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Abstract 

Diagnostic monitors are required to perform electron beam diagnostic tests at select 

points along the beam line of the Canadian Light Source (CLS) synchrotron. The 

decision has been made to equip the specified facility locations with Transition 

Radiation Monitors (TRM) for diagnostic purposes. TRM systems use Optical 

Transition Radiation (OTR), the physical phenomenon by which a charged particle 

crossing the boundary between two media emits electromagnetic radiation in the 

optical region of the spectrum. For the CLS TRM systems, the electrons traveling 

through a vacuum impinge upon aluminum surfaces that serve as the Transition 

Radiation (TR) foils. If the TR-emitting foils are made extremely thin, the 

infrequent encounters with material atoms causes only negligible acceleration of the 

charge, and the process is relatively non-destructive. The foils are mounted on a 

driving mechanism, which enable the beam operator to control the placement and 

removal of the individual foils in the beam line. The emitted radiation from each TR 

foil is focused by a pair of achromatic lenses, and is then imaged by a Charge 

Coupled Device (CCD) camera. The image captured by the camera is subsequently 

sent to a remote PC for image analysis of the beam cross-section profile and 

centroid. This report discusses the theoretical underpinnings of OTR, the prototype 

design of the TRM system and tests undergone by the prototype, as well as 

describing the possible changes to be made for the subsequent final design of the 

TRMsystem. 
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1.0 Introduction 

For a particle accelerator to function properly, precise measurements of the particle 

beam characteristics are essential. Any degradation of beam quality must be 

immediately recognized and corrected. The transverse beam characteristics, or beam 

"cross-section" must be maintained within a specific range to ensure, among other 

things, a reduction of beam loss and ease of transport. Specifically, the amount of 

emittance growth, roughly equivalent to beam divergence, is of utmost importance 

and must be diligently monitored. To this end, the discipline of beam diagnostics 

has emerged and is a crucial component in the overall design and implementation of 

the CLS synchrotron. 

Since beam quality is such an important criterion in accelerator technology, a 

considerable amount of effort has gone into the development of various diagnostic 

techniques that can provide a measurement of both the position and profile of the 

beam. Examples of some such techniques used previously at the Saskatchewan 

Accelerator Laboratory (SAL) are the flying wires and pop-up fluorescent screen 

methods. A disadvantage of these methods is that they are both destructive, in that 

they alter the characteristics of the beam while measuring it. Flying wires provide 

both transverse beam parameters, namely the beam profile and position, but are 

inordinately slow since they only measure one point of the beam cross-section per 

macropulse. Fluorescent screens can give a rough estimate of the position of the 

beam, but are only able to give a vague indication of the beam profile at high current 

levels, due to saturation on the screen distorting the shape and size of the beam. 
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The possible use of chromium-doped A1 20 3 screens ("Chromox") that use 

fluorescence to provide beam profile and position measurements was considered. 

However, it was concluded that these screens are not a feasible design choice since, 

in addition to causing significant beam disruption inherent to their physical 

characteristics, they become saturated at the high currents that are used at the CLS 

[1]. The resolution possible with fluorescent screens is unsatisfactory at high 

currents due to this saturation effect. Even without saturation, the Chromox 

screens' performance is unsatisfactory. The light generated at the point of impact on 

the screens is emitted at all angles. This light is scattered on the neighbouring 

atoms, resulting in a very thin beam giving rise to an image that is roughly the 

thickness of the screen itself. With manufacturing thicknesses of this material having 

a minimum of approximately 0.2mm thick, experiences at the Jefferson Laboratory 

(JLAB) in Virginia have shown that a resolution of 0.1mm rms is the best that can be 

achieved [1]. The specifications for the beam position and profile monitors at the 

CLS require the level of resolution to be in the 50~m range. 

A method that has been developed recently, and one that has taken center stage in 

the beam diagnostics field, uses the principle of Transition Radiation (TR). 

Ginzburg and Frank discovered the principle in 1946 [2]. It was their contention that 

a uniformly moving charged particle must emit radiation when it crosses the 

boundary between two dielectric media. They were able to derive the angular 

distribution for the case of an electron passing from vacuum to a perfect conductor at 

normal incidence. Many physicists believed that the phenomenon was important, 
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but it wasn't shown until1973 in Wartski's doctoral thesis that TR could be used for 

beam diagnostics purposes [2]. Its use is now widespread. For example, it is a major 

component of the diagnostics system at the Advanced Photon Source (APS) 

synchrotron facility at the Argonne National Laboratory in Argonne, Illinois and at 

JLAB. With advancements in technology, especially in the area of photon-detection 

equipment, a Transition Radiation Monitor (TRM) is able to give an extremely 

high-resolution picture of the beam spot in real time with a relatively simple design. 

In fact, the resolution potential is limited only by the optical properties of the system 

components themselves [2]. 

Beam diagnostic systems that utilize the photon radiation from charged particles 

have several advantages over other methods, including exhibiting the 

aforementioned high-speed, essentially real-time, response. Furthermore, 

environmental electromagnetic noise, due to the accelerator itself, which would 

distort the measurement results, can be made negligible. The image size of the 

emitted TR is directly proportional to the actual beam size, contrary to that observed 

in other methods such as the fluorescent screen method, and this feature alone is 

enough to set the TR method apart. The beam profile is easily extracted from the 

collected radiation since the number of photons emitted is directly proportional to 

the number of electrons incident on the TR emitter [3]. Perhaps the greatest 

advantage in using a TRM to monitor beam characteristics is the simplicity and 

robustness of the system design, discussed later in this document. For these reasons, 
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the decision was made to equip the CLS with a number of TRM systems to serve as 

part of the beam diagnostics system. 

1.1 Purpose 

The Canadian Light Source is a 3rd generation synchrotron facility. It has 

incorporated the use of an existing six-section linear accel~rator (Linac) that is 

capable of delivering a pulsed electron beam with an energy range that extends up to 

250MeV. The electron beam pulse parameters include a 1Hz macropulse of length 

136ns. The macropulse is segmented into either 68 bunches of electrons with 50pC 

of charge each or 388 micropulses of length 0.35ns with 9pC of charge each. In 

either case, the peak beam current will be 25mA, and the segmentation will depend 

on design decisions that are described further on in this document. The Linac is 

connected to a transport line called the Linac-to-Booster (LTB) transfer line that 

conveys the 250Me V beam from the Linac to the Booster Ring. The electron beam 

is then sent into the Booster Ring to increase the beam energy to 2.9Ge V. When this 

energy is achieved, the electrons are propelled into the Booster-to-Storage (BTS) 

transfer line, and the 2.9Ge V beam is transferred to the 50-meter diameter Storage 

Ring to circle continuously for hours at a time. Phase I of the design plan calls for 

six beamlines in which the tangential light coming from the accelerated electrons 

will be used for multi-experimental purposes. The CLS is expected to begin 

operations of the beamlines in 2003. 
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As mentioned previously, the quality of the beam must be kept within specific 

guidelines, and TRM systems have been selected to help ensure this requirement is 

met. The purpose of the TRM systems is to perform diagnostics on the quality of the 

electron beam at specific locations throughout the facility. At the present time, there 

are planned TRM systems for the Linac, LTB transfer line and BTS transfer line. 

While the locations in the Linac are still in the planning stages, the locations of the 

individual TRM systems in the two transfer lines have been finalized, and are 

discussed below. 

Various locations will also be equipped with Strip line Monitors (SLM), which are 

designed to continuously evaluate the beam position in a non-destructive manner. 

The SLM systems are antennae tuned to the frequency of 500MHz that register an 

induced current that is proportional to the proximity of the beam without actually 

coming into direct contact with the beam. The frequency is set to the same 

frequency of the "chopper" proposed for installation in the Linac immediately after 

the electron gun. A chopper is an RF cavity whose purpose is to eliminate a fraction 

of the electrons in each macropulse that cannot be captured by the Booster Ring and 

would otherwise contribute significantly to the radiation levels in that section of the 

CLS [4]. Unfortunately, problems have arisen concerning the feasibility of the 

chopper, and its use may be discarded. In this case, the SLM systems may provide 

only marginal beam position information. The original purpose of the TRM systems 

was to provide beam profile measurements, and its beam position measurements 

were to be used only as corroborative evidence for those of the SLM systems. Now, 
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however, both measurements will be made by the TRM systems, and the importance 

of the TRM systems is therefore crucial to the proper function of the CLS. 

The TRM diagnostic tests will generate cross-sectional images of the beam position 

and beam profile. In order to ensure that beam losses as the electrons are transported 

from electron gun to the synchrotron ring are minimal, the beam emittance and beam 

energy must be constrained to strict limits. The beam emittance is defined as the 

area of the ellipse in phase space with parameters (}and x that describe the beam's 

angular trajectory and extent, respectively. The divergence can be thought of as a 

measure of the beam divergence. The beam energy is defined as the total energy of 

the individual electrons (rest mass energy+ kinetic energy) in the beam. The beam 

emittance and energy can be calculated from the results of the TRM diagnostic tests. 

For example, the characteristics of the beam upon entering both the Booster Ring 

and the Storage Ring, such as the emittance and Twiss parameters, are critical. The 

Twiss parameters are used to describe the axes, shape, and extents of the phase 

ellipse. It is therefore important that the beam quality be measured throughout the 

two transfer lines to ensure the beam is of sufficient quality. 

The LTB transfer line design calls for thirteen (13) TRM systems to be placed along 

the length of the LTB transfer line [5]. The BTS design proposes the installation of 

eight (8) TRM systems [6]. Figure A.l is CLS drawing BLDG/MFlMON/0050900, 

a diagram of the entire CLS facility indicating the various TRM and SLM locations; 
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the locations in the Linac have not been finalized. Table 1 gives a brief description 

of all LTB transfer line monitor positions 

Table 1. LTB TRM locations 

Monitor Number Location Description 

TRM0002-01 
Located at the transition point between the Linac and the 
LTB transfer line 

TRM0003-01 Located near the emittance quadrupole magnet QB03 

TRM0003-02 Located along the ESS (Energy Spectrometer System) line 

TRM0003-03 Located at Optical Point 1 (OP1) 

TRM0003-04 Located at the exit of the 90° achromat 

TRM0004-01 Located at the exit of the first vertical chicane 

TRM0004-02 Located at OP2 

TRM0108-01 Located at the exit of the second vertical chicane 

TRM0108-02 Located at OP3 

TRM0108-03 Located near the quadrupole doublet QD19 and, QF20 

TRM1300-01 Located along the beam dump in the second vertical chicane 
by-pass 

TRM1300-02 Located at the beginning of the final module of the LTB 
transfer line 

TRM1300-03 Located at the injection point from the LTB transfer line to 
the Booster Ring 

Notice that there is a TRM at all three of the so-called Optical Points, which are the 

points that separate the four sections that make up the LTB transfer line, and are also 

the points where the beam is to be focused. At each location, a TR foil will be 
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installed inside the vacuum chamber, and the TRM system will collect the resulting 

radiation from the beam line and send the data for remote analysis to obtain the 

beam characteristics. Specifically, the beam emittance will be calculated using the 

information collected from TRM0003-01 and TRM0003-03, while the Twiss 

parameters will be determined, in part, through the use of the data provided by 

TRM1300-0l. More information on the roles of each LTB transfer line monitor is 

found in Reference [5]. Table 2 provides a list of the proposed locations of the BTS 

transfer line TRM systems. More information on the roles of each BTS transfer line 

monitor is found in Reference [6]. 

Table 2. BTS TRM locations 

Monitor Number Location Description 

TRM1305-01 Located at the exit of the Booster extraction septum 

TRM1305-01 Positioned between the 1st and 2nd quadrupoles 

TRM1305-02 Located directly in front of the 1st D-Bend-F cell 

TRM1400-01 Located at the exit of the 3rd D-Bend-F cell 

TRM1400-02 Located at the exit of the 4th D-Bend-F cell 

TRM1400-03 Located at the entrance of the "thick" injection septum 

TRM1400-04 
Positioned between the "thick" and "thin" septum magnets to 
define a straight line with TRM1400-03 

TRM1400-05 
Located at the exit of the "thin" septum magnet at the 
injection point into the Storage Ring 

The analysis of the radiation from the TRM systems must meet certain criteria, such 

as attaining a satisfactory resolution of the beam spot. Furthermore, sufficient 

8 



images must be captured to provide a constant measure of the beam characteristics. 

Eventually, the TRM monitors will be part of an autonomous beam control system: 

the beam operator will place a TR foil in the beam path at a desired point along the 

beam line, and the computer control system will use the acquired beam spot images 

to determine the quality of the beam, and make adjustments to the beam focusing 

elements if necessary. The majority of the time, the TRM systems will be used 

during beam start-up, when the beam is being tuned to meet a certain set of 

specifications. It is hoped that the electron beam can run uninterrupted for weeks at 

a time, without need for re-adjustments. When errors occur, and the beam quality 

degrades, the TRM systems will then assist in tweaking the beam back to its desired 

state. 
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2.0 Theoretical Background 

2.1 Principle of OTR 

When the electromagnetic (EM) field of a charged particle moving on a rectilinear 

path with constant velocity is perturbed by an outside influence, EM radiation is 

emitted by the particle in an attempt to return to the original EM field state[?]. For 

example, it is a well-known physical phenomenon that when a charged particle 

comes into contact with the electric fields of the electrons and nuclei of an atom, the 

electric fields interact and the path of the charged particle is altered and its velocity 

reduced. This phenomenon is known as bremsstrahlung (German for "braking 

radiation"), and the result is radiation emission with each deceleration. 

TR is a more obscure physical phenomenon that occurs when a charged particle 

traveling through one medium is incident upon another medium with a different 

dielectric constant. The radiation appears as a result of the abrupt boundary between 

the two media, and not because of an acceleration of the charged particle. In this 

respect, TR differs from the more common bremsstrahlung because acceleration of 

the charge is not required; due to the conservation of energy principle, the kinetic 

energy must decrease with each photon emission, but the energy radiated in the form 

of photons is so negligible that it causes the charge particle's velocity to be altered 

imperceptibly. Of course, in practice a boundary cannot be infinitely thin, and some 

acceleration of the charged particle due to bremsstrahlung will always occur when 

the charged particle moves from one medium to another. Since it is the presence of 

a boundary, and not the thickness of a material that is the determining factor for TR 
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(at least for "backward" TR, discussed below), a very thin sample of material will 

theoretically provide the same amount of TR as will a very thick sample, but with a 

smaller amount of energy loss. Furthermore, for TR to appear, in contrast to the 

condition that must be satisfied for Cherenkov radiation, the charged particle need 

not have a velocity greater than the speed of light in the medium to radiate [8]. These 

two characteristics serve to make TR very practical in beam diagnostics 

measurements. Since TR foils can be extremely thin, the charges are accelerated 

only negligibly. Therefore, the production of TR is a relatively non-destructive 

process, in that the energy loss by the beam traversing the TR emitter can be 

essentially negligible [9]. This last statement is confirmed in section 3.1.2. 

As discussed in section 2.6, the TR emission occurs over a small distance into the 

second medium. When the particle is traveling from a medium with a smaller 

dielectric constant to a medium with a larger dielectric constant, TR emission begins 

at the boundary. However, the bulk of the resulting TR originates in the second 

medium. The wavelength of the emitted light is in the optical region, and thus the 

term Optical Transition Radiation (OTR) arises. OTR can be thought of as a 

reflection of a quasi-real photon cloud by the second medium. The radiation is 

emitted in two lobes about the direction of specular reflection of the charge velocity 

vector. The OTR is thus directed into the first medium. This effect is sometimes 

called "backward" TR but will be labeled OTR in this document [7]. When the first 

medium has a larger dielectric constant than the second, the radiation is emitted in 

two lobes that are symmetric about the charge velocity vector, and the wavelengths 
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range from the optical to the x-ray regions of the electromagnetic spectrum. The TR 

emission originates and is directed into the second medium. This second effect is 

known as "forward" TR [8]. When a charged particle enters a medium with 

permittivity £from a vacuum and then exits into a vacuum, and the charge velocity 

vector is perpendicular to the boundary plane, the radiation is emitted symmetrically 

about the vector direction for both types of TR, as shown in Figure 1 [9]. In the 

figures that follow, Eo<E. 

e-BEAM 

BACKWARD 

Figure 1. Schematic lllustration of TR for normal incidence 
Source: Lumpkin, 1991, page 151. 

8 

FORWARD 

When the boundary plane in inclined with respect to the charge velocity vector 

direction (e.g. 45° to the beam direction), OTR is directed away from the beam path 

(e.g. symmetric about the direction perpendicular to the beam path), while forwards 
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TR is invariant to plane inclination. The inclined case of TR is depicted in Figure 2 

[9]. It is easier to extract the OTR from the beam by positioning the TR foil at an 

angle with respect to the beam path, and so the TRMs at the CLS will make use of 

TR in this manner. 

/ 

BACKWARD 

Figure 2. Schematic illustration of TR for inclined incidence 
Source: Lumpkin, 1991, page 151. 

FORWARD 

The lobes of the TR are much more forward-peaked than the lobes of emission for 

Cherenkov radiation. As a comparison, Figure 3 [9] depicts Cherenkov radiation for 

a charged particle entering a medium with index of refraction n from a vacuum. The 

velocity v of the particle must be greater than the velocity of light in the medium, or 

v > c/n, where c is the speed of light in a vacuum. The lobes of Cherenkov radiation 

have a maximum emission angle of approximately 46°, while, as explained in the 

following sections, the angle of maximum emission for TR is significantly smaller. 
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a-BEAM 

Figure 3. Schematic illustration of Cherenkov radiation 
Source: Lumpkin, 1991, page 151. 

