(FACETI

Facility for Advanced

F AC ET_ I I Accelerator Experimental Tests

Christine Clarke / FACET-Il User Manager / FACET & Test Facilities
August 31st, 2022

Stanford

University

2 o,. U.S. DEPARTMENT OF
)& ENERG I




FACET-Il Mission Need

| * Accelerator facilities with high
NERGY oheeof quality beam parameters are
essential to support the

Key Elements for FACET-Il program:
« Beam quality — build on 9 GeV high-efficiency

Advanced Accelerator necessary research into new FACET results with focus on emittance
Development Strateg) acceleration techniques with the |* Injection —ultra-high brightness sources,
potential to dramatically reduce staging studies
the size and cost of future « Develop concept for PWFA demonstration facility
colliders » Positrons upgrade — use positron beam to

identify optimum regime for positron PWFA

* Plasma Wakefield Acceleration (PWFA) is a scheme initially proposed four decades
ago for high (GV/m) gradient acceleration, 1,000 times the acceleration in a given
distance compared to conventional RF technologies

* The only facility where research on beam driven plasma wake-field accelerators
can be conducted at collider intensities is the FACET-II facility at SLAC.

Litos, M., Adli, E., An, W. et al. High-efficiency acceleration of an electron beam in a plasma wakefield
accelerator. Nature 515, 92-95 (2014). https://doi.org/10.1038/nature13882
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User programs with electrons 2022-2026 and possibly beyond




Submit proposals for consideration at PAC 2022: https://facet-ii.slac.stanford.edu/

FACET-Il Science Program and Program Advisory Committee

Science Program developed through seven

years of science workshops

FACETIIW bEx Meeting Agenda 21-DEC-2012 =)
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[PAC Meetings in Oct 2018, 2020, 2022J

FACET-II science developed by international community and overseen by peer review

S:_As Christine Clarke - Linac 2022 - Liverpool, UK


https://facet-ii.slac.stanford.edu/

FACET-Il proposals by fields

PWFA Beam Quality (5 proposals, 2 ‘Excellent’)

* Pls: Andonian, Joshi/Rosenzweig (UCLA), Hogan (SLAC), Litos (CU Boulder), Adli (U Oslo),
Nagaitsev (FNAL), Gessner (CERN)...

PWFA Injection (6 proposals, 1 ‘Excellent’)

* Pls: Hidding/Ullmann/Habib (U Strathclyde), Vafei (Stony Brook), Zhang/Xu (UCLA), Corde (Ecole
Polytechnique), Rosenzweig (UCLA)...

PWFA Other (13 proposals, 2 ‘Excellent’)

* Pls: Corde (Ecole Polytechnique), Joshi/Marsh/Rosenzweig (UCLA), Litos (UCBoulder),
Fiuza/Marinelli (SLAC), Heinemann/Hidding/Habib (U Strathclyde)...

Machine Learning & Diagnostics (12 proposals, 1 ‘Excellent’)

* Pls: Osterhoff (DESY), Marksteiner/Scheinker (LANL), Emma/QO’Shea/White (SLAC), Downer
(UTAustin), Hidding/Scherkl/Sutherland (U Strathclyde), Fiorito, Andonian/Ruelas (Radiabeam)...

Other: Dielectrics, Extreme Beams..(11 proposals, 2 ‘Excellent’)
* Pls: Meuren (PPPL), Litvinenko (Stonybrook), O’Shea (SLAC), Rosenzweig (UCLA), Chen (UPenn)...

FACET-II facility is designed around PW FA but attracts proposals in Machine Learning, Diagnostics and

other science that needs FACET-II’s extreme beams
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FACET-II accelerator is accessing new regimes

* FACET-Il commissioning started September 2020 Yot Phasespace owsigons — o ican Energy =9.998 GeV

Titanium OTR
targets

* First experiment run May - August 2022

damaged in O 1
* Key upgrades: Photocathode Injector, final focus Sidle shet = =K
e Designed for: < % 0
-  ~10 pum Emittance % -1 -
- ~100 kA Peak current (sub-pum bunch length)
. . . -2 0 2 4
- ~10'? V/cm radial electric field 2 (um)
_ - 24 - 3 . Single bunch configuration commissioned, _ _
10 € /Cm beam denSIty two bunch configuration to be commissioned this autumn 43 =0.4um I(pk) = 300.65 kA
Electron Beam Parameter Nominal 2022 Range
Energy [GeV] 10 4.0-13.5
Charge per pulse [nC] 2 0.5-3
Repetition Rate [Hz] 10 1-30 7% N B
‘. - = o
Spot Size [um] 30 5-200 FACET-I ' ‘-;n -~ ‘ Broken wires \: v
Minimum bunch length [um] 20 1-100 Operations \\ AN confirming =4
Crew driving | peak currents |
Max peak current [kA] >10 10-200 for Objective € are high /\ 4

