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Magnets in Popular Imagination
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Magnetic fields in classical physics

Magnetic fields

e Are a weak (relativistic?) effect due to moving charges

Do no work, only bend trajectories (Lorentz force)

* Have no consequence on thermodynamic properties of classical systems

Control the convection in stars : Sunspots
Technology: Tokomaks, synchrotrons,...

Cyclotron orbits




Magnetic fields in classical physics

What is large?

Large magnetic field => Hall angle @I_'I" 90°

Small B

Motion is perpendicular to applied electric field
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Tight cyclotron orbits




Magnetic fields in quantum physics

* Large magnetic fields have a profound effect on the
energy levels and structure of atoms, molecules and

even free electrons

Cyclotron orbits get quantized

le\/gzZSnm 1/B

[z only depends on fundamental constants

—> Electron in any material, atom or molecule is constrained
to be restricted within this length

Magnetic field is large if 5 << other length scale of confinement (e.g., Bohr radius)



Coulomb vs magnetic confinement

Hydrogen atom Free electron in a magnetic field
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Magnetic field is a tunable length scale




What is large?

Magnetic field is large if [ << other length scale of confinement

Hydrogen atom, Bohr radius ag = 0.05 nm

lB=\/gz25nm 1/B

=> lp =~ 2.5nm B=100 tesla

~ -104
lp = 0.25 nm B=10*tesla => For hydrogen atom [/; ~a; at B=240000 T

lp = .025 nm B=10° tesla

For B>> 106, the atom becomes one dimensional

What do these absurdly large numbers mean?
Such magnetic fields do exist in neutron stars and magnetars

Example of compactification*!
*Please see the beautiful article by ARP Rau (Am J. Phys. 1985)



Magnetic field is a tunable length scale

The basic idea still works for smaller fields if the other
confinement scale is larger

Example: Excitons in semiconductors, quantum dots

1
2

Magnetic length: r.=| — Low field High field
eB |
J _ a
ap=Exciton Bohr radius e o _‘_’pﬂ, B
Iz is material independent! VC > CIB/ V 2 Vc < CZB /\/ 2
10 nm ~ 13 Tesla
8nm~20T

6nm~36T Zero angular momentum bound states



Magnetic field reduces dimensions by two!

[ [ [ [ 1'5
two dimensions + magnetic field o e .
=> zero dimension W e ) .
quantum well + magnetic field : oI
=> quantum dots £ 1of 0
O O O
g
Example: Quantum well laser ‘cg u
Laser characteristics are é u W O B=24T
dramatically improved! E (T.=3137C)
5 o ] B= 0T
c (T. = 144°C)
05 ] 2 1 1 | M ] ——d
To some extent, this idea started the interest 40 -20 o 40
in quantum dots temperature (7€)

FIG. 3. Temperature dependence of threshold current J ,, with and without
magnetic field B (24 T). J,, is normalized by J ,, at 0 °C, which is 52 mA at
B=0and 54 mA at B=24T.

Arakawa and Sakaki, Appl. Phys. Lett (1982)



Magnetic Fields in
Condensed Matter Physics

Zeeman splitting (NMR, ESR)

Magnetic Fields in strongly-correlated materials can tilt the
balance between kinetic and potential energy, tune the
interactions, add to molecular mean fields, suppress

fluctuations, destroy superconductivity 1000 189&\ (b)
Quantum Hall Physics § ::@\}
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Observing quantum effects

Quantized cyclotron orbits (Landau levels)
change the energy spectrum even of free electrons

These are well-resolved if

e atleast one cyclotron orbit is completed before
scattering

 thermal distribution of electrons does not
average out the DoS structure
* electrons should obey Fermi statistics

Cyclotron energy > thermal energy

=> hw >>kgT

Cyclotron frequency>> collision frequency

12

Density of States in a Magnetic Field
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Often it is the B/T ratio that is important

10 Tesla is a large field for many low temperature experiments




Generation of high magnetic fields



1 Tesla is difficult to generate

Magnetic field in a infinite solenoid

B~poni . p,~10°N/A2

if,
no. turns /unit length , n ~ 1000
to generate 1 tesla

i~£~1000 Amps

Mo

If coil resistance, R ~0.1-1Q)

