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Abstract

Theoretical and experimental advances in OTR
diagnostics have been made over the last several years.
Also, new accelerator facilities are beginning to operate in
regimes where coherent effects (COTR) are being seen.
COTR complicates the application of OTR for imaging
but also suggests possibilities for new beam diagnostics.
The state of the art of theory and experiments are
reviewed and prospects for next generation of OTR
diagnostics are presented.

BACKGROUND

Beam profiling, divergence and emittance diagnostics
based on OTR are now common for electron and proton
beam accelerators operating over a wide range of energies
ranging from keV to GeV. The fast (sub ps) response,
linearity to beam charge and very high spatial resolution
of OTR for beam imaging have been regarded as
standards for beam diagnostics and many accelerators rely
on OTR screens for routine machine operations.

Imaging in particular relies on the linearity of the
OTR intensity with charge. This is usually a valid
assumption, since under most conditions the OTR
observed is incoherent in nature, i.e. IOTR. Coherent
OTR (COTR) previously has only been observed for
extremely short beam pulses, which are generated by fast
laser induced acceleration of charges, or by the free
electron laser (FEL) or the inverse (IFEL) process
operating at optical wavelengths.

Recently, however, COTR has unexpectedly been seen
in new accelerators such as LCLS, which have bunch
lengths much longer than optical wavelengths [1]. Since
COTR has a nonlinear dependence on charge, the
diagnostic beam imaging capability of OTR screens is
compromised. The observation of COTR is spurring
efforts to understand its cause, develop ways to suppress
it and investigate its diagnostic potential.

In this paper we will give a review of contemporary
diagnostic techniques based on IOTR as well as describe
the properties of and observations of COTR, which have
been recently reported.

INCOHERENT TRANSITION RADIATION

Transition radiation is broad band radiation emitted
when a charged particle passes through a boundary
between two media with different dielectric properties,
e.g. a vacuum and a metal foil. The TR photons are
emitted by the quickly changing charge distribution
induced by the particle passing through the boundary
surface. In the Weissacker Williams picture [2], the
radiation from a relativistic charge, ¢ is the reflection and
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refraction of virtual photons with spectral components
given by the Fourier components of the transverse field of

the charge:
Ew)=12k (“”J
T yc yc (1)
Where K; is the modified Bessel function. This spectrum
extends up to the plasma frequency of the surface
material. When the argument of K; =1, r= b = yA/2m, the
effective transverse source size of the virtual photon with
frequency w. Here y is the Lorentz factor of the moving
charge and c is the velocity of light.

Beam Imaging with IOTR

The intensity of IOTR is rather low - about 0.001- 0.01
photons per electron in the visible band. However,
because of the high current densities of modern
accelerators, the high directivity of OTR for relativistic
beams and the availability of sensitive, low cost cameras,
OTR beam imaging is easily accomplished.

A measure of the imaging resolution of IOTR is the
intensity distribution of a single charge or point spread
function (PSF), which depends on the field distribution
(Eqg. 1) and the angular acceptance of the imaging optics,
O . For ©® >> 1/y, it has been shown [3] that

Ly =|Epe [ ~ |00 K, (1) - Sy r0/ ) ()

where 7 is the position on the imaging plane,D= 1 /2p
and J, is the zero order Bessel function [2]. The PSF is
primarily sensitive to © and insensitive to the beam
energy. Thus the width of the PSF is close to the
diffraction limit of the imaging optics. As is shown in [3]
the PSF has exhibits a null at r = 0, i.e. the intensity
distribution has a donut like appearance. A comparison of
images taken with IOTR and other common imaging
screens such as YAG and phosphors has verified that
IOTR provides the highest spatial resolution [4].

Emittance and Energy Diagnostics

For a relativistic charge incident on a highly conducting
foil, the single charge spectral-angular distribution of
IOTR has the form

dzl(s)(e) _ q_2 92 (3)

dodQ e (Y +0°)
where I is the intensity, ®, 8 are the frequency and
angle of observation dw is the observation bandwidth and

dQ is the solid angle subtended by the detector. Note that
the peak intensity of IOTR from a single interface occurs
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at the angle 1/y, and the intensity of IOTR is independent
of the frequency. This expression is only valid for
frequencies much lower than the plasma frequency of the
foil material, which is usually the case.

The angular distribution (AD) of IOTR, which can be
simply determined from Eq. 3, is useful to measure the
energy, divergence and, in combination with imaging, the
rms emittance of a relativistic charged particle beam [5].
For a charge incident on a foil oriented at 45 degrees with
respect to the velocity of the charge, forward and
backward OTR are generated. The AD of the former is
centered about the velocity vector; the latter, about the
direction of specular reflection.

