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Report	  EMSL	  Ultrafast	  TEM	  workshop,	  June	  14-‐15	  2011	  

Ultrafast	  structural	  dynamics	  

The	  challenge:	  
combine	  atomic	  spaKal	  
and	  temporal	  resoluKon,	  

0.1	  nm	  and	  0.1	  ps	  



X-‐ray	  or	  electron	  pulse	  	  

ultrafast	  diffracKon	  
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Pump-‐probe	  method	  	  



X-‐ray	  or	  electron	  pulse	  	  

ultrafast	  diffracKon	  
radia1on	  damage,	  repeatability	  →	  single-‐shot!	  

Pump-‐probe	  method	  	  
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Full	  diffracKon	  paRern	  in	  a	  
single	  femtosecond	  shot	  
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Since	  2009:	  XFEL	  
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Femtosecond,	  single-‐shot	  X-‐ray	  diffracKon	  of	  protein	  nanocrystals	  	  
(Chapman	  et	  al.,	  Science	  2011)	  

Since	  2009:	  XFEL	  



X-‐rays:	  
Thomson	  sca+ering	  

Electrons:	  
Rutherford	  sca+ering	  

Complementary	  informa:on!	  

high	  density,	  bulk	  
3D	  protein	  crystals	  

gas	  phase,	  surfaces	  
2D	  membrane	  proteins	  

29 26.6 10  mTσ
−= × 24 210  mRσ

−>

X-‐rays	  vs	  electrons	  
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Property Electrons	  (100	  keV) Hard	  X-‐rays	  (10	  keV) 

Wavelength 0.04	  	  Å 1.2	  	  Å 

Beam	  control Charged	  parKcle	  opKcs,	  
BUT	  space	  charge	  effects 

OpKcs	  challenging 

Beam	  coherence <	  10-‐4	  (EM) >>1	  (XFEL) 

RaKo	  (inelasKc/elasKc)	  
scaRering 

3	  (carbon) 10 

Energy	  deposited	  per	  
elasKc	  event 

1 >1000 

ElasKc	  mean	  free	  path	   1	   105	  –	  106	  

X-‐rays	  vs	  electrons	  
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RaKo	  (inelasKc/elasKc)	  
scaRering 

3	  (carbon) 10 

Energy	  deposited	  per	  
elasKc	  event 
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ElasKc	  mean	  free	  path	   1	   105	  –	  106	  

X-‐rays	  vs	  electrons	  

IPAC	  '15,	  May	  7th	  2015	   9	  106-‐107	  (0.1-‐1	  pC)	  electrons	  sufficient	  for	  single-‐shot	  diffrac:on!	  
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G.	  Mourou	  and	  S.	  Williamson,	  APL	  41,	  44	  (1982)	  
S.	  Williamson,	  G.	  Mourou	  and	  J.	  C.	  M.	  Li,	  PRL	  52,	  2364	  (1984)	  

Ultrafast	  Electron	  Diffrac1on	  (UED)	  
first	  genera1on	  

First	  demonstraKon	  with	  ps	  pulses	  by	  Mourou	  &	  coworkers	  in	  1980s	  



IPAC	  '15,	  May	  7th	  2015	   11	  

Rep. Prog. Phys. 74 (2011) 096101 G Sciaini and R J D Miller

Figure 3. (A) FED layout. A fs-optical pulse (blue) generates, via the photoelectric effect, a fs-electron pulse by back-illuminating a 15 nm
thick gold film. Electrons are accelerated by a 60 kV dc potential drop over a distance of da = 6 mm and collimated by a magnetic lens
before scattering off the irradiated sample’s area to generate a diffraction pattern at the screen. The sample is located at a distance of
ds = 2.4 mm from the anode. The electron spot size (150 µm) is given by the anode’s aperture. By recording snapshots at various time
delays between the fs-excitation pulse and the fs-electron pulse, structural movies are reconstructed. (B) Dependence of the electron pulse
duration at the sample position on the number of electrons per pulse as calculated from N -body simulations performed with the GPT
code [68]. Simulations were performed for different values of initial energy spread at the photocathode for a laser pulse duration of 50 fs.

2.5. RF pulse compression electron gun designs

Based on the calculations shown in figure 1, we have developed
an rf pulse compression system to invert the linear chirp and
temporally focus the electron pulses. The rf compression
cavity is a standard design used for particle accelerators. A
cylindrical TM010 rf pill box is the simplest design capable of
recompressing electron bursts by providing an axial electric
field which is uniform along the cavity axis and varies in
time according to Ez(z, t) = E0(z) cos(2πf t + ϕ) where,
f ≈ 3 GHz is the resonant frequency of the cavity and ϕ

a phase chosen to be zero when the centre of the electron
pulse crosses the centre of the cavity in order to assure that
there is no overall gain or loss of energy. The choice of a
frequency of 3 GHz was made to benefit from the existing
S-band technology used by the rf accelerator community,
in which this frequency is a standard. Figure 4(A) shows
the layout of a 100 keV electron gun with rf compression
capabilities based on a modified design from Van Oudheusden
et al [24, 65]. The electron bunch is coloured to represent faster
electrons in violet and slower electrons in red. As shown in
the figure, the longitudinal momentum–position distribution
becomes linear prior to the entrance of the rf pill lens. In the
rf pill box, the field is such that the electrons at the front of
the pulse face a retarding electric field which becomes null
when the centre of the electron pulse arrives at the centre of
the cavity. The field direction is then reversed and the electrons
at the back get a relative kick forward. The outcome is that
the initial positive linear chirp of the longitudinal velocity–
position distribution inverts. At the exit of the pill box,
faster electrons are now at the back of the bunch while slower
electrons are at the front. Therefore, the sample is placed at the
longitudinal focal point, i.e. where faster and slower electrons
meet to establish the maximum rebunching of the electron
pulse. Magnetic lenses are used to condition the electron beam

in the transverse direction that in turn leads to an increased
spatial resolution due to the longer path length to the sample
and smaller ‘local’ transverse momentum spread [22, 23].

