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FACET-II Call for Proposals Produced Strong Interest

PWFA Beam Quality (5 proposals, 2 ‘Excellent’) 
• PIs: Andonian, Joshi/Rosenzweig (UCLA), Hogan (SLAC), Litos (UC Boulder), Adli 

(U Oslo), Nagaitsev (FNAL), Gessner (CERN) 
PWFA Injection (6 proposals, 1 ‘Excellent’) 

• PIs: Hidding/Ullmann/Habib (U Strathclyde), Vafei (Stony Brook), Zhang/Xu 
(UCLA), Corde (Ecole Polytechnique), Rosenzweig (UCLA) 

PWFA Other (9 proposals, 2 ‘Excellent’) 
• PIs: Corde (Ecole Polytechnique), Joshi/Marsh/Rosenzweig (UCLA), Litos 

(UCBoulder), Fiuza/Marinelli (SLAC), Heinemann (DESY), Hidding/Habib (U 
Strathclyde) 

Machine Learning & Diagnostics (11 proposals, 1 ‘Excellent’) 
• PIs: Osterhoff (DESY), Marksteiner/Scheinker (LANL), Emma/O’Shea/White 

(SLAC), Downer (UTAustin), Hidding/Scherkl/Sutherland (U Strathclyde), Fiorito, 
Andonian/Ruelas (Radiabeam) 

Other: Dielectrics, Extreme Beams…(4 proposals, 1 ‘Excellent’) 
• PIs: Meuren (PPPL), Litvinenko (Stonybrook), O’Shea (SLAC), Rosenzweig 

(UCLA), Chen (UPenn)
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FY20 experimental schedule will be organized around the seven 
experiments that received an ‘Excellent’ ranking by the FACET-II PAC

https://portal.slac.stanford.edu/sites/ard_public/facet/newnav/Pages/tf/facet/FACETCurrentResearch.aspx



PWFA Experimental Program at FACET-II is Motivated by 
Roadmap for Future Colliders Based on Advanced Accelerators

Key elements for the next decade: 
• Beam quality – focus on emittance 

preservation at progressively smaller values 
• Positrons – use FACET-II positron beam 

identify optimum regime for positron PWFA 
• Injection – ultra-high brightness sources, 

staging studies with external injectors
3M.J. Hogan, FACET-II Science Workshop, October 29, 2019
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Image credits: lower left LBNL/R. Kaltschmidt, upper right SLAC/UCLA/W. An 

Figure 1: Layout of a 500 GeV PWFA Linear Collider. Each main bunch is accelerated by 25 GeV in each of ten plasma
stages. The plasma is driven by e− bunches, generated by a SCRF CW recirculating linac, and distributed co-linearly
with the main beams.

decelerating field; the transformer ratio. We design for a
transformer ratio of 11. A transformer ratio higher than 1
would reduce the drive beam energy, but tighten the main
bunch injection tolerances, as the main bunch needs to be
positioned closer to the trailing edge of the bubble. Using
Gaussian beam current profiles, the optimization yields [6]
a drive bunch charge of 2x1010, drive bunch length of 40m
(approx. the plasma wavelength/2π), a distance between
the drive bunch and the main bunch of 187 um and a final
main bunch energy spread of a few %. Assuming opera-
tion in the PWFA blow-out with the stated parameters and
electron bunches with a Gaussian charge profile, an over-
all drive bunch to main bunch power transfer efficiency of
50% is achieved in QuickPIC [7] simulations. The drive to
plasma transfer efficiency is 77% and the plasma to main
bunch transfer efficiency is 65% [6]. For positron accel-
eration other regimes such as the near hollow channel pro-
posed most recently by [8] shows promise, however precise
efficiency calculations have not yet been performed for this
regime.

DRIVE BEAM GENERATION
The plasma cells are powered by trains of bunches pro-

duced using recirculating linac acceleration. Each drive
bunch powers one single plasma cell accelerating one sin-
gle main bunch by 25 GeV, and is then ejected to a dump.
The process starts with a CW SC linac for optimum effi-
ciency and a recirculating beam line to reduce the overall
drive beam linac length and the associated cost and cryo-
genics power. The bunches are fed into an accumulator
ring to generate the time structure required to power the

1In the blow-out regime the transformer ratio could be chosen to be
significantly larger than 1.

plasma stages, see Fig. 1. When enough bunches to accel-
erate a single electron and positron bunch to their final en-
ergy have been accumulated in the ring, they are extracted
and distributed to the plasma cells from a co-linear distri-
bution system. This system uses fast kickers, small angle
bends and magnetic chicanes as delay lines to satisfy the
time constraints. Due to the co-linear drive beam, and ex-
ploiting the energy difference drive beam and main beam,
the kick angle required for drive beam injection before a
plasma stage is at most 9 mrad (varying with energy), and
we foresee that a solution based on conventional technol-
ogy (septa and kickers) will fulfill the timing requirements
of the PWFA-LC. More details about the drive beam gen-
eration and injection/extraction can be found in [9].

