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MANY APPLICATIONS

OF ACCELERATORS




Jefferson Lab (Newport News, VA)

Fermilab (Batavia, IL)
SLAC (Palo Alto, CA)
Large Hadron Collider (Geneva, CH)




LARGE HADRON
COLLIDER (LHC) @CERN




SCHEMATIC OF LHC
EXPERIMENTS
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Medical Applications
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Neutron Therapy Patients
(6 September 1988 - 30 September 2005)

Head and neck carcinoma

Soft tissue sarcoma
Uterine sarcoma

Paranasal sinus carcinoma
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Radioisotope Production




TARGETS TO IRRADIATE FOR
RADIOISOTOPE PRODUCTION




HOT CELLS TO PROCESS
IRRADIATED TARGETS
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Transmutation of Spent
Nuclear Reactor Fuel
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TRANSMUTATION SYSTEM
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THE RISE OF
SYNCHROTRON LIGHT

SOURCES
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Mechanism for EM Radiation

E-field Line

A = Start of acceleration
B = Later position if no acceleration
C = Actual position with acceleration




Maxwell’s Equations and the Wave Equation

Maxwell’s equations:

at? €0

at

VxH= %’- +J (Ampere’s law) (2.1)
dB
VxE= ~ar (Faraday’s law) (2.2)
V:-B=0 (2.3)
V-D=p (Coulomb’s law) (2.4)
D = gE (2.5)
B = poH (2.6)
The wave equation:
3’ 1 aJr(r, 1
[ R
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The Wave Equation

From Maxwell’s Equations, take the curl of equation 2.2

0B
V VXE=—— 2.
w X = (2.2)

and use the vector identity from Appendix D.1. pg. 440.
Vx(VxA)=V(V-A)— VA (D.7)
to form the Wave Equation

2
(8— — clvl) E(r,t) = 1 [a"(r‘ 2 + ¢*V p(r, :)] (2.7)

02 €0 ot
| : @9
where c = 2.
A/ €00
where J(r.7) is the current density in vacuum and p 1s the charge density:
J(r.1) = gn(r.t)v(r.r) (2.10)
For transverse waves the Wave Equation reduces to
3‘2 22 1 BJT(T, t)
— — "V ) Er(r, 1) = —— —— 3
(EHE ) T(r. 1) €y Ot G-
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1-DIMENSIONAL WAVES ON ROPE




y = Asin(kr — wt) (18-8)

Then we can take various derivatives of the sinusoidal wave and these deriva-
tives are

9y Ak cos(kxr — wt) (18-9a)
o

%y
o
iy
at
9%y
2

— Ak? sin(kx — wt) (18-0b)

—wAcos(kr — wt) (18-9¢)

= —w?Asin(kr — wt) (18-9d)

Putting them all together we arrive at

iy B 0%y .
52 = e (18-10)
2

Where —2 is no more than just the velocity — as shown
! v

B (e
w? A (2w f)2
1 .
=5 (18-11)

Thus, the l-dimensional wave equation which governs waves on ropes is

9%y 1 9%y

4 = =0 1812
O vl G2 ( )

The 1-dimensional wave equation in Eq. (18-12) has a natural extension in
three dimension and can be written

(18-13a)




THE ELECTROMAGNETIC SPECTRUM
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Synchrotron Radiation

FIRST, CONSIDER A NONRELATIVISTIC

ELECTRON ACCELERATED ALONG A

STRAIGHT LINE.




DIPOLE RADIATION PATTERN
NON-RELATIVISTIC

ENERGY FLUX IS GIVEN BY THE
POYNTING VECTOR
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RADIATION PATTERN FOR
RELATIVISTIC PARTICLE

For acceleration of relativistic particle,

¢ maxr T =

where from Einstein’s theoryv of Special Relativity

2
E = ~vymgc”




EXAMPLE: 1 GeV ELECTRON

TYPICAL OF

HF?HH

Radiation 1s e

SYNCHROTRON LIGHT SOURCES

.y 1000 MeV 0N
TRTE ~ 2000

2 0.0005 radians ~ .03 degre

essentially in forward direction!




CONSIDER ACCELERATION
ALONG CIRCULAR PATH

Peaking of radiation along is still observed.

Eyve

Detector

Seems like e has a flashlight fixed to its head!




FOR e”'s, LINEAR |IS BETTER!

