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Abstract

Plasmas are a compelling medium for particle acceleration owing to their natural ability to

sustain electric fields that are orders of magnitude larger than those available in conventional

radio-frequency accelerators. Plasmas are also unique amongst accelerator technologies in that they

respond differently to beams of opposite charge. The asymmetric response of a plasma to highly-

relativistic electron and positron beams arises from the fact that plasmas are composed of light,

mobile electrons and heavy, stationary ions. Hollow channel plasma acceleration is a technique for

symmetrizing the response of the plasma, such that it works equally well for high-energy electron

and positron beams. In the experiment described here, we demonstrate the generation of a positron

beam-driven wake in an extended, annular plasma channel, and acceleration of a second trailing

witness positron bunch by the wake. The leading bunch excites the plasma wakefield and loses

energy to the plasma, while the witness bunch experiences an accelerating field and gains energy,

thus providing a proof-of-concept for hollow channel acceleration of positron beams. At a bunch

separation of 330 µm, the accelerating gradient is 70 MV/m, the transformer ratio is 0.55, and the

energy transfer efficiency is 18% for a drive-to-witness beam charge ratio of 5:1.
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I. INTRODUCTION

Plasma wakefield acceleration (PWFA) is a novel technology which can be used to ac-

celerate particle beams with large gradients and high efficiency [1]. The most ambitious

application of plasma accelerator technology is the generation of ultra-high energy, low-

emittance beams for a plasma-based linear collider (PLC) [2]. There are several challenges

on the path to the PLC. Chief among them is the acceleration of positron beams in plasma.

Traditional collider concepts, such as the ILC [3] and CLIC [4], use radio-frequency (RF)

waves to accelerate particles, which can accommodate electron or positron beams by ad-

justing the phase of the RF wave. By contrast, the plasma accelerator reacts differently to

beams of opposite charge. The plasma is composed of light, mobile electrons, and heavy,

sluggish ions. When operating in the blowout regime [5], an electron beam propagating into

a plasma expels plasma electrons, creating a plasma bubble with strong ion focusing, which

is advantageous for transporting and accelerating the electron beam, while maintaining the

beam’s emittance. On the other hand, a positron beam attracts plasma electrons toward

the beam axis, which creates a complicated wakefield structure [6–9]. Recently, we have

demonstrated that nonlinear wakes driven by positron beams in a uniform plasma can be

used to accelerate trailing witness positron bunches with modest gradients but with high

energy-extraction efficiency from the wake [10]. However, due to the complex focusing field

structure of these wakes, the positron beam emittance, which is a measure of beam quality,

is not preserved using this technique. In the moderately non-linear regime, it is possible

to preserve the positron beam emittance in a uniform plasma wakefield, but this technique

does not scale well to collider-quality emittances [11]. We are therefore motivated to pur-

sue other approaches which in principle preserve the positron beam emittance. The hollow

channel plasma wakefield accelerator is an appealing concept for accelerating positron beams

in plasma because it can avoid the complicated wake structure that arises from non-linear

plasma wakefields in uniform plasmas.

The hollow channel plasma wakefield accelerator was originally conceived as a technique

for guiding high-intensity laser pulses for laser wakefield acceleration [12], and later recog-

nized to have advantageous properties for beam-driven wakefield acceleration [13]. In this

scenario, an electron or positron beam propagates through a hollow tube of plasma and

drives a high-amplitude electromagnetic field in its wake. The longitudinal field inside the
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channel is radially uniform, so that particles with different initial offsets with respect to the

channel axis all gain energy at the same rate. The absence of plasma in the channel implies

that there are no transverse forces from on-axis plasma electrons. Finally, for drive and

witness beams propagating on-axis through the channel, there are no transverse forces and

the beam emittance ε is preserved through the acceleration process. However, for long ac-

celeration lengths (L� βx,y) an external focusing magnetic field may be necessary to guide

both the drive and witness beam. Also, small perturbations of either the drive or witness

beam centroids from the channel axis lead to the appearance of transverse wakefields that

can seed and amplify the beam breakup instability [14] which has recently been observed

experimentally [15]. Additionally, asymmetries in the shape of the hollow plasma channel

may lead to fields which deviate from the ideal scenario.

