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Three messages

Highlight the large team effort behind the results

Highlight good mentorship and supervision

Highlight exciting experimental results
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Part 1:

Positron acceleration 
(2015–2016)
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Getting motivated: Compact particle colliders
> A future goal for high-energy physics is a 

precision machine, such as an electron–
positron collider. 

> Plasma-wakefield acceleration of electrons is 
very promising. 

> Positron plasma acceleration has been 
demonstrated experimentally, however the 
beam quality is not good enough  
(high emittance, high energy spread). 
 

> Can we accelerate positrons in a plasma, 
while also maintaining beam quality?

Erik Adli 
   


The importance of 
trust

Mark Hogan 
  

The importance of 
motivation

Source: ILC TDR (2013)

Source: Adli et al., Proc. Snowmass (2013)

Source: Corde et al., Nature  442, 524 (2015)Source: Blue et al., PRL 
90, 214801 (2003)
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Thrown in at the deep end: The FACET facility
> Beam-driven plasma-wakefield accelerator 

research 
> 20 GeV beams (2 km of the SLAC linac) 
> The only facility to provide positrons for 

plasma accelerator research 
> Positron target, return line, damping ring 

> Double-bunch generation 
> Chirped bunch, notch collimator

Mike Litos 
   


The importance of 
patience 

and hard work

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)

9M.J. Hogan – FACET & FACET-II @ SLAC, DESY June 22, 2017

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

Image source: SLAC

2 km

Source: Litos et al., Nature 515, 92 (2014)
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Finding a niche: Hollow channel plasma accelerators

> Why: Keeping the accelerating fields,  
but avoid on-axis focusing fields  
(to preserve the emittance). 

> How: Laser ionization with a “kinoform”. 
> Who: Project lead by Spencer [Gessner et 

al., Nat. Commun. 7, 11785 (2016)]
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Figure 4.8: Left: Numerical calculation of the e�ciency of the first-order di↵raction versus number
of etched layers. Right: Scanning electron microscope image of an m = 6, 8-layer staircase optic.
Image courtesy of the manufacturer, NIL Technologies.

fabrication cost and di↵raction e�ciency. The etch pattern is given by

�(r,�) = mod
⇣
�m(r,�),

⇡

4

⌘
(4.24)

The di↵raction e�ciency of the 8-layer optic is 96%. In the 8-layer design, each layer shifts the phase

of the light by ⇡/4 radians relative to an adjacent layer. The etch depth of each layer is 220.75± 4

nm. We procured four sets of kinoforms with m = 5, 6, 7, and 8 designed to produce Bessel profiles

with maxima at radii 150 µm, 200 µm, 250 µm, and 300 µm respectively.

4.7 Optical Bench Tests

Optical tests of the kinoforms were carried out in the FACET laser room to check that the devices

met their design standards. The FACET laser is described in detail in Section 5.16. The tests were

performed with a low power pulse that was telescoped and collimated so that it fully illuminated

the optic with a uniform phase front. A 14-bit CCD camera with a pixel size of 3.75 µm was used to

directly image the attenuated laser. The camera was mounted on a rail so that its position relative

to the kinoform could be varied along the focus, while keeping the laser centered on the CCD chip.

Figure 4.9 shows images of the Bessel focus of the m = 8 optic at 86 cm and 186 cm, respectively.

Close to the optic, di↵raction e↵ects due to the aperture and the finite resolution of the grating are

apparent. Further from the optic, the Bessel profile is uniform, aside from intensity modulations

due to amplitude and phase imperfections in the illuminating laser wavefront. These imperfections

can be corrected to some extent in the laser transport, as described in Section 6.1.2.

Each image from the optical rail measurement is analyzed and an intensity lineout is extracted

(b)

beam can propagate in the plasma over long distances
without significant emittance growth [5]. The accelerating
field is also 3 to 5 times larger than in the linear regime and
it is also independent of radius. This combination of strong,
aberration-free focusing and large accelerating gradient
explains the high energy gain observed with electrons.

