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Revealing laser and electron beam evolution in 10-GeV-class laser-plasma accelerators
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Guiding relativistically intense laser pulses in low-density plasmas enables extended acceleration lengths
in laser-plasma accelerators (LPAs), allowing for the production of multi-GeV electron beams. Quantitative
interpretation of such experiments is often limited by substantial uncertainties in key plasma parameters, par-
ticularly the transverse density profile of hydrodynamic optical-field-ionized channels. Distinct plasma density
distributions can produce similar terminal beam energies, complicating efforts to infer the underlying interaction
physics from measurements at the accelerator exit alone. By combining longitudinally resolved electron beam
diagnostics with independent measurements of laser spectral evolution in a 10 GeV LPA, we establish a
multiobservable constraint on plasma density profiles. Once plasma down ramps are taken into account, excellent
agreement is observed with simulation over the entire accelerator length for two plasma channel sizes. The
validated simulations indicate that extending the accelerator length to 65 cm would increase the electron beam
energy to 15 GeV. They also point the way to achieving ~20 GeV electron beams in ~70 cm via linear matching

using the same 24 J laser energy.

DOI: 10.1103/qqcv-29q

I. INTRODUCTION

Laser-plasma accelerators (LPAs) have attracted signif-
icant attention as a pathway toward compact high-energy
accelerators due to their ability to sustain accelerating gra-
dients exceeding 100 GeV/m [1-3]. With the development
of petawatt-class laser facilities, laser wakefield acceler-
ation has enabled the production of multi-GeV electron
beams over centimeter-scale distances [4—10]. These advances
make LPAs promising candidates for applications including
next-generation linear colliders [11,12], compact x-ray free-
electron lasers [13—15], and other high-brightness photon
sources [16,17].

A preformed plasma channel, which acts like a gradient-
index fiber for high-intensity laser pulses, can increase
electron bunch energy by increasing the length over which the
laser remains intense. Such channels are formed with a radial
plasma electron density profile n(7) with axial minimum such
that the refractive index is peaked. Plasma channels formed by
the hydrodynamic expansion of optical-field-ionized (HOFI)
plasmas [18-24] can provide plasma channels with low den-
sity and compatibility with controlled injection techniques
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[25,26], enabling the generation of high-quality multi-GeV
electron beams [9,27].

In a typical channel-guided LPA experiment, optical guid-
ing and electron acceleration are assessed by measuring
electron spectra [28] or laser properties and electron spectra
[5,6,9,26] at the exit of the plasma channel. The propagation
of the laser pulse and details of the interaction are inferred
from simulations. We recently measured guided laser mode
and optical spectrum as a function of propagation distance in
a 10-GeV-class, channel-guided LPA [9], allowing for direct
observation of laser coupling into high-order channel modes
and their energy loss through mode filtering, followed by
quasimatched propagation of the fundamental channel mode,
and nonlinear depletion of laser energy to the wakefield.

In all LPA experiments, there are uncertainties in the mea-
sured input parameters. For HOFI-based LPA experiments
to date [7,9,10,25,26,28], errors in the measurement of the
transverse plasma channel density distribution n(r) are dom-
inant. When simulating an experiment, the density profile
can be varied within the measurement uncertainty to achieve
agreement with the measured electron or electron and laser
parameters at the output of the accelerator. Here, we show
that even when measuring both laser and electron beam prop-
erties at the output of the 40-cm-long accelerator, simulations
with different density profiles can match the experimentally
measured laser redshift and maximum beam energy of 8 GeV.
Measuring the properties of both as a function of plasma
length removes this degeneracy, allowing for better physical
understanding of the interaction. This in turn shows the path
to maximizing the electron beam energy and laser-to-beam
transfer efficiency. By requiring simultaneous agreement
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between the measured laser spectral evolution and the electron
beam energy evolution along the accelerator, we constrain the
channel parameters to an on-axis density of 3 x 10'® cm™3
and a channel radius of 29 um. We show that the laser mode
size in simulation and experiment only match when the den-
sity down ramp that exists for each plasma length is taken
into account. With this match of all observables, we confirmed
that the channel radius was smaller than that for matched
guiding. Guided by the validated simulations, we increased
the channel-forming laser intensity to increase plasma chan-
nel size, which improved guiding and increased maximum
electron energy to 10 GeV. Simulations further show that by
increasing plasma length to 65 cm, the beam energy could be
increased by another 50%.

