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Abstract

The development of simple, fast, precise and robust
-beam diagnostics is absolutely necessary to optimize the
% performance of present accelerators and to satisfy the
£ needs of future accelerators, in particular those with ex-
S treme properties such as high brightness FELs and plasma
":«Swake-ﬁeld accelerators. This invited talk will present the
= underlying physics and results from simulation and exper-
% iments for a number of advanced optical beam diagnostics
£ currently under development at various accelerator re-
% search laboratories including efforts at the Cockcroft
Institute.
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INTRODUCTION

I will refer to beams with rms size and transverse emit-
Stances o,s<1um, divergences o' < urad, bunch lengths
2 ct<um, intensities ¥=1 and measurable dynamic range,
fDR >10° as “extreme” conditions, in the sense that the
Stypes of optical diagnostics needed to measure these
.2 properties exceed the limits of those commonly used or
2 available. Also I emphasize techniques that can be used
Z for a wide range of beam conditions and accelerator plat-
T forms, are easily implemented, are minimally invasive to
Z the beam and have the potential to measure the beam
& parameters of a single bunch. Space limitation demands
§ that I cannot discuss in detail or even mention all of the
© novel techniques being investigated - there are far too
gmany to include in a brief review paper. So I have select-
§ed a representative sample of techniques that meet the
= criteria mentioned above and have common threads.

Five types of recent diagnostic methods will be re-
7 viewed: 1) convolution and de-convolution of the so
O called ‘single particle source function’ (SPF), i.e. the
2 theoretically calculable or simulated image formed by a
;5 single particle, to achieve an rms size from a measured
» beam image; 2) measurement of the visibility of beam
5 images with rms widths less than or comparable to the
éwidth of the SPF to infer rms beam size; 2) use of the
i visibility of beam radiation inferferences from two or
"2 more sources to infer the beam size and/or the beam di-
—gvergence; 3) high dynamic range beam imaging with
Z optical masks; 4) optical phase space mapping and emit-
28 tance measurement methods applicable to high intensity
Zbeams; and 5) a novel bunch length diagnostic that utiliz-
= es the spatial rather than the spectral properties of coher-
§ ent radiation produced by a charged particle bunch.
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BEAM IMAGING USING THE SPF

OTR

The properties of optical transition radiation (OTR)
from a single particle have been well studied theoretically,
computationally and experimentally [1-4]. The SPF of
OTR presented in Figure 1 (left), shows that the visibility,
V' = Lna/Inin, as well as the overall shape of the distribu-
tion can be used to measure transverse beam sizes that are
smaller than the full width of the SPF [2], an idea that we
will see is also being applied to other types of beam radia-
tion.

Figure 1 (right) shows an empirical fit to a vertical scan
of the measured OTR distribution from a highly focused
electron beam generated at KEK’s ATF2 accelerator. The
measurements were done using a single achromat and a
40 nm band-pass filter. A vertical rms beam size
o=750nm was measured by fitting an empirical function
to the OTR data [4]. The fit depends on the optical pa-
rameters of the imaging system as well as the beam size.
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Figure 1: (left) OTR profiles resulting from a convolution
of the SPF with Gaussian beam distributions; (right) em-
pirical fit to measured vertical OTR profile.

The influence of band pass on these types of measure-
ments has recently been investigated in detail [5]. It has
been found that a larger band pass than previously real-
ized can be used to improve the dynamic range and signal
to noise ratio, while maintaining the sensitivity to beam
size. Figure 2 (left) shows the percentage change in the
visibility as a function of beam size for various band-
widths; (right) shows an enlarged view of the left hand
corner of the left graph. Note that the change in visibility
becomes smaller as the beam size decreases.
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Figure 2: Effect of band pass on the OTR SPF visibility.
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A novel algorithm has been developed to retrieve the
rms beam size using Zemax Optical Studio (ZOS) to take
into account optical effects, e.g. chromatic and spherical
aberrations and band pass. The input to the algorithm is
the theoretically calculated OTR SPF, which depends only
on the beam energy, the observed wavelength and the
field of view of the lens. Since ZOS can only propagate
the wave front for a single wavelength, a MATLAB code
has been written that calls and loops ZOS through a band
of wavelengths, taking into account the transmissivity of
each wavelength in the filter band pass, to produce an
integrated SPF. The code then performs a convolution of
this function with a Gaussian beam profile and compares
the calculated to the measured OTR distribution. The
beam size is varied until the best fit is found.