In the case of a positron beam driver, the plasma elec-
trons are attracted toward (rather than expelled from) the
bunch and stream through it [6]. As a result, the focusing
force is radially nonlinear, and varies along the bunch.
Furthermore, the accelerating gradient is less than with
an electron beam driver because the plasma electrons do
not return as an ensemble into a small volume on the beam
propagation axis. Fortunately, numerical simulations indi-
cate that the acceleration gradient created by a positron
drive bunch can be increased by using a hollow plasma
channel rather than a homogeneous, uniform plasma [6].
The hollow channel diameter is chosen so that the plasma
electrons rush together as a group towards the beam axis,
thereby leading to a wake configuration more similar to
that driven by an electron bunch. In addition, since the
positron bunch propagates in nonionized gas or, ideally,
vacuum, its emittance will also be better preserved upon
acceleration.

In the case of an electron beam driver, the plasma
electrons are expelled to a distance of approximately one
plasma collisionless skin depth (c=!p), where c is the
speed of light and !p is the plasma frequency. (Recall

!p / n1=2e , where ne is the plasma density.) Preliminary
simulations with a hollow channel consisting of a step-
function gas/plasma boundary indicate that a channel with
a radius of the order of c=!p maximizes the wake ampli-
tude driven by a positron bunch [6].

Initial experiments [7] of guiding positron beams in a
hollow plasma channel gave encouraging results, but the
particular masking method used to create the hollow chan-
nel produced a channel that was partially filled. A better
method for generating a hollow plasma channel is to use
laser-induced gas breakdown in which a laser beam with a
high-order Bessel-beam transverse intensity profile is gen-
erated by sending the beam through a phase plate (kino-
form) and axicon lens. This is illustrated schematically in
Fig. 1. If the laser intensity on axis is sufficient, it
can ionize the gas along the line focus. The high-order

Bessel-beam intensity distribution within the focal region,
as illustrated in Fig. 1, consists of a ring of high intensity
centered on axis with a minimum in the center. Gas break-
down occurs primarily at the ring, resulting in the forma-
tion of a hollow or tubular plasma channel along the axicon
focal region.
Fan et al. [8] experimentally demonstrated this method

where they created a 0.8 cm long hollow plasma channel in
700 Torr of argon. Using a kinoform design developed by
Andreev et al. [9,10], Fan et al. transformed their 500 mJ,
100 ps Nd:YAG laser beam into a fifth-order, J5, Bessel
intensity profile. This produced a channel where the radius
of the first maximum of the Bessel-beam focus was
!4 !m and the peak plasma density in the walls of the
channel was !3" 1019 cm#3.
This experiment proved the viability of the technique;

however, a plasma density of 1019 cm#3 would correspond

to a plasma wavelength, "p / n#1=2
e , that is too short for

available positron bunch lengths. Nonetheless, a high ne
is desirable because multi-GeV=m energy gains are
then possible [1,11]. Positron bunch lengths <100 !m
are feasible [11]; hence, a channel wall density of
6" 1016 cm#3, corresponding to "p slightly longer than
100 !m, was selected as the target value for our modeling
effort. Then based upon the aforementioned c=!p crite-
rion, at this density the inner radius of the channel should
be !22 !m.
With these requirements in mind, we performed a mod-

eling analysis to determine the conditions necessary to
create 10–100 cm long hollow plasma channels in hydro-
gen gas with a channel radius of !20 !m and a wall
density of 6" 1016 cm#3. Of particular interest are the
laser beam characteristics needed to produce these chan-
nels and the question of whether existing lasers have the
needed capability. As we will show, the answer to this
question is yes.
The next section reviews preliminary positron PWFA

analysis and simulation work done to verify the target
parameter values for the hollow plasma channel.
Sections III and IV describe the model used to simulate
formation of the hollow plasma channel and summarizes
the results, respectively. Section IV ends with a discussion
and conclusion. The Appendix contains a first-order analy-
sis of the intensity distribution along the axicon focal
region.

II. PRELIMINARY POSITRON PWFA ANALYSIS
AND SIMULATIONS

A. Ionization of hydrogen gas

The key hollow plasma channel parameters are the
radius rch of the hollow channel, the plasma density at
the channel walls ne, the channel length L, and the gas
composition. The reasons for selecting the values for rch
and ne were already given, and the goal is to make L as

FIG. 1. Schematic of focusing a laser beam with an axicon and
phase plate.

KIMURA et al. Phys. Rev. ST Accel. Beams 14, 041301 (2011)

041301-2

(a)
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Figure 4.9: Left: Image of the m = 8 optic at a distance of 86 cm from the optic. Right: Image of
the m = 8 optic at a distance of 86 cm from the optic.

from the center of the image. The lineouts are compiled into a two-dimensional matrix with each

column of the matrix corresponding to the intensity profile at a given z location. The results from

the rail measurement are shown in Figure 4.10.

