QO Survey of beam size measurement techniques
and applications.

0O Detailed analysis of an X-Ray pinhole camera
% Description
% What is actually measured?
% Image processing and resolution
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Gaussian beam profile

 Electrons in storage ring damp /gx'z +20(xx'+7062
to 2D Gaussian distribution. A, eXp| —
2¢
Gx = \/ﬁxgx 5
tan 2¢ = —7

3] <
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o.'=\7.£, s

N
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oy

e Similar distribution iny.
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Beam size measurements
X-Ray pinhole camera

\mirror

video
camera

Pinhole camera array
(Kuske et al., Bessy)

él

Phosphor screen 5300}
Finhole arra = %
| Al filter y E T
L= ,E, 200 =
Source 2 %—

100 ;
u L 1 1 L ] L] -
0 10 20 30 40 50 60 70 80
Intensity (grey levels)

o
=] o

AN

97

— Figure 2
Intensity R R Left: image of a portion of the phosphor observed on a BESSY I bending
3 o 1 » magnet. Right: integrated intensities of one column of images on the

™
.

phosphor,
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Turn-by-turn measurements of
synchrotron radiation are used for

measuring beam instability and injection
mis-match.

SLC damping ring visible synchrotron
radiation monitor

Light
Source

f=1.33 m

30/70 Pellicle
BeamSplitter

Sht;twf 1=150 mm

— Gated
1 2 Camera

Polarized
Filters

Beam size measurement

Turn-by-turn monitor

Minty and Spence, PAC'95

Tum 2

| Tum 10

Turmn 11

Tung8 Y

Turn 12
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Beam size measurement, spatial coherence
(Mitsuhashi, PAC97)

Michelson’s method for measuring the size of stars applied to measuring
electron beam size. Spatial coherence increases as beam size decreases.

double slit
/

1.4 4

“_/ dichromic sheet polarizers gc)n 12 |

Interferogram E 1

_ g 08

%J 0.6

< 04

Q |

"\Tf lens D=80 mm, f=1000 mm = 03 4

1 band-pass filter 700 nm +/-5 nm o 0 1 | !
25 T i 0.00 0.22 044 0.65 0.87 1.09 1.31

position (mm)

“— Vertical beam size can be obtained from
the Fourier transform of the degree of
spatial coherence.

-0.5

A -0.5 0 0.5 1 | SRS )

beam size (mm)
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2D visible light interferometer.

M. Masakiand S.Takano,
J.Synchrotron Rad. 10 (2003) 295

E =
0 10 2 a0 40 50
mntensity (a.u.)
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Beam size measurements . &

Lifetime with 80 mA in o single bunch.
A T T

Touschek lifetime T o
. o bunch volume i \

Scrapers measure beam halo

Peter Stefan et al., NIMA, 1998

100 r [ I I S I L=
= 10 = — 'E‘ 10 M 2l
: halo, Coulomb g
= scattering _ =~ 4 M g
o / E
8 / g
g _f o experiment | g 0.1 _f:' o experiment |

0.1 H ke ! i
g I o eory E
z - \core, G,=20pm - & s Ll “core, G,=/um

% ; (a) l (b)
1 | | |
| | | | ;
G 02 04 0.6 0.8 1.0 00010 0.2 0.4 0.8 0.8 1.0

Beam size incasui

CllicHiL

Scraper—to—Beam Distance [mm]
DEadlll-ud>t

Scraper—to—Beam Distance [mm]
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Laser wire beam size measurement

A laser wire successfully measured very small beam sizes at KEK ATF,
H. Sakai et al., PRST-AB Volume 5 (2002)

( Expanded view of laser wire region)

Phoron detector systeni Laser wire system
Bending Magnet

Scattered - /

— Optical cavity ""E] |

electron

electron

Smm Pb collimator

‘\
Movable table

Laser

Csl(pure) Scintillator

Laser wire region —— | o~

4
ATF damping ry

1.28 GeV lmac
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oLuminosity scan (Y. Cai, EPAC’00, p 400)

sol T T T ]

Measurement

HER IP Y{micron)
o
1

-50F 1 1 1 1 1 ]
-600 -400 =200 0 200 400 600
HER IP X{micron)
oBeam-beam scan, (Wen”'ngef et oQuadrupole moment detectors
al., EPAC98)¢ | . oo | (AL Jansson et al., CERN-PS, PAC'99)
E- - =T ] ] - B [
g 25 B
;E% 0 frmmmmmmmmnnnee A
25 b
.50 [ Correction Optimum E
14.9 +- 0.2 um ;
-l()lll‘(l]‘‘IIIIO‘I:I‘2‘OIII‘3|0I‘I|4|0II

Separation Change Ay (1m)
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Measurement of the Transverse Beam Emittance

