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Properties of Light




Diffraction




Diffraction is the spreading of waves around obstacles.
I

Diffraction describes how light

Interacts with its physical environment.




=10 [3]

a = kay/(2L)
k = 2n/\

Single 511t Diffraction




Resolving power of image-forming systems

I
Diffraction of light limits the resolution of optical systems. |

The images of two objects, which are very close to each
other, overlap.

How close two points can be brought together before they can
no longer be distinguished as separate ?




Resolution

Rl

Diffraction pattern
for a slit

The criterion states that two similar diffraction patterns
can just be resolved if the first zero of one pattern falls on the
- central peak of the other.
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| nterference




Interference is the net effect of the combination of twmm||
more wave trains.

MIIIIHIIIII||||||||||||||||||||||||||||||||!||||

| nterference results from the superposition
of electromagnetic waves. It isthe mechanism
by which light interacts with light.




Double S1it Diffraction

Single slit
envelope

Single slit
Double slit

The intensity pattern is given by:

: 2
Iy) =1 [%@] [ 1+ cos(kDy/L) ]
a = kay/(2L)




If the light source is not “point-like”
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T
o = kay/(2L)

visihbility (fringe contrast)

And the visibility and the “phase shift” ¢ are connected with
the degree of coherence I': V=|I"|, o=f(argl)




Theorem of van Cittert — Zernike

The degree of coherence 1" isgiven by the Fourier transform
of theintensty distribution of the source object.

() = J' 1(€) exp{ -1216 £} d &

r(6)
I(0)

|

- thevighbility of theinterferencefringe picturefrom a point sourceisequal to 1
- asmall source object givesa good visibility (fringe contrast)

- alarge source object givesa poor visibility (fringe contrast)




Double S51it Diffraction

What is about the e o
resolution of such a M

(interferometer) ?

Single slit
Daouble slit

Following Rayleigh’s criterion, (%)min = 0

The resolution can be made very high ...




... but only If




P, and P, remain correl ated:
for all typical points Sin the source

A2l A is the coherence length for the
bandwidth A\




Behavior of the function:

: 2
(y) = [ S”;(“)] [1+V cos(kDy/L + )]

o = kay/(2L)




o = kay/(2L)

: 2
w = [ S”;(“)] [1+V cos(kDy/L +¢) ]
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2
I(y) = [ . ] [ 1+ V cos(kDy/L + o) ]

sin(a)q *
EnVl,z(Y):[ o ] [1£V]
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sin(a)

2
I(y) = [ . ] [ 1+ V cos(kDy/L + o) ]
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Synchrotron Radiation




History - 1940th

Theory of radiation from relativistic particles
Pomeranchuk, Ivanenko, Sokolov, Ternov (USSR)
Schwinger (USA)

Synchrotron ideas - 1945
Vekder (USSR), McMillan (USA)




Thefirst visual observation of synchrotron radiation was in
1947 from the Genera Electric synchrotron in the USA.




Synchrotron radiation (SR) is emitted from relatiVISHC sy
charged particles when their paths are changed.

By the magnetic field, for example.

Everywhere further we will consider
only the synchrotron radiation from
electrons generated in the bending
magnets.




Because of the reativistic effect, the synchrotron radiation is emitted in
anarrow conein theforward direction, at atangent tothe orbit

v~ 1y (5 GeV €dectrons-> 104)




v~ 1y (5 GeV €dectrons-> 104)




Synchrotron radiation

- extremely intense and highly collimated
- highly polarized (E, and E))

- has awide energy spectrum (from infrared to y-rays)

The Electromagnetic Spectrum
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A typical energy spectrum of synchrotron radiation

emission
emission

y 10-° L Laauu L Liriiu
0.1 1 10

5 9 .
wavelength/A’ A’/wavelength

The critical wavelength 1’ (or A divides the radiated power
Into two equal parts: one-half of the power is radiated above this
wavelength and one-half below.




