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INTRODUCTION
Efficient linear colliders require very small beam spots to produce high luminosities with
reasonable input power, which limits the number of electrons which can be accelerated
to high energies[l]. The small beams, in turn, require high precision and stability in all
accelerator components. Producing, monitoring and maintaining beams of the required
quality has been, and will continue to be, difficult. A beam monitoring system which
could be used to measure beam profile, size and stability at the final focus of a beamline
or collider has been developed and is described here.[2] The system uses nonimaging
bremsstrahlung optics. The immediate use for this system would be examining the final
focus spot at the SLAC/FFTB.[3]
The primary alternatives to this technique are those proposed by P. Chen / J. Buon,[4]
which analyses the energy and angular distributions of ion recoils to determine the aspect
ratio of the electron bunch, and a method proposed by Shintake,[5] which measures
intensity variation of compton backscattered photons as the beam is moved across a
pattern of standing waves produced by a laser.
METHOD
The system, Figure 1, consists of a Bremsstrahlung radiator at the focus of the electron
beam, a single sided collimator to produce a bremsstrahlung shadow, and a slit and
detector system to measure the shape of the shadow edge.[2] The diagnostic slit could
be either tilted, as shown, or parallel with the primary collimator. The sharpness of the
shadow is inversely proportional to the size of the spot at the bremsstrahlung source.
Sweeping magnets and shielding are required to disperse and absorb electron and photon
backgrounds. The linear dimensions are not critical. The bremsstrahlung photons would
be detected using a Cerenkov counter preceeded by a pair converter.
The optics of the system can be shown by plotting beam phase space at the focus, at the
collimator and at the detector downstream, shown in Fig. 2. By moving the detector
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slit back and forth it is possible to measure the shadow width, and hence the beam
profile. Moving the primary collimator alters the initial x' values, thus the whole phase
space density distribution, p(x,x',y,y',t), can be measured.
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• Figure 1. The system consists of brerosstrahlung radiator, collimator and
slit. Detectors and shielding are not shown.
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Q Figure 2. Phase space of the system, not to scale. The collimator produces
an edge in the phase space distribution which is measured downstream. A
projection in x space shows the observed profile.
LIMITATIONS
The ultimate resolution of this system is limited by Fresnel diffraction.[6] This limit can
be approximated by considering a virtual slit at the primary collimator location, where
the virtual slit width is such that the sagitta is equal to A, the photon wavelength.
If the source to collimator distance is o, the collimator to detector distance is 6, and
b » a, the expression for the sagitta A = s2/2a gives the virtual slit width, s = y/2aX,
Fig 3. The angular diffraction width is then ~ X/s and the limiting resolution is

~ (\/s)a = y/Xa/2, roughly the geometric mean of the beamline dimensions, ( 1 - 1 0
m), and the photon wavelength , (~ 10~ 16 m).
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Q Figure 3. Fresnel optics. A point source produces a penumbra of finite
width.
The precise calculation the diffraction pattern is done for monochromatic light in most
optics books. Integrating the intensity from all paths requires solving the Fresnel integrals, the solution of which generates the Cornu spiral. If the intensity of diffraction
pattern on a screen is given by F(y), the width of the pattern is a function of
y- v

Xa(a -f- b)
26
'

(1)

