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Plasma wakefield acceleration provides ultrahigh acceleration gradients of tens of GeV/m, providing a
novel path toward efficient, compact, TeV-scale linear colliders, and high brightness free electron lasers.
Critical to the success of these applications is demonstrating simultaneously high gradient acceleration,
high energy transfer efficiency, and preservation of emittance, charge, and energy spread. Experiments at
the FACET-II National User Facility at SLAC National Accelerator Laboratory aim to achieve all of these
milestones in a single-stage plasma wakefield accelerator, providing a 10 GeV energy gain in a <1 m
plasma with high energy transfer efficiency. Such a demonstration depends critically on diagnostics able to
measure emittance with mmmrad accuracy, energy spectra to determine both percent level energy spread,
and broadband energy gain and loss, incoming longitudinal phase space, and matching dynamics. This
paper discusses the experimental setup at FACET-II, including the incoming beam parameters from the
FACET-II linac, plasma sources, and diagnostics developed to meet this challenge. Initial progress on
the generation of beam ionized wakes in meter-scale hydrogen gas is discussed as well as commissioning of
the plasma sources and diagnostics.
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I. INTRODUCTION

The pursuit of higher energy and brightness particle
beams in the high energy physics and light source com-
munities has pushed conventional accelerator technology to
its physical limits. Plans for the next generation TeV-scale
linear collider using rf acceleration require extensive
lengths of tens of km [1–3] to reach an energy of several
100 GeV required for a Higgs factory, and many tens of km
to reach energies greater than 1 TeV for energy frontier
studies [4]. Plasma wakefield acceleration (PWFA) offers a
more compact alternative byproviding accelerationgradients
that are orders of magnitude greater than conventional rf

accelerators, opening the door to smaller and more efficient
TeV scale electron-positron colliders [5] and free electron
lasers [6–8].
In a plasma wakefield accelerator, a trailing particle

bunch is accelerated by the wake left behind a driving
relativistic particle beam [9] or laser pulse [10] as they
propagate through a plasma together. The driver’s trans-
verse fields expel the plasma electrons away from the
axis of motion, forming a wake within the previously
uniform plasma. These expelled electrons are attracted back
toward the axis by the relatively stationary plasma ions,
creating a bubble devoid of electrons within the plasma
with dimensions on the order of a plasma wavelength,
λpðcmÞ ¼ 3.3 × 106n−1=2p , where np is the plasma density
in cm−3. The plasma acts as a transformer, extracting
energy from the driver through the formation of a wake, and
transferring the wake energy to a trailing bunch.
To be viable for applications, such as linear colliders and

high brightness light sources, plasma wakefield acceler-
ators must deliver high energy bunches with low energy
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spread and emittance at high efficiency and repetition rate.
Beam-driven PWFA has achieved significant milestones
toward these goals in recent years, including the demon-
stration of multi-GeV/m accelerating gradients [11,12],
efficient acceleration of narrow energy spread beams [13],
and emittance preservation [14]. However, simultaneously
achieving all of these parameters—high energy gain, high
efficiency, low energy spread, and low emittance—in a
plasma wakefield accelerator has yet to be demonstrated.
The upgraded FACET-II National User Facility [15]

provides the opportunity for the development of a single-
stage plasma wakefield accelerator that approaches the
parameters required by a future linear collider [16]. We aim
to demonstrate simultaneously all of the following in a
single PWFA stage: energy depletion of the drive bunch
energy with a drive-to-wake efficiency of >80%, accel-
eration of the trailing bunch by >10 GeV with a wake-to-
trailing bunch energy extraction efficiency of over 40%,
while simultaneously maintaining the beam quality by
achieving a final energy spread of <2% and the emittance
preservation after acceleration.
This paper describes the beam-driven PWFA approach

and the experimental setup at the FACET-II National User
Facility, which will be used in the demonstration of a
single-stage plasma accelerator. We also introduce the
diagnostics required to demonstrate preserved beam quality
and discuss the initial results obtained from beam-ionized
hydrogen plasma studies during the user-assisted commis-
sioning of the facility.

II. TWO BUNCH BEAM-DRIVEN PLASMA
WAKEFIELD ACCELERATION

For the successful application of PWFA in a linear
collider, it is crucial to achieve a high energy transfer
efficiency from drive to trailing bunch to maximize the
overall wall-plug efficiency. The energy transfer efficiency
in PWFA can be considered in two parts—the drive-to-
wake efficiency and wake-to-trailing bunch efficiency.
The drive-to-wake efficiency is influenced by several
factors, including ensuring sufficient plasma length for
near complete energy depletion of the driver, proper
matching conditions into the plasma, and the reaccelera-
tion of energy-depleted drive electrons that may slip
back into the accelerating phase. Recent experiments at
FLASHforward have demonstrated up to 56% drive-to-
wake efficiency [17]. The wake-to-trailing bunch efficiency
can be optimized by appropriate beam loading of the
plasma wake and matching into the plasma, with recent
experiments demonstrating up to 42% drive to trailing
bunch energy transfer efficiency with preservation of
energy spread [13].
The preservation of overall beam quality in PWFA is

critical to be able to deliver bunches with low emittance and
energy spread after multiple stages of acceleration.
Optimizing the beam loading of the wake is crucial for

controlling the energy spread such that all particles
throughout the bunch experience the same accelerating
gradient [18–21]. Emittance preservation largely depends
on proper matching [22] and alignment [23] of the trailing
bunch within the plasma bubble and preserving this
matching within the entrance and exit ramps of the plasma
[24,25]. Additional factors, such as ion motion [26] and
beam scattering [27], can also have deleterious effects on
emittance.
Particle-in-Cell (PIC) simulations play a vital role in

considering all of these parameters and determining PWFA
schemes that optimize both energy transfer efficiency and
preservation of beam quality. Previous publications have
demonstrated a strategy for achieving >10 GeV energy
gain with high efficiency, preservation of energy spread,
and emittance of a 0.5 nC, 10 μm emittance trailing bunch
with the ultimate beam parameters that will be available at
FACET-II [16].
In the initial phases of beam development, FACET-II will

be operating with the relaxed beam parameters that will be
discussed in the following sections. PIC simulations using
QPAD [28] have been performed to provide insights into the
expected performance of PWFAwith these conditions, see
Fig. 1. In the simulation, a moving window with dimen-
sions of z ¼ 225 μm (beam direction) and r ¼ 168 μm
(transverse direction) was used. The simulation box was
divided into 1600 and 400 cells along the z and r directions,
respectively. In the azimuthal direction, 16 cells were used
for both bunches and the plasma. About 16 particles were
initialized in each cell for both drive and trailing bunches,
and 64 particles per cell were used for the plasma. As the
drive and trailing bunches were modeled as Gaussian
bunches in this simulation, only the m ¼ 0 (lowest order)
mode was included. The plasma source is modeled as a
neutral lithium gas with 40 cm long flattop plasma density
of 8 × 1016 cm−3 and realistic entrance and exit density
ramps, and beam ionization calculated using the ADK
model [29].
In the two-bunch mode of beam delivery, where the linac