2.2 OTR Formulae 

It is important to thoroughly derive the various formulae relevant to TR since many 

formulae given in the various TR papers, earliest and contemporary papers alike, 

contain errors and inconsistencies; see for example [10], [11], and [12]. It is for this 

reason that a paper by Dr. Akira Hirose of the Department of Physics and 

Engineering Physics at the University of Saskatchewan and the author was submitted 

to the Canadian Journal of Physics with the intent of correcting some of the existing 

formulae. A copy of this paper is attached in Appendix C. The following sections 

examine the number of photons emitted and theoretical emitted intensity, 

respectively, due to an electron striking a TR foil. 
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2.2.1 Theoretical Photon Production 

One way of looking at the amount of emitted radiation emanating from an electron 

striking a TR foil is to consider the number of resultant photons. The general "rule 

of thumb" is that the number of photons emitted per incident electron is roughly 

proportional to a, where a is the fine structure constant, and is approximately equal 

to 1/137. A more exact relationship, derived by Bosser et al [13], for the exact 

number of emitted photons with frequencies between an upper limit (1)], and a lower 

limit lOt (where (J):=21if, andfis the frequency of a photon) per electron is given by 

the equation, 

N=-ln(2y)- ln-2 • 2al ~ m 
1l 2 (1)1 

(1) 

Here yis the Lorentz factor. The range of photon wavelengths is limited by the lens 

system used to focus the radiation for image analysis. The optical transmission 

range of the selected lenses is approximately from A.2=400nm to A.t=700nm, and so 

only photons with wavelengths within these limits need be considered. The equation 

c=fA holds, where c is the speed of light in a vacuum, f is the frequency and A is the 

wavelength of the photon(s). Therefore, the ratio (1)],/ lOt can be easily shown to be, 

m2 = ~ = 700nm = 1.75. 
m 1 A.2 400nm 

(2) 

As mentioned in section 1.1, the energy of the electron beam expected through the 

LTB line is 250 MeV. The total energy of an electron is governed by the equation, 

(3) 
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where mo is the rest mass of an electron, with a value of 9.1094x10-31 kg, and c, the 

speed of light in a vacuum, is 2.9979x 108 rn/s. In more convenient units, moe2 has a 

value of 0.511 MeV. The quantity y, which is dimensionless, can now be calculated. 

Its value in the LTB transfer line is 489.21. Its value in BTS will be 5675.5. To 

arrive at a conservative estimate of the photon production in a TRM system, the 

former energy value will be considered. If the number of photons in this case is 

sufficient, then since the number of photons is directly proportional to the natural 

logarithm of beam energy the number of photons in a TRM in BTS will obviously be 

sufficient as well. 

The calculation of the number of photons per electron (N) emitted from the TR foil 

can now be completed: 

N = 
2(K3~.0360)1ln((2)(489.21))-}'illn(l.75) 

:. N = 1.660x1o-z photons. 
electron 

2.2.2 Theoretical Photon Production per Macropulse 

(4) 

The pulsed electron beam will consist of a series of "bunches" of electrons that 

together will form the macropulse. The macropulse repetition rate is 1 Hz, and the 

macropulse temporal length is 136ns. The chopper originally intended for the Linac 

was designed to "chop" the macropulse at 500MHz, so that there would be 68 

bunches per macropulse. Each bunch was to contain approximately 50pC of charge 

[ 4], meaning that the number of electrons per bunch would be, 

16 



#electrons #electrons charge ----= . ---"--
bunch charge bunch 

= 1 electron . 50pC 
1.602 x 10-19 C bunch 

= 3.12 x 108 electrons 
bunch 

(5) 

Multiplying this last value by N from the previous section reveals that the number of 

photons per bunch would be, 

#photons= 1.660 x 10_2 photons .3.12 x 108 electrons 
bunch electron bunch 

#photons = 5.18 x 106 photons, 
bunch bunch 

(6) 

Therefore, the entire macropulse of the original running mode of the electron beam 

would have produced 68 times the values in equation (6), for a total of 3.52x108 

photons. 

However, as mentioned previously, the chopper design may be discarded. The 

136ns long macropulse will then be divided into approximately 388 micropulses 

each at 0.35ns in duration. The overall charge per macropulse will remain basically 

unchanged, and so the estimate for the total number of photons per macropulse is 

still 3.52x108 photons. 

2.2.3 Derivation from EM Principles 

Another way of approaching the problem of resultant OTR is to examine the amount 

of light energy, or irradiance. Irradiance is the amount of EM energy per unit per 

unit frequency. The derivation begins with a consideration of the case of a charged 
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particle perpendicularly approaching a surface. The case of oblique incidence is 

slightly more complex, and will not be considered; it has components of irradiance 

that are polarized in the observation plane (111) and perpendicular to the observation 

plane (l..L), and that are dependant upon the reflection characteristics of the incident 

medium (i.e., the Fresnel formulae). A derivation of the oblique incidence case is 

found in [14]. The total irradiance is, however, the same for both perpendicular and 

oblique incidence conditions. 

The charged particle has a constant velocity in the negative z direction, where lvl >0, 

and charge e. The surface is an ideal conducting medium, or equivalently, an 

infinitely permissive dielectric (i.e., the relative permittivity e, approaches infinity). 

The next step is to utilize the Method of Images, and imagine that an identical but 

oppositely charged particle is approaching along the same path vector from the 

opposite direction. This configuration is depicted in Figure 4 [8]. The parameter r is 

the distance from the point of incidence on the conductor to the observation point 

P( r, 8), while R is the distance from the charged particle to the observation point at 

timet. 
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P(r,8) 

e 

conductor 
-(3 

. -e Image 

Figure 4. Charge and image particles approaching conductor surface 
Source: Hirose, 2000, page 1000. 

The current density, J, of a flow of charge is defined as [15], 

- di 1=-. 
dal. 

(7) 

Here dl is the current and daj_ is the infinitesimal cross-section through which the 

current flows. 

If the charge density is denoted as p, and the velocity of the charge is v, then the 

current density is given as [15], 

]=pV. (8) 
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For the case under consideration, the z-component of the current density, at time t is 

thus given by [8], 

Jz (r,t) = -ev[§(z + vt) + §(z -vt)]£5(x)£5(y), -oo<t <0. 

Here the o functions are the Dirac delta functions that are defined as [15], 

{
0, if x-:i:-0 

l5(x) = 
oo, if X= 0 

and 

reo l5(x)dx = 1. 

(9) 

(10) 

At time t=O, the particle is brought to rest at the surface of the conductor, where z=O. 

This abrupt deceleration may seem at odds with the previous assertion that the 

charged particle's velocity is negligibly altered. However, the corollary of the first 

uniqueness theorem demands that there is only one function that satisfies the 

requirements of the resultant photon irradiance distribution [15]. The image charge 

has been introduced to simplify the expression for the current density, but if, in the 

end, the photon irradiance distribution is correct, than the use of the imaginary image 

charge is justified. The case for the charged particle incident upon a dielectric is 

considered in the Canadian Journal of Physics paper (in Appendix C), and in this 

case the charge velocity is unchanged. The paper demonstrates that from the 

irradiance expression for the dielectric case, the irradiance distribution for the case 

of incidence on a perfect conductor and the case of incidence on a vacuum can both 

be determined. The irradiance distribution is the same for both incidence on a 

perfect conductor and special case of incidence on a dielectric, and so from the 

uniqueness theorem, the derived distribution must be correct. 
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The Fourier transform on half-space of the current density with respect to time is 

taken, giving the current density as a function of frequency OJ [8], 

J z(r,m) = roo J z(r,t)eiwt dt 

= -e · exp(- i: lzl)d<x).5(y ). 
(11) 

Note that the current density will be symmetrical in the azimuthal direction ¢', and 

thus this coordinate can be ignored. 

Ampere's law reads, 

(12) 

The quantity A in the equation is the magnetic vector potential, while J..l() is the 

permeability of free space. The equation is really Poisson's equation in three 

dimensions, and assuming the current density J goes to zero at infinite distances, the 

solution is [15], 

(13) 

where R is the distance between the source charged particle and the observation 

point P, and in Cartesian coordinates dT = dxdydz. Thus, the vector potential at 

point Pis [8], 

A (- ) = f.lo J J z(r', co) iklr-r'ld ' z r,m 
1

_ _

1 
e r 

4TC r- r 
(14) 

where r' is the vector along the z direction from the point of incidence on the 

conductor (z=O) to the charged particle. The additional exponential term in equation 

(14) is due to the retardation effect caused by a finite propagation speed of EM 
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fields. EM fields all travel at a velocity c in a vacuum. An EM field in a vacuum 

will then take a timet equal to [15] 

(15) 

to travel the distance lr - r'l· Since r >> r' the retardation term can be approximated 

[16], 

kl- -1 k k r _, k k- _, r-r = r- -·r = r- ·r. 
r 

(16) 

In these equations, k is the wave number of the EM field. Equation ( 14) can thus be 

approximated by [8], 

Az (r, m) = .!!:JL eikr J J z (r', m )e -ik·r' dr'. 
41C 

Substituting the expression for the current density J z, 

AJr,m) =- f.J.oe eikr . j[e-i~z'-ikz'cos8 + e -i~z'+ikz'cose]dz'. j.5(x')dx'. j.5(y')dy' 
41Cr o o o 

. P,0eP ikr 1 ( 1 1 ) 0 
= l 41l'r e k . 1 + p cos f) + 1 - p cos() ' z > · 

(17) 

(18) 

Here, Pis equal to vic, or v ·kim (c=oik holds only in a vacuum). The goal once the 

vector potential is determined is to calculate the magnetic field. The curl of the 

magnetic vector potential gives the magnetic field, 

- - -B=VxA (19) 

For the spherical coordinate system, the curl of a vector is given by [15], 

i7 - 1 [ a ( 0 Ll.A ) an(J ]" 1 [ 1 anr a ( )~o" v xn = - stnun -- r+- ------ m + 
rsinO ao ; a¢J r sinO a¢J ar ; 

(19) 

![~(me)- anr J~. r ar ao 
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Since Az is in Cartesian coordinates, in order to make use of formula (19), the vector 

potential must be changed into spherical coordinates. This is easily done, and the 

vector potential has only terms in the radial and polar directions, 

A(r,m) =cosO. i J-loeP eikr _!_ ·( 1 + 1 Jr + 
4.nr k 1 + PcosO 1-PcosO 

11 eP . 1 ( 1 1 J,.. ,.. -sinO·i-,.,.,0-e'kr -· + 8+0f/J. 
4.nr k 1 + PcosO 1- PcosO 

(20) 

Equations (18), (19), and (20) are then used to determine the magnetic field, 

B(r,m) = 

eJ-loP eikr( 1 + 1 Jsin {} 
4.nr 1 + Pcos(J 1-Pcos(J ,.. 

. 1-loeP ikr . o( 1 + P2 
cos 

2 o J f/J. -t·--e stn 
2m-

2
k (1- fi 2 cos 2 8 Y 

(21) 

Notice that in this case, the magnetic field has a component only in the azimuthal 

direction. 

In order to find the radiated energy of the electron, the Poynting flux is used. The 

definition of the Poynting flux is the energy per unit time, per unit area, carried by 

the EM field and is given by [15], 

- 1 (- -) S=-ExB; 
P.o 

(22) 

the dot product S · dQ is the energy per unit time crossing an infinitesimal distance 

dQ,, giving the energy flux. Thus the Poynting vector is the energy flux density [15]. 

When an electromagnetic wave is a plane wave with amplitudes of both the electric 

and magnetic fields remaining constant, the Poynting flux is given by (assuming 
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propagation in the z direction, the electric field in the x direction, and the magnetic 

field in they direction) [16], 

S z = c 1-lo H Y 2' (23) 

or in terms of spherical coordinates, 

(24) 

The quantity HiP is another form of the magnetic field, and the relation between the 

two is (in a vacuum), 

(25) 

In order to find the net power radiated by the source, i.e., by the electron impinging 

upon the TR foil, only the real part of the magnetic field is used in this case to 

calculate the Poynting flux. The reason for this is that another form of the Poynting 

vector is [16], 

(26) 

where Z is the impedance and since the impedance in a vacuum is real (inside the 

conductor, the impedance is complex), the quantity S, must be real. 

The magnetic field found in equation (21) is a function of frequency, rather than a 

function of time. The inverse Fourier transform has the form, 

00 1 00 

JF(t)dt =- JF(m)dm, 
-co 21! -oo 

(27) 

where F is an arbitrary function. In this case the function is the magnetic 

fieldH9 (1=,w), a factor of 1/21t must be included in equation (24) to account for the 
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fact that the Poynting vector is the energy per unit time, not per unit frequency. 

Thus, the net power radiated by the single electron is, 

S, = cp0 1H ;(r,t ~
2 

=-1-cp e2{32 ( 1 + 1 )2 sin28 
21l 

0 16Jr2r 2 1 + {3cos8 1- {3cos8 

= 
1 e2 {32 sin 2 8 

41l'Eo 21l2r2c (1- /32 cos2 8 Y . 

The angular distribution of the radiated power is given by [16], 

Here, a substitution of 

dP= dl 
dm' 

(28) 

(29) 

(30) 

is made, so the angular distribution of the radiated energy for all frequencies is given 

by, 

dl 1 e2 P2 sin 2 0 

dm · dQ 4ne0 2n2 c (1- p2 cos2 0 Y ' - 00 < (J) < oo. (31) 

Note that the irradiance has a value of zero at the emission angle zero radians. This 

is expected, and for normal incidence this means that there should be no emitted 

radiation anti-parallel to the beam direction. For an oblique incidence of 45°, 

common in TRM systems, the intensity would be a superposition of the intensity 

components, and so would take on a slightly different form, but the implication is 

that there is no emitted radiation in the direction that is perpendicular to the beam 

direction. 
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Figures 5a and 5b [ 17] illustrate the conventional theoretical TR patterns (in the 

plane ¢::0) for different values of y and oblique ( 45°) incidence on an ideal 

conductor. Note the two lobes of radiation are emitted about the angle of specular 

reflection. When yis very small, the lobes are highly asymmetric, but they become 

more symmetrical as y increases. The two lobes will in fact approach exact 

symmetry with y, but due to the finite value of y, will approach only asymptotically. 

Also, at high y OTR demonstrates azimuthal symmetry, and so when the radiation 

lobes are symmetric they can be thought of as volumes of revolution about the 

direction of specular reflection. 
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Figure Sa. Conventional theoretical TR pattern for ~2 at 45° incidence 
Source: Wartski, 1975, page 3646. 
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Figure Sb. Conventional theoretical TR pattern for r-10 at 45° incidence 
Source: Wartski, 1975, page 3646. 

Since the formulae describing OTR contain errors, logic would suggest that 

diagrams derived from these formulae would exhibit errors as well. Figure 6 depicts 

the corrected illustration of the theoretical TR pattern for oblique incidence on an 

ideal conductor for r-=2 [ 18]. As y increases, the accuracy of the erroneous formulae 

and related diagrams improves so that when r>> 1, the dissimilarity with the correct 

formulae and diagrams is negligible; the erroneous and corrected illustrations for 

r-=10 are very similar, and those for r-=500 almost identical. The difference for the 

r-=2 case is quite apparent, and can be readily seen in a comparison of Figure Sa and 

Figure 6. The two lobes are present in each, but the irradiance is non-zero along the 

surface of the conductor in the latter. In Figure 6, the distribution is given for the 1st 

quadrant only, so the upper radiation lobe must be extrapolated into the 2nd quadrant. 
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Figure 6. Corrected theoretical TR pattern for y=2 at 45° incidence 
Source: Hirose, 2001. 

Figure 7 [13] depicts the irradiance of OTR per unit frequency per steradian versus 

emission angle about the direction of specular reflection ( 45°) for r-1 00 and oblique 

incidence. The angle at which a maximum number of photons are emitted is 1/(fiiJ, 

known as the characteristic angle, while the maximum radiated intensity is 

proportional to y [ 19]. The diagram demonstrates that the distance between the two 

peaks is essentially 2/y, since pis very close to 1. Even though the OTR angular 

signature is peaked at 1/(fiiJ, the distribution has an extremely long tail, and using a 

full angle that captures 4/y of the radiation, a seemingly large amount from 

examination of Figure 7, will still result in the loss of a significant number of 

photons [20]. This phenomenon is illustrated in Figure 9 of section 2.3.1. 
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Emission Angle about 45° (mrad) 

Figure 7. OTR irradiance per unit frequency per steradian vs. emission angle about 45° 
Source: Basser, 1985, page 47. 

The next step in the derivation is to integrate equation (31) over the solid angle, 

where d.a=sinB dB d¢, for all possible points P. These points lie in the region z>O 

(since the surface of the conductor is z=O), or for spherical coordinates, the region 

becomes 0 < 8 < rr/2 and 0 < f/J < 21t. The irradiance per unit frequency is then, 

!!!_=_1_~(1+P2 1n(1+PJ- 2J, 
dm 4ne0 2n:c P 1-P 

O<OJ<oo. (32) 

Equation (32) is a formulation based on the idealized assumption that the TR foil is a 

perfect conductor. Obviously, no metal is a perfect conductor, and the aluminum 

coating of the Mylar, the TR foil material, discussed in section 3.1, will display 

some impedance. The impedance of a material is given by, 
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(33) 

where p, is the permeability of the material and E is the permittivity. The impedance 

of a material can also take the form [8], 

(34) 

.. 
where a is the conductivity of the material. The permeability is given by [15], 

(35) 

where Zm is the magnetic susceptibility, and has a value of 2.1x10-5 [15] for the 

paramagnetic metal aluminum. The permeability of aluminum is then calculated to 

be 1.2567x10-6N/A2
• This is very close to the permeability of free space, in fact 

only a difference of .002%, and so equation (34) becomes, 

zcond = (36) 

The impedance of free space is given as, 

Z0 = /& =376.73.Q. ve: (37) 

In order for a material to be a good conductor, its impedance (Zcond) must be small in 

comparison with the impedance of free space (Zo), or 'Zcond << Zo. This condition 

forces the frequency to be limited to values that satisfy the condition, 

me0 <<a, (38) 

and thus the concept of a cut-off frequency is introduced. The emitted radiation is 

dependent upon the properties of the material from which it originates; for example, 
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the amount of radiation will be a strong function of the TR foil's reflectivity, which 

is in tum a function of the foil's conductivity. This is an important issue to consider 

when choosing a foil material, and the aluminum covering the Mylar is shown below 

to be a suitable selection. 