POWER ESTIMATES
The estimated total wall plug power consumption of the

complex is summarized in Fig. 2. It assumes 50% drive
to main bunch efficiency as discussed above, a realistic
power supply efficiency of 90% and a klystron efficiency
of 65% (based on LEP or CEBAF experience with CW op-
eration). With these efficiencies the rf power to accelerate
the drive beam up to the requested energy of 25 GeV varies
from 26 MW to 114 MW at center of mass energy of 250
GeV and 3 TeV respectively. In addition 1 MW to 13 MW
have to be provided to compensate for synchrotron radi-
ation losses in the accumulator ring. Thus the wall plug
power for drive beam acceleration varies from 61 MW to
211 MW corresponding to the lion’s share of the total wall
power consumption. The cryogenic power of the SC linacs
is only 15.7 MW using recirculation. The resulting drive
beam wall-plug to drive beam efficiency is 40%, and the
total beam acceleration efficiency of about 20% is partic-

TUPME020 Proceedings of IPAC2013, Shanghai, China
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E. Adli et al., ArXiv 1308.1145 
J. P. Delahaye et al., Proceedings of IPAC2014 

A Conceptual PWFA-LC

http://science.energy.gov/~/media/
hep/pdf/accelerator-rd-stewardship/

Advanced_Accelerator_Development_
Strategy_Report.pdf



E-300: Energy Doubling of Narrow Energy Spread Witness Bunch 
while Preserving Emittance with a High Pump-to-Witness Energy 
Transfer Efficiency in a Plasma Wakefield Accelerator

4M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Plasma Density Profile

FACET & FACET II Simulations

16

FACET  Two-Bunch FACET II Two-Bunch(Low εN)

FACET FACET-II
Science deliverables: 

• Pump depletion of drive beam with 
high efficiency & low energy spread 
acceleration 

• Beam matching and emittance 
preservation 

Key upgrades: 
• Photoinjector beam 
• Matching to plasma ramps 
• Differential pumping 
• Single shot emittance diagnostic 

Plasma source development: 
• Between 10-20µm emittance, beam 

expected to ionize He in down ramp 
• Next step laser ionized hydrogen 

source in development through E-301

Flexibility of the photo-injector allows optimal beams for PWFA studies

C Joshi et al 2018 Plasma Phys. Control. Fusion 60 034001

See presentation by Chan Joshi today 4:00PM



Beam Loading in Non-linear Wakes

Theoretical framework, augmented by simulations, provides a recipe

5M.J. Hogan, FACET-II Science Workshop, October 29, 2019

the very front and the very back of the bubble. To make
progress analytically, we take the ultrarelativistic limit,
where the normalized maximum radius of the ion channel
is !pRb=c ! 1. The equation for the innermost particle
trajectory reduces to (see Ref. [13]):

rb
d2rb
d!2 þ 2

!
drb
d!

"
2
þ 1 ¼ 4"ð!Þ

r2b
; (1)

where we adopt normalized units, with length normalized
to the skin-depth c=!p, density to the plasma density np,
charge to the electron charge e, and fields to mc!p=e. The
term on the right-hand side of Eq. (1) can describe the
charge per unit length of an electron beam driver or a
trailing beam (an additional term for the pondoromotive
force of the laser can also be included [13]). Here we are
interested in the back half of the bubble, where the wake-
field is accelerating and the quantity 2#"ð!Þ, with "ð!Þ ¼R1
0 rnbdr, is the charge per unit length of the beam load.
We define ! ¼ 0 at the location where rb is maximum,

i.e., drb
d! j!¼0 ¼ 0. In Ref. [13], it was shown that for

!pRb=c ! 1, the wakefield is Ez ’ 1
2 rb

drb
d! ; therefore,

Ezð! ¼ 0Þ ’ 0. For !> 0, the electrons are attracted by
the ion channel back toward the !-axis with drb

d! j!>0 < 0

until ! ¼ !s where beam loading starts. For ! & !s, the
electrons feel the repelling force from the charge of the
accelerating beam, in addition to the force from the ion
channel. The additional repelling force decreases the slope
of the sheath drb

d! , thereby lowering the magnitude of Ez.

