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Energy Frontier

6

27 km

100 km!!

physicsworld.com

Cost/size of high energy colliders beyond LHC unsustainable!

phys.org

ILC 31 km

Next generation of colliders will require radically new technology

Cryo-cooled RF accelerators
10 x state of the art, 
based on existing technology…

Plasma-wakefield accelerators
~100 x state of the art!
Long-term research effort…

Nature volume 515, pages 92–95(2014)

https://www.nature.com/nature


Ultrafast Probes of Matter
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X-ray free-electron lasers

Ultrafast electron diffraction

Atomic-scale diffraction 
~fs timescale
Compact setup



Extreme Scales Physics
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FACET-II e-beam ~10 atomic units of field,
Future upgrades could increase this number by ~100!
Combine all of this with a 200 TW laser…

Non-linear QED

V. Yakimenko et al. Phys. Rev. Lett. 122, 190404

Extreme light sources from 
Beam-plasma interaction

Nature Photon. 
12, 314 (2018) 

X. Xu Physical Review 
Letters 126.9 (2021): 

094801.



Societal Applications

9

Medical Accelerators Compact Accelerators Quantum Information
Science

Nature volume 503, pages 91–94(2013)

Laser-driven acceleration in dielectric 
microstructures

Research involves:
• Photonic structures
• Nanofabrication
• Electron beam optics

Research involves:
• Photonic structures
• Nanofabrication
• Superconducting RF cavities

THz Accelerators

Research involves:
• Photonic structures
• Nonlinear optics 
• Electron beam dynamics

Nature volume 503, pages 91–94(2013)

Accelerators for high dose radiation 
therapy and medical imaging

Research involves:
• Accelerator physics
• Radio-Biology

https://www.nature.com/nature
https://www.nature.com/nature


Working in Accelerator Physics at SLAC
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• Working with small groups at large 
facilities: engage in theory, simulation, 
and experimental results

I(A)
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• Working with small groups at large 
facilities: engage in theory, simulation, 
and experimental results

• Advanced R&D initiatives leading to 
publications in high-impact journals



Working in Accelerator Physics at SLAC
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• Working with small groups at large 
facilities: engage in theory, simulation, 
and experimental results

• Advanced R&D initiatives leading to 
publications in high-impact journals

• Excellent mentors and room for 
individual growth

C. Pellegrini
2015 Fermi Award

Among others: 

2009, 2012, 2014,2019 FEL Prize
2011-15, 2019 Young FEL Prize
2013 Wilson Prize
2014 Frank Sacherer Prize
2016/2019 M. Oliphant Prize
12 APS thesis prizes!!
(Siqi Li most recent winner)



Working in Accelerator Physics at SLAC
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• Working with small groups at large 
facilities: engage in theory, simulation, 
and experimental results

• Advanced R&D initiatives leading to 
publications in high-impact journals

• Excellent mentors and room for 
individual growth

• Large availability of funding in and 
beyond graduate school!
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FIG. 6. Experimental setup of our c–VMI spectrometer used

at LCLS (Top). Linearly polarized X-rays pass through a

2 mm hole in a silver coated mirror before coming to a focus

in the interaction region of the c–VMI spectrometer. Pho-

toelectrons are extracted in the negative z-direction by the

electro-static field of the spectrometer. The phosphor screen

of the charged particle detector is imaged via the holey sil-

ver mirror, through a dichroic mirror used to introduce an IR

laser pulse. The polarization of the IR pulse is controlled via a

quarter wave-plate upstream of the dichroic mirror. The bot-

tom panel shows a photo of c–VMI assembly used at LCLS.

source features a 2 mm diameter skimmer (Beam Dynam-
ics, Model 2), placed 120 mm from the interaction region,
and a pulsed supersonic gas nozzle (Even-Lavie). The
skimmed molecular beam intersects the X-ray (or optical
beam) in the interaction region between the repeller and
extractor electrodes. For our initial demonstration ex-
periments, we used a skimmed CO2 beam, with a nozzle
backing pressure of 10 bar.

