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ACCELERATORS - THE
LARGEST MACHINES
EVER BUILD

* The Large Hadron Collider at CERN has a
circumference of 27km

« LHC cost ~$4.75B, CMS & ATLAS
detectors ~$13B

« Annual operating cost: ~$0.5B

« Just CERN, not accounting for
member countries’ science budgets

« Higgs-paper has 5,154 co-authors

ACCELERATORS
ARE DRIVERS FOR
INNOVATION

2025.04 .27 CONFIDENTIAL AND PROPRIETARY INFORMATION OF TAU SYSTEMS Inc. 2
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Severe innovation challenges
b Limited availability: only a handful

exist worldwide

‘ Limited time: existing accelerators are
c heavily oversubscribed

Very expensive: billions of dollars to  (he B Y -
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Lasers worldwide with peak power >10 TW
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HOW TO SHRINK A PARTICLE ACCELERATOR?

PHYSICAL REVIEW LETTERS
% 0 \
d IV\/\/ WW\/

Donna
* Strickland

Laser Electron Accelerator

T. Tajima an

Conventional Accelerator:
* ~10 MV/m accelerating field

100,000,000,000 GeV
* 100 GeV energy- 10,000,000 MeV /m

* = Acceleration length ~10 km

= 10,000 m

Laser (Wakefield) Accelerator:
 100,000,000,000 GV/m field
* Acceleration length: Tm!

Driven by CPA laser (Strickland & Mourou)
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™Y \WHY ARE LASER-PLASMA ACCELERATORS SMALLER?

TOMORROW

Conventional accelerators use metal structures and radiofrequency electric fields to
accelerate particles.

The damage threshold of the metal limits the acceleration.

A LWFA uses plasma which does not have a damage threshold.

Our lasers generate accelerating fields 10,000x stronger.

The distance to reach the same energy can therefore be 70,000x shorter.

2024.02.02 CONFIDENTIAL AND PROPRIETARY INFORMATION OF TAU SYSTEMS Inc. 6
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LASER WAKEFIELD
ACCELERATION:
PHYSICS, STATUS, &
PERFORMANCE
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T LWFA PHYSICS

High power laser pulse focused at the beginning of

neutral gas density profile creates a plasma and excites

a plasma wave

Electrons crossing the back of the bubble are injected

if their longitudinal velocities v, are greater than the

velocity v, of the back of the bubble

. Acceleration continues until electrons catch up to the eﬁéii’rrgﬁ g::;ity Pon(ge[_omom’e force
middle of the bubble (de-phasing) or the bubble i (radiation pressure)

collapses because the laser loses energy (depletion)

1-D linear approximation

E, field

2024.07 .11 Confidential and Proprietary Information of TAU SYSTEMS, Inc.
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ADVANTAGE OF LWFA: HIGH FIELD GRADIENT

Accelerating Trapped Driving
field electrons pulse

Field gradient determined by plasma density:

MeWpC

~ 96 | \/m

e cm?3

E, =

Plasma density determined by laser wavelength:

s 2 1o 8 2013 a2y [T
Quasi-monoenergetic laser-plasma acceleration
of electrons to 2 GeV

2 -2 "
EoMeWy 21 3 %
ne << nc'r — —2 = 1.1 X 10 /Cm - ceo 0 4E8 BEB  gygE (pc/Gev) O 100 200
€ um FP P o . wl T N
TPW, Wang et al, ‘ : ] | 0
Nat. Comm., 2013 p G , LA -
Typical operating range is n ~ 107 — 10°/cm? o2 : l . n

151821 -10 0 10

Not 10s of MV/m, but 10s of GV/m

lectron energy (GeV)

CONFIDENTIAL AND PROPRI

ETARY INFORMATION
24 .07 .11 OF TAU SYSTEMS 7

Inc.



TAY
ADVANTAGE OF LWFAS

Electron bunch length determined by plasma
wavelength:

1 1

€EoMmec?\2 1018 /cm3\2 .
As < Ay =21 (Oez—ne) = 33.4 (n—e) micron
With n, ~ 1017 — 101°/cm3, typical bunch
lengths are << 30 fs without compression

Actually two advantages:

« Secondary particle beams inherit the short
bunch length

« Bunch length can be traded for (slice) energy
spread in a chicane for FEL operation

y+N->N+pu put

24.07.11
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PARTICLE
ENERGY ENERGY
- CHARGE
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ELECTRONS SURF A PLASMA WAVE BEHIND A
LASERPULSE, LIKE WAKE-SURFERS BEHIND A BOAT

A compact high-energy electron
accelerator and ultrabright X-ray source

Three key components:
» |nfra-red Laser: ultra-high intensity
and ultra-short light pulses
= Accelerator: electrons at almost

the speed of light over a few
millimeters

= X-rays: electrons wiggle during
acceleration, creating ultrabright
X-rays

2024.05.03 CONFIDENTIAL AND PROPRIETARY INFORMATION OF TAU SYSTEMS Inc. 12



Community Milestone: 10 GeV from a single stage

4.3 GeV 10 GeV

U.S. DEPARTMENT OF Office of 30pC 100 pC 0.1 GeV boost 5 GeV

EN ERGY Science Unmatched Matched guiding
guiding FewpC,4%  100pC,>90%
Fluctuates Stable, captured captured
reproducible,

