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Great Desire for Compact Access to High Energy Beams

High energy particle accelerators are the ultimate microscopes 

•Reveal fundamental particles and forces in the universe at the energy frontier 

•Enable x-ray lasers to look at the smallest elements of life on the molecular level 
Advanced concepts look to shrink the size and cost of these accelerators by factors 
of 10-1000 
Combine efficient accelerator drivers with high-field dielectric and plasma structures 
to develop new generation of particle accelerators
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~"24"cm"

New designs and materials 
push metal structures to the 

limit

~100MeV/m

Extremely high fields in 1,000°C 
lithium plasmas have doubled the 
energy of the 3km SLAC linac in 

just 1 meter

~10GeV/m~1GeV/m

Telecom and Semiconductor 
tools used to make an 
‘accelerator on a chip’



SLAC Electron Beam Test Facilities  
5 MeV to 20 GeV 
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Twin/Double Bunch 
Marinelli et al., Nature Communications, 6 6369 (2015) 

DELTA (Polarization control) 
A. Lutman et al., Nature Photonics 10, 468-472 (2016) 

Fresh slice (Dechirper) 
A. Lutman et al., Nature Photonics 10, 745-750 (2016) 

Seeding 
D. Ratner et al. Phys. Rev. Lett. 114 054801 (2015). 
E. Hemsing et al., Nature Photonics 10 512 (2016) 

Horn Cutting  
Y. Ding et al., Phys. Rev. AB, 19, 100703 (2016) 

FEL R&D Papers



FACET Project History

Primary Goal: 
• Demonstrate a single-stage high-energy plasma 

accelerator for electrons 
Timeline: 

• CD-0 2008 
• CD-4 2012, Commissioning (2011) 
• Experimental program (2012-2016) 

A National User Facility:  
• Externally reviewed experimental program 
• >200 Users, 25 experiments, 8 months/year operation 

Key PWFA Milestones:  
✓Mono-energetic e- acceleration 
✓High efficiency e- acceleration (Nature 515, Nov. 2014) 
✓First high-gradient e+ PWFA (Nature 524, Aug. 2015) 
•  Demonstrate required emittance, energy spread (FY16 
in preparation for Nature)
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20GeV, 3nC, 20µm3, e- & e+20GeV, 3nC, 20µm3, e- & e+

Premier R&D facility for PWFA: Only facility capable of e+ acceleration  
Highest energy beams uniquely enable gradient > 1 GV/m



2 GeV Energy Gain 
~2% dE/E 

~30% efficiency

High-Efficiency Acceleration of an Electron Bunch 
in a Plasma Wakefield Accelerator
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9 GeV 
Energy Gain

PPCF 9 GeV Paper 7

Figure 1. (a) and (c) show the energetically dispersed transverse charge density profile
of the highest peak energy shot from the data set as observed on the wide-field of view
(FOV) Cherenkov screen and the Lanex screen, respectively. The left-axis displays the
energy calibration of the screen, and the right and bottom axes display the physical
size of the beam on the screen. The color axis corresponds to the charge density in
units of pC/mm2, represented on a linear scale. The horizontal lines represent centroid
energy (red), the peak energy (solid black), and the values corresponding to the rms
energy spread about the peak energy (dashed black). All of these values were calculated
for the Cherenkov screen shown in (a). (b) and (d) show the horizontally integrated
spectral charge density profiles from (a) and (c), respectively.

Table 1. Statistical analysis of accelerated beam spectra, including the standard
deviation (s.d.) of each measured quantity. Values are given for calculation techniques
using both the centroid energy and spectral peak energy.

Measured Quantity Centroid Energy Spectral Peak Energy

Mean Energy Gain 4.7 GeV (1.1 GeV s.d.) 5.3 GeV (1.4 GeV s.d.)
Mean RMS Energy Spread 5.9% (1.3% s.d.) 5.1% (2.3% s.d.)
Mean Accelerated Charge 140 pC (55 pC s.d.) 120 pC (47 pC s.d.)

of about five. This di↵erence can be accounted for by the ratio of the length of the two

plasma sources (3.6) and the ratio of accelerated charge (1.6), the combination of which

would lead to a rough estimate of an improvement in energy transfer of about a factor

Litos et al., Nature November 2014

Beam loading is key for: 
Narrow energy spread & high efficiency

Plasma 
OFF

Plasma 
ON
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Narrow energy spread acceleration with high-efficiency has been demonstrated 
Next decade will focus on simultaneously preserving beam emittance



Positron PWFA

Multi-GeV Acceleration of Positrons

Injecting a single high-intensity positron bunch produced a very 
surprising result! 

