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How crucial is the magnetic field!
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Scales of Magnetic Field
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What are particle Accelerators?

A particle accelerator is a machine Brookhaven Lab Accelerator Facilities
that uses electric and magnetic

fields to speed up charged particles,

RHIC NSLS-Il BLIP

such as protons or electrons, to

very hlgh energies. Relativistic Heavy lon Collider ~ National Synchrotron Light Brookhaven Linac Isotope

These high-energy beams are used souree | Producer
for scientific research, like smashing
particles  together to  study
fundamental physics, and for
industrial, medical, and
commercial applications, NASA Space Radiation Tandem Van de Graaff Accelerator Test Facility

_ _ Laboratory
including cancer therapy, food

sterilization, and the

manufacturing of computer
chips. All these at Long Island !
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Typical Linear Particle Accelerator
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Particle Accelerators in Medical sciences
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Radiopharmaceuticals

*Diagnostic:
*FDG: Used in PET scans for cancer, heart, and brain disease diagnosis.
*Gallium-68 (Ga-68): Used in imaging for neuroendocrine tumors.

*Therapeutic:
sLutetium-177 (Lu-177): Used in targeted therapies for cancers like prostate and neuroendocrine
tumors.
«Actinium-225 (Ac-225): A potent alpha-emitter used in targeted alpha therapy for certain cancers,
such as acute myeloid leukemia and metastatic castration-resistant prostate cancer.
«Astatine-211 (At-211): Another alpha-emitter being developed for targeted cancer therapy, particularly
for blood-borne cancers like leukemia and lymphoma.
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Magnetic Field

1. A magnetic field is a vector field that
describes the magnetic influence of
electrical currents and  magnetized
materials.

2. Magnetic field is omnipresent. From human
brain to neutron star; magnetic field ranges
from as low as pT to 100 MT neutron star.

3. Hans Christian Oersted proved electric
current produces magnetic field in 1820,
thereafter Andre-Marie Ampere formulated
mathematical form to represent the
magnetic forces between current carrying

I conductors in 1826.
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Closed bore (cylindrical)
configuration with
superconducting solenoidal
design. The coils are bathed in
liquid helium allowing a stable,
homogeneous field to be

— ' created, typically 1T and
Magnetic field created by .
solenoid higher.

Magnets for MRI

Most open bore scanners
utilize permanent magnets in a
C-shaped or horseshoe
configuration. These operate
at field strengths typically
ranging from 0.064T to 1.0T.

Fujifilm Aperto 0.4T permanent magnet
scanner

C-shaped permanent magnet

The third design is a dipolar
electromagnet configuration
with coils on either side of the
patient. These coils can be
superconductive or resistive
and range from 0.5T to 1.2T.

Fujifilm Oasis 1.2T HFO superconducting
scanner Dipolar electromagnet design

Very low field scanners utilize
arrays of small permanent rare-
earth magnets in a Hallbach
configuration. This reduces
fringe fields and permits a

MR magnet types - Questions and
Answers in MRI

L? Brookhaven

# National Laboratory A @®
== single-sided magnetic field.
f . . - = Conical Hallbach array of rare-
Vikas Teotia, Brookhaven National Laboratorjromaxo 0.064T single-sided scanner i vy o



https://mriquestions.com/types-of-magnets.html
https://mriquestions.com/types-of-magnets.html
https://mriquestions.com/types-of-magnets.html
https://mriquestions.com/types-of-magnets.html

Typical scenario in a particle Accelerator

Sextupole

ks

Ow energy

/ Quadrupole

Incoming beam

Desired focus

Low energy focus High energy focus

L? Brookhaven
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Vikas Teotia, Brookhaven National Laboratory

Development cycle of Accelerator Magnet

1. Beam Dynamics Design

2. Drawing Functional
Requirement Specification
Application
Basic physics

L requirement |

6. Series Fabricatio

LT T 1§ )

¢ ] =8

: R
»
/ 5
DR N
%
= First \ \
doublet =,
N |

|

3. Drawing Technical
Requirement Specification
Interface Specifications
Limitations on size/power
consumption
Acceptance criteria

==

(4 &

4. Electromaanetic desian

JG.dz along azimuthal axis at

3.03700 different radius
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Beam Line Magnets in Particle Accelerators