Adva n Ce d Acce l e rato r tunable >5 GV/m >5GV/im :l(;zigon beam captured in PWFA

Eance Enifiance Positron acceleration in laser

Development Strategy caming on B own prsened [k

A = kW class, kHz, 100 TW laser

Re por‘t Continuing Invention & Discovery Phase z 0.5-1 Gev £ z 0.5-1 GeV beam

€<0.3micron &< 0.1 micron Limited control feedback  Full feedback stabilization

Pair production from LPA
generated e-beam

AE/E ~ 1-5% AE/E < 1% Low average power (<4 W) High average power (>1 kW)
Q~10pC Q~10pC Pointing < 0.5 mrad Pointing < 0.05 mrad

ot o
LWFA powered FEL (XUV) :

Prototype Phase -
Longitudinally uniform Tapered Heat mitigation and >108 shots

lifetime at kHz

Photon acceleration to reach high
10 cm >30 cm efficiency

Parabolic Near hollow

e
2
g
L
8
Q
<

1 kHz rep rate 10 kHz rep rate Spent laser energy recovery

Collider conceptual
design report (CDR)

Collider tech.
3 kW class design report Non-invasive phase space diagnostics for 0.01-0.1-mm-mrad
(TDR)

Femtosecond resolution for slice properties
30 kW class LR

3-D plasma profile vs time

300 kW class

Image credits: lower left LBNL/R. Kaitschmidt, upper right SLACAUCLAMW. An

1D MHD 3 D MHD
2 weeks for 1 high res 3D BELLA simulation run <1 Hrfor 1 high res 3D BELLA simulation run




THE TEXAS PETAWATT LASER AT UT AUSTIN

Laser Farameters: ?dGYdA.t Laserwakefield Acceleration at the Texas Petawatt Laser
o 150 J BevalbhmantiStratany 2500
o 150 fS (i._ ’
o 1 shot/hr "9’,2000 A
o 2 Target Areas: g =
o F/40: 2x10'8 W/cm 5 SX
o F/3: 102" W/cm? 3 1000 *
o F/1: >3x10%%2 W/cm? 5 =
Demonstrated 2 o C <
Performance o 9 X
o GeV electrons 2 4 6 8 10 12
o 100 MeV protons Centroid Electron Energy [GeV]
o 600 MeV carbon g

N Q = 0.34nC
o0 4.4 GeV Au BN N |
o >10'0 neutron/shot W |

| D STSSRE ST | TR 10.4 GeV
o >50 MeV y-ray beam Ny s P l

C. Aniculaesei et al., Matter Radiat. Extremes 9, 014001 (2024)




wu [ BNL & CSU: 9 GeVin 2024 & 2025

= 9.15 GeV, 3 pC, 30cm accel. length

(a) H2over 30 cm Max

(b) H, over 30 cm, 1% N, over 30 cm
(c) Haover 30 cm, 1% N, over 12 cm
3 pC(20%)
6 pC(14%)
1 pC(10%)
3 pC(30%)
6 pC
(d) Hz over 30 cm, 5% N over 12 cm
32 pC(40%)
45 pC(14%)

5 pC(10%)
Phosphor  Magnetic 2 6 8

| r— |
0 M Momentum (GeV/c)

Drive beam ' ; pC/ mrad/ (GeV/c)
— S —

1Probe beam

Aplcmigasiieh : Prgpagated High charge laser acceleration of electrons
‘ -‘_f, :wm mode camera to 10 GeV

u ’ e m
e e +—> Ela Rockafellow !, Jaron E. Shrock *, Bo Miao %, Ari Sloss *, Manh S. Le !, Scott W. Hancock ?,

Wave front Fiber- based Exit mOde Shoujun Wang 2, James King 2, Ping Zhang 2, Jifi Sigma 3 4,
spectrometers camera Gabriele M. Grittani ?, Roberto Versaci 3, Daniel F. Gordon °, Gerald J. Williams ©,

Brendan A. Reagan E‘,]Ure]. Rocca 27, Howard M. Milchberg 18

SENSOors
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MULTI-GEV LPA EXPERIMENTS

Accelerating
Field

Energy

Acceleration | Charge | Method

length

Facility

[GV/m]

[GeV]

[cm] [pC]
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Cell, Il
HOFI

HOFI
HOFI

RY INFORMATION

Inc.

TPW
Bella
CoRelS
CSU

Bella/UMD
CSU/UMD
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OTHER BEAM

© EMITTANCE PARAMETERS

 STABILITY
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Wd | WFA STATE-OF-THE ART PERFORMANCE

Beam property

Energy
(Centroid/Peak)

Energy spread ~0.3%

~700 nC

Charge

Emittance 0.14 mm mrad

Bunch duration 1.5fs

Repetition rate ~1 kHz

2024.09.04

Reference
Aniculaesei et al., MRE 9, 014001 (2024)

Gonsalves et al., Phys.Rev.Lett. 122, 084801
(2019)

Ke, etal., Phys.Rev.Lett. 126,214801 (2021)
Shaw, et al., Sci.Rep. 11 (2021)

