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18—3 All of classical physics

The Feynman Lectures on Physics, Volume I

 ghaNwt:

https://www.feynmanlectures.caltech.edu/
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In Table 18—1 we have all that was known of fundamental classical physics,
that 1s, the physics that was known by 1905. Here 1t all is, in one table. With these

equations we can understand the complete realm of classical physics.

Maxwell’s equations

1 v-E=2 (Flux of E through a closed surface)
60 — (Charge inside) /¢
0B ‘ a
II. VxE=— BE (Line integral of E round a loop)
=— % (Flux of B through the loop)
1. v-B=0 (Flux of B through a closed surface) =0
2 J  OE 2
V. cVXB——+— c*(Integral of B around a loop)

ot = (Current through the loop)/ep

+% (Flux of E through the loop)

[ Conservation of charge

(Flux of current through a closed surface)

=— % (Charge inside)

Table 18—1 Classical Physics

gald

Force law

=¢g(E+vx B)

Law of motion

% (p) =F, (Newton’s law, with Einstein’s modification)
where p = _ ™
\/m
Gravitation 5 g L_ o) tr\\ (-J-
_ Ay Tumy
e r2 cl ¢7B =2 _6 ‘g

=HAE TR0 VBB
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https://en.wikipedia.org/wiki/Photoelectric_effect https://en.wikipedia.org/wiki/Compton_scattering



yarf= ¥ falll Young's double-slit experiment

https://en.wikipedia.org/wiki/Young7%27s_interference_experiment
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YEIFTRID PR 7 Doppler
MIEED? BKEiRDH 2 Laser

RS DORIER? cooling

If, through an emission process, the molecule suffers a radiant loss of
energy of magnitude h, without the action of an outside agency, then this
process, too, is a directed one. emission in spherical waves does not occur.
According to the present state of the theory, the molecule suffers a recoil of
magnitude h,, /¢ in a particular direction only because of the chance emission

in that direction. A Ejnstein, Physikalische Zeitschrift 18, 121 1917

O, AVER A S ORI R L2, KE ShvD T AL F —
I (HAES) OB TRINLC. ZAVF— %Kok
ThH., OB E-HAEE S > Twah. KEHEOE
O EREH I L v, BARES O FEROMIZ, 57T
X, K BrvicD BN & 2T 505, FORE)O FiE, HiR
DG TR E > THESNTWwE ET S, 7

BHEE—KICKDR ; L—F 5525, 7, 531 (1997)

ﬁps://en.wikipedia.org wiki7Doppler_cooling
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Configuration of Synchrotron Light Source

ID : The insertion device generates BM : The bending magnet
various characteristic types of SR. bends the beam and

\ generates SR.

SR Beam Line :
guiding SR to
experimental stations

rf accelerating cavity : The

®
cavity replenishes the stored
beam with energy lost by the
generation of SR.

Vacuum Duct : The pressure in the

duct is kept below 10°° Torr in

order to reduce beam decay

caused by collisions with residual

gas. http://www.kek.jp/kids/accelerator/system.html

QM : The quadrupole magnet
works as a lens to focus the beam.



Transvserse Motion

- Strong focusing and Betatoron oscillation -
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Betatron Oscillation and Synchrotron Oscillation

Electron motion in a bunch

BFC— L ol
UNYF) ERR Quadrupole Magnets RF Accelerating Cavity

~ o
Strong Focusing Phase Stability
(Transverse Focusing) (Longitudinal Focusing)
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Electron Bunch



Bunched Electron Beam in Synchrotron

::IRF Acceleration

Longitudinal Transverse

\>FOMEOAN

Vertical
A

10-1000mnticron

Beam Size

Hor.