Transport Line Accelerator Special magnets
a. Quadrupole a. Undulators
a. Quadrupole Magnet b. Wigglers
Magnet b. Solenoid c. Septum
b. Solenoid Magnets Magnets
c. Dipole magnets c. Dipole magnets
d. Sextupole d. Sextupole
Magnets Magnets
e. Kicker magnets
Magnet Technology

(Realization of Magnets)

JPermanent Magnets
Electromagnets : NC/SC

I L? Brookhaven
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Field distribution in multi-pole magnets

B,: normal dipole B,: normal quadrupole B;: normal sext
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Field profile in horizontal axis

- I irl_l I
B}?{I}= ZEH(E) = El+ BEE'F EEF-F aE
n=1
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By, By
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B,: dipole

T DIUUNlIIavolil

National Laboratory
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B,: quadrupole B,: sextupole
(5t = & = ﬁ B” = %
R dx R
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Availability of options (example of normal
conducting dipole magnet)

window frame T window frame {“0”)
(“0") with windings on both backlegs

I L:> Brookhaven
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Magnet Technology (Realization of Magnets)

JPermanent Magnets

exciting i}
corl B

Electromagnets
dIron Dominated
Coil Dominated
Resistive
Superconducting
Static
Cycled/ramped/slow
dFast pulsed

L? Brookhaven
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Iron Dominated versus Coil Dominated
magnets

Coil blocks

20 W

Tevatron HERA
¢ " National Laboratory (one aperture) 17
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Normal conducting versus Superconducting
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Magnetic profile of Quadrupole Magnet

1.000000E-01 g
o =

20.05

L &.000000E-02 O-G

— 6.000000E-02

— 4.000000E-02

0,000000E+00
Integral = 2.792546E+01

Jen
S
Q{,J National Laboratory

11/6/2025

f o T—
\ “
2.000000E-02 \ r g )

5

— (;:)7
= —GX
IB| = GV (x? + y?)

Transforming into cylindrical Coordinates

By = 1G cos(2¢)
B, =rG sin(2¢)

—B_azimuthal
—B_radial

E*"\

o
n

\_—‘

Magnetic Field
o

o
i

Opera

o

100 200 300
Angle (Degree)



Beam Transmission through A Quadrupole Singlet

X-Z Plane

u’.‘ Brookhaven

National Laboratory

Vikas Teotia, Brookhaven National Laboratory

Y-Z Plane

1.

. As per

Quadrupole Singlet focuses in
one axis and defocus in other
axis.

nomenclature,
Quadrupole which focus in X
axis is called “ focusing
Quadrupole”; one which
focuses in Y axis is called
“defocusing quadruple”

. For focusing in both axis

simultaneously, for “focusing”
and “defocusing” quadruple are
required. This configuration is
called “Doublet”

For smooth beam transmission,
three Quadrupoles are used
where side quads are half and
opposite in strength compared
to central quad. This is called
Triplet



Electromagnetic Design of Doublet and Triplet Quadrupole
Assembly

— vy it — s ———
X-Z Plane
—_—
Y-Z Plane
Brookhaven
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Electromagnetic Design of Doublet and Triplet Quadrupole Assembly

TraceWin - CEA/DRF/Trfu/SACM
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Significance and application of Dipole Correctors

Beam off-orbit by 1 mm in X- Beam orbit corrected by

axis and Y-axis RSO dipole steerers

TraceWin - CEA/DRF/Trfu/SACM

Position (m) Position (m)
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Superconductivity
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London Penetration Depth and Coherence Length

magnetic field

n n n
€ 5 S S
3 - dany . .
i [l fluxoid I field-free M. ~super
‘ region [ vortex
I — 5 — current
A " '
(a) (b) (c) =
d }P}LL d=<i Figure 13: Flux tubes in a type II superconductor,

Figure 14: Attenuation of field (a) in a thick slab and (b) in thin sheet. (c) Subdivision of a
thick slab mnto alternating layers of normal and superconducting slices.

narmal superconducting material | In Pb  Sn Nb
phase phase Apfnm] | 24 32 =30 32
B Elnm] [360 510 =170 39

Ginzburg-Landau Parameter
K=N/E

™

L

Courtesy: Schmuser z tyl}e I: k< lfﬁ
Figure 15: The decay of the magnetic field and the rise of the Cooper pair density at a normal- ty-pe [I- K > lf‘\[z-

superconductor interface.