KPP

Improved longitudinal and transverse emittance from the photoimjector allows FACET-1I to deliver

beams with unprecedented intensities and open new science directions
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Al/ML Activities at FACET-II

Edge radiation diagnostic THz diagnostic

Lineout of Intensity at Y =0

R TTT 10°
J"'l.‘r- " || ll E
iR

Destructive TCAV-based
LPS measurements

[Photors/a/0.1%8W/mm?]

RF Gun

v 10| THz
w " v \ diagnastic

F 40 60
Frequency [THz]

L3 BC20 o Final Focus and Experiment

’// 1\Interaction Point (IP)

ML-based — Adaptive tuning -based
LPS predictions phase space predictions

Virtual non-invasive

diagnostics at FACET-II
E326 E327 E327 E325
i' ML analysis of edge radiation : ML-based ML enhanced THz diagnostics Adaptive energy spectrum-based
\  for emittance measurements LPS predictions for bunch length measurements phase space predictions

ML driven control

Model independent ML-assisted Model dependent
adaptive feedback controls reinforcement learning controls

FACET-IlI extreme beams require virtual diagnostics and machine learning controls
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Injector emittance diagnhostic - first results

4X 4x
x| | =

* Non-destructive measurement diagnostic
collects radiation from dogleg

* On-the-fly Machine Learning-based image
analysis extracts beam emittance, mismatch

Simulation

Bend 2

from radiation pattern Gps
- n”b,;

* Future plans for additional measurements at 3 ,/’f‘ i

e-bear

downstream compression stages. A
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Data from edge rad camera 4/19/22 Noise filtered image | » T B SR
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noise
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Quad scan data shows
differences in beam divergence
P & due to subtle magnet settings
T a e e can be measured

o 100 200 300 400 500 600 700 80O Quad Strength [kG]

Mean Beam Divergence [mrad]
n
~

100
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Non-destructive single shot diagnostic will use ML-analysis to give emittance evolution along accelerator
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Take a “streetview” tour at https://my.matterport.com/show/?m=E6rRJHvVAB27

FACET-Il Interaction Area

v

~ 5 meters

The User Area is designed
for ~17 experiments without
major reconfigurations of
the hardware

Main laser

* Two main interaction areas:
- Integration Chamber

| B W
[P b |
mber

- Lioven + bypass line for H2 and He
plasma experiments
* Experimental laser* split into:

- Main laser (~220 mJ) including 14
main laser diagnostic cameras

5

fntegratlon Cha

- 4 laser probe lines (~10 m))
including 9 diagnostic cameras

* High degree of collaboration
and CAD!

Experimental area was designed in collaboration with users to be compatible with 17+ experiments
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Commissioning the differential pumping system (DPS)

Initial tests with helium, also

PY H tested with hydrogen (2 Torr
PESIgned and Initial test of the full DS-DPS system max) ____
installed (2021 - 5 Interaction
ongoing) differential o~ 332 Torr 499 Torr -~ Area

) Pressure
pumping system to ez 1 4x103Torr . 53x103Torr Stage 1 Pressure
isolate gases used in TV RS . 00 SN R S = T

experiments from RF 2.7x10% Torr 7.0x10% Torr | N

1E- - i
structures Stage 2 Pressure
1E-5 -
Beams intense enough to 07:15h  07:30h 0745k 0800k 0315k 0830k 0845k 09:00k 0915k
punch holes in beryllium - Main Tirnestxis 04/07/2022

windows

Integration Chamber pg Be

X-band  ypstream DPS and US Be Li Oven window  Downstream DPS and
deﬂgctmg final focus quads window and H2, He / reimaging quads Spectrometer Bend




Commissioning Interaction Area Diagnostics

* |nteraction Area includes YAG and OTR

measurements
* COTR however has been an issue

* To be mitigated with laser heater
installation later this year

* Also includes transverse deflecting cavity
* However this is invasive measurement
* Goal of EOS-BPM is to provide non-