To measure the divergence using the AD of IOTR, a
model for the distribution of beam charge trajectory
angles, e.g. a Gaussian function, is chosen and then
convolved with Eq. 3. The result produces a function of
the distribution width and observation angle, which when
fit to the data, produces the rms divergence. For a non
axisymmetric case, two Gaussians with corresponding
rms (x’, y’) divergences are used to model the angular
distribution of the charges and to do the fitting.

For greater sensitivity to beam parameters, an OTR
interferometer, consisting of two parallel foils, which are
oriented at 45° and separated by distance L, is used. The
interference of forward directed OTR generated from the
rear of the first foil interferes with backward OTR
generated from the second mirror foil. The expression for
the intensity is Eq. 3. multiplied by 4sin*(¢/2), where

0=L/L,(Y,A,0) is the relative phase between the

photons generated at the two surfaces and L, is the
vacuum coherence length of the radiation. For a high y
beam the interferences are observed in reflection, i.e. by
viewing between the foils.

To avoid compromising the measurement, the first foil
must be thin enough so that the scattering in the foil does
not significantly increase the emittance; also the energy
spread of the beam must be much lower than the
normalized rms divergence (Y0,ys). The fringe visibility is
then a measure of the beam divergence [6].

To further overcome the limitation of beam scattering
we use a micromesh first foil of the interferometer. In this
case optical diffraction radiation (ODR) is produced in the
mesh when the hole size is comparable to b=y12n. The
material and thickness of the wires of the mesh are
purposely chosen to produce large scattering angles from
charges intercepting the mesh wires. In this case the
unscattered charges produced fringes which ride above an
IOTR background produced by the scattered charges [7].

To extend the range of measurement to lower energy
beams which demand a small inter foil spacing (Ly
mm), we have developed a novel transmission
interferometer which employs a micromesh and a
transparent dielectric foil [8, 9]. This configuration allows
us to observe the interference of forward directed
radiation from the two foils transmitted through the
dielectric foil.
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For emittance measurements two cameras are used,
one focused on the mirrored foil to measure the rms beam
size, the other focused at infinity to observe the AD and
measure the rms divergence. In order to determine the
normalized rms emittance

E =Ly (<x’><x?>-<xx'>?), )

from a simple product of these two observables, the beam
must be magnetically focused to a waist condition where
the correlation term <xx >=0. This is usually difficult to
achieve in practice and as an approximation one usually
focuses the beam to a minimum radius in either the x or y
in order to measure the corresponding divergence. In
previous experiments, the rms emittances obtained by
taking the simple product of the rms values of (x,x’) or
%y,y’) measured at a corresponding focus, have compared
avourably with independent measurements. These results
indicate that the correlation terms were small in these
experiments.

However, it is well known [10] that the beam size at a
magnetic focus does not necessarily occur at, nor is it
equal to, the ‘true’ beam waist, i.e. the minimum in the
beam envelop as a function of position along the beam
line for a fixed setting of the focusing field. Therefore, in
to improve the diagnostic technique and make it generally
applicable, we have developed algorithms which relate
the correlation term to the beam size minimum or the
beam divergence minimum. These values can be
measured by performing quadrupole scans in either
variable [9]. With these new algorithms it is now possible
to determine rms emittance with greater accuracy and for
more diverse beam conditions.

Optical Phase Space Mapping (OPSM)

A general technique for optically mapping the
transverse phase space of a charged particle beam has
been developed using OTR [11]. OPSM can be used with
any type of beam based radiation and does not require
that the beam be at waist. We will give a brief synopsis of
the method using OTR.

The OTR from a foil or interferometer mirror is first
imaged onto a plane which contains an optical mask to
selectively block or pass a segment of the beam image.
The AD of the OTR passing through the mask, e.g. an
aperture, can be used to measure the local divergence and
trajectory angle within a portion of the image. For
example, we have scanned a pinhole over the OTR image
of a 100 MeV e beam to create x,x” and y,y” maps of the
beam.

An extension of this idea uses an adaptive mask based
on a digital micro-mirror array (DMA) to for beam halo
studies [12]. Fig. 1. shows test results obtained using
DMA with a HeNe laser beam first to observe the entire
intensity profile and then the halo. To do this the DMA is
programmed to eliminate all points on the image with
intensities exceeding a set level. The advantages of this
technique are: 1) programmable mask geometry; 2) high
speed (10 usec) digital control at the pixel level; and 3)
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high extinction ratio (10°) between masked and unmasked
portions of the image.

Figure 1: Left: picture of HeNe laser imaged onto a DMA
with a defined core specified by the red oval overlay;
right: same picture with core light removed.