II. EXPERIMENTAL SETUP

Experiments were performed using the Ti:sapphire Berke-
ley Lab Laser Accelerator (BELLA) petawatt laser system
(Ao = 815 nm, repetition rate up to 1 Hz) [29], which pro-
vides two independently controlled beamlines. The channel-
forming beamline (derived from the BELLA PW second
beamline capability [30,31]) contained 1.0(1)J and was fo-
cused by an axicon lens to produce a line focus of 250 cm and
full-width-at-half-maximum (FWHM) width ~14 um. Error
bars on laser parameters correspond to measurement uncer-
tainty. The pulse compression could be adjusted to vary the
peak intensity, and hence the initial plasma column radius.
For this work, two peak intensities were employed for channel
formation: I, = 3.2(4) x 104 Wem™2 and Iy, = 1.1(1) x
10> W cm—2, where I, is the peak intensity averaged over
the line focus.

The wakefield driver (delivered by the original beamline
[29]) contained pulse energy & = 24.3 £+ 0.4 J and was com-
pressed to FWHM duration 7 = 38.5 £ 2.4 fs. It was focused
by an f = 13.5 m off-axis paraboloid to a vacuum spot radius
of wy = 50.5(15) um, corresponding to a peak intensity of
Iy = 1.2(1) x 10" Wem™2 and normalized vector potential
ap ~ 2.4, where ay ~ 0.85 Ao[ um]/Ip[10'8 W/cm?2]. The
focal profile and vacuum-propagated mode of the wakefield
driver z & 10m downstream of focus are shown in Figs. 1(a)
and 1(b), respectively. The collimated beam profile of the am-
plified laser is super-Gaussian, I, (r) o exp[—(r/R)"], with
R >~ 95 mm the characteristic radius and N =~ 10, typical of
current high-power femtosecond laser systems based on bulk-
crystal Ti:sapphire. This causes the resulting focal profile (of
the approximate form I(r) ~ [J;(Br)/(Br)]?>, where B is a
scale factor) to exhibit rings outside of the central maximum.

A 40-cm-long gas jet [7,9,32] positioned 12 mm below the
laser axis was employed as the plasma source. It was supplied
by 16 independently controlled gas lines placed equally along
the nozzle; the first 7.5 cm of the jet contained a mixture of
hydrogen with 1% nitrogen dopant for ionization injection
[33-35], while the remainder of the jet was filled with pure
hydrogen for acceleration. It was possible to vary the acceler-
ation length by partially blocking the jet [9].

The delay Ar between the two pulses was set to be either
5 or 6ns to allow sufficient time for hydrodynamic expan-
sion to form the plasma channel. At this time, hydrodynamic
expansion of the optical-field-ionized structure has slowed
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FIG. 1. Evolution of accelerator parameters as a function of
channel length for drive laser energy £ =24 J, At =6 ns, and
1% nitrogen dopant located in the first 7.5cm. (a) The reimaged
vacuum mode input into the channel, (b) the propagated optical mode
z ~ 10 m downstream from the plasma channel exit, (c) the electron
spectrum with the highest energy at each L., and (d) the averaged
optical spectrum over ten shots.