* “London Penetration Depth” tells how field falls Nb is tvoe II duct
. o 1s type 1l superconductor
» “Coherence Length” tells how does cooper pair density increases yP P
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Meissner Effect

They exclude the magnet flux lines from going through it.

Meissner and Ochsenfeld (1933)

super -
vacuum - conductor current
/Vh\
k - _——
Q L x Lyt
NV
Bo B ¥ {x)
! Courtesy: Schmuser
i
AL X

Normal Conductor Superconductor

Attenuation of magnetic field and

Courtesy: Wilson shielding currents in Type | superconductors
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Types of Superconductors

" HoM
type I
= B
Be
Meissner
phase

» Type I: Also known as the “soft
superconductors”.

» Completely exclude the flux lines.
Allow only small field (< 0.1 T). Not
good for accelerator magnets.

L‘,‘ Brookhaven

National Laboratory

?-unM
type II

B

B:l Bcz

LY 7y
“ ra

v Normal phase

Meissner mixed

phase phase

Type Il: Also known as the “hard
superconductors”.

Completely exclude flux lines up to Bc1 but
then part of the flux enters till Bc2 Important
plus: Allow much higher fields. Examples:
NbTi, Nb3Sn

27
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Critical Surface if Type I and Type II
Superconductor
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Critical Surface

J (kA/mm2) 40

currentquench I

central field ' load line quench |,

coll field \\

\

field quench B,

temperature
quenchTes 57K 4.2k
i i AN § N

Fi 1. NbTi critical surface.
g 0 2 R 6 8 10 12

Field (T)
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Superconductor discovery

1000
YBCO .-~
‘ B2223
100 - Phh:‘“ﬁgﬂ,f" B2212
_ Nb,Sn B
S ‘ s MeB, ®
2 10 - NbTi B g
= PbBi -~ NbZr
5 . -~ "MoRe ®
5 Nb® 7
[ -
= ’E’
0.1 - g .
s
0.01 ”"‘ T T T T 1
1900 1920 1940 1960 1980 2000
year

M.N. Wilson, “100 Years of Superconductivity , 50 Years of
Superconducting Magnets”, CERN Symposium, Dec 2011
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W‘ Conductor architecture

/Stabilization: solid superconductor
wire is replaced with an array of thin
superconducting filaments
embedded in copper matrix. Should
a filament lose superconductivity,
current will be redirected into the
Qurrounding copper stabilizer

Twisting filaments along the strand
length allows to reduce their stray
magnetization

éransposition: superconducting strands
forming a cable allow for a uniform
current sharing, re-distribution in case of
quenching, as well as additional
\magnetization reduction

“Nb-Ti - from beginnings to perfection”, Peter J. Lee NHMFL, Florida State University and Bruce Strauss U.S. Department of Energy, in
“100 Years of Superconductivity" “, CRC Press 2011

@ Brookhaven
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Significant Advantage
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Picture is not that glossy!

The overall current density is lower than the current ?,?
density on the superconductor 2y
B -
Joveran = Weable Leabie
o I
feome” Nstru.‘rld Hditar: and

jsc' = {-1 + ”Cu—sc}jcand

f"‘lt'u

Vey—se =
Age
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Power consumption in cryogenics

[-]
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Figure 2: Carnot factor as function of cold temperature for Ty = 300 K
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Current Density of different superconductors

| quodrupole strand strond production (CERN-T, Boutbouf 07),
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Stored energy of a superconducting magnet

The 14-m long LHC dipole has a stored energy of 7 MJ at the design filed of 8.4 T
0.7 MJ is energy of a car (2000 kg) moving at 60 mph
0.7 MJ of energy is sufficient to heat up from 4 K and melt ~1 kg of copper!

