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Broadly Tunable Radiation is Needed to Probe —
the Primary Resonances of the Elements /"
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Synchrotron Radiation from Relativistic Electrons
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Note: Angle-dependent doppler shift
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Synchrotron Radiation in a Narrow Forward Cone

Laboratory frame of reference
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Relativistic Electrons Radiate
in a Narrow Forward Cone

Dipole radiation

|
’ : sin2e’

Frame of reference Laboratory frame of reference
moving with electrons

K’ ~ Lorentz K )
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Three Forms of Synchrotron Radiation
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Modern Synchrotron Radiation Facility
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Radiation Facility Radiation Facility
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The ALS with San Francisco )\|

freeeee ‘m

in the Background

1.9 GeV, y= 3720, 197 m circumference
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France’s ESRF is Well Situated

6 GeV; y= 11, 800; 884m circumfrence

Bounded by two rivers
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SPring-8 in Hyogo Prefecture, Japan

8 GeV; y=15,700; 1.44 km circumference
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A Single Storage Ring Serves )\| ‘ﬁ

Many Scientific User Groups
y P
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Bending Magnet Radius

The Lorentz force for a relativistic electron
in a constant magnetic field is

d
F = P _ —ev X B
dt
where p = ymv. In a fixed magnetic field

the rate of change of electron energy is

E,
ddt =v-F=5ev-£va))
=0
thus with E, = ymc?
= —(ymc°) =0
dt dt o )

s Y = constant

and the force equation becomes
dp dv

I m—

a

V2 B
m _— = —eV
4 R
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R = ~

eB eB
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Bending Magnet Radiation rrceer ‘ﬁ

BERKELEY LAB
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Bending Magnet Radiation (continued) rr/n>r| ‘ﬁ

BERKELEY LAB

From Heisenberg’s Uncertainty Principle for rms pulse duration and photon energy

AE -At >h/2

thus

AE > 2TA’C (5.4b)

h

AE> ———
m/2eBy?

Thus the single-sided rms photon energy width (uncertainty) is

2ehBy?
AE > ———— (5.4¢)

m
A more detailed description of bending magnet radius finds the critical photon energy

3ehBy?
E. =hw, = 22V (5.7a)
2m

In practical units the critical photon energy is

E.(keV) = 0.6650E>(GeV)B(T) (5.7b)
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Bending Magnet Radiation
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Bending Magnet Radiation Covers a Broad

Region of the Spectrum, Including the cerreny ‘Q
Primary Absorption Edges of Most Elements ’\
o
Y Ec = 1.9 GeV
e=19Ge
*/9 u|  ALS I =400 mA
1041
B=127T
B hoe = 3.05 keV
‘2
S 1031
=
3
2 Y
R 4 (5.7a) S 1012
2m °
i 50% \150%
E.(keV) = 0.6650E2(GeV)B(T) (5.7b) A0 = 1mrad
i hotons,/ 10"~ Aow/o = 0.1% AE,
B pnotons/s
dodwje ~ 246} 107 ECVIMGIE/E) o o amwyy (5-8) N\ M2
0.01 0.1 1 10 100
Advantages: ¢ covers broad spectral range Photon energy (keV)

* least expensive
* most accessable

Disadvantages: ¢ limited coverage of
hard x-rays

* not as bright as undulator
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Narrow Cone Undulator Radiation,
Generated by Relativistic Electrons
Traversing a Periodic Magnet Structure

Magnetic undulator ku/'|
(N periods)

Relativistic

electron beam, N
Eo = Ymc? M=o
e ~ 1—
cen
Y5N
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An Undulator Up Close ereer) ‘.ﬁ

'
%

| ALS U5 undulator, beamline 7.0, N = 89, A, = 50 mm
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Installing an Undulator at Berkeley’s /\l A

r ‘m

Advanced Light Source

ol P
ALS Beamline 9.0 (May 1994), N =55, Ay, = 80 mm
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Undulator Radiation

Laboratory Frame Frame of Frame of Following
of Reference Moving e~ Observer Monochromator
Ay —>| sin20 g =L

0
N| Is| IN|] |s e 2Y

_ \
— 2y e A {@ e,
© 7

E = Ymc2 e~ radiates at the Doppler shortened For A—i‘ = lN
Lorentz contracted wavelength on axis:
_ 1 wavelength: , 6 o~
Y ﬁ Y h= 2(1 ~ peost) N T y4N
c2 A= Y_
A typically
= i . A= —= (1 +7202%)
N = # periods Bandwidth: 2v2 0oy = 40 prad
/
Ao~ N Accounting for transverse
Ak motion due to the periodic
magnetic field:
_ M K? . v202
= + — +
o~ (1 5 Y<0°)

where K = eBg\,, /2mmc
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Physically, where does the
A = Ay/2y2 come from?