The conductivity of aluminum is complex, and is given by [14], 

r-im 
(39) 

where q is the electric charge of an electron, N is the number of atoms per unit 

volume, f is the number of free electrons per atom of material, and me is the mass of 

a single electron, and y is the damping coefficient. The number of atoms per unit 

volume can be calculated from the following, using the characteristic properties of 

the aluminum atom [21], 

mass/ 
N = # of atoms = 7 volume . # of atoms 

volume mass/ mole 
/mole 

density = · Avogradro' s Number 
atomic weight 

= ( 2700kg/ m3 ) . (6.023x 1023) 
26.98 X 10-3 kg 

= 6.0 x 1028 atomfrn 3 . 

(40) 

Reference [22] describes the free-electron theory of metals, and provides a value of 

3 free electrons per aluminum atom. The damping coefficient y is calculated from 

equation (40), for W=O and the conductivity if equal to its tabled value at low 

frequencies of 3.57x107n-1m·1 [14], and so y.=1.42x1014s-1
• Using a wavelength of 
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400nm, in order to obtain the smallest conductivity displayed by the aluminum and 

by extension a lower limit for the cut-off frequency, the complex conductivity is 

calculated to be if= 32400+i1075000n-•m·1
• Equation (38) now becomes, 

(41) 

since it is the magnitude of the frequency that must be determined. Equation (41) 

provides a value of l0c=l.215x1017s·1
, or llJc=7.64x1017rad/s. The cut-off wavelength 

is therefore 2.47nm, significantly less the 400nm lower wavelength limit of the 

lenses, discussed in more detail in section 3.3. 

Therefore, for aluminum TR foils, the irradiance per unit frequency is, 

dl = _1_it_(1 + P2 

ln(1 + P) _ 2J, 
dm 4n:c:0 2n:c P 1 - p 

0 < (J) < 7.64x1017 rars. (42) 

As can be seen in equation (42), for all frequencies smaller than the cut-off 

frequency (or equivalently, for all corresponding wavelengths larger than the cut-off 

wavelength), the irradiance will be the same. In practical terms, this means that the 

photons emitted from the TR foil will be an even mixture of all of the wavelengths 

in the optical region of the spectrum. At frequencies greater than We, the intensity 

falls off at a rate of approximately ( 1/ w)4 [23] until no radiation is emitted. This 

occurrence is illustrated in Figure 8 [2], which depicts the irradiance versus 

wavelength curve. At the cut-off wavelength, the irradiance falls off to zero very 

quickly. Notice that curves are given only up to y.:::200. For r-=489.21, the cut-off 
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wavelength is smaller, and the irradiance therefore reaches zero at a smaller 

wavelength (or higher frequency) as well. 

dl 10-2 

dw 
(a.u.) 

104 

10
-6 II.JI-....I~ ................. .w. ............. ;..... .................................. iiiiMII ..... ...... 

t0-10 to-s to-' t04 to=2 

Figure 8. OTR irradiance versus wavelength 
Source: Dobert, 1996, page 1648. 

l(m) 

Equation (42) can be integrated between the two boundary wavelengths, given 

before as 400 and 700nm (4.71xl015rad/s and 2.69x1015rad/s), to give the total 

photon energy emitted by one electron, 

I = J ---- In -- -2 dm 
4.7txtoa~ 1 e2 (1 + p2 (1 + p) ) 

tot 2.69xto" 41l'eo 21l'c p 1-p (43) 

= 6.32x10-21 J = 3.94x10-8 MeV. 

This amount of energy imparted to emitted photons is equal to, by the conservation 

of energy law, one-half of the amount of kinetic energy lost due to TR by one 

electron as it passes through a foil (one-half on entering the foil, one-half on 

33 



exiting). Of course the total amount of kinetic energy lost will be a function of the 

foil thickness and how much bremsstrahlung is generated. 

The number of photons and the irradiance emitted per electron per unit frequency, 

given by equations (1) and (42), can easily be shown to be exactly equivalent, 

demonstrated as follows: 

The energy of a photon is given by, 

I= n(J). (44) 

Thus, the energy of N photons is, 

IN =neoN. (45) 

If there are many photons, such that the light emission is considered to be a 

continuous stream of photons, then it can be said that, 

di = no.xiN, (46) 

and that, 

di nmdN (47) -=--
dm dm 

Substituting equation ( 42), 

no.xiN =-~-~(l+P2 1n(l+PJ- 2J. 
d(J) 4.1l'E0 2m: P 1-P 

(48) 

Integrating then, 
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JdN= J!--1-~((1+P2)ln1+P -2)dm 
0 w.li 41Z'E0 2m: p 1- p (I) 

:. N =-1-~((1 + P2
)ln 

1
+ p -2)1n w2

• 

41Z'E0 2trcli P 1- P W1 

(49) 

Equations (1) and (49) give the same answer of 1.660x10-2 photons per electron, or 

2.27 a where, as before, a is the fine structure constant. 

2.2.4 Light Irradiance Calculation Per Macropulse 

From section 2.2.2, the number of photons is 3.52x108 per macropulse. The total 

summed energy of the photons will now be calculated. In order to be conservative 

in the design considerations, the least energetic photons will be used, and the emitted 

radiation will be assumed uniform at this wavelength. Again, the photon 

wavelengths range from 400 to 700nm, and the least energetic photons will have an 

energy given by, 

E = he = (6.626 X 10-34 J . s x2.9979 X 108 m Is) 
A. 700nm (50) 

= 2.838 X 10-19 J. 

This is the amount of energy per photon. The amount of energy per macropulse will 

be, 

E = (3.52 x 108photons) · (2.838 x 10-19 1 
) 

photon 
(51) 

=9.99xl0-11
--

1
--

macropulse 

The power of a single macropulse, which is 136ns long, is, 
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9.99xl0-11
--

1
--

P = E = macropulse 
t 136ns 

=7.35xl0_4 __ w __ 
macropulse 

(52) 

The largest beam cross-sectional area is approximately a circle with diameter 5mm. 

The irradiance per macro pulse can then be calculated conservatively to be, 

7.35x10_4 __ w __ 
1 = _!__ = macropulse 

Area {s~my (53) 

= 37.4 w 1 . 
m 2 macropulse 

2.3 Estimate Adjustment 

The actual number of photons that will form the beam spot image will be less than 

the estimates from the previous sections. It is important to take limiting factors into 

account to obtain an accurate estimation of the light output from the OTR emission. 

The reason for this is that a CCO camera will capture the beam image, and as with 

all cameras, CCO cameras have a characteristic minimum sensitivity. The following 

estimation is made to ensure that the CCO camera sensitivity is sufficient to acquire 

a beam spot image. 

2.3.1 Limiting Aperture 

The radiation losses are due to the characteristics of the system itself, and in 

particular due to the acceptance angle of the focusing achromat lenses. The physical 
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attributes of the lenses will be described in more detail in section 3.3. An expansion 

of one-half of Figure 7 is shown in Figure 9. The nature of OTR is that it exhibits a 

characteristic long "tail" in the intensity per unit frequency per steradian vs. emitted 

angle graph. It is difficult to discern from the figure, but large emission angles 

provide a significant portion of the area under the curve. For a cone with opening 

angle of 2/y (i.e., the amount of radiation between the lobe peaks) approximately 

10% of the total radiation is contained within [24]; for a cone with an opening angle 

of 4/y, with r-=489.21, or 8.18mrad, approximately half of the photons are contained 

within. Note that the units of the irradiance on the graph are arbitrary. 

dl 

dw ·dQ 

(a.u.) 
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Figure 9. Expanded plot of OTR irradiance per unit frequency per steradian vs. emission angle 
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If the optical aperture accepts a cone with opening angle 4/ y of the radiation, then 

only 50% of the original OTR will reach the CCD sensor. Section 3.3 contains 

further discussion of this limiting aperture. Taking these losses into account, the 

minimum number of photons per electron reaching the CCD sensor will now be 

Nca~c=1.14a The total number of photons per macropulse will be 1.76x108
• The 

intensity per electron is now 1.97xl0-8MeV, and the total minimum irradiance per 

macropulse is now 18.7W/m2
• 

2.4 Diffraction Effects 

Diffraction is a physical phenomenon that occurs whenever a wave in free-space is 

incident upon an obstacle that disturbs its propagation. This disturbance includes 

changing the amplitude and/or the phase of the wave by a well-defined factor [25]. 

Electromagnetic waves obey both the law of linear superposition and Huygens' 

principle, and can therefore bend or diffract around the object(s) that lie in their path. 

Diffraction is exhibited by a pattern of alternating dark and bright fringes on a screen 

(or CCD sensor); the low and high light irradiances correspond to maxima and 

minima, respectively, of the superposition of the individual photons. The principle 

of superposition is used to calculate the wave fields of the incident and resultant 

 waves that satisfy Maxwell's equations at all points on the obstacle, while also 

satisfying the necessary boundary conditions [25]. When the EM wave encounters a 

circular object, usually a circular hole, the pattern consists of a central maximum, 

known as the Airy disk, surrounded by concentric minima and maxima rings. For a 
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point source, 84% of the total light irradiance on a screen will be found in the Airy 

disk [26], depicted in Figure 10 [27]. 

Figure 10. Airy disk resulting from diffraction of a point source through a circular opening 
Source: Dzierba, 2001. 

The irradiance of the diffraction pattern is proportional to [28], 

(54) 

where J1(w) is the Bessel function of the first kind of order 1, and the radius of the 

Airy disk corresponds to the value of w when J 1(w) first reaches zero, or when 

w=3.83171 [23]. The radius of the Airy disk is given by [26], 

(55) 

where Ro is the propagation distance from the aperture to the screen, ro is the radius 

of the aperture, and A is the wavelength of the diffracted light. 
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A plot of the function of equation (55) is shown in Figure 10 [27]. 

Intensity 

(a.u.) 

Distance (a.u.) 

Figure 11. Irradiance about axis of symmetry for point source diffraction pattern 
Source: Dzierba, 2001. 

The OTR will also experience diffraction effects when it passes through the lenses. 

The formula for the irradiance of the OTR emitted by a single electron as a function 

of the distance from the center of symmetry is given by [28], 

(56) 

In equation (56), l(p) is in arbitrary units, (} is the angle of OTR emission with 

respect to the direction of specular reflection, y is the Lorentz factor, lt ( ) is again 

the Bessel function of the first kind of order 1, A. is the photon wavelength, m is the 

magnification, and 81 is the ratio of the lens radius over the focal length (using the 

small angle approximation), and pis the distance from the center of symmetry, and 

is known as the radial coordinate [28]. Figure 12 [28] depicts the irradiance I as a 

function of p for a single electron. The twin peaks corresponding to the two 

radiation peaks remain relatively unchanged, but the tails now contain maxima and 

40 



minima corresponding to the pattern of bright and dark fringes. The diffraction 

pattern of a point source is similar to that of a single peak of the OTR diffraction 

pattern (i.e., compare Figures 10 and 11), except that 84% of the light can be found 

in the peak of the former, while in the latter, the sum of the light output in both 

peaks is much less than 84%, as discussed in section 2.3. 

Intensity 

(a.u.) 

0.8 

0.6 

0.2 

0
-1 o -a - -e -4 -2 o 

p (a.u.) 

Figure 12. Irradiance vs. distance from symmetry axis for OTR diffraction pattern 
Source: Artru, 1999, page 10. 

A three-dimensional plot of the diffracted OTR pattern for a single particle is 

illustrated in Figure 13 [24]. 
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Figure 13. Three-dimensional plot ofOTR diffraction pattern for a single particle (y>>l) 
Source: Castellano, 1998, page 15. 

When the diffraction patterns of the OTR emitted by a large number of electrons 

interfere constructively, as will be the case for the TRMs, the twin peaks of the 

individual OTR diffraction patterns will combine, and the overall diffraction pattern 

will resemble quite closely that of a point source. The Airy disk portion of the OTR 

diffraction pattern will be larger than for a point source, since the secondary peaks of 

OTR diffraction pattern have a much higher light intensity. Because of the finite 

sensitivity of the CCD camera, the Airy disk will be the only portion of the OTR 

diffraction pattern that will be discernible from the images. 

2.5 OTR Resolution 

The geometric (or spatial) resolution refers to the ability of a system to differentiate 

between two objects in close proximity. A higher resolution means that more details 

of the object are imaged. The resolution capability of an OTR system is critical, 

although its theoretical limit has been a matter of debate for several years [29]. The 

limit was thought to involve self-diffraction effects, resulting in a resolution of [30], 
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r = A.y 
- 21l'' 

(57) 

where A is the photon wavelength, and y is the Lorentz factor. As can be readily 

seen from the previous equation, as the energy of the beam increases, the resolution 

limit would increase linearly. Therefore, if this was the case, the resolution limit of 

the LTB transfer line would be on the order of 50Jlm, but the resolution of the BTS 

transfer line would be on the order of lmm. The resolution would theoretically 

worsen with increasing beam energy, rendering the method essentially useless at 

high energies. 

This resolution estimate was first challenged by Fiorito and Rule, in which the 

spatial OTR profile was calculated using diffraction and scalar wave theories [29]. 

They were able to show that the intrinsic resolution limit of an OTR system is 

similar to the intrinsic resolution of an optical system [29], 

A. 
r=

- (Jo' 
(58) 

where A is the wavelength, and ~ is the optical aperture, or the angle subtended by 

the lens and the point of radiation origin. In the small angle approximation, ~ is 

twice 81, the upper limit of integration for the diffraction pattern. If the optical 

system introduces a magnification m, equation (58) becomes, 

). 
r=-

- m·0
0

' 
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since the magnification changes the size of the image and thus the amount of 

blurring from the diffraction is also magnified by m. The resolution achievable by 

an optical system increases with increasing magnification. 

Lebedev took this method a step further by considering the radial polarization of 

OTR in his vector theory formulation [31]. Radial polarization of the radiation 

means that the electric field is in a plane that contains both the direction of specular 

reflection and the wave vector. This implies that for every azimuthal angle f/J, the 

electric field vector points in a different direction, although all vectors point towards 

the center of symmetry [31]. Lebedev then gave the FWHM resolution as [31], 

(60) 

Again, with a system with magnification m, the limit implied by equation (60) 

becomes, 

(61) 

therefore the resolution limit of the OTR is inversely proportional to the 

magnification. 

Using a light wavelength of 700nm, a ~ of 139.3mrad (for a lens aperture of 22mm 

and foil to lens distance of 157.7mm, see section 3.3), and magnification of m=0.165 

(again, refer to section 3.3), the FWHM: resolution limit of the OTR is approximately 

44J.Lm. The implication of this result is that with the current configuration of the 
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TRM, the FWHM can be determined for the electron beam with a resolution of 

44J.Lm, if all the photons had wavelengths of 700nm. Since the wavelengths will 

vary between 400 and 700nm, at the average wavelength of 550nm, the resolution 

limit for the FWHM is 34J,Lm. Of course, the resolution of the camera will for the 

most part in the end determine the actual resolution of the system. The FWHM 

resolution calculated is the limit that can be achievable with the current level of 

magnification. 

In order to determine the resolution limit required of an optical system so that beam 

sub-structure can be distinguished, such as the degree of uniformity of the beam 

density, and the sharpness of the beam outline, a more detailed analysis is required 

[29]. The actual intrinsic spatial resolution of OTR cannot be described by a single 

parameter. A complete characterization can be obtained by using the Modulation 

Transfer Function (MTF) [32]. The MTF is a measure of an optical systems ability 

to convey contrast from the object to the image plane at a certain resolution, and is 

defined by [33], 

MTF( v) = Image Contrast , 
Object Contrast 

where vis the spatial frequency. 

(62) 

The MTF is a function that is usually normalized to MTF(O)=l, and is plotted 

against either spatial frequency or its reciprocal, spatial resolution. The upper and 

lower limits of the spatial frequency are given as [32], 
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21l' 
vmin =-, 

yA. 
21l'8 0 

vmax =--. 
A. 

(63) 

Taking the average wavelength between the two limiting wavelengths as 550nm, 

these parameters are calculated to be 2.34xl04m"1 and 6.6lx105m·1
, respectively. 

The MTF(v) is then obtained by taking the Fourier transform of the diffraction 

pattern as a function of the radial coordinate p of the previous diffraction section, 

equation (56), and is given as [32], 

1, 

MTF(v):: (64) 

0, 

The OTR MTF is plotted below in Figure 14. 
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Figure 14. Normalized MTF versus spatial frequency for OTR 
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The industry standard for the MTF level at which meaningful information can still 

be acquired is 3%, meaning that the ratio of the image contrast and the object 

contrast must at minimum be 3%. The corresponding spatial frequency can be 

calculated from equation (64) to be on the order of 600000m-1• Thus the intrinsic 

resolution limit of the OTR itself is approximately 1.67J..tm. In actual fact, the MTF 

of equation (64) was derived from the irradiance as a function of the impact 

- -parameter b, where b for a 45° incident angle is defined as the transverse distance 
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from the photon to the normal to the electron beam trajectory [28]. The impact 

parameter is related to the radial coordinate by, 

p = b ·m, (65) 

where m is, as usual, the magnification. The resolution limit must therefore be 

divided by the magnification for a value of 10.12~m. 

In order to be able to image beam sub-structure, the system resolution power must 

meet or exceed 10.12~m. Again, the resolution of the entire TRM system will be 

essentially a function of the camera resolution, which is in turn dictated by the 

magnification of the achromat lenses. The overall resolution of the TRM system is 

discussed in section 3.4.1. 

2.6 Formation Length 

Although the TR phenomenon is said to take place at the boundary between two 

media, the actual radiation emission begins at the boundary, and continues into the 

second media as the charged particle passes through it. The entire distance over 

which the particle emits TR is known as the formation length. The formation length 

is the distance over which the photons' wavelengths interfere constructively to 

produce light bright enough to be imaged. The difference in phase of the photons 

radiated from two points separated by a distance z along the particle path must be 

near 1 rad [30]. This is described mathematically by, 

(OJJ - --; z-k ·z ::1, (66) 
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where m is the frequency of the emitted photon, v is the velocity of the incident 

particle, k is the wave number of the radiation inside the second medium. The 

implication of the formation length for OTR is that if a TR foil's thickness is made 

to equal the formation length, then OTR will be emitted throughout the passage of 

the particle through the foil. In practice the thickness of the TR foil material is of 

little consequence (beyond the need to minimize the thickness as much as possible to 

avoid energy loss and emittance growth), since even a very thin sample will provide 

ample photon radiation. However, its thickness must be greater than the threshold 

formation length. If the thickness of the TR foil is less than the formation length, 

then the charged particle will "see" no discontinuity in its path, and its passage 

through the foil will be uninterrupted. The formation length for the forward TR case 

is different, and is described in Reference [23]. 