This can be seen in the simulation results in Fig. 1, where
the trajectory of the innermost electron for an unloaded

wake is drawn on top of the electron density for a loaded
wake, and the corresponding wakefield for the two cases is
also plotted. The method for choosing the charge profile of
the load is described below.
If the repelling force is too large and the beam too long,

the electrons in the sheath will reverse the direction of their
transverse velocity at some !r, where

drb
d! j!¼!r

¼ 0, and,

consequently, Ezð!rÞ ¼ 0. This is a very undesirable con-
figuration because it implies that the front of the bunch
feels a much stronger accelerating force than the back.
We are interested in trajectories for which rbð!> 0Þ

decreases monotonically. " may then be expressed as a

function of rb: "ð!Þ ¼ lðrbÞ. Substituting r00b ¼ r0b
dr0b
drb

,

where the prime denotes differentiation with respect to !,

Eq. (1) reduces to
dr0b
drb

¼ 4lðrbÞ'r2b½2ðr0bÞ2þ1)
r3
b
r0b

, which can be

integrated to yield

Ez ’
1

2
rb

drb
d!

¼ ' rb
2

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16

R
rb lð$Þ$d$ þ C

r4b
' 1

s
(2)

First we comment on salient features of the unloaded
case ðlðrbÞ ¼ 0Þ. Evaluating the constant in Eq. (2) from
the condition Ezðrb ¼ RbÞ ¼ 0, we obtain:

EzðrbÞ ’
1

2
rb

drb
d!

¼ ' rb
2

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R4
b

r4b
' 1

s
; Rb & rb > 0:

(3)

Equation (3) can be integrated from the top of the bubble
rbð! ¼ 0Þ ¼ Rb to yield the innermost particle trajectory
for 0< rb * Rb:

!

Rb
¼ 2E

$
arccos

$
rb
Rb

%&&&&&&&&
1

2

%
' F

$
arccos

$
rb
Rb

%&&&&&&&&
1

2

%
; (4)

whereFð’jmÞ,Eð’jmÞ are the incomplete elliptic integrals
of the first and second kind [18].
To minimize the energy spread on the beam, we seek the

beam profile that results in Ezðrb * rsÞ ¼ 1
2 rb

drb
d! jrb¼rs ’

const + 'Es within the bunch. The shape of the bubble in
this case is described by the parabola r2b ¼ r2s ' 4Esð!'
!sÞ. For 0 * ! * !s, Ez is given by Eq. (3). Es is found by
requiring that the wakefield is continuous at !s: Es ¼
rs
2
ffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
R4
b

r4s
' 1

r
. For !s * ! * !s þ r2s

4Es
, where !s þ r2s

4Es
is

the location at which the sheath reaches the !-axis, the
profile of "ð!Þ that leads to a constant wakefield is trape-

zoidal with maximum at "ð!sÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E4
s þ R4

b

24

q
and minimum

at "ð!s þ r2s
4Es

Þ ¼ E2
s

"ð!Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E4
s þ

R4
b

24

s
' Esð!' !sÞ (5)

and the total charge Qs ¼ 2#
Rr2s=ð4EsÞ
!s

"ð!Þd! is

FIG. 1 (color online). The electron density from a PIC simu-
lation with OSIRIS [19] for kpRb ¼ 5 is presented. The beams
move to the right. The broken black line traces the blowout
radius in the absence of the load. On the bottom, the red (black)
line is the lineout of the wakefield Ezð!; rb ¼ 0Þ when the beam
load is present (absent).

PRL 101, 145002 (2008) P HY S I CA L R EV I EW LE T T E R S
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• Relativistic Beams provide a non-evolving wake 
• Possible to nearly flatten accelerating wake – even with Gaussian beams 
• Gaussian beams provide a path towards ∆E/E ~ 10-2 - 10-3 
• Applications requiring narrower energy spread, higher efficiency or larger 

transformer ratio           Shaped Bunches

and the wakefield are given by

8l0 ¼ r2b þ 1
2ð!$ !!s þ

ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8l0 $ r2!s

q
Þ2; (12)

Ez ¼ $1
4ð!$ !!sÞ þ Ezð! ¼ ! !sÞ (13)

and the innermost particle will reach the !-axis at !!s þ
"!!s, where "!!s ¼

ffiffi
2

p
r!s
ðR2

b $
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R4
b $ r4!s

q
Þ. In this case, the

energy absorption per unit length is identical to that of an
optimal trapezoidal bunch 2"l0"!!shjEzji ¼ QsEs. The
difference in the accelerating force experienced by the
front and the back of the bunch will tend to increase the
bunch’s energy spread. This can be avoided either by
injecting the bunch with an initial energy chirp to compen-
sate for the effect caused by the field in Eq. (13) or by using
a monoenergetic trapezoidal bunch.