delivers both the drive and trailing bunch, this assumes a
1.5 nC drive bunch with 25 μm emittance and 27 kA peak
current, and a 0.5 nC trailing bunch with 30 μm emittance
and 7 kA peak current. With these parameters, simulation
results show that the drive bunch will approach energy
depletion with 66% drive-to-wake transfer efficiency.
Furthermore, a trailing bunch separated by 106 μm can
be accelerated by 6.6 GeV with wake-to-trailing bunch
efficiency of 48%.
The drive bunch transfers 6.9 J out of the initial 10.4 J of

energy into the wake, while the trailing bunch picks up
3.3J, for an overall drive to trailing bunch efficiency of
32%. The energy spectrum of the two bunches after
traversing through the plasma shows the large energy
spread of the energy-depleted drive bunch extending to
near zero energy, and the trailing bunch accelerated with
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energy spread remaining below 1%. The emittance of the
trailing bunch is preserved at the incoming 30 μm through-
out the simulation.

III. EXPERIMENTAL SETUP

The FACET-II facility will provide electron bunches for
beam-driven PWFA studies with energy of 10 GeV in either
single or two bunch configurations [15]. Significant mod-
ifications have been made to the 2 km SLAC linac
previously used for FACET for PWFA studies between
2012 and 2016. These include the removal of the initial
1 km segment of the original SLAC linac, which housed the
injector, damping rings, and accelerating structures, to
accommodate the installation of the new LCLS-II (Linac
Coherent Light Source) superconducting rf accelerator. A
new photocathode injector has been installed to generate
beams with smaller and symmetric emittances, capable
of producing either single or two bunches directly from
the cathode. The linac now also contains three stages of
bunch compression, enabling compression to peak currents
exceeding 100 kA. Although positron capabilities are not
currently available due to the removal of the original SLAC
damping rings, future plans involve the reinstatement of

this capability. This will be achieved by installing a new
compact positron damping ring and insertion beamline,
allowing for the simultaneous delivery of electron and
positron bunches for PWFA studies [30].
The flexibility of the FACET-II accelerator allows it

to be operated in several different configurations to
meet the needs of the various experimental programs. In
the two-bunch delivery mode, a double laser pulse on the
cathode of the rf photocathode injector will produce the
two bunches—drive and trailing, that are co-accelerated
through the linac. After the final compression, the drive
and trailing bunches will be separated longitudinally by
∼150 μm. The addition of a laser heater in the FACET-II
injector adds further longitudinal phase space control and
suppression of the microbunching instability [31].
At the time of writing, the accelerator has been commis-

sioned in the single-bunch configuration, delivering bunch
charges of up to 2 nC with 20 μm normalized emittance.
The two-bunch mode of delivery is presently undergoing
development. The design beam parameters of both drive
and trailing bunches in this mode of operation are listed in
Table I, along with the currently achieved beam parameters
in a single-bunch configuration.
After acceleration and compression, the beam is deliv-

ered to the experimental area, which has been designed
to simultaneously accommodate a wide range of experi-
ments, including advanced acceleration techniques, such as
PWFA, applications of machine learning for accelerator
diagnostics and control, novel techniques for the generation
of intense coherent radiation, and probing strong-field
quantum electrodynamics [32]. A schematic of the exper-
imental area is shown in Fig. 2, highlighting the key
components relating to the PWFA research program.
The final focusing system consists of two quadrupole

triplets capable of focusing the few μm emittance beams to
a 3–4 μm spot size at the beam waist, allowing for
matching into the plasma source. The interaction point
(IP) area contains the plasma sources, laser integration
optics, and electron and laser diagnostics for the wide-
ranging experimental program. This is followed by an
imaging electron spectrometer that consists of a magnetic
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FIG. 1. PIC simulation of PWFA performance with initial
FACET-II beam parameters, including incoming beam energy
of 10 GeV for both drive and trailing bunches. (a) The evolution
of the total energy content of the drive and trailing bunches as
they traverse a lithium plasma with 40 cm long flattop profile at a
density of 8 × 1016 cm−3, resulting in an overall drive to trailing
bunch efficiency of 32%. (b) The final energy spectra of the drive
and trailing bunches, showing an acceleration of the trailing
bunch by 6.6 GeV with final energy spread of 0.9%.

TABLE I. FACET-II beam parameters for two-bunch PWFA.
The two-bunch parameters are listed as drive/trailing.

Electron beam parameter Currenta Design

Bunch configuration Single Two-bunch
Delivered beam energy (GeV) 10 10.1=9.9
Normalized emittance (mmmrad) ∼20 >50=5
Charge per bunch (nC) 2 1.5=0.5
Peak current (kA) · · · 30=15
rms energy spread (%) ∼1 0.8=0.3
Repetition rate (Hz) 1–30 1–30
IP β� (cm) 50 5–50

aParameters achieved at time of preparation of this manuscript.
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quadrupole triplet for capturing and refocusing the beam
exiting the IP and a dipole magnet to provide vertical
dispersion for energy resolved measurements. These diag-
nostics will be described in detail in Sec. IV.

A. Plasma sources

Two types of plasma sources are used at the IP for PWFA
studies, using either lithium vapor or hydrogen gas to form
a plasma. Lithium plasma sources have been employed in
the previous PWFA experiments at SLAC at the Final
Focus Test Beam (FFTB) and FACET facilities. Using
lithium for the plasma source makes use of the fact that the
outermost electron of lithium is relatively easy to ionize
either by beam ionization or by preionization with a laser.
Hydrogen gas may be used in either a static fill or gas jet
and has a higher ionization threshold that allows for plasma
ramp shaping via laser ionization [24].
The lithium plasma is generated in a heat pipe oven

where a uniform column of neutral lithium vapor is
produced by heating a section of beam pipe containing
solid lithium to temperatures of up to 1000 °C. The uniform
density region of this column is contained to a length of
approximately 40 cm by a helium buffer gas exerting
several Torr of pressure. This results in (10%–90%) lithium
density ramps at the start and end of the heated section over
a length of approximately 10 cm [33]. Although the vapor
pressure of lithium is very sensitive to the oven temper-
ature, we have achieved near uniform flattop lithium vapor
column densities of up to 8 × 1016 cm−3 with helium buffer