The approximate formation length is derived from equation (66), and is given by 

[30], 

z, =I~ -f. (67) 

The frequency and velocity are known, but the wave number must be calculated; its 

expression is given by [15], 

(68) 

where J..l is the permeability, e is the permittivity, and 0' is the conductivity of the 

second medium. From section 2.2.3, the permeability is 1.257x10-~/A2 • The 

relative permittivity of a metallic medium is complex, and is given by [34], 
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(69) 

where Et = 2nK and E2 = n2-K2
, and Kin this case is the attenuation index [26], and 

not to be confused with the wave number. 

In order to obtain the relative permittivity, the complex index of refraction can be 

used. Its form is given by [34], 

N =n+iK, (70) 

The parameters n and K are functions of the wavelength of the radiation, and vary 

from .4335 and 4.866, respectively, at a wavelength of 400nm, to 1.857 and 8.311, 

respectively, at a wavelength of 700nm [34]. 

In order to arrive at the largest possible formation length, so that a minimum foil 

thickness can be known, equation (67), the equation that describes the formation 

length Zt, must be maximized. A choice of A.=400nm is then made, so that e =4.219-

i23.49 and using the complex conductivity that was calculated in section 2.2.3 to be 

jj =32400+i10750000.-1m-1
, equation (68) can now be completed, and the wave 

number assigned a value of k = 3.47x107-i8.08x107m-1
• Finally, equation (67) can 

be calculated, and the maximum formation length for the given range of photon 

wavelengths is then Z1 = 1.20x10-8m, or 12nm. This value will be the same for both 

the LTB and BTS transfer lines since it is a function of the light wavelengths and 

foil material, and so the minimum TR foil thickness throughout the entire facility is 

12nm. 
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The atomic radius of the aluminum atom is 0.143nm [21], and at a thickness of 

12nm, a sample of aluminum would be roughly 175 atoms thick. The previous 

formation length derivation assumed that the thin aluminum sample would possess 

the same bulk properties as a thick sample. This assumption was confirmed when 

the thickness of the aluminized Mylar was assessed, discussed in section 3.1.1. The 

resistance measured was the same order of magnitude as the table value, and so the 

aluminized Mylar was presumed to be a bulk sample of material. 

2.7 Beam Model 

The purpose of the TRM systems is to measure the profile and position of the cross-

section of the electron beam. However, it is not sufficient to merely give the 

maximum extents of the beam in the x and y directions; a beam density function is 

required to give an accurate depiction of the beam profile. In order to achieve this, 

the electron beam is assumed to be a two-dimensional truncated Gaussian spatial 

distribution [23]. Furthermore, the distribution is assumed to be radially 

symmetrical about the beam trajectory axis. The distribution is truncated since the 

beam extents will be limited by the physical constraints of the accelerator, 

specifically upstream beam slits and quadrupole magnets. The Gaussian distribution 

(in x) of t~e charge density of the beam is then [5], 

{ x2) 
20'2 

p(x) =. e , , (71) 

where x is the distance in the x direction from the beam trajectory center, and Cf is 

the rms half-width of the beam [5], 

51 



(72) 

The parameter a can also be thought of as the standard deviation of a Gaussian 

probability distribution [5]. A similar expression can be written for they direction of 

the beam cross-section. The FWHM of the beam image can be related to the 

parameter ain the following manner: 

The FWHM, r, is defined as, 

r =2x, (73) 

where x is the half-width of the beam image in the x direction at the half-maximum 

of the intensity. The expression for the charge density, if it is normalized to one, at 

its half-maximum is, 

or, 

Solving for the FWHM, 

1 
p(x) = 2' 

-xz 
1 - 2a2 --e 
2 ' 

-rz 
= esal. 

r = 2a.J2 In 2. 

(74) 

(75) 

(76) 

The method of determining the charge density function will include a measurement 

of the maximum extents of the beam image in each direction, as well as a 

measurement of the FWHM of the beam image in each direction. From this, the 

Gaussian parameter acan be calculated. 
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The beam emittance will be measured by the "emittance monitor" method, described 

in reference [5]. For a beam density enclosing 86% of the beam (or two standard 

deviations from the beam trajectory center), the emittance e can be related to (j by 

[5], 

(77) 

The emittance will thus be measured in both the x and y directions at select TRM 

stations, allowing for an independent measure of the so-called beam Twiss 

parameters fJ and ~ which are not to be confused with the ratio vic or the fine 

structure constant, respectively. 
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3.0 System Design 

At each monitor location, a six-way cross will join two adjacent vacuum sections. 

Each cross will have a glass window on the port that faces towards the floor that will 

allow the emitted TR to be extracted from the beam line for convenient analysis. 

The TRM prototype system will consist of eight major components. These are: (1) 

TR foil to provide the inhomogeneous path for the electron beam, (2) pneumatic 

actuator for placing the TR foil in and out of the beam path, (3) mounted achromat 

lens system for light-guidance, (4) CCD camera to capture the OTR image, (5) 

Mounting apparatus for component arrangement and fixture, (6) light shield to 

minimize ambient light level and lead housing to prevent radiation damage to the 

camera, (7) image analysis system, and (8) service requirements. Below in Figure 15 

is a schematic illustration of the TRM prototype system. The prototype design 

drawings are shown in CLS drawing LTB 1/ME/MON/0039600 in Figures A.2 to 

A.5 of Appendix A. The specification sheets for all purchased components are 

located in Appendix B. The following sections outline the various component 

choices, with a final section on cost summaries. 
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Figure 15. Schematic illustration of TRM system prototype design 

3.0.1 Prototype Design 

Recent design decisions have resulted in several of the component choices for the 

TRM systems to be questioned. Since these components have already been 

purchased, the first system that has been assembled will function as the prototype to 

the end TRM system. The prototype system has been installed in the Linac section 

of the accelerator for testing purposes, as outlined in section 4.1. Once testing is 

complete, the component choices will be re-evaluated, and final design component 

decisions will be made. 
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3.1 TR Foil 

The TR foil is mounted at an angle of 45° with respect to the beam path inside the 

six-way cross. A roll of Mylar (Polyethylene Terephthalate) that has been 

aluminized was purchased several years ago, for other purposes, from MPI 

Metalized Products. This sheet, of 6J.1m overall thickness, was used for the 

prototype foil material. 

3.1.1 Foil Material 

Mylar is a polyester film whose relative composition includes: Carbon, 63%, 

Oxygen, 33%, and Hydrogen, 4%. Its density is 1.4 g/cm3
, and its properties 

include, among other desirable characteristics, high strength-to-density ratio and 

translucence. Aluminized Mylar is a material that has a layer of aluminum 

laminated on one side or both sides of the Mylar film [36]. Aluminum, as mentioned 

previously, possesses the desired characteristics of an OTR emitter, and the 

aluminized Mylar is a convenient format for the foil material and can be made 

extremely thin. 

The results from section 2.6 dictate that the thickness of the aluminum must be 

greater than 12nm. It was therefore imperative that the relative composition of the 

aluminized Mylar be determined. The supplier of the aluminized Mylar, MPI 

Metalized Products Inc., was contacted and a request was made for the aluminum 

thickness value; a minimum value of 25nm was given, with up to 20nm in additional 

thickness possible for a maximum thickness value of 45nm. In order to confirm the 
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thickness estimation, the resistance of two different pieces of the aluminized Mylar 

was measured. The crude experiment consisted of the aluminized Mylar, two copper 

strips placed at either end of the Mylar piece, and a multimeter. The first strip of 

aluminized Mylar was lO.lcm by 0.9cm, while the second was 18.5cm by 14.4cm. 

Both were assumed to have the same thickness t. The derivation of the equations 

for determining the thicknesses is found in Appendix D. 

The calculated thickness for trials one and two were, respectively, 35.9nm and 

11.2nm. Averaging these values gives an approximate thickness of 23 .6nm. This 

allowed for an acceptance of the MPI representative's estimation that the thickness 

of the aluminum is approximately 25nm. However, the resistance test was fairly 

crude, and the thickness of aluminum may in fact be 45nm. In reality, the actual 

thickness of aluminum is inconsequential, beyond the necessity of it being larger 

than the formation length. 

Since the foil is at a 45° angle, the actual minimum thickness of aluminum 

experienced by an incident electron is .fi x25nm, for a total length of 33.3nm. This 

is greater than the calculated formation length, found to be 12nm in section 2.6, and 

thus the foil should in theory be capable of producing OTR. If the aluminum 

thickness is 45nm, the electron will experience a path length of 63.6nm, and this is 

of course large enough to produce sufficient OTR. The preliminary tests of the 

system, discussed in section 4, have confirmed this theoretical prediction. As a 

contingency plan, in case the theoretical prediction was not validated, another foil 
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was manufactured using a thin sheet of aluminum. The thickness of this sheet is 

220nm, for a total electron path length of 3llnm; this value is an order of magnitude 

greater than the calculated formation length, and further test trials may involve its 

use to confirm the prediction, alluded to in section 2.6, that as long as the foil 

thickness is greater than the threshold, i.e. the formation length, the photon intensity 

is independent of the thickness. The assumption has been made that the aluminum 

covering of the Mylar and the aluminum sheet have the same basic properties, such 

as identical J1 and £values, and that the calculations from section 2 apply equally 

well to both. 

3.1.2 Foil Concerns 

A problem with the current aluminized Mylar foil involves the coating of the 

material with aluminum on one side only. The response from MPI confirmed the 

lamination on one side to be a probability, and it was corroborated by the resistance 

measurements. It is impossible to determine visually the side laminated with 

aluminum since the Mylar is transparent. Because the CLS machine shop 

technicians that manufactured the foil were not made aware of the one-sided 

lamination, there is a 50% chance that when the foil was manufactured, the non

laminated side was made to face upstream of the beam. If this is the case, then the 

electron will give off radiation a)as forward TR at the boundary between the vacuum 

and Mylar, b)as Cherenkov radiation during its passage through the Mylar, and c)as 

backward TR at the boundary between the Mylar and aluminum. The forward TR 
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and Cherenkov radiation will then be reflected by the aluminum, and the lobes of the 

three radiation types will interfere with each other in a complex manner. 

Since it is difficult to comprehend how this interference pattern will affect the beam 

spot image, it is important to have the aluminum be the first discontinuity 

experienced by the electrons. To ensure that it is the aluminum that faces upstream, 

a careful measurement of each side's resistivity must be conducted before the foil is 

manufactured. Unfortunate! y, this was not done for the prototype TRM, and the 

images of section 4 may contain this interference pattern. If the foil of solid 

aluminum were used for the final design, this concern would then become irrelevant. 

If not, then the orientation of the aluminum side of the aluminized Mylar must be 

determined before foil manufacture to avoid interference patterns in the beam spot 

image. 

Another concern involving the TR foils has to do with the electron beam melting the 

foil as the electrons pass through. Aluminum has an inherent melting temperature of 

approximate I y 660 °C, and the electron beam passing through the TR foil will cause 

a temperature increase. Below in Figure 16 [35] is a plot of the level of beam 

current that will destroy the aluminum TR foil versus the beam radius, defined as the 

destructive beam current. The values from 1 to 5mm were extrapolated from the 

plot in reference [35]. The destructive beam current asymptotically approaches 

Sx 104 A, or 800tJ.A. 
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Figure 16. Beam current at which aluminum TR foil destruction will occur versus beam radius 
Source: Denard, 1997, page 2200. 

Therefore, the expected beam current through the foil when the electron beam is 

"on" must be calculated. The peak current is 25mA. However, it is the average 

current that is of concern. The beam current parameters are as follows: in one 

second, the foil experiences only 136ns of actual beam exposure. The average 

current is then given by, 

Total Charge 
Average Current = --------=-

Total Time 

( 50 pC ) · 68 bunches 
bunch 

ls 

= 3.4nA. 

60 
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During normal operation, the beam current is thus vastly less than what would be 

necessary to cause foil destruction. 

Even though the TR foil is very thin, each electron will lose a finite amount of 

energy as it passes through the foil. Electron energy loss for a given material is 

known as the material's stopping power and is a function of material thickness. 

Below, in Figures 17a and 17b [36], are the stopping powers of aluminum and 

Mylar, respectively, for an energy range from 10-2MeV to lGeV. The data used to 

plot the curves is located in Appendix D along with the equations for the following 

calculations. At the energy of the LTB transfer line, the energy loss due to the beam 

traversing a single foil of aluminized Mylar with relative thicknesses of 45nm of 

aluminum and 5.96J.Lm of Mylar is approximately 6.7xl0-3MeV. This value is only 

0.003% of the total beam energy and so the loss has been deemed negligible. At the 

energy of the BTS transfer line, the energy loss due to traversing the same foil is 

6.0xl0-2MeV. This value is only 0.002% of the total beam energy and has also been 

deemed negligible. These two energy loss values will not discernibly affect the 

electron beam, and if energy loss was the only concern, the TR foils could be left 

permanently in the beam path without disrupting the normal operation. 
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Figure 17a. Stopping power of aluminum versus electron energy 
Source: ECSED. 2001. 

Stopping Power 
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Figure 17b. Stopping power of Mylar versus electron energy 
Source: ECSED. 2001. 
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3.1.3 Manufacturing Process 

The TR foil is rectangular in shape, and is supported by an aluminum holder. The 

foil and holder were both manufactured on-site. The emitted OTR for oblique 

incidence can be shown to depend on the reflectivity of the foil material. Wrinkles 

in the foil distort the Fresnel reflection coefficients, the parameters that describe the 

reflection properties of a material. This changes the direction of specular reflection 

unpredictably. Furthermore, the Fresnel reflection coefficients affect the index of 

refraction, changing the formation length, also unpredictably. These wrinkles are 

more common for very thin foils. It is imperative that these wrinkles be eliminated 

as much as possible. The machine shop technicians attempted to construct such a 

foil, and after several attempts, were successful in producing essentially a wrinkle

free foil in a repeatable procedure. 

The major wrinkles of the Mylar foils are eliminated by lightly stretching the 

aluminized Mylar film over the arms of the aluminum holder, which is previously 

coated with epoxy, and then holding the film in place with rubber bands. The two 

arms of the aluminum holder are then slightly compressed together with a clamp and 

the edges of the foil are pulled apart so that the film is again fairly taut across the 

holder arms. When the epoxy is completely dry the rubber band and clamps are 

removed, allowing the holder to return to its normal shape. As the arms move away 

from each other back to their original positions, the film is stretched and becomes 

extremely taut. The excess Mylar is then trimmed from the holder. 
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3.2 Pneumatic Actuator 

In the previous section, it was determined that the energy lost by the electron beam 

through each passage through a TR foil is negligible, and that the foils could be 

mounted permanently in the beam path without adversely affecting the beam energy. 

However, the plural scattering that occurs through each foil, and that will be 

compounded with each additional foil passage will cause an unacceptable amount of 

emittance growth in the electron beam to allow for the foils to be mounted 

permanently, as had been originally hoped. It was therefore determined that a drive 

mechanism controlling the placement of the TR foil is necessary. This will allow for 

the beam characteristics at a desired location to be measured by the insertion of a 

specific foil. 

The decision was made to purchase a Bimba pneumatic cylinder from Hypower 

Systems due to its speed of stroke and unobtrusive size. The bellows were 

purchased from Standard Bellows, and the overall stroke of 45mm ensures the 

placement of the TR foil in the center of the beam pipe. A four-way, double-acting 

solenoid valve produced by Skinner Valves controls the movement of the actuator. 

The drive mechanism was designed such that it is capable of positioning the foil 

with a repeatability of ±0.5mm. This uncertainty is due to the deformation of the 

actuator components, for example the rubber stoppers that butt up against the piston 

at the top and bottom of its stroke, resulting from mechanical stress during foil 

insertion. The uncertainty in the position of the foil will cause a beam with constant 
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centroid position to impinge upon different locations on the foil if the foil is 

retracted and extended from the beam line between measurements. Only the y 

coordinate of the beam cross-sectional image is affected by the foil position changes; 

a beam that impinges upon the foil when it is positioned so that the foil center is at a 

higher location than beam center will exhibit a skewness in the positive y direction 

(due to the negative magnification of the lenses) from an identically positioned beam 

that strikes the foil when the foil center corresponds to the beam center. The cause 

of the skewed position in they direction is that for the former, the beam will impinge 

at a point that is in the negative y direction from beam center, and the resultant 

image will display a beam that whose y coordinates have all been shifted in the 

positive y direction. The x coordinate of the beam cross-sectional image will be 

unaffected since the foil placement uncertainty is in the y direction only. The beam 

position relative to beam center cannot therefore be ascertained exactly using a 

single TRM system. Since the SLM systems may not provide useful beam position 

measurements, and these measurements will be obtained from the TRM systems, a 

method for determining the absolute beam position from the TRM system must be 

devised. Several such methods are currently under investigation. 

3.3 Achromatic Lenses 

Achromatic lenses were chosen to guide the emitted radiation because they provide 

exceptional distortion-free images, free from chromatic aberrations. A comparison 

between an ordinary single lens and an achromat is illustrated in Figure 18 [37]. 

Using two achromats in succession allows for a large object to be reduced such that 
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its image is small enough to fit on the sensor of the CCD camera, yet its shape 

remains intact. The only difference between object and image is an easily calculable 

magnification. An achromat doublet is ideal for a projection application such as that 

used in the TRM system. 

I ,,moqe Plane 

Figure 18. Single lens dispersion comparison with achromatic lens dispersion 
Source: Edmund Industrial Optics, 2001. 

The lenses, purchased from Edmund Industrial Optics, are computer optimized to 

correct for on-axis spherical and chromatic aberrations, and the pair are conveniently 

mounted in an aluminum casing. The mounting ensures that the lenses' axes are 

identical, while also protecting the lenses from being damaged. The lenses are made 

from a double convex lens cemented to a concave lens, and the two lens pairs have 

different focal lengths [37]. A schematic of the light guidance mounted lenses is 

shown in Figure 19 [37]. 
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Figure 19. Mounted achromat lens pair schematic 
Source: Edmund Industrial Optics, 2001. 