The rail measurement of them = 8 optic was in good agreement with the predictions from design.

The optic produced a uniform, hollow focus over a length of at least 3 meters. Intensity variation

along the focus is caused by uneven illumination of the optic, despite our e↵orts to illuminate the

optic as uniformly as possible. The width of the peak-to-peak spacing of the Bessel maxima varies by

±30 µm over the length of the focus. The variation in width is due to the fact that the illuminating

phase front is not perfectly flat. The variation in the width of the channel could have a significant

e↵ect on the shape of the wake in the channel. However, in the experiments describe in Chapter 6,

we choose to ionize a much shorter channel length of up to 25 cm, and in that case there is almost

no apparent variation in the channel width.

4.8 Axilens Optics

The success of the kinoform design program led us to consider alternative phase functions for focus-

ing optics. The axicon is useful in that produces a long line-focus suitable for creating meter-scale

plasmas. However, with uniform illumination, the axicon intensity rises along the line-focus, de-

positing more energy further downstream. At the same time, laser imperfections due to errors in the

phase front become more pronounced at locations further from the optic, which leads to a degraded

and misshaped focus. These issues were deemed insignificant for experiments that used lithium

vapor as the plasma source. Lithium is relatively easy to ionize, so we moved the lithium source

(c)

Source: NIL Technology ApS 

Source: Kimura et al., PRSTAB 14, 041301 (2011) 

Source: Gessner, PhD thesis (2016)

Spencer Gessner 
   


The importance of 
openness and 

sharing

Sebastien Corde 
   


The importance of 
clear thought

Source:  
Lindstrøm et al., PRL 120, 124802 (2018)
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Finding a niche: Hollow channel plasma accelerators

> Why: Keeping the accelerating fields,  
but avoid on-axis focusing fields  
(to preserve the emittance). 

> How: Laser ionization with a “kinoform”. 
> Who: Project lead by Spencer [Gessner et 

al., Nat. Commun. 7, 11785 (2016)]
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Figure 4.8: Left: Numerical calculation of the e�ciency of the first-order di↵raction versus number
of etched layers. Right: Scanning electron microscope image of an m = 6, 8-layer staircase optic.
Image courtesy of the manufacturer, NIL Technologies.

fabrication cost and di↵raction e�ciency. The etch pattern is given by

�(r,�) = mod
⇣
�m(r,�),

⇡

4

⌘
(4.24)

The di↵raction e�ciency of the 8-layer optic is 96%. In the 8-layer design, each layer shifts the phase

of the light by ⇡/4 radians relative to an adjacent layer. The etch depth of each layer is 220.75± 4

nm. We procured four sets of kinoforms with m = 5, 6, 7, and 8 designed to produce Bessel profiles

with maxima at radii 150 µm, 200 µm, 250 µm, and 300 µm respectively.

4.7 Optical Bench Tests

Optical tests of the kinoforms were carried out in the FACET laser room to check that the devices

met their design standards. The FACET laser is described in detail in Section 5.16. The tests were

performed with a low power pulse that was telescoped and collimated so that it fully illuminated

the optic with a uniform phase front. A 14-bit CCD camera with a pixel size of 3.75 µm was used to

directly image the attenuated laser. The camera was mounted on a rail so that its position relative

to the kinoform could be varied along the focus, while keeping the laser centered on the CCD chip.

Figure 4.9 shows images of the Bessel focus of the m = 8 optic at 86 cm and 186 cm, respectively.

Close to the optic, di↵raction e↵ects due to the aperture and the finite resolution of the grating are

apparent. Further from the optic, the Bessel profile is uniform, aside from intensity modulations

due to amplitude and phase imperfections in the illuminating laser wavefront. These imperfections

can be corrected to some extent in the laser transport, as described in Section 6.1.2.

Each image from the optical rail measurement is analyzed and an intensity lineout is extracted

(b)

beam can propagate in the plasma over long distances
without significant emittance growth [5]. The accelerating
field is also 3 to 5 times larger than in the linear regime and
it is also independent of radius. This combination of strong,
aberration-free focusing and large accelerating gradient
explains the high energy gain observed with electrons.