pressures of up to 10 Torr. The low ionization energy of
lithium compared to helium allows for the formation of a
pure lithium plasma with number density matching the gas
density of lithium when field-induced beam ionization is
used. For small incoming emittance, partial beam ioniza-
tion of the helium buffer gas can occur if the beam density
reaches the helium ionization threshold, disrupting match-
ing into the plasma ramps, and injecting dark current into
the plasma [34].
A parallel beamline is positioned adjacent to the lithium

plasma oven to allow for beam tuning without passing the
beam through the lithium oven when it is at operational
temperature. The oven and this bypass beamline are
installed on an actuated table to allow for remotely switch-
ing between the two. The bypass beamline also allows for
the beam to be passed through a static fill of gas, such as
hydrogen, that can be ionized by either the beam or a laser.
The maximum repetition rate that a plasma accelerator

may be operated at is determined by the time interval for the
plasma to reset between shots, through recombination and
diffusion of the ionized atoms, and the return to thermal
equilibrium. The energy deposited into the plasma by the
drive beam will go into increasing the overall thermal-
kinetic energy of the system. For the lithium vapor plasma
oven, this increased energy will act to lengthen the gas
column as the more energetic atoms push outward on the
buffer gas at constant pressure. This will move the location
of the lithium entrance and exit plasma ramps outward,
affecting both the matching conditions and length of the
plasma. This places a limit on the repetition rate on the

Final focus quadrupoles and DPS apertures

X-band transverse deflec�ng cavity (a)

US-DPS turbopumps

Spectrometer quadrupoles

Main ioniza�on laser

Downstream differen�al pumping  system

Upstream differen�al pumping system

DS-DPS turbopumps

Electron Beam

X-ray and gamma diagnos�cs (d)

Electron diagnos�cs (c)

Spectrometer dipole

Beam, laser, and plasma diagnos�cs (b)

Upstream beryllium window

Lithium oven plasma source

Hydrogen plasma beamline and viewports

Downstream beryllium window

Final Focus and US-DPS Imaging Spectrometer and DS-DPSInterac�on Point

FIG. 2. FACET-II experimental area beamline shows the key hardware in the plasma research program. The electron beam travels from
left to right in the schematic. The final focus system is on the left, containing the X-band transverse deflecting cavity and upstream
differential pumping system (US-DPS). This is followed by the interaction point (IP) area containing the plasma sources, laser
integration optics, and diagnostics. The lithium oven and hydrogen plasma beamline may be remotely actuated to switch the beam path
between plasma sources. The spectrometer beamline transmits the beam to the beam dump and contains the downstream differential
pumping system (DS-DPS) and electron and betatron diagnostics. The diagnostics that will be discussed in detail in Sec. IV include the
X-band transverse deflecting cavity at (a), the IP cameras, wire scanner, and toroids at (b), electron spectrometer diagnostics at (c),
including the high resolution and large field of view profile monitors, and the two photon detecting screens at (d) for betatron radiation
measurements.
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order of 1 Hz when operating continuously, or 10 Hz for
shorter bursts. In a steady state system, this effect may be
counteracted by a feed-forward system that adjusts the oven
heater power to match the energy deposited into the plasma
by the beam. However, this can be difficult to achieve in a
research setting where the energy deposited into the plasma
is difficult to predict due to varying input parameters.
Alternatively, a meter-long hydrogen gas flowing out of
multiple overlapping supersonic nozzles may allow much
higher repetition rate operation, at least in a burst mode, by
the complete replacement of the gas in the plasma inter-
action region between shots.

B. Differential pumping system

In the prior implementation at FACET, the experimental
area was separated from the rest of the linac by a 50–75 μm
thick beryllium window to contain the gas associated with
the plasma sources. However, at the increased beam
intensities of FACET-II, any solid material in the beam
path near the IP will be destroyed by beam heating [35]. At
the ultimate FACET-II beam parameters, the solid windows
will be destroyed within a single shot by this effect. A
differential pumping system (DPS) has, therefore, been
implemented to reduce the vacuum pressure along the
beamline without the need for solid windows in the beam
path. Additionally, the DPS has the added benefit of being
able to deliver the lowest emittance and the highest charge
(brightest) beams to the IP that the photocathode gun
enabled linac can deliver.
The DPS is comprised of upstream and downstream

systems (US-DPS and DS-DPS), located on either side of
the IP area as depicted in Fig. 2. Each side contains a series
of pumping stages that interleaved with the final focus and
spectrometer quadrupoles along the beamline and separated
by conductance limiting beam pipes, which decrease the
pressure by several orders of magnitude at each stage.
On the upstream side, four stages of differential pumping

decrease the beamline pressure from up to 10 Torr at the
IP down to approximately 1 nTorr at the location of the
X-band rf transverse deflecting cavity (XTCAV)—located

approximately 6m upstream of the lithium oven. This is
required to avoid rf breakdown and structure damage
during operation of the XTCAV. On the downstream side
of the IP, the beamline pressure must be reduced to
<1 mTorr to limit gas scattering in the spectrometer
beamline, which can contribute to emittance growth
and degradation of beam measurement quality. This is
accomplished by two stages of differential pumping. Each
stage of pumping is provided by a magnetically levitated
turbomolecular pump mounted directly to the beamline.
The turbopumps were chosen for their high pumping
speeds for both helium and hydrogen and for their use
of magnetic levitation bearings to limit vibration transfer to
the beamline.
Initial conductance restricting apertures are inserted into

the beamline on either side of the IP to achieve the first
pressure drop from Torr-level pressures down to several
mTorr in the first stage of differential pumping. Currently,
this first aperture restriction is simply the previously
installed beryllium windows, which have had ∼200 μm
diameter holes drilled through in situ by the high intensity
electron beam. This has ensured that the holes are self-
aligned to the nominal electron beam path without further
alignment intervention. While this small orifice-type aper-
ture is sufficient for initial commissioning, these will
eventually be replaced with straw-type apertures with
5 mm diameter and 100 mm length to limit background
and emittance growth from beam halo scattering on the
edges of the holes. The apertures on either side of the IP are
separated by a distance of approximately 4 m. The beam
pipes within the quadrupole magnets provide sufficient
conductance limitation between the later stages in the US-
DPS and DS-DPS to reach the required reduction in
beamline pressure.
The DPS has been commissioned in various modes of

operation including static fill of either helium or argon up
to IP pressures of 10 Torr, or hydrogen gas up to 5 Torr
pressure at the IP. The system has also been used with high
pressure hydrogen and helium gas-jet plasma sources
operating at the IP with up to 10 Hz repetition rate. The
vacuum pressures at each stage of the DPS in static fill

TABLE II. Beamline pressures in Torr under several operating modes of the differential pumping system. The numbering of the stages
increases with distance from the IP. The beamline pressure is reduced to the baseline vacuum pressure at the XTCAV location and to well
below the spectrometer vacuum requirement in all modes of operation.