Diameter 
~mmor30mm 

The lens casing diameter is 30mm, while the diameter of the lenses is 25mm. The 

clear aperture, or the opening through which the light can pass is 22mm. For the 

specific pair chosen, the first lens is positive and is made from Schott BaFlO glass 

and Schott FD 10 glass cemented together, and has a focal length of 30mm. The 

second lens is negative and is made from Schott BAFlO glass and Schott SFlO glass 

cemented together, and has a focal length of 50mm [37]. The choice of focal lengths 

was made before the final distances between foil and lens pair and lens pair and 

camera were made. Therefore, lenses with the optimum focal lengths for these 

distances were not chosen; however, new selections for the achromat lens pair are 

easily made. As an assembly note, the lens housing has the company name and part 

number written on its side; when the writing is upright, the 30mm focal length lens 

is at the bottom of the housing and the 50mm focal length lens is at the top. 

Therefore, when mounting the lens housing, the writing should be upside-down. 

The lenses are coated in a 1/.IA MgF2 antireflection (AR) layer centered at 550nm. A 
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typical reflection curve is given in Figure 20 [38]. The amount of reflection ranges 

from approximately 2.3% to 1.3%, and can be considered negligible. 
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Figure 20. Typical reflectance curve for V.J.. MgF 2 AR coated glass 
Source: Newport, 2001. 

As discussed in section 2.3.1 , approximately 50% of the emitted TR is located in a 

cone with opening angle of 4/y. The initial objective of the TRM system was then to 

use lenses that capture at least 4/y of the emitted radiation. At the minimum energy 

level of the LTB, expected to be 200MeV, the maximum 4/y emission angle is only 

1.022x10-2radians or 0.58°. The energy expected in the BTS transfer line is 2.9GeV, 

and the emission angle 4/y is 0.705rnrad or 0.0012°; this emission angle is much 

smaller than that for the LTB, and so the limiting case will be that of the LTB 

transfer line. 

The lenses can only be as close as the six-way cross, flange, and viewport will allow, 

and the minimum distance from the beam center to edge of the viewport can be 
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determined from the scaled version of design drawing A.4 to be 113.2. The lenses 

chosen were mounted with the center of the first lens 3.4mm away from mount edge. 

Therefore, the minimum distance from beam center to edge of first lens is 116.6mm. 

For the experiment, the optics were set up such that the distance from beam center to 

the edge of the first lens is 157.7mm. This distance may of course be increased (in a 

trial and error iterative process) to make the image formation position more 

favourable. As mentioned previously, the chosen mounted lenses have an aperture 

of 22mm. For the best-case scenario of the beam position at the center of the beam 

pipe, the half-angle of acceptance of the lenses is 70mrad for the foil to lens distance 

of 157.7mm. 

Figure 21 shows the extents of the radiation at a distance l from the beam center. 

Notice that the angle extents are exaggerated for clarity, and that the largest angle 

occurs at the minimum beam energy. 
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The above figure shows the largest possible variances of the beam position of 

±lOmm. The figure also shows the variable distance in the point of radiation origin, 

denoted by Maximum 1 and Minimum 1, and displays the extents of the possible 

emitted radiation in a cone with opening angle 4/y originating from these locations. 

Also illustrated is the largest possible beam cross-section diameter size of 5mm. As 

shown in the diagram, a portion of the emitted radiation from both the maximum and 
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minimum distances from the lens is not captured by the first lens, and will therefore 

not be imaged. Using simple geometry, the maximum variance in beam position (for 

the center of the beam of an assumed largest beam diameter of 5mm) such that the 

captured radiation still accepted by the lenses is a cone with opening angle of 4/y can 

be determined to be 6.7mm radially from the beam center. If the beam position falls 

outside of this value, the lenses will not capture at least one-half or all of the radiated 

photons. Such a beam position would be deemed to be outside the specification 

limits, and the steering magnets would be adjusted accordingly. 

Using a distance of 157.7mm between the object (TR foil) and the first achromat, the 

system magnification of the beam spot is calculated using the thick lens paraxial 

equations to be -0.165; the calculations are shown in Appendix D. Since the 

magnification is negative, the image will be inverted, so that in the final analysis of 

the beam spot, the data must be inverted again so that the beam coordinates and 

extents in each direction are not confus~d. Many facilities that have made use of a 

TRM system have used a one-to-one magnification ratio, but the decision to use a 

shrinking magnification for the TRM systems at the CLS was made, despite the loss 

of resolution. If a one-to-one magnification is used, in order to image a large beam 

with large position variance, a CCD camera with a large sensor area is required. 

This increases the cost of the camera significant} y. Thus, using a shrinking 

magnification allows for a much larger Field of View (FOV), so that it is possible to 

image a beam that is off center; this is not always possible for a one-to-one 

magnification system. 
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3.4 CCD Camera 

The beam spot image is captured by a Charge Coupled Device (CCD) camera. This 

type of camera is a solid-state detector that converts the incoming radiation into 

electrical charge, and stores the accumulated charge in an array of discrete potential 

wells, known as pixels [39]. The solid-state material is silicon, and the electrical 

charge is formed through photogeneration, which is itself based upon the 

phenomenon known as the photoelectric effect. The photoelectric effect is the 

characterization of certain materials to release so-called photoelectrons from their 

outer shells when struck by incident photons, thus resulting in a net electrical charge. 

In a CCD camera, the photoelectrons are "fenced" within a boundary (i.e., the pixel) 

that is non-conductive, so that the photoelectrons remain in the same area in which 

they are produced. Up to a maximum value, known as the full-well capacity, the 

pixel will continue to accumulate charge from the photoelectrons, as long as the 

photons continue to impinge upon the sensor. Once the image has been acquired, or 

the shutter of the camera has closed, the photoelectrons in each pixel are "counted". 

The output data is then sent to a computer for image viewing. 

The CCD camera chosen for the prototype of the TRM system was a Cohu 6612-

3000 progressive scan interline transfer CCD camera with digital output. 

Progressive scanning means that the charge in the pixels accumulates simultaneously 

and is sent to the framegrabber sequentially, i.e., line by line. This method differs 

from interlaced scanning CCD camera that send the information contained within 

every other line of pixels to the framegrabber. The information captured by 
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interlaced CCD pixels is contained in two fields that make up one frame, and when 

the information of the two fields is meshed together, half of the vertical resolution is 

lost [38]. Progressive scan images contain the full vertical and horizontal resolution 

of the object, while interlaced images have only the full horizontal resolution. For 

high-speed applications, the progressive scan method has become the method of 

choice since progressive scan CCD cameras are capable of providing a full image 

with every shutter event [40]. Because of the short duration of the macropulse of the 

electron beam, a camera with high-speed capability was desired. 

The Cohu 6612-3000 is also, as mentioned previously, an interline transfer camera. 

In a frame-transfer CCD camera, there are two distinct arrays: the photodiode array 

that captures the incoming photons and makes up the image array, and the CCD 

array that stores the accumulated charge and makes up the storage array [41]. In an 

interline transfer camera, each pixel element has its own separate photodiode and 

CCD storage regions. The two regions are separated by a metallic mask placed over 

the CCD region to shield it from incoming light [41]. Once the incoming photons 

have been converted into electrical potential, the image data is shifted very quickly 

by way of parallel transfer to the adjacent CCD region. The data stored in the CCD 

elements is then read out by shifting rows of stored charge by way of parallel 

transfer to the serial shift register. Each image row has its information sent to the 

output amplifier by the serial shift register as a stream of serial data. Once all the 

rows have had their data transferred to the output amplifier, an analog-to-digital 

converter (ADC) integrated circuit converts the information to a digital signal that is 
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sent to the framegrabber [41] . Figure 22 [41] depicts a typical architecture for an 

interline transfer CCD camera. Note that the photodiodes (green, blue and red in the 

figure) and the grey CCD elements form vertical columns that span the entire array 

grid. 
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Figure 22. Interline transfer CCD architecture 
Source: Abramowitz, 2001. 

Photodlode 

The foremost advantage of an interline transfer camera is higher transfer speeds. 

Because the speed of an interline transfer camera is greater than that possessed by a 

frame-transfer CCD camera, the image displays less "smear" for high-speed 

applications, a common problem experienced by the latter. As before, since speed of 

image acquisition is an important consideration for the CLS TRM systems, a camera 

with interline transfer capability was chosen. 

This particular Cohu camera was selected since it has the features required for a 

prototype camera, such as the capability of being remotely triggered, while also 
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having a relatively low cost. The camera is monochrome since a colour image is not 

a necessity and an increased level of resolution is possible with a black and white 

image. The pixel array is 659 (H) x 494 (V), with each pixel measuring 9.9J.Lm x 

9.9J.Lm, for a horizontal sensing size of 6.5mm and a vertical sensing distance of 

4.9mm. The aspect ratio of the CCD sensor is 4:3. The pixels store an analog 

charge signal that when digitized can contain up to 10 bits of information. The 

camera features several operating modes, aiiowing for single channel (progressive 

scan) in which 30 frames a second are captured, or dual channel (interlaced scan) in 

which 2x60 frames a second are captured and interlaced together, with or without a 

shutter. The various modes are listed on page 180 in Appendix B. The mode that is 

most suitable for the TRM application is Mode 14, wherein the camera is in 

asynchronous reset, or "snap-shot" mode, and the shutter speed is programmable. 

This mode allows for the camera to capture images at a set rate [42]. 

When the final design of the TRM system is complete, the image capture will be 

initiated with an external asynchronous TIL (Transistor-Transistor Logic) trigger 

coming from the timing system that is synchronized to the macropulse repetition 

rate; this is discussed further in section 3.8.3. This signal will be sent to the CCD 

camera and will control the shutter movement. From the time the camera receives a 

signal, an interval of 96ms must pass before the shutter will open. The signal will 

also determine the exposure time. The shutter speed, varying from 1160 of a second 

to 1110000 of a second, can be set using the external signal [42]. Since the 

macropulse repetition rate of the LTB transfer line is 1Hz, and the duration of the 
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pulse is 136ns, the camera will be set to take a snapshot of this event once per 

second, and the image analysis will be performed at this rate as well. 

The illumination level of the emitted OTR is often relatively low, and even though 

the camera is sensitive enough to measure the very faint light level of 2x104 W/cm2 

[43], or 2W/m2 at a wavelength of 670nm, steps must be taken to ensure that the 

ambient light is minimized as much as possible, discussed further in section 3.6. 

The shutter speed of the camera is a factor in this instance, because the shorter the 

time that the electronic lens is open, the less ambient light that will enter the iris to 

contaminate the OTR light signal. The control of the camera is performed by the 

framegrabber, and the amount of time the shutter will be open will be, at minimum, 

1/10000 of a second. The tests of the prototype were designed to determine whether 

the steps taken to eliminate the ambient light level are sufficient. Another factor to 

consider in terms of illumination is the quantum efficiency of the camera. The 

quantum efficiency is a measure of a camera's ability to convert incident photons 

into electrons and ultimately an electric current. Unfortunately, Sony manufactures 

the CCD chip used in the Cohu 6612-3000 camera, and Sony has not released the 

quantum efficiency of the chip. Techniques exist that allow for an extrapolation of 

the relative response curve to a sensitivity curve; it was decided, however, to attempt 

to locate the minimum light level experimentally as a function of beam current. This 

is discussed in section 4.4.2. 
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The spectral response of the CCD camera is shown in Figure 23 [42]. The relative 

response is uneven over the wavelengths expected from the emitted OTR. This 

should not pose a large problem, however, since as mentioned previously, the 

photons will be evenly distributed over the optical region of the spectrum. 

Therefore, even if the camera does not image a photon originating from an electron 

incident on some point on the TR foil, it will respond to some of the subsequent 

photons originating from the same location on the foil. 
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Figure 23. Spectral response of the CCD Camera 
Source: Cohu, 2000. 
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From Figure 23, it can be seen that the camera's response, or sensitivity to light 

between the wavelengths ranging from 400 to 700nm is at minima at the limits. 

Therefore, the sensitivity given previously at 670nm is essentially the minimum 

sensitivity of the camera for the light spectrum range in question~ and if the light 
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emitted from OTR is bright enough to be imaged at this wavelength by the CCO 

camera, then all wavelengths within the range will be bright enough as well. A 

uniform minimum sensitivity of 2W/m2 across the spectrum of radiation will be 

assumed. 

As was calculated in equation (54) of section 2.2.4, the total initial irradiance of a 

macropulse is 37.4W/m2
• From section 2.3.1, it is known that the optical aperture 

reduces the actual irradiance, so that the irradiance of photon energy striking the 

CCO sensor per macropulse is actually half the initial total, or 18.7W/m2
, which is 

well above the threshold of the camera. 

In some cases, such as when the beam is very small and at a high energy, the light 

yielded due to OTR may overwhelm the camera and cause blooming. Blooming is 

the phenomenon of a CCO camera in which charge continues to be accumulated in a 

pixel that has reached saturation. This extra charge spreads out into adjacent pixels, 

and causes the image to blur. The maximum number of photons per pixel at 

saturation, or "full-well capacity", is a property of the CCO chip, and again, Sony 

has not released the value. Cohu has provided an estimate of 50000 

photoelectrons/pixel as the threshold before blooming occurs [43]. As a 

corroboration of this estimate, the light output that causes blooming was ascertained 

experimentally, and is discussed in section 4.4.1. Image distortion due to blooming 

can be eliminated by installation of a neutral density wheel between the viewport 

and lenses to attenuate a desired amount of light. The wheel would be remotely 
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controlled, and would contain one filter with a 10% transmission rate, one filter with 

a 1% transmission rate, and one open space for no attenuation. Both filters have 

been purchased from Edmund Scientific, and will be installed should the need arise. 

3.4.1 System Resolution 

As discussed in section 2.5, the limiting factor in the issue of the resolution the TRM 

system is capable of achieving j~ th~-<;CD camera. As before, the resolution limit 

for the camera is calculated from the MTF curve; except in this case, the MTF is 

plotted versus the horizontal resolution, instead of its reciprocal, the spatial 

frequency. The point at which the MTF is 3% is again taken as the lower limit of 

contrast distinction. The MTF curve, taken from the Cohu 6612-3000 specification 

sheet [42] is given in Figure 24. 
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Figure 24. Normalized MTF versus horizontal resolution for Cohu 6612-3000 CCD camera 
Source: Cohu, 2000. 
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At the point where the MTF is 3%, the horizontal resolution is approximately 600 

TV lines. The conversion from TV lines to line pairs/mm (lp/mm) is given by [37], 

H . I R I . (I I ) 2 (Horizontal TV Lines) onzonta eso utwn p mm = - . 
3 Sensor Size 

(79) 

Using the given size of the sensor and the resolution of 600 TV lines, the resolution 

is 61.31lp/mm, or 16.3)lm. However, the MTF of both the OTR itself and the CCD 

camera must be considered. The combined MTF curve is a multiplication of the 

normalized MTF curves of Figures 14 and 24, with the abscissa values of Figure 24 

converted to m-1, and the normalized combined MTF curve is depicted in Figure 25. 
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Figure 25. Normalized combined OTR and camera MTF curves versus spatial frequency 

At the 3% contrast level, the resolution of the combined MTF curve of Figure 25 is 

15.8 )liD. In order to obtain the system resolution, the magnification m of the lenses 
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must be taken into account. The overall system resolution is given by the formula 

[37], 

S t R 1 t
. Combined OTR and Camera Resolution 

ys em eso u ton= . 
Primary Magnification 

(80) 

The Primary Magnification (PMAG) is defined as the ratio between the CCO sensor 

size and the FOV seen by the sensor. The PMAG is thus exactly the magnification 

done on the image by the achromat lenses. The FOV is then 39.5mm. As a result, 

the system resolution achievable is then approximately 96JJ.m. This is almost twice 

as large as the minimum resolution of 50JJ.m originally specified. It can easily be 

seen from equation (80) that if the magnification is increased, the resolution 

achievable by the system will improve, and the 50Jlm stipulation can be realized. 

In addition, the CCO camera is inherently prone to pixel errors, which is 1-3 for 

high-contrast images, and can reach up to 6 pixels for a low-contrast image [37]. 

These pixel errors can occur, for example, from pixel leakage, in which the charge in 

a non-saturated pixel leaks at random into adjacent pixels, causing a distortion of the 

image. Thus, for every measurement, there is an associated error, and the 

measurement accuracy is in this case given by [37], 

M A ( ) 
(Pixe1Error)·(FOV(horiz.,mm))·(1000) 

easurement ccuracy Jlm = , 
#of (horizontal) Pixels in Image 

(81) 

where the denominator term varies according to the size of the electron beam. The 

number of pixels in the horizontal direction is 659. The OTR images are high-

contrast, since the beam spot will be a bright speck on a dark background, and so the 

pixel error should not be higher than 3. The measurement accuracy of the TRM 
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CCD camera is therefore calculated to be 180Jlm. Thus, every beam spot image 

size and location will have an associated uncertainty of 180Jlm. The pixel error 

manifests itself by blurring the edges of each beam spot. The centroid location is 

only negligibly affected by the pixel error since all pixels in the centroid pixel's 

vicinity contain charge, and the random charge leakage will effectively be cancelled 

out. Determination of the centroid location will, however, be affected by the pixel 

errors since, as will be seen in section 4.4.3, the softwar~ u~es the extents of the 

beam cross-section to calculate the centroid pixel location. Since the extents of the 

beam spot itself in the image are subject to blur, the edge-detection function is prone 

to inaccuracies as a result. The centroid position determinations in the x and y 

directions will therefore both have the 180 Jlm uncertainty. 