Figure 4(D) shows the recent experimental results
obtained by Van Oudheusden et al [65]. They were able
to apply rf electron compression successfully to produce
70 fs electron pulses with an areal density of 2.5 ×
108 electrons cm−2. This advantage of five times more
electrons and shorter pulses than compact gun designs comes
at a cost. The rf field must be phase locked to the laser system
generating the electron pulse to avoid pulse-to-pulse variations
in pulse duration. Phase instability also translates into timing
jitter between the compressed electron pulse and the optical
laser excitation pulse that initiates the structural changes. To
date, structural studies have not been demonstrated using this
methodology where the timing jitter between the excitation and
electron probe pulses is the main challenge. However, state-
of-the-art phase-lock-loop electronics with amplitude to phase
noise suppression can reduce the timing jitter below 100 fs,
assuring a global instrument response of about 100 fs. There
are new concepts with greater attention to phase noise that
should reduce the electronic timing jitter to 10 fs or less. The
use of reflectrons is another possible approach to recompress
electron bunches based on purely electrostatic designs [71].

2.6. Relativistic electron guns

The rf photo-injectors are capable of much higher extraction
fields than dc fields. It is possible to fairly routinely achieve
extraction fields of 100 MV m−1 or an order of magnitude
larger than typical dc extraction fields. This difference leads to
lower emittance at the source and an accompanying increase
in brightness. The use of standard rf cavities under these
extraction fields leads to relativistic pulses with energies in

9

2.4	  mm	  6	  mm	  

Few	  10	  keV	  beam,	  10	  MV/m	  at	  cathode	  
~103	  e/pulse	  @	  1	  kHz;	  ~300	  fs	  resoluKon	  

>1990s:	  Zewail	  group	  at	  CalTech	  &	  Miller	  group	  at	  Toronto	  University	  

UED	  –	  first	  genera1on	  
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Siwick	  et	  al.,	  Science	  2003	  

0.5	  ps	  

1.5	  ps	  

2.5	  ps	  

3.5	  ps	  

laser	  induced	  mel1ng	  
of	  aluminum	  

UED	  –	  first	  genera1on	  
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Eichberger	  et	  al.,	  Nature	  2010	  

Charge	  Density	  Waves	  in	  1T-‐TaS2	  

UED	  –	  first	  genera1on	  
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Radiofrequency	  techniques	  è	  femtosecond,	  single-‐shot	  electron	  diffracKon	  	  

UED	  –	  second	  genera1on	  

Van	  Oudheusden	  et	  al.,	  PRL	  105,	  264801	  (2010)	  

z

pz

z

pz

z

pz

z

pz

(c)

100	  keV	  beam,	  10	  MV/m	  at	  cathode,	  RF	  compression	  
106-‐107	  e/pulse	  @	  1	  kHz;	  100	  fs	  resoluKon	  
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Radiofrequency	  techniques	  è	  femtosecond,	  single-‐shot	  electron	  diffracKon	  	  

UED	  –	  second	  genera1on	  

Van	  Oudheusden	  et	  al.,	  PRL	  105,	  264801	  (2010)	  
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Radiofrequency	  techniques	  è	  femtosecond,	  single-‐shot	  electron	  diffracKon	  	  

UED	  –	  second	  genera1on	  

Single-‐shot	  diffracKon	  paRern	  

Single-shot electron di↵raction measurements
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Figure 8.3: Single-shot di↵raction patterns of polycrystalline gold and silicon. The lattice planes
corresponding to the di↵raction rings are indicated. Below the di↵raction patterns, the azimu-
tally averaged intensity is plotted as a function of the radius in reciprocal space.
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Radiofrequency	  techniques	  è	  femtosecond,	  single-‐shot	  electron	  diffracKon	  	  

UED	  –	  second	  genera1on	  

Q = 0.2 pC, εn = 40 nm ⋅ rad

⇒ B = Q
εn

2
≈

100 pC
(1 µm ⋅ rad)2

RF	  photogun	  Brightness!	  	  
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T>343	  K:	  metallic	   T<343	  K:	  semiconductor	  

DOI: 10.1126/science.1253779
, 445 (2014);346 Science

 et al.Vance R. Morrison
ultrafast electron diffraction

 revealed by2A photoinduced metal-like phase of monoclinic VO
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UED	  –	  second	  genera1on	  
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Photo-‐induced	  insulator-‐to-‐metal	  
phase	  transiKon	  of	  the	  organic	  salt	  
(EDO-‐TTF)2PF6,	  monitored	  with	  300	  fs	  
temporal	  resoluKon	  

UED	  –	  second	  genera1on	  
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UED	  –	  second	  genera1on	  

Rela1vis1c	  beams:	  beXer	  temporal	  resolu1on	  
•  higher	  energy	  è	  shorter	  pulses	  for	  the	  same	  rela@ve	  energy	  spread	  and	  

longitudinal	  emi+ance	  
•  relaKvisKc	  suppression	  space	  charge	  effects	  è	  shorter	  pulses 	  
•  minimizaKon	  pump-‐probe	  velocity	  mismatch	  for	  thick	  (gas	  phase)	  samples	  

Towards	  <10	  fs	  temporal	  resolu:on!	  



UED	  –	  second	  genera1on	  
UED	  with	  RF	  photoguns:	  

2-‐5	  MeV	  beam,	  50-‐100	  MV/m	  at	  cathode	  
~107	  e/pulse,	  single-‐shot	  diffracKon	  

A	  rapidly	  growing	  field:	  

Efforts	  at	  SLAC,	  LLNL,	  UCLA,	  Tsinghua	  Univ.,	  
Osaka	  Univ.,	  BNL,	  DESY,	  POSTECH,	  Diamond	  
UK,	  Shanghai	  Jiaotong	  Univ.,	  etc.	  