Power =i 2R ~ 10%-10° Watts/Tesla !
Iron cores: n~1000, but saturate above ~ 1 tesla



Magnetic Field ~ Current
Heating ~ (current)? x res}énce X time

Minimize Resistance -> Superconducting magnets

Superconducting magnets

"Above ~ 18 tesla get prohibitively expensive
(to buy and operate) and dangerous

"Max field ~ 22 tesla



Above 20 T, back to resistive magnets

 Enormous power ~20 MW (consumption of a small town)
* Large infrastructure ~ 1 per continent

Peak Field ~ 35 tesla
(Resistive + superconducting) hybrid : 45 tesla
Florida (Grenoble and Nijmegen: under development)

* Florida 45 T hybrid magnet requires 33 MW to operate and more than 15,000
litres of water every minute for cooling the resistive part
* Precision coil design and assembly (hot spots/stress) ~1 million dollars



Magnetic Field ~ Current
Heating ~ (current)? x resistance x %

Or
Minimize Time -> Pulsed Magnets

Pass a large current for a few milliseconds

Pulsed Magnet = Capacitive Discharge Circuit
Like a Camera Flash



A Basic Pulsed Magneft
A % 1. Capacitor bank

2. Solenoid Coil

R cireus 3. HV Power supply
4. Switch

\
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Figure Courtesy: Michael Davidson, NHMFL .



Figure Courtesy: Michael Davidson, NHMFL .

Magnetic Field —>

Time —>




1-100 milliseconds

up to ~70 tesla

Magnetic Field —>

-Complete measurement in a few ms |

-OK, because relaxation time

' —_—>
< ns for most solid state phenomena Time



Back-of-the-envelope estimate

Energy conservation
Capacitor Energy => Inductor

1 1 1

—CV?~—-LF~ B* x (coil volume)
2 2 2 U,
1
= B ~( Ot jzv
volume
B ~ voltage

- 72
B ~ (capacitance)’?
1

(volume)y2

B ~

B~ (energy)y2



So what does it take to generate 40T ?

Capacitance ~ 500 mF
Voltage ~ 500 Volts
Energy ~ 75kl

Volume ~ (1cm radius)? x (10cm length) ~ 10> m3

Cu &
B~( 0 j x voltage x ff, p, ~ 10°N/A?

Volume
6\
~ O'5XLO x 500 ><1
10 e
~40 tesla ff = fudge-factor

~ 1/e [losses]
=> |t seems possible with these parameters



Let us do-it-ourselves
a 35-40 T facility

Transport measurements
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IR
V.

VI.

Ingredients

Generator circuit
Magnet Coil
Cryostats

Fast measurement electronics, synchronous data
acquisition

Safety

Specialized measurement techniques/Noise reduction
-Transport: e.g., digital lockin

- Optical spectroscopy

- Magnetic susceptibility
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Generator at lIISER K

Bank: 75 kJ (500 V, 500 mF)

Low voltage (< 500 V)

-Can work with undergraduate students
-Ease of measurements, cheaper

-Much reduced space requirement

-All components locally available, cheaper

Trigger pulse

e T
20 s R1 Y R2
> -O—"\W\/
30
500 VDC +
Charging 600 mF 1~ Ao L
circuit capacitor crowbar diode
bank Peak current ~ 30,000 A
for 10 milliseconds




Generator at lIISER K

=

Current limit resistor

4 . Thyristor
we « VY 7 ¢
\; . l‘ s
§e = Diode
| . ‘
lw ﬁ;“"
Capacitor Bank
~6 ft A ’ B
| \
At .
\1 Charging power supply
v : ‘ ‘ ; ,\

Assembled by
Total Cost ~ 6 lakhs undergraduate students



IR
V.

VI.