If the driver travels with a velocity slower than that of
the accelerating electrons, these electrons will move with
respect to the wake. In this context, it is interesting to see
what happens if a flat-top electron bunch optimized for
some !1 is instead placed at !2 and !3, both smaller than
!1.

In Fig. 2(a), we compare the lineouts of the wakefield
Ezð!; rb ¼ 0Þ from three 2D cylindrically symmetric simu-
lations with the theoretical results for flat-top beams. For
each simulation, an electron bunch with l0 ¼ 0:25R2

b and
length "! !s ¼ 0:27Rb is loaded at one of three locations:
!1 ¼ 0:67Rb, !2 ¼ 0:53Rb, !3 ¼ 0:31Rb. The open red

squares correspond to loading at !1, the solid blue dia-
monds to !2, and the open green circles to !3. The solid
lines are derived from the theory [for l0 > R4

b=ð8r2!sÞ, the
particle trajectory in the region ! !s & !< !m can be writ-
ten in terms of the integral Eð’jmÞ] and are in excellent
agreement with the simulations in all three cases.
We repeated the simulations using Gaussian bunches

with the same number of particles as in the flat-top cases
and NbðzÞ ¼ Nbffiffiffiffiffi

2"
p

#z
e$z2=ð2#2

z Þ, where #z ¼ "!!s=ð2
ffiffiffi
2

p
Þ.

Each bunch is placed so that its center is at a distanceffiffiffi
2

p
#z from !1, !2, and !3 for the three simulations. The

results, shown in Fig. 2(b), confirm that the Gaussian
bunches may be treated using the theory for flat-top
bunches. In both Figs. 2(a) and 2(b), we observe that the
wakefield is relatively flat regardless of the placement of
the bunch. The initial negative slope is balanced by a
smaller positive slope for most of the acceleration process.
Last we note that we started from Eq. (1), which is the

ultrarelativistic limit of Eq. (11) of Ref. [13] and is ex-
pected to hold for kpRb * 3. For lower kpRb the formalism
described here can still be applied if one numerically
solves Eq. (11) of Ref. [13].
Work supported by the Department of Energy under

Grants No. DE-FG02-03ER54721, No. DE-FG03-
92ER40727, No. DE-FG52-06NA26195, and No. DE-
FC02-07ER41500. Simulations were carried out on the
DAWSON Cluster funded under an NSF grant, NSF-Phy-
0321345, and at NERSC.
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FIG. 2 (color online). Wakefield lineouts for (a) a flat-top
electron bunch and (b) a Gaussian bunch with the same charge
at three different locations !1ðredÞ, !2ðblueÞ, and !3ðgreenÞ is
plotted from theory [solid lines (a)] and simulations [symbols
(a),(b)].
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Roadmap emphasizes the 
need to answer the 

question: Is it possible to 
strongly load the 

longitudinal wake without 
strong transverse wakes 

and BBU?



E-302: Transverse Wakefields and Instabilities in Plasma 
Wakefield Accelerators

Many mechanisms of emittance growth have 
been put forward, e.g. ion motion, hosing…

6M.J. Hogan, FACET-II Science Workshop, October 29, 2019

D. Whittum et al. PRL 67, 991 (1991) LBNL/SLAC 
J. Rosenzweig et al., 95, 195002 (2005) UCLA 
C. Huang et al., PRL 99, 255001 (2007) UCLA 
V. Lebedev et al., PRST-AB 20, 121301 (2017)  FNAL

W. An et al. PRL 118, 244801 (2017) UCLA

Benchmark theoretical and 
numerical predictions will 
be a strong component of 

FACET-II Program

ALEGRO 2018 workshop, Oxford, UK 
Tue March 27, 2018 16

Divergence reduction in an adiabatic 
plasma-to-vacuum-taper experimentally 
demonstrated for LWFAs:

Sears, et al. PRST-AB 13, 092803 (2010).

Experimental demonstration

- Plasma target design for transitions >> 1 mm not demonstrated

- Demonstration: adiabatic/optimized matching/extraction in PWFAs

- Adiabatic transition length > stage length for great energies

- Stability study for optimized matching (phase-dependence)

- Conceptual study of misalignment mitigation

Remaining challenges/To do’s

Reduction of spatial hosing seeds

in tapered vacuum-to-plasma

transitions.

Reduction of hosing seed

“Adiabatic alignment” ~ 
reduction of hosing seed for 
witness beam.

Mitigation of misalignmentn
/n
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Plasma-to-vacuum transitions:  
“Swiss army knife” for quality preservation?

+ … ?

Mehrling et al. PRL 118, 174801 (2017).