Weingartner et al. Phys. Rev. ST Accel. Beams
15, 111302 (2012)

Lundh etal., Nat. Phys. 7,219 (2011)

Salehi et al., Phys.Rev.X 11, 021055 (2021)
Lazzarini et al., PoP (2023)

Other achievements:

multi-staging:
Steinke et al., Nature 530, 190 (2016)

closed-loop optimization:
Jalas et al., Phys. Rev. Lett. 126, 104801 (2021)
Shaloo et al., Nat. Comm. 11, 6355 (2020)

long-term operation:
Maier et al., Phys. Rev. X 10, 031039 (2020)

- LWFA/PWFA-based FEL:
Wang et al., Nature 595, 516 (2021);
Pompili et a., Nature 605, 659 (2022) [Beam-driven]

CONFIDENTIAL AND PROPRIETARY INFORMATION OF TAU SYSTEMS Inc. 20
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UTS IS A 30TW CPA LASER DRIVING A T00MEV-
CLASS LWFA ELECTRON ACCELERATOR

| aser Parameters

Energy on target (1000£25) mJ
Pulse duration <(31x1)fs
Focal spot diameter <16um FWHM, (F/12)

Focal position stability <3.5um

Enclosed energy >70%, first null

Maximum rep rate 10 Hz

Wavelength (790+£20) nm
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o Data from April 2024

o Laser plasma electron accelerator
(LPA) with:

o 10mrad shot-to-shot pointing
stability

o 10mrad average divergence
o 60MeV peak bunch energy

o 10pC single-bunch charge
o Bunch duration 10fs

2024.09.04

Pointing Y [mrad]

: e l® |o | o

© o @ : o ©

® m‘:‘”h o S P = -
."\'” ® ° ‘(.‘ 4 e

FWHM divergence

FWHM divergence

6, [mrad] =8.8+1.9

100 150 200 250 300 ’ 50 100 150 200 250 300
20 Time [sec] Time [sec]
=20 -10 0 10

Pointing X [mrad]

Shot-to-shot pointing (left) and divergence in horizontal (center) and vertical (right) planes of 20

CONFIDENTIAL AND PROPRIE
OF TAU SYSTEM

consecutive shots over 5 minutes

ot re e H rerele]

E [MeV] =59.8+3.0

150
Time [sec]

200 250

100 150

Time [sec]

Bunch charge (left) and peak energy (right) of 20 consecutive shots over 5 minutes. Error bars in peak
energy represent =half a standard deviation of the energy distribution for each shot.

TARY INFORMATION 22
S Inc.
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LASER—PLASI\S/IA %OUPU G WAS FUREHER OPTIMIZED

N
YIELDING A LE, HIGH QUALITY ELECTRON BEAM
Pointing fluctuations

o Data from June 2024 Measured plasma density profiles April 2024 June 2024
o Laser improvements 0 1e12 0. = 7.4 mrad
5 —— flow cell 0y, = 4.6 mrad oy, = 1.7 mrad
allow optimal — deLaval nozzle 4 04, = 1.0 mrad
performance at lower

plasma density

o Best performance was
achieved for
lonization injection

Pointing Y [mrad]
Pointing Y [mrad]

(1 2\ " 99% He) in PointingOX [mr;gl] Pointing%( [mrgig] 20
non-uniform profile at

n.~7e18cm3(black — ili FWHM divergence

curve) : 0, [mrad] =2.3+0.3

6, [mrad] =3.4+0.7

S
[
LS
P
uI

Q [pC] =25.2+3.3

. see . ° .
° o%%%, 000 0g0 %0°% 0, 0,0,,%0%00%, 6 * 40 0°
@ ® *

2024.09.04 CONFIDENTIAL AND PROPRI
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Ablation

NANOPARTICLE-ASSISTED ELECTRON

Main

INJECTION INTO A WAKEFIELD WITH
A 50 TW LASER

SCIENTIFIC
REPORTS .
no with no with
lectron energy increase in a laser : :
wakehld sceeertorueing . nanoparticles nanoparticles nanoparticles nanoparticles

ramp plasma density profiles

Helium + [ | Al n:sgl;):n:cles
Helium | Al nanoparticles g

Counts

Counts 60k 40k 20k 10k 8k

= Electron peak
energy and energy
spread greatly
improved

= Electron beam
divergence ‘
decreased :

Counts
40k 20k 10k
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ENERGY OPTIMIZED LPAs

MIAO ET AL., PRX, 12, 031038 (2022): OUBRERIE ET AL. NATURE LSA (2022), 11:180
5 GEV FROM A 400 TW LASER 1.1 GEV FROM A 50 TW LASER

Charge (pC)

-3,
N, (107 em™)

Two-color

hobhabahohohobobobobha
pRIuyAsOd

Diffractive
axicon

o

14

o

z
€
s
£
s
20.
&
2
g
£

o
Charge (pG/MeV ) Q

800 900 1000 1100 1200 1300
Wavelength (nm) e i U 800
E (MeV)

Fig. 4 Acceleration of high-quality electron beams with density transition injection. a Schematic view of the gas target. b Density profile

ofile in the shock region (i c Ten angularly resolved
electron spectra sorted by charge (charge in the peak for & ; d Two examples of angularly-integrated spectra
corresponding to spectra marked by blue and green lines in (c). The black segment -ates the uncertainty on the energy due to fluctuations of
beam pointing

X

Charge
(pCiGeV)

w8

(mrad)
b o w
Charge

Divergance
(pC/mrad/GeV)

0 0 C 0 0
123456 123456 123456 123456 123456
Energy (GeV)

CONFIDENTIAL AND PROPRI

ETARY INFORMATION 25
OF TAU SYSTEMS

Inc.