The critical wavelength [A. Hofmann]

Example:. 5 GeV electrons, p=40m

kc = 0.16 nm




At low frequencies the properties of synchrotron radiation
are independent of the particle energy and depend only
ontheradius p of the curvature. T

The rms opening angle for A >> i

= 0.41 (A /p)¥s

\Ij o-rms

Vo me— 0.95 (17 p)¥3

Example: A =630 nm, p=40m

V oms= 103







Synchrotron Radiation Beam Diagnostics




detector

| maging of the beam cr oss section with
synchrotron radiation - SLM




The natural opening angle of the emitted light sets a

limit to the resolution of the SLM




The diffraction limited resolution of synchrotron light imaging

systems in the visible part of the spectrum [ A Hof mar{W‘V‘IIIII_|||||||||||||||||||||||||||||||||||||||||||||||||||||!||ll

6= 0.3 (\2p)Y3

A=630nm, p=40m

6= 0.1 mm




Can we build a synchrotron light interferometer and use

Its data to measure smaller beam sizes ?




T. Mitsuhashi, Photon Factory, KEK, Japan




Problems




Synchrotron radiation is like a moving narrow searchlight in
horizontal direction.




We observe photons coming from different positions when the
electron moves from point A to point B. We must sum these photons.




When an electron is moving from point A to point B,
the light is sweeping from glit S; to dlit S...

- The intensities of two modes of light illuminating
the dlits are different.




T. Mitsuhashi has modified the van Cittert-Zernike
theorem and developed the method to calculate the beam
size on the basis of the interference picture for the synchrotron

light emitted by the beam.

“Beam Profile and Size Measurement by the Use
of the Synchrotron Light Interferometer”




OK. Now we build our interferometer.




Synchrotron Radiation Interferometer

Double slit assembly . umy
CCD

Synchrotron Light
Source




Problems




mterterence fringe

mterference fringe

ba

0.8 T

i

!

12 +
[1]
000 022 044 065 OKT 109 1.31

position {mm)

a) interferogram by s -polarized components,

.4 —

i'J

000 .22 044 065 0BT 108 151

position {mm}

b} interferogram by p-polarized components.

Two polarized components

of the synchrotron light
iy

(p and s) are “in anti-phase™.

Their superposition will not give

us the interference fringes at all.

-> \We get just a sort of a “SLM”.




The synchrotron light is not monochromatic.

L range isthe whole visible spectrum !




Synchrotron Radiation I nterferometer

B M Doublayt ‘”"""W'V"W""'"""""""'""""'"""'"""""""""”“"

CCD

Synchrotron Light
Source

Band passfilter ( Ay + AX)

R
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Beam Size Calculation




In case of a gaussian beam shape it is easy:

iy
i

'(0) = J' (&) exp{ -i 2n 0 &} d & Rl O

S

n(a)] °
I(y) = Io[ N ][1+Vcos(kDy/L+(p)] o = kay/2L

21> D? 6% oo ) ~

V= exp(- e

)




M ethods to calculate the beam size




1. We measure (experimentally) the contrast of the interferogram
as afunction of the dlit separation D. Then we definethe RM S
of thevishbility curveo, .




2. We can also measure the RM S beam size from one data of
visibility which is measured at a fixed separation of a double
dit assembly

AR
— \/ 0.5In(1/V)
nD

Gbeam




DataCube Setup for Hall A 1C12 SLM - Multiplex

(2002-04-15, Chevisov)

Calibration screen Ha Target -'|

video _disbled [ enabie

Video camera  mcontral |
___ mpifraction | slit control

Units Pixels mm

X Position
X Width (rms) EEIEIN
Y Position  EGECNNEN
Y Width (rms) CICHINEN (NEENN

Advanced =
Display

Trouble  Rescue |

Acquire Gain [N [0
st |
LUTT Mode __swrt Iy
LUT1 Threshold Fo
Setup Scripts 1|

Current EERRFE microsmp

=

1200

[

4

Masks enable mask = |
enable disp mask = |

MasE OUTSIDE

3
- 150

-G

730 1000 1250 1500 1730

- 100
2000 - 50

Max Pixel

[t}
-05

K profile

1] 250 500

Y profile

-0 255




Synchrotron Light Interferometer
at Jefferson Lab

Main Components




Synchrotron Radiation Interferometer at Jefferson Lab

]
B M Doublayt \\\\\\\\|M|v||W|||||||||||||||||||||\||||||||||||||||||||||||||||||||!|||