P.	  Musumeci	  and	  R.	  K.	  Li,	  ICFA	  NewsleXer	  No.	  59,	  pp.	  13-‐33.	  

Rela1vis1c	  beams:	  beXer	  temporal	  resolu1on	  
•  higher	  energy	  è	  shorter	  pulses	  for	  the	  same	  rela@ve	  energy	  spread	  and	  

longitudinal	  emi+ance	  
•  relaKvisKc	  suppression	  space	  charge	  effects	  è	  shorter	  pulses 	  
•  minimizaKon	  pump-‐probe	  velocity	  mismatch	  for	  thick	  (gas	  phase)	  samples	  
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First	  Ultrafast	  Materials	  Science	  Experiments	  @	  SLAC	  

	  	  4	  MeV	  electrons	  probe	  

800	  nm	  pump	  

	  

(220)	  

(111)	  

Large-‐q	  of	  electrons	  allows	  to	  simultaneously	  
measure	  in-‐plane	  and	  out-‐of-‐plane	  mo1on	  in	  

FePt	  clusters	  
	  

Large	  scaXering	  cross	  sec1on	  allows	  to	  probe	  
individual	  atomic	  layers	  (top)	  and	  diffuse	  scaXering	  

from	  phonons	  (boXom)	  
	  

MoS2	  

e-‐	  

Monolayer	   	  	  	  	  	  
diffracKon	  paRern	  

Dynamical	  structural	  properKes	  
characterized	  for	  the	  first	  Kme.	  	  

Probe	  electron-‐phonon	  coupling	  and	  phonon	  
thermalizaKon	  of	  phonons	  in	  20nm	  Au	  films	  

Diffuse	  scaRering	  from	  non-‐equilibrium	  
phonons	  

ObservaKon	  of	  
anisotropic	  volume	  

expansion	  and	  volume	  
conserving	  breathing	  
mode	  in	  FePt	  clusters	  

Courtesy	  of	  R.K.	  Li	  and	  X.J.	  Wang	  IPAC	  '15,	  May	  7th	  2015	   22	  
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RF	  compression	  of	  MeV	  electron	  bunches	  for	  
Ultrafast	  Electron	  DiffracKon	  

time-varying transverse electrical field provided by a rf
deflecting cavity to convert the longitudinal distribution
into transverse coordinate [18,19]. This method is straight-
forward and robust but is not capable of capturing the
locally compressed ultrashort bunch length in situations
where bunch length changes significantly over distances
shorter than the length of the cavity. The electro-optic
method [20] can measure the bunch length within a short
region (smaller than 1 mm), but it works best for highly
relativistic beams and the temporal resolution is limited to
60 fs [21]. In the laser plasma acceleration field [2,22], aswell
as in the FEL community [1,23], spectral methods based on
bunch-generated coherent transition radiation (CTR) are the
most competitive candidates for the temporal characterization
of bunch lengths shorter than 10 fs. These measurements are
conventionally performed with scanning interferometer and
yield the autocorrelation of the CTR signal [24,25]. Besides
the use of an interferometer, single shot CTR spectrum
retrieval method has been developed by Wesch et al., using
consecutive dispersion gratings and multichannel detector
[26]. Several phase-retrieval algorithms can be used to
reconstruct the longitudinal beam profile from the spectrum
information [27,28]. In these measurement schemes, the
bunch energy is typically over 50 MeV up to several GeV
and the beam charge is larger than 50 pC [29], the radiation is
emitted in a narrow cone and the CTR signal is intense
(typically many μJ) and easily detectable.
Together with the novel beam dynamics, this paper

discusses then a dedicated simplified CTR-based method
developed specifically for measuring ultrashort bunch
lengths for beams with low energy and low charge. The
method exploits the strong enhancement of the high
frequency components of the CTR spectrum when the
bunch is fully compressed. In this method, two narrow-
band filters at different frequencies are used to select the
CTR energy in two separate spectral regions. Assuming a
Gaussian longitudinal profile, then the ratio of the energies
measured after the filters can be used to characterize the
radiation spectrum and so yields an estimate for the bunch
length. This method is particularly suitable for the diag-
nostic of measuring the ultrashort bunch length in ultrafast
electron diffraction applications with rf compression
schemes [30–32].
The paper is structured as follows. In Sec. II, we present

the analysis of the beam line to generate the low charge,
low energy ultrashort bunch using velocity bunching.
In Sec. III, we calculate the CTR power emitted by the
ultrashort beam, taking into consideration the large radi-
ation emitting angle and the low beam energy, which jointly
make the transverse coherence a significant factor in the
measurement. For this reason, a solenoid is used to provide
a small transverse beam size on the CTR target. In Sec. IV,
we present the detection setup and the measurement
procedure, as well as the discussion of the data. Finally,
a summary is given in Sec. V.

II. GENERATION OF ULTRASHORT BUNCH BY
VELOCITY BUNCHING

A. Basic scheme of velocity bunching

The generation of ultrashort bunch using an rf photogun
operated in the blowout regime in conjunction with a
velocity bunching linac for ultrafast MeV electron diffrac-
tion application has been proposed and previously discussed
by Li et al. [32]. In that paper, it was shown that due to more
efficient detectors, very low beam charges (still sufficient to
acquire a single shot diffraction pattern) could be used for
electron diffraction applications, thus offering a straightfor-
ward solution to the space-charge related limit in obtaining
short electron bunches. Higher gradients inside rf gun also
mitigate bunch lengthening by accelerating the electron into
relativistic energy in a shorter period. Nevertheless, in order
to obtain sub-30 fs bunch lengths with pC bunch charges a
compression method must be applied.
The schematic of our setup for ultrashort bunch gener-