which gives the dimensions of diffraction patterns on a screen in terms of v, the dimensionless variable used to evaluate the Fresnel integrals, and a = 30, 6 = 30 m, and
A.[6] The resolution of the system is determined by incoherently adding the diffraction
images produced by the bremsstrahlung spectrum as seen by the detector. The acceptance of the detector has been evaluated using EGS4 and and a more specialized monte
carlo program which generates a bremsstrahlung spectrum, computes pair production
and subsequently evaluates multiple scattering.[7] The detected FFTB spectrum, which
depends somewhat on position and angle cuts, is shown in Fig. 4 for minimum detected
electron energy of 15 MeV and maximum angle of 2°. This note defines a resolution
function as the derivative of this sum of diffraction images and this is shown in Fig 5, for
the highest resolution possible with the SLAC line. This curve, which is noiigaussian,
is the effective shape of a beam at the bremsstrahlung radiator in the limit of a zero
width slit at the detector. The width of the resolution function depends on energy,
Sx,y ~ E-, , so high energy photons contribute most to the resolution.
The collimators must have hard edges for optical diffraction, to prevent showers from
leaking thru. Since photons are attenuated like e~*/£*, thick, high Z mirrors (W or Ta),
with short radiation length, LR, should permit very little transmission, c~12 ~ 10~5.
In addition, the body of the primary collimator and slit must be shaded (shielded) to
reduce the absorbed heat from showers, and this would significantly reduce the incident
and transmitted photon flux.
An option for the bremsstrahlung detector is shown in Fig 6, with pair converter followed by Cherenkov radiator. Sweeping magnets may be required to reduce shower background. The total number of pair produced leptons ntiPaiT = n e ,p r , mttrv (// £H)T7(<£/<V I7 ),
where ne is the number of electrons, I/LR is the thickness of the bremsstrahlung radiator in radiation lengths ,LR, T\ is the number of electrons detected for one equivalent

full energy photon on the detector, which must be calculated by monte carlo and is
roughly 1 - 10 depending on detector, <i>l<Tx,n is the acceptance of the detector slit divided by the divergence of the photon beam. In fact, the monte carlos calculate the
flux of pair produced leptons of desired angle and energy for a given number of incident
beam electrons, integrating over bremsstrahlung angle.
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• Figures 4 and 5. Monte Cario simulations of the detection efficiency
and photon spectrum for different pair acceptance angles, along with the
resolution function for (Ee = 50 GeV, a-2, b=20m, 9paiT = 0.2°).
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O Figure 6. One option for a bremsstrahlung detector. Sweeping magnets
and distance may be useful in separating the low emittance signal from
showers.
The number of detectable photons would then be ny ~ (150[1/cm]neipatri[cmjsin2tfc, [8]
which would yield ~ 2000 photons in one Fresnel half width. It is assumed that Xe gas
at 1 atm can be used as the Cerenkov radiator. With a refractive index n = 1.00071, the
opening angle of radiation is 2.1°, and the minimum detectable electron energy is ~ 12
MeV. This paper assumes that the pair converter is U 3.6 mm thick and the C radiator
is 2 cm thick, and the combined width due to pair production / shower dimensions and
Cerenkov optics is
It is somewhat difficult to determine the longitudinal position of the waist since this
system only sees roughly horizontal slices of the phase space at the focus. The measurement can be made by moving the primary collimator by a large distance 2aoy ~ 4 cm,
measuring the position of the mean of of the penumbra at two points and extrapolating

back to the focus, the error on the focal position is then A* = V26y/ayi ~ 140/J ~ /?J,
where 6y = 100 nm is the measurement error.
Multiple scattering broadens the beam of electrons as they traverse the bremsstrahlung
radiator. This effect can be evaluated by Monte Carlo, assuming a scattering angle of
9m3 = 13.6^ e vj y/dx/Ln/pe^McV], where dxfLu is a path length element in radiation
lengths. In general the multiple scattering correction is small as long as the change in
beam size due to multiple scattering, s, is small compared to the unperturbed size.
Self fields will focus the beam and cause it to radiate. At SLAC, magnetic fields B$ ~
~ 50T will produce deflections, 0/, maI ~ B^l/Bp = 0.0002. The field
B,/, will cause synchrotron radiation, however the energy seen by the detector can be
estimated from (0/,max) x (loss/turn) for electrons in this field, dE^jey/tUTn^ = 8.8 •
10~5 X E*rGeVJp[m], which is about 0.004 J for 3 • 1010 electrons. With a critical energy
of ECi[Gev] = 6-6 • 10~7 x £'e2,[G<.KljB*,[T] ~ 91 M e V , m o s t photons are 100 MeV or less.
The total energy lost into this radiation will be much smaller than into bremsstrahlung.
Total energy for bremsstrahlung is ~ 24 J/pulse, and when the detection efficiency is
considered the total energy in synchrotron photons is ~ 0.1% of the bremsstrahlung
energy.
IK>CQ{A\/2I:OX<TZ