Ingredients

Generator circuit

Magnet Coil

Cryostats

Fast measurement electronics, synchronous data
acquisition

Safety

Specialized measurement techniaues/Noise reduction
-Ti

- CThis is the most critical aspect

- N



Optimization of field and power

For dc magnets, the power consumption has to be
optimized geometnicdlfaclonm

i /’I /]
(it | N

For a thick solenoid:
Peak field = current density x (1/radius)
X geometrical factor

B, height/inner diameter

Pulsed magnets operate far from this optimization condition o (Outer/inner radius)
* Energy is fixed, not power

. ) The most efficient coil (constant
* Heating is adiabatic

current density) a~3, pf~2

Ref: Solenoid Magnet Design by Bruce Montgomery



Optimization of a Pulsed Magnet

‘impedance match’ the coil with the bank
for highest field and reasonable pulse length (5-10 ms)

Coil should not get too heated
(77K-> 300K max.) [if it does, reduce the pulse length
by increasing the current density].

Coil should have enough mass to absorb the heat
100kJ requires 1kg copper [77K-> 300K]
2MJ requires 20kg copper

Coil should not does not explode!
Non-trivial: Components of stress get coupled,
plastic deformation, material properties not always known

= Approximate scaling relations can be derived
= Peak field is insensitive to number of windings! [zeroth approx.]



Coping with stress

‘ |:net

Stress is the limiting factor for all high field coils \('\ <

Lorentz force on the conductor! Current
OJOJO
. Field
Tangential stress: Gy,=]Br
Zeroth Approximation
Field UTS Material

Estimate magnetic pressure (Maxwell stress)

22T 0.2GPa Soft copper

33T 0.45GPa | Work-hardened

B=G\2u,c

G ~ \/AV / 7 ‘ 35T 0.5GPa | Stainless Steel

50T 1GPa Beryllium
G: geometry factor, thick cylinder copper
70T 2GPa Very hard

it pays to make a big coil, but only a little maraging streel




Strength and Conductivity

Lower conductivity

— Much lower field
(LCR circuit)

= Higher dissipation

—> Shorter pulse

—> Advantage of 77 K
is lost with alloys

Electrical Conductivity, %IACS

Both heating and stress ~ B2

Many different materials have been tried

Esp. composite materials

110
100
90
80
70
60
50
40
30
20
10
0

Tensile Strenght Rm, MPa

http://www.conductivity-app.org/alloy-sheet/12

& Standard Alloys
ETP Cu & Magnesium Copper
@ Special Alloy
KE1{C14415) B High CopperAllo
" o BB (C18080) et ¥
CuMg 0.1
B KbS{CusSn 0 3)
3 A CuMg 0,4
KBS (C10400)
@ K55 (CTO0250)
Brass C26000 @ CuBe 2
Bronze C51000 %
PESI-LVT (CuMg2ii20)
200 300 400 500 600 700 800 9S00 1000 1100 1200



Stress-optimized coils

Instead of using stronger conductors, stress
optimized coils were invented in early 1990’s

Reinforce the conductor layer with high strength
fibre- glass, carbon, zylon (5GPa)

Thickness of fibre reinforcement is adjusted such
that hoop stress is constant across the coil

Conductor is in the plastic flow regime (behaves like
liquid contained by the reinforcement)



Stress-Strain curves: Different
materials

Carbon Zylon §
=) I | ] é * Use copper as the conductor
55 3 Pearlitic steel * Use fibres for insulation
B S2-glass * Non-uniform current density
»w ot _ and reinforcement such that
q§ mid-plane stress is constant
k7 Culo\lb >
ol CuAgl8%  Glideop e
Copper E
0 . .
0 0.05 0.1 0.15

elongation &(%)

Graph from J. Vanacken, Leuven



Stress-optimized coils

ldea: Reinforce the conductor with high strength
fibre (glass, carbon, zylon) " e 111711

r=rg-0. r=ry r=ry+og
When the wire gets into the plastic flow regime,
it behaves like a liguid and is contained by the 1
reinforcement UTS - aa
. iJs
o (r) = [jBr —o; ]+
Or(7) 2
L
Vary reinforcement in each layer 7
=>Stress-optimized coil S
Strain

Currently reliable coils can be made up to ~70T
(but they need to be very big)



Coil for our bank: simulation
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Calculation: Pulsed magnet design software (PMDS)