ation is shown in Fig. 1. The experiment has been carried out
at the Pegasus advanced photoinjector laboratory at UCLA
[16]. An S-band 1.6 cell photo cathode rf gun is used to
generate relativistic electron bunch by illuminating the
cathode with a 50 fs (rms) long laser pulse. In the blowout
regime, the bunch develops a linear correlation in longi-
tudinal phase space and the emittance growth is minimized
[33]. A solenoid (solenoid A) after the rf gun focuses the
bunch transversely, matching the transverse beam size into
the velocity bunching linac. A 60 cm long S-band dual slot
resonance linac (DSRL) operated at compressing phase
(i.e., close to the zero crossing) is installed downstream,
introducing a negative energy chirp (the beam tail gains
more energy than the beam head). More details about the
DSRL linac can be found in Ref. [34]. After a drift distance,
the electrons at the tail catch up with the electrons at the
head, and the shortest bunch length is achieved at a tight
longitudinal focus. A target is located at the point of
maximum compression. By tuning the field strength and
the phase of linac, it is possible to control the position of
longitudinal focus along the beam line. For example, by
imparting larger energy chirps on the beam, the location of
the maximum compression point moves closer to the linac.
We use the particle tracking code GPT [35] to simulate

the velocity bunching process with the beam line layout

z=0 z=3.78 mz=3.05 mz=1.67 mz=0.40 m

rf gun

Solenoid A Solenoid B

DRSL linac CTR  
target

FIG. 1. Schematic of beam line for velocity bunching experi-
ment (drawing not to scale).
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described above. In these simulations, the gradient of the
linac is set at the maximum value achievable with
the available rf power and its phase is tuned to reach the
longitudinal focus at different locations. The use of the
solenoid B shown in Fig. 1 will be discussed in the later
section of the paper. For the initial simulations discussed
in this section it is turned off. Other parameters for the
simulation are summarized in Table I. The gradient in the
rf gun is limited by arcing to 70 MV=m and 25 degrees is
the optimum launch phase at this lower gradient. The
transverse laser spot on the cathode is chosen to minimize
the transverse emittance and at the same time the image
charge effects resulting from large charge densities at the
cathode which induce an asymmetry in the longitudinal
expansion and degradation of beam quality.
The shortest bunch durations (rms) obtained with this

simulation study (without solenoid B) are 16.3 fs, 17.5 fs,
and 18.2 fs for targets at 3.8 m, 3.0 m, and 2.5 m,
respectively (Fig. 2), indicating that the reachable mini-
mum bunch duration is relatively insensitive to the position
of the focus. The longer drift length is preferred as the
longitudinal focus is the shallowest. This feature relaxes
the required stability of the rf phase of linac, as well as the
accurate positioning of the target.
To measure a rms bunch temporal length of 16 fs level

for beams of few MeVs there is no effective method
currently available. Besides the ultrashort bunch length,
there are also other challenges for the measurement due to
the properties of the bunch generated by velocity bunching.
In our scheme, (i) the charge of the bunch is restricted to
1–2 pC level to alleviate space charge effects, and (ii) the
ultrashort bunch length only occurs over a short distance.
Even for the 3.8 m case the bunch length grows 1.5 times
larger than the minimal value for a distance of 15 cm from
the longitudinal focus, shown in Fig. 2. The narrow range
of compression (and the very high temporal resolution
demanded to resolve the bunch) is unfavorable for employ-
ing the 9-cell X-band rf deflecting cavity available at
Pegasus [36]. The weak radiation signal due to the low
beam charge also makes challenging CTR-based detection
schemes, imposing the use of a very sensitive bolometer
detector.

B. Modified velocity bunching scheme
for CTR measurement

In our measurement setup, a high flatness gold mirror
oriented at 45 degrees with respect to the beam line is
installed at the longitudinal focus in the beam line to
generate CTR. For reasons that will be discussed in detail in
Sec. III it is very important to control the spot size at the
CTR screen. We thus installed a second solenoid (solenoid
B) 20 cm before the CTR target (shown in Fig. 1). During
the experiment, the strength of the second solenoid
(Solenoid B) is tuned to minimize the transverse spot size
of the beam at the CTR target. This has an effect on the
longitudinal compression dynamics as can be seen in the
evolution of the rms longitudinal and transverse beam sizes
for the two cases of solenoid on and off shown in Fig. 3.

TABLE I. Pegasus beam line velocity bunching parameters for
2 pC beam charge case.

Parameter Value

Laser pulse duration 50 fs (rms)
Laser spot size on cathode 80 μm (rms)
Peak field on cathode 70 MV=m
Phase of rf gun 25 degree
Thermal emittance(per rms laser size) 0.8 mm-mrad=mm
Peak field in linac 24 MV=m
Charge 2 pC
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FIG. 2. The evolution of bunch length for different compression
location in the velocity bunching scheme with parameters in
Table I. The linac phase are −77°, −85°, −92° for bunch
compression at 3.8 m, 3.0 m, and 2.5 m, respectively.
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The linearly polarized femtosecond laser pulses pass through
a quarter wave plate to make the pulses circularly polarized.
After passing through the cavity, the vertical and horizontal
polarization components of the pulses are split in a Wollaston
prism and detected by two photodiodes. Additional electron-
ics amplify the difference between the two signals by a factor
of 21. The amplified difference and the sum of the two signals
as well as each signal separately are measured using a 12-bit
ADC.

The DKDP crystal is placed inside the RF cavity with its
extraordinary axis along the z-axis. The center of the cavity
is at z¼ 0. The electric field on the z-axis, Ez, is given by

Ezðz; tÞ ¼ E0ðzÞ cosð2pfRFtÞ (1)

with E0 the maximum field on-axis and fRF ¼ 3 GHz the RF
frequency. The change in retardation, C, between the compo-
nents of the polarization is given by

dCðEzÞ
dz

¼ 2p
k

!
naðEzÞ $ nbðEzÞ

"
(2)

with na and nb the refractive indices along the principal axes.
For the DKDP crystal, Eq. (2) reduces to

dCðEzÞ
dz

¼ 2p
r63n3

0

k
EzðzÞ (3)

with r63 the longitudinal Pockels coefficient, k the wave-
length of the laser pulse in vacuum, and n0¼ 1.49 the refrac-
tive index in of the crystal in the absence of an electric field.
The electric field is time-dependent, following Eq. (1). Since
the laser pulse duration is much shorter than the period of
the RF signal, the electric field at the position z* of the laser
pulse can be written as