As shown in Fig. 6, X-ray pulses from the FEL polar-
ized along the horizontal (x-) axis propagate along the
z-axis, through a 2 mm hole in a silver coated mirror,
and come to a ⇠ 20 µm diameter (FWHM) focal spot in
the interaction region. The extraction field of the spec-
trometer is oriented such that emitted photoelectrons are
extracted opposite to the X-ray propagation direction.
This geometry is used to minimize any signal from scat-
tered X-ray photons. The phosphor screen of the charge
particle detector is imaged onto high-speed CCD cam-
era (Opal1k) via the 2 mm holey mirror.

In addition to the XFEL beam, a variable polarization,
50 fs, 800 nm, laser pulse can be introduced via a dichroic
mirror as shown in Fig. 6. The IR laser is focused by a
f = 750 mm focusing lens outside of the vacuum cham-
ber. The polarization of the IR laser pulse lies in the x-y
plane, and is controlled by a quarter waveplate placed
before the dichroic mirror. The 3 in. diameter dichroic
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P
y 

FIG. 7. Top row shows two examples of the recorded pho-

toelectron momentum distribution with 562 eV (left) and

564 eV (right) central photon energies. The bottom row shows

the corresponding pBasex inverted images. The intensity is

scaled to 0–1 in color. The di↵erence in the photon energy

can be seen in the broadening of the photo-line circle. The

concentration of low energy electrons are due to shake-up and

shake-down electrons.

mirror (R800/T400) is optimized for transmission at the
peak of the P47 phosphor screen emission spectrum.

A. Core-Level Ionization of CO2 with Soft X-ray FEL

Pulses

Molecular CO2 was photoionizied by ⇠ 560 eV soft
X-ray photons from the LCLS XFEL. The resulting ⇠
20 eV photoelectrons were collected in the c–VMI using
voltages scaled to roughly 10% of what is shown in the
lower panel of Fig. 3.
We recorded single-shot detector images using our

high-speed camera, allowing individual particles to be
observed and their centroids recorded using a hit finding
algorithm35. Each recorded detector image contained on
average 200 signal electrons. The natural energy jitter
of the FEL performs a random scan over the incoming
photon energy. We subsequently sort the recorded c–
VMI images based on the central photon energy of the
X-ray pulse. The shots are sorted with a bin size of
0.31 eV. To analyze the detector images, we first accu-
mulate the single-shot images within each photon energy
bin to produce examples shown in Fig. 7. For each ac-
cumulated image in a photon energy bin, we apply the
pBasex17,36 reconstruction algorithm to obtain the 3D
radial momentum distribution of the photoelectrons (see
Fig. 7 bottom for a sliced distribution of the two exam-
ples). The photon-energy-binned photoelectron kinetic
energy distribution is shown in Fig. 8. Without exact
knowledge of the bandwidth of the X-ray pulse, we are
unable to calculate the absolute energy resolution, but
Fig. 8 clearly shows the linear relation between photo-
electron kinetic energy and incoming photon energy. By
fitting a Gaussian function to each of the photoelectron
spectra, we estimate the width of the recorded photoline
is 1.32 eV ± 0.15 eV. As a qualitative comparison, at this
photon energy, the typical bandwidth of the LCLS X-ray
laser pulse is 1–2 eV, which agrees with our measurement.
To estimate the resolving power of this spectrometer,

Optics express 26.4 (2018): 4531-4547 AIP Advances 8.11 (2018)
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Nature Photonics 14.1 (2020): 30-36. 

Optics express 26.4 (2018): 4531-4547 AIP Advances 8.11 (2018)
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mirror (R800/T400) is optimized for transmission at the
peak of the P47 phosphor screen emission spectrum.