=> Bunched beam

B Ver.
Horizontal
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Origin of Electron Bunch Size?
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The Feynman Lectures on Physics, Volume I
MAINLY ELECTROMAGNETISM AND MATTER

Feynman - Leighton « Sands

Center of the universe
of electromagnetisms

So here is the center of the universe of electromagnetism—the complete
theory of electricity and magnetism, and of light; a complete description of the
fields produced by any moving charges; and more. It is all here. Here is the
structure built by Maxwell, complete in all its power and beauty. It is probably

one of the greatest accomplishments of physics. To remind you of its importance,
we will put it all together in a nice frame.

i ENparRS

CIIIFTE

https://www.feynmanlectures.caltech.edu/IT_21.html

Maxwell’s equations:

v.E="
€p
oB
VxFE=———
8 ot
V-B=0
2 J  OE
V x B =
¢ 8 €n + ot
Their solutions:
0A
EFE=-Vo— —
¢ ot
B=Vx A
2,t —
S(1,1) — f p( r12/c) dv,
4‘?1'6{]'?"]_2

A(L,t) = f 3(2,t = riz/e) dv;

4’?1'6[](32 12




Classical Picture of Synchrotron Radiation

Fig. 6. Electric field lines for a charge moving at tangential
speed 8=0.95 on a circular path centered on the X,

R.Y. Tsien,: Am. J. Phys. 40, 46 (1972) by Radiation2D




Synchrotron Radition Power

Larmor's Formula for Circular Orbit

2 , B, EEREIC (S -
P=—crmc —7/ UITRILF— O)e
3 P CEIETIRILF

Radiation loss per revolution

U =27 2 eyt — 88 S[keV] 28

3 P plm]
In case of 2.5GeV KEK Photon Factory; E,=2.56GeV, p=8.7m
Radiation Loss; Uy = 400[keV/turn] = U,/E_,=400[keV]/2.5[GeV]=1.6E-4=0.016[%]




Electron energy change

due to synchrotron radiation

- classical picture -
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Photon Energy of
Synchrotron Radiation

\
0.8 - \ /F(E) Critical Photon Energy — -
074 s\ ¢ [keV]=ha, =h 270_0665E2[Ge1/] [T]
m © PIL
S
-IE:-K_I

0 05 10 15 2.0 25
€= w/w.= u/ug

Voliased

BB EDFeF TRILF—I3
JEBICIEFHIEICIAA D THY
DO ZDEHITRILF
\, ﬁ%%l*)b:‘f_ EDErg

MDD TR

FIG. 42--Normalized power spectrum S and photon number spectrum
F of synchrotron radiation.

M. Sands, SLAC-121 UC-28 (ACC) (1970)



How many photons does an electron emit

during one revolution?  A@Eogznrvr=1@
I BRICTE< SNDKT

In case of 2.5GeV KEK Photon Factory;
Typical Photon Energy; hv ~ 4 keV

Radiation Loss; U, = 400 keV/turn
~_~ ,
Number of Photons; N=U,/ hv JN~10

PFU Y JIC 328 DRI YT DRI RS
= JNEZEDEIS5DE

1 BOREWE P THIH
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Electron energy change
due to synchrotron radiation
- quantum picture -

v

Synchrotron

Radiation
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Suppression Mechanism of Energy Spread
- Radiation Damping -

EFDIRIVF—ICKDHIEHIEKX
DEVDIRIVF—ILDN) DIEKR
ez, EENBICEBDSEL

Larmor's Formula for Circular Orbit

E
P——crmcz— o« E’B’ ( j
3 ok 7/ B

A higher energy electron radiates more.

e

> Suppression of Energy Spread.




Longitudinal Profile of

Electron Beam
in Phase Space
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Electron orbit change due to synchrotron radiation
- classical pic'rur'e -
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Electron orbit change due to synchrotron radiation
- quantum picture -

E,=E,=>FE, 6 ~ho
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B SNDTS
ElF o o -

SGeVDETFIC4keVD
ITRIVF—ZDESTDE
R¥FEMAIDOVE
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Electron orbit change due to synchrotron radiation
- quantum picture -
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Supression of Orbit Divergence
- Radiation Damping -
I05R (SEETII
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Cavity
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Transverse Profile of Electron Beam

Equilibrium between

Radiation Excitation |:> Gaussian Dis’rribu‘rion
and Radiation Damping around Closed Orbit

. A few tens Y
'of microns
| > X B =N >N
/
-
Ox ﬁi%jﬁé_:*\'_CL_lg-c_t
N yaN) c‘.’JJI]iE

IZID—ij'jZ

. X
A few hundreds of microns




What is the origin of vertical beam size?