This level of accuracy implies that the system is not capable of achieving a 

measurement of beam profile and position that is within the 50flm limit. However, 

the final design must satisfy the design requirement of 50flm resolution, and as a 

result, the recommendation portion of section 5.0 will include a modification to the 

current design to rectify this shortcoming. Of course, the outlook for the prototype 

is not necessarily as bleak as predicted in this section. If the pixel error decreased to 

1, as is quite possible for the high-quality camera used in the prototype system 

imaging a high contrast image such as an OTR beam spot image, then the prototype 

TRM system achieves a resolution measurement accuracy of 60flm. 
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3.5 Mounting Apparatus 

On the port of the six-way cross closest to the camera, a glass viewport purchased 

from MDC was bolted to the flange to allow the emitted TR to reach the CCD 

camera. Figure 26 [44] illustrates the transmission of light versus wavelength of the 

glass viewport. For the wavelength range of the lenses, the transmission percentage 

for the glass is nearly constant at values above 90%. These percentages are 

relatively high, and will contribute only slightly to the photon loss. The viewports 

sometimes begin to darken over time due to exposure to radiation. This effect can be 

reduced by periodic heating of the window in an oven, or perhaps in situe with a 

blowtorch. However, the occurrence of darkened port windows has been only a 

minor concern in past experiences at this facility and should not pose a significant 

problem. 
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Figure 26. Percent transmission versus light wavelength for glass viewport 
Source: MDC Vacuum Product, 1992. 

A two-piece mounting plate encircles the flange, and the two pieces are bolted 

together to keep the mounting plate in place. An optical rail with a movable optical 

carrier is vertically mounted, perpendicular to the beam line, to the mounting plate. 
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The description of the mounting apparatus is visualized in drawings A.2 to A.5 of 

Appendix A. Both rail and carrier were purchased from Newport, while the 

mounting plate was manufactured on-site. The flange is a standard Conflat© 

vacuum flange, and was purchased from Varian Canada Inc. The camera is mounted 

directly by way of setscrews to the carrier, to allow for coarse adjustment of the 

position of image capture. An external sleeve is then mounted onto the male threads 

of the camera lens. The achromatic lenses are mounted onto this sleeve. The lens 

mount sleeve has the ability to be rotated to allow for a fine adjustment of the 

position of image capture, and was also manufactured on-site. 

It is expected that the center of the achromatic lenses and camera lens are positioned 

within ±250J.tm of the beam center, as defined by the flange connected to the six

way cross, giving the system's transverse positioning tolerance. The system's 

longitudinal positioning tolerance (i.e., along the beam line) is ±500J.tm. It is 

assumed that the difference in transverse position of the mounted lenses and camera 

relative to each other has been made negligible through tight tolerancing of the 

sleeve. In the actual TRMs to be installed throughout the accelerator, a geometrical 

survey of the upstream quadrupole magnets will ensure that the actuator system 

positions the TR foil within the aforementioned tolerances. 

The tolerances of the positioning of the light guidance system and of the TR foil are 

necessary so that the CCD camera sensor can capture the image of the beam spot. 

Assuming that the positioning tolerances are maintained, calculations were done to 
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ensure that imaging a significant portion of the entire extent of the beam could be 

accomplished. Calibration of the TRM system is described in the following section. 

3.5.1 Calibration 

It was originally thought that a laser diode would be required to correctly position 

the mounted lenses and camera with respect to the beam center. However, since the 

position of the laser would first have to be determined, its use in the TRM system 

design was discarded. An alternative calibration method devised for the TRM 

involves a set of wires that were positioned on the face of the TR foil, spaced 

10.J2 mm apart, or lOmm as seen by the camera (without lenses and subsequent 

magnification) which is at 45° to the foil. A test of the calibration system required 

an external illumination of the foil. This was accomplished with three light emitting 

diodes (LEOs) that were connected to a 9V battery. The light originating from the 

LEDs was directed onto the foil from below. The image taken of the foil with these 

wires was used to calibrate the magnification of the system. The calibration image is 

shown in Figure 27. The glare apparent in the image is due to the high intensity of 

the LEDs and reflection from the glass window and metal surfaces of the foil and 

foil holder. Although there was a significant amount of reflection of the LED light, 

the foil and the wires were observable in the magnified calibration image. 
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Figure 27. Calibration image of TR foil 

From the picture, it is obvious that the wires' directions, which run horizontally on 

the foil, are skewed. Furthermore, the edge of the foil is visible, which should not be 

possible with proper alignment. From pixel analysis, it was determined that the 

skew angle is 7.5° or 0.13lrad. A possible cause of this rotation is the violent 

impact of the solenoid valve at the end of its stroke when the TRM was first 

assembled. Slowing down the air that bleeds out of the exhaust hole of the valve has 

since softened this impact. If, once the alignment of the foil is adjusted, the wires 

are still not horizontal, the foil and its aluminum holder rotational position can be 

corrected by adjusting the rotatable flange on the actuator port, and will be calibrated 

for each TRM installed in the accelerator. However, the vacuum needs to be broken 
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for this adjustment to take place, and is in any case unnecessary for the TRM 

prototype tests. 

The distance between the wires is independent of the skew angle, and from pixel 

analysis of several distances between the two wires this distance has been 

determined to be approximately 1.38mm. This gives a magnification of 0.138, 

which is 16.4% away from the calculated value of (-)0.165. This difference arises 

from the blurring on the calibration image, and thus the ambiguity of wire edge, that 

has occurred as a result of the camera sensor not being placed at the position of best 

focus. This minor discrepancy emphasizes the necessity of placing the camera at the 

position of best focus, so that the calibration can take place on a sharp image. 

Several distances between the two wires were measured in attempt to average out the 

blurring of the wires factor, but the reflection on the foil and the blur itself made the 

elimination of the blur next to impossible. Because of the inaccuracy of the 

calibration magnification measurement the theoretical value will be used throughout 

the analysis section. 

3.6 Lead Housing 

The electron beam inherently causes radiation damage to surrounding materials, and 

the electronic TRM components are especially susceptible. The amount of radiation 

due to the beam is intensified by the synchrotron radiation arising from bends in the 

beam line. Some beam line bends are vertical, but most are horizontal bends, and so 

the potential for radiation damage is maximized in the horizontal plane of the beam. 
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Additionally, radiation from the same sources may contaminate the TRM system 

images by impinging upon the CCD sensor. The system components were therefore 

aligned in a vertical plane and designed to be shielded with lead panels to minimize 

both data distortion and damage due to radiation. 

Furthermore, the ambient light level must be kept as low as possible so that the 

sensitivity of the camera to the faint OTR radiation is not compromised. To this end, 

the prototype design calls for a portion of thin aluminum to be made into a light 

shield surrounding the lenses, the camera, and the mounting apparatus, and be 

pinched closed with a clamp. The shield is placed inside the lead housing. The 

opposite end of the six-way cross does not allow any light to interfere since the 

actuator is mounted with a vacuum seal. The other two ports are impermeable to 

light. Since at the time of the experimental test of the TRM system this aluminum 

light shield had not been manufactured, aluminum foil was wrapped around the 

TRM components as a temporary measure. 

3. 7 Image Analysis System 

For the TRM prototype, the image capture by the CCD camera is controlled by a 

PIXCI-D framegrabber card in PCI format, installed in a remote PC located in the 

control room. XCAP, the image analysis software that comes with the framegrabber 

performs the image processing and analysis, such as the calculation of the centroids, 

and display of the beam intensity profile in the x andy direction. The PIXCI-D 

framegrabber and the XCAP software package are both provided by Epix Inc., and 
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were chosen since they are specifically designed for use with the Cohu 6612-3000 

CCO camera. Eventually, when the final design of the TRM systems is complete 

and the end systems are installed along the transfer lines, the calculated values of the 

beam characteristics will then be used to close a feedback loop that will 

automatically cause the computer control system to alter the strength of the 

quadrupole magnets. This will make the necessary corrections to the beam focusing. 

The digital output cable purchased for the prototype is fairly expensive, and becomes 

exceedingly so at longer lengths, such as those from the BTS transfer line to the 

control room. Furthermore, most PC units are capable of handling three or four PCI 

cards. This means that if the prototype design were used, several computers in the 

control room would be required. Spacing is limited in the control room, and so the 

number of computers used for this application must be kept to a minimum. For 

these reasons, some changes to the image analysis system of the prototype may be 

made for the final design of the TRM systems. These changes are discussed in 

section 3.8.3. 

3.8 Service Requirements 

3.8.1 Electricity 

Two of the TRM components require an input of electrical power. The CCO camera 

has an adapter that can be plugged into any AC wall outlet. Therefore, there must be 

a hole in the lead housing for the cord to pass through, and an extension cord may be 

necessary if there is no wall outlet in the immediate vicinity. The solenoid valve 
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requires a 24 V power source. This voltage is obtained by connecting the valve to 

the building electrical system. 

3.8.2 Pneumatics 

The pneumatic actuator requires clean and dry compressed air (instrument air). The 

instrument air is provided by the building compressed air system. The actuator will 

only consume its air supply when moving the TR foil in and out of the beam path, 

and this will only occur sporadically, depending on whether the beam is in start-up 

mode or running continuously. To extend and retract the TR foil into and out of the 

beam path requires a minimum pressure of 44psi (3.0MPa) and cannot exceed 

140psi (9.7MPa). Assuming that any given foil will extend into and retract from the 

beam once in a minute, each actuator will have a per foil extension and retraction air 

consumption of approximately 2.lxl0-3cfm (5.9xl0-5m3/min) when in use. Refer to 

Appendix D for the explicit calculation. The use of an air pressure interlock to 

notify the operator if air pressure is lost in a specific actuator is also a possibility for 

the final design. 

3.8.3 Control System 

A control system is required to dictate both the capturing and manipulation of each 

new image and the motion of the TR foil. For the prototype TRM system, a simple 

switch has been sited at the control room computer location that raises and lowers 

the foil by activating the actuator. The preliminary tests of the prototype involve 

triggering the camera to take an image of the beam directly from the control room 
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computer. Once confidence in the prototype design has been achieved, a more 

complex control system can be designed. 

The more sophisticated control system could address the problem of expensive 

digital cables by putting the computer that controls the various cameras 

"downstairs", in the beam hall. A rack-mounted computer containing the 

framegrabber along with a digital 110 (Input/Output) card will be used in this 

manner. The computer will be linked via an ethemet connection to PCs at specific 

workstations. These PCs will be given control over which TR foils to be placed in 

the beam path, and will all run the image analysis software. 

When the downstairs computer receives the signal for a specific foil insertion, one of 

the outputs of the digital 110 card will send the appropriate signal to the identified 

actuator to activate the solenoid valve, causing it to open or close. The signal will in 

tum supply air to the pneumatic cylinder, which will either extend or retract. One of 

the outputs will also control the motion of the neutral density filter wheel, should its 

inclusion be deemed necessary. A PCI digital 110 card has already been purchased 

from National Instruments in anticipation of this design change. 

The framegrabber will be connected to a switchbox via coaxial cable, and this 

switchbox will allow the single framegrabber to control a large number of cameras. 

The framegrabber will receive a timing signal via fiber optic link from the beam 

timing system so that each camera is triggered at the right time to catch a beam 
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macropulse. The timing signal will be in the form of a TTL input to the 

framegrabber, and will cause the framegrabber to send a signal for the camera to 

acquire an image. The framegrabber will require a very specific timing signal, since 

the macropulse length of 136ns is fairly short. The timing signal will have to take 

into account the delay between the camera receiving the signal and the time required 

to open its shutter, as mentioned in section 3.4. 

In the LTB transfer line, the timing signal will be received from the electron gun 

timing system. In the BTS transfer line, the timing signal will be supplied by the 

Booster-Extraction Trigger signal. Software designed on-site using the 

framegrabber XCLffi and PCLIB library subroutines purchased from Epix Inc., if 

this framegrabber is used, could use the signal provided by this timing system to call 

the necessary functions for image capture and analysis. Discussions of the 

framegrabber and camera for the final design have, however, included changes to the 

current components for a variety of reasons. One of these reasons is that a digital 

input cannot be linked directly from the beam timing system to the current Epix 

framegrabber since the latter does not have a digital input port and must be 

controlled through software. A direct link between timing system and framegrabber 

is much more simple, and the delay described above can be made more accurate. 

Figure 28 shows a schematic of the proposed final design control system. The 

schematic shows three PCs connected to the rack-mounted computer, and three 

TRM systems being controlled by the framegrabber; of course, three does not 
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represent the limit of each in the final design control system, and was chosen for 

illustrative purposes. 

PC PC 

TRM 
#1 

PC 

Figure 28. Schematic of proposed final design control system 
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Since the connections between the rack-mounted computer switchbox and between 

the switchbox and cameras are both via coaxial cable, the distance between these 

components should not exceed more than 10 meters, due to signal losses. The 

distance between the cameras of the BTS transfer line and the single computer will 

be much larger than 10 meters. Instead of requiring more computers, the rack-

mounted computer can be daisy-chained to PCI crates via MXI-3 connections that 
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permit distances of up to 250 meters. These PCI crates would house additional 

digital J/0 and framegrabber cards, and would allow for future TRM systems to be 

placed at any point along the beam, including the booster and storage rings. 

3.9 Cost Estimates 

Below in Table 3 is a list of the preliminary choices for the various components of 

the prototype image system, and their associated costs as quoted by the 

manufacturers. The final design components may have different prices, and there 

may be additional entries. Note that the parts designed and constructed on-site have 

been included in the labour summary. 
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Table 3. Prototype TRM Imaging System List 

Component Number Company Total Cost ($US) 
Required 

Pneumatic 
1 Hypower Systems 60.50 

Actuator 
Bellows 1 Standard Bellows 133.00 

Solenoid Valve 1 Davies Electric Co. 141.68 

Solenoid Coil 1 Davies Electric Co. 24.25 

Flange 1 Varian Canada Inc. 62.00 

Glass Viewport 1 Varian Canada Inc. 161.33 

Neutral Density 1 Edmund Scientific 30.00 
Filter (1) 

Neutral Density 1 Edmund Scientific 30.00 
Filter (2) 

Optical Rail 1 Newport 169.33 

Carrier 1 Newport 74.00 

Mounted Lenses 1 Edmund Scientific 98.00 

CCDCamera 1 Cohu 2210.00 

PC to Camera 
1 Epix 1665.00 

Cable 
PC 1 Dell Computers 2500.00 

Frame grabber 1 Epix 995.00 

Image Software 1 Epix 1495.00 

Library 1 Epix 995.00 
Subroutines 
Digital 110 1 National 133.33 
Interface Instruments 

Interface Cable 1 
National 

70.00 
Instruments 

Total 11047.42 

Total ($CDN) 16571.13 

Total for 21 TRM Systems ($CDN) 347993.73 
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In case all or part of one TRM system fails, a spare system will be kept in reserve. 

This back-up system will not require all of the components in Table 1, nor will it 

require most of the internally manufactured components, since many of the TRM 

components are robust and are not prone to structural failure. The spares list is 

summarized in Table 4 below. Note that as the component choices for the final 

design change, the spares list will change accordingly. 

Table 4. TRM Spare Imaging System List 

Component Number 
Company Total Cost ($US) 

Required 

Pneumatic Actuator 1 Hypower Systems 60.50 

Bellows 1 Standard Bellows 133.00 

Solenoid Valve 1 Davies Electric Co. 141.68 

Solenoid Coil 1 Davies Electric Co. 24.25 

Glass Viewport 1 MDC 161.33 

Mounted Lenses 1 Edmund Scientific 98.00 

CCDCamera 1 Cohu 2210.00 

PC to Camera 
1 Epix 1665.00 

Cable 

PC 1 Dell Computers 2500.00 

Frame grabber 1 Epix 995.00 

Digital 110 
1 

National 
133.33 

Interface Instruments 

Interface Cable 1 
National 

70.00 
Instruments 

Total 8192.09 

Total ($CDN) 12288.14 
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The total in Table 1 does not take into consideration the labour or installation costs 

for each system to be installed in LTB transfer line. These cost estimates have been 

summarized below: 

Labour: 

• Fabrication/Assembly of internally manufactured components 

- 40 hours, Shop Time 

Total for 21 TRM systems=840 hours of labour 

Material Costs: 

• Estimate for raw materials for internally manufactured components 

- $800 (Cdn.) 

Total for 21 TRM systems=$16800 (Cdn.) 

Installation: 

• 8 hours per TRM system 

Total for 21 TRM systems=168 hours 
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4.0 Experimental Results 

4.1 Objectives 

The prototype has been installed temporarily at location TRM0003-02, the ESS line 

in the Linac, as shown in Figures A.6 and A. 7 of Appendix A. The reasons that this 

location was chosen for the prototype are that a)positioning the TRM directly in the 

main line of the Linac would have disturbed the vacuum to a greater degree, b )since 

there are quadrupoles leading into the ESS just upstream of the prototype location, 

steering the beam for testing purposes is easily accomplished, and c)because the ESS 

line is a beam dump, and the beam parameters could be modified during prototype 

testing without affecting the downstream beam. However, at the time of the 

prototype testing the ESS had not been commissioned, and so its calibration has not 

been established. Specifically, it is prone to dispersion of the beam proportional to 

the beam energy, distorting the experimental results. The data obtained during the 

TRM system tests may therefore not be an exact description of the system's 

capabilities. While a quantitative analysis of the data has yielded some promising 

results, a qualitative focus on the overall experiment results is perhaps more 

appropriate. 

It has therefore been determined that obtaining a clear picture of whatever beam is 

available is a sufficient test of the feasibility of the prototype design. The initial plan 

was to use a very high level of beam current to see if any image could be seen. Once 

an adequate image of the beam spot was acquired, the current could be set at the 

levels expected for normal beam operation. The tests would include changing the 
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upstream slit configurations to verify beam profile change capabilities and steering 

the beam to check position movement capabilities. Even though the beam profile 

and position will likely not be similar to the beam characteristics when the CLS is 

functioning normally, it was hoped that the obtained data would provide a 

confirmation of the basic methodology of the TRM systems. 

Thus, the objective of the prototype tests was to acquire beam spot data, and analyze 

the data so that meaningful information about the beam position at:ld profile could be 

extracted. The goal was primarily to confirm that the TRM method performed as the 

theory predicted. The secondary goal of the TRM tests was to examine the resultant 

data and observe how its manipulation can be useful for the electron beam operator. 