• Energy gain 4 GeV in 1.3 meters 
• 1.8% energy spread 
• Low beam divergence 
• No halo
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Corde et al., Nature August 2015

New PWFA regime 
warrants further 
exploration and 

development 
towards PWFA-LC  

application



Development of High-Brightness Electron Sources

LCLS Style Photoinjector 
• 100MeV/m field on cathode 
• Laser triggered release 
• ps beams - multi-stage 

compressions & acceleration 
- Tricky to maintain beam 

quality (CSR, 
microbunching…)
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RF

UV laser

Electron 
beam

Plasma Photoinjectors 
• 100 GeV/m 
• fs beams, µm size 
• Promise orders of magnitude 

improvement in emittance 
• Injection from: TH, Ionization, DDR, 

CP…



2015/2016: Full Trojan Horse setup

• Two independently tunable main laser arms 
• Up to 5 laser beams (1 pre-ionization, 2 EOS, 1 Trojan 

photocathode, 1 probing) synchronized with the 
electron beam driver
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Experimental Data from Trojan Horse Injection Experiment
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Up to 50 pC
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Latest High Impact Results from FACET

Four papers published in Nature Communications in 2016: 
• S. Gessner et al. “Demonstration of a Positron Beam-Driven Hollow Channel PWFA” 7, 11785 (2016) 
• S. Corde et al. “27 GeV plasma acceleration in a high-ionization-potential gas” 7, 11898 (2016) 
• C.E. Clayton et al. “Self-Mapping the longitudinal field structure of a nonlinear PWFA cavity” 7, 12483 (2016) 
• B. O’Shea et al. “Observation of acceleration and deceleration in frontier gradient DWFA” 7, 12763 (2016) 

In process of submitting: 
• A. Doche et al. “Acceleration of a trailing positron bunch in a PWFA” submitted to Nature Communications 
• B. O’Shea et al. “High-Field Induced Damping in DWFA” submitted to Nature Materials 
• A. Deng et al. “Laser-triggered injection in electron-beam driven PWFA” in preparation for Nature
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Observation of acceleration and deceleration
in gigaelectron-volt-per-metre gradient dielectric
wakefield accelerators
B.D. O’Shea1,2, G. Andonian1, S.K. Barber1, K.L. Fitzmorris1, S. Hakimi1, J. Harrison1, P.D. Hoang1, M.J. Hogan2,

B. Naranjo1, O.B. Williams1, V. Yakimenko2 & J.B. Rosenzweig1

There is urgent need to develop new acceleration techniques capable of exceeding

gigaelectron-volt-per-metre (GeVm! 1) gradients in order to enable future generations of

both light sources and high-energy physics experiments. To address this need, short

wavelength accelerators based on wakefields, where an intense relativistic electron beam

radiates the demanded fields directly into the accelerator structure or medium, are currently

under intense investigation. One such wakefield based accelerator, the dielectric wakefield

accelerator, uses a dielectric lined-waveguide to support a wakefield used for acceleration.

Here we show gradients of 1.347±0.020 GeVm! 1 using a dielectric wakefield accelerator of

15 cm length, with sub-millimetre transverse aperture, by measuring changes of the

kinetic state of relativistic electron beams. We follow this measurement by demonstrating

accelerating gradients of 320±17 MeVm! 1. Both measurements improve on previous

measurements by and order of magnitude and show promise for dielectric wakefield

accelerators as sources of high-energy electrons.