Plamsa ramps

7

Mitigating Hosing Instability 

Head Center Tail

ξ = -σz ξ = 0 ξ = σz

10% Energy Chirp Overloading the Wake can 
compensate the chirp.

Energy Spread

10

Killing the Hosing Instability

Head Center Tail

ξ = -σz ξ = 0 ξ = σz

Trailing Beam: E = 10 GeV, Ipeak=9 kA 

σr = 0.516 µm, σz = 6.38 µm , 
N =4.33 x 109 (0.69 nC), εN = 1 µmrad 
(transversely offset by 1 µm)

Drive Beam: E = 10 GeV, Ipeak=15 kA 

σr = 0.516 µm, σz = 12.77 µm , 
N =1.0 x 1010 (1.6 nC), εN = 1 µmrad

Ion Motion

T. Mehrling et. al., PRL 118, 174801 (2017) DESY/LBNL

Proposed techniques 
for mitigation need to 

be tested 
experimentally



Instability Possibly Strong Enough to Measure – 
Need Good Diagnostics and Development of New Techniques

7M.J. Hogan, FACET-II Science Workshop, October 29, 2019

See presentation by Mike Litos Wed. 11:00AM



Optical Measurements of Nanosecond-scale Plasma Channel 
Evolution Excited by Beam-driven Plasma Wakes at FACET (E224) 

8M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Plasma  
column

LITHIUM VAPOR

HELIUM
HELIUM

Lithium pipe oven 150cm ~250cm

~ 
2.

8 
cm

e-bunch

FACET e-bunch 

Ee  =  20 GeV 
Q   =  2.4 nC 
Σr  =  30 µm 
σz  =  55 µm

Laser probe 

Epr    =  1 mJ 
λpr     =  800 nm 
wp     =  2.5 mm 
τpr     =  70 fs 
jitter ~  0.1 ps

CCD

Object plane

Image plane f/40 Lens

~ 0.008 rad

na = 0.8e17 cm-3

0 1 2 3 4Normalized probe  intensity I/I0 
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m
]

Plasma column radius at “best focus” 

E-324 will improve resolution and probe extended timescales

See presentation by Mike Downer Wed. Noon



E-303: Generation and Acceleration of Positrons at FACET-II

9M.J. Hogan, FACET-II Science Workshop, October 29, 2019

This technique should make for a good for PhD thesis but is not adequate 
for addressing roadmap goals

Positron generation and acceleration concept
• Drive-trailing electron bunch configuration for the incident bunches. 
• Interaction with a high-Z foil target. 

- Convert some electrons into e- & e+ pairs 
• Injection into lithium plasma.  

- Drive electron bunch excites wake, coincident positrons are defocused.  
- Trailing positron bunch at a proper phase is accelerated, coincident 

electrons are defocused

X. Wang, et. al., Positron Injection and Acceleration on the Wake Driven  
by an  Electron Beam in a Foil-and-Gas Plasma, Phys. Rev. Lett. 101, 124801 (2008)

�5

Negative charge dominant

Work plan. Step 3 insert Ta foil into lithium oven

Proposed 
Ta target 

integrated 
into 

1,000°C 
Li oven

High-Quality Positron Beams Will Be a Unique Feature of FACET-II – but not available 
until 2022 

• Several candidate regimes for positron acceleration in plasmas but much of the physics 
remains unstudied experimentally 

• Proposal to use two-bunch setup and thin converter target to shower positrons into 
accelerating phase of plasma wake 

• Start-to-end simulations predict this is not a path to collider relevant positron beam 
parameters – off by order(s) of magnitude in intensity & quality

See presentation by Ken Marsh Wed. 1:30PM



Development of High-Brightness Electron Sources e.g. 
Laser Triggered Injection in Electron-beam Driven PWFA

10M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Success of E-210 has generated a family of follow-up proposals for FACET-II: 
E-31X: Trojan Horse-II, Plasma Torch, Dragon Tail, Plasma Afterglow, Icarus

‘Trojan Horse’ Injection

• Team of students and postdocs developed 
the techniques to align, synchronize injection 
and characterize the injected beams 

• Measured beam parameters inline with 
expected values from simulations 

• Experiments at FACET-II will optimize this 
technique (co-linear injection)

A. Deng et al. Nature Physics August 2019

See presentation by Bernhard Hidding Wednesday 3:30PM



Development of High-Brightness Electron Sources e.g. 
Laser Triggered Injection in Electron-beam Driven PWFA

11M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Success of E-210 has generated a family of follow-up proposals for FACET-II: 
E-31X: Trojan Horse-II, Plasma Torch, Dragon Tail, Plasma Afterglow, Icarus

‘Trojan Horse’ Injection

• Team of students and postdocs developed the 
techniques to align, synchronize injection and 
characterize the injected beams 