Fluctuation Bunch Length Diagnostics

A number of studies originating with [13] have shown
that the bunch length of a beam can be measured by
analyzing fluctuations in the intensity of incoherent
optical synchrotron radiation (IOSR). Recently it was
further demonstrated that the absolute rms bunch length
can be obtained by measuring the variance of the
fluctuations from many bunches observed in a narrow
optical band pass [14]. Comparison of bunch lengths of
the ALS synchrotron at LBNL measured with this method
and a streak camera show excellent agreement.

It should be noted that (a) fluctuations of any beam
radiation process including OTR can be used; and (b)
fluctuations occur even in the coherent portion of the
spectrum. The latter are typically not observable because
the variances are usually orders of magnitudes smaller
than in the incoherent part of the spectrum. However, we
shall see below that such fluctuations are observed in the
visible part spectrum of COTR at LCLS. These
fluctuations may be useful as a bunch length diagnostic.

COHERENT TRANSITION RADIATION

COTR has recently been observed in the SLAC-LCLS
and other electron beam accelerators. The observation of
COTR has been attributed to micro-bunching at optical
wavelengths. These modulations arise from longitudinal
density fluctuations (shot noise). Linear space charge
forces convert these to energy modulations which then
produced amplified micro bunches in magnet bends and
bunch compressors [15].

A number of diagnostic experiments have been done to
study the spatial and spectral features of the observed
COTR. We will first discuss the general properties of
coherent transition radiation (CTR); then the features of
COTR produced in circumstances where it is expected
and has been observed previously; and finally COTR
which has unexpected been observed.

CTR Diagnostics

Observation of the spectral properties of CTR at
wavelengths A >g¢_ the longitudinal beam size, have

been used for many years to diagnose the bunch length of
charged particle beams. The basis of the method can be
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seen from an analysis of the spectral angular density of
CTR given by

V7 Y o
dadQ  dadiQ

IN+NIN=Df  (k,0)f. (k.. 0},

where, [ is the intensity of the total radiation observed
from N particles, I is the radiation from a single particle
givenby Eq. 1, 7 :‘ F(p, )‘2 are the squared absolute

values of the Fourier transforms of the transverse (L) and
longitudinal (z) charge distributions and & is the
transverse beam size. When multiplied by the first term,
the second and third terms on the RHS of Eq. (5) are the
spectral angular densities of the incoherent and coherent
radiation intensities (Z,con Icon). The degree of coherency
or coherent gain is definedby G=1_ /1. = Nf. 1

coh incoh

For a radiator size D >> b, I does not depend on
frequency. In this case the frequency dependence of the
form factors determines the spectral density of the CTR.
By measuring the spectrum of the CTR, either directly or
with an autocorrelation method [16], the bunch length and
in some cases the longitudinal distribution can be
determined.

Note, however, if » > D, diffraction effects introduce a
frequency dependence into 7. These effects as well as
frequency dependences introduced by the transport optics
and detector response must be carefully taken into
account in the analysis [17].

COTR Imaging

The intensity distribution from an ensemble of charges
intercepting a screen can be found by squaring the
coherent sum of the radiation fields observed at the
imaging plane. This can be done by directly or
analytically as in [1], where it has been shown that the
intensity distribution at the image plane can be
approximated as the sum of 1) an incoherent intensity,
equal to N multiplied by the convolution of the charge
density with the single particle intensity (i.e. the normal
IOTR image intensity discussed above); and 2) an
coherent intensity, which is proportional to N* times the
square of the convolution of the particle distribution with
the single particle field on the foil. The latter, which
dominates if G > 1, is not directly proportion to the
charge density distribution of the beam.

The COTR image intensity distribution depends on the
ratio of the transverse beam size o to the effective source
size of a single electron . There are two regimes:

1) o< b; here, the COTR image is just the convolution
of the PSF with the beam charge distribution or, in the
extreme case when o << b, is just equal to the PSF; and

2) © >b; here, the COTR image is equal to the
transverse gradient of the charge distribution.

As an example, Fig. 2. shows our calculations of the
normalized line profiles of the COTR image intensity for
an axisymmetric Gaussian beam charge distribution with
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rms width o = 200 microns and beam energy E = 250
MeV - the LCLS parameter just after the first bunch

0.4 0.6 0.8

radius (mm)

0 0.2

Figure 2: Line profiles of an axial symmetric Gaussian
beam distribution (green), the transverse gradient of the
distribution (yellow); and COTR intensity distribution
(red).

compressor (BC1). For comparison we show the beam
density profile and the transverse gradient of the
distribution as well. These results indicate that the COTR
distribution is close to the gradient of the Gaussian for
these beam conditions.