In the case of a positron beam driver, the plasma elec-
trons are attracted toward (rather than expelled from) the
bunch and stream through it [6]. As a result, the focusing
force is radially nonlinear, and varies along the bunch.
Furthermore, the accelerating gradient is less than with
an electron beam driver because the plasma electrons do
not return as an ensemble into a small volume on the beam
propagation axis. Fortunately, numerical simulations indi-
cate that the acceleration gradient created by a positron
drive bunch can be increased by using a hollow plasma
channel rather than a homogeneous, uniform plasma [6].
The hollow channel diameter is chosen so that the plasma
electrons rush together as a group towards the beam axis,
thereby leading to a wake configuration more similar to
that driven by an electron bunch. In addition, since the
positron bunch propagates in nonionized gas or, ideally,
vacuum, its emittance will also be better preserved upon
acceleration.

In the case of an electron beam driver, the plasma
electrons are expelled to a distance of approximately one
plasma collisionless skin depth (c=!p), where c is the
speed of light and !p is the plasma frequency. (Recall

!p / n1=2e , where ne is the plasma density.) Preliminary
simulations with a hollow channel consisting of a step-
function gas/plasma boundary indicate that a channel with
a radius of the order of c=!p maximizes the wake ampli-
tude driven by a positron bunch [6].

Initial experiments [7] of guiding positron beams in a
hollow plasma channel gave encouraging results, but the
particular masking method used to create the hollow chan-
nel produced a channel that was partially filled. A better
method for generating a hollow plasma channel is to use
laser-induced gas breakdown in which a laser beam with a
high-order Bessel-beam transverse intensity profile is gen-
erated by sending the beam through a phase plate (kino-
form) and axicon lens. This is illustrated schematically in
Fig. 1. If the laser intensity on axis is sufficient, it
can ionize the gas along the line focus. The high-order

Bessel-beam intensity distribution within the focal region,
as illustrated in Fig. 1, consists of a ring of high intensity
centered on axis with a minimum in the center. Gas break-
down occurs primarily at the ring, resulting in the forma-
tion of a hollow or tubular plasma channel along the axicon
focal region.
Fan et al. [8] experimentally demonstrated this method

where they created a 0.8 cm long hollow plasma channel in
700 Torr of argon. Using a kinoform design developed by
Andreev et al. [9,10], Fan et al. transformed their 500 mJ,
100 ps Nd:YAG laser beam into a fifth-order, J5, Bessel
intensity profile. This produced a channel where the radius
of the first maximum of the Bessel-beam focus was
!4 !m and the peak plasma density in the walls of the
channel was !3" 1019 cm#3.
This experiment proved the viability of the technique;

however, a plasma density of 1019 cm#3 would correspond

to a plasma wavelength, "p / n#1=2
e , that is too short for

available positron bunch lengths. Nonetheless, a high ne
is desirable because multi-GeV=m energy gains are
then possible [1,11]. Positron bunch lengths <100 !m
are feasible [11]; hence, a channel wall density of
6" 1016 cm#3, corresponding to "p slightly longer than
100 !m, was selected as the target value for our modeling
effort. Then based upon the aforementioned c=!p crite-
rion, at this density the inner radius of the channel should
be !22 !m.
With these requirements in mind, we performed a mod-

eling analysis to determine the conditions necessary to
create 10–100 cm long hollow plasma channels in hydro-
gen gas with a channel radius of !20 !m and a wall
density of 6" 1016 cm#3. Of particular interest are the
laser beam characteristics needed to produce these chan-
nels and the question of whether existing lasers have the
needed capability. As we will show, the answer to this
question is yes.
The next section reviews preliminary positron PWFA

analysis and simulation work done to verify the target
parameter values for the hollow plasma channel.
Sections III and IV describe the model used to simulate
formation of the hollow plasma channel and summarizes
the results, respectively. Section IV ends with a discussion
and conclusion. The Appendix contains a first-order analy-
sis of the intensity distribution along the axicon focal
region.

II. PRELIMINARY POSITRON PWFA ANALYSIS
AND SIMULATIONS

A. Ionization of hydrogen gas

The key hollow plasma channel parameters are the
radius rch of the hollow channel, the plasma density at
the channel walls ne, the channel length L, and the gas
composition. The reasons for selecting the values for rch
and ne were already given, and the goal is to make L as

FIG. 1. Schematic of focusing a laser beam with an axicon and
phase plate.

