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NSF Science & Technology Center
Gaining the fundamental understanding 
needed to transform the brightness of electron 
beams.

CBB supports ~40 grad 
students and postdocs 

àa pipeline for accelerator 
scientists

It capitalizes on accelerator 
infrastructure and expertise 

built with NSF investment over 
decades

Beam 
Production

Better 
photocathodes

Beam 
Acceleration

Better, simpler SRF 
cavities

Beam Dynamics 
and Control

For better beams at 
the IP

Lab Affiliates

• CBB hosts almost all NSF HEP accelerator research  
Exception: advanced acceleration methods in Plasma Program

• CBB will end in 2026. After 2026, Acc. Sci. for HEP requires new funding in PHY.
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Applications
• Bright, spin-polarized bunches for e+e– colliders
• Cooling for FCC-hh
• Drive beam for wakefield accelerators

Cross-cuts:  Electron-ion collider (NP), ultrafast 
electron microscopy/diffraction, x-ray FELs
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V. DISCUSSION

A. Effect of dynamically changed quality
factor on calculated gradient

This is the first of our experiments where the field
emission current beam loading has become a significant
factor. We developed a model to account for the resultant
change in Q0. We optimize input rf pulse by making dark
current flat in a second part of the pulse, between t1 and t2 on
Fig. 6. At high gradient theQ0 is decreased by loading from
field emission currents, and the pulse shape is optimized for
this decreased Q0. If for the same pulse shape, we use the
unchanged Q0, the calculated gradient would not increase
significantly. In the example pulse shown in Fig. 6, Q0

decreases from 30,300 to 17,900, but the average gradient
(average over t1 to t2) of the resonant cavity only changes
from 248 MV=m to 237 MV=m when comparing the
constantQ0 linear and time-dependentQ0 nonlinearmodels.
The change in gradient is relatively small for two reasons:
the external quality factorQE ¼ 15347 is smallerQ0 at this
temperature and the decrease in Q0 changes the coupling
closer to critical β ¼ 1. For the same power level, we would
only expect the asymptotic accelerating gradient to increase
by about 20% for this drop in Q0. Second, the forward rf
pulse is optimized to create a flat gradient for the smallerQ0.
For this same pulse, a cavity where theQ0 does not decrease

would not reach the asymptotic gradient. Thus the average
over where the gradient should be flat is instead an average
over a growing function of gradient, and is lower than the
asymptotic gradient.

B. Structure damage

The low power measurement of Q0 at cryogenic temper-
atures, shown in Fig. 8, occurred after Cryo-Cu-SLAC-#2
had been exposed to large accelerating gradients. The
design value of Q0 at 45 K, obtained from our previous
low power cryogenic copper experiments, is near 36,000,
but the measured value is only 30,263. We conjecture that
the smaller Q0 was caused either by damage during high
power operation, or by surface degradation when the tested
cavity was vented to perform low power measurements.
This conjecture is further supported by the lower Q0 in the
π mode when compared to the other resonant modes. The π
mode would be the most affected by damage or surface
degradation to the middle cell, where the π=2 mode would
be affected the least, which we see in Fig. 8.
We performed an autopsy on the structure. The prelimi-

nary results are reported in [73]. We did not find any
unusual concentrations of breakdown damage. The break-
down pits are mostly located in area of high electric and
high peak Poynting vector. This pattern is typical for
structures of the same geometry [74]. What was unusual
for this particular structure, is an absence of damage due to
pulse heating in areas of maximum rf magnetic field,
typically observed at similar gradients and rf pulse lengths
[74]. We speculate that the absence of the damage is related
to the properties of the copper at cryogenic temperatures.
We also speculate that the lower Q0 mentioned in the
previous paragraph stems from surface degradation from
exposure to air, rather than damage from high power
operation.