significantly; hence, no significant difference to laser guiding
was observed between these delays. For these conditions, the
plasma channel in which the drive laser was guided n(r) =
n¥*(r) + n,(r) was measured using two-color transverse in-
terferometry [24,36,37] (reported in Ref. [9]) to obtain the
electron density nZ* and neutral density n, before the arrival
of the drive pulse. However, the low signal level of transverse
interferometry means that averaging over many hundreds of
shots is required. For cost reasons, this typically means that
measurements are taken on smaller laser systems, and the
inferred channel profile is subject to significant uncertainty.
The low signal level limits the measurement precision, while
recovery of the transverse density profile from a single beam
requires an Abel inversion, which is sensitive to noise and de-
viations from cylindrical symmetry. Additional uncertainties
also arise from the channel-forming laser intensity, including
propagation effects of the channel-forming pulse [38], and
from local fluctuations in the gas-jet density. We therefore
estimate the uncertainty of the plasma channel parameters
axial density ny and matched spot-size ¢, to be ng & lf(l]g X
10" cm™3 and r¢, &~ 36(7) um, respectively. Here, we define
Ten as the 1/ intensity radius of the low-power Gaussian
mode that is transversely matched to the plasma channel.
Diagnostics for the wakefield driver and accelerated elec-
tron beam have been described previously [5,6,9,29]. For
this work, the input and guided mode of the drive laser
could be imaged over a range of ~60cm, and was also im-
aged at a plane ~10 m downstream of the channel exit. The
propagated downstream mode provides information about the
channel properties regardless of the z position of the guided
mode waist, making it useful to directly compare guided
mode properties at different plasma channel lengths. The op-
tical spectrum of the drive was measured using fiber-based
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spectrometers covering the range 400nm < A < 2200 nm.
Electron beam diagnostics consisted of a phosphor screen for
transverse beam imaging, a TurboICT for charge measure-
ment [39], and a 2.5 m magnetic spectrometer for energy
spectrum measurements [5].

III. RESULTS

Figure 1 shows (b) the propagated output mode of the laser
z ~ 10 m downstream of the plasma channel, (c) the electron
spectra, and (d) the optical spectrum as a function of plasma
channel length for At &~ 6ns and a 1% nitrogen dopant lo-
cated in the first Lgop, ~ 7.5 cm. The shot-to-shot fluctuations
in the measured output properties were found to be dominated
by the offset of the drive laser with respect to the plasma chan-
nel entrance [9]. For each jet length, we selected ~15 shots
where the high-energy component of the electron beam was
best aligned to the magnetic spectrometer. For panels (b) and
(c), single-shot examples corresponding to the highest-energy
spectra are shown, whereas panel (d) shows the average
over approximately ten shots. Quasimonoenergetic electron
bunches were observed at all channel lengths. At Ly =
5.4cm, the electron energy gain was 0.42(3)GeV with a
measured charge of approximately 20 pC. As the acceleration
length increased, the maximum beam energy, En.x, defined
as the energy threshold above which the integrated charge
contained in the beam is 1 pC, grew approximately linearly
with channel length L,. The averaged maximum electron en-
ergies for L, ~ 12, 19, 25, 32, and 39 cm were 2.07 £ 0.10,
3.18 £ 0.28, 3.96 + 0.54, 5.4 £ 0.88, and 7.81 £ 0.84 GeV,
respectively. The measured average acceleration gradient was
~18 GV m~!. Due to the shot-to-shot pointing fluctuations of
the generated electron beam and the limited angular accep-
tance of the spectrometer, estimating the charge is associated
with significant uncertainties.

The longitudinally resolved redshift in Fig. 1(d) demon-
strates a similar trend. Gradual depletion of laser energy to
the wake is observed through gradual redshifting of the op-
tical spectrum. At L., =~ 40cm, the redshifted wavelength
AR (defined as the wavelength below which 80% of the cu-
mulative spectral intensity lies) had increased from Ag(z &
0) = 845(5)nm to Ar = 1410(30) nm. The guided mode of
the laser, measured approximately 10 m downstream of the
plasma-channel exit, evolved from a super-Gaussian structure
to an approximately Gaussian structure over the first few cen-
timeters of the plasma channel. This indicated rapid filtering
of higher-order modes in the first z & 5 cm of propagation [9].
As L, increased, the laser remained approximately Gaussian
with gradual increase in measured size.