KIMURA et al. Phys. Rev. ST Accel. Beams 14, 041301 (2011)

041301-2

(a)
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Figure 4.9: Left: Image of the m = 8 optic at a distance of 86 cm from the optic. Right: Image of
the m = 8 optic at a distance of 86 cm from the optic.

from the center of the image. The lineouts are compiled into a two-dimensional matrix with each

column of the matrix corresponding to the intensity profile at a given z location. The results from

the rail measurement are shown in Figure 4.10.

The rail measurement of them = 8 optic was in good agreement with the predictions from design.

The optic produced a uniform, hollow focus over a length of at least 3 meters. Intensity variation

along the focus is caused by uneven illumination of the optic, despite our e↵orts to illuminate the

optic as uniformly as possible. The width of the peak-to-peak spacing of the Bessel maxima varies by

±30 µm over the length of the focus. The variation in width is due to the fact that the illuminating

phase front is not perfectly flat. The variation in the width of the channel could have a significant

e↵ect on the shape of the wake in the channel. However, in the experiments describe in Chapter 6,

we choose to ionize a much shorter channel length of up to 25 cm, and in that case there is almost

no apparent variation in the channel width.

4.8 Axilens Optics

The success of the kinoform design program led us to consider alternative phase functions for focus-

ing optics. The axicon is useful in that produces a long line-focus suitable for creating meter-scale

plasmas. However, with uniform illumination, the axicon intensity rises along the line-focus, de-

positing more energy further downstream. At the same time, laser imperfections due to errors in the

phase front become more pronounced at locations further from the optic, which leads to a degraded

and misshaped focus. These issues were deemed insignificant for experiments that used lithium

vapor as the plasma source. Lithium is relatively easy to ionize, so we moved the lithium source

(c)

Source: NIL Technology ApS 

Source: Kimura et al., PRSTAB 14, 041301 (2011) 

Source: Gessner, PhD thesis (2016)

Spencer Gessner 
   


The importance of 
openness and 

sharing

Sebastien Corde 
   


The importance of 
clear thought

Source:  
Lindstrøm et al., PRL 120, 124802 (2018)
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An inconvenient truth: Debilitating transverse instabilities

> An off-axis beam “exposes” more ions in the 
channel wall, leading to stronger attraction in 
that direction (a transverse instability) 

> The transverse wakefield (force per charge 
per offset) varies with bunch separation. 

> Measured in two ways (in agreement): 
> Directly: correlating hollow-channel 

offsets to beam deflection angle. 
> Indirectly: measuring the acceleration and 

using the Panofsky–Wentzel theorem 
> Good agreement with theory.
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Chan Joshi 
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narrative

Hollow plasma 
channel

Positron  
bunches Crossed 

polarizers
EOS cameraEOS  

crystal

Kinoform 
focusing optic

Holed 
mirror Laser 

cameras

Imaging 
lens

YAG 
screen

LANEX 
screen

Dipole 
spectrometer

Focusing 
quadrupoles

Lithium oven
Laser 

sample

High power 
laser

Beam 
samplers

Upstream 
object plane

Downstream 
object plane

Holed 
mirror

-1000 0 1000
x ( m)

-3000

-2500

-2000

-1500

-1000

-500

0

500

1000

y 
(

m
)

Drive 
bunch

Probe 
bunch

(d)

(a)

(c)

Downstream

-500 0 500
x [ m]

-600

-400

-200

0

200

400

600

y 
[

m
]

Upstream

-500 0 500
x [ m]

-600

-400

-200

0

200

400

600

y 
[

m
]

Downstream

-500 0 500
x [ m]

-600

-400

-200

0

200

400

600

y 
[

m
]

Upstream

-500 0 500
x [ m]

-600

-400

-200

0

200

400

600

y 
[

m
]

(b) No channel Aligned channel

Drive 
bunch

Probe 
bunch

Misaligned channelLaser on (misaligned)

-600 -400 -200 0 200 400 600
x ( m)

-400

-200

0

200

400

y 
(

m
)

Laser on (aligned)

-600 -400 -200 0 200 400 600
x ( m)

-400

-200

0

200

400

y 
(

m
)

Laser off

-600 -400 -200 0 200 400 600
x ( m)

-400

-200

0

200

400

y 
(

m
)

Laser on (misaligned)

-600 -400 -200 0 200 400 600
x ( m)

-400

-200

0

200

400

y 
(

m
)

Laser on (aligned)

-600 -400 -200 0 200 400 600
x ( m)