= Synchrotron radiation power due to linear
acceleration

= Synchrotron radiation power due to circular
(transverse) acceleration




Synchrotron radiation power ~ %g

m, ~ % MeV
while

m, ~ 1000 MeV
T hus,

P ~ 2 % 10° pr,




Big problem for circular e~ accelerators!

— SLAC, a two-mile straight shot.

Sut not a problem for circular proton accelerators

— Fermilab’s Tevatron.




High energy and nuclear physicists started performing
their usual experiments while others parasitically used
the X-Rays produced at the bending magnets.

To increase the number and variety of X-Ray beams,
scientists started installing insertion devices




Modern Synchrotron Radiation Facility

Older Synchrotron
Radiation Facility

Circular
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motion
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“K-ray
light bulb”
“Bending
magnet
radiation”
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GOOD NEWS!

Radiation in synchrotrons spans the
region of the electromagnetic spectrum

Precisely what is needed to pursue a
variety of studies, including :
: , and even




Synchrotron Light Sources of the World




The ALS with San Francisco in the Background
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ADVANCED PHOTON SOURCE (APS)
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APS BEAMLINES




(See Attwood Reference)

Beamlines are Used to Transport Photons to h

y the Sample, and Take a Desired Spectral Slice ";}l m

FPhoton
flux
\
i

Grating
or crystal
— focusing
Monochromator mirror
{glancing
incidence
reflection)

BERKELEY LaAB

Observe at sample:

Absorption spectra

» Photoelectron spectra
» Diffraction

Focusing
lens (pair
of curved

MIrrors,
zone plate
lens, etc.)
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(See Attwood Reference)

Beamline 7.0 at Berkeley’'s Advanced Light Source ?;ﬂ}l”\m

B ¥ Lam




SCHEMATIC OF
INSERTION DEVICE
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The Equation of Motion in an Undulator (cont.)

2
my dv, = edz By cos ( 3 z)

1
integrating both sides

feer(55) 4 (57)
m}-'vr_eﬂﬂﬁ— cos

€ B{}lu ZJ’TZ
21

mMyv, — sin (_}.H

Kec . (231‘3)
—— sin
4 Ay

e BpA
0Tt 0.9337By(T)A, (cm)

2mrmce

Professor David Athwood
AST 2100EECS 213

Uniw. California. Berkelsy ChOS_F15_Eq16_18.botai

t1ves to magnets, _
sources [5-6], are defined by the regime where A, By < 0.01 T-m, where Ay is the Lmdulat{:}r
period and Bn 1s the peak magnetic field. Braun ef al. found that if wigelers performed better




EM WAVELENGTH vs.
UNDULATOR PERIOD

l_____l
i K*xz)

}“u KE 142
=—|1+—+y0 5.28
2FI(Jerr}’ (5.28)

where K = ¢ By Ay/2mme. Thas 1s the indulator equation, winch deseribes the generation of short

(x-ray) wavelength radiation by relativistic electrons traversing a pertodic magnet structure,
accounting for magnetic tuning (K) and off-axis (}9) radiation. In practical units

3061, (om) (14 & 476
A(nm) =

Profassor David Atwod EE (GeV)
AST2HOIEECS 213

Univ. Califomia, Berkeley Chl5 Eq2d 2GS

(5.299)




Undulator Insertion Device at
Advanced Photon Source (ANL)




PROPERTIES OF RADIATION

Undulator radiation is principally the fundamental line k=1,
where k is harmonic number.

rms openin1 anile for undulator with many periods is




Brightness is defined as radiated power per unit
area and per unit solid angle at the source:

P o
po AP S
AA-AQ

(5.57)

Brightness is a conservad quantity in perfect
optical systems. and thus is useful in designing

beamlines and synchrotron radiation experiments Perfect optical system:
which involve focusing to small areas. AA - AL = AA; - ALy = 100%

Spectral brightness is that portion of the brightness lying within a relative spectral bandwidth Aw/:

AP
AA-AQ - Aw/w

B&wﬁw =

Professor David Attwood
AST 21VEECS 213

Unww Calfomnia, 3erkeley Chi5_Eqi7_58VGE_Jan20C6.a




Spectral Brightness of Undulator Radiation

The Synchrotron radiation commumity prefers to express spectral brightness in units of photons/sec, rather
than power, and hes standardized on a relative spectral bandwidth of Aw/c = 1073, or 0.1% BW. To obtain

a relationship for spectral brightness of undulator radiation we can use our expression for Peey, radiated into
a solid angle AQ = 0%, =670 1y from an elliptically shaped source area of AA = 16,6y, and within a
relative spectral bandwidth A@/e = 1/N. Defining the photon flux in the central radiation cone as