DOI: 10.1038/ncomms12763 OPEN

1 Department of Physics and Astronomy, University of California, Los Angeles, Los Angeles, California 90095, USA. 2 SLAC National Accelerator Laboratory,
Menlo Park, California 94025, USA. Correspondence and requests for materials should be addressed to B.D.O. (email: boshea@slac.stanford.edu).
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The raster scan is performed by first aligning the laser to the
beam trajectory in a bypass line parallel to the lithium oven.
There are two metallic optical transition radiation foils in the
bypass line that are situated upstream and downstream of the
lithium oven and separated by 1.84 m (see Supplementary Fig. 1
for details). Optical transition radiation light is produced by the
positron beam passing through the foil and attenuated laser light
is reflected from the foil, allowing the beam and laser position to
be imaged simultaneously, as shown in Fig. 3a. The laser
trajectory is set by the position of the kinoform, which is mounted

on a stage that can be actuated horizontally and vertically, and by
a gold folding mirror with tip-tilt action for a total of four degrees
of freedom that are exploited to simultaneously align the beam
and laser at the upstream and downstream foil locations. The
angular alignment accuracy of the laser is limited by the pointing
jitter of the laser, which was measured to be 25.4 mrad in x and
12.8 mrad in y r.m.s. With the laser aligned to the beam, the
lithium oven is translated into place and the laser intensity is
increased to ionize the vapour. We use the kinoform stage to
raster the laser in the transverse plane while keeping the pointing

Positron beam Gold mirror
with hole

Kinoform

Laser

YAG screen

Dipole  
spectrometer 

LANEX screen

Plasma channel
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channel 
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Figure 1 | Experimental layout. The laser passes through the kinoform and is coupled to the beam axis by a gold mirror with a small central hole.
Inset (a) shows the laser profile upstream of the lithium oven. A scintillating YAG screen 1.95 m downstream of plasma is used to measure the positron
beam profile. Inset (b) shows the positron beam spatial profile as imaged on the YAG screen with the laser off and no plasma present. Inset (c) shows the
beam profile with the laser on when the positron beam propagates through the plasma channel. The two profiles are similar, indicating that there are no net
focusing forces because of the plasma channel. A scintillating Lanex screen downstream of the dipole measures the beam energy spectrum.
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Figure 2 | Simulation of the longitudinal field. The Ez field due to an ultrarelativistic positron beam driving a wake in a hollow channel plasma, as simulated
by QuickPIC34,35. The beam propagates to the left and the 1s contour of the beam is shown by the white dashed line. The black dotted lines at ±240 and
±290mm are the inner and outer radii of the plasma channel, respectively. Lineouts of the simulated and calculated on-axis Ez field at r¼0 mm and
the radial variation in Ez at the peak decelerating field at z¼ 11mm are shown with solid and dashed black lines, respectively. The simulated and calculated
fields show excellent agreement up to z¼ 80mm, where the charge separation of the plasma electrons on the surface of the channel becomes significant.
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up-ramp), though for slices that gain energy, this is dominated by
flat density region28. Other combinations of the four bright
features above W0 give nearly the same Leff to within 2% (mean
deviation (MD)) (see Methods on statistical terminology)
meaning that all four features above W0 have have been
accelerated over the same distance. We then use this value of
Leff in equation (2) to predict the energies of all the beam slices
that undergo an integer number of oscillations as shown by the
dashed black lines labelled N-4 to Nþ 3, overlaying the electron
spectrum in Fig. 3a. In addition to the four distinct features above
W0, there are three more identifiable features seen in the black
lineouts (plotted to the left of the spectrum) of the spectrum near
17.8, 14.3, and 12.3 GeV (see Supplementary Fig. 3 for an
unsatureated veiw of this energy-loss portion of the spectrum).
One can see that the observed positions of the spectral peaks,
indicated by the horizontal magenta bars and also plotted to the
left of the spectrum, match extremely well with the predicted
energy positions to within 1% (MD) for the seven features
identified in Fig. 3a.

The particles close to 20 GeV are comprised of a portion at the
very front of the bunch expanding at near the vacuum expansion
rate (where FrB0) and slices near the zero crossing of Fz (thus
staying near 20 GeV) and forming the feature labelled N having

24 oscillations. This feature, marked by a star in Fig. 4, separates
the range in x for energy gain and loss and is located at Ez¼ 0.
The Nþ 1 peak at 17.8 GeV, shown in Fig. 3a, has the largest
difference (4%) from the expected energy location. This is
possibly due to it being affected by many closely spaced peaks
near the front of the bunch (having nearly the same energy) when
the plasma electrons are still being blown out and the ion cavity is
still forming (see dotted, horizontal magenta line in Fig. 4).