The intense electron beam will ionize the bremsstrahlung radiator and these heavy
ions will then be pushed toward the median plane of the electron beam, which will
significantly alter the local radiation length. Ionization has been calculated assuming
o+\Mb\ ~ 0.12Z + 0.2 or Mb for Pb, [4][9] with a++ = tr + /4, <r+++ = <r++/4.[10]
Figure 7 shows the result that the Pb is fully ionized, and significant double and triple
ionization also occurs. Ion motion has been calculated and is significant. The ions are
accelerated to energies of about a keV and then travel toward the median plane of the
beam, where they interpenetrate to create what seems to be a very high density for a
short time. One effect of this ion motion will be a hole in the radiator, which must be
moved for subsequent pulses. For electron pulse trains, a liquid metal jet, of the sort
developed by F. Villa [11] could be used as a bremsstrahlung radiator.
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O Figure 7. The ionization state
of atoms in the heavy bremsstrahlung target.
COMPONENTS

It is assumed that high Z materials will be used for the foil, and that these will be
locally destroyed by the 1 mj of ionization energy deposited on every pulse. If a large
foil area was inserted and loosely mounted from some point upstream or downstream
of the focus, mechanical rastering the foil should be sufficient to provide a new part of
the foil for every bunch, while maintaining the position along the beam line. The foil
thickness should be less than /?".
Precision coUimators can be made from commercially available metal mirrors, which are
described in catalogues with a flatness of a < A/20 ~ 24 nm, and surface roughness of
better than 1 nm. Synchrotron light sources require microroughness in the range of 0.2
nxn and slope errors in the range of 0.1 arc second. Metal mirrors with dimensions of
~ 5 - 10 cm, optically polished to a few nm surface roughness, would cost about $1000
- 2000, and take about 10 weeks to fabricate.[12j[13]. With glass mirrors, requiring
a < A/200 adds about 50% to the cost relative to A/40.
Since the primary collimators must be thermally and mechanically stable and must
be moved with high precision, it is difficult to simultaneously design them to absorb
significant beam power. The guard collimators on the other hand should be able to
absorb this power, while maintaining alignment only to the level of ~ 0.1/J. Rough
alignment can be done with standard techniques using transit and levels. Alignment of
the collimator surfaces directly parallel to the beam can be done with optical lenses and
prisms, which have angular tolerances of ± 30 arc seconds, or 0.14 mrad. More precise
alignment of the collimators would probably require the beam on target. Slits can be
produced using two single collimators, offset to eliminate collisions.
Rough positioning of collimators can be done with a number of commercially available
systems, such the the Nanomover sold by Melles Griot, which can set 20 kg loads with
±100 nm resolution over 25 mm.[12] The primary collimator and final slit would have
to be more carefully positioned, possibly to tolerances of ±1 nm. It is assumed that the
collimators will each be controlled with three actuators, and the precision adjustment of
these would be done in real time. Mirrors can be mounted to the structure in a number
of ways, a compliant mount, such as pitch, might be desirable.
Since ground vibrations occur at the level of about av ~ 0.035/J,OV, ~ 0.1/*, the beam
defining collimators must at least be stabilized against the vertical motion.[15] Although
other options are available, The Streckeisen STS-2, while somewhat expensive, is sufficiently sensitive, is linear in amplitude. The velocity and phase response are straightforward for periods from 0.03 to 300 seconds, which spans the low frequency range where
ground vibration is largest. An open loop correction system using this system should be
able to correct the collimator and/or slit positions to better than 1 nm over the range
0.1 to 10 Hz.
Additional shielding is required for a number of problems: backgrounds in the detectors, heating on the collimators and support frames, activation of the seismometers,
which must be installed near the collimators, and minimizing radiation levels outside
the shielding. In principle these are problems which can be solved using standard procedures. Considerable spray is produced by the electron beam in the target and this
will be a significant source of shower secondaries.