In a previous work [16], we described the excitation of a hollow channel wakefield by a

single positron bunch. Here we describe the subsequent acceleration of a witness positron

bunch in the hollow channel wakefield. The hollow channel plasma is generated by ionizing

a lithium vapor [17] with a ring-shaped, high-intensity laser pulse using a phase plate that

transforms an initial Gaussian beam into a high-order Bessel beam [18]. The approximately

annular plasma channel is produced by multi-photon ionization of lithium. We propagate a

positron drive beam through the channel, creating a longitudinal wakefield that is used to

accelerate a witness positron bunch. By scanning the separation of the drive and witness

beams, we map the longitudinal shape of the wakefield and determine the accelerating phase.

From the energy gained and lost by the witness and drive bunches, respectively, we deduce

the net energy transfer efficiency and the transformer ratio at the phase corresponding to

the maximum accelerating gradient.

II. EXPERIMENTAL OVERVIEW

The experiment was carried out at the Facility for Advanced aCcelerator Experimental

Tests (FACET) at the SLAC National Accelerator Laboratory [19]. SLAC is the only lab-

oratory with the infrastructure required for providing high-energy, high-intensity positron

beams for PWFA experiments. A low-emittance positron beam is extracted from the damp-

ing ring (see Methods V A) and accelerated in the linac to 20 GeV energy. Along the linac,

the particle beam is sent through a series of bunch compression chicanes which reduce the
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FIG. 1. (a). Schematic of the hollow channel experiment carried out at FACET. All relevant

diagnostics are labeled. Inset (b) The drive-witness energy spectrum measured upstream of the

hollow channel plasma. Inset (b) Sample images on the YAG screen downstream of the hollow

channel plasma showing the transverse beam profile for different experimental conditions. Inset

(d) Sample image of the ionizing high-order Bessel pulse used to ionize the plasma channel. Note

that the image is deformed by the downstream optics and is primarily used for shot-to-shot jitter

measurements. Inset (e) Comparison of beam energy spectra with and without the plasma channel

present.

longitudinal size of the bunch σz from several millimeters to a few hundred microns. The

beam acquires a time-energy correlation, or chirp, due to longitudinal wakefields in the linac.

In the final chicane, the beam is sent through a notch-collimation system [1] which exploits

the chirp of the beam to convert the beam from a single-bunch structure to a two-bunch

structure with variable separation. The collimation system is also used to adjust the total

charge of the beam delivered to the experiment. At the end of the final chicane, the beam

is focused by a series of quadrupole magnets before entering the lithium oven.

The schematic of the experiement is depicted in Figure 1. The longitudinal shape of the

two-bunch beam structure is characterized by an electro-optical sampling (EOS) crystal [20]

with a resolution of 10 microns (30 femtoseconds). The plasma source is a lithium heat-

pipe oven [17]. The plasma source has several heating coils which can be turned on and

off to adjust the length of the vapor region. The lithium is ionized by a Terawatt-class,

Ti:Sapphire laser with 800 nm central wavelength. In order to ionize the 25 cm-long annular

plasma, the laser is shaped by a diffractive kinoform optic [16, 18, 21, 22]. The optic forms

the laser into a high-order Bessel intensity profile (see Methods V B). The Bessel intensity
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profile has the attractive feature that the transverse shape of the profile does not depend

on the z-coordinate; the laser ionizes a channel with a fixed radius along the lithium oven.

The optic is mounted on a 2D stage which allows for control of the transverse position of

the laser focus.

The laser is directed onto the particle beam axis by a gold mirror with a hole for the

positron beam to pass through. The laser pulse and positron beam co-propagate into the

lithium vapor source. A delay stage is used to set the relative laser-positron timing and

adjust the longitudinal position of the laser focus. The delay was set such that the laser

arrives a few picoseconds ahead of the positron beam, and with the laser focus set to the

downstream end of the lithium vapor source, creating a 25±1 cm-long plasma channel.

Downstream of the lithium oven, a second gold mirror with a hole deflects the laser pulse

off of the beam axis. The spent laser pulse is re-imaged onto two cameras which we use

to track the position of the laser focus during the experiment. The positron beam passes

through the holed-mirror and through a yttrium aluminum garnet (YAG) crystal which is

used to track the transverse position and size of the positron beam. Finally, the beam passes

through a spectrometer dipole and the beam energy is measured on a scintillating LANEX

screen (see Methods V E).