In this single-shot spectrum, Leff is fixed and thus the observed
variation of the energy locations of the identified features with
respect to the expected energy locations is in fact due to a
variation of Fr via a variation of op

2; that is, the degree of blow-out
along x. For the N-1 to N-3 features used here Fr is essentially 1,
where unity corresponds to the force due to a pure ion column of
density 2.5# 1017 cm$ 3. The spread in Fr is due to experimental
limitations (see Supplementary Fig. 2 for Fr distribution and
Supplementary Discussion for errors in calculating the restoring
force Fr). Although this analysis is for a single shot, for the data
set as a whole, analysis of 33 combinations of such spectral peaks
above W0 gives Fr¼ 1±3.0% (r.m.s.). In other words, in the
accelerating portion of the wake, qxFrE0. Since, qxFr¼ qrFz from
the P–W theorem, we conclude that qrFz¼ 0 must also be true to
a similar degree of uncertainty.

Mapping the longitudinal field structure. In Fig. 3b we show the
energy spectrum obtained using the computer code QuickPIC
using the same plasma and beam parameters as in the experiment
except we assumed a plasma with a flat density profile (of length
Leff¼ 22.5 cm) as in the above model and a bi-Gaussian electron
bunch with a 20 mm r.m.s. rise and a 30mm r.m.s. fall. This energy
spectrum shows energy-dependent spot-size modulations at
nearly identical energies as observed in the experimental spec-
trum of Fig. 3a. Note that the energies of these features are
insensitive to the precise transverse parameters in the QuickPIC
model as long as the accelerating cavity reaches blow-out by
approximately the peak of the current profile. The excellent
agreement (except for the Nþ 3 peak) between the experiment,
the theoretical model and the self-consistent simulations proves
that the modulations are caused by the longitudinally constant
focusing force—qxFr¼ 0—of the ions in the accelerating cavity.
The Nþ 3 peak, only 1 GeV below the Nþ 2 peak, is missing in
the simulations because small changes to the rise time of the
bunch in the simulation leads to changes of this scale in the
maximum energy loss of the particles without significantly
affecting the energy gain. Taken together Fig. 3a,b shows an
excellent agreement between the experiment, theory and simu-
lations in predicting the energy-dependent spot-size oscillation
peaks.

The dash-dotted curve in Fig. 4 shows the normalized
accelerating field overlaid on the beam density and the plasma
cavity at the end of the simulation; that is, at z¼ Leff. The energies
of the spot-size modulations from Fig. 3b were mapped to their
local field Ez,sim(x) by dividing those energies by Leff and as such
these are averaged over Leff. These Ez,sim(x) are indicated by the
vertical dotted black lines in Fig. 4. The open black circles, plotted
on top of the beam density, indicate the local spot size maxima of
the beam and thus its local minimum exit angles, ymin,sim(x), at
the instant the simulation reached z¼ Leff. The fact that the
averaged Ez,sim(x) match up with the instantaneous ymin,sim(x)
shows that the wake does not evolve significantly over the
simulation length. Finally, using the analogous method for the
experimental data, we take all the experimental energy features
from Fig. 3a and convert them into a normalized field gradient
Ez,exp¼ eEz,exp/mcop by dividing their energy values by Leff . For
Ez beyond its maximum value, Ez monotonically decreases and

 

 

0 1 2 3

Wake is
forming Cavitye– bunch

eEz

Current–8

–4

0

4

r 
(1

/k
p)

x (1/kp)

eE
z 

(m
c!

p)

–4 –2 0 2 4 6 8

N - 2N - 1N + 1 NN + 2N + 3 N - 3 N - 4

0

1

–1

–2

"min

Figure 4 | Reconstruction of the longitudinal variation of Fz¼ $ eEz.
Computer simulation showing the modulation of the beam density (see the
violate-to-red colorbar in units of beam density over original plasma
density; the image is saturated where the current is large to bring out the
tail of the beam) indicated by the arrow ‘e$ bunch’ and the plasma wake
structure (see the white-to-black colorbar in units of plasma density to
original plasma density) at the end of 22.5 cm of beam propagation. The
structure propagates to the left as indicated by the yellow arrow.
Superimposed on this are the normalized eEz(x, y¼0) (dash-dotted curve,
using the scale at the right side) and the relative bunch current distribution
(solid curve at bottom) as a function of x generated using the beam and
plasma parameters stated in the text. The open circles indicate the
positions of the beam slices at the exit the plasma having a (local)
minimum y(z¼ Leff). Several of these are indicated by the arrows labelled
ymin(x). The heights (and thus the unique x-positions) of the vertical dotted
lines correspond to the calculated, z-averaged eEz taken from the identified
energies in Fig. 3b divided by Leff and are labelled Nþ 3 through N$4. The
magenta squares (and the star at N) indicate the experimentally identified
positions of the energy peaks, as shown in Fig. 3a, after conversion into eEz