CCD

4

Synchrotron Light
y g Lens Synchrotron

Source Light Interference
Band passfilter (1o + AL) Picture

R L

R=9.18m L=112 m 2,=630nm p=40m
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Resolution of our synchrotron light interferometer
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Our Synchrotron Light Interferometer

Main Control Components
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Control Software Structure

Multiplexed
Maxvideo
Library

| EPICS
Common Serid Distributed
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Very First Experimental Results




vo-24-0¢ 15:06:35
u

(exposure time = 2 sec)




DataCube Setup for Hall A 1C12 SLM - Multiplex

(2002-04-15, Chevisov)

Calibration screen Ha Target -'|

video _disbled [ enabie

Video camera  mcontral |
___ mpifraction | slit control

Units Pixels mm

X Position
X Width (rms) EEIEIN
Y Position  EGECNNEN
Y Width (rms) CICHINEN (NEENN

Advanced =
Display

Trouble  Rescue |

Acquire Gain [N [0
st |
LUTT Mode __swrt Iy
LUT1 Threshold Fo
Setup Scripts 1|

Current EERRFE microsmp

=

1200
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Masks enable mask = |
enable disp mask = |

MasE OUTSIDE
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SLI Data After 2002 Summer Shutdown




(exposure time = 50 sec)
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(exposure time = 10 sec)
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Recent Data
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(exposure time = 15 sec)




Gq7 0- almold esUalalia1ul [EILDZIOY aimold aoUalallail) [BONIehA
0z o

08 : . . : 2 %L 0L %0 00 £0- 22
Xl XE
[9Xld Xey 0oL m)
0SL 0o0s jqu

S

0os

0

oook 000 L

0051 05|

none oooe

0052 0052

ooog 0aog

_1 el deip ajgeLa

_1 T ) SHSEW 00sE nose
T siduss dmes 000 az1g| jeyuoz || Mvoon NEHEHED ua1n3

'z oysal 000 uoiysody -MoH onuod
2 ploysalyL LInT Kiquissse s/ oreEoE
[F 13403 PO LLMT FEL azIg
o) [EEEH] uien aanboy [ Aedsig 989" nomsog|#?HEA| emeom T eewed oapia
[ww u) 8215 wesg page|naen aus e e
[~ bl wn usa10s uopeaqed| | & paosueapy T () Tl A e e ST * 03pIA
{A081A2U7 *5|-B0-2002) xaldiny - WIS 2LOL Y IleH 4o} dnjag agnoeeq
] -




almaid eouslalisUl [2IU0ZU0L almad souslalisill [2aneA

SL 0L 50 00 50

!
|
m
M
!
!




826000 EG-EI -0

aimold solUslallaill [EILOZLOL airold solsisllaill [EDISA

SL 0L S0 00 S50 ’ ’ ’ ’ ’ s ’ ; 2

;
i
N
M
|
i
¥




Vey Last Data




—— — — —y

2121 @

o
JW21LdO,




{891 -50-7007 “uaadn) poren, o auedieusrslaufieuy sapoaT Usaddsr T aUILNOd Sy Wod) paredauab g uaadas sy