F. Herlach, J. Vanacken, L. Li, T. Peng
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Actual Magnetic Field

Magnetic Field (tesla)

30 40
Time (ms)

Coil wound at Wuhan University of Science and Technology (China), Dr Tao Peng [gratis]



Magnetic Field (tesla)
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Peak Field vs Charging Voltage
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| —e— Graph of charging voltage of capacitor bank vs magnetic field|
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Potential reach 40T, but the coil is designed by 35T



dB/dt

Magnetic Field (tesla)

Measurement of magnetic field

Pick-up coil of known area

dB(t)
dt

Pick-up coil
s S

limes of
magnetic
flux B

d®p(t)

Ving(t) = — — = —Area

- 1 t ’ ’
=>B(t) = ——— [ Vina(t)dt

S —
~ 4mm

= N N w w B
o =] 3] =] [5)] o
T T T T T

N
o
T

L
10 n 30 40 80 B0 70 80 a0 100

Time (ms)

Calibration Methods

=] ()]
T

-pick up coil calibrated at large facility (Wuhan)

-comparison with low field data in commercial
magnets

-Commercial high-field Hall bars

-Phase transition

-Zeeman splitting of impurity levels in diamond

If we know the Area, then we can determine the magnetic field



IR
V.

VI.

Ingredients

Generator circuit
Magnet Coil
Cryostats

Fast measurement electronics, synchronous data
acquisition

Safety

Specialized measurement techniques/Noise reduction
-Transport: e.g., digital lockin

- Optical spectroscopy

- Magnetic susceptibility



Cryostats

Sapphire or silicon cold-finger integrated with an old helium closed
cycle fridge T<6K-300K; magnetotransport measurements

6 K-300K

I . Probe
|I' Temperature sensor

|

> Pickup coil

Groove

i

Heater coil

e

T Sapphire rod

Heater coil

Silicon
Pickup coil
Temp sensor

Sample

Probe for sample
contact




Ingredients

Fast measurement electronics, synchronous data
acquisition (20 MHz, 4 ch, 16 bit)

Measurement electronics and the capacitor bank are simultaneously triggered
Thousands of data points are recorded during the pulse, both on the rising and falling edge

Experiment is over in a few milliseconds!
Field is recorded simultaneously

rc

—l:l—‘

Ised Magnetic
ield System
332 Lakeshore L4534A 20Msa/s
Temp. Controller Digitizer
Ch2z Chl
g WA
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Problems with Pulsed Fields

¢ Eddy currents (conducting samples). Measurements below 4K are

usually not useful

* Noise (Vibration): lot of trouble initially

* Large Background signal due to pickup

* Time-dependent field

0.6 o

Sample voltage(V}

0.0 4

0.2 4

0.4

0.2 4

[ +1mA(~155K) |
‘ =TmA (=155 K)
- - difference

Pick-up noise the primary signal

\

L\

e e,

T
0.00

T v T
Q.05 .10
time(s)



Advantages with Pulsed Fields

* Eddy currents

[contactless conductivity measurements?]

susceptibility

Susceptibility of Nickel -
“/ Sweep-rate dependent |

200

10 1/

0 10 20 30 40 50
Magnetic Field (Tesla)

* Time-dependent field [dB/dt > 10,000 tesla/sec!]

Can we study rate dependence of slow phenomena?
Landau-Zener tunneling between two degenerate states
Non-equilibrium phase transitions

Dynamical hysteresis, critical slowing down, Kibble-Zurek
Metastable states in first-order phase transitions

A small homemade set up allows for play. Not possible in large facilities.