In order to do the required calculations in a reasonable
amount of time and maintain good spatial resolution for
the input OTR SPF, a new technique has been developed.
This method scales the energy down to a lower value if
the beam energy is in the GeV or higher range, while
maintaining a field of view, ©>10/y . As shown in Figure
3, this produces an almost energy independent SPF [5],
which can be applied to higher energy beams and incor-
porated in the fitting algorithm.
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Figure 3: Comparison of the OTR SPFs from 250 and
1300 MeV electrons observed with an ideal lens.

OSR Filament Beam Spread Function

A technique to measure the beam that is similar to what
has been done for OTR has been implemented at the
Swiss Light Source and the MAXIV synchrotron to
measure beam sizes down to a few microns with submi-
cron resolution.

Since synchrotron radiation is produced as the beam
travels along an arc, there is a finite filament of emission
that is specified by the field of view. Thus a single particle
emitting OSR has a ‘filament beam spread function’
(FBSF) [6], rather than a SPF. The former can be calcu-
lated from theory or a simulation code, e.g. SRW [7].

Figure 4 (left) shows a line scan of Pi polarized OSR
(488nm), fit to a convolution of the FBSF with a Gaussian
beam distribution with o=5um; (right) shows the sensi-
tivity of the visibility to beam size. This curve indicates
that beam size measurements < 3 ym. may be possible
with this method.

Note that the entire distribution is involved in the fit.
This fitting procedure can produce much higher accuracy
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that a visibility measurement alone. This idea is also
exemplified in the following topic.
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Figure 4: (left) Pi polarized OSR scan (black dots) and fit
(red line) to FBSF convolved with a Gaussian beam dis-
tribution with; (right) visibility of Pi polarized OSR vs.
beam size (from [6]).

High Resolution Scintillator Studies

In the last several years there has been a renaissance of
interest in scintillators for beam imaging applications,
especially to mitigate coherent OTR produced by beam
micro bunching that is commonly observed in high
brightness FELs. COTR is highly non linear with current
density.

Systematic studies of the image resolution of various
scintillator screens have recently been made using the
MAMI accelerator [8]. The crystal scintillator LYSO has
found to be the best of the materials measured for high-
resolution imaging.

In addition, a line source model with isotropic emission
has been developed for scintillators. ZOS is then used to
do ray tracing of this source through the optics at the peak
emission wavelength of the scintillator (420 nm), to pro-
duce a single particle line spread function (SPLF) that is
qualitative similar to the FBSF discussed above. By con-
volving the SPLF with a 2D Gaussian model for the
beam, the image data can be fit to find the vertical (y) and
horizontal (x) beam sizes.

Figure 5 (left) shows the beam image observed from a
scintillator inclined at 45° with respect to the beam direc-
tion; and (right) the best fit to a vertical line scan through
the center of the beam image. Note the high resolution of
the measured vertical beam size produced by the fit. Fur-
thermore, simulations show that by using a thinner scintil-
lator it may be even be possible to improve this resolu-
tion.
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Figure 5: (left) image of the MAMI beam intercepting a
200 gm thick LYSO scintillator; (right) vertical line scan

(dots) and fit to the data giving o, =144um (from [8]).
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HIGH DYNAMIC RANGE IMAGING

High dynamic range imaging (DR~10°) is needed to
=study beam halo. A number of optical techniques to
Qachleve high DR have been studied in recent years. These
+ include: 1) the Lyot coronagraph adapted to beam meas-
3 urements [9]; 2) optical emission produced by wire scan-
£ ners; and 3) simultaneous imaging of OTR using cameras
‘S with different gains [10].

My colleagues and I have developed an HDR imaging
~system based on digital micro-mirror array (DMD). The
' latter is used to create a series of masks to block selected
S optical intensity levels within the beam image. The DR of
§ each mask measurement is limited to the DR of the imag-
Zing camera used (typically 10°-10%). As the intensity
= threshold is decreased the exposure time is linearly in-
=] . . .

£ creased to maintain approximately the same DR for each
2 image. The procedure is followed until the mask size fills
% the area of the DMD. The images are then normalized by
g the exposure time and overlapped to create a composite
-£ HDR image [11].

£ Several important other limits to this process have been
2 noted: 1) diffraction produced by the aperture of first lens
9 of the imaging system; 2) the contributions of misalign-
gments scattering and aberrations of the optical elements
éof the system; 3) diffractive effect of the DMD micro
= — mirrors themselves; and 4) diffraction from the boundary
g = of the mask. The combined result is an ‘effective point
= spread function’, which can be measured with a suffi-
= mently small laboratory point source. These limitations
%were partially addressed in previous studies [11] and it
zwas shown that they did not limit the DR of our meas-
< urements.

