




Executive Summary

To achieve the highest possible high luminosity at the ILC, it is crucial to have a method to
determine the vertical and horizontal beam size at various points along the beam. We propose a
design for beam size monitors for the damping rings and the first stage of the main linac, each
using a pair of Fresnel zone plates in conjunction with a detector consisting of a scanning
mask, fast scintillator and photomultiplier. These monitors have a vertical resolution of 0.5 µm,
compared with the vertical beam size of approximately 3-4 !m in these locations. This system
is capable of making an individual vertical size measurement for each of the ~2820 bunches of
the ILC damping rings.  The design emphasizes the use of techniques and components that are
well proven at synchrotron light sources. In this way, it is possible to design and build the beam
size monitor during FY2006-7.

Monitor Location Selection and Preliminary Issues

There are presently 7 representative lattices for the ILC damping rings.  Some basic
information about the lattices is in the table below.  Recently, a decision was made to select
one of the approximately 6 km lattices for the electron ring, and 2 rings of one of the ~6 km
lattices for the positron ring.1  Thus, in this document, we consider two cases: 1) the electron
DR uses the OCS lattice and the positron ring uses 2x the OCS lattice, and 2) the electron DR
uses the BRU lattice and the positron ring uses 2x the BRU lattice.  The design concept in this
document focuses on the OCS lattice option, however we intend to create a corresponding
design concept for the BRU lattice.

Figure 1: The 7 representative ILC damping ring lattices.  The naming scheme is arbitrary.  A
decision was made to use one of the approximately 6 km lattices (i.e. either OCS or BRU) as
the basic lattice (with 2 such rings for the positrons).  We consider both the OCS and BRU

cases.  The structure of the TME (theoretical minimum emittance) and FODO cells (i.e. the two
relevant cells) is shown in Fig. 3.

Synchrotron light from each dipole will be intercepted by photon stops in antechambers.  We
consider the best place(s) in the OCS and BRU lattices to extract the synchrotron light using a
modified photon stop, where “best” is defined as the place(s) for which a tangent from a bend
magnet is furthest away from intervening lattice elements (quadrupoles, sextupoles, RF
cavities, …).



The OCS lattice uses the TME (theoretical minimum emittance) cell type, shown in Fig. 3
(top).  As the entrances to the straight sections in the OCS lattice contain RF cavities, it is
likely best to avoid those regions when considering monitor location, even though they would
provide a natural straight path down the tunnel.  Fortunately, the arc cells themselves contain
sufficient clearance so that a tangent from a bend magnet should avoid all corrector magnets,
etc.  The perpendicular clearance within each TME cell of a tangent from the bend, at the
location of the closest element following the bend (a sextupole) is 38.8 cm, which should
clearly be sufficient.  So we select the bend magnet of an arc cell as the synchrotron light
source for a monitor in the case of the OCS lattice.  (The matter of which specific arc cell to
use is tunnel-dependent, in that one obviously wishes to use a location in which the tangent
does not run into a wall of the tunnel.  The choice of which specific arc cell is used is
completely immaterial for the optimal monitor design, however.)

The BRU lattice uses FODO cells in the arcs, shown in Fig. 3 (middle).  Similar to the OCS
lattice, the entrances from the arcs to the straights are infested with RF cavities, prohibiting the
placement of a synchrotron light monitor in these regions.  Thus, as in OCS, one must use a
standard arc cell for the monitor location, rather than dipoles located near an entrance to a
straight section.  The perpendicular clearance within each FODO cell of a tangent from the
second bend magnet in the cell, past the location of the closest element following the bend (a
sextupole), is 7.48 cm, which is likely to be marginal clearance for a synchrotron light
beamline, unless the sextupole outer diameter is extremely small.  Nevertheless, these are the
only potentially satisfactory places for a monitor location in BRU (unless one were to modify
the lattice slightly to create a dipole bump specifically for a monitor).

The modified photon stop to allow synchrotron light to pass must then be followed by a
secondary photon stop and a retractable photon stop to reduce power incident on the
downstream components and to protect the vacuum gate valve when it is closed respectively.
Following the photon stops, a graphite filter consisting of thin layers of pyrolytic graphite is
placed within the synchrotron light beamline to filter out UV and visible light power that would
otherwise be incident on the multilayer mirrors.  The power and power density incident on all
components, in the cases of each of the two lattices under consideration, is given in Table 1.
The power (calculated for the design case of the OCS lattice) is well within tolerance for each
component.