Upstream (US) stages Downstream (DS) stages

Mode IP US1 US2 US3 US4 XTCAV DS1 DS2 Spectrometer

Baseline 0 6 × 10−10 1 × 10−8 2 × 10−9 1 × 10−10 3 × 10−9 5 × 10−9 1 × 10−9 2 × 10−8

5 Torr He 5.0 3 × 10−3 5 × 10−6 2 × 10−8 1 × 10−9 3 × 10−9 2 × 10−4 1 × 10−6 5 × 10−7

10 Torr He 10.0 7 × 10−3 1 × 10−5 ···a 1 × 10−9 3 × 10−9 5 × 10−4 7 × 10−6 8 × 10−7

5 Torr H2 5.0 1 × 10−2 2 × 10−5 2 × 10−8 3 × 10−9 ···b 1 × 10−3 5 × 10−6 1 × 10−7

5 Torr Ar 5.0 1 × 10−3 5 × 10−6 5 × 10−9 2 × 10−10 3 × 10−9 6 × 10−5 5 × 10−7 4 × 10−8

aGauge inoperable during the test.
bIsolated by beamline valve during the test.

WAKEFIELD GENERATION IN HYDROGEN AND … PHYS. REV. ACCEL. BEAMS 27, 051302 (2024)

051302-5



operations are listed in Table II, showing the pressure
dropping to the mTorr pressure level on the first stages
on either side of the IP, and reaching down to ∼nTorr
pressures at the location of the upstream XTCAV, and
<1 × 10−6 Torr in the spectrometer beamline.
A full demonstration of the first lithium oven operation

with the differential pumping system has been performed,
with the oven operating with 5 Torr helium buffer gas
pressure for>24 h. The buffer gas pressure was maintained
to within �2% for the duration of the test, with a further
upgrade reducing the pressure stability to a diurnal varia-
tion of <0.5%.

IV. PWFA DIAGNOSTICS

The experimental area is equipped with a variety of
diagnostics that are used to quantify the performance of the
plasma wakefield acceleration. The primary electron diag-
nostic is an imaging spectrometer beamline that captures,
refocuses, and vertically disperses the electron beam after
the plasma. This allows for energy-resolved measurements
on profile monitors located approximately 20 m down-
stream of the IP, just before the beam dump.
A set of multipurpose spectrometer diagnostics have

been designed to meet the needs of various user programs
that use FACET-II. Electron diagnostics include a high
resolution in-vacuum profile monitor located immediately
prior to the vacuum exit window, a large field of view
camera that images a gadolinium-oxysulfide (GOS) scin-
tillator screen just after the exit window, and a Cherenkov
light spectrometer [36] that images the dispersed electron
beam from full energy down to ∼1 GeV. A series of photon
imaging screens on the zero-dispersion axis image the
x rays and gamma rays generated by the electron beam’s
betatron motion in the plasma, providing intensity, trans-
verse, and spectral information.
FACET-II is capable of producing beams with excep-

tionally high current and beam density, resulting in
extremely challenging conditions for intercepting diagnos-
tics near the IP, where the beam density and strong fields
can destroy any solid material within a single shot [37].
While standard optical transition radiation (OTR) screens
and wire scanners are used in the IP area, their use is limited
by beam conditions. Nonintercepting diagnostics, which
will be described in the following sections, are employed
whenever possible.
An X-band transverse deflecting cavity is located before

the plasma source to measure the incoming longitudinal
profile of the beam, using an imaging screen in the
spectrometer beamline. A probe laser system allows for
noninvasive electro-optical sampling (EOS) for both longi-
tudinal and transverse measurements of the incoming
beam. The OTR and laser diagnostic cameras that view
the beamline through viewports along the oven bypass line
may also be repurposed for the direct visualization of the
plasma emission light from hydrogen plasma at discrete

locations. In addition, a series of thermocouples monitor
the temperature distribution of the lithium oven to ensure
the reproducibility of the lithium vapor column.
The measurements enabled by these diagnostics are

summarized in the following sections.

A. Emittance measurements

Precision measurements of the beam emittance both
before and after the beam undergoes acceleration are
essential for demonstrating the preservation of beam
quality in PWFA. Standard methods of measuring emit-
tance involve measuring the beam size either in multiple
locations separated by a set of known optical elements in
the multiscreen method or at a single location in a multishot
quadrupole scan measurement. The former method requires
a significant length of beamline to implement multiple sets
of transverse diagnostics and magnetic elements, while the
latter requires multiple shots to be acquired over a time
period of at least tens of seconds while quadrupole
strengths are changed. Both methods are invasive and
cannot be carried out simultaneously with beam energy
measurements using the spectrometer. A single-shot meas-
urement of the horizontal emittance can be made in a single
plane by analyzing the transverse profile of the beam in a
magnetic spectrometer beamline [38,39]. This type of
measurement was previously used in FACET to provide
an upper limit to emittance measurements of beam-driven
PWFA accelerated beams [40].
The transverse beam size at the image plane in the

spectrometer, σx, can be related to the normalized emit-
tance, ϵn, and Twiss parameters β0 and α0 at the object
plane, i.e., at the exit of the plasma. Using the known
transport matrix, Mij, through the spectrometer beamline
from the object plane to image plane, the horizontal spot
size for particles of a particular energy (and Lorentz factor
γ) is given by the formula:

σxðEÞ2 ¼
ϵn
γ

�
M2

11β0 − 2M11M12α0 þM2
12

�
1þ α20
β0

��
;

ð1Þ

where M11 is the relation between positions at the object
plane and the image plane, and M12 is the relation
between the angle at the object plane and position in the
image plane.
In the imaging condition, the spectrometer quadrupoles

are set such that the transport matrix provides point-to-
point imaging between the object and image planes, with
the matrix element M12 ¼ M34 ¼ 0 for particles at the
energy setpoint of the spectrometer. The value of M12

becomes nonzero for electron energies away from the
energy setpoint due to the chromaticity of the spectrometer.
Therefore, if the beam is at a waist at the object plane, then
the beam size will be reimaged to the smallest spot size for
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particles at the setpoint energy, where the imaging con-
dition is perfectly met and increases in size for electrons
with larger and smaller energy. With the spectrometer
dipole deflecting the beam vertically, the dispersion at
the image plane results in an hourglass or butterfly-shaped
transverse beam profile, allowing for the beamwidth to be
extracted as a function of energy. Operating with M34 ¼ 0
ensures the highest possible energy resolution.
By fitting the measured horizontal beam size as a