III. RESULTS AND DISCUSSION

In the first phase of the experiment, the transverse, longitudinal, and energy profiles

of the positron beam were measured in vacuum. Next, the heat-pipe oven is filled with

lithium vapor at density of 3×1016 cm−3. At high charge, the positron beam fields are large

enough to self-ionize the neutral lithium atoms within the laser-produced hollow channel.

The incoming positron charge was therefore reduced until there was no evidence of plasma

interaction. The procedure was performed at peak bunch compression (maximum positron

beam field strength). Table I shows the positron beam parameters at the end of the charge

reduction procedure. All parameters are measured at the interaction point, except for the

beam emittance which was measured upstream of the final bunch compression chicane.

At peak compression, the EOS diagnostic does not clearly distinguish between the drive

and witness bunches, but can be used to set an upper limit on the longitudinal separation

between the two bunches ∆dw < 100 . The drive and witness bunches are well separated on
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FIG. 2. Results of the longitudinal bunch separation scan and supporting QuickPIC simulation

scan. Witness bunch data is denoted by red circles, and witness bunch simulation results shown

with open red squares. Drive bunch data is denoted by blue circles, and drive bunch simulation

results shown with open blue squares. For the first point in the scan, the drive and witness beams

are not clearly distinguished and the data point is placed at an upper limit of 95 µm bunch

separation. Error bars represent the 1σ standard deviation of the measurement. The QuickPIC

simulation use the parameters measured for each scan point described in Methods V F.

the spectrometer screen, as seen in Figure 1b), with drive bunch energy Ed = 20.487 GeV

and witness bunch energy Ew = 20.095 GeV. The energy resolution of the spectrometer is

3 MeV.

After confirming non-interaction between the beam and lithium vapor, the laser was fired

to generate the hollow channel plasma. The laser profile was previously optimized according

to the procedure described in Methods V C. Next, we performed a longitudinal drive-witness
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Ntot σx (µm) σy (µm) βx (m) βy (m) εx (µm) εy (µm)

3.5× 109 35 25 0.5 5.0 97 5

TABLE I. Positron beam parameters of the combined drive and witness bunches after the charge

reduction procedure. All parameters are measured at the interaction point, except for the beam

emittance which was measured upstream of the final bunch compression chicane.

separation scan to map out the hollow channel plasma wakefield, according to the procedure

described in Methods V D. The drive-witness separation is measured by the EOS system

on every shot and the spectrometer measures the change in energy of the drive and witness

beams.

Figure 2 shows the results of the scan. In the ideal bunch separation scan, all beam

parameters would be kept constant as the bunch separation is varied. In practice, the bunch

charge, length, and separation are coupled together and depend on the longitudinal phase

space. We actively corrected the bunch charge and beam trajectory throughout the scan, but

were not able to control the length of the drive bunch independently of the bunch separation.

The length of the drive bunch increases by a factor of five over the course of the scan while

the drive charge varies by ±18%. The witness bunch charge and length are stable at the

level of ±20%. We observed that the magnitude of the energy loss experienced by the drive

bunch decreased over the course of the scan, which is consistent with increasing drive bunch

length. From the maximum energy gain of 17.5 MeV at a bunch separation of 330 µm, we

infer an accelerating gradient of 70 ± 30 MV/m, and the uncertainty is the statistical 1σ

standard deviatio of the measurement.

We analyzed the efficiency and transformer ratio of the wakefield at a bunch separation

of 330 µm. The transformer ratio is defined as

T =

∣∣∣∣max(Ez)

min(Ez)

∣∣∣∣ . (1)

While we do not measure the accelerating field directly, the centroid energy gain of the

witness bunch is a good proxy for the peak field because the witness bunch is much shorter

than the wavelength of the wakefield. Measuring the peak decelerating field is complicated

by the fact that the drive bunch experiences a changing field over its length. We can

extract the peak decelerating field from the drive bunch spectrum if the field is single-valued

(monotonically decreasing) over the length of the bunch [23]. This condition is satisfied for
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FIG. 3. Efficiency of energy transfer from drive bunch to witness bunch for the ∆dw = 330 µm

scan point as a function of witness-to-drive charge ratio. The error bars denote the error on the

mean of the values in a given witness-to-drive charge ratio bin due to jitter in the measurement.