Ezðz%;u0Þ ¼ E0ðz%Þcos 2pfRF
n0

c
z% þ u0

# $
(4)

with u0 the phase of the RF at the moment, the laser pulse
passes the center of the cavity. The phase retardation of the
laser pulse is thus given by

Cðu0Þ ¼
ðl=2

$l=2

2p
r63n3

0

k
E0ðz%Þcos 2pfRF

n0

c
z% þ u0

# $
dz% (5)

with l¼ 20 mm the length of the crystal. For an electric field
that is constant along the z-axis, the retardation is

Cðu0Þ ¼
r63n3

0

k
E0

2c

n0fRF
sin pfRF

n0l

c

# $
cosðu0Þ: (6)

This equation is plotted in Figure 3. The inset in Figure
1 shows the simulated field distribution along the z-axis.
When the deviation from a constant field is taken into
account in the integration with the relevant values for fRF

and n0, Eq. (6) decreases by 17%. This can be accounted for
by using an effective length leff¼ 16.5 mm instead of the
actual length of the crystal. However, the eventual measure-
ment is a relative measurement so that the exact values of
the constants in Eq. (6) play no role in the determination of
the jitter.

Equation (6) shows that the phase retardation is maxi-
mal at u0¼ 0. The sensitivity to changes in the RF phase is
maximal at u0¼ (6)p/2, where the total phase retardation
is 0,

@Cðu0Þ
@u0

¼ 2cr63n2
0

kfRF
E0 sin pfRF

n0l

c

# $
sinðu0Þ: (7)

For small variations of the phase around u0¼ p/2, this
can be converted to a time-delay, Ds ¼ Du0=2pfRF, of the
RF-phase with respect to the moment, the femtosecond laser
pulse passes through the center of the cavity, so that

DC ¼ 4pcr63n2
0

k
E0 sin pfRF

n0l

c

# $
Ds (8)

or

FIG. 1. RF cavity with DKDP crystal inside. The cavity was designed using
CST Microwave Studio to be resonant at 3 GHz in the TM010 mode. The
laser pulses pass through the crystal along the z-axis. The graph shows the
simulated electric field distribution along the z-axis.

FIG. 2. Setup for electro-optic sampling of the electric field in the DKDP
crystal inside the RF cavity. A linearly polarized laser pulse passes through
a 1=4 wave plate to make it circularly polarized. The principal axes of the
crystal inside the cavity have been rotated by 45' with respect to the initial
polarization. When the laser pulse experiences a net electric field, while
passing through the crystal, the polarization becomes elliptical. The
Wollaston prism splits the two components of the polarization, which are
detected by a balanced photodiode setup.
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The linearly polarized femtosecond laser pulses pass through
a quarter wave plate to make the pulses circularly polarized.
After passing through the cavity, the vertical and horizontal
polarization components of the pulses are split in a Wollaston
prism and detected by two photodiodes. Additional electron-
ics amplify the difference between the two signals by a factor
of 21. The amplified difference and the sum of the two signals
as well as each signal separately are measured using a 12-bit
ADC.

The DKDP crystal is placed inside the RF cavity with its
extraordinary axis along the z-axis. The center of the cavity
is at z¼ 0. The electric field on the z-axis, Ez, is given by

Ezðz; tÞ ¼ E0ðzÞ cosð2pfRFtÞ (1)

with E0 the maximum field on-axis and fRF ¼ 3 GHz the RF
frequency. The change in retardation, C, between the compo-
nents of the polarization is given by

dCðEzÞ
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¼ 2p
k
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naðEzÞ $ nbðEzÞ
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(2)

with na and nb the refractive indices along the principal axes.
For the DKDP crystal, Eq. (2) reduces to

dCðEzÞ
dz

¼ 2p
r63n3

0

k
EzðzÞ (3)

with r63 the longitudinal Pockels coefficient, k the wave-
length of the laser pulse in vacuum, and n0¼ 1.49 the refrac-
tive index in of the crystal in the absence of an electric field.
The electric field is time-dependent, following Eq. (1). Since
the laser pulse duration is much shorter than the period of
the RF signal, the electric field at the position z* of the laser
pulse can be written as

Ezðz%;u0Þ ¼ E0ðz%Þcos 2pfRF
n0

c
z% þ u0

# $
(4)

with u0 the phase of the RF at the moment, the laser pulse
passes the center of the cavity. The phase retardation of the
laser pulse is thus given by

Cðu0Þ ¼
ðl=2
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r63n3
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with l¼ 20 mm the length of the crystal. For an electric field
that is constant along the z-axis, the retardation is

Cðu0Þ ¼
r63n3

0
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E0
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n0fRF
sin pfRF

n0l
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# $
cosðu0Þ: (6)

This equation is plotted in Figure 3. The inset in Figure
1 shows the simulated field distribution along the z-axis.
When the deviation from a constant field is taken into
account in the integration with the relevant values for fRF

and n0, Eq. (6) decreases by 17%. This can be accounted for
by using an effective length leff¼ 16.5 mm instead of the
actual length of the crystal. However, the eventual measure-
ment is a relative measurement so that the exact values of
the constants in Eq. (6) play no role in the determination of
the jitter.

Equation (6) shows that the phase retardation is maxi-
mal at u0¼ 0. The sensitivity to changes in the RF phase is
maximal at u0¼ (6)p/2, where the total phase retardation
is 0,
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¼ 2cr63n2
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For small variations of the phase around u0¼ p/2, this
can be converted to a time-delay, Ds ¼ Du0=2pfRF, of the
RF-phase with respect to the moment, the femtosecond laser
pulse passes through the center of the cavity, so that

DC ¼ 4pcr63n2
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E0 sin pfRF
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FIG. 1. RF cavity with DKDP crystal inside. The cavity was designed using
CST Microwave Studio to be resonant at 3 GHz in the TM010 mode. The
laser pulses pass through the crystal along the z-axis. The graph shows the
simulated electric field distribution along the z-axis.