function of energy to Eq. (1) using the known dependency
of the transport matrix elements with energy, the horizontal
projected emittance and Twiss parameters at the object
plane can be extracted. This analysis holds in the condition
that these parameters do not vary with energy, so is
constrained by chromatic correlations (i.e., x − E) and
phase mismatch within the plasma, which cause variations
in emittance and Twiss parameters that are dependent on
energy. This technique does not, however, require perfect
knowledge of the plasma exit position, as this may be
extracted via the fitted Twiss parameters, providing useful
information into the true plasma exit location.
For the FACET-II beam parameters, the high energy of

the accelerated trailing bunch and low transverse emittance
result in transverse beam profiles with μm-size features.
Figure 3 shows the horizontal beam size at the spectrometer
image plane as a function of energy for several emittances
for a fixed vacuum β0 ¼ 5 cm at the exit of the plasma
oven, showing a minimum spot size on the order of 10 μm.
The magnification of the spectrometer when imaging the
plasma exit plane at 20 GeV isM11 ¼ 5.2. By employing a
high resolution in-vacuum OTR beam profile monitor with
optical imaging resolution of 4.5 μm, the emittance can
be extracted from single-shot images of matched beams at
the plasma exit with several percent level measurement
uncertainty for beam emittances greater than ≃10 μm. This
uncertainty estimate accounts for imaging resolution,

uncertainty in the transport matrix elements, and signal
noise in the imaging system.
Alternatively, if the conditions are stable enough to allow

for a multishot measurement, a dispersive quadrupole scan
can instead be made to extract the emittance for multiple
energy slices across the beam. In this measurement, the
quadrupole strengths are scanned over a range to vary the
transport matrix while acquiring images of the energy
dispersed transverse beam profile at each setting. Fitting the
horizontal spot size at a given energy over the range ofM11

and M12 using Eq. (1) provides the emittance and Twiss
parameters at the object plane as a function of energy. This
type of measurement allows for an assessment of the
variation in beam parameters across the bunch and is
crucial for measuring the incoming trailing beam param-
eters when the energy spread is too small to allow for
enough statistics for a single-shot emittance measurement.
This allows for accurate emittance measurements for
mismatched beams, where the assumption that emittance
and Twiss parameters are constant across the bunch does
not hold. The main limitation of this measurement is that it
requires stable beam conditions over the timescale it takes
to vary the quadrupole strengths and acquire imaging data
at each point. This is typically on the order of several
minutes for a single scan.
Commissioning of the emittance diagnostics has been

performed using a single-bunch configuration with emit-
tance on the order of 20–40 μm and 1% energy spread. The
final focus and spectrometer optics were configured to
deliver the beam with β0 ¼ 50 cm at the location of a wire
scanner, just prior to the nominal plasma entrance location,
and reimaged to the high resolution spectrometer beam
profile monitor. Figure 4(a) demonstrates a dispersive
quadrupole scan measurement, indicating an emittance
of approximately 40 μm measured across the core of the
bunch and a waist β of 30 cm. This tool will be instrumental
to diagnosing the matching conditions of the drive and
trailing bunches incoming to the plasma.
In the present beam configuration, the Twiss parameters

vary too significantly across the bunch to allow for a single-
shot emittance measurement of the incoming single-bunch
beam. In the two-bunch configuration, the smaller energy
spread of the trailing bunch leads to reduced parameter
variation across the bunch, enabling the single-shot mea-
surements to be applied more effectively. Nevertheless, this
measurement has already been applied to data acquired
during the initial PWFA commissioning, and its findings
will be discussed in Sec. V.

B. Electron energy spectra

The beam exiting the plasma ranges in energy from less
than 1 GeV in the energy-depleted drive bunch to more than
20 GeV in an energy-doubled trailing bunch. Measurement
of the full energy range of the drive bunch is important to
understand the driver energy depletion and drive-to-wake
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FIG. 3. (a) Electron beam size that would be measured at the
spectrometer image plane for several different values of emittance
with β0 ¼ 5 cm and the spectrometer set to image 20 GeV
electrons. (b) An estimate of the emittance measurement error for
an energy-doubled trailing bunch with 0.5% energy spread,
accounting for the beam transport properties and an optical
imaging resolution.
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transfer efficiency. On the other hand, high resolution
measurements of the trailing bunch are required to dem-
onstrate preservation of the energy spread at the level of
<1%. The electron spectrometer beamline, therefore, uses
different screens to meet these differing needs.
The trailing bunch will be measured by the high

resolution transverse beam profile monitor used for the
emittance measurements. The energy resolution can be
determined by adding in quadrature both the imaging
resolution σim, and the transverse beam size as deter-
mined by the vertical emittance, ϵn, and β function:

σR;res=E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2im þ βyϵnγ

−1
q

=η. The vertical dispersion, η,

at the location of the screen is nominally 60 mm, and the
imaging resolution was measured to be 4.5 μm. γ here
again refers to the Lorentz factor at the measurement
energy E.
In the nominal PWFA configuration, the transverse beam

size at the imaging plane
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βyϵnγ

−1
q

will be <10 μm for an

emittance preserved beam, leading to an overall energy
resolution of <0.02% (∼2 MeV). For the initial run
parameters with normalized emittance on the order of
40 μm and with an IP beta function of 50 cm, the energy
resolution at 10 GeV is dominated by the transverse beam

size of ∼50 μm, leading to a resolution of 0.1% (10 MeV).
The energy profile of the current single-bunch beam
without plasma interaction was shown in Figs. 4(b)
and 4(c), with a measured FWHM energy spread of 3%.
To measure large electron energy ranges, either of two

large field of view profile monitors are used. The first
employs the GOS-based scintillator, DRZ™-FINE manu-
factured by Mitsubishi Chemical Group, that stretches from
above the zero-dispersion axis down to a dispersion level of
120 mm. At the nominal setting of the spectrometer dipole,
the field of view extends down to an energy of approx-
imately 5 GeV. The spectrometer dipole strength may be
lowered down to 25% of the nominal value, decreasing the
lower extent visible on this diagnostic down to ∼1 GeV.
The relative energy resolution of this diagnostic is domi-
nated by the pixel size of the imaging system, resulting in an
energy resolution of 0.15%. A second screen located several
meters upstream can be used to extend the low energy
portion of the spectrum to ∼0.25 GeV. Charge below
250 MeV will be undetectable by direct observation using
the magnetic spectrometer as these low energy electrons are
deflected into the wall of the spectrometer dipole chamber
prior to the opportunity for their measurement. The dipole
strength may also be increased to allow the high energy
portion of the electron spectrum to be imaged with higher
energy resolution as an energy gain diagnostic.
The main limitations of the scintillation screen spec-