Inset: Normalized histogram of transformer ratios for the same set of shots.

the scan step at 330 µm separation because the σzd = 122 µm and the end of the drive bunch

sits in the peak decelerating phase of the wake. We exploit the linear correlation between

position and energy in the drive beam phase space and measure the change in energy of

the lower end of the spectrum to determine the peak decelerating field. By comparison,

efficiency is a simpler quantity to measure

η =
∆EwQw

∆EdQd

, (2)

where ∆Ew and ∆Ed are the centroid change in energy of the witness and drive bunches,

respectively. Figure 3 shows the efficiency of energy transfer from the drive beam to the

witness beam as a function of the ratio of drive charge to witness charge. A histogram of
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measured transformer ratio values is shown as an inset, with ratios in excess of one observed

on some shots. The median observed transformer ratio was 0.55. The efficiencies measured

in this experiment are comparable to those observed for plasma acceleration in a uniform

plasma [1].

A. Comparison with Theory and Simulation
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FIG. 4. QuickPIC simulations of positron drive and witness beams propagating in a hollow channel

plasma channel. The beams propagate to the left. The blue circles denote the one-sigma beam

contours. The dotted black line denotes the transverse beam offset. The solid black line is the

accelerating field sampled at the transverse position of the beam. The maximum and minimum

longitudinal field values are denoted on the field curves. Top: Both beams centered on axis.

Bottom: The drive and witness beams are offset from the axis by 65 µm. The accelerating field is

enhanced and the wavelength is elongated for the case of the offset beam.

The wavelength of a hollow channel plasma wakefield is given by λ = 2π/χ||kp with kp

the plasma wavenumber. The geometric factor χ|| is derived from the boundary conditions

and given by [24]

χ|| =

√
2B10(a, b)

2B10(a, b)− kpaB00(a, b)
, (3)
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with Bij the Bessel boundary function given by

Bi,j(a, b) = Ii(kpa)Kj(kpb) + (−1)i−j+1Ij(kpb)Ki(kpa), (4)

for inner plasma radius a and outer plasma radius b. These equations are derived under the

assumption that there is a sharp transition between the ionized and un-ionized regions.

For fully-ionized vapor at n0 = 3 × 1016 cm−3, we expect to observe the accelerating

phase of the wake for a bunch separation ∆dw = 165 µm, but in the scan, the peak accel-

erating phase is observed at ∆dw = 460 µm. The bulk of the discrepancy is the result of

reducing the laser intensity used to ionize the hollow channel plasma according to the chan-

nel symmetrization procedure described in Methods V C. We use a multi-photon ionization

model [25] to estimate that the ionized fraction of the vapor is roughly 10%, which is con-

sistent with the measurement and a rough scaling of the hollow channel plasma wavelength

λ ∝ n−1/2, modulo the factor χ|| in Equation 3.

The sharp-boundary model estimates that the peak accelerating phase should occur at a

bunch separation of ∆dw = 386 µm, which is consistent with our observations. The model

also predicts a return to the decelerating phase at large bunch separations, but the data

show a long tapering-off of the energy gain at large bunch separation. We investigated a

variety of possibilities, including the presence of a small amount of plasma inside the plasma

channel [26], but the best fit to the data is achieved by modeling the channel wall with a

gradual density transition from the central unionized region to the fully-ionized region. We

refer to this configuration as the “soft boundary” model. We chose a linear ramp function

for our model (see Methods V F) with a width of one skin depth. The exact shape of the

transition from unionized inner region to fully-ionized outer region is not important. Rather,

it is the length scale over which the transition occurs that is significant [27]. In the sharp

boundary model, the walls of the plasma channel contain the electromagnetic wake within

the channel. In the soft boundary case, the electromagnetic wake interacts with plasma at a

range of densities and frequencies over the transition region. This causes phase mixing and

electrostatic separation of plasma electrons and ions. These effects both damp and lengthen

the electromagnetic wake. Finally, the inclusion of transverse offsets of the drive and witness

beam in the channel contributes to an even faster phase-mixing and wake-damping process

because the outer edges of the beam propagate in the transition region.

Figure 4 shows positron drive and witness beams propagating through a hollow channel
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plasma with a linear transition between the unionized and ionized regions. In the bottom

simulation, the beams are offset from the axis by 65 µm and which contributes to damping

and lengthening of the wake as compared to the on-axis case shown above. By including

the soft boundary model and transverse offsets, we find good agreement between data and

simulation for bunch separations up to 500 µm, as shown in Figure 2.