C. Future directions

Next, we plan to confirm reproducibility of the high
power results with a third identical structure, Cryo-Cu-
SLAC-#3, that has been manufactured and the geometry
was successfully verified via a bead pull test. The current
experiment was limited to running in day-long increments
and thus we were not able to accurately measure BDRs less
than ∼10−5=pulse=m, which corresponds to a few break-
downs per day, due to a lack of statistics. The next
installation will be operated continuously for many days
and will be able to measure the BDR for lower gradients.
This continuous operation will allow us to measure the

exponent, ζ for the power law dependence BDR ∝ Gζ and
repeat this measurement at different operating temperatures
from 25 K to 77 K. This enables us to verify the theory
proposed in [43], which predicts a stronger power law
dependence between BDR and accelerating gradient for
both harder and colder structures.

FIG. 11. Breakdown rate vs gradient:(a): first, trigger rf break-
downs; (b): all rf breakdowns. For the breakdown probability
∼10−4=pulse=m cryogenic structure clearly outperforms record
data from hard CuAg [36].
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Superconducting RF 
(SRF) cavities

Niobium

Inner surface 
(40 nm) drives 

performance
Physics is 

complicated and
poorly understood

Cornell is a pioneer in SRF: 
first use of an SRF cavity in a ring, 

first cavity for a muon collider, 
first successful Nb3Sn.

Cornell, Old Dominion, U Chicago, FNAL, JLAB

Applications: FCC, μμ collider, ILC

Successful description of N doping
A.Gurevich, PRL 113, 087001 (2014)
S. Deyo et al, PhysRevB.106.104502 (2022)

Not shown: At high field, quasiparticles 
are driven out of equilibrium, lowering Q
Maniscalco et al, SRF 2019, TUFUA1

Nitrogen Doping

Data: Grasselino, Sup. Sci. Tech.
26, 102001(2013)

“Accelerator Materials”

Farber

Oseroff

Porter Maniscalco

Kelley

Sitaraman

Nb/Cu cavity for a muon collider



Nb3Sn Accelerating Cavities
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Recent CBB advances
• Growth/impurities

Stoichiometry PRB 103, 115106 (2021)
First Electroplating arxiv:2302.02054

• Grain boundaries/vortices
Supercond. Sci. Technol. 34 015015 (2021)
PRB 103, 024516 (2021)

• Alternative materials
Introduced Nb-Zr
Potential for high gradient, easy growth
arXiv:2208.10678

• Operation at 4K rather than 2K
à 1/3 the cryogenic load 

Saves ~6 MW for ILC @ 250 GeV
• Potential for 2x accelerating gradient

Why Nb3Sn?

Cross-cuts: Environmental applications, 
light sources, NP colliders, IC manuf.

Good gradient 
High quality factor

Acc. Gradient 18 MV/m

4K

Nb

Nb3Sn
Q

0

Also JLAB and FNAL

2 μm

Groups: Old Dominion, Cornell, 
Brigham Young, U Florida 

PRB 103, 024516 (2021)
Supercond. Sci. Tech. 34 015015 (2021)
Pathirina, Gurevich, PRB 101, 064504 (2020)

Pack

Sun

Kelley

Francis

Sitaraman

Hire



What are the bounds of applicability?

ML-assisted accelerator tuning

Beam Dynamics and Control

UCLA, NIU, U Chicago, Cornell, 
ANL, SLAC, BNL
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CESR W. Bergan et al.,Phys. Rev. Accel. Beams
22, 054601 (2019)
LEReC Y. Gao et al. Phys. Rev. Accel. 
Beams 25, 014601 (2022)
HiRES A. Scheinker et al., 
arXiv:2102.10510 (2021); A. Scheinker et al, 
Nature Comm. 12, 5612 (2021)
PEGASUS Cropp et al., NAPAC’19/frxba4
Electron Microscope
Microsc. Microana. 28 (S1), 3146 (2022) 

Crosscut: Electron microscope tuning

● CESR@Cornell

– Installation of long optical transport line 

to test synchronization 

– Laboratory test of active delay 

stabilization feedback

– Simulations w/ OSC in BMAD

Key Accomplishments

June 16th, 2021 I. Bazarov, Y.-K. Kim, P. Piot | Theme 3: Beam Dynamics & Control 10