(see text). The horizontal dotted magenta line indicates that the Nþ 1
feature can be affected by electrons near the rising edge of bunch. The
range of x where the wake is forming is indicated. The arrow labelled
‘cavity’ indicates the region where the plasma electrons have been fully
blown out. All eEz quantities have been normalized to mcopE48 GeVm$ 1

at np¼ 2.5# 1017 cm$ 3.
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H igh-energy physics require ever increasing beam energies
to reach the frontiers of new science. The result of this
requirement is machines of ever increasing size and cost1.

Acceleration gradients greater than gigaelectron-volt-per-metre
(GeV m! 1), exceeding those in current accelerators by an
order of magnitude, may enable, for example, a sub-km
TeV-class electron-positron collider2. Such a large instrument
has similarities to the X-ray free-electron laser3 in the present
need to construct lengthy 410 GeV (ref. 4) linear accelerators.
As there is great demand for such sources5–7, ways of diminishing
their size and cost may significantly enhance their already
revolutionary impact.

In present frontier high-field linear accelerators (linacs)
extremely large electromagnetic (EM) powers are needed to
obtain the desired acceleration gradients. To mitigate this
power demand acceleration at shorter EM wavelength, moving
from the cm to the sub-mm terahertz (THz) regime, is favoured.
However, between radio-frequency and infrared wavelengths
there is a dearth of high-power sources. As such, development of
new GeV m! 1 acceleration techniques requires fundamental
rethinking of the power source. In addition, traditional
radio-frequency structures are limited by breakdown of the
metallic cavity walls. Thus to support large amplitude
longitudinal electric fields one must examine alternate power
sources and media.

A wakefield based accelerator is a system in which an intense
charged particle beam directly excites accelerating fields in a
slow-wave, phase velocity vphoc, structure or medium. This
allows for the generation of large accelerating fields at
wavelengths where no traditional power source exists. Here we
experimentally investigate this promising means of generating
and supporting GV m! 1 fields using wakefield-excited dielectric
tubes—the dielectric wakefield accelerator (DWA).

Wakefield schemes have been investigated intensively in the
context of plasmas (plasma wakefield acceleration, PWFA), in
which sustained acceleration of over 40 GeV m! 1 in B1 m has
been demonstrated8. More recently, high-efficiency acceleration
has been demonstrated9, exceeding 50%, using a drive-witness
bunch configuration. While the use of plasma permits extremely
high-accelerating gradients, they also introduce difficulties
such as instabilities, collisions and radiative processes that
are not present in today’s accelerators. Plasma wakefield
schemes also encounter challenges in accelerating positively
charged particles10. Investigation of optical-infrared accelerators
based on dielectrics (dielectric laser accelerators, DLA)11 have
shown deduction of 4300 MV m! 1 fields12,13 from an increase
in injected beam energy spread. This recent experiment
illustrates some difficulties of the DLA approach, which include
breakdown-limiting fields at the BGV m! 1 level, as well as
production and transport of beams with unprecedented small
spatial extent, given the sub-mm apertures and wavelengths found
in optical-infrared DLA structures14. The THz-regime dielectric
wakefield accelerator demonstrated here addresses the above
mentioned challenges in addition to offering gradients of the
same order of magnitude as THz frequency plasma-based PWFA
and laser wakefield acceleration (LWFA) systems. Further, given
the expanded operating wavelength used in THz DWAs,
transport issues associated with DLA apertures are avoided.
While DWA15 have shown structure breakdown accelerating field
limits16 in excess of 5 GV m! 1, acceleration gradients in excess of
69 MeV m! 1 have not yet been demonstrated17–19.

In the following, we report here average drive bunch
deceleration gradients of 1.347±0.020 GeV m! 1 in a 15 cm
long DWA, corresponding to a median energy change of over
202±3 MeV in a 20.35 GeV electron beam. We further show an
accelerating gradient of 320±17 MeV m! 1, with an associated

wave-energy extraction efficiency of B80%, by dividing the
electron bunch into a driver-witness pair.