• Measured beam parameters inline with expected 
values from simulations 

• Experiments at FACET-II will optimize this 
technique (co-linear injection) 

• Path to collider level 10-100nm emittance beams 
without damping ringsA. Deng et al. Nature Physics August 2019

See presentation by Bernhard Hidding Wednesday 3:30PM

Example FEL Applications: 
• TerraWatt Peak Power 
• Attosecond Pulses 
• Photon Energies > 20keV 

HEP Studies: 
• Collider level emittance

Friday’s session will focus on the opportunities and common 
challenges of plasma based FEL concepts



E-305: Beam Filamentation & Bright Gamma-ray Bursts

12M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Transverse beam stability: 
• If  the beam is focused towards a stable equilibrium: stable plasma-wave excitation. 
• If  the beam undergoes transverse instabilities.

𝑘𝑝𝜎𝑟 ≤ 1
𝑘𝑝𝜎𝑟 > 1

Plasma return current 
flows inside the relativistic e- beam. 

Two inter-penetrating e- flows. 

Large variety of EM-modes 
can develop from noise  

Weibel (CFI), Oblique, Two-stream 
They break up the beam.

Which mode has the fastest growth rate? 
What is the amplitude of those modes? 

How do they affect the beam?

FACET 10 GeV Electron Bunch 
Evolution during propagation over 1.5 

mm of Al (1.8.1023 cm-3 )

Charge Normalized 
emittance

Angular 
spread 

Beam 
size

Bunch 
length 

Peak 
current 

2 nC 3 mm.mrad 68.74 μrad 2.23 μm 1.5 μm 150 kA

E
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See presentation by Sebastien Corde Wednesday 2:00PM

FACET-II beam allows exploration of high γ and wide range of nb/np (10-4-1), 
which is ideal to explore growth and interplay between the two instabilities

Relativistic streaming instabilities are pervasive in astrophysics



E-305: Beam Filamentation Instabilities and ɣ-ray Generation

Potential for giant gamma-ray bursts: 
• Study of gamma-ray yield as a function of plasma density and nb/np 
• Wakefield versus filamentation regime 
• Could exceed 10% conversion efficiency from electrons to gamma rays, with unique 

opportunities for gamma-ray source applications and for 2-step positron sources

13M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Once filamentation instability has developed, beam electrons experience large 
electromagnetic fields, bending their trajectories, and leading to synchrotron-type 
gamma-ray emission.

Gamma rays in solids 

Collaboration combines interests of several groups in astrophysical plasma 
instabilities, plasma focusing, novel positron production experiments

Full PIC 
(CALDER) 
simulations



E-320: Probing Strong-field QED at FACET-II 
Collision of ~1020 W/cm2 laser pulses with 10-13 GeV electrons 

14M.J. Hogan, FACET-II Science Workshop, October 29, 2019

QED critical field: Ecr = mc2/eƛC ~ 1018 V/m 
Energy: mc2 ~ MeV; Length: ƛC = ħ/mc ~ 10-13 m;  
  

Vacuum fluctuations: uncertainty principle limits   
extent to ƛC,critical field can transfer mc2: real pair

Critical intensity: ~1029W/cm2, can be achieved 
in the rest frame of ultrarelativistic electrons:      
χ=Υ~γE/Ecr (γ: Lorentz factor; E: electric field) 

rest frame intensity 
is amplified by 4γ2

Fundamental Strong-field QED processes

Photon emission
Electron/positron 
pair production

                               

Dressed states (a0 ≳ 1): laser nonperturbative: 
concerted interaction with multiple laser photons 
Quantum regime (χ=Υ≳1): stochastic photon 
emission & recoil disruption of trajectories;  
pair production no longer exponentially small

See presentations at ExHILP2019: https://web.stanford.edu/group/pulse_institute/exhilp/



E-320: Probing Strong-field QED at FACET-II 
Collision of ~1020 W/cm2 laser pulses with 10-13 GeV electrons 

15M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Collaboration: Carleton (Canada); Aarhus (Denmark); 
École Polytechnique (France); MPIK & HI Jena (Germany); 
Lisboa (Portugal); Imperial & Belfast (UK); Cal Poly & 
Colorado & LLNL & Nebraska & SLAC & UCLA (USA)

single-photon Compton  
scattering edge

“high harmonics”: 
requires absorption of 
multiple laser photons 

Standard numerical code:  
local constant field approximation

LCFA breakdown: 
 formation length comparable 

with laser wavelength

Timeline: Spring 2020: backgrounds (positrons) & first 
measurements (electrons), Summer/Fall 2020: pair 
production. Future: laser upgrade, gamma spectrum, etc. 