● IOTA@FNAL

– Develop optical delay system

– OSC implemented 

in ELEGANT 

– IOTA observed 

passive OSC 

Dick, et al. in Proc. IPAC21 (2021)

Wang, et al., arXiv:2103.16419 [physics.acc-ph] 

IOTA: Optical Stochastic Cooling  

NIU provided 
the optical 

delay stage 
and simulation

Jarvis et al., Nature  608, 287 (2022)

FCC-hh

Dick

Groups: UCLA, SLAC

Round to flat beam transform
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For angular momentum dominated beam 

z = 9.2 cm z = 70 cm z = 145 cm  
Cropp et al., NAPAC’19/frxba4

Linear colliders and dielectric wakefield
acc.

<20 nm hor.

Cropp

Lin Cropp

Roussel et al, PRL 130, 145001 (2023) 

Gonzalez 
AguileraRoussel



NSF Particle Astrophysics:  Accelerators for Underground Science
New approach to new physics à high intensity sources meets ultralarge detectors

Required proton cyclotron:
60 MeV, 10 mA (Protons are from 5 mA of H2

+)   à⨉10 intensity of commercial machines.

NSF funded:        ion source studies of PSI data RFQ

Underground,
compact is key!

Yemilab

IsoDAR Proton Cyclotron

Groups: MIT, PSI New J. Phys. 24, 023038 (2022)

Winklehner

Hogil-Kim Prize
Waites

𝜈̅"

Three innovations for higher currents
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All-Optical Laser Wakefield Accelerator

U. Maryland, Colorado St. and others

PRX 12, 031038 (2022) 
PRL 125, 074801 (2020)
Phys. Plasmas 29, 073101 (2022)

Multi-GeV

and cladding density. The tighter confinement means that higher
order modes decay over L1=e > Lguide ¼ 20 cm and survive to the
waveguide exit.22 Though the waveguide fundamental mode size wch is
matched to the injected pulse, slight variations in alignment between
the drive pulse and the J0 beam lead to coupling into these higher
order modes. Increasing Bessel beam energy well beyond that required
for OFI in the central maximum leads to ionization in the secondary
rings of the Bessel beam, and a larger initial plasma column. As shown
in Ref. 19, a larger diameter initial plasma column alters the expansion

of the neutral shell, leading to a larger fundamental mode size. This
means that the guide is no longer matched to the injected pulse, result-
ing in significant coupling into higher order modes [see panel (h)].

VI. CONCLUSION
Laser-wakefield acceleration (LWFA) of multi-GeV electron

bunches in the quasilinear regime requires the implementation of
plasma waveguides many times longer than the Rayleigh range of the
drive pulse. Until recently, this had only been achieved with electric

FIG. 8. Angle resolved spectra and lineouts for shots with the highest energy gain in Ref. 22. For all shots, the LWFA drive pulse energy was 11 J. The first two spectra had
on-axis plasma density Ne0 ¼ 1:3" 1017 cm#3 while the others had on-axis plasma density Ne0 ¼ 1:6" 1017 cm#3.

FIG. 9. (a)–(h) Guided modes for varying laser and plasma conditions, showing the transition from monomode to multimode guiding. All images were taken at the exit of a
20 cm waveguide, formed by self-waveguiding in prepared index structures in pure hydrogen. Although the self-waveguiding pulse was intense enough to excite plasma waves
in the guide, there was no electron injection source for these measurements, such as the N2 ionization injection source demonstrated in Ref. 22. All exit modes are plotted on
the same spatial and intensity scales. (i) f=25 focal spot of injected drive pulse.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 29, 073101 (2022); doi: 10.1063/5.0097214 29, 073101-9

Published under an exclusive license by AIP Publishing

Energy
generated using gas jets (see Sec. III)] over capillary discharge wave-
guides are described in Sec. IV.