IV. CONCLUSION

We have demonstrated for the first time the acceleration of a positron beam by a positron

beam-driven wake in a hollow channel plasma. In this experiment, at a bunch separation of

330 µm, and a drive-to-witness charge ratio of 5:1, we observe an accelerating gradient of 70

MV/m, a transformer ratio of 0.55, and an energy transfer efficiency of 18%. This important

proof-of-concept shows the promise of hollow channel acceleration for positron beams, while

also highlighting the engineering and physics challenges that must be overcome to further

advance this technology. The most critical challenge is mitigation of the beam breakup

instability [15] that will dilute the emittance of the accelerating beam. The wake damping

features of the soft boundary model affect both the m = 0 longitudinal mode and m = 1

dipole mode. Further studies are warranted to see if the m = 1 mode can be preferentially

damped over the m = 0 mode through a judicious choice of transverse ramp parameters.

The acceleration gradient in this experiment was limited by the requirement that the

positron beam not self-ionize the residual neutral Li vapor inside the hollow plasma channel.

There are several approaches that would allow experiments to reach GeV/m gradients in

the hollow channel plasma. First, by switching to a different gas species with a higher

ionization threshold, such as He, we will be able to increase the charge of the driving bunch

without ionizing the residual vapor in the channel. Without changing any other aspects

of the experiment, the accelerating gradient would increase to 300 MeV/m by increasing

the drive charge to 2 nC. Next, the accelerating gradient will be increased by reducing the

inner radius of the channel, which can be achieved by selecting a different kinoform optic.

A narrower channel will also require greater beam stability from the accelerator in order to

avoid excitation on transverse modes in the channel. An alternative method for creating

the plasma channel may envoke self-guiding laser techniques [28], but this would result in a

not-quite hollow channel plasma similar to the scenario described by Schroeder [26].
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Future plasma-based positron acceleration experiments will use electron beam drivers.

The possibility of using electron beams to drive a wake with a positron witness beam is

a planned capability of FACET-II [29]. Recent work on hollow channel plasma wakefield

acceleration suggests that efficient beam loading can be achieved using an asymmetric drive

electron beam that mitigates the beam break up instability of the positron bunch [30].

Positron plasma acceleration remains a critical challenge on the path to a Plasma Linear

Collider, and hollow channel plasmas have promising capabilities that require further devel-

opment to be fully exploited.
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METHODS

A. Positron Beam Generation

A 20 GeV electron beam is accelerated along a 2 kilometer-long S-band linac. The

positron beam is generated by colliding the electron beam with a tungsten target. This

produces a shower of high-emittance positrons that are captured in a solenoidal horn and

transported back to the start of the linac where they are fed into a damping ring. The

damping ring reduces the emittance of the positron beam to roughly 50 mm mrad. After

damping, it is injected into the linac and accelerated to 20 GeV [31].

B. Hollow Laser Optics

The kinoform is a 1 mm thick piece of fused silica with an etched pattern that approxi-

mates the spiral phase Φ = k⊥r+mφ that imprints a high-order Bessel profile onto the laser

pulse. Here, r and φ are the radial and azimuthal coordinates, m is the Bessel order, and

k⊥ = γk with γ the angle of focused rays with respect to the axis and k is the wavenumber

for 800 nm light. We chose m = 7 and γ = 4.4 mrad. This produces a laser intensity

profile of the form I(r, z) = I02πkzγ
2J2

7 (k⊥r) with the first maximum occurring at a radius
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of 250 µm [16]. Here, I0 is the incident laser intensity on the kinoform, z is the longitudinal

coordinate of laser propagation and J7 is the seventh-order Bessel function of the first kind.

C. Channel Optimization

Typically, the plasma channel created by the laser pulse is misshapen due to phase errors

that accumulate during laser transport. For diagnostic purposes, we reduce the intensity

of the laser in order to view the focal spot of the laser on a titanium foil just upstream of

the plasma source. We adjust a lens in the transport system to remove astigmatism and

optimize for uniformity at the focal point. We are not able to observe the focal spot directly

during the experiment because the intensity is large enough to burn the foil.

We use a single positron beam to study the transverse shape of the hollow channel plasma.