FIG. 2. Setup for electro-optic sampling of the electric field in the DKDP
crystal inside the RF cavity. A linearly polarized laser pulse passes through
a 1=4 wave plate to make it circularly polarized. The principal axes of the
crystal inside the cavity have been rotated by 45' with respect to the initial
polarization. When the laser pulse experiences a net electric field, while
passing through the crystal, the polarization becomes elliptical. The
Wollaston prism splits the two components of the polarization, which are
detected by a balanced photodiode setup.
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Time	  stamp	  arrival	  Kme	  electron	  bunch	  
using	  laser-‐triggered	  streak	  camera	  

Ds ¼ 1

2pfRF

DC
Cmax

(9)

with Cmax the value of C at u0¼ 0. All parameters on the
right hand side of Eq. (9) are determined experimentally, so
that precise knowledge of the crystal properties and the cav-
ity is not required.

The two diodes, A and B in Fig. 2, measure the vertical
and horizontal polarization components of the laser pulse.
The difference is divided by the sum of the two signals to
correct for fluctuations in laser power. With the principal
axes of the crystal at 45" with respect to the x- and y-axes of
Figure 1, the retardation can now be determined from the
measured signals

sinðCÞ ¼ A% B

Aþ B
: (10)

First, Cmax in Eq. (9) was determined by setting the RF
phase to, respectively, 0 and p. Histograms of these measure-
ments, taken at 30 Hz sampling frequency are shown in Figs.
3(a) and 3(b). The normalized difference between the two
diode signals was found to be 0.2743 with rms noise of
8' 10%4, corresponding to retardation, Cmax, of 277.9 mrad,
with rms noise of 0.8 mrad. We then determined the resolution
of the setup by switching off the RF power. The rms noise of
this measurement was equivalent to rPRF¼0¼ 0.15 6 0.01
mrad (see Fig. 3(c)). For the uncertainty in rPRF¼0, we have
used the standard deviation of 40 subsets of 1000 points each.
The apparently skewed distribution of Fig. 3(c) is a numerical
artifact, caused by the binning procedure, because the variation
in magnitude of the signals is close to the resolution of the
12-bit ADC.

Combining rPRF¼0 with Eq. (9) and the measurement of
Cmax, the rms time resolution of the setup is found to be
29 6 2 fs. With the RF power switched on and the phase of
the RF signal set to p/2, the histogram shown in Fig. 3(d) is
obtained with ru0¼p=2¼ 0.52 6 0.03 mrad. This value is a

combination of timing jitter and measurement noise (as
determined from the resolution measurement). The rms
retardation caused by timing jitter is found:

rtiming ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

u0¼p=2 % r2
PRF¼0

q
¼ 0.50 6 0.04 mrad. This corre-

sponds to rms timing jitter between the laser and the RF field
inside the cavity of 96 6 7 fs. The data of Fig. 3(d) are shown
in Fig. 4 as a function of time.

The experiments show that it is possible to measure the
timing jitter between a femtosecond laser pulse and the phase
of the 3 GHz RF field inside a resonant cavity with a resolu-
tion of 29 fs. The synchronization system, in combination
with the laser oscillator and RF amplifier, results in a timing
jitter of less than 100 fs. This is worse than earlier results of
Kiewiet et al.,15 where we found that a similar synchroniza-
tion system locks the 3 GHz to a 375 MHz oscillator with jit-
ter of less than 20 fs. However, these results are not
inconsistent, because the PLL-VCO is only one possible
source of jitter. The photodiode that provides the 75 MHz to
the system can heat up locally, even with the relatively low
laser energy (a few pJ) used for the timing signal, resulting
in a variable time delay between the arrival of the laser pulse
on the photodiode and the signal from the photodiode to the
PLL-VCO. Also, noise in the laser oscillator, e.g., due to
mode competition in the pump laser, may contribute to the
measured timing jitter. On the other side of the PLL-VCO,
the RF amplifier may add to the measured jitter. The width
of the distribution of Cmax, ru0¼0, is actually a direct

FIG. 3. The figure on the left shows how the retardation between the polarization directions of the laser pulse changes with the timing between the laser pulse
and the 3 GHz RF phase. Measurements were taken at (a) u0¼ 0 and (b) u0¼p to determine Cmax. (c) Shows the noise of the setup with RF power switched
off. (d) Is the distribution of the retardation at u0¼p/2, where the sensitivity to timing jitter is greatest.

FIG. 4. Single shot measurements of the retardation at u0¼p/2. These data
correspond to Fig. 3(d). For clarity, only every 30th shot (one shot per sec-
ond) is shown in this figure. The axis on the right gives the relative time
delay between the laser pulse and the RF phase, using Eq. (9).

141105-3 Brussaard et al. Appl. Phys. Lett. 103, 141105 (2013)

G.J.H.	  Brussaard	  et	  al,.	  APL	  2013	   M.	  Gao	  et	  al.,	  APL	  2013	  

RF-‐fs	  laser	  @ming	  ji+er	  is	  at	  this	  point	  the	  main	  limita@on	  in	  temporal	  resolu@on	  

Time	  stamp	  RF	  phase	  in	  RF	  cavity	  using	  
electro-‐opKc	  method	  	  

Beyond	  Kme-‐jiRer	  limited	  resoluKon	  

•  Few-‐10	  fs	  resoluKon;	  
•  <	  10	  fs	  possible;	  
•  more	  methods	  being	  

developed.	  
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UED	  –	  what	  is	  next?	  
Not	  yet	  possible:	  single-‐shot	  UED	  of	  macromolecular	  crystals	  

λ"

a"

Δθ
Δx

a	  =	  lauce	  constant	  
d	  =	  crystal	  size	  

Protein	  crystals:	  	  