Multi-GeV acceleration4,5 has been demonstrated using relativis-
tic self-guiding in the blowout regime, but self-guiding at the low Ne

needed for multi-GeV gain demands a0 ! 1 and at least petawatt
(1015 W) laser power. The power required per GeV of acceleration is
significantly reduced using preformed plasma waveguides, where a
laser wakefield accelerator can be operated in the quasilinear regime
(a0 ! 1).7 For laser intensity with a0 ! 1, an electron energy gain of
10GeV requires Ne " 1017 cm#3. This corresponds to a dephasing
length, Ld <" 1m, which sets the meter-scale length Lguide required
for the plasma waveguide. Plasma waveguides also enable independent
control of the guided laser mode structure and propagation character-
istics, as well as control over dephasing, depletion, and phase matching
in electron acceleration.13–18

Recently, we have developed two new approaches for the opti-
cal generation of meter-scale low density plasma waveguides suit-
able for multi-GeV laser wakefield acceleration in the quasilinear
regime: the two-Bessel method19 and the self-waveguiding20

method. Both methods require generation and wavefront correc-
tion of Bessel beams.21 We have subsequently implemented the
self-waveguiding method in the first demonstration of multi-GeV
laser wakefield acceleration in a fully optically formed plasma wave-
guide, achieving the highest recorded energies for electron bunches
accelerated in an all-optical LWFA.22 In this paper, we will review
the key methods and diagnostics of our two plasma waveguide gen-
eration techniques and review our method for in situ wavefront
correction of Bessel beams, which is crucial for their successful
implementation.

II. BESSEL BEAMS
The use of Bessel beams is central to our generation of long, low

density plasma waveguides. We use the symbol Jq to denote a physical
Bessel beam of order q, whose experimental electric field profile near
the optical axis closely follows the functional form of the qth order
Bessel function, EðrÞ / Jqðk?rÞ. Here, r is the radial distance from the
optical axis and k? ¼ k sin c; where k is the laser wavenumber and c
is the axis approach angle for the rays forming the Bessel beam (see
Fig. 1). While the mathematical Bessel function is of infinite transverse
extent, an experimental Bessel beam is necessarily of finite aperture
and, therefore, of finite axial extent.

Figure 1 shows how our Jq beams are generated. A finite aperture,
parallel input beam of radius Rb propagating along z is incident on an
optical element that imparts a linearly increasing azimuthal phase shift
DUaziðr0;u0Þ ¼ qu0, followed by an element that imposes a radial
phase shift DUrad r0;u0ð Þ ¼ kðRb # r0Þtanc for r0 < Rb. Here,
ðr0;u0; and zÞ are cylindrical coordinates at the location of the phase
plates and ðr;u; zÞ are coordinates in the focal plane of the Bessel
beam. In our experiments, the azimuthal phase shifting element is a
qth order spiral phase plate19 and the radial phase shifting element is
either a reflective axicon19,20 or a transmissive ring grating (or diffrac-
tive axicon)22 [shown in Fig. 3(a)] with a central hole of radius ah (not
shown) to allow injection of a LWFA driver pulse into the waveguide.
The spiral phase plates and ring gratings are designed based on Refs.
23 and 24 and fabricated by us at the University of Maryland using
plasma etching on 0.5mm thick or 1mm thick fused silica wafers (for
ring gratings and spiral phase plates, respectively). The spiral phase
plates are discretized in 8 levels and the ring gratings in four levels. For
generation of J0 beams, the spiral phase plate is removed from the

FIG. 1. Bessel beam formation. (a) Cutaway schematic of Bessel beam formation. A collimated, finite aperture beam passes through a spiral phase plate and ring grating to
form a Jq Bessel beam. The radial phase applied by the ring grating causes each annulus of the incident beam to approach the transmission axis at an angle c, generating the
quasi-uniform, extended Bessel beam focus of length Lfocus ' Rb # ahð Þ=tan c, where Rb is the beam radius and ah is the radius of a central driver beam access hole in the
ring grating (not shown). (b) and (c) Measured intensity profiles of J0 and Jq¼16 beams generated by this approach.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 29, 073101 (2022); doi: 10.1063/5.0097214 29, 073101-2

Published under an exclusive license by AIP Publishing

generated using gas jets (see Sec. III)] over capillary discharge wave-
guides are described in Sec. IV.