£i00-| T oo T [eo [ SrOHLYaW O O O
222:0|| mm— | gzileoy] T [wa [ FOH YR O O O
glgn-| o oogooss| T [ee e LOH Lga O O O
g|5°¢) mT sy VTN O el — ey 0225 E O O O
zive-| Tl jneessos| T [we e Blalymn O O O
26 1" ||| T 000°296€ Y| BT | o o BlolwE O O O
eeg |- ST annl  eplLELeel-| mmmrT i e o Alolvaw OO o
2207 T | 006 Levze| LT e [ SLOLFEN O O O
(410~ e ) oo T [ee e slolyow OO O
£41°0~|8 Emmr— ) ooo0| T [we e Flolyow O O o
0gEL-| T gegeses | T [ e Elalvan O O O
gsg gl T L0g'e5608 S | [eo v ZLolgiEn O O
2812 DTl | (0gELp0z-| EmmerTmel [GT Yo LLobvme O O O
£41°0~| | Emm— | ooo| T [ee e ololyew OO O
(410~ e ) oo T [ee e BODLYEW OO O
162 2| mmr T ges9sley] T eo e SODLWEIN O O O
0SE°L-| i pooeosl| T e e L0DLvEn O O O
1600] S T 0s0°se4Z) Tl e Yo ooy O O
Brzz-| LTl ooveollz-] ST feo [ S0olvE O O O
002 ET | o] Tor A1 (N R 7 FODLFEN O O C
gl oo eoveeses] LT e e E0DLYEN O O O
3 [ e Y 1 T (T — i e T
T | mmm_;mmm_ J S N el

Zoolven OO O
navew O oo

WASSAYa NI S LINAIT04NIK3S Bl mm

yovaoway (s ssouamnsanont | |wouns ool || F1Ed
LNIOAL3E LNIHYND g 212343LSAH JER T Ly}

Bl | LM34dnD LNIDd 13 37314 a3LwaaaLn 12w

VOO0 OOQOOO000000000

e R
—m o
&
o
= H
= E
= [
&
|
[ E
o :
&
&
&
o
e
[
= K&
[ B

45
d [|o

uolbay DL au} 4ol sajodnipeny




0€dT| 0&d1| 0kd1

09 85 99 ¥5 Z9 09 8% 9% ¥¥ <% 0% 8% 9¢¥ ¥E ¢ 0t 8 92 ¥ <¢ 0& 8T 9T %1 €7 0T @

a|y0ud J8jsuel] ol LOILYHI | dieydajas

pronual) uag . pronual

| (ww)sY . {ww)Sy X (wuw)SKy

ajyoud |ea ayoad Buldnog A=x 8|y o4d [BIUDZL




aloid A afjoud X
00sk  0SZL 000l 174 ags a5z 1) §i- 00k- §Z1-

oalk-

F deeudop ageLa
T teRw seUs SHSBR

[T eduog dnjag
% ploysaiyl 1107

= 40 J3suanbag yoal dugoia [EEEFIRE  JUBLND
s PRD 7] T (1) Wpih A
anasay a|qno. |  0iLg UOIHSOd A MO _qu sIBIT Jamaln
(] AT (su) WPIM X | | =i 211w

r R4S PO L1 g
T4 BEEEE  uomsod X || siay
ol [T UeD annboy 1 Aejdsig Wi sl — B q410

_ewe [ QAPIA

~ el vH U2310S LORRIgIRD 7 PaJuRApY EEIN pieaeieq
2101 @ HLO VB Jo) dnjag aqnoejeq

(A0}A2Y] *10-50-2002)

ainyo|d eausispg)Ul [EILIOZHOL aumo|d eausiapg)Ul [EIIEA

0L 50 00 S0- 9z 2z 22 0z

L

0

“Feel dep A

[P wam SYSBWY
_,| E.Q_._Um n_:_.mm azig] |ejuoz dumoiaiu EE wialng

82 . oysal ) [uonisody -loH oJuod
PIoYsaUL LLAT . iquiaess sl womEEE
[ weams  @POW L1MT 0 azIg
_ oy [T wesy aunboy [ Aedsig 7 |uomsog] P H2A| | mmmcE  esawies oapia
(ww uy) 8215 wWeag paye|noe:s ayy o
- bl gH U32Ids uoneiqes| | @ pasueapy (I SRR 57 VD VBT T N T T

XSl - |18 2LOL ¥ IleH Jo4 dhiag agngeieq

(AD33A8UT 51~ 00~ Z00E)