Distance from
source (m)

Angle (deg) to
grazing

Incident power
(W)

Power density
(W/cm2)

Primary photon stop 1.0 4 2000 100

Secondary photon stop 1.5 4 70 35

Retractable photon stop 2.0 7 30 25

Graphite filters 2.5 90 30 80

Multilayer mirror #1 3.25 151 6 15

Condenser zone plate 4.0 90 0.008 0.1

Table 1: Approximate power from synchrotron light on all components
of the monitor.



Figure 4: “One-line” drawings providing an overall view of the
synchrotron light monitor design, including all major components

and distances, for the case of the OCS lattice.

Optical Design

The optical system must be able to focus synchrotron light from the damping ring, with
excellent resolution on both the vertical and horizontal beam sizes, for the full variety of
potential future beam configurations.  It must be able to handle the full synchrotron radiation
power that is admitted to the optics through the second photon stop without components
suffering thermal deformation, and to provide high enough photon efficiency to allow the
detector system to allow measurement of bunch-by-bunch resolution.

The optical design described in this section provides a resolution of 0.5 um, predominantly
limited by diffraction, on both the vertical and horizontal sizes of the beam.  This is sufficient
for even the smallest potential future beam dimension, which is estimated to potentially be as
low as 50 um for the source point vertical size by 2006.  We have analyzed the power budget
for each of the components and determined that we will be well within all tolerances.  SSRL,
for example, has provided valuable experience with similar designs in place at SPEAR.  As
Section 4 will demonstrate, the photon efficiency is sufficient to achieve measurements of
beam size for each bunch separately along the train with only a very brief integration period.
All of the optical components in the design have been in use at synchrotron radiation facilities
for over a decade, and are thus extremely well-understood, low-cost, and low risk.  The
superior beam size resolution of the design allows for uses beyond the ILC, for example, at a
1036 e+-e- factory (if such a facility is separate from the ILC).



To focus the x-ray synchrotron light into an image of the beam, we will use a pair of Fresnel
zone plates.  An overall cartoon of the design may be found in Fig. 8.  Zone plates are used
throughout the synchrotron light community [1-3] and in beam monitors installed at the
Accelerator Test Facility at KEK and in development for the Swiss Light Source [4,5].  A zone
plate consists of thin concentric rings of absorber (typical materials are gold and tungsten) on a
membrane of a material transparent to x-rays (silicon nitride is typical).  The thickness and
spacing of each ring decreases with distance from center so that an incident collimated beam
will form a diffraction maximum on axis at a distance f downstream, effectively focusing by
diffraction rather than by refraction or reflection.  Reference [6] gives a compact description of
the main properties of Fresnel zone plates.  In particular, the focal length of a zone plate is
proportional to the energy of the incoming light.  Thus, in order to have a focused image, one
must monochromatize the incoming light.  We will be using a pair of multilayer mirrors,
preceding the zone plate, to produce monochromatic 2.5 keV x-rays, which the zone plate will
then focus.

Mirrors with thin multilayer coatings are commonly used to select a light frequency and
produce a monochromatic beam [3].  We will be using 3 nm boron carbide-molybdenum (B4C-
Mo) layers on a Si substrate with a 1Å flat polish made by Osmic Inc.  A B4C-Mo multilayer
coating gives excellent reflectivity at 2.5 keV and is commonly used for the 1-10 keV energy
range [7].  A Si substrate has excellent thermal conductivity and highly polished samples are
readily available [8].  The reflectivity properties of our multilayer
mirror pair can be found in Fig. 9.  The bandwidth of the output spectrum is 0.85%
(FWHM) which, as detailed below, achieves a chromatic resolution contribution to the source
size uncertainty of 0.1 µm.

Zone plates must obey the following formulas for focal length and for the component of
resolution due to diffraction:

f = 4N(!r)2/!