trometer diagnostic are the saturation of the scintillating
centers and damage to the screen material leading to
permanent loss of light output at locations of high beam
intensity. To overcome these challenges, the second large
field of view diagnostic that is employed is a Cherenkov
light-based electron spectrometer that is described in detail
in [36]. This transverse beam profile monitor images the
Cherenkov light emitted by beam electrons as they pass
through a small air gap before the beam dump. The
Cherenkov light is reflected from the beam path by a
beam intersecting polished silicon wafer. Since Cherenkov
light is emitted with high linearity with charge density, and
the silicon reflecting surface has a relatively high damage
threshold, this diagnostic provides a higher dynamic range
and robustness than the scintillator screen. The spatial
resolution at 10 GeV is 250 μm, limited mainly by the
multiple scattering of the beam as it passes through the
5 mm aluminum vacuum exit window. This translates to an
energy resolution of 0.4% at 10 GeV.
Additional noninvasive measurements of the energy

spectrum of the incoming beam are performed using a
synchrotron light diagnostic (SYAG) prior to the IP. This
device is located within the final bunch compressor at a
location with large horizontal dispersion and is comprised
of a short, three-magnet vertical chicane to generate the
emission of synchrotron photons from the beam electrons,
which are intercepted by a cerium-doped yittrium alumi-
num garnet (YAG) scintillator screen for detection. Due to
the horizontal dispersion of the beam at this location, the
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FIG. 4. The measured dispersive quadrupole scan of the beam
in a single-bunch configuration. The plot in (a) shows the
emittance extracted as a function of energy, with a value of
approximately 40 μm across the core of the bunch, and the waist
β with a minimum value of 30 cm in this range. The beam profile
becomes non-Gaussian at energies above 10.1 GeV, preventing us
from accurately reconstructing the emittance and β values in this
range. (b) shows the current profile of the bunch, and (c) shows a
single-shot image of the beam in the middle of the quadrupole
scan when M12 is nominally set to 0.
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horizontal profile of the x rays represents the energy
distribution of the electron beam.
During the initial phases of beam development, the

presence of coherent OTR (COTR) detected on OTR
screens near the IP and spectrometer diagnostics indicates
that the electron bunches can contain high current structure
on top of the bunch profile visible on the present diag-
nostics. The source of this high current structure is possibly
due to unmitigated microbunching occurring early in the
linac. While the microbunching itself will ultimately be
suppressed by the use of the laser heater, the SYAG
diagnostic can provide some nonintercepting information
about the presence of this longitudinal structure due to the
energy chirp on beam.
Figure 5 shows the profile measured with the SYAG

diagnostic for a single shot that resulted in significant
COTR emission, and the corresponding energy spectrum
measured with the in-vacuum electron spectrometer using
two cameras viewing the same YAG screen. One camera
views the back surface of the YAG crystal oriented at 45°
to the beam. In this orientation, the camera only collects
the scintillation light and not the forward emitted COTR.

While the resolution of this camera is limited to tens of
μm due to the thickness of the YAG crystal, the total
intensity measured is consistent with the bunch charge,
and the profile matches the SYAG profile, within the
resolution limits. A second higher resolution camera
views the front surface of the same YAG screen. In this
orientation, the camera collects both scintillation light and
the backward OTR emission. In this shot, this camera
sees a large nonlinear intensity spike at the head of the
bunch due to the emission of COTR. While the SYAG
diagnostic does not have the resolution to fully resolve
the fine structure that leads to coherence in OTR in the
optical range, it can be used to monitor for shot-to-shot
longitudinal variations that often accompany the micro-
bunching instability.

C. Incoming longitudinal phase space

The X-band transverse deflecting cavity [41] (XTCAV)
allows for longitudinal profile measurements with down
to 1 μm (∼3 fs) resolution. In the reconfiguration of the
experimental area for FACET-II, this structure has been
relocated to within the final focus, several meters before
the interaction point, and rotated to kick in the horizontal
plane. When used in combination with the magnetic
spectrometer with vertical dispersion, the XTCAV allows
for single-shot measurements of the longitudinal phase
space. Figure 6 shows a simulated XTCAV measurement
and the extracted current and momentum profiles for the
present XTCAV implementation and the two-bunch beam
configuration. The energy difference between the drive
and trailing bunches impacts the longitudinal resolution
due to the differences in chromatic focusing. However,
the improved resolution can be achieved for either the
trailing or drive bunch individually by setting the
spectrometer optics to focus at either bunch energy
independently.
At present, the longitudinal resolution from the

XTCAV is limited to approximately 10 μm, due primarily
to both the emittance of the beam and the available
deflecting cavity voltage. Even at the ultimate design
resolution of ∼1 μm, it is anticipated that the XTCAV
will provide insufficient resolution to fully resolve the
sub-μm longitudinal structure on the bunch profile that
can result from the microbunching instability. As detailed
in Sec. V, this fine longitudinal structure can play an
important role in driving the beam-plasma interaction,
albeit in an unstable manner demonstrated thus far.
Through the use of the laser heater system, we aim to
sufficiently suppress the microbunching instability, ensur-
ing that it is rather the bulk properties of the bunch that
are of primary importance to the PWFA interaction.
As the use of the XTCAV is invasive to the beam

incoming to the plasma, it may not be used simultaneously
with plasma studies. Noninvasive tools are, therefore,
required to provide a single-shot longitudinal information

200 300 400 500 600 700 800 900 1000 1100

Horizontal position (Energy)

0

0.2

0.4

0.6

0.8

1

S
Y

A
G

 i
n

te
n

s
it
y
 (

a
rb

. 
u

n
it
s
)

(a)

9.7 9.8 9.9 10 10.1 10.2 10.3

Energy [GeV]

0

5

10

15

20

S
p

e
c
tr

o
m

e
te

r 
c
h

a
rg

e

d
e

n
s
it
y
 [

p
C

/M
e

V
] (b) Scintillation light

Scintillation + OTR

FIG. 5. Electron energy profile for the same shot as measured
on the SYAG diagnostic in (a), and the in-vacuum electron
spectrometer in (b). The electron spectrometer images were
measured using two cameras simultaneously viewing a trans-
parent YAG scintillator oriented at 45° to the beam direction. The
camera viewing the back side of the scintillator sees only
scintillation light and provides an energy profile that is consistent
with SYAG, and a total integrated signal that correlates with the
bunch charge. Meanwhile, the camera viewing at the angle of
OTR emission images a strong coherent OTR emission at the
head of the bunch for this same shot. Differences between beam
optics and imaging resolution between these three diagnostics
lead to other minor differences in the measured profiles.
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on the incoming beam, such as the separation of the drive
and trailing bunches, that may be calibrated with the
XTCAV diagnostic. A machine learning-based virtual
diagnostic has been developed to predict the shot-to-shot
incoming longitudinal phase space and current profiles
based on only noninvasive measurements using training
datasets acquired with the XTCAV [42]. This diagnostic
has been demonstrated at LCLS, and the work is underway
to implement this technique at FACET-II.
The SYAG beam energy spectrometer and EOS provide