4.2 Complications 

The decision to make use of backwards OTR gives rise to complicating factors: TR 

will not be the only source of radiation that will be imaged by the camera. When the 

beam passes through the various dipole magnets of the LTB transfer line, 

synchrotron and edge radiations arise, tangentially to the curvature of the beam path 

and axially to the beam path, respectively. Synchrotron radiation is emitted by a 

relativistic charged particle is traveling in a circular path. The rate of emission is 

inversely proportional to the radius of curvature of the motion and also to the mass 

of the particle to the fourth power [45]. Edge radiation occurs when a charged 

particle passes through a region in which the magnetic field strength is changing 

rapidly, for example in a bending magnet such as a dipole [46]. Edge radiation can 
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be thought of as TR, since its maximum emission angle is on the order of 1/y, and at 

the source, its size is approximately the same as the beam cross-section. Both 

radiations originate upstream from the TRM systems, and will thus be reflected by 

the aluminum of the TR foil. 

It has been determined that the synchrotron radiation is weak enough to be 

negligible, but the edge radiation has an intensity that is 40% of the intensity of the 

TR. This poses a problem since the edge radiation will provide a significant amount 

of "noise" that will obscure the beam profile image. 

Fortunately, the dipole magnets are never closer than about 1 meter away from the 

TR foil, and so the edge radiation "object" is essentially at infinity. The image of 

the edge radiation will therefore be made significantly smaller through magnification 

by the achromats. As shown in the calculation in Appendix D, the magnification on 

the edge radiation could be as much as -0.0078, while its "best focus" position can 

be as much as 13.6mm away from the CCD sensor. This implies that for a Smm 

diameter beam cross-section, at the point where the edge radiation strikes the TR 

foil, the maximum emission solid angle will have, from simple geometry, a 

horizontal size of 9.1mm as seen by the camera, and a size of 71.0~m at its point of 

best focus after passing through the achromats. The image of the edge radiation will 

be significantly blurred by the time it reaches the CCD camera. 
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Conversely, the camera can be positioned such that the image of the OTR, if 

occurring from the center of the beam pipe, will be focused precisely on the CCD 

sensor. If the OTR occurs from electrons impinging upon the foil at a different 

location then beam center, or as is the case for the prototype TRM where the camera 

sensor is 9.7mm away from the point of best focus (see calculation of this distance in 

Appendix D), then the image will also be blurred to a certain extent. The resultant 

image blurring for OTR should be less than that experienced by the edge radiation. 

The image containing contributions from both radiation sources could be affected 

significantly by the edge radiation. However, as mentioned in section 3.3 the 

amount of variance in OTR originating position is constrained by the size of the lens 

aperture to 6. 7mm in the radial direction. This limiting aperture will also apply to 

the edge radiation, so that the lenses do not capture a large portion of it, and the 

71.0J.tm size is reduced. This diminishes the irradiance of the edge radiation and 

thus its affect on the OTR image. 

Another possible complication considered before the experiment occurred was the 

incongruity that although the theoretical amount of light expected due to OTR is 

sufficient for the sensitivity level of the CCD camera, experiences at other similar 

laboratories have sometimes shown otherwise. It was thought possible that the level 

of current used by the LTB transfer line would be insufficient to produce the 

minimum level of photons. This occurrence would render the TRM systems 

essentially useless. A back-up plan that was devised was then to use a fluorescent 

screen in place of the TR foil, specifically a Y AG:Ce scintillator. The system 
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resolution would in this case be significantly reduced, in the same manner as 

described in section 1.0 for the Chromox screens that were also considered. The 

system would still be real-time, however, and the rest of the apparatus could remain 

unchanged. The results of the tests of the TRM system, described in detail in the 

following sections, have determined that a change to a scintillator screen is 

unwarranted. 

4.3 Experimental Procedures 

The experiment was conducted on September 19, 2001. Sixteen trials were taken, as 

shown in Table 5. The beam energy and macropulse repetition rate remained 

constant, at 180Me V ± 1% and 2Hz, respectively. The beam current and pulse 

length were varied to determine the level at which the OTR produced was below the 

CCD camera sensitivity threshold and the level at which the individual pixels 

saturated and blooming occurred. 
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Table 5. Experiment Trial Parameters 

Beam 
Trial Beam Energy Beam Current Pulse Length 

Frequency 

1 180MeV± 1% 2Hz 20mA 300ns 

2 180MeV±1% 2Hz 40mA 300ns 

3 180MeV± 1% 2Hz 6SmA 300ns 

4 180MeV±l% 2Hz 70mA 300ns 

s 180MeV± 1% 2Hz 70mA 300ns 

6 180MeV±l% 2Hz 70mA 300ns 

7 180MeV±1% 2Hz 7SmA 200ns 

8 180MeV± 1% 2Hz 80mA lOOns 

9 180MeV±l% 2Hz 70mA SOns 

10 180MeV±l% 2Hz 60mA 2Sns 

11 180MeV± 1% 2Hz 20mA 20ns 

12 180MeV±1% 2Hz SSmA SOns 

13 180MeV± 1% 2Hz 2SmA SOns 

14 180MeV± 1% 2Hz 2SmA SOns 

lS 180MeV±1% 2Hz 12mA SOns 

16 180MeV±l% 2Hz 4.5mA SOns 

Trials 4 and S involved constant beam current and pulse length of 70mA and 300ns, 

respectively, while the beam operator steered the beam to the right in the horizontal, 

or x direction. Because the magnification due to the achromats is negative, this 

movement appeared as motion to the left on the TRM control computer screen. Just 

before Trial 12 took place, the configuration of the slits upstream of the TRM were 
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altered to shrink the beam profile. The locations of the slits along the Linac are 

shown in Figure A.8. Table 5 provides the slit setting before and after Trial 12. 

Table 6. Experiment slit configurations 

Size before Trial During and After 
Slit Number 

12 (mm) Trial 12 (mm) 

Gap 19.998 9.998 
CLH0002-01 

Center 0.000 0.000 

Gap 19.998 7.998 
CLV0002-0l 

Center 0.000 0.000 

Gap 24.44 24.44 
CLH0002-02 

Center 0.000 0.000 

Gap 20.92 20.92 
CLH0003-0l 

Center 0.000 0.000 

Gap 29.999 29.999 
CLH0003-02 

Center 0.000 0.0000 

The default mode of the CCD camera is interlaced mode with no shutter. In this 

mode the camera has dual channel operation, so 2x60 successive images were taken 

and interlaced per second of the beam cross-section, with no delays in-between 

images. With the beam running at 2Hz, this meant that two beam spot images were 

captured per second. The altering of the mode of the camera from default requires 

either physical manipulation of the dipswitches inside the camera module or a 

specific external signal sent to the camera. For the purposes of the prototype 

experiment, the default mode allowing for capture of successive images was deemed 

sufficient. 
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The software was put into "continuous mode" rather than "single shot" mode, and 

the acquisition of each sequence of images was initiated manually. The XCAP 

software program has a limit on the number of images it allows for storage, and so 

each trial included a sequence of 80 consecutive frames. The image sequences were 

stored in Bitmap format on Pyxis, the prototype TRM computer, for later analysis. 

4.4 Results and Analysis 

4.4.1 Saturation Charge Level 

As discussed in section 3.4, if the light output irradiance is too great, beyond 

approximately 50000 photoelectrons/pixel, then saturation of the individual pixels 

will occur and blooming will distort the image. Only slight saturation occurred in 

Trial 7, where the current was 75mA, and the pulse length was 200ns, for a total 

pulse charge of 15nC. The images obtained during Trial 7 also provide the clearest 

picture of what the shape of the beam cross-section looked like. The actual beam 

spot image, provided by XCAP, is shown in Figure 29. 
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Figure 29. Trial 7 beam spot image 

Notice the elongated elliptical shape, inclined at approximately 30° clockwise. 

Quadrupole magnets can only focus the beam in one plane at a time, and this causes 

the beam to usually be focused more in one plane then the other, resulting in an 

elliptical beam cross-section. The inclination is due to the orientation of the 

quadrupole magnets of the Linac. The XCAP imaging software package is capable 

of rotating the images, and so in order to obtain a better graphical illustration of the 

beam profile, the images were all rotated by an angle of 30° counterclockwise. 

Figure 30 depicts the same beam spot, rotated by this amount. 
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Figure 30. Trial 7 beam spot image, rotated by 30° counterclockwise 

Now that the image has been rotated, the profile can be extracted and examined. 

Figures 31a and 31b and Figure 32 show the two-dimensional plots and three

dimensional pixel intensity plots, respectively. It is difficult to make the axis labels 

easily readable, but for the all of the profile figures to follow, the ordinate axis label 

is "Pixel Value". 
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Figure 31a. Pixel intensity plot of Trial 7 (rotated) in the x direction 

Figure 3lb. Pixel intensity plot of Trial7 (rotated) in they direction 
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Figure 32. Three-dimensional pixel intensity plot of Trial 7 (rotated) 

The two-dimensional plots of Figures 31a and 31b display fluctuations in the pixel 

intensity values for all pixels in the image, both those contained within the beam 

cross-section and those outside. This is in all likelihood due to the dark current 

inherent to all CCD cameras. Dark current is electrical charge in the form of 

electrons that are created from thermal energy within the CCD silicon lattice that are 

independent of incident light. The dark current causes statistical fluctuations in 

images known as dark current noise. The pixels shown within the two-dimensional 

plots exhibit noise from dark current, but there is also environmental EM radiation 

that is not blocked by the proposed lead housing. The oscillating intensities among 

adjacent pixels can be attributed to these sources of noise. 
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An inspection of the two-dimensional plots demonstrates that for the current level of 

Trial 7, a small amount of pixel saturation occurs, although the extent of blooming 

of the image is unknown. Therefore, the maximum charge per macropulse that 

should be used with the current configuration of the TRM is approximately that used 

in Trial 7, 15nC. An examination of the rest of the sequence images confirmed this 

result. If the conditions of the TRM location demand a higher charge level, then the 

neutral density filters must be installed to prevent pixel saturation. 

As a verification of the 50000 photoelectrons/pixel saturation limit, the number of 

photons per pixel for the beam charge of Trial 5 (where significant saturation 

occurred), was calculated. Following the method of section 2.2.2, the number of 

electrons per macropulse for a beam charge of 21nC is 1.32x1011
• Multiplying this 

value by 1.66x10-2 (calculated in section 2.2.3) gives the number of photons per 

macropulse, equal to 2.176x109
• Dividing this number by 2 to include the optical 

system losses gives 1.088x109 photons per macropulse reaching the CCD sensor. 

The size of the beam spot on the image, or the area over which the photons are 

concentrated, must now be calculated. 

XCAP has a function known as "blob analysis" in which any shaped region of pixels 

can be examined and have statistics performed on it. The blob is chosen by setting a 

lower threshold that eliminates the noise pixels. By examining the individual pixels 

for the various trials, it was determined that the brightness level 100 was above all 
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values contained in the noise pixels. This threshold undoubtedly eliminates some of 

the diffuse beam halo that can be seen on the beam spot images, but the arbitrary 

threshold level appeared to define the most interesting portion of the beam cross

section, and the cut in the OTR distribution tail should not distort the accuracy 

significantly [26]. The software then finds all blobs in the image, and the area of the 

blob in number of pixels is one of the resultant statistics. For Trial 5, the area of the 

blob was 14502 pixels. 

Assuming that 7 5% of the total number of photons reaching the CCD sensor 

correspond to the ·charge of the pixels in the blob, meaning that the quantum 

efficiency is 75%, and that the photons are distributed evenly over the entire blob 

surface, the number of photoelectrons due to incident photons per blob pixel was 

calculated to be 56300 photoelectrons/pixel. This is very close to the 50000 

photoelectrons/pixel expected, and so some confidence in this limit seems 

warranted. Of course, the calculated value of 56300 photoelectrons/pixel is the 

average number of photoelectrons, and the pixels near the beam spot centroid will 

undoubtedly contain many more, which may have lead to blooming. However, it is 

quite possible that the quantum efficiency is less than 75%, so the approximate full

well capacity of 50000 photoelectrons/pixel shall be used as a guide. The beam 

charge limit of 15nC is the more important parameter limit, and it is much easier to 

control. 
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4.4.2 Minimum Sensitivity Charge Level 

It is also important to know the minimum beam charge that will still result in useful 

beam spot images. When the beam charge was lowered, it became more and more 

difficult to see the beam spot, but of course the camera has a higher sensitivity to 

low light levels, and the pixel intensity plots illustrate that image analysis is possible 

even when the cross-sectional image is too faint for the human eye. Trial 14 

provided images of the minimum beam charge limit: Trials 15 and 16 exhibited pixel 

intensity plots that show no real peak or curve. Therefore, the minimum beam 

charge for useful beam images is 1.25nC. Figures 33a and 33b, and Figure 34 show 

the two-dimensional and three-dimensional pixel intensity plots for Trial 14, 

respectively. A figure containing the beam spot is not useful, since the image is just 

the black background. 
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Figure 33a. Pixel intensity plot of Trial14 (rotated) in x direction 

Figure 33b. Pixel intensity plot of Trial14 (rotated) in y direction 
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Figure 34. Three-dimensional pixel intensity plot of Trial14 (rotated) 

4.4.3 Beam Movement 

The beam was steered between Trials 4 and 5 so that the TRM system's ability to 

measure beam position could be determined. The beam charge was kept the same, 

so that a change in centroid position could be attributed to the actual beam 

movement, and not a "flattening out" of the beam cross-section that occurred as the 

charge was increased. This observable is discussed in the following section on beam 

profile measurement. Figures 35, 36a and 36b, and Figure 37 show the various 

views of the rotated beam spot of Trial 4. 
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Figure 35. Trial 4 beam spot image, rotated 30° counterclockwise 
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Figure 36a. Pixel intensity plot of Trial 4 (rotated) in x direction 

Figure 36b. Pixel intensity plot of Trial4 (rotated) iny direction 
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Figure 37. Three-dimensional pixel intensity plot of Trial4 (rotated) 

Below, in Figures 38, 39a and 39b, and 40, are the various views of the rotated beam 

spot images of Trial 5. 
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Figure 38. Trial 5 beam spot image, rotated 30° counterclockwise 
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Figure 39a. Pixel intensity plot of Trial 5 (rotated) in x direction 

Figure 39b. Pixel intensity plot of Trial 5 (rotated) in y direction 
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Figure 40. Three-dimensional plot of Trial 5 (rotated) 

A cursory examination of the intensity peaks of Figures 36a, 36b, 39a and 39b 

showed an anomaly in the data, since for the same beam charge, the camera pixels 

saturate for Trial 5 but not for Trial4. Since Trials 6 (which is at the same charge as 

the previous two) and 7 (which has over two-thirds as much charge) also showed 

some saturation, it must be assumed that either the charge of Trial 4 was read from 

the oscilloscope incorrectly, or that the non-calibrated ESS line itself caused the 

inconsistency. 

Nevertheless, a centroid movement calculation is worthwhile, if only to show the 

method procedure. The blob analysis function was used again, and the centroid is 
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one of the resultant statistics. For Trial 4, the centroid location was calculated to be: 

x = 310.04, y = 234.48. Of course this location is given as pixel positions. For Trial 

5, the centroid location was calculated to be: x = 272.31, y = 259.06. The difference 

in terms of distance between these two centroids is 374 ±180J.Lm in the x direction, 

and 243 ± 180J,Lm in the y direction. Both of these distances are statistically 

significant, although while the movement in the x direction is twice as large as the 

uncertainty, the movement in y is only 26% larger. It is conceivable that in the 

absence of a high-quality beam, the centroid moved in the y direction because of a 

change in beam cross-sectional size or beam intensity distribution, and not because 

the beam actually moved in this direction. 

4.4.4 Beam Profile Change 

The slit configurations of the ESS line were changed before Trial 12, so that the 

beam profile would reduce in size by a measurable amount. Ideally, Trial 11 and 

Trial12 would have been taken with a beam with unvarying charge. Unfortunately, 

this was not done, and so Trial 9 was chosen as the comparisot:t trial since its beam 

charge was 3.5nC and the beam charge of Trial 12 was 2.75nC. Figures 41, 42a and 

42b, and 43 provide the various views of the rotated beam spot images of Trial 9. 
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Figure 41. Trial 9 beam spot image, rotated 30° counterclockwise 
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Figure 42a. Pixel intensity plot of Trial 9 (rotated) in x direction 

Figure 42b. Pixel intensity plot of Trial 9 (rotated) in y direction 
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Figure 43. Three-dimensional pixel intensity plot of Trial 9 (rotated) 

Figures 44, 45a and 45b, and 46 provide the various views of the rotated beam spot 

images of Trial 12. 
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Figure 44. Trial12 beam spot image, rotated 30° counterclockwise 
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Figure 45a. Pixel intensity plot of Trial12 (rotated) in x direction 

Figure 45b. Pixel intensity plot of Trial12 (rotated) in y direction 
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Figure 46. Three-dimensional pixel intensity plot of Trial12 (rotated) 

An interesting feature of both Figure 33b and 45b, and in fact occurring for all the 

pixel intensity plots in the y direction of the rotated beam spot images after the slit 

configurations were changed, is that there are two distinguishable peaks. Castellano 

et al [26] observed this same pattern of distributions in x and y when the OTR they 

obtained, which is inherently radially polarized, was passed through a vertical 

polarizer. Of course, the resultant patterns may be a consequence of the 

unpredictable shape of the beam cross-section itself due to a non-calibrated beam, 

causing the image to contain two peak intensity locations. 

In order to determine whether the TRM system was able to register the change in 

beam profile size, the Full-Width at Half-Maximum (FWHM) must be calculated. 
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Additionally, the beam is assumed to have taken a Gaussian shape in both the x and 

y directions, so that the intensity function should look like, 

(82) 

where Cis simply a constant that is inconsequential if it is the shape of the function 

that is sought. The most accurate values of the FWHM is obtained if the pixel 

intensity values are integrated over the range of the blobs found for Trials 9 and 12. 