Resdiff = 1.22!r

where N is the total number of zones, !r is the outermost zone width, and ! is the light
wavelength.  When a beam is not purely monochromatic, the broadening in focal length
introduces a chromatic blurring on the image that also contributes to the overall resolution:

where "! is the FWHM of the transmittance peak.  The total resolution is the quadrature sum
of the chromatic and diffraction contributions.  Our design has been carefully optimized using a
detailed ray-trace Monte Carlo program to achieve a combination of superior spot size
resolution and minimal background rays.  The resolutions from diffraction and from chromatic
blurring are 0.47 µm and 0.12 µm respectively, giving a total resolution of  0.49 µm, and the
diameter of the large “condenser” zone plate is 4N!r = 4000 um.  We have worked closely
with XRadia Inc., a major manufacturer of zone plates for the synchrotron light community
located in Concord, CA, to select and optimize these parameters.  The condenser zone plate is
product number ZP100-4000-16 (http://www.xradia.com/zpl_pd.htm) and is available for 85k$
(with discount if more than one were purchased).  The small zone plate is significantly cheaper
at approximately 10k$ (also with a discount for >1).



Figure 5: View of the overall optical design (for OCS lattice).  The light path (dashed line)
exits the photon stop and is monochromatized to 2.5 keV by the multilayer mirrors.  The

zone plates, located 4 and 5.022 m from the dipole source, focus the 2.5 keV light onto the
detector, located 5.3 m downstream of the source.

As a comparison with this design, we consider a pinhole camera setup.  With a pinhole in place
of the multilayer mirrors and zone plate, an image can be projected onto the detector, with the
same magnification as with a zone plate.  The resolution of a pinhole camera is given by

          Geometric Resolution = 
i
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The pinhole camera resolution is optimized when these two contributions are equal, i.e.

The resolution of the pinhole camera optics is thus 37 µm, as compared with 0.5 um from the
zone plate design.  This calculation assumes monochromatic photons at 2.5 keV.  Full
monochromatization is not necessary, but unless longer wavelengths are filtered out, their
diffraction significantly increases the resolution to 86 µm.  Although the pinhole setup is
slightly simpler, the vast improvement in resolution of the zone plate outweighs the complexity



consideration; the difference in complexity is small as both types of setups are currently in
common use at facilities worldwide and are well-understood.  In summary, the zone plate-
based optical design provides superior resolution and excellent efficiency using readily
available, low-cost, commonly used components.

Detector Design

Requirements

The zone plates will be located 4 and 5.022 m from the source point in the dipole magnet, and
1.3 and 0.277 m from the x-ray image plane respectively. The resulting magnification of 5.77
transforms the electron or positron beam’s rms size at the source—1457 !m horizontally by
160 !m vertically—into an image size of 400 by 130. This is a reasonable size for a detector.

The detector must also be capable of measuring bunch-by-bunch variations in beam size
through the fill pattern, as discussed in Section 1. The large number of bunches and their close
spacing make this a difficult requirement. With an RF frequency of 476 MHz and a
circumference of ~6 km, the damping ring arrangement gives a bunch spacing of 4.2 ns and a
maximum of 2820 filled bunches (allowing for a gap of 92 buckets so that the abort kicker can
rise to full field when no charge is present). In either case, the conversion of the x-rays to the
visible wavelengths needed for detection and the detection method itself must have a very fast
response.

We will discuss below two methods to meet these requirements. One uses a fast scintillator
followed by an intensified camera with a fast gate. The second is inspired by the wire scanners
commonly used on the SLAC linac. An x-ray mask with three slots at three orientations scans
across the image plane. A fast scintillator and fast photomultiplier on the downstream side
record the resulting profile data for each bunch as it passes by, and a fast digitizer and
processing electronics allow recreation of each bunch’s image. Counterintuitively, the scanning
mask can measure the size of every bunch in the pattern more quickly and with better statistics
than the gated camera. We begin by discussing the scintillator, since it is common to both
approaches.

Scintillator

Most common scintillators, even those with fast rise times, have slow decays, ranging from
hundreds of nanoseconds to many microseconds [9]. However, research seeking faster
materials is yielding promising candidates [10]. One such crystal is ZnO doped with either
gallium [11] or indium [12]. In particular, the indium-doped material has exhibited a full width
at half maximum of 0.65 ns. We have discussed the possibility of obtaining a sample from
Derenzo and Munné, two authors of these two papers. Material sufficient to cover our image is
now being tested; at this time it is likely to be made available to us if it proves satisfactory. The
attenuation length for 2.5-keV photons is just under 10 !m, and so a very thin layer is all that
will be needed. The material emits at 400 nm, yielding approximately 3 photons per keV. This
is not a high efficiency, but should be satisfactory, as the calculations below will show.