-400

-200

0

200

400

y 
(

m
)

Laser off

-600 -400 -200 0 200 400 600
x ( m)

-400

-200

0

200

400

y 
(

m
)

Laser on (misaligned)

-600 -400 -200 0 200 400 600
x ( m)

-400

-200

0

200

400

y 
(

m
)

Laser on (aligned)

-600 -400 -200 0 200 400 600
x ( m)

-400

-200

0

200

400
y 

(
m

)

Laser off

-600 -400 -200 0 200 400 600
x ( m)

-400

-200

0

200

400

y 
(

m
)

Both 
bunches

BPM

BPM



Page 10Dr. Carl A. Lindstrøm  |  22 September 2022  |  EuroNNAc workshop  |  Elba, Italy  |  Simon van der Meer Early Career Award in Novel Accelerators

Part 2:

Active plasma lenses 
(2017–2018)
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New opportunities: Characterizing an active plasma lens
> Active plasma lenses (APLs) promise large 

focusing gradients (kT/m) 
> Can be used for compact staging of plasma 

accelerators  
> Proof-of-principle demonstrated at LBNL 

> However, APLs can have an aberration caused 
by a temperature non-uniformity: 

> Higher current density on axis 
> Nonlinear fields (spherical aberration) 
> Leads to emittance growth 

> A collaboration of Uni. Oslo, Uni. Oxford, DESY 
and CERN formed to do an experiment: 

> Can we experimentally verify this aberration?  
And, can we suppress it? Source: van Tilborg et al., PRAB 20, 032803 (2017) 
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Jens Osterhoff 
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A year at CLEAR: Building a plasma lens from scratch

Kyrre N. Sjøbæk 
   


The importance of 
attention to detail

Anthony Dyson 
   


The importance of 
enthusiasm

Source: Lindstrøm et al., NIM A 909, 379 (2018) Photo by Kyrre N. Sjøbæk

> CLEAR: CERN Linear Electron Accelerator for Research (200 MeV electron bunches) 
> Plasma lens experiment build at the end of the beam line. 
> APL: Sapphire capillary, 15-mm long, 1-mm diameter (built by DESY) 

> HV current source: compact Marx Bank (built by Oxford)
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Developing a method: Beam-based field measurement

> Measuring the magnetic-field profile: 
> Tightly focus the beam (local probing) 
> Scan the transverse lens offset 

> Measure the electron beam deflection 
(scales with B-field)

Wilfrid Farabolini 
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The importance of 
wholistic machine 

understandingBeam time at CLEAR (March 2018)

Source:  
Lindstrøm et al., PRL 121, 194801 (2018)
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A small discovery: Argon gas suppresses the aberration
> Result #1: Helium-filled APL has the predicted 

spherical aberration. 
> Result #2: Argon-filled APL has no aberration! 

> Found after initial difficulties with helium, causing 
a switch to argon (easier to ionise) 

> Corroborated by measurement of emittance 
preservation in argon APL.
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Simon Hooker 
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A crazy week in September 2018
Friday: PRL accepted
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A crazy week in September 2018
Friday: PRL accepted Also Friday: Handed in PhD thesis
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A crazy week in September 2018
Friday: PRL accepted Also Friday: Handed in PhD thesis Saturday: Got married
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A crazy week in September 2018
Friday: PRL accepted Also Friday: Handed in PhD thesis Saturday: Got married Tuesday: Moved out
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A crazy week in September 2018
Friday: PRL accepted Also Friday: Handed in PhD thesis Saturday: Got married Tuesday: Moved out Wednesday: Honeymoon (South Pacific)
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Part 3:

Beam-quality preservation 
(2019–2022)
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A new vision: the FLASHForward X-2 experiment

> Energy efficiency and beam quality are both key to applications (FELs, colliders). 
> FLASHForward: 1 GeV beams, high stability/quality, 50+ mm plasma cell (discharge) 
> Goal: demonstrate simultaneous high efficiency and beam-quality preservation 

(charge, energy spread, and emittance) in a beam-driven plasma accelerator stage.