Results
Experimental description. As an electron beam traverses the
DWA, it couples to the structure EM modes via their longitudinal
electric field, Ez. Since the wakefields are excited in a dielectric
material by ultra-relativistic particles the modes excited are
classified as guided Cerenkov20 radiation. The peak Ez associated
with such a coherent Cerenkov excitation process is
estimated20,21 as EzpeNb/s2

z, where e is the electron charge,
Nb the number of beam electrons, and sz the root mean squared
(r.m.s.) beam length. To obtain this scaling, we assume the
transverse structure inner and outer radii (a, b) are proportional
to sz. Emission coherence is achieved through spatial localization
of the radiating electrons, that is, using beams with longitudinal
extent short compared to the mode wavelength l, that is,
szol/2p. For a given structure the mode frequencies are
determined by the transverse boundary conditions22; thus large
Ez is obtained when higher charge eNb and small beam
dimensions (sz, sx,yooa) are used, where sx,y represents the
r.m.s. beam size in the two transverse directions. Such beams are
available at the Facility for Advanced Accelerator Experimental
Tests (FACET) at SLAC National Laboratory, where the reported
experiments were performed.

The DWA structures utilized in these experiments are
fabricated from SiO2 annular capillaries coated with an outer
metal layer to form dielectric lined waveguides ranging in length
Ls from 1 to 15 cm. The structure’s cylindrical symmetry, as
shown in Fig. 1, maximizes beam-radiation coupling. The hole in
the dielectric gives a vacuum aperture that permits unobstructed
near-axis beam passage.

The primary data presented in this work is the measured
changes—through acceleration and deceleration—in the beam’s
kinetic state after interaction with the structure. Additionally, we
characterize the beam’s EM interaction with the DWA by
examining properties of the coherent Cerenkov radiation (CCR)
generated in the structure. This combination of two types of
measurement, in concert with comparisons to theoretical models,
yields strong insights into GeV m! 1 acceleration in a DWA.

Electron beam

Wakefield

DielectricMetal cladding

Beam direction

Pulse length c!

2b

2a

Structure length L
s

Figure 1 | Graphical representation of dielectric wakefield accelerator.
A cutaway view with the dielectric shown in grey and metal cladding in
copper. The beam (dark red) travels along the structure in the vacuum region,
leaving an idealized accelerating wakefield Ez shown in a colour intensity map
(red to blue). The wakefield inside of the excited wave-train is shown as
constant in magnitude as a function of distance behind the beam, consistent
with theory and simulation assuming lossless media. This is in contrast to the
experimental results in Fig. 4, which display dissipation effects.
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plasma exit to the detector, the divergence of these accelerated
electrons at the exit of the plasma was deduced to be extremely
small, less than C75mrad (r.m.s.). The charge of the accelerated
electrons (with energies higher than 23 GeV) was B40 pC. Fifty
consecutive shots with the same experimental conditions are
shown in Fig. 2c, demonstrating that these large energy gains
were observed frequently. More precisely, in this data set, 24% of
the shots had a maximum energy greater than 45 GeV, 68% were
over 40 GeV and 94% over 30 GeV. The average maximum
energy gain was 41.3±0.8 (stat.) GeV. In the experiment,
different beam parameters (bunch length, shape of the long-
itudinal profile, beam size and emittance) fluctuated from one
shot to the next and affected the experimental outcome, and lead
to the observed shot-to-shot fluctuations.

Electron acceleration was found to be strongly dependent upon
the argon pressure, that is, on the plasma density. In the
experiment, no acceleration was observed at pressures of 2, 4 and
8 Torr (see Fig. 3a–c for details). Large energy gains, typically
doubling the initial electron energy, first appear when increasing
the pressure to 16 Torr (see Fig. 3d for details), which

corresponds to a neutral atom density of 5.2! 1017 cm" 3. Strong
acceleration was still present at the highest pressure of the scan,
32 Torr, although the interaction was less stable (see Fig. 3e for
details). The maximum energy loss is another important physical
quantity characterizing the strength of the beam–plasma inter-
action. At 2 Torr, the maximum energy loss was fluctuating
between 4 GeV and more than 9 GeV, with a median value of
7 GeV. For all other pressures, the maximum energy loss was
observed to be always greater than 9 GeV (limited by the camera
field of view).

