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Transition Radiation in a Nutshell
Definition: Radiation which occurs when charge moving at constant velocity

crosses a boundary between media with different dielectric constants

Weissacker-Williams
(virtual photon picture) Reflection and refraction of virtual photons of all frequencies
(up to plasma frequency) at the interface

What is really radiating? the image charge current (Important to remember)
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Fourier Spectrum of Virtual Photon Pulse

Fourier components are transverse
plane waves with spectrum:

. K4(€)
E(w) =32k, (”—rj il

T yC “\ yC

b Is the radiation impact parameter which represents the effective
spatial extent and source size, b = yA/2x
of the virtual photon with wave number k =w/c.



Properties of Incoherent Transition Radiation (A<<ct,) useful for
beam diagnostics

1. Prompt: fs response time

2. Broad band: flat frequency spectrum up to plasma freq. of
radiator material

3. Intensity linear with charge | ~ N

4. Angular distribution peaks at 1/y

5. Polarized in direction of radiation lobes (radial polarization)

6. Beamed in direction of velocity of charge( relativistic)

4. OTR: High spatial resolution for imaging (independent of particle energy)
ultimate resolution: point spread function determined by field of charge and

angular acceptance of optics

5. Low photon yield per electron ~ 0.001- 0.001 in visible band



Diagnostics of beam parameters using IOTR

1-Near Field Imaging (spatial distribution)
size (X, y)
position (x, y) (offset)

2-Far Field Imaging (angular distribution)
divergence (x’, y’) [angular resolution < 0.01/y]
trajectory angle (X',Y’) [ <0.01/y ]

energy (average) and energy spread [<0.01]

3- Spectrum : fluctuations can be used to
measure bunch length (proven using Incoh. OSR)



Point Spread Function of OTR for Imaging determined field of
charge and angular acceptance of Lens
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FIG. 2 (Color) PSF of the OTR for various beam energies and
various lens acceptance angles.

*D. Xiang,et. al. PRSTAB (2007)



Comparison of Imaging Screens YAG, Phospor, OTR

YAG:Ce (4%) YAG:Ce  (0.18B%)

GdzE503: Tk YAG:Tb powder

Resolution: Beam images taken with six

different diagnostic screens under the

stable experimental conditions (Q ~ 500

pC) atthe ATF/BNL 40 MeV linac by
Yakimenko, et. al.
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IOTR Angular Distribution: Beam Trajectory Angle and Divergence

{ independent of frequency and beam size (or position )}
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Effect of Divergence on OTR Angular Distribution and Horizontal Scans

(48 MeV CLIC2 Test Facility Beam )
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IOTR Interferometry provides greater sensitivity to beam parameters

Two Foil OTRI

2 2
TOT = ez —2e 2\2 ‘1_e_i¢‘2’
da)dQ n°c(y +07)
\ where: ¢=L/L,,
L

=M/ m)(y*+06°)"
(vacuum coherence length)

* Center of pattern measures trajectory angle of particle

* Visibility of OTRI measures beam divergence (and/or
AE/E)

» Radial Polarization of OTRI can be used to separately
measure x and Yy’

* Fringe position measures beam energy (E)



Optical Diffraction-Transition Radiation Interferometry

Extends OTRI diagnostics to low energy and/or low emittance beams

Micro-mesh front foil overcomes scattering limit of conventional OTRI

\ ODR(u) backward OTR

Beam

Micro-mesh

ODR(u) + OTR(s)
+ BOTR



Comparison of OTR and ODTR Interferograms
Vertical (y) beam waist, E= 95 MeV (NPS linac), L. =650 x 70 nm

vertical ( 0, ) scans
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Transmission interferometer needed at E <20 MeV

ODR-DTR Transmission Interferometer

(e.g. 8-15MeV, A ~L= 1-10 mm)

beam

metallic mesh|
I

dielectric foil

!
ODR +DTR

ANL/AWA: E =13.8 MeV, L =3.7 mm, L =632
x10nm, Kapton foil: t=9.15y, index = 1.8

®vertical




RMS Emittance Measurement using Near and Farfield Incoherent OTR

EX =< X* >< X? > —<xx' >*

Far field image of angular
distribution

Lens focused to Infinity
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Quadrupole Scan General Case: the minimum of the spot size or

minimum of the divergence is not close to a zero of the correlation term
( Emittance = 4.5micron, Energy =7.4 MeV )
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New theoretical analysis allows more precise emittance measurement
using OTR observables (x, x’) *