Richard D’Arcy 
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Understanding the machine: Precision plasma acceleration 

> High-precision control and high stability: 
> Strong beam optics  

(~10 mm beta functions at focus) 
> Current profile shaping (notch 

collimator + 3rd order RF cavity) 
> Plasma-density profile 

> Diagnostics: X-band TDS (8 fs 
resolution), high-resolution screens (6 
µm rms), cavity-based BPMs (1 µm)

Pau Gonzalez Caminal 
   


The importance of 
never giving up

Two-point tomographic
reconstruction

-1000 -750 -500 -250 0
Time (fs)

1045

1050

1055

1060

E
ne

rg
y 

(M
eV

)

0 1 2
Charge density
(pC MeV-1 fs-1)

Zero crossing #1

1045

1050

1055

1060

E
ne

rg
y 

(M
eV

)

Zero crossing #2

-1000 -500 0
Time (fs)

1045

1050

1055

1060

E
ne

rg
y 

(M
eV

)

0 100 200
Spectral density

(pC MeV-1)

-300 -200 -100 0
Longitudinal position (μm)

0

500

1000

B
ea

m
 c

ur
re

nt
 (A

) Zero crossing #1
Zero crossing #2
Reconstruction

ca

b

d

e

Longitudinal phase space measured with  
PolariX transverse deflection structure (TDS).

��� ��� �� �� �� �� � � � �
�	
�����
����	���	
��
�������
�����

�

�

��

��

��

�
��

��
��

�	
	

��
��

�
��

��

�

�	

�

��
� 

� �

�
�

�
�

Matching
quadrupoles

Imaging
quadrupoles

Plasma
cell

Broad-band
dipole spectrometer

High-resolution
dipole spectrometer

Final-focusing
quadrupoles

Upstream of the plasma cell Downstream of the plasma cell



Page 19Dr. Carl A. Lindstrøm  |  22 September 2022  |  EuroNNAc workshop  |  Elba, Italy  |  Simon van der Meer Early Career Award in Novel Accelerators

Preserving beam quality: Energy-spread and charge preservation

> Achieved “optimal” beam loading: 

> Flattened field: preserved energy spread at ~0.1% FWHM (and preserved 100-pC charge) 

> Strongly loaded: (42 ± 4)% energy-transfer efficiency 

> Wakefield measured with 10-fs resolution [Schröder et al., Nat. Commun. 11, 5984 (2020)]
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Sarah Schröder 
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Preserving beam quality: Emittance preservation (teaser)

> 400 pC driver, plasma-density profile peaking at ~1.2 x 1016 cm-3 
> Stable working point: 40 MeV gain in a 50 mm plasma cell 

(22% transfer efficiency, 1.4 GV/m estimated peak field) 
> Preserved charge of 40 pC (41% of shots) 
> Preserved/reduced energy spread of 0.12% FWHM (62% of shots)
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The importance of 
good writing
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Preserving beam quality: Emittance preservation (teaser)

> Object-plane scans (quad scans) comparing plasma cell extracted and inserted. 
> Result: Projected emittance preserved at 2.8 mm-mrad within 3% measurement error.  

            Simultaneous charge and energy-spread preservation, high efficiency, and high gradients. 

> Measurements show that misalignment (< 0.1 mrad) and mismatching (waist location beyond ±5 mm) causes 
significant emittance growth: ~880º of phase advance / ~5 betatron envelope oscillations (simulation estimate) 
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The FLASHForward Beam Team

Last shift of 2021 (smiling, but exhausted)
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Looking to the future: Staging and self-correction

> Nonlinear (transversely tapered) plasma lenses can provide achromatic transport 
between stages, if combined with dipoles and sextupoles. 

> Enables emittance preservation between stages (+ driver in- and out-coupling). 
> Multiple stages separated by bunch compressors (e.g., achromatic lattice) leads to a 

self-correction in the longitudinal phase space (i.e., current profile self-optimises). 
> Goal: a multistage facility to provide stable, high-energy beams (for nonlinear QED?)

Wim Leemans 
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Source: Lindstrøm, arXiv:2104.14460 (2021)See talk at Thursday 11:40
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Conclusions
> Some exciting results: 

> Acceleration of positrons in hollow plasma channels suffers 
from a strong transverse instability. 

> Active plasma lenses (filled with argon) can be made 
aberration-free, preserving emittance. 

> Simultaneous preservation of emittance, energy spread, 
and charge, at high efficiency and gradient. 

> Staging with emittance preservation and longitudinal self-
correction may be possible (with nonlinear plasma lenses). 

> Take-aways: 
> Beam work is teamwork. 
> I worked with a lot of great people along the way. 
> Good mentorship and supervision is important.