TA\U
DIFFERENT RADIATION TYPES FROM ONE FACILITY

Synchrotron beamtime requires complicated
applications and long wait times. TAU Labs will
offer synchrotron-like capabilities without the
wait...

Source Shot Pulse
Type Spectrum Rate Pulse Energy Duration

Infrared 800 + 20 1J
nm

Electron 50-150

source MeV [

10? photons /

X-ray 1-10 keV shot
source 10" photons /s

Long term energy stability

1o PR e e

108 photons /
y-ray 1-10 MeV shot 10fs - 1ps
source 10" photons /s

N
,;“Wm{ir.ww

Wamty A pH N

107 neutrons /
shot

neutrons
10? neutrons / s

2024.09.04 CONFIDENTIAL AND PROPRIETARY INFORMATION OF TAU SYSTEMS Inc. 26
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A laser accelerators becomes competitive at >100MeV, 100Hz

Titanium Sapphire Laser with =1J pulse energy and 100Hz repetition rate

<1/100 the size
e

<1/100 the cost

i 5 prmp—— W

Stanford Linear Accelerator Center

$1B and 2 miles $10M and 10 meters

A laser accelerators becomes superior at 1GeV, 1kHz

2024.08.26 CONFIDENTIAL AND PROPRIETARY INFORMATION OF TAU SYSTEMS Inc. 27
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CONTRIBUTORS

BELLA Center 5

Samuel Barber, Jeroen van Tilborg, Fumika Isono, Carl Schroeder,
Eric Esarey, Jens Osteroff, Cameron Geddes, Anthony Gonsalves,

EiirgN:rl.(?mura, Finn Kohrell, Chris Doss, Kyle Jensen, Curtis C O M P A CT I_VV F A _
DRIVEN FREE-
Tau Systems ELECTRON LASERS

Stephen Milton, Guillaume Plateau, Reinier van Mourik, Dung Phan, ( I_ F E I_ )

GORDON AND BETTY

MOORE

FOUNDATION

CONFIDENTIAL AND PROPRI
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o SwissFEL X-ray Free Electron Lasers

SwissFEL had “The goal of building a compact and not all too costly Free Electron Laser”

Length: ~0.75 km Wavelength: 0.1nm - 7nm
Cost: >$300M* Repetition Rate:
Power Consumption: 3.8 MW 100Hz

Electron Energy: 2.5 - 6.5 GeV Peak Brilliance:
1.3x1033 ph/s mm? mrad? 0.1%
X-ray photon energy: BW

~0.26 - 12.7 keV

Accelerator parameters « RF-gun 100 MV/m

= Electron energy: 2.5 - 6.5 GeV * S-band injector
B = Electron bunch charge: 10-200 pC AU
* C-band main linac
130m = Repetition rate: 100Hz 28 MV/m

= Length: 505m

= <Acceleration gradient>: 11.5 MV/m

2024.10.30 CONFIDENTIAL AND PROPRIETARY

INFORMATION OF TAU SYSTEMS Inc. 29



TAU'S ULTIMATE LIGHT SOURCE IS A COMPACT EUV/X-RAY
FREE ELECTRON LASER

Output
radiation

Input

radiation

Injected
electron beam
micropulse

UNDULATOR
- Fab &
RS
LASER-PLASMA ELECTRON \ Cleanroom
ACCELERATOR __/ o\
HIGH POWER, INFRARED
DRIVE LASER
TAU FEL-10K: Soft X-ray laser METROLOGY
CONFIDENTIAL AND PROPRIETARY INFORMATION 30
OF TAU SYSTEMS Inc.



g MATURITY DEMONSTRATED BY FEL OPERATION

LWFA Systems have now been constructed for a purpose other than accelerator research.

Dresden-Rossendorf Shanghal Institute of Optics and Fme I\/Iechamcs

Proflle 1 2 Proflle 2
Quadrupole ‘

H

\mag'n9d v
doublet pecuof“e‘e'

riplet Profile 1

-2 0

. X (mm)
mag\n target

e

Electron  Quadrupoles ] 7 A X-ray

ron
Elect eter.

spectrometer 1 ' ,
P H A spectrometer

pchO'“

Dipole
corrector
Electron
spectrometer 2

15
a

—— Simulated
300 400 500 600 2 F —&— With orbit kick
Energy (MeV) —&— Without orbit kick

20

Labat, et al., “Seeded free-
electronlaser driven by a compact Wang, etal., “Free-electron lasing at 27
laser plasma accelerator”, Nature p: 2 - nanometres based on a laser wakefield
' - o 100 >
Photonics 150-156 (2023). ' ; accelerator”, Nature 595 (2021)
Charge (pC)

Radiation energy (nJ)

Gain measured at 27 nm




A INITIAL RESULTS

FEL system at the BELLA Center LBNL

Magnetic spectrometer Magnetic spectrometer
&deflector  FEL

/ |radiation|

Undulator

Seed line

Undulator
radiation a ! ! ! ! ! ,
diagnostics 10 20 30 40 50 60 70 80
U-picoscope5245D charge pC

Undulator, 4m, 220 period with
embedded FODO lattice (strong
focusing)

This work was made possible
through Collaborative Research
and Development Agreement

The LBNL component of this work was supported bythe U.S. (CRADA) between TAU Systems
Department of Energy (DOE), Office of Science, the Office of Basic Inc. and Lawrence Berke|ey
Energy Sciences, and the Office of High Energy Physics, under :

Contract No. DE-AC02-05CH 11231 National Laboratory (LBNL).