Idea: The beam size X(S, f) and the beam divergence X'(S, f) have different minima
w.r.t. to s, f. For each minimium we get a different value for the beam size-divergence

correlation but the same rms emittance: 2

g2 =< X® >< X% > — < xX' >°

x —

1) true beam waist: o(x(f,s)) ’
difficult to achieve, P =0 —>< XpX >= 0
i.e. need to move foil along s S f="f,
at a constant focusing strength f
2) beam spot minimum:  9(x(s, f)) L0 ey xiemex? oL
achievable with a usual quad of min min
scan, i.e. vary f and minimize s=L
beam image observed with OTR
3) divergence minimum:  9(x'(s, f)) L0 sexd SeLox? S
achievable by varying f to of - min min

maximizing OTRI fringe visibility
(angular quad scan)

*( see Poster THGREPO053 for details )




Optical Phase Space Mapping: localized divergence and trajectory
angle measured within beam image

Optical
Radiation Bandpass
I
(e.g. OTRI or Filter
OSRI ) J L3
L1 L2 ‘
e T
1) | ‘ —
.._\ '!\ AD Camera
o~ | Polarizer Mask
> Image Camera v

Electron beam



Localized (inter beam) OTRI divergence and trajectory Angle
measurements using a 1mm pinhole (optical mask)

X horizontal

INTENSITY, arb. units

(4)
(1)%2) (3) '
(5)

ANGLE, 1/ units



o Proposed Study of Halo’s using Dynamic

4> Masking using Digital Micromirror Array (DMA)

The Cockeroft Institute
ol Acceleralor Science and Technology

-

4 )

S (1) Aquire profile ) S (2) Define core )

\
. (4)Re-Measure ) _ (3)Generate mask
@ L[ \--"'ERPOO]__ Carsten P. Welsch — Halo Measurements <@;5AR



BunchiLengthiDiagnesticiusing ”\, ﬁ}l

Radiation FIUctuation ANalysis .. =\

In real beams, due to presence of random modulation in the particle
distribution, and to the variation of this modulation passage to passage,
incoherent radiation is emitted with fluctuating intensity

Stupakov, Zolotorev SLAC-PUB 7132,

4 Coherent Single passage

1996) showed that the variance of the i component spectrum
fluctuating radiation intensity incoh. N ﬂ/ V/ Average
part of spectrum can be used to § _ P Spectrum
measure bunch length. £ | ) ML\ g

gl I
Note 1:can be used with any kind of 2 '/j’/ 7 t, ~1/Aw
radiating process (OSR, OTR,etc.) | M
Note 2: that coherent component also M . M L L

has fluctuations which typically are not
measurable (rel. amplitudes orders of
magnitude smaller incoherent case) but
in case of COTR due to chaotic
microbunching they are visible.

Log Frequency

2009 Particle Accelerator Conference, Vancouver, Canada, May 2009



Absolute:Bunchillength by ”\'
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IOSR Fluctuation Analysis at ALS: . X

" By using a bandpass filter with bandwidth
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COTR recently observed in e beams whose
and bunch lengths are much longer than optical wavelengths
(e.g. LCLS and FLASH at DESY)

Questions:
* Why is COTR observed in this situation?
» What are the spatial and angular distributions of the COTR?
* What is the spectrum of the radiation?
a. Is there enhanced COTR at given wavelengths?
b. Is the COTR resonant (i.e. the signature of periodic microbunching)
or purely random in time (chaotic)
* Where in the beam profile is the COTR produced?
is it localized or random in space?
 COTR is a nonlinear function of N: bad for beam profiling;
« Can COTR it be mitigated? how? spectral filtering? spatial filtering
« Can COTR be used as a diagnostic for underlying physics?



Coherent TR Radiation diagnostics

d’l d’l
=— 2 IN+N(N-Df, (k , o)f (o, k,
140 dwdQ{ (N=-DT1,(k.,o0)1,(0,.K,)}
2
f_I_,Z :‘F(pj_,z)
Degree of Coherency or Coherent Gain G= ICoh/ lcoh — Nf f

If transverse and longitudinal bunch distributions p, , are Gaussian
and 0>1 Kk.; kg and k, ; k

Z b)

f, =|F(p.)| =exp[-(c,k0)’]—L2— exp[—(o, | y1)*]—>1
f,=|F(p,)]" =exp[~(c,k)?] ~exp[~(c, k) ]—>1



—<=6ie— COTR image produce by a bunch of charges

image formed by the intensity of OTR fields from an entire bunch
of N electrons is obtained from the superposition of the
fields from each particle at locations r; and z,

Esn(r) = Z e~ %% Eg (r — ;)

i

IOTR intensity: convol. of p
Esxy (@)]* =N ] d2r'dz p(r',2) |Bs (r — /)| = With single particle
INTENSITY on the foll
+N? U d*r'dz e **p (1, 2) Es (r — 1) COTR Image: convolution of
the particle distribution with
single particle FIELD on the foil