Multi-GeV acceleration4,5 has been demonstrated using relativis-
tic self-guiding in the blowout regime, but self-guiding at the low Ne

needed for multi-GeV gain demands a0 ! 1 and at least petawatt
(1015 W) laser power. The power required per GeV of acceleration is
significantly reduced using preformed plasma waveguides, where a
laser wakefield accelerator can be operated in the quasilinear regime
(a0 ! 1).7 For laser intensity with a0 ! 1, an electron energy gain of
10GeV requires Ne " 1017 cm#3. This corresponds to a dephasing
length, Ld <" 1m, which sets the meter-scale length Lguide required
for the plasma waveguide. Plasma waveguides also enable independent
control of the guided laser mode structure and propagation character-
istics, as well as control over dephasing, depletion, and phase matching
in electron acceleration.13–18

Recently, we have developed two new approaches for the opti-
cal generation of meter-scale low density plasma waveguides suit-
able for multi-GeV laser wakefield acceleration in the quasilinear
regime: the two-Bessel method19 and the self-waveguiding20

method. Both methods require generation and wavefront correc-
tion of Bessel beams.21 We have subsequently implemented the
self-waveguiding method in the first demonstration of multi-GeV
laser wakefield acceleration in a fully optically formed plasma wave-
guide, achieving the highest recorded energies for electron bunches
accelerated in an all-optical LWFA.22 In this paper, we will review
the key methods and diagnostics of our two plasma waveguide gen-
eration techniques and review our method for in situ wavefront
correction of Bessel beams, which is crucial for their successful
implementation.

II. BESSEL BEAMS
The use of Bessel beams is central to our generation of long, low

density plasma waveguides. We use the symbol Jq to denote a physical
Bessel beam of order q, whose experimental electric field profile near
the optical axis closely follows the functional form of the qth order
Bessel function, EðrÞ / Jqðk?rÞ. Here, r is the radial distance from the
optical axis and k? ¼ k sin c; where k is the laser wavenumber and c
is the axis approach angle for the rays forming the Bessel beam (see
Fig. 1). While the mathematical Bessel function is of infinite transverse
extent, an experimental Bessel beam is necessarily of finite aperture
and, therefore, of finite axial extent.

Figure 1 shows how our Jq beams are generated. A finite aperture,
parallel input beam of radius Rb propagating along z is incident on an
optical element that imparts a linearly increasing azimuthal phase shift
DUaziðr0;u0Þ ¼ qu0, followed by an element that imposes a radial
phase shift DUrad r0;u0ð Þ ¼ kðRb # r0Þtanc for r0 < Rb. Here,
ðr0;u0; and zÞ are cylindrical coordinates at the location of the phase
plates and ðr;u; zÞ are coordinates in the focal plane of the Bessel
beam. In our experiments, the azimuthal phase shifting element is a
qth order spiral phase plate19 and the radial phase shifting element is
either a reflective axicon19,20 or a transmissive ring grating (or diffrac-
tive axicon)22 [shown in Fig. 3(a)] with a central hole of radius ah (not
shown) to allow injection of a LWFA driver pulse into the waveguide.
The spiral phase plates and ring gratings are designed based on Refs.
23 and 24 and fabricated by us at the University of Maryland using
plasma etching on 0.5mm thick or 1mm thick fused silica wafers (for
ring gratings and spiral phase plates, respectively). The spiral phase
plates are discretized in 8 levels and the ring gratings in four levels. For
generation of J0 beams, the spiral phase plate is removed from the

FIG. 1. Bessel beam formation. (a) Cutaway schematic of Bessel beam formation. A collimated, finite aperture beam passes through a spiral phase plate and ring grating to
form a Jq Bessel beam. The radial phase applied by the ring grating causes each annulus of the incident beam to approach the transmission axis at an angle c, generating the
quasi-uniform, extended Bessel beam focus of length Lfocus ' Rb # ahð Þ=tan c, where Rb is the beam radius and ah is the radius of a central driver beam access hole in the
ring grating (not shown). (b) and (c) Measured intensity profiles of J0 and Jq¼16 beams generated by this approach.
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Optically formed 
plasma waveguide

Plasma 
channel

Cladding

J0

J16

Laser 
energy 
11J, 45fs

UCLA established the first 
group on plasma-based 

accelerators in 1981, resulting in 4 
landmark papers and the birth of 
the field, and it continues to be a 

leader.