Single-‐shot	  UED	  of	  protein	  crystals:	  	   Q = 0.1−1 pC⇒ B = Q
εn

2
>>

10 nC
(1 µm ⋅ rad)2

Requirements:	  
•  Visibility	  diffracKon	  paRern:	  
•  Not	  waste	  any	  electron:	   Δx ≤ d ⇒ εn <<


mc
d
a
= (0.4 pm ⋅ rad) d

a
Δθ << λ / a

d
a
≈104 ⇒ εn << 4 nm ⋅ rad
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UED	  –	  what	  is	  next?	  

extended	  
ultracold	  source	  

convenKonal	  extended	  
photoemission	  source	  

high	  extracKon	  field	  
point-‐like	  source	  

εn =σ x

kT
mc2
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kHz  laser-plasma accelerator for UED 

Z.	  He	  et	  al.,	  NJP	  15	  05316	  (2013)	  
Courtesy	  J.	  Faure,	  LOA	  

•  100 GeV/m accelerating gradient 
•  MeV electron bunches 
•  Mitigates space charge 

•  Few femtosecond duration possible (O.	  Lundh	  et	  al.,	  Nat.	  Phys.	  2011) 

•  Accelerating structure is generated by the laser pulse 
•  Perfect synchronization 
•  No jitter in pump-probe experiment 
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kHz  laser-plasma accelerator for UED 

Q = 5 fC 
εn = 20 nm ⋅ rad

⇒ B = Q
εn

2
≈

10 pC
(1 µm ⋅ rad)2

Courtesy	  J.	  Faure,	  LOA	  
50 60 70 80 90 100 110 120 130 140
0

0.2

0.4

0.6

0.8

1

E (keV)

dN
/d

E 
(a

rb
. u

n.
)

−1 −0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

x (mm)

dN
/d

x 
(a

rb
. u

n.
)5 mm! 500 µm!

a)! b)! c)!

d)!

focused	  with	  
solenoid	  awer	  pinhole	  	  

-‐ 	  experiment	  
-‐ 	  -‐	  GPT	  

280	  µm	  FWHM	  at	  focus	  

Au	  diffracKon	  paRern	  

IPAC	  '15,	  May	  7th	  2015	   28	  



29	  

Localized	  electron	  emission	  from	  	  
needle-‐shaped	  photocathodes	  

Localized	  Photoemission	  
(MulKphoton	  PE,	  	  

localized	  single-‐photon	  PE)	  

Liu	  et	  al.,	  J.	  Vac.	  Sci	  Tech.	  (2010).	  

ZrO	  overlayer	  

1PPE	  localizaKon	  by	  	  
•  by	  SchoRky	  effect	  
•  by	  facet-‐specific	  workfuncKon	  
•  by	  opKcal	  field.enhancement	  

2.5	  -‐	  3	  eV	  

ΔW	  

E	  ~	  0.2	  V/nm	  

Scho+ky	  effect	  

B	  
ℏ𝜔	  

!ω >Φeff

photon	  energy:	  3.1	  eV	  (λ	  =	  400	  nm)	  
Courtesy	  S.	  Schäfer,	  C.	  Ropers,	  Univ.	  Göungen	  



Ultrafast	  Low	  Energy	  Electron	  Diffrac1on	  (ULEED)	  
Ekin	  =	  80	  eV	  ,	  20	  s	  integraKon	  Kme	  	  

(00)	  

(10)	  

(11)	  

1	  Å	  
-‐1	  

Δkatom	  

ΔkCDW1	  

ΔkCDW2	  

Nearly	  commensurate	  
CDW	  phase	  in	  
1T-‐TaS2	  

transverse	  
coherence	  	  
length:	  >25	  nm	  

Courtesy	  S.	  Schäfer,	  C.	  Ropers,	  Univ.	  Göungen	  

Q =1.6×10−19  C 
εn = 4 pm ⋅ rad

⇒ B = Q
εn

2
=

10 nC
(1 µm ⋅ rad)2

Femtosecond	  single-‐electron	  
emission	  near	  quantum	  limit	  

10-‐100	  ×	  RF	  photogun	  	  
Brightness!	  	  
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Chapter 1.

I I

Rb

Figure 1.2: First step in the creation of electron bunches from an ultracold source:

laser cooling and trapping of rubidium (Rb) atoms. Laser cooling is performed with

6 laser beams; the trapping field is produced by two coils, each carrying a current

I. This leads to a cloud of atoms.

Figure 1.3: Second step in the electron bunch creation: near-threshold photo-

ionization of part of the atoms. Atoms are first excited by a laser pulse coming

from the left, and then ionized by a pulse from the top.
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Rb+

Figure 1.4: Third step in the electron bunch creation: electron (e�) acceleration

by a static electric field. This field is created in an accelerator, here schematically

depicted by two discs, each with a hole in the centre to let the particles pass.

1.5.2 Ultracold source

In 2005 an ultracold electron source was proposed, based on near-threshold photoioni-
zation of laser-cooled atoms, for producing electron pulses of both high coherence and
high charge [33]. Electron bunches are created with this source in three steps. First,
atoms are cooled and trapped with laser cooling techniques [34] (Fig. 1.2). In this
work, an ultracold source is used based on 85-rubidium (Rb) atoms, but in principle
any element that can be laser-cooled can be used. Then, a part of the cloud of atoms
is photoionized near the ionization threshold (Fig. 1.3). Atoms are first excited to
an intermediate state and subsequently ionized by another laser pulse, propagating
perpendicular to the excitation pulse, allowing control over the shape of the initial
ionization volume [35, 36]. Finally, the electrons are extracted and accelerated by a
static electric field (Fig. 1.4).

A proof-of-principle of this concept has recently been demonstrated by nanose-
cond photoionization [35, 37, 38], leading to electron bunches with a length of a few
nanosecond; the high coherence of the source has been demonstrated by measuring
temperatures as low as T = 10K, which leads to a coherence of C? = 4 ⇥ 10�4

with a typical source size of 25µm. This coherence is in the order of what is needed
to study (protein) microcrystals. Furthermore, the ultracold source is an extended
source of relatively large area, with dimensions of the trapped atom cloud in the order
of millimetres; in principle, this allows the simultaneous extraction of the number of
electrons required for recording a full di↵raction pattern of a protein crystal [39].