A. Comparison with simulations

To fully understand the LPA, we compared the experimen-
tal results in Fig. 1 with particle-in-cell (PIC) simulations
performed using the quasistatic mode of the ponderomotive,
cylindrical code INF&RNO [40—42]. For these simulations, the
drive laser was initialized using the measured energy, tempo-
ral profile, and transverse profile (which was recovered using
a Gerchberg-Saxton algorithm). The plasma channel took the
form of the measured channel n(r) = n2*(r) 4 n,(r) [9], but
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FIG. 2. Comparison between experiment (black) and simulations
(colors) using a variety of channel inputs within the uncertainty of
the measured electron density profile. Error bars denote the standard
deviation over well-aligned shots.

the matched radius r., and on-axis density ny were varied
within the error on the measurement (described in Sec. II)
while retaining the measured radial form. We note that the
LPA is dominated by changes in ny and r.,, which together set
the guiding strength and wakefield amplitude, whereas finer
structural details of n(r) have a comparatively small effect
on the observables considered here. The longitudinal profile
of the gas jet consisted of a 1 cm up-ramp followed by a
constant-density plateau of length L., and a ~1cm down-
ramp, consistent with plasma fluorescence measurements. All
the relevant numerical parameters and details of the simula-
tion methodology are discussed in the Appendix.

We performed simulations for several combinations of
(¥ch, n9) and compared the output using two scalar met-
rics along the accelerator. While there are several metrics
by which we can characterize the guided laser and accel-
erated electron beam, and compare to simulation, for our
setup the simplest (and most robust) scalar values that can
be directly observed were the redshifted wavelength Ag and
the maximum electron beam energy E,,x. Figure 2(a) shows
Ar as a function of L for eight of those combinations.
Since Ar is a nonlinear function of the plasma density,
laser field strength, and propagation length, redshift alone
does not uniquely determine the transverse density profile.
Multiple parameter combinations reproduce the experimen-
tal redshift: (rch, 79) = (26 um, 1 x 10" cm™3), (29 um, 3 X
10" cm™3), (35 um, 6 x 10" cm=3). We therefore addition-
ally compare the maximum electron beam energy [shown
in Fig. 2(b)]. Two parameter sets reproduce the measured
energy scaling. However, one case, (ren,np) = (35 um, 6 x
10" cm™3), yields a simulated injected charge of only 0.2
pC, inconsistent with the experiment. To quantify agreement
further, we define a combined metric at each channel length
Lens M = |AXR|/ART + | AEmax|/Emax, Where Adg = Ag? —
AMimand AEmax = Emax — ESM. M is the sum of the frac-
tional deviations between simulation and experiment for the
two measured scalar quantities. We chose an L; metric be-
cause it provides a simple linear weighting of the fractional
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FIG. 3. Simulated evolution of (a) accelerated electron bunch
spectrum and (b) optical spectrum as a function of channel length
for the conditions of Fig. 1.

discrepancies in the two observables and does not dispropor-
tionately weight the larger residual, as would occur with an L,
metric. As shown in Fig. 2(c), the parameter set (r.p, ng) =
(29 um, 3 x 10'©cm™3) minimizes this metric and simulta-
neously reproduces the measured redshift, energy evolution,
and beam charge. Hence, by requiring agreement with both
laser and electron observables, the transverse density profile
is constrained.

As an additional check of the constrained parameters,
Fig. 3 shows (a) the electron beam evolution and (b)
the simulated laser spectra, allowing direct comparison of
the simulation with Figs. 1(c) and 1(d) for more than
just the scalar quantities. Excellent agreement is observed.
Under these conditions, electron injection occurs after z ~
3cm, and by L, = 38.8 cm the simulated beam reaches a
mean energy of 7.6 GeV with 5.89 pC charge and 0.4 GeV
FWHM energy spread. The calculated accelerating gradient
was ~20 GV m~!, consistent with the experiment.