UCLA at FACET

Nature 524, 442-445 (2015) 

Positron 
Acceleration

Plasma Ph. Control. Fusion 58, 11 (2015)

9 GeV 
Energy Gain

Electron Trapping 
from Intersecting Plasma Waves

PRL 121, 104801 (2018) 
U. Nebraska, SJTU

injector pulse (0.9 J, 34 fs) to a 2.8-μm focal spot,
corresponding to intensity of 1.7 × 1020 W=cm2 (a0 ∼ 9).
We chose the tight focusing geometry to maximize
the injector pulse intensity and access the regime of
ponderomotive drift and wake-wake interference injection.
Adaptive closed-loop feedback-control systems corrected
the spectral phase distortions [35] and spatial aberrations [36]
of both pulses. The pulses were polarized in the horizontal
plane and intersected at an oblique angle (155°) inside a
2-mm gas jet [37]. Because the ponderomotive force of the
injector pulse and the wakefields of the drive pulse are both
three dimensional, having comparable longitudinal and
transverse components, electrons can be kicked into many
different angles and subsequently trapped [19,39]. Thus, the
injectionmechanisms under study are expected to occur for a
wide range of interaction angles. Although it may not have
been optimal, the choice of interaction angle used in this
experiment was based on the sizes of available optics and
working space. An optical delay line adjusted the arrival
times of the pulses to their intersection. The e-beam energy
spectra were measured using a double-screen (fast Lanex)
magnetic spectrometer (0.7-T, 15-cm-long magnet) with 1%
energy resolution for 100–300 MeV.
We started with the laser pulses overlapped in time

[Fig. 1(b)]. In this scenario, we observed stable, quasimo-
noenergetic (4% rms spread), few-pC e beams. By varying
the plasma density over ð0.65–1.30Þ × 1019 cm−3, the e
beams were tuned from 130–170 MeV. With the drive pulse
alone, we observed stable, quasimonoenergetic (∼10% rms)
e beams, but with 2 orders of magnitude lower charge
(80# 40 fC based on 20 shots averaging). This single-pulse
self-injection is likely due to marginal wave breaking over a
short distance. Massive continuous self-injection occurred
at higher densities (>1.30 × 1019 cm−3) for both cases:
injector-pulse on and off. The operational densities were
kept below this threshold to eliminate the impact of self-
injection. Shown in Fig. 2 are typical e-beam spectra for the
zero-delay case.
We then tuned the delay between the laser pulses. First,

we scanned with large time steps (67 fs), longer than the

plasma period (35 fs for density 1.3 × 1019 cm−3). Robust
injection was observed in the range of delays from −850
to þ950 fs (total of 50 plasma periods) resulting in stable
quasimonoenergetic e beams with an average charge at
least twice of the charge measured with the drive pulse
only. Shown in Fig. 3(a) are the central energy and charge
of these beams. Negative (positive) delay times correspond
to the injector (drive) pulse arriving first to the intersection,
see Figs. 1(a)–1(c). Based on the experimental geometry,
the spatiotemporal overlap of the drive and injector pulses,

Drive
beam

Injector
beam

Gas jet

Magnet

1st Lanex
2nd Lanex

Injector beam first Time overlap Drive beam first

Electron bunch

Injector wake Drive wake

155 o

(a) (b) (c)

FIG. 1. Schematic of the experiment. By changing the delay between pulse arrival times, three scenarios resulted: (a) the drive pulse
arrives at the intersection after the injector one and interacts with the injector wake. (b) Both pulses arrive at the intersection
simultaneously. (c) The injector pulse arrives at the intersection after the drive one and interacts with the drive wake. The polarization of
the laser pulses is horizontal (black arrows), with the directions indicated by red arrows.
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FIG. 2. (a) Spectral profiles of magnetically dispersed e beams
and (b) corresponding spectral lineouts. The left panel of (a) and
the black curve in (b) show the e beam generated with the drive
pulse only. The other beams were generated with both drive and
injector pulses with no delay between them.