2

Two regimes for COTR Imaging:
1) Beam size o <yA
COTR Image is convolution of PSF with
beam distribution, or in extreme case o<<yA , just the PSF
2) Beam size o> vyA
COTR Image is gradient of beam distribution

Loos, et. al. SLAC Pub 13395

LCLS COTR Results 25 and Proc. of F Henrik Loos
3/27/2009 loos@slac.stanford.edu




Calculations of Near Field and Far field Intensity of COTR
250 MeV Gaussian beam (o = 0.2mm > yA/27)

Near Field Intensity of COTR | N o - S

----------------------------

________________________________________________________________

-----------------------------------------------------------------

b, (r) = —exp(—r?/c?) SN T T T
149) R AN

______________________________________________

-----------------------------------------------

0.6 0.8

Far field (Angular) Intensities
of COTR and IOTR

lcorr = liomr ‘ fJ_ (kJ_)‘Z

f,(k,) =exp| —(nosin e/x)z]/

Observation angle



CTR from periodically micro-bunched beams

« Produces periodic modulations in longitudinal charge and form factor leading to
appearance of lines in the CTR spectrum at the harmonics ( nk; ) of the inter
micro-bunch modulation frequency.

« Theory well developed by Rosenzweig, Travish and Remaine NIMA1995

» Experimentally studied in a number of experiments in the THz and optical regimes.

Periodically modulated beam
Model for Charge density
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COTR Observations



CTR Spectral Observations showing Periodic Microbunching

Development of COTR Sidebands in a SASE
FEL: exponential gain regime to saturation
(A.Lumpkin,et. al. PRL 2002)
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(J.Neumann et. al. J.Appl.Phys. 2009)
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COTR from energy modulated IFEL passing through a chicane*
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OTR12, BC1 on

F OTRZ2: Light linear with charge

E OTR12, BC1 off: Enhanced by ~4-6, beam
size changes

F OTR12, BC1 on: Enhanced by <100,
transverse structure

F OTR22, BC1&2 on: Enhanced by <10°,
break up, rings

OTR22

BC1 L2-linac

OTR12

OTR22

OTR2 135 MeV 250 MeV 4.3 GeV

L3-linac BSY
14 GeV

LCLS COTR Results
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LCLS COTR Observations compared with Wire Scanner at LCLS after

1st Bunch Compressor

OTR12 horizontal beam profile

OTRZ:LIZ1:29 20000

500 ;’f"a
15000 |I III'
0 f-'-'l "I
§ 10000 'I { '|‘
-500 ‘ <T VAR
8 I\ %
/1 400um
~1000 Y4 AN
-1300 —1000 =200 1]
LSC microbunch Instability: B
1) shot noise: longitudinal density
fluctuations produge energy modulations s : 300um
2) energy modulations convert to i
increased density modulation by R Iin Jd
DL1 (or in bunch compressor sections) e e

LCLS COTR Results
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Shot to shot optical fluctuations (A <<ct, =

60 MM ) | > | incoherent

OTR Intensity (Counts)

Incoherent
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Measure COTR spectrum with
CCD and transmission grating

OTR12 at normal Compression
60 um bunch length

Spike width resolution limited

COTR gain increases
exponentially from blue to red

LCLS COTR Results
3/27/2009
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Theoretical Microbunching Instability Gain Curves compared to Data

Gain

bunching fraction
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Figure 3: Measured and calculated OTR intensity gain for
250 pC charge at OTR12 as a function of the optical wave-

length.  £=_ 55 MeV, c = 0.2 mm

D. Ratner, A. Chao, Z. Huang, SLAC 13392; FELO8
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Optical system for spatial filtering/mitigation of COTR

4

Splitter with mask

'OTR target ~ LensT, F1, angular
F1=250mm\ Image plane
\ N
2 2F2 2F1
F1 T~ /‘
Sensor focused
on target, 1:1
Lens?2, o
F2=125mm
Sensor focused / 2F2

on splitter,

angular image, 1:1\




Measurement
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Simulation Code predicts IOTR and COTR distributions using ELEGANT
FERMI@Trieste, Linac1 (250 MeV), AA=0.5-1.0um

coherent Imax=1.34E9 incoherent Imax=1.26E9 Particle distribution
Near field
(image)
-1mm X Tm -1mm X
Energy distribution
260
Far field %
(ang.distrib.) =3
230
e,(7y) 5 -9 0, (1/y) S 25mm Z  2.3mm

coherent Imax 3.84E12 incoherent Imax 3.16E12




IIRTR and CIRTR expected from FERMI@Trieste after 2" bunch compressor linac 4
(E=1.2 GeV, AL = 2-4um, yA >> o)

bunch distribution

.

energy distribution

1208
E(MeV)
1180

4 O(1/y) 4 -0.14mm Z 0.15mm

Coherent Imax=3.6E15 Incoherent Imax=3E13
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