“ I geRKeLEY LAB ez saer AT B))

32




N AU
Tnd  DIAGNOSTIC SETUP FOR UNDULATOR
RADIATION CHARACTERIZATION

200 300
wavelength (nm)

)

Retractable Exit Pickoff
spoiler Pellicle
pellicle

Setup allows radiation characterization at multiple points along 4 meter undulator

Retractable pellicle enables emittance spoiling without loss of charge for
confirming microbunching instability

08.21.2024 CONFIDENTIAL AND PROPRI

ETARY INFORMATION
OF TAU SYSTEMS

Inc.




» [ |
RADIATION MEASUREMENTS WITH/WITHOUT EMITTANCE
SPOILER REVEAL CLEAR EVIDENCE OF FEL GAIN

Undulator radiation signal vs charge for 1000 consecutive shots Undulator radiation signal measured over 1 hour
102 10?

7% @ } 2 =
ol B OB OB
S - e

¥

-

H
o
\

Undulator Signal (nJ)

no emittance spoiler
with emittance spoiler

._.
o
&

=
=

N9
o »

=

o

o
L

=
=
£
Ts
o
=y
(7p]
_
(o]
-
l'_D
=
©
=
-]

no emittance spoiler
with emittance spoiler

(o]
o
1

[=)]
o
1

N
<)
L

Charge Transmission (%)

T T T no emittance spoiler

40 60 80 100 | with emittance spoiler
Charge (pC)

N
o

. : : : I . 0 500 1000 1500 2000 2500
Optimized transverse focusing and alignment using radiation signal at Time (s)

the end of the 4 meter undulator Stable operation of FEL with data

acquisition over hours of beamtime
Gain over incoherent undulator radiation on >90% of shots “

Emittance spoiler has no impact on

Ratio FEL to incoherent: ~200-300x (max), 50-100x (average) charge transmission (bottom)

08.21.2024 CONFIDENTIAL AND PROPRI
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TN -COMPARING MEASUREMENTS TO GENESIS
SIMULATIONS CAN PROVIDE INFORMATION ON  oerkeley Lag

DIFFICULT TO MEASURE BEAM PARAMETERS

o Measured values: 100 MeV, 90 pC, 5% rms energy
spread, Rsq = 200 um , post chicane current = ~1kA, B, ,

— confg 1 S0 em

—— config

—— config 3 I o Unknown quantities: Slice emittance and slice energy
® data spread

o Simulation shows excellent agreement with data for sub
0.5 um slice emittance and sub 0.5% slice energy spread

=
c
(v}
C
o
n
|-
o
4
L)
-]
3
[
-

slice energy

£x,y [um] spread [%]

Config 1

0.25 050 0.75 1.00 1.25 1.50
Propagation Distance (m)

Contfig 2
Direct comparison of measurements to Genesis simulations for 3
different conﬂgura’uong ZQ time dependent simulations Conflg 3
performed for each configuration
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Generate a pre-bunched but chirped train of electron
microbunches and collide them against an Optical
Undulator (laser pulse)

Electron energy reduced to
Plasma Injected beam Optical undulator Attosecond radiation <50 Mev from feW G eV

Modulated density ramps help
Electron injection in the wake

Drive pulse

The injected bunches are spaced
Few nm apart.

Electrons collide with an intense
laser pulse that acts as an undulator

MWIR laser undulator with K=3.5

Self filtering of the electrons that
are injected periodically in the wake

Work at FACET and ZEUS/ATF/UT-A - UR?

X.L. Xu et.al. Nature Comm. 20122
X.L. Xu et. al. Nature Photonics Submitted
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OTHER
APPLICATIONS

Industrial
radiography of
large, high
density objects

, "
: }
S

i}

2024.07.10

Radiation testing of

space bound electronics

(SEET and Total Dose)

Medical Diagnostics
and Therapeutics
R&D (XACT, VHEET)

CONFIDENTIAL AND PR
OF TAU S

High resolution 3D
imaging of
semiconductors
and batteries

Laser induced damage
testing at high intensity
and in vacuum

I E
EM

T
S

ARY INFORMATION
Inc.