A. Core-Level Ionization of CO2 with Soft X-ray FEL

Pulses

Molecular CO2 was photoionizied by ⇠ 560 eV soft
X-ray photons from the LCLS XFEL. The resulting ⇠
20 eV photoelectrons were collected in the c–VMI using
voltages scaled to roughly 10% of what is shown in the
lower panel of Fig. 3.
We recorded single-shot detector images using our

high-speed camera, allowing individual particles to be
observed and their centroids recorded using a hit finding
algorithm35. Each recorded detector image contained on
average 200 signal electrons. The natural energy jitter
of the FEL performs a random scan over the incoming
photon energy. We subsequently sort the recorded c–
VMI images based on the central photon energy of the
X-ray pulse. The shots are sorted with a bin size of
0.31 eV. To analyze the detector images, we first accu-
mulate the single-shot images within each photon energy
bin to produce examples shown in Fig. 7. For each ac-
cumulated image in a photon energy bin, we apply the
pBasex17,36 reconstruction algorithm to obtain the 3D
radial momentum distribution of the photoelectrons (see
Fig. 7 bottom for a sliced distribution of the two exam-
ples). The photon-energy-binned photoelectron kinetic
energy distribution is shown in Fig. 8. Without exact
knowledge of the bandwidth of the X-ray pulse, we are
unable to calculate the absolute energy resolution, but
Fig. 8 clearly shows the linear relation between photo-
electron kinetic energy and incoming photon energy. By
fitting a Gaussian function to each of the photoelectron
spectra, we estimate the width of the recorded photoline
is 1.32 eV ± 0.15 eV. As a qualitative comparison, at this
photon energy, the typical bandwidth of the LCLS X-ray
laser pulse is 1–2 eV, which agrees with our measurement.
To estimate the resolving power of this spectrometer,
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(i) 

Science 375.6578 (2022): 285-290.Nature Photonics 14.1 (2020): 30-36. 

Optics express 26.4 (2018): 4531-4547 AIP Advances 8.11 (2018)
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Nature 515.7525 (2014): 92-95.

Nature 524.7566 (2015): 442-445
Nature communications 7.1 (2016): 11785



Available Projects: XFEL R&D
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Figure 2: The top line (a) shows the time delay, �⌧ between the ! (red) and 2! (blue) pulses. The
middle line (b) shows two-dimensional projections of the photoelectron momentum distribution as
a function of �⌧ . We have subtracted a background from each panel collected in the absence of
the streaking laser. We have drawn red (blue) arrows to represent the momentum shift of the
photoelectrons from the ! (2!) pulse. The bottom line (c) shows the two-dimensional correlation
coe�cient of the streaked photoelectron features (described in the text) as a function of �⌧ . The
di↵erence in streaking angles is related to the delay by �� = 2⇡ ⇥�⌧/TL.

Figure 2 shows the di↵erential transverse momentum distribution (with and without the IR
laser) for di↵erent !/2! delays. To extract the average delay between !/2! pulses we employ a
correlation-based method exploiting the large shot-to-shot variation in the laser/X-ray arrival time
in our experiment (⇠ 500 fs [42]). This method is benchmarked in the Supplementary Information
by comparison with a single-shot analysis for a subset of delays.
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R. Margraf et al.  Nat. Photon. (2023). 
https://doi.org/10.1038/s41566-023-01267-
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Available Projects: FACET-II

Plasma-wakefield acceleration Plasma-based light-sources

High-intensity gamma-rays

Non-linear QED
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J. Duris 
et al., 
PRL, 
2020
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automated control
 + optimization
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digital twins + online modeling
(fast sims, differentiable sims, model calibration, model adaptation)
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FACET-II
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ML-enhanced 
diagnostics 

(provide insight at faster rate, 
at higher resolution, 

non-invasively)

anomaly detection
 failure prediction

(plan maintenance; 
alert to changes in machine; 
alert to interesting science) 

extract unknown
relationships + correlations

(feed into future control / 
design)

C. Emma et al., 
PRAB, 2018

+ need uncertainty quantification for all
+ can incorporate physics information in all 

D
ata 

processing

D
ata 

processing

FACET-II
LCLS

Data reduction/rejection (kHz/MHz data streams)
Event triggering

R. Shaloo et al.
arXiv:2007.14340

ML/AI

https://arxiv.org/abs/2007.14340


Who Are We?

Accelerator Physics Faculty

Some of the staff scientists you will work with…

Ago Marinelli Zhirong Huang Emilio Nanni Sami Tantawi

Auralee Edelen Spencer Gessner Mark Hogan Brendan O’Shea



THANK YOU FOR YOUR ATTENTION!