Finite radiation lifetime  
(some electrons don’t emit)

Radiation reaction (emission of multiple photons) 
Classical (Landau/Lifshitz): sharp edge (cooling)  

Quantum (QED): stochasticity (diffusive behavior) 

Aim: measuring emitted gamma photons + scattered electrons and produced positrons  

Positron Production 

Tunnel exponent:  
photon-induced “vacuum 

breakdown”

Simulations: M. Tamburini (Heidelberg) & M. Vranic (Lisbon)

Scattered electrons 

Emitted gamma photons 

See presentation by Sebastian Meuren Wednesday 9:30AM



FACET-II: A National User Facility

10 GeV e- & e+ beams, 2nC/1nC @ 30/5Hz, ~µm emittance, Ipk 
> 10kA 
User Programs 2019-2026

16M.J. Hogan, FACET-II Science Workshop, October 29, 2019

FACET-II Layout and Beams

8V. Yakimenko, FACET-II SCIENCE WORKSHOP, Oct. 17, 2017

Positron Beam Parameter Baseline 
Design

Operational 
Ranges

Final Energy [GeV] 10 4.0-13.5
Charge per pulse [nC] 1 0.7-2
Repetition Rate [Hz] 5 1-5

Norm. Emittance γεx,y at S19 
[μm]

10, 10 6-20

Spot Size at IP σx,y  [μm] 16, 16 5-20
Min. Bunch Length σz (rms) 
[μm]

16 8

Max. Peak current Ipk [kA] 6 12

FACET-II Technical Design Report SLAC-R-1072

Electron Beam Parameter Baseline 
Design

Operational 
Ranges

Final Energy [GeV] 10 4.0-13.5

Charge per pulse [nC] 2 0.7-5
Repetition Rate [Hz] 30 1-30

Norm. Emittance γεx,y at S19 [μm] 4.4, 3.2 3-6
Spot Size at IP σx,y  [μm] 18, 12 5-20

Min. Bunch Length σz (rms) [μm] 1.8 0.7-20
Max. Peak current Ipk [kA] 72 10-200

See presentation by Jerry Yocky Tuesday 11:00AM



Science Program is Centered Around the Seven Proposals 
That Received an “Excellent" Ranking from the FACET-II PAC

Three machine configurations have been identified and are being developed to 
satisfy all seven experiments: 

• Two-bunch (1.3/0.6nC, 30/15kA , 150µm separation, 5-50cm betas) 
- PWFA emittance preservation under high beam-loading (E-300) 
- PWFA hosing suppression (E-302) 
- PWFA positron injection (E-303) 
- Wake imaging (E-324) 

• Single bunch with high peak current (50-300kA, 0.1-10m betas) 
- Filamentation & gamma-ray bursts (E-305) 
- ‘Trojan Horse’ Injection (E-310) 
- Wake imaging (E-324) 

• Highest Energy low backgrounds and well characterized (13GeV, 
σz = 100µm, 1m betas) 
- HFQED (E-320)

17M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Minimize configuration changes and gradually introduce new (more 
extreme) capabilities in the beams and hardware

See presentation by Glen White Tuesday 10:00AM



FACET-II Stage 1 Diagnostics Overview

18M.J. Hogan, FACET-II Science Workshop, October 29, 2019

FACET-II Science Workshop, October 17-21, 2017 7

FACET-II Stage 1
Diagnostics Overview

Injector L1 & BC11 BC14 L2 & L3 BC20 & IP Total 
(Stage 1)

BPM 12 6 + 3 4 + 2 66 19 112
Toroid 3 1 1 5 10
Wire scanner 1 1 4 + 4 2 12
Profile 
monitor 5 2 2 1 8 18

TCAV 1 S 1 S 1 X 3
Bunch Length 1 1 1 1 4
Collimator 1 2 2 1 6

Standard e- beam diagnostics (existing and new) 

FACET-II re-uses existing FACET e- beam diagnostics where possibleFACET-II re-uses existing FACET electron beam 
diagnostics where possible

See presentation by Nate Lipkowitz Tuesday 12:00PM



Diagnostics are Joint Development Effort Between 
Users & Operations (EOS, Profile monitors…)

19M.J. Hogan, FACET-II Science Workshop, October 29, 2019

µ&≈&135&µm&
σstd.dev.&≈&20&µm&

Example&Analysis:&Two7Bunch&SeparaAon&(4)&
Drive7Witness&Bunch&SeparaAon&

Very&powerful&for&two7bunch&positron&experiments.&
Wish&we&had&this&for&two7bunch&electron&experiments!&

Hollow channel transverse instability studies – Carl A Lindstrøm – July 20, 2016

Image processing: IP2A (x/y projection)

• IP2A allows imaging of both drive 
and witness beams. 