Gated Camera

Gated cameras with 1-ns rise times are commercially available from several vendors, including
the Princeton Instruments division of Roper Scientific, Stanford Computer Optics, and Cooke



Corp. PEP has been using Roper’s PI-MAX-512, which can gate its photocathode down to 1
ns. It allows an optional second gate, applied to the microchannel-plate (MCP) image
intensifier; this gate has a 1-!s response, much slower than the photocathode gate. The MCP
gate is essential to block background from leakage through the photocathode, even when
switched off, of signals from the many other bunches in the ring. A cooled 16-bit CCD
provides a low-noise digital output.

The multilayer mirrors and zone plate will pass approximately 75 MeV/bunch to the image
plane. To efficiently collect the light leaving the scintillator, a lens with an F-number of 1.4 is
placed nearby, for a collection solid angle of 0.4 sr. This light is relayed to the camera with a
magnification chosen to image each horizontal slice of the image of height "#/10 onto one row
of pixels. For a 512x512 array of square pixels, we get 3.7 blue photons per pixel per bunch at
the center of the image. The camera allows for accumulating the signals from the same bunch
on multiple turns to increase the signal and improve the signal-to-noise ratio.

The scan-out time for the camera is 250 ms for the full CCD, but less for a limited region. We
could acquire perhaps 8 images per second, or the full 1700 full buckets in 3.5 minutes.

It should be pointed out that such cameras are complex and expensive, about $40,000. It is not
desirable to mount one inside the ATF-II (or CesrTF) or ILC damping ring tunnel at the
location of the x-ray image, where it would be both rarely accessible for adjustments and
subject to radiation damage. A preferable arrangement would relay the scintillator’s emission
through a long periscope to an optical hutch outside the shielding. The small F number makes
this transport line more difficult.

Scanning Mask and Photomultiplier

The mask must be opaque to the 2.5-keV x-rays passed by the multilayer mirrors, and so need
not be very thick. Consider a rectangle of sheet metal oriented at 45° to the horizontal and
moved along its long axis across the beam by a stepper motor. The mask has three slots, the
first horizontal and the third vertical. The intermediate slot has its long axis tilted at 135° to the
horizontal so that it is aligned with the narrow axis of the rectangular mask. The slots are
longer that the full extent of the beam (say >8"x). Each

Figure 8:  Hamamatsu R7400U photomultiplier tube.  Diameter is 16 mm.

has a height of about 1/10 of the beam’s size in the corresponding direction. As the motor steps
the mask across the image, the slots pass x rays that give three profile scans of the beam.
Gaussian fits to these profiles provide sufficient information to reconstruct the beam ellipse,
determining the sizes of the major and minor axes and the tilt.

Immediately downstream of the mask is a fast scintillator, which is attached directly to the face
of a fast photomultiplier.  We will be using the Hamamatsu R7400U phototube (see Fig. 12).
The combination can produce pulses of 1-ns duration as each bunch goes by. A high-frequency
cable brings this pulse train to an electronics crate just outside the tunnel, where a digitizer,



clocked at the RF rate of 476 MHz, acquires each pulse. Other boards, with some
downsampling, separate the data from each bunch, total the signals over multiple turns, and
record three separate profiles for each bunch as the mask moves each slot across the beam. The
crate processor fits the data to recreate the profiles, and passes the resulting analysis to the PEP
control system. Very similar bunch-by-bunch electronics, built at LBL and SLAC, are in
routine use for PEP’s feedbacks and bunch-current monitors. The necessary functionality is
now commercially available from firms such as Echotek, see Fig. 13.

             

Figure 9:  Gate array processor board, suitable for bunch-by-bunch digitization and
processing, and corresponding block diagram.  This board is commercially available from

Echotek Inc.

The estimated signal benefits over the camera by accepting a collection solid angle of 2$. With
little effort, we can increase the solid angle to nearly 4$ by depositing a thin aluminum layer
onto the front surface of the scintillator. A 1-!m thickness would suffice; this is well below the
attenuation length of 150 !m at 10 keV. Even a sheet of 25-!m aluminum foil is reasonable.