Furthermore, if the simulation accurately captures the
plasma channel properties and laser propagation physics,
the predicted laser mode evolution should also agree with the
measurements. Figure 4 (blue line) compares simulated and
measured laser FWHM spot size as a function of L.,. The
experimental spot size was measured approximately z & 10 m
downstream of the interaction (averaged over approximately
ten shots) and backpropagated to the plasma exit assuming
vacuum diffraction with perfect phase. Triangles come from
a single simulation of a 40-cm-long structure and therefore
represent the size of the laser mode inside the plasma channel.
The measurements show a larger mode at each L.,. This can
be explained by laser mode evolution along the 1-cm-long
plasma density down ramp. The laser mode measurements
are not direct measurements of the laser spot size inside the
accelerator. The laser spot size can change in the density ramp
at the exit of the plasma channel since the length of the ramp
is comparable with the Rayleigh range of the guided mode.
When the gas density ramp was accounted for at each channel
length (crosses in Fig. 4) with separate simulations for each
L., the simulated and measured spot sizes agree within error.
We therefore conclude that the calculated values from the
case excluding the density ramp provide a good estimate of
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FIG. 4. Laser FWHM spot size as a function of L. Markers
indicate the inferred size from the propagated mode at z ~ 10 m
(assuming vacuum propagation) in the experiment, averaged over
well-aligned shots. Dashed lines indicate the simulated FWHM
of the laser pulse in the plasma channel, and solid lines indicate
the simulated FWHM of the laser pulse including the down-ramp
at the end of the plasma channel. Two cases are shown: (blue)
I, = 3.2(4) x 10" W cm™2 (conditions of Fig. 1) and (orange) I, =
1.1(1) x 10" Wcem™2 (conditions of Fig. 5). The calculated and
inferred mode sizes match only when the down-ramp is included.

the true in-plasma laser size (i.e., the matched spot size of
the channel), which is approximately 15 um smaller than the
value inferred from vacuum backpropagation. We note that
redshifting and electron beam energy are relatively unaffected
by this exit ramp.

B. Optimizing electron beam energy

With increased understanding of the characteristics of the
laser and electron beam evolution along the accelerator, we
can optimize its performance. Increasing the gas pressure
could have resulted in increased electron beam energy in the
40-cm-long jet, but was not possible due to limited vacuum
pump capacity. For the laser input shown in Fig. 1(a), the
channel size that maximizes coupling of laser energy into
the lowest-order mode of the plasma channel is r¢, ~ 47 um,
larger than the inferred r., & 29 um. It was possible to alter
ren by varying the channel-forming laser intensity I, or At.
At times Ar 2 4ns, the velocity of the radially propagating
shock has reduced significantly, making I, a better method
for altering r,. Hydrodynamic simulations [43] indicate that
increasing the channel-forming laser intensity /., enables the
formation of a wider plasma channel since the initial radius
of the plasma cylinder is increased, which in turn leads to a
wider shock radius for a fixed At.

We increased the channel-forming intensity to Iy =
1.1(1) x 10> W cm~2 (with delay time At = 5 ns). As shown
by the dashed orange curve in Fig. 4, the laser FWHM in-
plasma size increased to ~45um compared to 30 um for
Ih = 3.2(4) x 10 W cm™2 (blue dashed curve). To observe
electron bunch generation, it was necessary to extend the
doped region to Lgop = 20 cm. Enhanced electron accelera-
tion was observed, as shown in Fig. 5. Shots that were well
aligned to the electron spectrometer indicated a maximum
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FIG. 5. (a), (b) Examples of measured electron spectra gen-
erated in plasma channel using I, = 1.1(1) x 10> Wcem™2 and
Lgop = 20 cm. (c) Corresponding simulation result using (7cn, 19) =
(35um, 6 x 10'°cm™3).

energy of 10.2 GeV. Using the same comparison metric intro-
duced above, the simulation parameters were determined to be
(Fen» 19) = (35um, 6 x 10'®cm™3). With these parameters,
the simulations predict a maximum electron energy of 10.8
GeV at Ly, =40 cm [Fig. 5(c)], in good agreement with
the experiment. The larger channel radius and higher on-axis
density are consistent with hydrodynamic simulations [43],
which predict that increasing the channel-forming laser in-
tensity produces a wider plasma channel with increased axial
density.