% kﬁ\ i :f :

1150

y (Pixel)

1100

Overlapped laser

destructive tool for measuring transverse I COTReffects g el cloction beam
and longitudinal beam positions for each 200 400 600 800 1000 1200 550 600 650 700 750 800
bunch on a shot-by-shot basis x (Pixel) x (Pixel)
* Ultimate transverse resolution expected G mam s eos GiF ervatalicallbration’| ' A iimaiaai
o =169.21+12.81
1 M.m’ . . . el o:=31.28716.862$ 400 -
* Ultimate longitudinal resolution 1y = 042620055 _
expected 10 fS gm_ cal = 5.30241.058 yum/pm %
= E
* Commissioned a single GaP crystal ~20 fs £ 150/
resolution i | | 3 . |
* Measured that the e-beam to laser timing c %& = Relative fime of |
. o . oo X TCAV t B = I : elative time or laser
drifts ~1ps with typical jitter ~50 fs - | to electron beam
0 ‘ ' 0 shows ~50 fs jitter

-1 -05 0 05 1




Downstream electron beam and photon diagnostics

* Electron beam diagnostics

- DTOTR - high resolution, single shot emittance and TCAV
(transverse deflecting RF cavity) measurements

- LFOV - large field of view electron profile monitor
- CHER - beam spectrometer using Cherenkov light Beam |

. ] Dlrectloy ~
* Photon diagnostics: V| &

- Gammal: photon profile monitor
- GammaZ2 and 3: spectral information from <100keV to ~10s of MeV

-
-

Beam Dump |-

gaArnmas

(]
Dipole Positron Detection Chamber Electron Detection Chamber Butterfly Chamber Dump Table rl |

Downstream diagnostics characterize outcome of interaction, fully installed
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Commissioning downstream diagnostics

Electron energy spectrum of scattered beam

* Commissioning of spectrometer diagnostics initially

1 10
used solid targets i R Line out
M . . ; g 8
* Emittance and energy spectrum diagnostics 8 Electrons ’
characterized using multiple scattering in 1 mm Al | lﬁSt e“ﬁrgy' &, w 6
. . 81 throug _, X
target in integration chamber il beam e w

‘'scattering

m v

- Energy spectrum: G. Cao, University of Oslo

* Images acquired on CHER spectrometer 5.96 Bl i = W B anl of 40 5
how energy loss through multiple scattering S v teevs
S Dispersive quad scan of scattered beam
* Future use: energy gain/depletion through PWFA 1000 e
= 6000 A T, -Q:u:d-srnu Fit
Z 5000 800 \L Vi
- Emittance scans: P. San Miguel, LOA £ 4000 600 \, 7
* Quad scans of emittance spoiled by = 3000 : N i
passing beam through solid target 9 adl) = A
= 2000 5
*  Future use: emittance preservation through PWFA 5 600 200 » = 280.80 mmmrad, 3 = 0.60 m
0 L " L
100 200 300 -8 0 5
shot # M5 [m]

FY22 beam time used to commission hardware, virtual diagnostics, machine learning
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First results - First beam ionized helium plasma at FACET-II

Commissioning
differential pumping
system at 5 Torr
demonstrated capability
of FACET-II's intense
beam to field ionize
helium

- Showed depletion of
energy of beam from
10 GeV to < 1 GeV

- Demonstrates that
the drive beam has
sufficient intensity to
drive a strong
wakefield and
transfer a large
portion of its energy
into the wake

Also demonstrates
spectrometer and
Cherenkov light
diagnostic at dump table
work

Scalloping of beam due

to betatron oscillations
along plasma
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Quads focused at 5 GeV
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SIRERI ATl R EM 5 Torr He - Beam lonized Plasma
accelerated to 1.5-2 GeV

Quads focused at 2 GeV
/ 4000
3500

3000

B
B O one, ~

3.5

-12500

=1 2000

1500
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1000

500

200 G600 1000
X Position [mm)]

FACET-Il electron beam ionization of helium demonstrates extreme beam capabilities
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First results - Multi-GeV acceleration by PWFA

* Multi-GeV acceleration by PWFA was
observed for the first time at FACET-II,
and greater than 3 GeV

* Head of electron bunch ionizes and drives
a wake in the H2 plasma

* |n 2 bunch config, we'd accelerate trailing
bunch

- In this case we suspect the bunch had a
long tail

* ~2 meter long beam ionized H2 plasma

* Studies ongoing to understand why we
ionize hydrogen so well

3 GeV acceleration of
electronsina2m

2-3 GeV Energy gain

Hydrogen plasma

Y

Defocusing

.-_:| - T" .—"I E‘—
—m
. + + + + +| + —ﬁ‘. + +

l.,]l., I1| 12

]'-l.'ll."'l'.‘-\.l'l'l_u | f.'. )

[J celerating (E.)