- Pt&l‘l

ccn

o e (5.59)
he /photon

Fcen an(N;’rlm)

= 5.60
AA-AQ - N AA-AQ - (0.1%BW) 560

Eﬁw;’m =

on-axis

F cen - (N /1000)
220,007, 67,(0.1%BW)

Eﬁmﬁm(ﬂ} =

7.25 x 10 N I(A) - K*f(K) photons /s

' 2 ! - 2
ze)lf ( ':’r_'z)”2 (1 +K‘/2) mm?mrad(0.1%BW)
A2

LEn

Bpuww(0)= (5.65)

o,(mm)o, (mm) (l -

Assumes §'2 << B,2,. Note the N? factor.
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SPECTRAL BRIGHTNESS OF
VARIOUS DEVICES

(See Attwood Reference)

12nm1.2nm 012 nm

I I I I
6-8 GeV

Undulators
1-2 GeV
Undulators

Bending |

magnets
I |

10eV 100 eV 1keV 10 keV 100 keV
Photon energy

* Brightness 1s conserved
(in lossless optical systems)

0
source E'nptic

dfﬂcus

dsﬂurce : escurce - dfocus : ecptic

/ \

Smaller Large ina
after focus focusing optic

Starting with many photons in a
small source area and solid angle,
permits high photon flux in an
even smaller area
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(See Attwood Reference)

What are the Relative Merits?

Frroereener I
—_——

Bending magnet
radiation

Wiggler
radiation

Undulator
radiation

BERKELEY

* Broad spectrum
*(Good photon flux
*INo heat load
*Tess expensive
«Easier access

* Higher photon energies

« More photon flux

» Lxpensive magnet structure
* Expensive cooled optics
*Tess access

* Brighter radiation
*Smaller spot size
* Partial coherence

* Expensive
*Jess access

Relativabierits al




(See Attwood Reference)

Facility

ALS

MAXII

BESSY II

APS

Electron energy

v

Cwrent (mmA)
Circumference (m)

EF frequency (MHz)

Pulse duration (FWHM) (ps)

Bending Magner Radiarion:
Bending magnet field (T)
Critical photon energy (lkeV)
Critical photon wavelength
Bending magnet sources

Undulator Radiation:
Number of straight sections

Undulator period (typical) (cm)

Number of periods
Photon energv (K=1_n=1)

Photon wavelength (K=1.1=1)

Tuning range (1 = 1)
Tuning range {1 = 3)

Central cone half-angle (K= 1)
Power in central cone (K=1.n= 1) (W)
Flux in central cone (photons/s)

Oy, Oy (pm)
oL o} (urad)
Brightness (& — 1, 7 — 19

1.90 GeW
3720
400
197
500
35-70

1z
5.00
89
457 eV
2.71 nim
230-620 W
690-1800 W
35 urad
23
3.1 = 1016
260, 16
23,39

2.3 = 10%®

1.50 GeWV
2940
250
90
500
200

10
520
49
274 eV
4.53 nin
130-410 W
400-1200 W
59 urad
0.88
2.0x 1016
300, 45
26, 20

7.8 =107

1.70 GeW
3330
200
240
500
20-50

16
490
84
373 eV
3.32 1un
140-500 W
A410-1100 W
33 prad
0.9s5
1.6 x 1016
314, 24
18,12

4.6 = 1018

7.00 GeV
13,700
100
1100
352
100

40
330
72
940 keW
1.32 A
3.5-12 keW
10-38 ke'W
11 prad
12
Tox 1013
320, 50
23,7

59 = 108

32
4.20
38
5.50 keW
0.225 mmn
2 .6-7.3 ke
7.7-22 ke'W
17 urad
14
1.6 1018
39599
11. 3.9

5.1 = 1018

[{[p]:u)tcﬁns.-"s}.--'mln2 - mrad? - (0. 1%BW)]
Total power (K= 1, all #n. all &) (W) 83 17 3z 350 430
Other undulator periods (cm) 365, 800, 100 588 660 41, 56.125 270,550,128 23, 32 52 85

Wiggler Radiation:
Wiggler period (typical) (cm)
Number of periods

Magnetic field (maximum) (T)

