarizability of tightly bound
core charge is negligible).

X-ray/optical SFG is a parametric scattering process analogous to
standard X-ray diffraction: kinematics are determined by energy and
momentum conservation, and the generation of an SFG field is
described by the wave equation. In direct analogy to standard X-ray
crystallography, inelastically scattered sum-frequency X-rays probe a
specific Fourier (that is, reciprocal-space) component of the charge
density. Specifically, given an optical wavevector ko and reciprocal
lattice vector G, X-ray/optical SFG measures the (Q 5 ko 1 G)th
Fourier component of the optically induced change, dro(Q), to the
valence charge density.

X-ray/optical SFG, and the closely related process of X-ray/optical
difference-frequency generation, probes the linear optical susceptibility
on a microscopic length scale. Higher-order X-ray/optical mixing
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processes can probe nonlinear optical susceptibilities. X-rays, for
instance, could scatter from optically induced charge oscillating at
twice the optical frequency and thereby be modified by two units of
the optical photon energy; this would make it possible to study the
atomic-scale details of optical second-harmonic generation.

Observation of X-ray/optical SFG
We choose diamond as the material in which to demonstrate X-ray/
optical SFG: its macroscopic optical27 and microscopic structural28

properties are well known and estimates exist for the X-ray/optical
SFG efficiency in diamond, although these estimates differ by a factor
of ,100 (refs 1, 9, 11). An X-ray pulse (8,000 eV, ,80 fs) and an
optical pulse (1.55 eV, ,2 ps, ,1010 W cm22) simultaneously illu-
minate a diamond sample slightly detuned from the optimum ori-
entation for elastic Laue geometry diffraction from the (111) planes
(Fig. 1a). Scattered X-rays are wavelength resolved using a Si(220)
crystal. The combination of sample detuning and wavelength dis-
crimination reduced the intensity of elastically scattered (back-
ground) light reaching our detector by seven to eight orders of
magnitude relative to optimum elastic diffraction conditions.

An SFG signal was detected at the expected sample and analyser
angles. The signal was observed to depend on the simultaneous pres-
ence of X-ray and optical beams, and on optimization we obtained a
signal rate of ,4,000 detected photons per second. An energy analyser
scan (Fig. 1b) confirms a detected photon energy equal to the sum of
the input X-ray and optical photon energies and indicates a rocking-
curve width (17 6 2mrad) in excellent agreement with the intrinsic
analyser rocking-curve width (,17 mrad). This indicates that the SFG
beam is spectrally narrow and well collimated compared with the

energy spread (,310 meV) and angle spread (,17 mrad) transmitted
by the analyser (called the analyser acceptance). Simulations dis-
cussed below are in agreement with this observation.

The analyser was fixed in position and the variation of SFG power
with sample angle was measured (Fig. 1c). The signal is sharply
peaked at the angle satisfying energy and momentum conservation,
and the measured rocking-curve width (8.1 6 0.7 mrad) is equal, to
within the errors, to half the measured analyser width (17 6 2 mrad).
A sample rotation of dh causes a 2dh rotation of the output beam,
which indicates that the sample rocking-curve width is set by the
limited energy and angle acceptance of the analyser. This observation
supports the above conclusion obtained from consideration of the
analyser rocking curve (Fig. 1b), namely that the SFG beam is narrow
in energy and angle compared with the analyser acceptance. These
observations place a lower limit of ,8mrad on the SFG rocking-curve
width because the SFG intensity is constant over an angular range
(,8 mrad) limited by the finite analyser acceptance. Simulations dis-
cussed below predict an SFG rocking-curve width of 20mrad.

Figure 1d shows how the SFG signal varies with rotation of the
optical polarization vector. We expect the efficiency to vary as
(eoNG111)2, where eo is the optical polarization vector and G111 is the
(111) lattice vector. This scaling reflects the quadratic dependence of
SFG efficiency on the linearly induced optical charge, which in turn
varies as eoNG111. The SFG signal exhibits the expected dependence: it
is maximized when eo is in the scattering plane and it is zero when eo is
normal to the scattering plane.

The SFG efficiency was determined by measuring the incident
X-ray pulse energy (photons per pulse) and, under both elastic Laue
and SFG conditions, the outgoing X-ray pulse energy. The measured
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Figure 1 | X-ray/optical SFG experiment. a, Experimental layout for
generation of X-ray (8-keV) and optical (1.55-eV) SFG in diamond. a.u.,
arbitrary units. b, SFG signal versus energy analyser angle. Inset, energy relative
to 8 keV. The black line is a Gaussian fit (310 6 35 meV, 17 6 2-mrad full-width
at half-maximum). The SFG energy exceeds the X-ray energy by one optical
photon. c, SFG signal versus diamond-sample angle: average of three data scans
(width, ,8mrad; black line) and individual scans (markers). Energy and
momentum conservation is satisfied at h 2 hBragg < 70mrad. Inset, sample
rocking curve for elastic diffraction (width, ,65mrad). d, SFG signal

(measured, blue; expected variation, black) versus angle of optical polarization
vector (eo). The signal is maximum when eo is in the diffraction plane (0u) and is
zero when eo is normal to the diffraction plane (690u). e, SFG signal versus
X-ray/optical time delay (raw data, blue markers; one-point-smoothed data,
blue curve). Black cross-correlation curve (2.5-ps full-width at half-maximum):
solution of wave equation for an 80-fs X-ray pulse and a 1.7-ps optical pulse.
Inset, SFG signal versus optical intensity. The red line is a fit to a linear
dependence on optical intensity.
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