direct measurements of the incoming energy and longi-
tudinal profiles that are noninvasive to plasma studies. In
addition, the EOS system can be configured with a pair
of crystals on either side of the beam path to provide
time-resolved transverse beam positions on a shot-by-shot
basis [43]. This system has an ultimate timing resolution of
10 fs, and transverse resolution of <5 μm and is capable of
resolving the properties of the drive and trailing bunches
independently.
Additional nonintercepting measurements of the incom-

ing bunch length are also acquired on a shot-to-shot basis
from a pyroelelectric detector that measures the total
intensity of coherent terahertz diffraction radiation after

the final bunch compression. The intensity of this radiation
can be correlated with relative bunch lengths within the
range of 10 to 100 μm [44].

D. Betatron radiation

As the drive and trailing bunches transit through the
plasma cell, electrons in both bunches experience the
large transverse forces present within the plasma bubble.
This force will induce betatron oscillations in the tra-
jectories of the beam electrons, leading to the emission of
betatron radiation in the direction of propagation that is
similar to the synchrotron radiation generated in a high-K
wiggler [45]. This betatron radiation can be used to
diagnose the transverse dynamics of the drive and trailing
bunches within the plasma, providing information on
matching into the plasma and the transverse hosing
instability [46]. For the FACET-II beam parameters,
the betatron radiation is emitted with several milliradian
divergence and with a photon energy spectra in the range
of keV up to ∼1 MeV.
A set of scintillation-based detectors are employed in air

in the spectrometer beamline to retrieve angular and
spectral information of x-ray and γ-ray energy photons
produced at the IP. Photons with energy below 10–20 keV
are stopped by the 5 mm aluminum vacuum exit window,
but higher energy photons are transmitted through for
detection. Their transverse profile is measured by a
CCD camera imaging either a uniform scintillator screen
for high resolution measurements or a CsI pixellated
array with 0.5 × 0.5 mm pixel size, manufactured by
Epic Crystal, for increased sensitivity.
A second scintillation screen provides spectral infor-

mation by recording the intensity immediately behind a
set of filter materials arranged in a pie shape around the
photon axis. Two of these filter materials act as a pair of
Ross filters [47], with material and thickness chosen for
sensitivity to photons of energy <100 keV. The remain-
ing ten filters are comprised of various thicknesses of
copper up to 8 mm, and tungsten up to 3 mm, and one
segment with no filter material for reference. The
scintillator response behind each filter is impacted by
the photon-energy dependent conversion and transmission
rates through each material. By determining the intensity
behind each filter and comparing to simulated responses
using GEANT4 [48], information about the photon
energy distribution can be determined, such as the critical
energy of a synchrotronlike spectrum. A separate pub-
lication summarizes these photon diagnostics and the first
results acquired for FACET-II [49].
Additionally, a Compton spectrometer is being devel-

oped to provide energy-angular double differential mea-
surements of the betatron radiation in the range of 180 keV
to 28 MeV [50]. This device will perform the measurement
in vacuum, ∼2 m prior to the spectrometer diagnos-
tics table.
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V. INITIAL BEAM PLASMA INTERACTION
STUDIES

Two decades of beam-plasma interaction experiments
have clearly indicated that for a 10 GeV-class electron or
positron bunch that has nC’s of charge, the most sensitive
diagnostics of the beam brightness is the plasma itself [51].
A beam with sufficient field intensity can ionize a plasma
and generate wakefields in it through interaction with
plasma particles. These interactions change the conditions
of both the beam and the plasma first-hand, independent of
external diagnostics that have their own limitations, such as
a finite resolution and sensitivity. Therefore, the beam-
plasma interaction can provide good diagnostics of the
incoming beam conditions through changes to the beam
spot size, energy loss or gain of different slices of the beam,
or the radiation emitted by the charged particles as they
traverse a column of gas.
Beam delivery to users at FACET-II started in 2022 for

user-assisted commissioning of beam delivery and exper-
imental systems. Delivery to users was interleaved into the
beam commissioning to allow for users to exercise equip-
ment, develop data acquisition techniques, and gain first
insights into their experimental programs. During this
phase, the beam was delivered in a single-bunch mode
with nominal bunch charge of 1.6 nC, transverse spot sizes
down to ∼20 × 20 μm2, and bunch lengths of ∼20 μm.
As part of the initial PWFA studies, a single-bunch beam

was passed through several meters of gas at the IP to
investigate beam ionization and for commissioning of the
electron spectrometer and betatron radiation diagnostics. In
these studies, the differential pumping system was used to
maintain a static gas pressure of either hydrogen gas up to
2 Torr or helium gas up to 5 Torr in the 4 m of beamline
between the upstream and downstream beryllium windows.
The beam was focused to a vacuum waist of β ¼ 50 cm in
both x and y planes at a location approximately 0.5 m into
the gas column. No laser preionization was employed in the
studies presented here.
Despite the measured beam parameters suggesting

insufficient beam density for field ionization using ADK
theory [29], we have observed that the present beam
conditions are capable of driving a strong wake in both
hydrogen and helium gases. Evidently, the beam diagnostic
techniques, such as the XTCAV, cannot presently resolve
the full longitudinal characteristics of the beam. The field
ionization observed in the experiment can be explained by
the beam’s temporal structure exhibiting one or more
strong, short peaks on top of a low current background
start-to-end linac simulations have demonstrated that such
high current spikes can form within the bunches delivered
to the experimental area. PIC simulations of the ensuring
interaction of the beam passing through a gas have shown
that these spikes can field-ionize the gas, driving a meter-
scale plasma with the charge behind the ionization front as
described in [52].

The plasma interaction was observed by concurrent
observations of the plasma emission light measured by
cameras viewing the IP, the deceleration of electrons
imaged by the electron spectrometer to energies below
2 GeV, and the substantial increase in x-ray photons from
betatron oscillations within the plasma channel. With the
present beam conditions, the wake intensity was observed
to vary substantially with the incoming beam parameters.
Figure 7 shows the energy spectra as observed using the
large field of view energy spectrometer and the analysis of a
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FIG. 7. (a) A “waterfall” plot of the electron energy spectra
after traversing the plasma. The series of 200 sequential shots
acquired at a pressure of 2 Torr are sorted by the estimated energy
transferred to the plasma wake. (b) Charge breakdown between
decelerated and unaffected portions of the spectra. For later shots
in the series, the electron spectra extend beyond the lower limit of
the image, as reflected by the loss of total charge measured. The
total incoming charge is measured by a toroidal charge monitor
just upstream of the IP. (c) The energy estimated to be transferred
from the electron beam to the wake, determined from the
measured energy spectra. The solid line accounts for only those
electrons that are visible on the screen, while the shaded line
estimates a lower bound, accounting for missing charge. Also
overlaid on the plot is the intensity of the betatron radiation
measured for each shot, showing strong correlation with wake
energy for shots where the total charge is visible.