PHYSICAL REVIEW LETTERS 121, 104801 (2018)

104801-2

Precise timing 
is key…and 
achieved.

Sim
ulation

Ion density
Stable positron acceleration 

PRL 127, 104801 (2021) 
Lisbon, LBNL, UT Austin, SLAC
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Acceleration strategies
• Electron acceleration using twisted laser 

wavefronts Plasma Phys. Control. 
Fusion 63 125032 (2021) USTC, UCSD

• Transition Radiation in Photonic Topological 
Crystals: Quasiresonant Excitation of Robust 
Edge States by a Moving Charge PRL 123, 
057402 (2019) Cornell, UT Austin, ANL

Injection schemes
• Transient, Relativistic Plasma Grating for 

Tailoring High-Power Laser Fields, Wakefield 
Plasma Waves, and Electron Injection PRL 
128, 164801 (2022) U. Nebraska ELL, Cz. 
Acad Sci, Cz. Tech U, Chalmers, Ecole Poly.

• Highly spin-polarized multi-GeV electron 
beams generated by single-species plasma 
photocathodes, PR Res. 4, 033015 (2022), 
UCLA, MPI, Beijing Norm. U

• Evolution of the self-injection process in long 
wavelength infrared laser driven LWFA
Physics of Plasmas 28, 013102 (2021) Stony 
Brook U., BNL, UT Austin

• High-throughput injection–acceleration of 
electron bunches from a linear accelerator to 
a laser wakefield accelerator  
Nature Physics 17, 801–806 (2021)  
Tsinghua, UCLA

Rep rate
• Laser-Accelerated, Low-Divergence 

15-MeV Quasi-monoenergetic Electron 
Bunches at 1 kHz, PRX 11, 021055 (2021), 
U Maryland, U Arizona

Positrons
• Stable positron acceleration in a warm, 

narrow hollow channel, PRL 127, 104801 
(2021) Lisbon, LBNL, UT Austin, SLAC

Extreme Light Lab U Maryland Laser 
upgrade to 100 TW

Kumar Sandberg Wang Dalichaouch Swanson

https://www.nature.com/nphys
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LWFA of > 10 GeV 
electron beams 
using a 3 PW driver

500 TW, 
5 Hz burst mode

Initial 24-week 
operating cycle in 
2023-24.
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US Magnet Development Program
Florida State U/MagLab, LBNL, FNAL, BNL

World’s highest field solenoid  45.5 T
Hahn et al., Nature 570, 496 (2019)

Leader in REBCO and Bi-2212 tech.

Applications:  FCC-hh (16 T dipoles) and 
μμ collider (30-50T solenoids)

Cross-cuts: 20 T at 20K for commercial 
Tokamak-style fusion reactors, MRI

NSF 
DMR

Hardens Nb3Sn and reduces grain size 
à likely higher critical field 
à better vortex pinning
Supercond. Sci. Technol. 32, 044006 (2019)
Sci. Rep. 11, 17845 (2021)

Nb3Sn doping

 
nanocracks at many of the GBs, degrading the 
physical connectivity. These results suggest a 
possible change in the synthesis route to improve Jc. 
Since the best bulk properties, connectivity, and Jc 
are found in the sample heat treated at the lowest 
tested 2nd HT temperature, lowering the 2nd HT 
temperature even further may improve the phase 
properties. In addition, decreasing the cooling rate in 
the Hot Isostatic Press may eliminate possible 
nanocracks caused by thermal stress. 