Since the FFTB is being shielded for ~ 2.5 kW of beam power and the bremsstrahlung
radiator is anticipated to be 0.1 radiation lengths thick, it is likely that the shielding
and cooling of the collimator assemblies must be able to deal with about 250 W of
beam power. If low expansion materials are used in structural applications, thermal
expansion of components could significantly affect the alignment, critical components
must be designed either to absorb power or to avoid the beam spray. It is anticipated
that local shielding can protect the majority of the apparatus from the scattered beam
however some moveable guard collimators will likely absorb significant heat which will
require a total cooling capacity of ~ 0.25 kW.. In a simple test, a piezocrystal was used
to measure the vibration excited by the water flow in a 3/8" plastic tube from a lkW
cooling unit. Although large amplitude vibrations were seen from a large number of
sources, (movement, pumps etc), the cooling water flowing thru a water fitting caused
less than 1 nm of motion.
EXPERIMENTS
A preliminary experiment is being done using the low energy beams of the APS injector
at Argonne to help optimize the detector and mechanical systems. This test will look
at the beam on the positron production target from downstream of the positron linac.
This test should permit optimization of shielding, detectors, mechanical systems and
control algorithms.
The first real test should be on the SLAC/FFTB, where beam sizes of 60 nm will be
produced. This size is comparable with the spot sizes required by the TESLA design,
but somewhat larger than spotsizes required by some collider designs[16] [1]. Other
possible applications of the proposed system would be plasma focussing experiments,
measurements of beams from nonlinear QED experiments, measurements of drifts and
jitter, and multibunch stability.
COLLIDER
If this technique is used for single beams in the final detector of a linear collider it
will be necessary to insert a thin radiator of some kind near the center of the large
high energy physics detector, Fig 8.(17] Ideally this radiator can be quite small and
light, and, since the z position needs to be determined only to some fraction of (3*,
the required positioning tolerances are not challenging. While the design of the target
holder, collimators and detector would pose significant problems, the most significant
interaction with the detector design may be the spray from the bremsstrahlung target.
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D Figure 8. Schematic of operation with a collider detector.

While a high Z bremsstrahlung target at the IP would be a copious source of shower
secondaries and radiation damage, the magnitude and composition of these showers
should be somewhat similar to showers produced by beamstrahlung from e + /e~ collisions. In normal operation, beamstrahlung will convert a significant fraction, S, of the
total energy of beam bunch into secondaries. Various designs give S = 0.1 — 0.3 for
high frequency, (12GHz), options,[l], and 6 = 0.01 — 0.1 for low frequency options, (1.5
GHz), such as TESLA[16J. By comparison a bremsstrahlung target would approximate
an energy loss of S < 0*/LR ~ 0.03 - 0.1. Designs for collider detectors include tungsten masks to prevent low energy beamstrahlung secondaries emitted at angles of less
than 100 mrad from entering the detector and these masks should also be useful for
bremsstrahlung.
In principle, beamstrahlung from collisions could be used to provide direct images of the
colliding bunches using this technique. It may be difficult, however, to get high statistics
and high resolution if the collider is run in a mode where the average beamstrahlung
photon energy is a small fraction, T, of the incident electron energy. Values of T vary
widely, ~ 0.01 - 0.6, from design to design, and should be much lower during tune up,
but the method should be useful.
CONCLUSIONS
A single bunch, beam profile monitor using bremsstrahlung should be capable of very
high resolution when used with the high energy electron beams associated with linear
coLliders. The technique uses comparatively simple optics and inexpensive components
and seems compatible with operation in linear collider detectors.
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