The electron “sees” a Lorentz contracted period

/ Av’-l
N == (5.9)
Y

and emits radiation in its frame of reference at frequency

,_ € _ ¢y
f_)v"xu

Observed in the laboratory frame of reference, this radiation
is Doppler shifted to a frequency

f=—0> ‘

— (5.10)
y(1 — BcosB) Ay(1 — BcosBO)

On-axis (6 = 0) the observed frequency is

f— C
(1= B)
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Physically, where does the
A = Ay/2y2 come from?

C

T (1 —B)

f

N 1 1
By definition 7= "7==5 17" = =B+ B~ 21-P)

thus

— (5.11)

Give examples.
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What about the off-axis 6 # 0 radiation?

2
For © #0, take cos 6 =1 — e7-1-...,then
f = - 5.10
~ A,(1 — Bcosh) (5-10)
_ c/hy B c/hy B c/(1 - By
1-B(1-0%2+...) 1-B+pO%2—... 1+PB6%2(1-P)...
2y%c/hn 2y2c

=15 T+ 09

The observed wavelength is then

A
A= —(1+y%6% (5.12)
292

exhibiting a reduced Doppler shift off-axis, i.e., longer wavelengths.
This 1s a simplified version of the “Undulator Equation”.
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The Undulator’s “Central Radiation Cone”

With electrons executing N oscillations as they traverse the periodic magnet structure, and thus

radiating a wavetrain of N cycles, it is of interest to know what angular cone contains radiation of
relative spectral bandwidth

A 5.14
N (5.14)

Write the undulator equation twice, once for on-axis radiation (0 = 0) and once for wavelength-
shifted radiation off-axis at angle 6:

KO+AK=%(1+Y292)

A

Ay = —2
0 7 yz
.. o AL 242
divide and simplify to > ~y0 (5.13)
Combining the two equations (5.13 and 5.14)
1 L 1
defines 6., : yzﬁgen =N , which gives | Ocen = m (5.15)

This is the half-angle of the “central radiation cone”, defined as containing radiation of AA/A = 1/N.
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The Undulator Radiation Spectrum
in Two Frames of Reference

A A
dP’ N dP
dQ’ dQ
— |« @ ~N
A®
o
JN
Frequency, ® Frequency, ®
Execution of N electron oscillations The Doppler frequency shift has a
produces a transform-limited strong angle dependence, leading
spectral bandwidth, Aw’/®” = 1/N. to lower photon energies off-axis.
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The Narrow (1/N) Spectral Bandwidth of Undulator
Radiation Can be Recovered in Two Ways

With a pinhole aperture

Pinhole
aperture
dpP dpP
dQ dQ AL
A
> >
® )
Grating
monochromator
With a monochromator ——
1 .
20 = — Exit
v slit AL _ 1
ATK =1 // ' 1N
0= —
WN
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Lorentz Space-Time Transformations (Appendix F)

2=y + Bct')

t=y(t’+ﬁTZ,)

y=y and x =x'

7' = y(z — Bet)

t’=y(r—¥)

"=y and x'=x
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Lorentz Transformations:
Frequency, Angles, Length and Time

Doppler frequency shifts Angular transformations
w=awy(+Bcosd) (F.8a) cosg =SSO+ P (F.9a)
1 4+ Bcosb’
, , cosf —p
® =wy(l —pBcosf) (F.8b) cos O = (F.9b)
1 — Bcosb
Lorentz contraction of length sinh = sin 6" (F.10Db)
y(1 4+ BcosB’) '
si
sinf’ = (F.10a)
y(l — BcosB)
Time dilation sin @’
tanf = , (F.11a)
At' = At/y (F.13) y(cosb’ + B)
in 6
tanf = — (F.11b)
y(cost — p)
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