Numerical simulations and interpretation. To better under-
stand the experimental observation of large energy gains in high-
density and high-ionization-potential plasma accelerators, parti-
cle-in-cell simulations of the interaction between the electron
beam and the argon gas were performed using the three-
dimensional quasi-static code QuickPIC18,19 (see the Methods for
details). As the interaction can only start when the beam is small
enough to ionize, it is not necessary to simulate the propagation
through the entire gas volume, but only through the region where
ionization can occur. Experimentally, the beam enters the argon
volume long before reaching its minimum transverse size. To
reproduce this condition, the simulation starts at a point where
the beam size is sufficiently large to ensure no self-ionization
occurs, and the gas density is constant along the propagation axis.
Figure 4a–c shows the simulated electron beam density, the
plasma electron density and the longitudinal field of the wakefield
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Figure 2 | Electron energy spectra. (a) Single shot image of the electron
energy spectrum measured by the Cherenkov detector (see the Methods
for details). (b) Projection of the image (a) on the electron energy axis,
showing a maximum energy at 47±2.5 GeV. The horizontal error bar
accounts for resolution limit due to finite beam size and for error due to
pointing fluctuations, and the grey area indicates the detection threshold.
(c) Waterfall plot showing the peak charge density as a function of electron
energy for 50 consecutive electron bunches.

50
40
30
20
10

50
40
30
20
10

50
40
30
20
10

50
40
30
20
10

40

30

20

S
ho

t n
um

be
r

S
ho

t n
um

be
r

S
ho

t n
um

be
r

S
ho

t n
um

be
r

S
ho

t n
um

be
r

10

17.5 20 25 30 35 40 45 50 55

1010.1

Charge density (pC mm–2)

E (GeV)

a

b

c

d

e

Figure 3 | Energy gain as a function of argon pressure. Waterfall plots of
peak charge density as a function of electron energy for an argon pressure
of 2 Torr (a), 4 Torr (b), 8 Torr (c), 16 Torr (d) and 32 Torr (e). Each waterfall
plot shows 50 consecutive shots taken under the same experimental
conditions (except for e, where only 40 shots are presented).
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FACET-II is an Exciting Place for Young Researchers

High-impact science in a fast paced environment: 
• National User Facility environment working closely with multiple collaborations of Faculty, 

Staff, Postdocs and PhD students from Universities, National Labs and different countries 
• Typical PhD research includes theory, simulations and experimental effort 

Track record with students & postdocs over the last two years: 
• Spencer Gessner (Stanford PhD 2016) → CERN Fellow with offers from DESY, U. 

Chicago, UCLA. APS-DPB PhD Thesis Award 
• Joel Frederico (Stanford PhD 2016) → Hughes Research Laboratory 
• Navid Vafaei-Najafabadi (UCLA PhD 2016) → Professor Stony Brook University 
• Michael Litos (SLAC Postdoc 2016) → Professor University of Colorado Boulder 
• Sebastien Corde (SLAC Postdoc 2015) → Professor Ecole Polytechnique 
• Erik Adli (SLAC Postdoc 2015) → Professor University of Oslo 
• Brendan O’Shea (UCLA PhD 2015) → SLAC Research Associate

12V. Yakimenko –Tsinghua April 24, 2017
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Beam Driven Plasma Accelerator Roadmap for HEP
2016 2020 2025 2030 2035 2040
LHC Physics Program
Plasma Accelerator R&D at Universities and 
other National & International Facilities

PWFA-LC Concepts & Parameter Studies PWFA-LC CDR PWFA-LC TDR PWFA-LC 
Construction

Beam Dynamics & Tolerance Studies
Plasma Source Development
FACET-II Construction

FACET-II Operation
Experimental Design & Protoyping
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Staging 
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Stages
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FACET-II Project Plan

Timeline: 
✓ Nov. 2013, FACET-II proposal, Comparative review 
✓ CD-0 Sep. 2015 
✓ CD-1 Oct.  2015 (ESAAB, Dec.2015) 
✓ CD-2/3A  Sep. 2016 
•   CD-3B Sep. 2017 
•  CD-4         2022 

  Experimental program (2019-2026)  

Key R&D Goals: 
• Beam quality preservation, high brightness beam generation, 

characterization 
• e+ acceleration in e- driven wakes  
• Staging challenges with witness injector 
• Generation of high flux gamma radiation 

Three stages:  
• Photoinjector   (e- beam only)  FY17-19 
•e+ damping ring  (e+ or e- beams) FY18-20 
• “sailboat” chicane   (e+ and e- beams)

14V. Yakimenko –Tsinghua April 24, 2017

10GeV, 2nC, 10µm3, e- & e+

FACET-II will operate as a National User Facility with an external program advisory 
committee reviewing proposals and recommending priorities for the experimental program

10GeV, 2nC, 10µm3, e- & e+
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Extreme Beams: A Challenge and Opportunity!