KSR EREERN) DIk
DD, MY tERITHY
C EICKBDZEADE &
DEEHSEIERLRCT

Vertical PHOTON

A
10-1000micron

T N ELECTRON
‘1’ S =
1-100micron Horizontal EEEH@ ‘3: £

e @ ¥,

IREDILRBETIE « -

DDERBE O DWIBRERE
[CKD. KEFHFRDOREL
EEHOQICODATCET
V)

EEBBRD0EBS TS » -
RERC IS EERTEI Ll
REEBNRERDS LD . -« -

M. Sands, SLAC-121 UC-28 (ACC) (1970)




Recoil of _ h
Synchrotron o1 ) ) | ) ) I

[ ) o ( )
Radaition? ) Y,
I
MEYEIE /yDEREC |
D DEER CHETL) @l

DCCZEME?

EIREE

Figure 1: A simple representation of the visibility of an
interferogram and light source size. (a) A point source
yieldss an interferogram with a visibility of 1; (b) an
ensemble of point source yields a reduced visibility.

CHERNICHDIE
NED?

Figure 3: A typical interferogram observed with the SR
nterferometer. -+ mitsuhashi, Proc. TBIC2012, 576
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Electro-magnetic Field radiated from an electron

Liénard-Wiechert potentials

, #x|(1-A)<F]
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Undulator Radiation

: Observed at UVSOR-IIT BL1U
Variable Polarization Undulator at UVSOR-III BL7U



Doppler effect

Principle of Undulator

CCCORRIUZE(C |
Weak B; Electrons go fast.

el A Te ToGv W m N\ /r\ul

by Radiation2D

Strong B; Electrons go slow.

~AAN W



N-cycle Undulator produces 7YY U—S NS HIEERRSE

exactly N-cycle EM wave? 505+ 2L DBE) S
Beam
Splitter
Optical
vbﬁlay
e Beam R V s
Mach-Zehnder , 1.0 (4 N P
inteafgrometer Splitter | (@) a il '
g ———r % 05 A
R . ‘ : g kL
== M OOV | 2 .
R CHDCE ) B 00T RETIment
ERIFHEEN ) 2 | b
FAICEIT ! § o5
L‘J.D—_ Calculation

S. Notsu, Master Thesis, Hiroshima U. (FY2019) L I
S. Kimura, Master Thesis, Nagoya U. (FY2020) -20 -10 0 10 20

T. Kaneyasu, MK et al., Sci. Rep. (2022) 12:9682 MZ Delay 1, [fs]



N-cycle Undulator produces 1o

(a) |
exactly N-cycle EM wave? - HL e
EU'E P 147 % | ] fvan
€ Y IV vEYe
S 0.0- Experiment
% 1.0—_ (b) |
S 05
Pulse width ~100 psec =
2 ........ w P) 1091 20)L Caleulati
O VW=~ DIBEG) LR ooq4 ' Cadlculation
’ 20 -10 0 10 20
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MZ Delay t,,, [fs]

~
-~ -
-7 -

RN

i

-
- —_

—_— e _—Em T L - - - -

S. Notsu, Master Thesis, Hiroshima U. (FY2019)
S. Kimura, Master Thesis, Nagoya U. (FY2020)
T. Kaneyasu, MK et al., Sci. Rep. (2022) 12:9682



SP IDER (Spectral phase interferometry for direct electric-field reconstruction)
for undulator radiation

(b) ‘ | l \
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"Double-pulse” structured light from Tandem Undulator
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T. Kaneyasu, MK et al, Sci. Rep. (2022) 12:9682

Interferogram of Experiment
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Coherent Control by LASER
)

Wave Packet Interferometry Scheme

1 E3O 31 Hg(73S1)+Ar (@)
A A ) 7
%ﬂuorescence J ”Z mAY TJ) (77
. , W) BECHIEISNE
21 o\ - s pHlss Hg(63P J+Ar "1,/ % 2
© (b) — =2 R AEE|
5 M
o
,fs pulse train
: Hg(6'So)+Ar Z AR A n
X o+ A y § ©
Hg -Ar Distance
“ B3PIl —8%
fs pulses = .
T NAVi=
I ! 3\0 ns ns pulse &
N N+—""—="_
Delay time

K. Ohmori et al., PRL 91 243003 (2003) 3 s



Applications of “double-pulse” structured Synchrotron Radiation
In collaboration with Saga-LS, Toyama U., Hiroshima U. ...