An actual OTR screen image observed at LCLS just
after BC1 is shown in Fig. 3. along with a horizontal wire
scan taken close to the screen. The COTR intensity in this
image is about 100 times more intense than the IOTR
observed before the DL.

OTRSLIZ1:231

<] = 300pm

termn

=1500 =1000 =500 a

Figure 3: Left: COTR image 1; right: horizontal wire
scan across the center of the beam; from [1].

A line scan across the beam image shows a null in the
center of the profile. The wire scanner data shows a
smooth nearly Gaussian distribution. The peak intensity
in the image occurs at about 150 um from the center of
the image which corresponds to the half width of the wire
scan distribution, in accord with the calculations of the
transverse gradient shown in Fig. 2.

Images obtained after the second bunch compressor at
LCLS at 4.3 GeV shows a stronger COTR production
(~10° IOTR) and an image intensity distribution that also
agrees with theoretical prediction for 6 < b. In this the
COTR image is also ‘donut’-like similar to Fig. 3.
However, in this case the effect is due to the PSF and is
not the gradient of the beam distribution.

CTR Spectra

CTR in the FIR, mm and optical regime have been
observed previously in beams which are modulated by the
free electron laser (FEL) [18] or the inverse process
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(IFEL) [19]. In a FEL the interaction of the beam with the
wiggler directly produces the density modulation. In an
IFEL, an energy modulation is first imposed by a laser,
which is then converted into a density modulation as the
beam passes through a chicane. In each case periodically
spaced micro-bunches are formed in the longitudinal
charge distribution at the wiggler (FEL) or Ilaser
wavelength (IFEL). The CTR from n micro-bunches
interfere resulting in lines in the spectrum at the
harmonics of the modulation frequency [20].

The spectrum of IOTR and COTR has been measured
at LCLS by placing a transmission grating in front of the
OTR foil station CCD camera after BC1. The resolution
(6 nm) is limited by the beam size image size on the
grating. The results are presented in Fig 4. taken from [1].
The data is taken for a nominal bunch length of 60 um.
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Figure 4: Comparison of COTR spectrum of two
individual shots (red and green plots) with BC1 and IOTR
with BC1 off; axis is wavelength in units of nanometers.

In contrast to the periodic microbunching processes
described above, the spectrum of the COTR at LCLS
exhibits apparently random shot to shot fluctuations. This
result is consistent with what is expected from the micro-
bunching instability and a plot of gain G vs. wavelength
shows that the intensity grows exponentially.
Remarkably, a fit of theoretical gain curves to the
experimental data requires only one free parameter, the
slice energy spread. For the best fit, this parameter is
3keV, a value which is consistent with what is expected
for the LCLS photocathode RF gun [15].

Mitigation of COTR

Several schemes have been proposed to mitigate
COTR. These include: wavelength filtering [21];
introduction of a scattering foil, which has the effect of
destroying the coherence by increasing the divergence
[22]; and spatial filtering in the Fourier plane, which we
will discuss here.

Fig 5. shows the normalized AD’s of IOTR and COTR
for the same beam parameters used in Fig. 2. Note that the
COTR has a much narrower angular distribution than the
IOTR, which peaks at 1/y. This effect is formally due to
the transverse form factor (see Eq. 5), which for a

Gaussian beam, is £, (o, k,) = exp[—(nc sine/}»)Z] .

This term severely truncates the AD of the COTR in
comparison to IOTR when 6> b and 6~ 1/y. A more
physical interpretation is that the effective size of the
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COTR source is the entire transverse beam size 6, when &
> b. This larger coherent radiator, which contains N
charges, produces a greater directivity of COTR in
comparison to IOTR, which is produced by N incoherent
radiators with the same effective source size (b) and AD.
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Figure 5: Far field angular pattern of IOTR and COTR.

The Fourier plane filtering method that we propose is
done by placing a blocking stop in the focal plane of the
lens used to image the far field AD. When the angular
half width subtended by the stop is sufficiently large, the
COTR can be decreased by many orders of magnitude.
The IOTR outside the angular range of the stop can then
be used to image the beam. Fig. 5. shows that this method
should work well for LCLS at 250 MeV. But it becomes
more difficult at very high energies e.g. 4.3 GeV, where
the AD’s of IOTR and COTR overlap to a greater extent
an angles near 1/y.

CONCLUSIONS

We have examined the properties of incoherent and
coherent transition radiation which are useful as well as
problematic for beam diagnostic applications. The COTR
observed is thought to result from chaotic micro bunching
at optical wavelengths. New methods are being developed
to both mitigate and utilize COTR as a new diagnostic.
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