®© Figure 6 shows normalized line scans of multiply
S masked OSR images of the JLAB ERL electron beam
©[12]. The inserted image shows the final mask and the
8 halo surrounding this mask.
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< Figure 6: Composite vertical line scans of masked images
. created with a DMD; the calculated PSF of the optical
5 system; and false color image of the halo surrounding the
% mask and ‘diffracted’ image of the beam core; from [12].
Q

">, Note the inserted picture in the upper left hand corner,
g . . )

E which shows a ‘ghost’ image of the beam present in the
=- center of the masked region. This image is created by
Bhght diffracted by the edges of the micro-mirrors. The
< vertical profile of this beam image is the green line scan,
£ which replicates the central region of the unmasked image
“E scan in red, albeit with a peak amplitude 10° smaller than
S the peak of the unmasked image. Also note that the PSF
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due to diffraction from the primary objective lens (calcu-
lated in this case from diffraction theory), is well below
the data scan curves indicating that the wings of the PSF
do not limit the measured DR.

INTERFEROMETRIC METHODS

In this section I will discuss current advances in inter-
ferometry using different types of radiation that allow
measurement of the rms beam size and the rms diver-
gence generically denoted by o and o’ respectively.

Diffraction Radiation

The first topic that I will discuss is the interference of
optical diffraction radiation (ODR) from two longitudinal-
ly separated apertures.

Unlike OTR, far field angular distribution (AD) of ODR
from a slit or other aperture is a function of the position
and distribution of the beam with respect to the center of
the aperture. In [13] it was shown for a horizontally
aligned slit that the vertical offset of a single particle from
the slit axis and a finite vertical beam size affects the AD
in the same way. Therefore, in order to isolate the effect
of beam size it is important to center the beam on axis.
When this is done the angular distribution of ODR pri-
marily depends on the rms vertical beam size and the rms
divergence.

These two parameters can be separated by either rotat-
ing the slit 90° or by introducing a second slit longitudi-
nally separated from the first [14]. In the former case the
horizontal and vertical polarizations of the ODR can be
used to separate out the effects of the corresponding rms
beam sizes and divergences. The latter configuration has
the advantage that the first slit acts like a mask that blocks
any upstream radiation from contaminating the observed
interference between forward ODR from the first slit and
backward reflected ODR from the second slit, when both
slits are inclined at 45° with respect to the beam axis.

If the distance between the slits is larger than the coher-
ence length, i.e. L >L ~y*4, high frequency interference

fringes will be observed modulated by the single slit ODR
angular distribution pattern. The visibility of these inter-
ferences will only depend on o'. However, because of the
strong dependence of the coherence length on beam ener-
gy, this scheme is practically limited to beam energies E <
1 GeV. If on the contrary L < L., the interference pattern
is more complicated and the effects of ocand o' are
mixed. Nevertheless, a method has been devised to sepa-
rate them by using slits with different widths and a small
(50 um) vertical offset of the second slit from the axis of
the first that is enough to break the symmetry between the
two effects [15]. The advantage of this scheme is that the
ODR interferometer is very compact. However, the de-
vice must be precisely made and characterized, and the
analysis and fitting of the data obtained by this technique
is complex.

Figure 7 (left) shows ODR interferences (ODRI) from
two non-collinear slits and the effect of ocand o' on the
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observed interferences. The two effects are now distin-
guishable and a multi-parameter fit of the data can extract
both quantities; (right) shows a scan of the inferred beam
size measured as a function of current in the quadrupole
magnet that controls its focusing power. The emittances
obtained by fitting the OTR and ODRI beam size data to
the envelope equation agree within experimental error.
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Figure 7: (left): Comparison of the effect of beam size and
divergence on ODRI; right: comparison of quad scans
using beam size obtained with ODRI and OTR.

A similar two-slit ODRI system has been developed for
use at KEK [16]. However, because of the very low emit-
tance of the ATF2 beam, the effect of divergence on the
ODRI is negligible. This greatly simplifies the analysis of
the data. In this case the visibility of the ODRI pattern,
i.e. the ratio of the peak intensity to that of the central
minimum can be used directly to measure the rms beam
size. The resolution of this method has recently been
improved by observing UV DRI [17].