Polycrystalline 122 has made progress in Jc. A 
Chinese Japanese collaboration led by Dr. Ma 
reported Jc (15 T) of 900-1000A/mm2 in a 
polycrystalline flat tape. Tamegai et al. recently 
reported Jc (5T) of 600A/mm2 in round wires, which 
is preferred by magnet designers and builders. 
However, it is important to point out that those 
advances were mostly made by Edisonian trial-and-
error during their wire fabrication processing 
without full fundamental understanding of the GB 
connectivity. Dr. Ma sent us a sample of their best 
tape for STEM/TEM analysis. We observed significant amounts of secondary phases segregated at GBs even in 
their best Jc tape (Figure 4.6.2.4.2), strongly suggesting that their Jc optimization process does not include efforts 
to clean the GBs nor understand what causes the dirty GBs, and that the supercurrent paths and effective cross 
section for current flow in their tapes are unknown. Nevertheless, Jc (15T) of 900-1000A/mm2 in their samples with 
many contaminated GBs shows 122 FBS’s potential as a conductor technology if the GBs are fully connected by 
eliminating all extrinsic blockers.  
Acknowledgements 
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4.6.2.5 Low temperature superconducting 
materials 
Improving the superconducting performance in 
high field of Nb3Sn wires is essential for the 
realization of the next generation of accelerator 
magnets, such as the Future Circular Collider (FCC) 
at CERN. After our discovery of the beneficial effect 
of hafnium addition [1,2] to the more commonly 
used Ta-doped Nb3Sn, we focused our research in 
the evaluation of the properties of new 
commercially produced Nb4Ta1Hf alloy and on its 
use for the realization of TaHf-Nb3Sn wires.  
      For the realization of Nb3Sn wires made with 
special alloys, it is necessary to verify the material 
draw-ability. In Figure 4.6.2.5.1 we evaluated the 
Vickers hardness as a function of true strain of the 
new commercial Nb4Ta1Hf alloy, comparing it with 
commercial Nb4Ta (both produced by ATI Specialty 
Materials) and similar alloys casted at the Applied 
Superconductivity Center (ASC). We found that, 
although the Nb4Ta1Hf hardness is always higher 

 
Figure 4.6.2.4.2: Chemically degraded GBs found in a tape made by 
Dr. Ma’s group with a Jc(4.2K, 10T) = 103A/mm2. The red box in the 
left figure is a GB triple point that is analyzed in the right figures. 
These results show that many GBs are still compromised by FeAs 
and Ba-O. 

 

Figure 4.6.2.5.1. Hardness versus true strain of commercial 
Nb4Ta1Hf and Nb4Ta alloys restacked in a Cu matrix compared 
with similar alloys cast at the Applied Superconductivity Center 
(ASC). The Nb4Ta1Hf alloy is consistently harder than the Nb4Ta 
alloy but no wire breakage has occurred so far in the commercial 
alloys. In the inset, BSE cross-section magnifications of the 
Nb4Ta1Hf and Nb4Ta multi-filaments in Cu-matrix at a strain of 
15 showing the uniform deformation. 
 

Halfnium doped Undoped

Bi-2212 accelerator dipole magnet 

Phys. Rev. Accel. Beams 25, 122401 (2022) 
Groups: LBNL, MagLab

“Accelerator Materials”
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Participants in the 
virtual 2020 REU

Zeinab Ismail, REU 2021 

Grace Mattingly, REU 2019 

Research Experience for Undergraduates 
(NSF REU) brings in undergrads from 
across the country
REU recruiting at URM conferences such 
as SACNAS and NSBP

Institutions of undergrads participating in 
Center for Bright Beams research



Universities do excellent accelerator science.  
And they educate students.

Accelerator science has become a distinct discipline 
suitable for the academy.

To flourish, universities need
• On-campus research with university-scale facilities, 

and access to facilities at national labs
• Funding stability

A strong program includes both DOE and NSF
• NSF PHY needs a new initiative in Acc. Sci. for HEP.  

This could provide continuity for some of CBB’s 
40 grad students and postdocs after 2026.

• NSF has strong campus education, such as REU
• NSF can support research not specifically aligned with DOE roadmaps

Conclusions
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PHY supports only 
AAC and IsoDAR.

NSF expects both

On-campus labs 
enable strong 

research and attract 
students