Alternatively, instead of creating electron bunches, ultracold ion bunches can be
produced with the source [40], simply by switching the direction of the electric field
in the accelerator. These bunches could be used for focussed ion beam applications,
due to their low energy spread and high brightness [41, 42].
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Laser	  cooling	  &	  trapping	  
Near-‐threshold	  

fs	  photoionizaKon	   AcceleraKon	  

Laser-‐cooled	  electron	  source	  

Magneto-‐OpKcal	  Trap	  (MOT)	  
inside	  coaxial	  accelerator	  

G.	  Taban	  et	  al.,	  PRSTAB	  2008	  	  

Telectron =18 K

Engelen	  et	  al.,	  Nat.	  Comm.	  2013	  
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1.5.2 Ultracold source

In 2005 an ultracold electron source was proposed, based on near-threshold photoioni-
zation of laser-cooled atoms, for producing electron pulses of both high coherence and
high charge [33]. Electron bunches are created with this source in three steps. First,
atoms are cooled and trapped with laser cooling techniques [34] (Fig. 1.2). In this
work, an ultracold source is used based on 85-rubidium (Rb) atoms, but in principle
any element that can be laser-cooled can be used. Then, a part of the cloud of atoms
is photoionized near the ionization threshold (Fig. 1.3). Atoms are first excited to
an intermediate state and subsequently ionized by another laser pulse, propagating
perpendicular to the excitation pulse, allowing control over the shape of the initial
ionization volume [35, 36]. Finally, the electrons are extracted and accelerated by a
static electric field (Fig. 1.4).

A proof-of-principle of this concept has recently been demonstrated by nanose-
cond photoionization [35, 37, 38], leading to electron bunches with a length of a few
nanosecond; the high coherence of the source has been demonstrated by measuring
temperatures as low as T = 10K, which leads to a coherence of C? = 4 ⇥ 10�4

with a typical source size of 25µm. This coherence is in the order of what is needed
to study (protein) microcrystals. Furthermore, the ultracold source is an extended
source of relatively large area, with dimensions of the trapped atom cloud in the order
of millimetres; in principle, this allows the simultaneous extraction of the number of
electrons required for recording a full di↵raction pattern of a protein crystal [39].

Alternatively, instead of creating electron bunches, ultracold ion bunches can be
produced with the source [40], simply by switching the direction of the electric field
in the accelerator. These bunches could be used for focussed ion beam applications,
due to their low energy spread and high brightness [41, 42].
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Van	  Mourik	  et	  al.,	  Struct.	  Dyn.	  2014	  

Physics	  Today,	  July	  2014	  	  

Graphite	  diffracKon	  paRern	  	  (13.2	  keV)	  
Q = 0.1−0.2 fC 
εn =1.4 nm ⋅ rad

⇒ B = Q
εn

2
≈

100 pC
(1 µm ⋅ rad)2

Next:	  
•  Bunch	  charge	  102-‐103	  ×	  higher;	  
•  acceleraKon	  to	  >100	  keV	  with	  RF	  caviKes.	  

No	  space	  charge	  effects	  (yet).	  

Laser-‐cooled	  electron	  source	  
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Cultrera	  et	  al.,	  arXiv:1504.05920	  

Cryo-‐cooled	  semiconductor	  cathode	  

6 
 

Thermal emittances were determined using the solenoid scan technique with an rms laser spot 

size of 60±3 and 64±3 m respectively for x and y direction, using photocurrent intensities in 

the range of 1 to 2 nA to avoid space charge and for three different gun voltages (5, 7 and 9 kV) 

corresponding the electric field gradients of 0.88, 1.23 and 1.58 MV/m at 300 K and 90 K as 

reported in figure 4. 

 
Figure 4. Solenoid scan measured normalized emittance in the TEmeter at 300 K (red) and at 90 K (blue). 

 

From a linear fit it is deduced that the MTEs of the electron beam at 300 K and at 90 K are of 

40±2 and 22±1 meV respectively.  The agreement between measurements performed at room 

temperature in the TEmeter and in the ERL injector prototype DC gun is noteworthy. 

Solenoid scan measurements with laser spot size larger than 60 um rms have been found to be 

affected from solenoid aberration most likely due to a relatively large electron beam size inside 

the solenoid magnetic field. For these reasons we performed additional measurements by 

leaving the electron beam going under a free expansion using different laser beam sizes and 

different electric field intensities at the cathode surface varying from 0.5 to 3.4 MV/m. The 

results of the measurements are summarized in figure 5 where the emittance of the beam is 

reported as function of the initial laser spot size at the cathode surface. 

300	  K	  

90	  K	  

RMS	  laser	  spot	  size:	  
σ x = 60 µm, σ y = 64 µm 

εn /σ x = 0.2 µm ⋅ rad/(mm rms)

•  Thermal	  emiRance	  @90	  K	  4×	  beRer	  than	  Cu	  cathode;	  
•  emiRance	  larger	  than	  expected	  –	  probably	  surface	  roughness;	  
•  high	  bunch	  charge	  operaKon	  not	  yet	  demonstrated.	  

Cs3Sb	  photocathode	  
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• 	  Field	  of	  Ultrafast	  Electron	  DiffracKon	  developing	  rapidly	  

• 	  100	  fs,	  single-‐shot	  UED	  of	  simple	  systems	  possible	  

• 	  RelaKvisKc	  UED	  will	  allow	  <10	  fs	  temporal	  resoluKon	  
	  
• 	  Single-‐shot	  UED	  of	  macromolecules	  requires	  substanKally	  
higher	  source	  brightness	  

• 	  	  Ultra-‐high-‐field-‐strength	  point-‐like	  source	  and/or	  ultracold	  
source	  may	  provide	  required	  brightness	  

Summary	  