Energy Materials
Ultrafast Charge
Transfer

Clean Energy
Tech
Nanoengineering
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TAY

SPACE RADIATION TESTING - SINGLE EVENT EFFECTS

ADVANCED SOURCES FOR *= Current SEE infrastructure is
SINGLE-EVENT EFFECTS

Planetary Space

fragile and oversubscribed P
TESTING (ASSERT) o ®
= Only three main facilities: €.
CURRENTLY, SINGLE EVENT y i
EFFECTS TESTING DONE WITH * BNLNSRL
HEAVY IONS = LBNL

= TAMU
MAIN PARAMETERS

= Species: H - Bi = Heavy ions can achieve high

= Energy[MeV/n]: 0.1 - 100
= LET[MeV/(mg/cm2)]: 0.01 -
100 but not both!

= Range in Si[mm]: 0.001 -1

—
o
3

._.
L)

LET or long range in Si,

Rad-hard
CPUs

—
o
©

|
3750 v ‘4— 30 years

= Capacity and capability gaps

Lo
»
-4
o
-
.
N
£
=
©
§
®
c
S
2
©
5
2
£
S
o

ey
o o
w

ASSERT GOAL: . : :
for testlng 3D ChIpS 10050 2000 2010 2050 2030 2040 2050
5mm /100 MeV-cm2 / mg Year
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wu  Space radiation testing on Earth heavy ion

Flux (mz-s-sr-l\/IeV/nuc)

Range (mm) in Silicon

Effective Range in Silicon [mm]

https://cr

eme.isde.

vanderbil
t.edu/

10° 10°
Kinetic Energy (MeV/nucleon)

heavy ion
1 GeV/u

Li BeBCNO Ne SiClArFeTi Kr AgXe TaBi

AARARAR

heavy ion
. ~
= = 10 MeV/u
[ -
= -
B S
) A=
o -
.3
-
-
—Q ?
1910 ' ~esnyuNn »
LET [MeV/(mg/cm?)] - LALARN S
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TAY
eSEE"-CONCEPT: A PULSED ELECTRON PACKET
CAN EMULATE HEAVY ION SINGLE EVENT EFFECT

Single-event “soft error” in a P-N junction
—@—Silicon
—®— Aluminum
Copper
(b) Prompt SiO2

charge <.
collection (c) Diffusion

charge
collection

w

N

[$)]

(a) Onset
of event

|

Penetration Depth (mm)

Current (arbitrary unit)

o
o

4 6
Electron Energy (MeV)

0

107 102 10" 100  10°
Time (seconds)

Simulation Data
® (0.2 pm Spotsize
1 um Spotsize
(5 ASSERT Depths

ion electrons 102 ppe o0 e
Penetration Depth in Silicon (mm)

* Concept originally conceive by Greg Allen and Harald Schone

2025.04.27 CONFIDENTIAL AND PROPRI

ETARY INFORMATION
OF TAU SYSTEMS

Inc.
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Transient Peak (mV)

FIRST MEASUREMENTS AT UT3 WITH 100
MEV ELECTRONS CONFIRM UCLA RESULTS

y=-18.8 +27.3x
y=-0.3+26.0x
y=0.9+256x
y

=-12.8+27.2x

=-3.9+26.0x
UT30 mm
UT3 +1.27 mm
UT3 +2.54 mm
UT3 +3.81 mm
UT3 0 mm Pinhole
PEGASUS electron
LBNL Cu-ion

TAU UT3 e- B N l i PP . 4 Pinhole

electrons
FDS010 @ 15V

ions @ LBN
20
Collected Charge (pC)

Laser-
accelerated
electron

beams

2024.10.15
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wua [AU-RAD - THE SWISS ARMY KNIFE OF
RADIATION TESTING

MULTI-PURPOSE RADIATION TESTING
FACILITY:

= HEAVY ION EQUIVALENT (E-SEE) One compact source...
= GAMMATID
= X-RAYS

= ELECTRONS

= NEUTRONS

= LASER

Multiple test types at one facility:

= Single event effects (Heavy ions)

" o = Total lonizing Dose (Gammas)

Northwestem Medicine | | NSRL
Chicago Proton Center |

muw = Dose rate (Gammas, electrons)

-+ , = Displacement Damage Dose (Neutrons)

No need to travel around the country for
different tests!

Displacement damage dose
TARY INFORMATION 42
s
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TAU ACCELERATOR EMITS X-RAYS A BILLION TIMES
BRIGHTER THAN CONVENTIONAL X-RAY MACHINES
Trapped electron ’/ saserhdieo

Electron sheath lon bubble

LASER-DRIVEN BETATRON RADIATION

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
2024.10.05 T T NG T AU SYSTEMS Inc. 44

Betatron x-ray beam

: 10-20 micrometers




LWFA-BASED SECONDARY
SOURCES SPAN THE FULL
RANGE OF PHOTON
ENERGIES.

%

APS APS

U3p , .
,___Uwﬁ& ) TAU'’s compact X-ray sources:

B-tron ) | * High X-ray energy: 100s keV

« High peak brightness: >102° photons.s™".mm-
Short pulse \ A\ 2 mrad=.0.1% BW

Y
D Y
Synchrotrons Bremsstrahlung APS N

APS: Advanced Photon Source wiggler \ ° | | | i
AP Acvanced Phet . Very small source size for high imaging

ALS: Advanced Light Source at resolution: ~1 um
1013 rBerkeley Lab.