• Assume a ~constant drive bunch. 

• Method: 
1.  Subtract assumed drive bunch. 
2.  Gaussian fits of the x/y-
projections of the remainder 
(witness bunch).

17

Legend
Black points: actual projection 
Red line: assumed drive bunch 
Green points: witness projection 
Blue line: witness Gaussian fit 
Magenta line: sum of drive and  
                       witness fits 

“The witness projection program”

FACET-II BC20 Enabled Beams Require Novel Diagnostics

EOS tracking of 5,000 consecutive shots 
Variable bunch separation from 0-450µm

Hollow channel transverse instability studies – Carl A Lindstrøm – July 20, 2016

Experiment (3/4): Comparing bunch separations

• Phase ramp scan 21184, great bunch separation data from EOS! 

• Bunch separation varies from ~0 to 450µm.  
(Potentially a scaling factor due to imaging angle?)

29

Does time of arrival have 
any effect? 

∆TOA ≈ 1.2 mm / c
≈ 4 ps

Shorter than time scale 
of plasma evolution (?) 

NO TOA EFFECT

Shot #
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Increasing separation

Single shot 
measurements 
for data sorting 

and run 
statistics

Profile monitors provide 
pointing and offset 

information w.r.t. each 
other and ionization laser

Injected	
charge

Defocused	
beam

electrons

Spectrometer 
provides energy, 
energy spread, 
divergence…

See presentations by Claudio & Doug Today, Mike Litos Wednesday



FACET-II Will Achieve Experimental Efficiencies Through 
Collaboration Between Groups on Common Hardware

20M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Working Groups provide input to design diagnostics and experimental 
hardware that simultaneously benefit multiple experiments

See presentation by Doug Storey Tuesday 1:50PM 



FACET-II Experimental Laser Requirements Discussed in 
Collaboration and Topical Zoom Meetings e.g. Plasma Sources

21M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Energy [mJ] Pulse Length 
FWHM [fs]

Wavefront 
Control Probe Laser

E300
Energy Doubling 30 70 Yes No

E301
Hydrogen PWFA 500 70 Yes No

E302
Transverse 

Wakefields in PWFA
30 70 Yes Yes

E303
Positron 

Generation & 
Acceleration

30 70 Yes No

E305 
Filamentation & 
Gamma Bursts

150 70 Yes No

E310
Trojan Horse II 30/500 70 Yes Yes

E320
Strong Field QED >600 35 Yes No

E324
Plasma Imaging N/A 35 Yes Yes



FACET Experimental Ti-Sapph Laser Upgrades

22M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Improved pointing stability 
✓Pointing diagnostics & feedbacks for 

experimental laser transport line 
• Re-building problematic mounts 
• Temperature control for transport system 

Improved mode quality in IP area 
✓Deformable mirror(s) 

Higher Intensity 
✓Laser system will be upgraded to achieve 

>15TW at 10Hz (e.g. 0.6J/35fs) 
• 100TW class upgrade possible at 

‘moderate’ cost with upgrades to the 
laser, transport, and delivery systems

Design and operations support provided by 
experienced LCLS Laser Science & Technology Division

See presentation by Brendan O’Shea Tuesday 2:10PM



Agenda & Session Topics

23M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Accelerator

Experimental Area

Enhancements

Jump start 
on tomorrow



Agenda & Session Topics (Note later start Wednesday)

24M.J. Hogan, FACET-II Science Workshop, October 29, 2019



Agenda & Session Topics

25M.J. Hogan, FACET-II Science Workshop, October 29, 2019



Agenda & Session Topics

26M.J. Hogan, FACET-II Science Workshop, October 29, 2019



Following the Workshop

• FY20 experimental schedule will be developed based on readiness 
reported at this workshop, aligned with resources and project schedule 

• Experimental safety reviews will continue to be coordinated by Christine 

• IP area build out in parallel to the above through early next year 

• We report the outcome of this workshop to DOE through a written 
summary report and presentation 

- We need your help and all slides posted so that we can help you 

• Next year we expect another PAC following first beam time

27M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Goals for this 4th workshop: communicate the facility status, review 
experimental readiness, develop the science case for positrons and 

assess the opportunities and challenges of plasma driven FELs.



All Work and No Play…

In addition to the full science agenda, we have opportunities for 
further collaboration development 

• Tuesday evening (tonight!) 
- @ The Dutch Goose 
- 3567 Alameda de Las Pulgas, Menlo Park, CA  94025

28M.J. Hogan, FACET-II Science Workshop, October 29, 2019