At the peak of the image, we estimate collecting 9000 blue photons per bunch passage. This is
far larger than that given above for the camera, partly because each slot automatically
integrates the image along one axis. Of course, after acquisition the camera pixels can be
summed across a row or column as well, to get a more comparable result. The slotted mask still
retains another advantage over the camera in making use of a solid angle that is 30 times larger.
It should also be much faster: the profiles of all bunches can be acquired in the time it takes for
the mask to make a one-way passage across the beam, perhaps 5 seconds.

We see that the scanning mask can acquire all the profiles more quickly than the gated camera.
It also avoids the need for putting expensive camera in the tunnel, or alternatively building an
optical relay to get the light outside. Instead, the mask scheme puts only radiation-hard
devices—motors, readbacks, and a photomultiplier—inside. The electronics outside are more
elaborate, but can be built as updated versions of present PEP electronics, or purchased.

Procurement, Costs, and Schedule



Both zone plates and multilayer mirrors are long lead-time items.  Multilayer mirrors first
require the purchase of the substrate, then having it cut to a size and shape such that the surface
will remain flat under front face heat load (~3-5 months), then a polishing of the surface to 1Å
average roughness (also ~3-5 months), then the deposition of multilayer coatings (up to 6
months).  Zone plates can also take from 3 months up to a year to fabricate, and then to vacuum
mount properly such that, for example, the evacuation and venting processes do not cause the
zone plates to blow away or be destroyed or damaged.  Thus the purchasing and fabrication
process typically takes significantly over a year, even after the final design has been completed.
Fortunately, several companies are available as suppliers for each of these items, but in all
cases these items are custom fabricated, and as such the wait time is similar.

As we intend to run a full-scale prototype (and possible first ILC DR monitor) on the timescale
of FY2008, the long lead-time purchases, and thus the completion of the major design work,
should take place on the timescale of the end of this year.

Figure 10:  Work Breakdown Structure (WBS) for the beam monitor project.  The design,
ordering, installation, and commissioning times are specified for each major component of
the project.  NOTE: duration times do not include ~30% contingency time, which takes the

commissioning of the project to the end of 2008.
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Figure 11:  Cost spreadsheet for the beam monitor project.  The cost breakdown for each major
component is specified.  The equipment costs are supplied on the project budget sheets at

the end of this document.  The ED&I costs are included in the salary support on the

budget sheets.

Synchrotron Light Beam Monitor

Description Equipment (k$) ED&I (k$) Total (k$)
FY2006 FY2007 Total FY2006 FY2007 Total FY2006 FY2007 Total

Project Total 113 113 226 28 16 44 141 129 270

Optical
Components 72 98 170 17 5 22 89 103 192

Graphite filter 7 7 3 3 10 10
    Pyrolytic graphite
film 5 5 5 5

    Filter assy. 2 2 3 3 5 5

X-ray BPM 1 1 2 1 1 2 1 3

Multilayer mirrors 45 10 55 11 4 15 56 14 70

    Si substrate 15 15 15 15

    W-B4C coating 20 20 20 20

    Platform assy. 3 2 5 8 2 10 11 4 15

    Vacuum assy. 2 3 5 3 2 5 5 5 10

    Movers 5 5 10 5 5 10

Zone plates          19          87 106 2 1 3 21          88 109

    Zone plates 15          85 100 35 35

    UHV gimbal mount 1 1 2 2 1 3 3 2 5

    Movers 3 2 5 3 2 5

X-Ray Detector 41 15 56 11 11 22 52 26 78

Be window 1 1 1

Scanning mask 4 2 6 1 1 2 5 3 8

    Mask assy. 1 1 1 1 2 2 1 3

    Movers 3 2 5 3 2 5

PMT & mount 7 3 10 1 1 2 8 4 12

    ZnO scintillator 1 1 1 1

    PMT 1 1 1 1

    HV supply 1 1 1 1

    Mount assy. 1 1 2 1 1 2 2 2 4

    Movers 3 2 5 3 2 5
Data acquisition
system 29 10 39 9 9 18 38 19 57

    A -> D conversion 4 1 5 4 1 5 8 2 10
    Gate array
processor 18 2 20 18 2 20

    Feature extraction 5 5 10 5 5 10 10 10 20
    Control sys.
interface 2 2 3 3 5 5

    Crate 2 2 2 2
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