Figure 6(a) shows the maximum electron energy for the
two cases discussed above. Even though the electrons were
injected later for increased I, increased accelerating gradient

High Ieh

—— Lin. Matched

FIG. 6. (a) Maximum electron beam energy as a function of
propagation distance. Markers represent one shot well aligned to
the magnetic spectrometer for the conditions of Fig. 1 (blue,
I, =3.2(4) x 10 Wcem™2) and Fig. 5 (orange, I, = 1.1(1) x
10" W cm~2). Corresponding solid lines indicate the simulation
maximum energy. (b) Calculated normalized vector potential of the
driver laser as a function of propagation distance for the two I
and experimentally measured drive laser. The green curve shows the
case where the drive laser transverse mode is linearly matched to the
high-/ channel, for a laser energy of 24 J and a pulse duration of
80 fs.

of ~30 GV m~! was demonstrated in the simulation. This
was partially due to the higher on-axis density, but also due to
transverse effects [44]. Both the measured and simulated elec-
tron beam spectra indicate an approximately linear increase in
the maximum electron beam energy, indicating that dephasing
was not reached within the maximum length of the accelerator
for these conditions. Extending the channel to ~65 cm would
result in electron beams of 10.1 and 15.2 GeV for the low and
high I, respectively.

IV. DISCUSSION

With all simulation and experimental observables in excel-
lent agreement, the simulations can now be used to investigate
the physics of the interaction not directly observable in the
experiment and understand details of channel-guided accel-
erators. Figure 6(b) shows the calculated evolution of the
normalized peak laser vector potential a(z) for the two cases
of I.,. Periodic oscillations in a(z) exhibited in both cases
can be explained by beating of higher-order modes [9,28,45],
which originate in the following way. For a parabolic plasma
channel, the solutions to the Helmholtz equation are a set
of Laguerre-Gauss transverse modes E,,,,, where (p, m) refer
to the radial and azimuthal mode numbers, respectively. The
lowest order is a Gaussian Eyy o exp[—(r/ ren)?], and hence
a low-power Gaussian transverse mode with wg = r., prop-
agates with constant spot size and transverse shape. HOFI
plasma channels are not parabolic and extend only to a finite
radius (the neutral collar surrounding the initial shock); hence,
their mode structure must be calculated numerically from n(r)
[46]. The resulting fundamental channel mode is a perturba-
tion from Gaussian, which we refer to as the linearly matched
mode.

Since the laser focal profile is not linearly matched, one
can express the laser field Ep (r) as a linear combination of
several channel modes, including the fundamental and higher-
order modes. Since HOFI plasma channels are finite in extent,
only a few low-order modes are allowed to propagate. The
leakage rate of each mode increases with p and m [46], and
the group velocity of higher-order modes is lower than that of
the fundamental (modal dispersion) [28,45,47]. Hence, maxi-
mal transfer of laser energy to the plasma wave occurs when
the laser is matched to the fundamental mode of the plasma
channel.

The periodic oscillations in laser intensity can result in a
transverse wakefield structure that is unsuitable for the trans-
port of electron beams [9,26,28]. This is directly observable
by comparing the two different I in Fig. 6. At low Iy,
where r., was smaller, & enhancement for z < 7 cm is greater
due to greater focusing by the channel, and the distance over
which higher-order modes were separated was shorter (modal
dispersion is greater). Ionization injection is promoted for
z < 3cm, as we explicitly demonstrated in our experiments
[see Fig. 1(c)]. This in turn resulted in reduced coupling of
laser energy into the plasma channel and a lower accelerating
gradient, owing to the reduced wake size in a narrow channel.
For increased I, and hence r.,, modal dispersion occurs over
a longer length, and injection is delayed to z = 9.5 cm, similar
to our previous work described in Ref. [9]. However, the larger
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Teh produces a larger wake, which—together with the higher
density—results in a greater accelerating gradient.

It is useful to compare the propagation of the experimen-
tally measured laser pulse with the case where the transverse
profile of the laser is linearly matched to the fundamental
mode of the plasma channel (green lines in Fig 6). Mode-
beating oscillations in a are greatly reduced in the case of
linear matching, and ionization injection is promoted from
z ~ 0 for suitable values of laser energy 24 J and duration
80 fs (values optimized for electron beam trapping). Hence,
for the same laser energy and plasma channel used in this
experiment, the linearly matched case reached a simulated
energy gain of 20.2GeV after an acceleration distance of
70 cm. The higher energy, relative to the simulation using the
measured transverse mode, arises because injection occurs at
z &~ 0; the largely reduced mode beating also permits a longer
drive pulse, which is better matched to the plasma resonance.