& UVSOR-III ,
A, | Storage Ring Fluorescence detector Population Control
0 %, Twin app - Nat. Commun. 10, 4988 (2019)
%, N (=88 LE-TT Undy] Photomultiplier n —
W N hube
Bandpass
—— Pinhole A filter _._-_l

4p Sp 6p ap Sp 6p

Al filter |

Polarizer

1515 as 1590 as
1.0 1.0

0.5 I 0.5 4
0.0 0.0
D 5

Phase
shifter

Fluorescence intensity (a.u.)

Orientation Control with
LCP/RCP “double-pulse”

Phys. Rev. Lett. 123 233401 (2019)
Detector -y

fluorescence |
i

Intensity [arb. units)

£ Electron Wave Packet

5, Interference in Atomic © @ @

i Inner-Shell Excitation ﬂh‘\,&%ﬂ‘ﬁ WW b
= O'Oc') 200 40 600 800 1000 1200 1400 1600 1800 Phys. Rev. Lett. 126, 113202 (2021) Mﬂa 2 an ez w4 wa Wz A
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Optical Vortex

Laguerre-Gauss Beam
A solution of Maxwell's equation under paraxial approximation

— —ikz H—j\yﬂﬁ
A=xul(x,y,z)e ) :

C V2 || 2r?
uylr,d,z)= L
plrsd,z (1422722077 |w(z) | P | wi(z) } W
—r? —ikriz P R
Xex cexpl —ilg) |
Plwiz) |7 22242 p'ﬁ
X exp i(lp—H—f—lltan_]—z—-— , e
ZR MERAENE2
Energy IS
av_ ¢ r2dOn - (E ><H) Angular Momentum [ hl
dt  4n = - — — h_
Angular' Momentum nergy @ @
] jcrzdﬂ—r « (B x i) A photon carries energy, ho,
and angular momentum, Al.

L. Allen et al., Phys. Rev. A 45, 8185 (1992) https://en.wikipedia.org/wiki/Optical_vortex



UVSOR BL1Ud single-e

o o atne: s i OPﬁCGl Vortex from
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UVSOR BL1Ud single-e

T = Optical Vortex from
2 - | Helical Undulator
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Double-slit Diffraction of Helical Undulator Radiation

o, () 6 ——g

Quortz Double Bandpass CCD Camera
Undulator Window Slit Filter
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MK et al., Sci. Rep.
7, 6130 (2017)



Interference between harmonic radiations from
helical undulators in tandem
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MK et al. Sci. Rep. 7, 6130 (2017)



Helical Undulator Radiation
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Electro-magnetic Field radiated

from an electron in circular motion

MK et al. Sci. Rep. 7, 6130 (2017)
MK et al. Phys. Rev. Lett. 118, 094801 (2017)
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Energy and Angular Momentum carried by
Radiation from an electron in circular motion
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Radiation from electron in circular motion
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Does each photon possess
the characteristic wave property?
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Double-slit Experiment for Vortex Undulator Radiation
in Photon-counting Regime —&iy%iBIc0 T 2HFHEEHATOY TILR vhFH=E>
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Single electron storage in a synchrotron?
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In case of UVSOR (¢=53.3m, I,=300mA)

Beam Current : ]b — eNefrev Number of Electrons : Ne

ek==p! Oos
v o1 0.3[A]

__p _
“ef, 1.6x1077[C]x5.6x10°[1/sec]

N =1
B—BFERH O
I, =ef., =1.6x10"[C]x5.6x10°[1/sec]=0.9x10" [C/secA

=3.3x10" [electron]




Single electron storage—#&-
UVSOR III

at UVSOR-III

R. Shinomiya, Bachelor's Thesis (Hiroshima U., 2021)

R. Shinomiya, MK et al., presented at JSR2022
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How many photons does an electron emit
during single passage through undulator ?
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In case of UVSOR, an electron passes

7Z' .
1 _ = ~ through the undulator 5.6E6 times.
I = 9 an (K) & = # — 137 <1 => Number of photons wmitted in one
¢ second is ~6E4




Single photon emission from single electron in Tandem Undulator
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Single Photon Spectrum Measurement at UVSOR BL1U
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Single photon emission from single electron in Tandem Undulator
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High Brightness => Diffraction-Limit
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Coherence of Synchrotron Radiation
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How to use Synchrotron Radiation
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Bending Radiation How to use Synchrotron Radiation
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Thank You !
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