3h1%

£5-1i-20

60L

00gL ookl 0O0ZL 00OL 00 008 OOF 002 1}

alioid A

aloid
aoL- §2L-

[ax1d Xep

0oL

=

0

05~

pajeines

52-

on

05

5L

e dep apele

52

- el aes sysep

oL

[T sidung dnjeg
2l ploysaiyL LI
[ wene PO LLNT
___vo| [ vies) aanboy

= jehiel wH UD3I2S LUORRIqQIRD

= 40 Jaoushbag 329y

anasay a|qnad |

i Aeydsig
® pasueApy

L2t 0 Sui |
AT R (suu) uyipiag, A No T e ENER

ALN] I Uosod A
IEEE AT (5u14) LipIpg X
A WY uomisod X

ww  spxid suun

I 557N Pieneied

iy EIRE  JUaLng

ZLOL pufr
SIa}i4 H10

g [rr DAPIA

{n0s}434] "10-50-2002)

2LOL @ H10 V IleH 4o dnjag agnoejeq

FE

aurmo|d eoUsIB eIl [EIUozHoY

oL

50 00 50-

aimald salaIasil| [EaRIEA

e dep apele

- el aes sysep

[T sidung dnjeg
8zl PloysaiyL LI
[ wene PO LLNT
0y [GDEN] vies) aanboy

= jehiel wH UD3I2S LUORRIqQIRD

i Aeidsiq

000" azig] oz
000 uosodl -HoH
£GL azlg
649" uolysodf

(ww ) azig ureag pajenaes ayl
PpUR (WW 9'EX8') 007 Uo uopisod afew|

CNTEY

durpoiam E aung
[[BMILT)

A jquiasse s/ vewEmaE

[ ouoo®  RJAWED 03PIA

e [rmr QAPIA

@ pasueApY

{n0s}A34] ‘51 -80-2002)

x3|dny - 1S 2LOL ¥ lleH 4o} dnjas agngeleq

=




0- alyoud A syoud ¥

gLl
[9XId XEP 0s - 0002 0G4L 0OSL 0921 OOOL 094 008 082 D:DT
00l -
0%l -

G- 00L- §21-

0
pajeinies

§9¢ -

sfeeu dep 2|l
) syse - -

= dugoiam L3Ln
[T syduos dniss 10 Jaouanbag ya3yD) - YR () Wpi, A B o]
o7 ploysaiyL L1 ez ajgna.) GEONY MEERE  uolisod A || o /3307 by semaln
IR D (suu) wpiw X || = % ZLDL g

R bvoz-) 05z
0°€£2 uonised X IETH]
vo| R vien aanboy i Aedsig T sixig suun Hio

~ efiel gH US312S UoKeIqeD = paouespy || I 7Y pleaeieq
ZLOL @ 1OV IleH Jo} dniag agnoejeq

_pmgme [ O3PIA

(A0s1ARYT " ID-50-2002)

[

aurmo|d eoUsIB eIl [EIUozHoY aimald salaIasil| [EaRIEA

0L §0 00 S0- 02

© EeldeparEia
~ e o sysepy

[T syduog dnjeg
5z ploysaiyl L1 000 uolysodl -loH >3Lm%w.%ﬂ=£§
= JoenGNg PO LLNT 6L azlg :
[ 000" LD aqnboy i Aedsig 989" uowsed| [BALHBA oquad®  RIDWED OJPIA
(ww u) azig weag paje|noes ayy _enees e OAPIA

- jehie) vH LID3I2§ LUORRIQIRD [ @ pasueapy B (U0 ) T W WS ]
xaldny - 176 2LDL ¥ IIleH 1o} dhjag agqneieq

000" azig| ez duoiam NS uang

{n0sj484] '51-80-2002)

=




Summary

- Jefferson Lab has a modern beam diagnostic device
based on non-invasive technology

- Jefferson Lab has agreat experience in design and
Installation of such adevice

- The resolution of this device can be made less than 10 um

- The device’s operational current range:
a few microamps —> milliamps
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