K (maximuin)

Critical photon energy (keV')
Critical photon wavelength
Total power (max. &) (W)

2.0
20
0.81
6.0
20
0.62 A
48




NEXT GENERATION
LIGHT SOURCES




Self-Amplified Spontaneous Emission
(SASE-FEL, from BESSY Website)

electron beam
! undulator

spontaneous

emission energy 5
modulation / bunching
(4)

radiate saturation
log( power

dump

Fig. 2. Schematic summary of the SASE process. On the scale of the radiated wavelength, a
uniformly distributed electron beam enters an undulator and produces spontaneous emission
(1). Interaction of the electron bunch with its self-generated radiation causes an energy modu-
lation of the electron beam (2) which 1s transformed into a spatial modulation on the scale of
the radiated wavelength (3). This modulation enables the electrons to radiate coherently which
results in an exponential growth of the optical power. Saturation occurs when the optical
power growth and the corresponding energy loss of the electrons cause the loss of the

previously induced bunching (4).




AERIAL VIEW OF EUROPEAN
XFEL (taken from TDR)

Experimental Hall (Possi Il:)le future extension)
A ) 3.4km

Wf\‘hwuu\_}x N, N V= S
= The European ¥-ray laser project XSFEL  —

Undulators |f =_2*

and Photon _t&#
. - 4

Beamlines,

Distribution
System

vy
Linac Tunn/el, 2 km Injector




SCHEMATIC OF EUROPEAN
XFEL (taken from TDR)

SASE 2

tunable, planar
0.1-0.4 nm

electrons
17.5 GeV

Experiments

SASE 1
tunable, planar SASE 3

0.1 nm tunable, helical
0.4—-1.6 nm

Figure 4.2: Schematic view of the branching of electron (black) and phoion (red) beamlines
through the different SASE and spontaneous emission unaulators. Electron beamlines
terminate into the two beam dumps, photon beamlines into the Experimental Hall,

In Ul and U2, very hard x-ray photons (wavelengths down to 0.014 and 0.06 nm, respectively)




COMPARISON OF VARIOUS LIGHT
SOURCES (from XFEL TDR)

XFEL
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APPLICATIONS OF
LIGHT SOURCES




FUTURE LIGHT SOURCES
(from LCLS Website)

= Femtosecond Chemistry

= Photosynthesis involves such ultra-fast reactions.
A better understanding of has
iImplications for future energy sources and for
agriculture, which will be important for Africa.




APPLICATIONS OF FUTURE LIGHT
SOURCES (from LCLS Website)

= Nanoscience/nanotechnology

= Those materials consist of simple constituents arranged in
complex, man-made ways, all on a very tiny scale.

= How those states change and how the change is induced
can be better studied with the ultra-fast X-Ray pulses from
SASE-FELs.




APPLICATIONS OF FUTURE LIGHT

SOURCES (from LCLS Website)

= Bjological systems

Using x-rays to study the atomic structures of biological molecules such
as proteins has turned out to be invaluable for understanding their roles in
life processes.

Nowadays, drug molecules can be created to fit the shape of certain human
biological molecules and thereby deliver their effect in a very specific way.

But the X-Ray diffraction process used to study molecular structure has its
limitations; the radiation quickly destroys the molecule being studied.

Though this technique has been extremely useful, the crystals are often
very difficult to create, and with many molecules, it may be impossible.




APPLICATIONS OF FUTURE LIGHT
SOURCES (from LCLS Website)

= Matter under extreme conditions

* These conditions are beyond anything we can
create on Earth now.

» SASE-FELS should offer a way to create similar
conditions on a minute scale, allowing us to study
these conditions and thus learning more about
these important astronomical bodies.




APPLICATIONS OF FUTURE LIGHT
SOURCES (from LCLS Website)

= Atomic physics

= SASE-FELs will have sufficient intensity to eject ALL the
iInner-shell electrons from an atom, producing "hollow"
atoms.

= Atomic physics experiments will lay the foundation for
subsequent materials science experiments at SASE-FELS.

= With 1 fs pulses, it will be possible to catch a glimpse of
how electrons move within an atom as it transits from one
state to another.




FINAL COMMENTS

= For future synchrotron light sources, to
reduce undulator line widths even more and

achieve even brighter X-ray beams, small
emittance electron beams will be needed, but
they are limited by intrabeam scattering,

which must be accounted for.