As mentioned above, we cannot view laser focus directly when operating at with intensities

large enough to ionize the plasma. Instead, we use beam-based measurements to characterize

the quality of the focus. We use the 2D kinoform stage to scan the transverse position of

the laser focus relative to the positron beam axis, while monitoring the position of the focus

using the spent laser profiles. When the focus is set such that the beam propagates inside the

channel, but slightly off-axis, the beam feels a transverse kick towards the wall of the plasma

channel [15]. We measure the deflection of the beam on the downstream YAG crystal. If

the focus is set such that the positron beam is propagating in the ionized region, the beam

experiences strong transverse focusing forces, but no deflection. In this case, we measure an

increase in the beam size on the YAG screen due to the larger beam divergence. The scan

reveals the center of hollow channel, as well as any asymmetries that may be present. If we

detect large asymmetries, we readjust the lens in the transport system and repeat the scan.

D. Longitudinal Phase Scans

In the longitudinal phase scan, the separation between the drive and witness bunches is

changed by adjusting the RF phase of the linac and by setting the position of the notch-

collimation system. The scan requires multiple parameters to be tuned simultaneously,

which affects the incoming energy distribution of the drive and witness beams. Changes

to the beam energy affect the steering through the final bunch compression chicane, and
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that can lead to mis-steering or mis-focusing of the beams if the accelerator lattice is not

compensated. During the longitudinal phase scan, the beam trajectory through the IP area

is monitored and adjusted as needed. Despite best efforts, there is a net drift of the combined

drive-witness transverse centroid of up to 90 µm over the course of the scan.

E. Measuring Changes in the Beam Energy

The dumpline energy spectrometer is composed of a quadrupole doublet and a dipole

that bends the beam in the vertical plane. The doublet provides point-to-point imaging of

the end of the plasma to the LANEX screen where it is viewed by a scientific-CMOS PCO

Edge camera. The energy-per-pixel resolution of the camera is 2.9 MeV for the lower-energy

witness bunch and 3.0 MeV at the higher-energy drive bunch. The calibration does not vary

significantly over the individual bunches.

With the quadrupole doublet imaging the exit plane of the plasma, there are two first-

order contributions to the position measured at the spectrometer screen: the change in beam

energy ∆E and the beam offset from nominal trajectory at the end of the plasma ∆yplas.

The change in the position of the beam on the screen due to the plasma interaction is given

by

∆yscreen = η(∆E/E0) +R33∆yplas, (5)

where η is the dispersion due to the spectrometer dipole and R33 is the magnification of

the position of the beam at the exit of the plasma channel. With the laser off (no plasma

interaction), we measure R33 = 2.35. A transverse vertical offset of 6 µm in the image plane

is on the same scale as a 3 MeV energy change, and we therefore need to account for beam

orbit changes when measuring the energy.

When correcting for orbit changes, we are faced with the issue that the BPMs do not

distinguish between the drive and witness bunches. The YAG profile monitor downstream

of the plasma can in some instances distinguish the two bunches, but not for the 10:1

drive:witness charge ratio used in this dataset. We therefore assume that both the drive

bunch and witness bunch have the same offset as measured on the YAG screen and subtract

off the orbital component from the beam energy measurement.
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F. Simulations

Simulations are performed with QuickPIC, a quasi-static Particle-in-Cell code [32]. The

simulations are performed on a 3D grid with 256× 256× 256 cells and a box size of 15k−1p ≈

1500 µm in each dimension. The plasma channel walls are modeled as a trapezoidal function

of the radius given by

np(r) =



0, r < a

n0
r−a
b−a , a ≤ r < b

n0, b ≤ r < c

n0
d−r
d−c , c ≤ r < d

0, d ≤ r

(6)

with n0 = 3× 1015 cm−3, a = 115 µm, b = 215 µm, c = 280 µm, and d = 380 µm.

We used the beam parameters measured upstream of the hollow channel plasma inter-

action as inputs to QuickPIC to simulate the longitudinal separation scan. The inputs are

shown in Table II. For all points in the scan, both the drive and witness beams have trans-

verse size σx = 35 µm and σy = 25 µm. Each point in the scan is a single-step simulation

using a non-evolving beam. The energy gain/loss of the drive/witness beams are evaluated

at the longitudinal centroid of the beams. When the beams have a transverse offset from

the propagation axis, the field is sampled at the transverse centroid of the beams.
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