WAKEFIELD GENERATION IN HYDROGEN AND … PHYS. REV. ACCEL. BEAMS 27, 051302 (2024)

051302-11



series of 200 sequential shots recorded at 10 Hz of the beam
passing through the 4m hydrogen gas column at 2 Torr
pressure (plasma density ∼6 × 1016 cm−3), sorted by the
estimated energy transferred to the wake.
The energy loss of electrons due to the interaction with

the wake is shown to vary significantly, from no significant
plasma interaction in several shots, to the deceleration of
electrons to below 5 GeV—the lower limit of the field of
view of the diagnostic with this spectrometer setting. This
variation is caused by jitter in the time structure of the
incoming electron bunch, changing the longitudinal posi-
tion where beam ionization of the hydrogen occurs. The
shot-to-shot variation of the resulting wake structure
changes the longitudinal fields that the charge behind this
changing ionization front experience. The stability of this
interaction will be improved in future studies both by
improved control of the longitudinal structure of the beam
using the laser heater and through laser preionization of the
plasma.
A single-shot electron energy spectrum enables a dis-

tinction between two categories of electrons: those within
the beam that remain virtually unaffected by the plasma
interaction, residing in the peak centered at 10 GeV, and
those that undergo deceleration. This categorization is
illustrated in Fig. 7(b), indicating that at this pressure,
over 50% of the charge can be actively participating in the
plasma interaction. In shots experiencing the most sub-
stantial deceleration, electrons with energies below approx-
imately 5 GeV descend beyond the lower boundary of the
field of view, resulting in a loss of the total measured charge
for these instances. Another factor contributing to the
missing charge is the presence of electrons in less dense
regions of the spectra that are not visible above the image
background, comprising up to 5% of the total charge in
shots where the spectrum does not extend off the imaging
screen.
The energy deposited into the plasma wake is estimated

as the difference between the initial energy content of the
incoming beam, approximately 16 J at 10 GeV, and the total
energy of the electrons after they exit the plasma. However,
for shots experiencing the greatest energy loss, some
electrons fall below the camera’s field of view cannot be
accounted for directly in this estimate. We can, therefore,
establish only a lower bound for the energy transferred to
the wake by assuming the missing charge on the spec-
trometer screen possesses a maximum energy equivalent
to the lower cutoff of the field of view, which is 4.9 GeV.
By factoring in the missing charge using this approach,
we can establish a conservative estimate that suggests at
least 5 J of energy is transferred to the wake for the shots
that experience the largest energy loss. We calculate the
effective energy transfer efficiency as the fraction of energy
deposited in the wake by only those electrons that interact
with the wake and exclude the nonparticipating charge.
This yields a minimum effective beam-to-wake transfer

efficiency of approximately 50% from the 1 nC of charge
that interacts with the wake.
The intensity of betatron radiation is superimposed on

the same plot as the estimated wake energy, revealing a
strong correlation with the energy transferred to the wake in
shots where the majority of the charge is visible on the
screen. While there is not a conclusive argument that this
correlation should always hold true, this correlation extends
to follow the estimated lower limit for shots that experience
significant energy loss. This trend suggests that the energy
transferred to the wake is indeed higher than the lower
bound estimated by visible charge alone.
Evidence of acceleration by PWFA was measured by

imaging the electron spectra at energies above 10 GeV
using the large field of view electron spectrometer. Figure 8
shows the electron spectrum acquired with the spectrometer
quadrupoles set to image 12.5 GeV electrons from the end
of the gas column. This spectrum shows decelerated
electrons with energy <10 GeV, indicating the presence
of a strong wake generation, and charge extending to
beyond 13 GeV in this shot. We infer that this accelerated
charge originated from the small fraction of electrons far
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FIG. 8. (a) Electron energy spectrum with the spectrometer set
to reimage at an energy of 12.5 GeV. Energy depleted electrons
are visible at energies below 10 GeV, while some tens of pC of
charge are accelerated up to ∼13.5 GeV in this shot. An
emittance analysis was performed for the charge indicated by
the box, with charge distribution shown in (b). (c) The beamwidth
as a function of energy, and the emittance fit function overlaid
which provides a normalized emittance of approximately
1500 μm. The Twiss parameters determined from the fit indicate
that the beam waist (and hence the exit from the plasma) was
located at the location of the Beryllium window.
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within the tail of a single bunch that experiences the
accelerating phase of the plasma wakefields.
Performing a single-shot emittance measurement on the

charge around 12.5 GeV, as described in the prior section,
provides both a normalized emittance value of approxi-
mately 1500 μm, and places the exit from the plasma
precisely at the location of the end of the gas column, with a
waist β of 17 cm. This measurement is not resolution
limited, as the imaging resolution of this profile monitor is
<100 μm, far below the minimum spot size. The emittance
measured here is extremely large, in part due to the
presumed large emittance of the electrons far within the
tail of the bunch, and also due to no effort made in matching
these electrons to the plasma. This analysis, however,
serves as the first implementation of this single-shot
emittance measurement in the new FACET-II beamline
and provides useful information about the length of the
plasma. The overall length of the plasma can be determined
to extend at least 3m from the first IP camera that detects
plasma light near the incoming beam waist, to the location
of the measured waist position at the plasma exit.

VI. CONCLUSION

We have described the experimental setup, accelerator
parameters, and beam diagnostics required to demonstrate a
single-stage plasma wakefield accelerator at FACET-II,
which will approach the parameters required for linear
colliders and high brightness light sources. In our prelimi-
nary investigations of the beam-plasma interaction with
single bunches, we have observed the formation of beam-
ionized plasmas extending for several meters in length
within hydrogen gas. Measurements of the resulting elec-
tron spectrum, plasma emission light, and betatron radia-
tion indicate significant energy transfer from the drive
beam to the wake with the present beam conditions.
Ongoing efforts focus on achieving efficient and stable

energy transfer from the drive beam to the wake within both
lithium and hydrogen plasmas as the electron beam con-
ditions continue to improve with further beam develop-
ment. Once the two-bunch configuration is operational, the
ultimate goal is to demonstrate multi-GeVenergy doubling
of the trailing bunch, preserving both emittance and energy
spread as required for accelerator applications.
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