ﬁ-

“Ir o+ 4 +_ s _¢ b4zt + Relativistic
= —T-mEs B electron
Focusing + acceleration = large energ}f gain bunch

0 5
Intensity »10°

200 400 600 800 1000 1200
x Position [mm]

Colour image of H2
plasma from a side
viewport

First multi-GeV acceleration at FACET-Il — 3 GeV in a 2 m long hydrogen plasma
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First results - Gas-jet plasmas at FACET-II

E30S5, Dataset ID 24588, Waterfall plot of DTOTR2

An energy slice in the

[(a]] back half of the beam

focused downstream of
the plasma lens

0 50 100 150 200
z (image plane over ~1 cm)

Beam size at rear of bunch
milxl: 1
g

jet, imaged from a viewport to
the side of the jet

e Plasma

(335 jet

< 10 15 20

y (mm)

Laser ionized plasma formed in H, elongated 2 cm gas jet
* At sub atmospheric pressures, betatron wavelength < gas-jet
- Plasma lens regime

Dump table diagnostics show energy loss of the e-beam and generation
of betatron radiation in the plasma

Determined relative timing between laser and e-beam
Evidence of plasma lensing was found on downstream profile screen

Next steps - plasma interaction optimization
Profile Monitor CAMR:LI20:301 09—Jun—2022 23:51:56 . Determination of T0

[
Betatron 45 | } }
. L. > |
radiation 2 4 | % % } i
i % %
5 3 ! I
I I
2 2.5
e-beam s, |
g 1.5 } :
Low energy tail TEREREEN % o g
'Betatron radiation on |

0.5 : : :
1256.51 1256.505 }256.5 1256.495 1256.49

LFOV Laser target time [ns]

FY22 beam time used to commission hardware, virtual diagnostics, machine learning

Christine Clarke - Linac 2022 - Liverpool, UK



First Results - Beam Filamentation Instabilities and y-Ray Generation

Beam size much larger than

* Beam modulgtion & Large fields * Bent trajectories for Gamlma.—ray
filamentation emission

bubble size
3 Dsi 500 3 S psi 500 500 3 500 3 500
400 400 400 400 400
<2 5 2 g 2 T 2
S 300 8 300 300 S 300 & 300
g1 g1 g1 g1
3 200 £ 200 200 £ 200 & 200
ki 0 i ¥
100 100 100 100 100
=] = Bl dee e | i -1 S
-1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3
x (mrad) x (mrad) x (mrad) x (mrad)

3 500 3 500 500 3 500 3 500
=2 400 =2 400 400 =2 400 =2 400
3 300 8 300 300 8 300 & 300
g 1 g 1 g 1 £ 1
R=) 200 £ 200 200 £ 200 & 200
ol P i P g P9

100 100 100 100 100

-1 L -] e - : - -1k -1

-1 01 2 3 -1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3
x (mrad) x (mrad) x (mrad) x (mrad) x (mrad)

* Studies of beam plasma instabilities have fundamental importance for astrophysics and ultrafast condensed matter physics and
has a potential to be a bright gamma ray source with applications for defence, industry, medicine and scientific research.