These results demonstrate how matching of the plasma
channel shape to the laser can significantly affect the over-
all dynamics of acceleration. For current state-of-the-art
petawatt-class Ti:sapphire lasers, the laser transverse (and
longitudinal) shape cannot be perfectly matched to the plasma
channel itself. Instead, the plasma channel radius can be ad-
justed only to maximize coupling of laser energy into the
fundamental channel mode.

V. CONCLUSION

This work addresses a central limitation in interpret-
ing channel-guided laser-plasma acceleration experiments:
Substantial uncertainty in the transverse plasma density pro-
file can lead to strong degeneracy in simulations, where
distinct channel structures produce similar electron beam out-
comes when only exit-plane measurements are considered. By
combining longitudinally resolved measurements of electron
beam evolution with independent diagnostics of laser spectral
evolution, we show that these observables must be analyzed
jointly to constrain the experimental plasma channel parame-
ters and the underlying interaction physics. Using a parameter
scan performed with PIC simulations, we demonstrate that
laser redshift alone does not uniquely determine the channel
properties. Introducing a combined metric based on agree-
ment in laser redshift and electron beam energy evolution
identifies a single parameter set that simultaneously repro-
duces the measured laser evolution and electron acceleration,
thereby constraining the transverse channel profile relevant for
guiding. The constrained modeling indicates that the initial
configuration corresponds to a mismatched guiding condition,
motivating targeted optimization of the channel formation.
We then demonstrate such optimization experimentally by

increasing the channel-forming laser intensity, which pro-
duces improved guiding consistent with a wider channel and
higher on-axis density. Under these conditions, electron en-
ergies exceeding 10 GeV are achieved in a 40 cm channel.
Finally, we show that plasma density down-ramps signifi-
cantly affect inference of the in-plasma laser spot size from
downstream measurements, underscoring the importance of
including ramps when using external diagnostics to validate
simulations. Together, these results establish a practical, mul-
tiobservable strategy for reducing parameter uncertainty in
channel-guided LPAs and for using constrained modeling
to guide accelerator optimization toward application-relevant
beams.
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APPENDIX: SIMULATION METHODOLOGY

Simulations were performed using the quasistatic PIC
mode of the INF&RNO code. The code employs separate
computational grids and time steps to efficiently model the
different physical processes involved. The numerical parame-
ters adopted for each solver are summarized in Table I.

The laser is modeled using an envelope description (see
Ref. [41] for details of the solver). The envelope solver
adopts speed-of-light coordinates together with upwind finite-
difference schemes, providing excellent spectral properties
and an accurate description of the laser group velocity. The
selected longitudinal resolution is sufficient to ensure con-
vergence of the depleted laser pulse, accurately capturing
self-steepening and frequency redshifting.

The plasma wake is computed using the quasistatic approx-
imation on a separate grid. Plasma electrons are represented

TABLE I. Numerical parameters used in the INF&RNO simulations.

Wake solver Ionization solver

Parameter Laser envelope
Grid size (z x r) (um) 145 x 600
Grid resolution (Az x Ar) (um) 0.02 x 0.74

Time step (cAt) (um) 21.6
Macroparticles per cell -

145 x 600 122 x 64
0.37 x 0.74 0.0135 x 0.66
- 0.027
2 electron 1 N+ ion
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by two macroparticles per cell, while ions are assumed to
remain stationary. Additional details of the quasistatic solver
can be found in Ref. [49].

To model ionization, the complete laser field, including
its fast oscillations, is reconstructed from the laser envelope
using an azimuthal mode decomposition. The reconstruc-
tion is performed only within the region where the laser

intensity is significant and is used to calculate both field
ionization and the quiver motion of newly ionized electrons.
Nitrogen atoms are assumed to be preionized to the N>
state before the arrival of the laser pulse, and one nitrogen
ion per cell is used in the ionization calculations. Particle
trajectories are integrated using a fourth-order Runge-Kutta
method.
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