* Spring 8: synchrotron at 3 5 c
RIKEN, Japan Ultrashort pulses: less than 25 fs

3

Free-Electron Laser (FEL)
LCLS: Linac Coherent Light

Source at Stanford Linear Mo Ka SynCh rotron perfo FrnMance |n a

Accelerator

6 X-ray tub
10 :r i - PSPPSRI { - - ..4...4-ray.u .e.....A» - - et e j |aborafab.
0.1 1 10
X-ray energy [keV]

=
=
N
T,
<
7
=
®
Tt
g
o~
|
g
2
%
q
2]
=
S
e
S
=
S
g
=
-
=
0
k>
=
3
=
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TAd BETATRON RADIATION APPLICATIONS

Industrial NDT for
microchips and additive

Imaging microstructures in materials Battery cell imaging manufacturing

FWHM 2.7 pm

Q
O
@
O]
=
0
o
o
)
()

Distance (p«m)

A.E. Hussein et al., Sci. Rep. 9,3249(2019) A. Doherty et al., Comm. Phys. 6, C.l. Hojbota et al., Eur. Phys. Journal A 59 (10), 247 (2023)
288 (2023)

Radiography and tomography in biology Ultrafast shocks Bone tomography

um

z (mm)

o
@
Q
Q
>

g o - Deformation oi_lhe
J. Wenz, Nature Communications 6, 7568 (2015) ablator layer J.Cole et al., Sci.Rep. 5, 13244 (2015)

J.C.Wood et al., Sci. Rep. 8, 11010 (2018)
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LPA CAN ENABLE NANOMETER RESOLUTION IN FAB

i)

EO & L3 B

[

Synchrotron Light Source (SLS) at Paul Scherer Institute,
Switzerland

\'Y

N

THIS IS WHAT THE INSIDE OF THE MICROCHIP LOOKS LIKE

Today: only at synchrotron S

= World record resolution: 4nm
= Full day of measuring time

Tomorrow: in-fab

2024.11.25 CONFIDENTIAL AND PROPRIETARY INFORMATION OF TAU SYSTEMS Inc. 48



| Emil Schueler, Ph.D, DABR

(Oepartrment o Radiation Physics, vaion of Rackation Oncelogy.

VHEE: VERY HIGH ELECTRON
ENERGY CANCER THERAPY Cancer Center

VHEE HAS BETTER CONFORMITY
AND PRECISE DOSE DELIVERY

VHEEs have a much sharper penumbra than X-rays,
reducing damage to healthy tissue. They are also
insensitive to density changes for improved beam
conformity.

onsz3samaREEE:

obEsyBnBy BEE:
- -

Because electrons are charged particles, they can be
focused and steered for precise control over the dose
deposition.

160,000 sq.ft. — 1,600 sq.ft
~$200M — ~$20M

1/100 the size
era ‘=MAnderson 1/10 the cost

_Op-

CONFIDENTIAL AND PROP
2024.02.02 >
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U CI Beckman Laser Institute
& Medical Clinic

LIANGZHONG (SHAWN) XIANG

Asso e Profi Biomedical Engineering and Radiology
Faculty, UCI Cc ence Optical Sciences Initiative (COSI)

TAY
X-RAY ACCOUSTIC TOMOGRAPHIC IMAGING (XACT)

(A) Benign Carcinoma in situ Invasive carcinoma

3D Mammography UCIRVINE

0.36 mGy ~100 pm

=1/10 of the two-view >
mammography Dr. Shanshan Tang

3D sensor array

https://www.psi.ch/en/Isb/scientific-highlights/whitlockite-in-
mammary-microcalcifications-is-not-associated-with-breast

XACT: <
« 3D images with 100x less radiation Schematic drawing of - 3D simulation Microcalcification (uCa)
dose breast XACT scanner

Shanshan Tang, et al. X-ray Induced Acoustic Computed Tomography for 3D Breast Imaging:
A Simulation Study. Medical Physics, 45(4),1662(2018)

* =>makes routine scans possible

* Real time monitoring of radiaton dose
delivery when combined with VHEE

therapy

CONFIDENTIAL AND PROPRI
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TAU-100 CAN DRIVE A 100-HZ, MEV GAMMA SOURCE FOR
NON-DESTRUCTIVE TESTING OF INDUSTRIAL OBJECTS

o With collaborators at Los Alamos National

Laboratory, we have developed the simple solid
source to TRL 4

o Tau Systems has a laser driver capable of matching

LANL performance at 10x higher repetition rate
(100 Hz)

o Full CT scans possible in <20s of laser operation

12.22 2023 CONFIDENTIAL AND PROP

RIETARY INFORMATION
OF TAU SYSTEMS
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An integrated multi-modal experimental approach for energy science orof . Lis

UT, Cockrell School of
Engineering

L .
- S |
|
3 .;\

no probe

74 : § ¥y

Soft X-ray spectroscopy - RIXS

X-ray micro-CT



Phase contrast imaging: quantitative phase retrieval offers improved image quality

Prof. Y. Liu
UT, Cockrell School of
Engineering

X ray focus __ .