* Study of gamma-ray yield as a function of plasma density in the gas jet at high pressures

* A first look at Gamma diagnostics looks as if a signal reduction at higher pressure might have been measured
* Diagnostics so far inconclusive on where this transition would occur

* To prove an effect changes in pointing and divergences of photons needs to be tracked much better

High density plasmas are used to investigate astrophysical plasma instabilities
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@ sebastian_meuren 12:44 AM
° ° 4 e are seeing collisions! collisions with a laser timing scan
First results - Strong-field QED

.. 820, Dataset ID 2665, Correlation plot

10.5

Basic Concept: A
* Reaching the QED critical field Ec-=m2c3/(eh) ~ e

1018 V/m: 20 TW @ 2.5 pm implies ~10%° E ° :

W/cm? (rest frame intensity) z 85 o

. . . E S X o M ox N [ R

* Continuation of experiment at SLAC’s FFTB & fyianiri SHHT

faCIlIty 32-‘355.?4 1255.742 1255.744 1255.746 1255.748 1255.75

OSC_LA20_10_FS_TGT_TIME
an) #s ¢1 @

Progress this run: (d 2
* Successfully aligned laser to electron beam, E320 03027, shot 44 Main beam at

focused laser to micron-level and achieved DRz N 10 GeV
spatio-temporal overlap of the laser pulse and 400

the electron beam

* Observed consistently linear Compton scattering
and saw first indication of higher harmonics

* Future shifts will aim to improve our
understanding to achieve and control the = e
nonlinear Compton scattering process more . 6 7 /?/5

]

Down-scattered
electrons to 1t
Compton edge —
e linear, one electron
8 85 9 9.5 one photon
interaction

X position [pixels]
o)) L
o o
S =

consistently Energy [Ge

Non linear Compton scattering

E-320 SFQED experiments at FACET-II will test new physics and serve as a stepping-stone towards

laboratory based astrophysics experiments
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Summary

* FACET-Il is delivering high-intensity beams that open new scientific directions strongly aligned with HEP roadmaps
* Unique property of FACET-IIl is the extreme beams

* Virtual diagnostics and machine learning being developed

* Differential pumping being deployed

* Electron, gamma and positron diagnostics being commissioned by multiple user groups to cover wide spectrum
* First plasmas created with gas jets, helium and hydrogen, solid targets
* First Compton interactions between laser and electron beam

Hybrid experiment
running using zoom

ents unique opportunities to study beam-driven plasma wakefield acceleration at collider

intensities and expand science program into new fields (QED and astrophysics)

o, Christine Clarke - Linac 2022 - Liverpool, UK 19

o1 AL



Acknowledgements

Slides taken in full or modified from talks by: Mark Hogan, Doug Storey, Brendan O’Shea, Claudio Emma, Robbie Watt, Henrik Ekerfelt

FACET-II staff that made it all happen: James Allen, Lauren Alsberg, Christine Clarke, Juan Cruz, Claudio Emma, Henrik Ekerfelt, Spencer
Gessner, Carsten Hast, Mark Hogan, Ryan Loney, Doug McCormick, Brendan O’Shea, Marcello Parker, Doug Storey, Robbie Watt, Glen

White, Gerald Yocky
Users that made it all happen:
Mike Litos, Chris Doss, Robert Ariniello, Valentina Lee, Claire Hansel (CU Boulder),
Sebastien Corde, Alex Knetsch, Max Gilijohann, Aime Matheron, Pablo San Miguel (LOA),
Chan Joshi, Ken Marsh, Zan Nie, Chaojie Zhang (UCLA)
Gevy Cao (University Oslo)
Bernhard Hidding, Adam Hewitt, Andrew Sutherland (University of Strathclyde)
Sebastian Meuren, Elias Gerstmayr, Zhjiang Chen, David Reis, Rafi Mir-Ali Hessami, Auralee Edelen, Sara Miskovich (SLAC)
Junzhi Wang (University of Nebraska-Lincoln)

Our 2022 summer interns:

Adam Callman, Ben Krumins, Max Varverakis, Sebastian Turkewitz (CalPoly), Sam English (UCSC), Jake Manalo (VCU)



	Slide Number 1
	FACET-II Mission Need
	FACET-II National User Facility
	FACET-II Science Program and Program Advisory Committee
	FACET-II proposals by fields
	FACET-II accelerator is accessing new regimes
	AI/ML Activities at FACET-II
	Injector emittance diagnostic – first results
	FACET-II Interaction Area
	Commissioning the differential pumping system (DPS)
	Commissioning Interaction Area Diagnostics
	Downstream electron beam and photon diagnostics
	Commissioning downstream diagnostics
	First results – First beam ionized helium plasma at FACET-II
	First results – Multi-GeV acceleration by PWFA
	First results – Gas-jet plasmas at FACET-II
	First Results - Beam Filamentation Instabilities and ɣ-Ray Generation
	First results - Strong-field QED
	Summary
	Acknowledgements