Method I: quadrupole scan

Principle: with a well-centered
beam, measure the beam size
as a function of the quadrupole
field strength

Here
Q is the transfer matrix of the quadrupole
R is the transfer matrix between the quadrupole
and the beam size detector

The (11)-element of the beam transfer matrix is found after algebra
to be:

which is quadratic in the field strength, K




Measurement: measure beam size versus quadrupole field strength

Zni= {z*)) = (5117 B, + 251151281, + 5127 E,)
(2811812801, + 25127 B3, ) K + SIQI"EthH

fitting function (parabolic):

E“ = AII":—BH O
— AK* — 24ABK + (C + AB*)

equating terms (drop subscripts "o’),
A=SLEy,

—-2AB = 258512411 1 '.*S';'._,Eu.
C + AB* = 81" Z11 + 2511812512 + S12° B

5 ¥ 5
change in quadrupole field (kG)




X-Ray pinhole camera @

Pinhole camera on X28 dipole beamline at NSLS X-Ray Ring:

4 7.5m >« 9.3m >
mirror
m““ﬁr&y§________Y-r_aVS ______ +‘|_ﬁ\
pinhole: X-rays exit vacuum _ ;;
molybdenum chamber through video
' 250 um Be window. camera
crossed slits H VAG
: h h
Sl 25 um Al foil to PROSphoT
't gap setto harden spectrum.
30 um and
confirmed by 3
measuring i
diffraction from Slit has angles to
HeNe laser. avoid internal x-ray
reflections.

H,O-cooled Cu
pre-absorber
takes heat load.

Beam size measurement Beam-based Diagnostics, USPAS, January 16-20, 2006, J. Safranek




What is measured?

The standard formula for a pinhole camera, i=(L2/L1)o, assumes that
the object is radiating light equally in all directions. Synchrotron
radiation is highly collimated in the direction of the electrons, so
this formula does not necessarily hold.

I'll show that for a dipole beamline, it does hold in the horizontal
plane, but does not in general in the vertical plane.

The problem in the vertical plane is that electrons at the top of “0”
(in this case the top of the electron beam) do not necessarily radiate
photons that go through the pinhole, so i<(L2/L1)o.
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Review of electron phase space

¥
=J7YE
X max 4

The on-energy electrons in a storage
ring make a Gaussian in phase space. Dar
Area of el2 ellipse is & '

7}{2 + 2aoxx’ + Bx/ 2
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exp(—
p( 2e ) —0.2} !
B'(s) At DL T A
i T="3 B R—— 0.1 0.3
x(mm)
The full extent of the electron beam 0.4 — — :
including energy spread is larger. - X =y VE+ 705 o _
Q.2 - J
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Phase space distribution of photons at source "

_Start with on-energy electron ellipse

rord
> 2.9 !+ﬁ /12
@ X + LaXX b '¢
? $< e3P~ 2¢ )
A
@ < Add energy spread, o
: < 5 eXP*(—K—Q)fi(ﬂ"}i —7x')
o T‘,’ 21}252
= O
R y
S = Add photon opening angle, o,/ = %%5(};).425
o .=
53 ®
sz
e}cp(—2 2)5(X) A
\ "t O, = ~(

dro’,
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Photon ellipse at source
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Measured vertical profile

Coupling corrected

Coupling uncorrected

0.4 0.10
) (.05 - 8
2 as
o =i
4 O,2 i
: i 4 pinhole i
o;(ii;/)/tlt_l ?ce 0.05 / acceptance
-0.4 = Q0 ; Seow o ST
~0.4 -0.2 ; ) - et lpm ~0.05 0 0.05 0.10
y(mm y(mm)

The beam profile at the source point seen by the pinhole camera is the

intersection of the pinhole camera acceptance, y'=-y/L1, and the photon
ellipse. Oymes > Oye-  The electron emittance can be found with:

e’+Be+C=0
B ==0y e (r =201 L1+ B L1*) + 65 (yn” + 20mn'+ pn* ) + o

2 2 2.1 2 2 2 2
C= _O-y,meas (Gr' + 0, (77 _H]/Ll) ) +17) 050,
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electrons
The ellipse sweeps across the pinhole

(the change in x) is negligibly small.

acceptance in an arc in (x,x’). The sagitta

0.6

0.4}

horizontal
trajéctory

0.2F

-x/L1

acceptance
E

0

sl _______._>_-,____'

x'(mrad)

=02

—0.4¢

~{0:6
—0.6

Beam size measurement

0.6

Measured horizontal profile . 7

/ﬁitta\\
= T ___\___ ———————————————

pinhole

In the fixed coordinates at the
beamline source point, the
photon ellipse sweeps across
the pinhole acceptance.
Integrating the changing profile
gives:

_(fypm2+2apa:m’(m,m6)+ﬁpm’2(m,m6))
o0 g,/ 2
fj-oo dzpe K ’

2/ (x,24) = 2 — z/L1.

which gives
%2

2.2 )
e + %)

The integrated profile seen by
the pinhole camera is

eXP(“Q(

_ 2 2 _
O-x,meas _ \/‘gﬂ + 77 05 _ O-x,e-
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Resolution & image processing
Two contributions to
resolution:
1. Pinhole diffraction.