Equivalent He gas release is 254 L / kJ => 177.8 m3 of gas!
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lﬂmlg 3
s AC Losses i
Quench in a 102 // Motion
superconductor: ; Flux Particle
. Jumping Showers

What initiates a Quench?
Disturbance Spectrum

A sudden, unexpected and
unrecoverable transition to
the normal state of the
superconductor in the
device |
which enforces the

conversion of the stored

energy into mostly heat, 10~°

107

Muclear
Heat

ga[J/cm?)

which can lead to 10-* 10°% 107 l?l'i:'-e[s]m S & | 1 10

destruction of the device

when not properly Disturbance spectra of accelerator magnets

controlled (Y. Iwasa, “Case Studies in Superconducting magnets”,
Springer 2009)
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Minimum Quench Energy and specific heat
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Reduced Current l/lc

10 ud is the kinetic energy of a staple dropped from a 3 cm height....

~101" -10"2 times less than a stored energy of a typical accelerator magnet!
A.K. Ghosh et al., 1997
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Quench Protection

} Quench
detection and
'mag validation
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L 4

-
Power
supply

switched off

\

Once quench occurs

8 1 2
Quench J EL I
J
[Normal zone Magnetic energy
| growth |
—34
Detection
& Converted to heat by
[ Trigger protection options ] Joule heating
) T 2
i R(t)I(t)- dt
[Pmtectmn ][Extraction ][Quenchback ‘rﬂ (OI(E)
heaters )
I i

-

N
Current decay in the magnet

The faster this chain happens the safer is the magnet
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Electromagnetic Design of Superconducting

V_02PR_V3_01022025.22
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EM design (Collar/Direct Wind magnets)

2D analysis (BNL Software)

1g=730A at 4.5K, Bq=3.54T, TF_coil=4.855T/KA

I_op is 82% of SS

Icable [A]
200 400 600 BOD 1000 1200

0

200 400 60.0 800 ;(X)O 1200 140.0 :(s[om?n] ‘ -Ol.l o X =0
e =i — Ercorema
Yoke Optimization (OPERA) 2D analysis (OPERA) QUENCH margin
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Superconducting coils

Used in 20 T HTS Magnet
Program @CERN

Double Helical Direct Wind Magnet Giorgio Ambrosio (FNAL), Jesse Schmalzle,

Mike Anerella (BNL), others, in celebration
of final AUP coil

HTS coil
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BNL's Direct Wind Technology

We place suFerconductor (round
wire or cable) on a support tube
under computer control.

» General purpose, e.g. no need for
costly tooling.

* Very good field quality made
possible via harmonic _

corrections based upon magnetic
measurements.

« Compact coils (force management
without collars).

« Vary aperture along length (wind on
tapered tubes).

 Vary field along length (SuperKEKB,
EIC,%CC-ee). g length (Sup

 Technology appropriate for doing
“‘one-off magnets.”

» Used for decades in accelerators
around the world.

BNL's unique, world class magnet
technology.
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Cryostat Design

LHC DIPOLE
CROSS SECTION

ALGNMVENT TARGET
— MARN QUADRUPOLE BUS BARS
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P SUPERNSUILATION
SUPERCONDUCTING COLS
BEAM P1PE
— — SHRNKENG CYLINDER / HE IVESSE
_— RON YOKE
VACUUM VESSEL

THESMAL SHIELD

T ADOUARY BUIS-SaRs

AUSTENITEC STLEL COLLARS
Beam Pipe

Superconducting Coils
BEAM SCREEN

S RON INSERT

— INSTRUMENTATION WIRES
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DIPOLE BLIS BARS
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15-m long
" LHC cryodipole
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Magnetic Measurements
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Summary

e In circular machines, the size of the machine is determined by the
field in the magnet (Circumference « 1/B).

e High field superconductin? magnets may reduce the overall
accelerator system cost (tunnel, facilities, vacuum system, etc.).

e Superconducting magnets may also reduce the operating cost as
there is no Joule heating.

e But the superconducting magnets themselves are much more
expensive than the conventional warm magnets. In addition, one
must also consider the additional cryogenic costs (both installation
and operational).

e Use superconducting magnets only if there is a substantial savings,
because they also bring the complexities (magnet protection,
cryogenic system, etc.). In high energy colliders (specially in hadron
colliders), the superconducting magnets tend to minimize the cost of
building and operating the machine.

For Building future machines like FCC, Muon Colliders even high
strength and high ramp rates magnets are needed.

Lot of efforts on taping the potential of HTS for future accelerator
magnets
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Thanks for your attention!

vteotia@bnl.gov

I L? Brookhaven
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