Digital Lock-in Amplifier

* Modulate the signal at ~ 1MHz
* Digitize both the reference and
the signal (~20 MHz, 16 bit)
* Implement the lockin later, digitally

Modulated Signal with
& 201 Superimposed Pick up noise
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Conventional lockin amplifiers won’t work [SR 830: 100kHz, 10-30us time constant]



Photoluminescence in pulsed fields

Fibre~3-5m

Ar-ion laser (514 nm) Optics PC

Cryostat \ 532 nm solid-state laser =
1.2K-3Q0K IZ‘ Ti-sapphire laser (700-850nm) | =0
O
(Multi-
channel) Spectrometer
Detector
>«
A 4
»
Bank Controller PC
<
4‘
>
v
Transient
ecorder

Pick-Up Coil

Collection Fibres

Laser Fibre

A Somple

Detection range : 500-1650 nm

Set-up at KU Leuven

Under development at IISER Kolkata




Photoluminescence in pulsed fields

Standard deviation/mean field (%)
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Some big pulsed field facilities
around the world

European Magnetic Field Laboratory Consortium

Grenoble High Magnetic Field Laboratory , Grenoble (France). DC -35T, 42.5 T (hybrid)

Laboratoire National des Champs Magnétiques Pulsés , Toulouse (France). Pulsed 81.3 T, long 70T (10.2 ms) pulse.
Hochfeld-Magnetlabor Dresden, in Dresden (Germany). Pulsed (max 94.2 T).

High Field Magnet Laboratory, Nijmegen (Netherlands). DC 38 T resistive magnet and a 45T hybrid (under development)

National High Magnetic Field Laboratory (USA) with facilities at:
The Magnet Lab at Florida State University DC Field Facility. The World’s strongest magnet, the 45 T hybrid
Los Alamos National Laboratory , Los Alamos (New Mexico). Pulsed 100 T

Wuhan National High Magnetic Field Centre Wuhan (China). Pulsed 83 T.

Tsukuba Magnet Laboratory, Japan. Maximum fields are 32 T Hybrid magnet and 50 T Pulsed Magnet. Record for the
highest magnetic field produced using a superconducting magnet 24 T.

- International Megagauss Science Laboratory, Tokyo (Japan). Pulsed magnetic field up to 80T by non destructive magnets
and from 100 up to 730 T (the world strongest as an indoor record) by destructive (the single turn coil and the electro-
magnetic flux compression) methods.

Other magnetic field facilities are:

- Long Pulse Magnet Facility in Zaragoza, Spain (31T, 2000 ms).
- Wills Physics Laboratory, Bristol (UK). Pulsed fields up to 60 T
- Pulsed Field Facility in Leuven (Belgium). Fieldsupto 70 T

World record: 2800 T
[explosive flux compression]

Source: http://Ibtuam.es/?page id=212 [edited]



http://lbtuam.es/?page_id=212
http://lbtuam.es/?page_id=212
http://lbtuam.es/?page_id=212

More “serious” generators

Toulouse

Area: 500 m?
Weight: 100 tonnes
16 MJ, 24 kV




Two-colil idea

How about adding the fields of two magnets
1. Hybrid: Superconducting + DC (45 T)
2. Pulsed + Pulsed (80-100 T): Los Alamos, Dresden, Toulouse
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Miniature coils?

Split micro-coil magnet for XRD

25 mm sl 3 ' ! " T -
%25
=
. . —a}
Can we implement the same idea 3.
? =y
even more compactly? % 10
The samples are usually very small E’ :
ﬂ.
anywa A ST
yway 0 025 050 075 100 125
Time |{milliseconds)
Islam, et al., Rev. Sci. Instrum. 80, 113902 (2009);

Magnetotransport

og7y  Coil 21 (CuAg 6 layer]]

280V
20y 42K, C=2mF

30F

200 400 600 800 0 1‘ é
Time (nSGC) o tima fme\
E. Ohmichi and T. Osada
Rev. Sci. Instrum. 76, 076103 (2005)




A perspective on pulsed fields

There is a resurgence of interest since the late 1990s

* One focus area of current condensed matter physics

* Better measurement techniques

- Transport experiments have dramatically improved after the invention of
the digital lockin technique

- Serious spectroscopy possible with new detectors with fast exposure and high
sensitivity [esp. EMCCD]

* Integration with other facilities

- Free electron laser (terahertz)
- Synchrotron (XRD measurements)

 Small laboratories are on their way out (unfortunately)

Globally the focus is on concentrating effort in a few places



And finally...

| will be very happy to

* share my experience and resources if you
want to set up a (bigger, better) facility

* And of course do some physics together
with you



Thank you!
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