2. Resolution of detector
(phosphor, mirror, lens,

Vertical profile, skew quadrupoles on.

and CCD). 250 - | 1
— deconvolved profile
The two resolution functions 200 |
are deconvolved from each |
horizontal and vertical slice. 150

A two dimensional, tilted
Gaussian is fit to the resulting
profile.

. : /5'0
Example for one vertical slice.

intensity

—-200 -100 0 100 200
y in um at the photon source point
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Diffraction

Even though we are dealing with X-Rays, diffraction is a significant
resolution limitation. The diffraction pattern was calculated numerically
as a function of pinhole dimension. For large pinholes, it looks like a
geometric image of the square pinhole. For small pinholes, it looks like
Fraunhofer diffraction, getting larger as the pinhole gets smaller. The
pinhole size that gives the best resolution is somewhere between the
Fraunhofer regime and geometric image.

Calculating .t F’owerl obéorbfad .by, 5 :"nm YAG phoslphor oflter Alr foilﬁ.
diffraction pattern, . :
—% = |
sum up over 5‘2‘1010
phases. £ 5

<

é 2
The diffraction pattern must be 510’
integrated over the spectrum =L
absorbed by the YAG phosphor. B

103 4 5 5 783810 20 30 40 50

photon energy (keV)
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Resolution functions

Resolution functions
All secondary maxima in the - | .

diffraction pattern wash out 0T phosphor & camera § :
when integrating over the agl  (FWHM = 11um) :!',1
wavelength spectrum. : s i
The resolution of the detector 0.6 = pinhole diffraction ||} :
was measured by placing a = (FWHM = 36um) 1|
very narrow slit just in front of =041 i =
the phosphor.

0.2 -
The measured image is a
convolution of the real profile 0 Y
with the resolution functions. . | , . .

-200 =100 0 100 200

]meas =R ®]real y in um at the photon source point

The data and resolution functions are sets of discreet points, so the
deconvolution could be turned into a big matrix inversion. A more
traditional method uses FFTs. Convolution in frequency space is simply
multiplication, so deconvolution becomes division.
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Deconvolution

55 Vertical profile, skew quadrupoles on. Spatial frequency amplitude from FFT,
T ' T ——————r — ———
—d lved fil : 1
_____ decanvalved profll 2. Filter |
2 1. FFT e high
g frequengy
=150 " i ;
@ 8102 —— deconvolved profile vy Nolse |
L = T raw data \
=100 > :
G10' -
4. FFT ¢
50 < - .
10
Ot . 1 " 1 . 10_1* . e et ) . )
-200  —100 0 oo 200 1 2 5 10 = 56 100 200 500
y in gm at the photon source paint 3 d _S_On Spatial frequency
: ; . divisli
IResqutlon‘ funct\onsj Modulation Transfer Functions
1.0F 1 el / &
— phosphor & camera f
8. (FWHM = 11um) |l i
il 1. FFT M
20,6 b~ pinholediffraction ]|} > '
e (FWHM = 36um) ||} b 0.1 T
=04 = 0.05 — phosphor & camera \
----- pinhole diffraction \
LZf 0.02 ‘\\
0 sl 0.01F ;
200 100 0 00 200 e
y in um at the photon socurce point 1 4 3 1020 so 100 200
Beam

size measurement

Beam-based Diagnostics, USPAS, January 16-20, 2006, J. Safranek

500
spatial frequency




Modulation transfer function

MTF AND RESOLUTION CHART Megacotie thart

Instead of dividing FFTs, use only L
amplitude part of FFT — called R T
modulation transfer function (MTF). e we |odobb bbb

MTF is a common way to specify

resolution. For example, this graph

came with the video camera that =
was used for the X-Ray Ring pinhole
camera. o @

Pulnix video camera MTF

Beam size measurement Beam-based Diagnostics, USPAS, January 16-20, 2006, J. Safranek




Parting slide

measured model
Horizontal emittance |94.2 nm*rad |93.3 nm*rad
Vertical emittance 8.6 nm*rad | 6.6 nm*rad
(skew quadrupoles off)
Vertical emittance .1 nm*rad —
(skew quadrupoles on)

Numerical Recipes, Cambridge Press, is a good reference for
FFTs and deconvolution.
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