Optical Synchrotron Radiation

Measurements of first order optical coherence function
from the interference of OSR from two transversely sepa-
rated pinholes (Young’s method) is a well developed
beam size diagnostic method that has been successfully
used at many accelerators [18].

Recently, the technique has been extended by use of
scanning a multi-element aperture, i.e. a ‘diffraction ob-
ject’ across the OSR beam at the SLS and MAXIV syn-
chrotrons and used to measure beam sizes < 5 ym. Simu-

lations have shown that this number can be improved to
<3 um using the UV component of the SR [6].

In addition, a rotating pinhole OSR interferometer has
been developed, that measures the beam size projected
along the axis passing through the pinholes as a function
of rotation angle [19]. This system has been used to
measure the size of elliptically shaped beams that are
typically observed at synchrotrons. Multiply projections
allow a 2D reconstruction of the beam’s shape with low
error using a relatively small number of angles. Studies
also show that beam sizes smaller than the lower limit of
any one axial measurement can be obtained. This is ac-
complished by a fit of the data to the theoretical curve that
relates the projected beam along the axis of the OSRI
pinholes to the inclination angle of the semi-major axis of
the ellipse.
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EMITTANCE - INTENSE BEAMS

Modified Quad Scan Method

My colleagues at the Cockcroft Institute, the University
of Maryland and Argonne National Laboratory (ANL)
and I are developing a novel method to determine the
RMS emittance of high intensity (i.e. space charged dom-
inated) beams. The technique employs a method to com-
pute the correlation term in the equation for the RMS
geometrical x and y emittances in terms of the corre-
spondingly measured rms divergence and beam size [20].
It is possible to measure both of these observables simul-
taneously, e.g. using OTR [21], OSR [22] and as we have
just discussed ODR [15].

The algorithm to determine the emittance uses the beam
envelope equation in reverse and the correlation term as a
control variable. The latter is iterated until the rms beam
size and divergence predicted by the envelope equation at
the focusing magnet match the values measured at a
downstream screen. The method requires a minimum of
two pairs of measurements at two values of focusing
strength. Thus a complete quad scan such as measured in
Figure 7 is not required to produce the rms emittance.
Moreover, the method works equally well for emittance
or space charge dominated beams.

Proof of principle experiments are now underway at
ANL’s Advanced Wakefield Accelerator (AWA) to vali-
date this new technique. Phase space tomography (PST)
measurements have already been performed to provide a
benchmark emittance value; and OPAL simulations have
been done to predict the rms emittances as well as the
range of beam divergences and sizes where the emittance
is constant. The PST measurements and simulations are in
agreement and produce a horizontal rms emittance of 8.4
microns, which we expect to duplicate with the new
method in the very near future.

Optical Phase Space Mapping

D. Rule and I originally developed the concept of opti-
cal phase space mapping (OPSM), the optical equivalent
of the pepper pot technique [23] and successful proof of
principle experiments were performed [24,25]. It was
shown [24] that even a small number of samples (two) of
beam divergence and trajectory angle values is sufficient
to provide an estimate of the tilt angle and the parameters
of the beam ellipse. From these, an improved measure-
ment of the rms emittance can be made.

The data for OPSM is acquired by using an optical
mask that has one or more pinholes placed in the image
plane of a beam imaging system. The light (OTR in our
studies) emerging from each pinhole is observed in the
focal plane of a lens. The AD of the OTR seen in this
plane from each pinhole is analysed to produce the local
value of the rms divergence and trajectory angle. This
data acquired at a number of sampling points within the
beam image is used to create a trace space plot of the
beam. This method is completely analogous to the stand-
ard pepper-pot technique.
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The advantages of this technique are: 1) the system is
5 all optical; no beam collimation system is required; 2) the
fﬂ measurements sample the phase space at a single longitu-
S dinal position along the beam line; hence there is no pos-
s sibility of phase space distortion in the drift region be-
étween the collimator and the imager, as can be the case
2 for the common pepper-pot collimator method; and 3) in
C principle, by using a multiple aperture mask and a suffi-
omently sensitive imaging detector, the sampling can be
= done on a single shot.

Z Two new developments have recently come about to

-
£ advance this technique and make it more practical for

= beam diagnostics applications: 1) a scheme that I have
fg) developed to do OPSM electronically using a DMD to
8 create and manipulate the optical mask; and 2) a method
& that INFN LNF has independently developed to perform
2 .2 OPSM using a micro-lens array [26].