\\s.
KB mirrors \ ﬁ

High energy x-rays

n=1-5+ip

0 is often several orders of magnitude higher than 3

Cloetens et al., Appl Phys Lett. 75, 2912-2914 (1999)
Yang, Liu* et al., Adv. Energy Mater. 1900674 (2019)

Phase map Virtual slice 53



Prof. Y. Liu
UT, Cockrell School of

Engineering

Electrochemical redox dynamics near and far from equilibrium

p .
ump Battery Cathode Coin cell

"l

——

A delay

1 Excited state

Non-thermal phase
transformation

Fermi level

EF ------------------------------------ -! ---------------------
whAd g

e Laser pulse knocks away some electrons, mimicking an

ultrafast charging pulse.
* Dynamic charge transfer results in the charge neutrality

TM and O redox state at eqU|I|br|Lfm. o ,
* A non-classical insight on the dopant’s role

Ground stdXe
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T Quick Comparison: Laser Wakefield Accelerator-Based, Full-Energy
Injector for a Storage Ring vs. Traditional Linac/Booster Injector System

* Mature « Untried

* Long pulse only « Shortand long bunches available

* Rep rate limited by the synchrotron (few Hz) * 100+ Hz rep rate

« High-power consumption during operations « Relatively efficient power consumer
» Single Purpose « Alternative uses”

« Sizable « Relatively compact

» Full energy injection « Full energy injection

« Top up capable , * Top up capable

Full Energy Laser
Wakefield Accelerator
Injector System

Full Energy Booster
Synchrotron

* Alternative uses
* Laser system alone
* Betatron radiation
* Bremsstrahlung radiation
« FELdriver
* Ultra short e- beam probe

Linear
Accelerator

Storage ring

Storage ring




Trd

10-J 100+ Hz 200 TW
Pulsed Laser System

Final
Compressor [

Step 2 1% energy spread

Laser Wakefield Accelerator Based
Full Energy Injector for a Storage Ring

AE/E 0.1% energy spread AE/E Step 3

Capture Optlcs

,,,,,,, k

10 ps bunch Iey 10 ps bunch length .
t _—

Storage Ring Injection
Matching Optics ~ Phase space dechirper Transfer Line

Electron Bunch

Laser Wakefield Accelerator Pulse Stretcher

AE/E
1% energy spread

5 fs bunch length t

Step 1

P10 omm g R18, e

X-band RF System

wakefield accelerator.

e Result

« Step 1: Generate full energy (1.3 GeV) beam with the laser

» Step 2: Stretch the electron bunch
» Step 3: Remove the energy/time chirp

* Low energy spread beam phase-space matched for
injection into the storage ring.

CONFIDENTIAL AND PROP
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CHICANE BUNCH COMPRESSION OF AN LPA PULSE - DESY/LUX

Laser-plasma Decompression
accelerator ~ Beam-transport chicane
magnets

Dechirper cavity Position and charge
monitor

”HfH' 66

Spectrometer

- O M1 5pC per MeV RFoff ' RFon O M 170 pC per MeV | .
i Beamline aperture

N
@
=}

Satar e b :e::mmmuamwm

N
ph}
o

Energy (MeV)
n
[}
o

Energy (MeV)
N
o
o

Active energy compression of alaser-plasma electron
beam

N
i
o

N
@
=]

N
N
o

Spectral density (pC per Me!

Nature 640, 907-910 (2025) | Cite this article

21k Accesses | 1 Citations | 97 Altmetric Metrics
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Plasma accelerators are a promising path to the next frontiers of particle physics

Next physics scale anticipated at 10 TeV

Module needs >10 GeV
for electrons or muons, 100 TeV for protons

— No technology ready for this challenge EF .
Proton path could use a 90km tunnel — FCC [\
Muon path could reduce ring size (cooling needed) 2 Momerum eV 10
Plasma path: potential size and cost savings 10 GeV, 300pC in 10 cm 10 GeV, 3pC in 30 cm
a 10_ GeV/m — smaller footprlnt & Ca_rbon load _ 1. C.Aniculaesei et al., Matter Radiat. Extremes 9, 014001 (2024)
— Bright beam generation — reduce/improve cooling 2. A. Picksley, et al. Phys. Rev. Lett. 133, 255001
— Strong focusing, short beams — improve lumi/power 3. E.Rockafella, etal., NIMA, 29 April 2025, 170586

— Strong progress: high gradient, quality, collider concepts _ _ _
— Potential to combine small footprint, high efficiency Module needs multi-kHz, multi-J drive lasers

Big Aperture Thulium

rrrrrr

H BERKELEY LAB

| N T\ CNR-INO
W.-Z. Chang et al., OpthS EXpreSS (2013) S

; I. Tamer et al., Optics Letters (2021)
T. Zhou et al Opt/cs Express (2015) S. Rostami et al, Optcis Letters (2019)
ACCELERATION STAGE Q. Du et al. Optics Express (2021) A. Fregosi et al, High Pow. Laser Science (2025)
IN PLASMA CHANNEL u M. Whittlesey et al, SPIE Photonics West (2022) ; ’ "

RECOVERY . Tamer et al, SPIE Photonics West (2022) 59




« & UR

&

SHAREC 1S /

i

\

Rad testing with S-LPA: 1,000 um
X-ray imaging with S-LPA
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TAU Systems Contact
201 W 5th St., Ste 1100 +1-512-900-1230
Austin, TX 78701 info@tausystems.com
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