15

60 µm 

Energy doubling
>100GeV/m
in 1018 Ar gas

Corde et al., Nature Communications June 2016

FACET-II will transition from 100 GeV/m to 1-100 TeV/m
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all dimensions of 20 µm is shown in Table II.

We also found the maximum value of H for the case s
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• We know from experience – extreme beam densities developed at 
FACET and FACET-II turn materials into plasma physics experiments! 

• Allows experiments to access new regimes

V. Yakimenko –Tsinghua April 24, 2017



FACET-II Beam will Access New Regimes

16

Low-emittance (state of the art photoinjector) and ultra-short 
(improved compression) beam will generate: 

• >175 kA peak current (~1 µm long) 
• ~100 nm focus by plasma ion column 
• ~1012 V/cm radial electric field (Es=1.3x1016 V/cm) 
• ~1023 cm-3 beam density

FACET-II Technical Design Report SLAC-R-1072
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Next Generation High Field Facilities

17V. Yakimenko –Tsinghua April 24, 2017

Schematic experimental setup to measure 
vacuum birefringence via an ellipticity signal

Some of the particular QED phenomena that will 
be studied at ELI are : 

• Electron - positron plasmas 
• Vacuum birefringence 
• Vacuum four - wave mixing 
• Vacuum polarisation 
• Unruh radiation 
• QED cascades : Inverse Compton Scattering 
• Quark - gluon plasmas

I =1022-1023 W/cm2 → 
1025 W/cm2 

E ≳3.1012-1013V/cm → 
1014V/cm



Four Options to Study High Field QED at SLAC

Option 1: LCLS X rays and 1GeV LWFA beam  ⇨ 𝜒 ~0.1 (𝜒 = Ep/Es)  

Experiments at MEC; Can start now - all hardware ~ exist 

Option 2: Laser field and 10GeV beam  ⇨ 𝜒 ~1-3  

~300TW laser focussed to I ~1021 W/cm2 (E ~3.1012V/cm) and  
Experiments at FACET-II or LCLS; can start in ~1-2 years 

Option 3: 10GeV FACET-II beam and 300MeV “witness injector” 

175kA FACET-II beam focused to 100nm (E ~1.5.1012V/m) ⇨ 𝜒 ~0.1 in e-beam field 

Experiments at FACET-II; can start in ~3-5 years 

Option 4: 100GeV collider e-e+ with Ep ≈1014 V/cm,  𝜒 ≈103 ! 

Future facility ~20 year 
 Full breakdown of perturbation theory
 So far theoretical calculations are impossible
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N.B. Narozhny, Phys. Rev. D 21, 1176 (1980)



100GeV collider e-e+ (Future facility ~10-20 years)

Beam field:   
 𝛾≃2 105, Ib=106A, σr=10nm, σz=0.3µm 

Field expansion parameter: 

Beam disruption parameter 

Beamstrahlung parameter 

Average energy loss in quantum regime (           )
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D =
2re Neσ z

γ σ r
2 ! 15

ϒ = 5
12

re
2Ne γ

ασ rσ z

! 103

δ = 6
5 π

ασ z

γ ! c
! 3ϒ >100

N.B. Narozhny,  
Phys. Rev. D 21, 1176 (1980)

P. Chen and V. Telnov,  
Phys. Rev. Lett. 63, 1796 (1989)

Er =
Ib c
2πε0σ r

! 1014V cm

χ = γ Er
Es
! 1800

g =α χ
2
3 ! 1

R.J. Noble, Nucl. Instrum.  
Methods Phys. Res. A 256 (1987) 427

Observables: beam energy spectrum, radiation spectrum, pair creation, ???

⇨ Perturbation theory does not work  
   HEP in the presence of extreme field is unexplored

Option 4:


