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Ryan Bodenstein

- Originally from rural Vermont

- Lived in 5 countries on 3 continents

- Husband and father of two young kids

- Undergrad at Mary Washington (Fredericksburg)
- PHD at UVA/Jefferson Lab in Accelerator Physics
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Accelerator Physicist

1. Research Fellow at Rare Isotope Science Project (RISP) in Daejeon, South Korea
- Design electrostatic Low Energy Beam Transport (LEBT) for RAON rare isotope accelerator

2. Postdoc at University of Oxford in Oxford, UK
- Beam Delivery System simulations for Compact Linear Collider and International Linear Collider
- Feedback system tests at KEK in Japan
- Teaching Accelerator Physics, as well as undergraduate physics

3. Project Associate at CERN in Meyrin, Switzerland
- More BDS simulation work, as well as post-collision line studies for CLIC

4. Beam Optics Expert for the MYRRHA Project at SCK-CEN in Mol, Belgium
- Design and oversight for High Energy Beam Transport (HEBT) for target facilities and accelerator-driven system
(ADS)

5. Staff Scientist at the Center for Advanced Study of Accelerators at Jefferson Lab
- FFA@CEBAF is my main work
- Operations support
- Etc...
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What do I do?

- Main expertise is in beam dynamics and optics of particle
beams
- Also have worked in/with Superconducting RF, Operations,
Education, and Outreach
- I consider myself an accelerator science generalist
- Majority of my current work is on the FFA@CEBAF Upgrade
- Working on some design
- Managing an LDRD grant
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All I know is that I don't know...

~Operation Ivy

- Over 19 years of experience
- The field is very broad and interdisciplinary
- I absolutely *DON'T* know it all - and I'll be sure to tell you
that
- I plan to keep this talk mostly non-technical
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Early Accelerators

- In the 1920s, electricity . rorwicerse, 1924

« His PhD thesis was to realise a single drift tube with 2 gaps. 25kV, 1MHz
I nc reaS| n g Iy Sta rted AC voltage produced a 50keV kinetic energy beam.
p owe r| N g h ouse h O I d - First resonant accelerator (patented)
items

The linear accelerator & it's AC powering circuit

Historical note: He was influenced by Gustav Ising’s work, which was

never realised in practise as Ising didn’t use an AC source.
Ising, Gustav. Arkiv Fuer Ma‘ematik, Astronomi Och Fysik 18 (4), 1928




Electrostatic Accelerators

In the 1920s, electricity
increasingly started
powering household
items

In the late 1920s,
managed to get to 15 MV

Attempts at Electrostatic Accelerators
Tesla Coll Lightning

“ELECTDICITY

Arno Brasch, Fritz Lange, Kurt
Urban, in Italian Alps 1927-28

Thomas D. Cornell, Physics Today 41, 1, 57 (1988)

Merle Tuve — Carnegie — .
3MV Tesla Coil. Allibone S % -
= S G e e d s



Electrostatic Accelerators

& % Van de Graaff Generator

- Enter the Van de '
Graaff

1. hollow metal sphere 6. bower roller (metal)

2, upper electrode 7. lower electrode (ground)

3. upper roller (for example an acrylic glass) 8. spherical device with negative charges

4. side of the belt with positive charges 9. spark produced by the difference of potentials

5. opposite side of belt, with negative charges

— e "Van de Graaff Generator" by Omphalosskepti
ﬂqﬁﬂmﬁﬁs\:ﬂm{* 1933 - 7MV L?Qeniedriider%]grg‘?-rs)&ys,On\:iFa)a gc?rsnsmiﬁslc
::%;‘.LI'L.:TJI “JL-' T 1]
T/ diE——

;/ ___/__ 3 / _ http://chem.ch.huji.ac.il/~eugeniik/history/graaff.html



Electrostatic Accelerators

DC Accelerating Gaps: Van de Graaff

+ +

= How to increase voltage?

» R.J. Van de Graaff: charge
transport

» Electrode (1) sprays HV charge
onto insulated belt

» Carried up to spherical Faraday
cage

* Removed by second electrode
and distributed over sphere

= Limited by discharge breakdown
» ~2MV in air
= Up to 20+ MV in SFg!

= Ancestors of Pelletrons
(chains)/Laddertrons (stripes)




Electrostatic Accelerators

1930 - the first The first accelerator at Cambridge

accelerator at
Cambridge Rectifier
Pushed to 200 kV

Transformer &

Acceleration '
tube

Burch pump ﬁ::



Electrostatic Accelerators

1930 - the first

accelerator at
Cambridge
Pushed to 200 kV

| t Walton and the machine used
accelierator 0 "spit the ator’

Cavendish Lab, Cambridge

https:/fwww.youtube.com/watch?v=ep3D_LC2UzU

15

Cockcroft-Walton accelerator: 1932

. 2V 4V

Voltage multiplier circuit

Walton accelerator at
Clarendon Lab, Oxford
University in 1948.

1.2 MV 6 stage Cockcroft-

,;;}]ze AT[!MT[}B‘{ APART (::;:'iizl.ii_r:.@_g
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NEW YORK TIMES, -‘v“\y’ 29 193?

Science context

JEFFERSON CITY POST-TRIBUNE

Monday, May 2, 1932

SCIENTIST SPLITS P
THE ATOM, HAILED A5
bREAT AGHIEVEMENT

nucleus

* Image: hitp:/ick12.0rg.uk

Proton: 1909(?) Rutherford
Neutron: 1932, Chadwick

Splitting the atom was
announced at same meeting!



Electrostatic Accelerators

DC Accelerating Gaps: Cockcroft-Walton

s | Source

- Rectifiers =i 8
= Accelerates ions through — i
successive electrostatic voltages &1 2l

= First to get protons to >MeV TN

= Continuous HV applied through
intermediate electrodes

= Rectifier-multipliers (voltage
dividers)

= Limited by HV sparking/breakdown
= FNAL still uses a 750 kV C-W
= Also example of early ion source
= H gas ionized with HV current
* Provides high current DC beam




Cyclotron

- Along comes Ernest
Lawrence

Centrifugal force = magnetic force
mv;

P

Revolution frequency @, =v,/p

Cancelling out rho gives: /
o,

= qvﬁ,BZ

- Inspired by Widerge's

paper @, =qB,/m
p=mv/gB,
. ' Ernest Orlando Lawrence .
- Didn't know that Lawrence: “R cancels R!”
re I atl\/lStl C maSS ie. for constant charge g and mass m, and a uniform magnetic field B, the angular frequency

is constant. ie. the rf frequency can be constant. The orbit radius is proportional to speed, v.

would break this
equality



Cyclotron

Along comes Ernest
Lawrence

gy = Can we repeatedly spiral
| and accelerate particles
through the same potential

gap?
Inspired by Widerge's B ®
paper

Didn't know that
relativistic mass
would break this
equality

Accelerating gap A®
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Cyclotron

This version has two
accelerating gaps per
turn

Foro
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E. Lawrence & M. Stanley Livingston



Cyclotron

electromagnet
(north pole)

acceleration

P

hollow electrode :
chambers

particle’s
path

=

charged particle
target

N

alternating
current
source electromagnet

(south pole)

All The Fundamentals of an Accelerator

Large static magnetic
fields for guiding (~1T)

» But no vertical focusing

HV RF electric fields for
accelerating

= (No phase focusing)
» (Precise f control)

p/H source, injection,
extraction, vacuum

13 cm: 80 keV
28 cm: 1 MeV
69 cm: ~5 MeV

... 223 cm: ~55 MeV
(Berkeley)
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The Betatron (1940)

Betatron
D.W. Kerst, Phys. Rev. 58, 841 (1940)

» Like a transformer with the beam as a secondary caoil
« Usually used for relativistic electrons (so different from a cyclotron).
» Max energy achieved 300 MeV

» Accelerating field produced by a changing magnetic field that also serves to
maintains electrons in a circular orbit of fixed radius as they are accelerated

Equate Faradays law on induction
& Lorentz force law gives...

orblt s + B orbit g

27r?

Betatron Since E_.__i

Image: http://mysite.du.edu/~jcalvert/phys/partelec. htm#Tron 71'!‘2

http://physics.princeton.edu/~mcdonald/examples/betatron.pdf



The Betatron (1940)

I(t)= I 0 COS(ZTCCOft) ABHVG By '[ g

Iron Magnet

= Apply Faraday’s law with time-varying current in coils

= Beam sees time-varying electric field — accelerate half the time!
= Early proofs of stability: focusing and betatron motion

Donald Kerst
UIUC 2.5 MeV §
Betatron, 1940

UlUC 312 MeV
betatron, 1949

Don't try this at home!! Really don't try this at home!!
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The Betatron (1940)

= Betatrons produced electrons up to 300+ MeV
= Early materials and medical research
= Also produced medical hard X-rays and gamma rays

» Betatrons have their challenges
= Linear aperture scaling
= |arge stored energy/impedance k
= Synchrotron radiation losses
= Quarter duty cycle
= Ramping magnetic field quality

This will only hurt a bit...



Synchrotrons - Phase Stability

- - L‘\‘
* A partlde at M1/2 arrives earlyf / : More energy, arrive earlier relative to P/ B
sees a hlghgr voltage,_ goes to . \ Y
a larger orbit, and arrives later /
next t|me around ,. Less energy, arrive later /relative toP
'\
. I/ [ -
,fI P, P, \\ f,/j 1
. . / \ / =
- A particle at N1/2 arrives late, / \ /

sees a Iowe.r voltage, .goes to a 00 (s | s Emode) \_
smaller orbit, and arrives —— | S——
earlier next time around.

= Consider a series of accelerating gaps (or a ring with one gap)

= By design there is a synchronous phase @, that gains just
enough energy to hit phase @ in the next gap

- A particle at P1/2is = P,, are fixed points: they “ride the wave” exactly in phase

synchronous. » [f increased energy means increased velocity (“below transition™)
= M,,N, will move towards P, (local stability) => phase stability

= M, N, will move away from P, (local instability)



Synchrotrons - Phase Stability

Phase Stability Implies Transverse Instability

eV

.\1;/”

e/t )% OE,
/ -5 >0 =

,f'/ 8t 82 < 0

* For phase stability, longitudinal electric field must have a
negative gradient. But then (source-free) Maxwell says

> o OE, OE, OE, OE, OF
V:-E=0 = 9 + 2y aF gy =0 = 5 3y

There must be some transverse defocusing/diverging force!

Any accelerator with RF phase stability (longitudinal focusing)
needs transverse focusing! (solenoids, quads...)




Synchrotrons

Discovery of Synchrotron Light
GE, 1947

Astrophysical relevance:
majority of radio sources in the
universe emit via synchrotron
processes!

NB. GE team were beaten to ‘first
synchrotron’ by a month:

Goward and Barnes (UK) converted a
small betatron into an 8 MeV electron
synchrotron s g et b

where it was first d




Proton Synchrotrons

BNL Cosmotron
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National Academy of Sciences, Biographical Memoir

of M. Stanley Livingston by Emest D. Courant

Up to 3 GeV beam energy



Proton Synchrotrons

LBL Bevatron
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- Last and largest weak-focusing proton synchrotron 4 £l
- 1954, Beam aperture about 4’ square!, beam energy to 6.2 GeV
- Discovered antiproton 1955, 1959 Nobel for Segre/Chamberlain

(Became Bevelac, decommissioned 1993, demolished recently)

N




Proton Synchrotrons

Two Serious Problems

= These machines were getting way t00 blg

= Bevatron magnet was 10,000 tons
= Apertures scale linearly with machine size, energy

(Length/circumference scales linearly with energy at fixed field strength too...)

= Fixed target energy scaling is painful
= Available CM energy only scales with VE, ..,

= Accelerator size grew with the square of desired CM
energy

= Something had to be done!!!

Strong Focusing (1952) and Colliders (1958-62ish)
to the rescue!!!



Strong Focusing

Brookhaven, 1952, Livingston: Can we Bl B
. | o (2
turn around some Cosmotron magnets? -1 A dipole
¥ | e l MBS magnets
A L e D /‘\ quadrupole
; ' * . T { : magnets
rf cavity

FIG. 27. E. D. Courant, M.S. Livingston, H.S. Snyder, and J. P. Blewett ;
demonstrating the relative cross sections of the cosmotron magnet and a It turned out Nikolas

speculative alternating-gradient magnet of very large gradient. Christoph“os (Greek engineer)

had got there first and patented
the idea: they later hired him.

E. Courant & H. Snyder worked out the theory...




Strong Focusing

Cornell Electron Synchrotron (1954) First Electron Collider
Van deGraaffinjector-'\‘ ™ ; Pl‘il‘lcetl(}n'-Sta_nford CBX - 1961 Y
e e W A ‘
Tt o ¥ Ny .._"*‘t:-*'

» 1.3 “BeV” (GeV) with van de Graaff injector

» First strong focusing synchrotron, 16 tons of magnets, 4 cm beam pipe
Accelerators: Machines of Nuclear Physics (Wilson/Littauer 1960)
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b) ELECTRON MACHINES

(+Strong Focus

Synchrotrons)y
[EWeak Focus

Synchrotrons) /

1960 1980
Time {Year)

a) HADRON MACHINES

{OStrong Focus Synchrotrons)

I,r—* (+Weak Focus Synchrotrons)

4XSynchro—cycloirons)

(#Linacs)

*Cyclotrons) # (#Electrostatic Generators)

{ORectifier Generators)

1960 1980
Time (Year)




Progress in Leaps and Bounds

ISR — first hadron collider

1971 to 1984,
CoM energy |
62GeV

Also: stochastic cooling invented by Simon Van de Meer



Progress in Leaps and Bounds

The Tevatron & superconducting magnets

THE TEVATRON ENERGY "_'
DOUBLER: |

A Superconducting Accelerator
Helen T, Edwards

Fermi National Accelerator Laboratory,! Batavia, lllinois 60510



Progress in Leaps and Bounds

Superconducting Radio Frequency

Technology (SRF)

- Much of the pioneering efforts
made at Cornell in the 1970s and
1980s

- Jefferson Lab brought this into the
limelight as the first major large-
scale SRF accelerator in the world

- This has now become relatively
"standard" in the LINAC world
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Before we begin...

“A beam of particles is a very useful tool...”

Radioisotope lonBeam Synchrotron PBT
Production, Analysis, 1.0% __Radiation, 0.2% Accelerators,
“A beam of the right particles with the right energy at 3.2% 0.2%
the right intensity can shrink a tumor, produce cleaner e
energy, spot suspicious cargo, make a better radial gyl

tire, clean up dirty drinking water, map a protein,
study a nuclear explosion, design a new drug, make a
heat-resistant automotive cable, diagnose a disease,
reduce nuclear waste, detect an art forgery, implant
ions in a semiconductor, prospect for oil, date an
archaeological find, package a Thanksgiving turkey
or... discover the secrets of the universe.”
~Accelerators for America’s Future

Doyle, McDaniel, Hamm, The Future of Industrial Accelerators and Applications, SAND2018-5903B



Accelerators Installed Worldwide

- Medical Accelerators

. ==Industrial Accelerator Total

=== Discovery Science Accelerators
====lon Implantation

-~ =@-E-Beam Material Processing
== Electron Beam Irradiation

.« Nondestructive Inspection

. =—Neutron Generators

Radioisotope Production
| =g==|On Beam Analysis
‘ ~—All accelerators

ki
2
S
e
S
Q
)
(1]
o
oy
2

1968 1973 1978 1983 198Y8 1993 1998 2003 2008 2013 2018
ear

Slide from S. Sheehy



Patients cured by the major cancer treatment modalities

Radiotherapy Surgery

Chemotherapy
- alone Reference

B w!ih ety Cancer Services Collaborative 2002
- with radiotherapy www.nhs.uk/npat

Slides from S. Sheehy

Change in three measures of cancer mortality, United Kingdom, 1990 to

2017

This chart compares cancer deaths, the cancer death rate, and the age-standardized death rate.

Cancer deaths

-20%

1990 1995 2000

Source: Global Burden of Disease [IHME]

Cancer death rate (not
age-standardized)

Age-standardized cancer death rate

2017

OurWorldinData.org/cancer * CC BY




Treating cancer
X-ray Radiotherapy (RT)

Around half of all cancer patients in HICs benefit from RT

Linac (S-band)
Achromatic Bend
Foil to produce x-rays

CoIIimatio_lj____system

Image: copyright Varian medical systems




Treating cancer

Charged Particle Therapy
Proton & lon therapy

100 | “Hadron therapy” = Protons and light ions
| S~ * Used to treat localised cancers
/_\ Bragg Peak . | morbidity for healthy tissue
/ A * Less damage to vital organs
| * Particularly for childhood cancers

modified PROTON beam

250MeV >
. — - R
native PROTON beam —
250MeV - o
T i ko .

Dose (%)

0 10 20 30
Depth in Tissue (cm)

Greater dose where needed

Less morbidity for healthy tissue

Less damage to vital organs



A quick aside...

A Global Challenge in Healthcare:

* By 2035, 75% of cancer deaths worldwide will be in LMICs
* Severe shortfall of LINACs & issues with machine failures

e - International
Cancer
Expert Corps

Science and
Technology
Facilities Council

STELLA Collaboration Formed to Address this Issue



Radioisotope production

* Accelerators (compact
cyclotrons or linacs) are used to
produce radio-isotopes for
medical imaging.

* 7-11MeV protons for short-

lived isotopes for imaging

« 70-100MeV or higher for longer =~ -

lived isotopes

Annihilation

Coincidence
Processing Unit

Image Reconstruction

Positron emission tomography (PET) uses Fluorine-18, half life of 110 min

Sinogram/
Listmode Data







A few industrial uses...

- Jon Implantation

Images courtesy of Intel

* Accelerators keV->MeV are
used to deposit ions in
semiconductors.

S SUBSTRATE

Figure 2: Sketch of major doped regions for a planar
CMOS transistor.

Image: https://accelconf.web.cern.ch/pac2013/papers/weyb2.pdf



http://rsccnuclearcable.com/capabilities.htm

1, can become:

Slide from S. Sheehy



A few industrial uses...

. . Manufacturers of medical disposables have to kill every
IonIm pla ntation germ on syringes, bandages, surgical tools and other gear,

e E | ectron Beam P rOCQSSin g without altering the material itself.
. Eq ui pm ent Sterilization E-beam sterilization works best on simple, low density

products.

Advantages: takes only a few seconds (gamma irradiation
can take hours)

Disadvantages: limited penetration depth, works best on
simple, low density products (syringes)

40-50% of all disposable medical products
manufactured in North America are currently
radiation sterilized, primarily at 60Co
irradiation facilities. — Hamm & Doyle, 2018

The IBA rhodotron — a commercial
accelerator used for e-beam
sterilization




A few industrial uses...

[on Implantation
Electron Beam Processing

‘Cold pasteurization’ or ‘electronic
pasteurization’

. Equipment Sterilization 1= ]_ Uses electrons (from an accelerator) or X-rays
. . B | produced using an accelerator.
- Food Irradiation 70 a i
I " -
- The words ‘irradiated’ or ‘treated with ionizin
NS 8

radiation’ must appear on the label packaging.

In the US all irradiated
foods have this symbol Foods authorized for irradiation in the EU:

Lower dose



A few industrial uses...

- Jon Implantation

- Electron Beam Processing
- Equipment Sterilization

- Food Irradiation

- Gemstone Irradiation

TABLE 2. Effecis of 1

http://www.nrc.gov/reading-rm/doc-collections/fact-sheets/irradiated-gemstones.htmi

http://www.symmetrymagazine.org/article/october-2009/cleaner-living-through-electrons
‘Irradation and Radioactivity’, Gems and Gemology, 1988



A few industrial uses...

- Ion Implantation

- Electron Beam Processing
- Equipment Sterilization

- Food Irradiation ;
- Gemstone Irradiation TN fonewacerators folgocietyorg gse-
- Non-destructive testing (weld integrity, etc...)

- Hardening surfaces of artificial joints
- Scratch resistant furniture

- Hardening of tarmac

- Etc...

L)

— ’[

ﬂ |
u \\ . _//

Image: https://www.mistrasgroup.com






Environment you say?

- Wastewater Treatment

Remove organic compounds
and disinfect wastewater.

Can be used to e

treat/reclaim: ,

+ Textile Dyeing —

* Pharmaceutical r

* Petrochemical

* Municipal Wastewater

* Contaminated
Underground Water .

1 MeV, High Current,
scanning system

Also used for removal of NO, and SO, from flue gas emissions
v

https://www-pub.iaea.org/MTCD/publications/PDF/P1433_CD/datasets/presentations/SM-EB-23.pd?



Environment you say?

- Wastewater Treatment

Contents lists available al L e pnn
e A Nuclear Inst. and Methods in Physics Research, A i
& el
journal homepage: weww
_ o o _ Remove organic compounds
Design and commissioning of an e-beam irradiation beamline at the | . .
Upgraded Injector Test Facility at Jefferson Lab : a nd d I1SI nfec’t wa Stewater_

Xi Li®", Helmut Baumgart *~", Charles Bott =/, Gianluigi Ciovati "', Shaun Gregory ",
Fay Hannon ', Mike McCaughan ", Robert Pearce ™', Matthew Poelker ", Hannes Vennekate ",
Shacheng Wang

Can be used to
treat/reclaim:

* Textile Dyeing

* Pharmaceutical

* Petrochemical

* Municipal Wastewater
* Contaminated
grsersysem - Fastelosingvalve oy ko (6B oradiation beamline Underground Water

&
|

i o»
5 “;;’; 3 -
H { t‘“‘f"L“‘ I.-\“_ : \1/(\)1|:1d|'u|mlc
TR ‘ :} T

ARTICLE INFO

1.

Electron gun ..f“‘_ l MeV spectrometer line
‘L“‘& "
f

1 MeV, High Current,
scanning system

keV region

SRF
cryomodule

MeV region

o o _ - Also used for removal of NO, and SO, from flue gas emissions

Fig. 1. Schematic layout of the UITF at Jefferson Lab. (BCM - am current monitor; Fcup -~ Faraday cup.

https:f/www-pub.iaea.org/MTCD/pubIications/PDF{P1433_CD/datasets/presentations/SM-EB-23.pdf
Y A



Environment you say?

“Using ion beam analysis methods, it is possible to not only determine the number of
minute quantities of pollutants in the air but also to identify their sources,” - David
Cohen, ANSTO

- Wastewater Treatment
- Aerosols/Pollutants

F7-Auto

F1-2ndryS F2-Soil F3-Sea F4-IndSaged F5-Smoke F6-Ind

1
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iE4 3
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1E4
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1E4
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1E4
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“up to half of the total sulfate air pollution in

} the greater Sydney region can be attributed to
emissions from NSW’s eight coal-fired power
TITBLOTXIFFoEL823RaL8 stations” - ANSTO

https://www.ansto.gov.au/our-science/projects/aerosol-sampling-program/highlights-aerosol-sampling



Transmutation of nuclear waste isotopes or energy generation
Extracted proton beam

power, (1-f),

fed to the Grid
Subcritical

ADSR core High energy,
high current

proton accelerator

fraction of power,
f(~5%), fed back
to accelerator

S
1=
2
=
=
2

e
Ll
o
[1+]

5
-
o

o
1]
=N

(P

suo.anau upyeyeds
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PHASE 2

Environment you say?
yﬁ LINEAR ACCELERATOR e

Wastewater Treatment
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| PHASE 3
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Nuclear waste is not only the issue of

sustainable, but also the long-term

supply for the nuclear fission energy .

“The ADS has the advantage that it can burn pure minor HREFE

actinides while avoiding a deterioration of the core safety @ s

[ — e
= i l

B & |

Qutput power A Y,

characteristics.”
_ ADS and FR in Advanced Nuclear Fuel Cycles - A
Comparalive Study, NEA/QECD, 2002

Accelerator Driven Subsystem is an

competitive solution.
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Another quick aside...

Large scale accelerators tend to be very power hungry, and not especially
"green" by their very nature.
The last few years have seen a major change in approaching future
accelerators and upgrades, with aims to reduce the carbon footprints and
make these machines more environmentally responsible.
For example, the recent International Particle Accelerator Conference
(IPAC23) had several invited and contributed talks focused on these
sorts of improvements.

There's still a LONG way to go.
Concrete tends to be one of the major impacting factors, along with

power usage.






Studies of art




Studies of art

World's only particle accelerator for n physics MDPI
art is back at the Louvre

= Ion Beam Analysis and *C Accelerator Mass Spectroscopy to
Identify Ancient and Recent Art Forgeries 5

Lucile Beck
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e back iska s ot Uhe Lausrs suseur in Pack

are definibely fa wst likely a fake,
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and paint samples.
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Cultural Heritage

LT A
What could be discovered if it were possible to take rock

art to an lon Beam Accelerator or Synchrotron Light Source g
facility...

. MACHINA: the system
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® RFion source Power supplies @ Exit snout \
@® Diagnostic station Vacuum system ® Detectors
Control system {ecﬁno/og}/

Interlocks handling
Cooling system
Radio-protection

N
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And so much more!
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Put a ring on it...

- First thing to realize about ring-based accelerators: they're mostly magnets, with a bit of accelerating

components
- For example, the LHC at CERN is 27 km around, and only has 16 Superconducting Radio Frequency (SRF)
cavities split into 4 cryomodules.
- Meanwhile, it has 1232 superconducting dipoles (15 m in length), 392 quadrupoles (5-7 m in length), plus
correctors, interaction region magnets, etc...
- This makes ~18.48 km of dipoles alone

- . -, v i




A few types of rings

extraction magnets

beams of
particles

tl accelerating
, cavities

inflector

250 MeV PSI Isochronous Cyclotron (2004)

linear
accelerator

source of
particles

electromagnets




A few types of rings




A few types of rings




A few types of rings







A few more points

Ring optics are designed to meet a periodic condition which allows the

beam to recirculate many times
Often, LINACs are used for getting particles "up to speed" for injection into

a ring
When the particle velocity is non-relativistic, the accelerating structures

must vary with the v/c
Once the velocity is relativistic, it can be more efficient to use a

synchrotron
Electrons are relativistic in the keV range, and as they gain momentum,

they emit synchrotron radiation
This can reach a point of diminishing returns






Get in line...

- Contrary to ring-based accelerators, LINACs are mostly made of accelerating components, with magnets used to
control the beam dynamics
- Looking below, you'll see that JLab's LINACs are almost all SRF cavities, with some magnets sprinkled in
- Beamlines are another story...more on that later




A few types of LINACs
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A few types of LINACs
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A few types of LINACs










A few more points

LINAC optics are NOT designed to meet a periodic condition which allows
the beam to recirculate many times, but rather meet other specific needs
LINACs tend to be great for high-energy electrons, since they minimize
synchrotron radiation

However, they're inefficient for heavier, relativistic particles
The so-called Twiss Parameters are mathematically identical to those of
rings, but represent the beam itself, rather than being defined by the
lattice






There are MANY more types

- Mainly, they're either ring, LINAC, or hybrid based
- Newer technology is looking into shrinking accelerators:

- Plasma Wakefield

- Dielectric
« Drive beams
- Energy Recovery LINACs
. etc...

Plasma wakefield acceleration
using electrons

Plasma wakefield acceleration
using positrons
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Jefferson Lab Overview

Department of Energy National Laboratories

- 180 M$ annual operating budget

- 759 Full Time Employees

- >1600 Active Users

« Produces ~1/3 of US PhDs in Nuclear
Physics

- 169 acres and 80 buildings and
trailers

© ENERGY

Core Competencies
* Nuclear Physics Research
* SRF Technology Leadership
* Polarized Electron Sources
* Cryogenics Research and Development
* Accelerator Physics and Diagnostics Development
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The Injector THE CHOPPER'
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The LINACs

= North and South Linac Optics:

* 9.6 m FODO channel with cryomodules
between quadrupoles.

* Beam injected with large spot size and
damps as the beam is accelerated.

* Skew quads in lattice around C20 and C50
cryomodules to correct for skew moment in
cavity fields.

* (C100s have no skew moment.
* Designed to provide 1090 MeV for a 12 GeV

CEBAF
:n beta_x(m) 450 .
! beta_y(m) 400 4 s!gma_xluml

: .u: | ’ | |\ F ‘\ ’ ' ] I * || 'h. ,‘ | ﬂ l I | q I‘I * _ 350 i | sigma_y(um)
g | fl l | || I-il |I' | 'I1 | | | i |' ' I\ 'lll |' ill IIII| |II| '. ||”' g \
2% 1 | I | | | | | | {1 | | \ % 3o \ |
‘Ez; |||I||/ M}I'.'u-llI ||||I|i.||||| 'HIIII I||II l'll.II I|I i, a8 4 .‘
%20 —HH |||| / I.I .i .' ' t | \ \n } I|E IRy — I| \r W & 200 ALY ! A
E ) I \ I { \f l "' f I| = '| | \f ||-I i y \y ',-I 0y E 150 'I', .'] . I & A
§ ; l l I I ] l } 1 I \ I( r‘l I [||| Iil x l ,':ll |I| l. (I 100 II\L 'III A / "I ] A AR A y

s | J.'I ' \j \/ / J V'II VA ‘; ' 'l.} \/ J '\i' I" (,-" \/ ’ \/ l". fl'l J Ill'u"'l » 50

’ 50 100 150 200 250 ° 0 50 100 150 200 250

Beam Path (m) Beam Path (m)



Average Cavity Gradient

The LINACs

= There are 418 SRF cavities in CEBAF
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Spreaders and Recombiners

= Spreader/Recombiner layout:

Vertically achromatic system designed to accept broad range of multi-pass input parameters
for recirculation transport.

* Final step heights in /2 meter increments above lowest pass.

* Quads in step control the vertical dispersion.

* Recombiner is mirror-symmetric to the Spreader.

West Recombiner




Recirculation Arcs

Arc layout:

Sixteen dipoles for Arc 1 and Arc 2 and thirty-two dipoles for Arc 3-10.
The recirculating Pi bends are at a radius of 80 m.

Each Arc has 32 quadrupole girders grouped in 4 families to control achromaticity, momentum
compaction and the betatron tune.

Beam Position Monitors at the entrance of quadrupoles.
Horizontal and vertical correctors throughout to control the beam orbit.
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Halls A,B,C 5th Pass Vertical Separation
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Halls A,B,C 5th Pass Vertical Separation

To Halls A B.C
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Extraction Simultaneous Four-Hall Capability

= 5t Pass Horizontal Extraction at 750 MHz with three beams
left and one beam right

= 5th Pass Vertical Extraction at 500 MHz showing A, B, C beams

Viewer at Entrance of Beam Switchyard
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Jefferson Lab's Future

There's only about a decade or so left "in the queue" for experiments at the
lab.

- Once these wrap up, we hope to run a positron program for a bit

- But after that, what is next for the lab?



Jefferson Lab's Future

What if we increased the energy?
We could upgrade our LINACs and all the infrastructure
That's not cheap, nor "green"
What if we could use the current LINACs, but increase the number of
passes?
No room in the recirculating arcs...
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Remember FFAS?

But we MUST mention FFAs

FFA = Fixed Field Alternating gradient accelerator
Uses fixed magnetic fields (or permanent magnets)
Alternating magnets have opposite bending fields

Allows for multiple passes in same arc

PMs mean no power draw

Source ims
T Beam

Main linac cryomodule ctan
slop

njector cryomodule

3 Diagnostic
Splitter B = line
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This is what we want for 22 GeV!
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Read all about it!
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https://wiki.classe.cornell.edu/pub/CBETA/
WebHome/CBETA_final_report_revB-V3f.pdf



Can JLab use this technology?

Could we use permanent magnet FFA arcs to recirculate more times through
our pair of LINACs?

Could we do this in a manner which minimizes impact on the current
infrastructure?

Can FFAs handle beams up to 10s of GeV?
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Location  Pass Number Energy (GeV)

Northeast 1.750
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Upgraded Injector + LINAC Optics

The new LINAC optics maintains adequate control over the lowest-energy
passes, but appears as a drift to the higher-energy passes.

However, with the new injection energy comes a new energy ration that must
pass through the spreaders and recombiners. They needed updating as well.



Updated Spreaders

Designing the Spreaders and Splitters for the FFA@CEBAF Energy Upgrade

R.M. Bodenstein*, J.F. Benesch, S.A. Bogacz, A.M. Coxe, K.E. Deitrick, B.R. Gamage, D.Z. Khan,

K.E. Price, A. Seryi, Jefferson Lab, Newport News, VA, USA
J.S. Berg, S.J. Brooks, D. Trbojevic, Brookhaven National Lab, Upton, NY, USA
V.S. Morozov, Oak Ridge National Lab, Oak Ridge, TN, USA
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Abstract
The FFA@CEBAF energy upgrade study aims to approximately double the final energy of the electron beam at the Continuous Electron Beam Accelerator Facility (CEBAF). It will
do this by replacing the highest-energy recirculating arcs with fixed-field alternating gradient (FFA) arcs, allowing for several more passes to circulate through the machine. This
upgrade necessitates the re-design of the vertical spreader sections, which separate each pass into different recirculation arcs. Additionally, the FFA arcs will need horizontal
splitter lines to correct for time of flight and R56 . This work will present the current state of the spreader re-design and splitter design.

Current CEBAF Spreader Layout
Spreaders downstream of linacs, recombiners are mirror images upstream of linacs.
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The two common dipoles separate the passes by energy, with the lowest energy beam
being bent upward the furthest. Each successive pass will be bent less. They then follow a
two-step elevation rise, which allows for achromaticity in the main Arc.

Common Dipoles Into Spreader

First Step of Spreader

Redesigned CEBAF Spreader Layout

Image by Kelly Tremblay

Lengthened first common dipole, changed ratios of step elevations, added/strengthened
diploles/quadrupoles to accomodate higher energies. Upgraded septa used to separate six
FFA passes from EM passes. FFA passes recombined at LINAC height.

Recombiner




Updated EM Arcs

It turns out, the upgraded injection energy also caused the beam in the EM
arcs to be too high energy for the current magnets. The solution was to
"promote" each line "upward" and rematch the optics.
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4 Passes Of 22 GeV CEBAF

ARCI ARC2  ARC3  ARC4  ARC5  ARC6  ARC7  ARCS Slide from Donish Khan



Designing the FFA Arcs

Once the magnets were designed to handle the energies, they were turned
into a lattice that would fit in the current tunnel footprint.

s INy,
LT T ,."J"_.-’l,.f- )
Wy,

I . S
RS

| |I]_:r,' |'I-‘r T




Machine Errors Horizontal Orbits Without and With Errors
* Error studies, diagnostics, correction schemes o Y T Wﬂ%ﬂﬁw

4GV | WA ATy
: macev (il V""ﬂlh'r*h'rM"t\w\ il 'rl AR
6-pass Orbit Excursions in FFA Arcs 50 100 s(m) 150

®  ldeal Case (Mean)

e HT

Horizontal Dispersion Without and With Errors

19
E (GeV)

E
c
L2
£
3
2
fin]
=
-]
[
[s]

s (m) - AR R R R T T T

Hidpanaaanaapnnnuaoant AGaan I|||l1l'||i|l||a|l|lll\lil

. s:«mmm DrM!m.lulm —
1 U||| | || ||| L || |Iﬂ|1 ' l] l|||| |||||I|| |?l||

POV RERRAN

100 s(m) 150

Orbit Excursion (m)

Slide from A. Coxe




Not bad for ~2 years of work!

But there's a lot more to do.
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Splitter Design (and extraction)

Splitters are used to control time of flight, R56, optics, and orbits before the
beams enter the FFA arc.

CBETA Splitters for Time-of-Flight and R,
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Work by V. Morozov and R. Gamage
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Work by Y. Roblin and D. Turner






What's on deck?

- Currently wrapping up an LDRD study on Start-to-End simulations

- Submitting a new LDRD to test magnet degradation due to radiation
exposure

- Continue refining design
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