Figure 8 shows a schematic of the DMD based system.
= This shows how any beam radiation source can be used to
; image the beam and to measure the divergence and trajec-
2 tory angle from an electronically generated pinhole mask
Zon the DMD. However, the DMD can be programmed to
E produce an arbitrary fixed or movable mask, e.g. an array
=- of pinholes.

E The effects of mask size and shape on the resolution of
£ the imaging system are currently being studied experi-
‘S mentally using the laser point source mentioned above
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Figure 8: OPSM with a DMD.
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The method developed by INFN LNF uses single foil
Y OTR to image the beam onto a micro-lens array. The
:‘—f OTR ADs from a number of points within the image are
© observed in the common focal plane of the micro-lenses.
E The visibility of each AD is then used to measure the
2 local rms divergence at a number of micro-lens positions
= S[26]. It has been demonstrated that this method can meas-
-é’ure the rms divergence of a 125 MeV electron beam at
= several points within the beam on a single shot. The chief
2 limitation of this technique is the measurable visibility of
2 the observed single foil OTR AD, which is ~ 0.1 ;. This

Z'restricts the range of divergences that can be measured for
2 a given beam energy.

NOVEL BUNCH LENGTH MONITOR

Dispersive and Fourier transform spectroscopy of coher-
£ ent beam associated radiation, e.g. CTR, CDR and CSR,
£ are both commonly used to measure the spectrum, longi-
£ tudinal bunch form factor and rms bunch length. With the
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aid of various phase retrieval algorithms, the bunch shape
can also be inferred using these methods.

My colleagues and I have taken a different approach to
measure the rms bunch length. This method uses the fre-
quency integrated angular and spatial distributions (i.e.
the far field and source field images, respectively, of co-
herent radiation produced by the bunch). We have concen-
trated in particular on CDR because of its versatility and
non-invasive nature, but other types of coherent radiation
can be similarly employed. The theory behind the method
is explained in [27].

The advantages of this approach are: 1) a relatively
small band width detection is needed; 2) the measurement
apparatus is modest, i.e. a simple imaging system and
single element scanning detector or imaging array; and 3)
retrieval of the bunch length from the data is straight
forward; 4) the method is non-invasive; 5) the method is
applicable to a wide range of bunch lengths (mm — sub
micron); and 5) in principle, the measurement can be
made on a single shot.

A proof of principle experiment that imaged the AD of
CDR was performed some time ago [28]. The bunch
lengths obtained from the AD measurement compared to
very well (with 10%) to those obtained with electro-optic
sampling.

More recently we have investigated the use of the spa-
tial distribution, rather than the AD, of CDR to do bunch
length measurements, because the former is less sensitive
to interference from upstream sources. A preliminary
experiment to test this concept was done at SLAC-
FACET that qualitatively showed that the predicted spa-
tial distribution [29]. But because of the shutdown of
FACET we were not able to quantitatively verify the
results. In lieu of this, we are presently preparing follow-
up experiments at the Swiss FEL and/or MAXIV to vali-
date this new method.

Figure 9 shows the predicted spatial distributions of
CDR for three bunch lengths that are expected to be ob-
served at the Swiss FEL, right after the first bunch com-
pressor at a beam energy of 330 MeV. The imaging optics
and detection system for this experiment have been built,
tested and are ready for installation [30]. Note that the
rms beam size at PSI is about 100 gm, which is much
smaller than the width of the predicted CDR distributions.
This means that the single particle SPF of the radiation
will be observed.
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Figure 9: Normalized CDR spatial distributions for three
bunch lengths: 0.5, 1.0 and 1.5 picoseconds (rms) predict-
ed for the Swiss FEL at 330 MeV; relative peak ampli-
tudes: 4.5, 0.5 and 0.09 respectively.
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CONCLUSIONS

I have reviewed progress in the development of a num-
ber of optically based beam diagnostic methods that over-
come the limitations of what was previously considered to
be possible, by the use of modern optical methods. These
include the use of the single particle source function
(SPF), to measure sizes well below the diffraction limit;
very high dynamic range imaging; optical phase space
mapping; and the use of interferences of transversely and
longitudinally separated beam associated radiation
sources to measure very small values of beam size, diver-
gence, emittance and bunch length. Many of these same
methods can also be applied to the measurement of ener-
gy spread, e.g. the beam size in a magnetically dispersive
region is correlated with the energy spread.

The development and application of novel optical
methods to measure ‘extreme’ beams, with increasingly
smaller emittances and bunch lengths, continues to ad-
vance at a rapid pace. We can expect this trend to contin-
ue well into the future.
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