The extents for the blob in Trial 9 are from pixel217 to pixel 316 in the x direction, 

and from pixel 254 to pixel 292 in the y direction. The extents for the blob in Trial 

12 are from pixel 223 to pixel304 in the x direction, and from pixel244 to pixel292 

in the y direction. Numerical integration over the y direction from the x=217 to 

x=316 extents of Trial9, given in mathematical notation as, 

m=n 

f(x)=C1Lf(x,ym)dy, 217~x~316, (83) 
m=O 

gives a smoother intensity function profile in the x direction than for a single slice in 

the same direction while incorporating all of the data found in the blob pixels. The 

limit 0 ton is determined for each value of y by the blob analysis function, while dy 

is a constant value that again affects only the scale of the intensity, and not the 

shape, although its value could be fixed at the 9 .9J.Lm pixel width. The integration 

process is repeated over the x direction to get .fty); the procedure is quickly and 

easily done in Microsoft Excel. Figures 47a and 47b show Microsoft Excel plots of 

the integratedfi.x) and.fty) data for Trial9. 

128 



8000 

7000 

6000 

5000 --.. 
::i 
~4000 

E 
..... 3000 

2000 

1000 

0 

200 

I 
/ 

220 

/ ~ 
/ ~ 

( "' 
240 260 280 

Pixel Number 

Figure 47a. Integrated pixel intensity plot of Trial 9 (rotated) in x direction 
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Figure 47b. Integrated pixel intensity plot of Trial 9 (rotated) in y direction 
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Figures 48a and 48b show the Microsoft Excel plots of the integrated f(x) and J(y) 

data for Trial 12. 
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Figure 48a. Integrated pixel intensity plot of Trial12 (rotated) in x direction 
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Figure 48b. Integrated pixel intensity plot of Trial12 (rotated) in y direction 
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At this point the FWHM can be calculated for both directions of both trials, from the 

data points entered imported into the Microsoft Excel files from the XCAP software 

program. The maximum intensity pixel is chosen, its intensity is halved, and then 

interpolating the points on both sides of the maximum-valued pixel reveals the 

FWHM (in pixels). Multiplying the FWHM by the pixel width results in a 

measurement of the beam cross-sectional profile. Recalling equation (76), the 

Gaussian standard deviation parameter a can also be obtained. The results of the 

FWHM and Cf calculations are summarized in Table 7 below. 

Table 7. FWHM calculation summary for Trials 9 and 12 (after magnification) 

FWHM (f 

x direction y direction x direction y direction 

Trial9 0.744mm 0.227mm 0.316mm 0.0964mm 

Trial12 0.713mm 0.356mm 0.303mm 0.1511mm 

Of course, these values are after the magnification of the achromat lenses, so the 

actual values are found by dividing by the magnification, and are summarized in 

Table 8 below. 

Table 8. FWHM calculation summary for Trials 9 and 12 (no magnification) 

FWHM (f 

x direction y direction x direction y direction 

Trial9 4.51mm 1.376mm 1.915mm 0.584mm 

Trial12 4.32mm 2.16mm 1.836mm 0.916mm 
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Examining the cross-sectional values for the two trials, it is apparent that even 

though the slit configurations were changed between the two trials, for some reason 

the change was not reflected in the results. With the measurement accuracy of 

180Jlm of section 3.4, the differences between the calculated 0' values are not 

significant. The likely reason for the data not matching the theoretical predictions is 

again the inexactness of the beam through the ESS line. 
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5.0 Conclusions 

5.1 System Evaluation 

Beam diagnostics throughout the Linac and transfer lines of the CLS are essential for 

the beamlines to adhere to the exacting precision demands of the synchrotron user 

community. Even though TRM systems have been used for several years at 

numerous electron beam facilities, it was important to devise and test a system with 

a design that fits the needs and specific characteristics of the CLS facility. The 

feasibility of using OTR as a means of performing diagnostic tests on the electron 

beam at the CLS was investigated by designing such a system. A TRM prototype 

system was assembled and installed temporarily in a test section of the Linac portion 

of the synchrotron facility. 

An experiment whose purpose was to verify the validity of the TRM system method 

and determine what information it is able to provide on beam parameters was 

conducted. Emphasis was placed on acquiring an overall view of the suitability of 

present design while becoming familiar with the types of data obtainable from an 

OTR system. From these data, conclusions could be drawn concerning the 

confirmation of theoretical predictions and performance of the various TRM system 

component parts. 

Firstly, the amount of light provided by the TR foil is sufficient, as predicted 

theoretically in section 2. This result is tremendously important since it alone could 

have determined the future use of TRM systems at the CLS. The beam charge 
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range, from approximately 1.25nC to approximately 15nC, encompasses the range 

expected for all beam operation modes; refer to CLS document 2.2.38.4. The charge 

can even be increased if a neutral density filter wheel or decreased if a camera with 

either higher sensitivity or gain control capability is incorporated into the final TRM 

design, discussed further in the following section. 

The analysis of the data showed how a judicious use of software in data 

manipulation could be used to determine several useful beam parameters. 

Specifically, a function like the blob analysis function of the XCAP software 

package is an invaluable tool in eliminating background or noise pixels and focusing 

on the OTR originating from the beam's electrons. Using blob analysis, the change 

in position of the beam in the x direction as a result of steering by the beam operator 

was seen by the TRM system. A statistically significant centroid distance change in 

x of 2.3mm was measured, with an uncertainty of 0.18mm. The variance of the 

beam center position is ±lOmm in any radial direction, and the magnitude of the 

centroid movement lies within the variance limits. As mentioned in section 4.4.3, 

the centroid distance change in y, although statistically significant, could possibly be 

explained by the beam profile changing shape due to the non-calibrated beam in the 

ESS line. Overall, the experiment showed that the TRM system is capable of 

detecting beam movement. 

The blob analysis function was also used on two trials in which the size of the beam 

cross-section was altered by changing the configuration of the upstream slits. The 
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Gaussian standard deviations were calculated for both trials. The results were ax= 

1.915mm, oy=0.584mm and ax=1.836mm, ay=0.916mm, for Trials 9 and 12, 

respectively. Thus the trials did not show any statistically significant differences in 

beam cross-section size. Rather than question the capabilities of the TRM system, it 

seems logical to assume that although this portion of the experiment was 

unsuccessful in demonstrating its objective, judgment on the ability of the TRM 

system regarding this area of beam analysis should be reserved until more tests can 

be conducted. This reservation is especially true when the fact that the electron 

beam through the ESS line has not yet been calibrated and is known to be low 

quality is considered. Furthermore, the optics of the beam line through the ESS may 

well be improperly focused, so that the monitor location may not be an image point 

of the slits, resulting in a significantly blurred beam cross-section to image. 

The experiment confirmed the formation length prediction that the 25-45nm of 

aluminum laminating the Mylar of the TR foil is of sufficient thickness to produce 

an amount of radiation that can be captured by the CCD camera. The results 

confirmed that the current design of the foil could be used in the final design. 

Moreover, the calibration method of using two parallel wires is simple, yet effective. 

There are no moving parts or in-depth calculations required, only a measurement of 

the wires in an image and straightforward calculation of the magnified distance 

between the two. As a cautionary note, however, in future tests of the TRM systems 

a measure of the effect on the beam spot image if the beam falls on one of the wires 

should be assessed. Also, the calibration will have to be repeated once the foil is put 
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properly back into place from its misalignment due to the violent stroke of the 

pneumatic actuator after initial system assembly. 

The optical system guided the OTR in the manner that was predicted. The trial 

results show that the achromat lenses directed the expected amount of radiation to 

the camera sensor, and the optical rail and carrier and attached mounting 

components placed the camera properly in line with the incoming OTR. Unless 

subsequent tests show otherwise, the current optical system can be directly 

incorporated into the final design. 

Image acquisition was also accomplished successfully. While the CCD camera was 

not configured into the desired mode, and the image sequence was not initiated by an 

external trigger set to the beam macropulse repetition rate, the system was able to 

provide a user-set number of images, some of which contained beam spots and other 

which contained only background noise, as expected. Setting aside the requirements 

of the final design of the TRM for the moment, the prototype was able to capture 

beam spot images in a predictable and repeatable manner. Thus the prototype was 

able to meet its primary objective and provided some of the best beam cross-section 

images ever observed at this facility. 

5.2 Recommendations 

The most important recommendation to be made is to conduct more testing 

experiments of the prototype TRM system. More trials at every beam charge value 
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should be carried out, and for each increment in beam charge, beam movement and 

beam profile change measurements should be taken. For beam movement 

measurements, the beam should be steered in first the positive x direction and then 

the negative; this should be repeated in the y direction. For beam profile change 

measurements, the slit configurations should be altered so that both as large and as 

small a beam profile that is expected for operational purposes can be imaged. The 

beam charge value should begin at a lower level than the 1.5nC estimate from 

section 4.4.2 and should end at a higher level than the 15nC estimate from section 

4.4.1 to confirm these threshold values. 

Before these additional tests are performed, it is essential that the electron beam 

propagating down the ESS line be calibrated, so that some level of confidence in the 

data analysis and subsequent conclusions drawn from the analysis can be achieved. 

Of the three relevant beam parameters, charge, profile, and position, two must be 

constant when measuring the third. Therefore, it is important that when, for 

example, the threshold limits of the beam charge is evaluated that the beam centroid 

location and a values (in both directions) remain constant. Since the ESS line is 

prone to dispersion, or beam "spreading" proportional to energy, the energy must 

remain constant as well. 

An improved method of providing illumination for the calibration image seems 

warranted. If the area on the foil could be illuminated indirectly, so that light did not 

reflect off the foil onto the camera, the image would be much less distorted. The 
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ports in the horizontal plane of the foil could be used for this purpose; with the 

current design, these ports are simply sealed, and could easily house a light source to 

illuminate the foil. Another recommendation concerning the calibration of the TRM 

images is to capture a calibration image each time that the foil is extended into the 

beam path. The actual foil position in the y direction could be measured 

automatically by the control system software to determine the magnification of the 

wires and thus the system magnification. With this procedure performed, the images 

from each foil placement can be compared and the different magnifications 

accounted for. 

It would be extremely useful if a SLM system could diagnose the beam 

simultaneously to the TRM system to provide corroborating evidence for the beam 

centroid location. This experimental comparison should occur after commissioning 

of the ESS line has taken place, and the results will help confirm the accuracy of the 

TRM systems. This is of course contingent upon the complications involving the 

chopper and SLM systems being resolved. 

Other aspects of the recommendations for the additional testing are image processing 

and data analysis. The images that contained no beam spot of each trial all 

contained some noise pixels. Dark current effects undoubtedly account for a large 

portion of the noise, but additional noise may have been due to the RF pulses that 

power the electron beam, or due to stray x..;rays caused by synchrotron radiation 

originating in the steering magnets in the various beam chicanes impinging upon the 
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CCD sensor. Elimination of these noise pixels would allow for a clearer picture of 

the actual beam spot, and make the blob analysis function results more accurate. 

This elimination could be accomplished by "subtracting" the values in the pixels 

from images when there is no beam from images with beam spots. Installing the 

lead shield around the TRM, as planned, can also attenuate the x-rays. The blob 

analysis statistics would also be made more accurate by defining a more correct 

value for the lower threshold limit. With the noise eliminated, this value could be 

determined much more easily. A method of elimination of the edge radiation noise 

would also be particularly valuable in clearing up the OTR image; however, at the 

present time, it is not obvious how this eradication could be realized. 

Once these clear beam spot images have been acquired, the addition of a "least

squares-fit" program that would calculate the correspondence of the integrated data 

to a Gaussian curve to the current data analysis procedures can be considered. The 

least-squares-fit program is easily encoded, and the accuracy of the current method 

of measuring the FWHM of the integrated data and subsequent calculation of a 

would be improved upon. 

The following recommendations involve components of the final design. The first 

recommendation to be made would be to select more suitable focal lengths for the 

achromat lenses. If the magnification was increased, then as discussed in section 

3.4, the resolution of the images would be increased, as well as any measurement 

derived from these images. When the TRM project was first undertaken, the 

139 



resolution stipulation was 50J.!m; with enhanced magnification, this requirement 

could be satisfied. An additional benefit to increased OTR magnification is that the 

magnification of the edge radiation would increase as well. This would expand the 

area over which the edge radiation image is spread, thereby reducing its effect on the 

beam image by diluting its pixel intensity contribution. 

If a more accurate drive mechanism could be designed for each TRM system, then 

the beam position measurements could be taken as an absolute measurement, instead 

of simply a relative measurement of the distance between two beam positions. An 

actuator with stepper motor drive and a pre-loaded ball screw could provide this 

increased accuracy. The calibration of each TRM foil relative to the vacuum cross is 

also crucial to increased measurement accuracy. Fiducial points have been located 

at various points on the TRM that can be used for calibration purposes. Also, the 

tolerances of all the system components must be measured and verified. In 

particular, the durability and resistance to deformation of the rubber stoppers of the 

actuator must be measured and a change to metal stoppers considered. 

A telecentric lens could be attached to the CCD camera to avoid the small changes in 

magnification that the beam spots originating from different locations on the OTR 

foil will experience. A telecentric lens eliminates perspective errors, or parallax, by 

placing the aperture stop of the lens at the focal point, instead of at the lens itself. 

With this type of lens assembly, the light rays that form the image all travel parallel 

to the optical axis, and are thus considered to be located at infinity. This causes all 
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objects to appear to be located at infinity, and would cause a beam with a constant 

profile but changing centroid location to appear as such in the images. With the 

current design, only beam cross-sections at the beam center are magnified with the 

calculated magnification; beam cross-sections that strike the foil away from beam 

center are either magnified more (for locations closer to the lenses) or less (for 

locations further away from the lenses) and both are blurred since the camera is to be 

placed at the position of best focus for beam center. 

If the beam charge range changes for the operation modes of the electron beam, the 

current design of the TRM system may suffer poor resolution due to either blooming 

or to the light intensity being below the sensitivity of the CCD camera. To avoid 

problems at both ends of the range, two measures may be taken. Firstly, as 

mentioned previously, a neutral density filter wheel can be placed between the 

viewport and the achromat lens pair. This wheel could controlled by a signal from 

one of the outputs of the digital I/0 card and would contain filters of different 

transmission percentages to ensure the proper amount of light reached the CCD 

sensor. To avoid sensitivity problems, a camera with remote gain control could be 

used. In such a camera, the gain could be set at an intermediate value, and if the 

photon number decreases, the gain could be increased by a signal from the 

frame grabber. 
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The prototype TRM system, although not completely successful in demonstrating 

verifiable changes in beam profile, did manage to achieve its main objective of 

establishing that the method used is valid. With additional testing and small changes 

to the various components in the prototype design, the TRM system should be 

capable of providing accurate, precise and invaluable diagnostic information on the 

electron beam at the Canadian Light Source synchrotron facility for many years to 

come. 
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Appendix A 

The first diagram of this section illustrates the floor plan of the CLS and displays the 

locations for the various TRM and SLM systems. The subsequent diagrams contain 

the views of CLS drawing LTBl/MFJMON/0039600, followed by a schematic of 

the Linac and ESS section. Note that the drawings do not include the lead housing. 
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Figure A.l. CLS floor plan showing TRM and SLM locations 
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Figure A.2. Side view of TRM system 
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Figure A.3. Bottom view of TRM system 
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SECTION A- A 
TARGET OUT POSITION 

Figure A.4. Cross-sectional view of TRM system, target out position 
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BIM~ EF2 PNEUW.rtC 
CYliNDER /EFT - J245 - BMSX 

45mm STROKE 

STANDARD BELLOWS 
/162- 75 - J-E£ 

ROTATABLE rt.ANGE 

SECTION A- A 
TARGET IN POSITION 

MOUNr IS ABLE TO 
ROTATf FOR FINE ADJUSTMENTS 

Figure A.S. Cross-sectional view of TRM system, target in position 
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AppendixB 

This appendix contains the specification sheets for the various prototype TRM 

system components. 
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designed for internationJI nlJchine requirements. 

rh~ ~a~y is .an~dizad in a. special PTF£ ·imprar;r.Jncn process thJC pro•Jides superior we~r c."'TJrJC· 

tcrrsllcj. Wtth tts streJmlmcd lack. lew co5t Jr.c tcw-crcfil1? s:.vrrch. ic is Jfl excallenc c."'Tctce far 
space-s.Jving machine design. · 

• Low Protil~ 
Switch 

FEATURES AND ADVANTAGES 

• Nitnle Pistcn S~JI 

• High Str~r.gth Aluminum 
Altay Pis~en 

• Nitnle Red SeJI and Wiper 

• JJO~ (:!CJ) StJir.les:; Steel 
Red 

• Nitrile R:d Guide S~JI 

• Zinc P!<Jte~ CJrt:cn St~<:l 
RetJinir:g R:r:g 

• Brcnz~ Bushing (1 Z-ZSmm); 
S~lf -:utric.:ltir:g ~!ylcn 
(25-1CCmm) 

• Bran:~ Red Guide 
(1 Z · ZCrr:rr.j; Ar:cdized 
Al~.;rr.ir.~.;m (25-lCCmm) 

• PTFE-!mpr~~naced. HJrd 
Anedi.:ea .J.luminum Bcdy 

• Ancdized Aluminum Tcclir.g 
PltJte with High Strength 
StJinless Steel F aster.ers 

• HJrd Chrcme Plated Steel 
Guide Shafts: Ccm~osite 
Shaft Bearings 

• PTFE-impregnated, hard anodized aluminum 
body provides superior wear resistance. 
Expected service life is ZSOO kilometers. 

• ~Vide variety of standard stroke lengths i~ Smm 
increments: additional stroke lengths available. 

• Very compact: dimensionally-interchangeable 
with similar compact extruded aluminum body 
cylinders. 

• Very low profile, compact switch slides into 
groove within cylinder geometry. 

• EF1 is available in four models: double acting, 
single or double rod end; and single acting, 
spring return or extend. EFZ is available in dou
ble acting. non-rotating. 

• Bath models are available in ten bore sizes. 
12mm to 100mm. 

Standard cylinder is completely.metric .in design: 
with Option -E. threaded mountmg options. red 
threads and ports are in U.S. customarJ units 

[Inch). 
• Mounting options include threaded batt~m 

mounting and threaded front/rea~ mounnng 

option. 
• Options include bumpers, ports and threaded 

mounting option and ro~. threads. in u.s. c~stom· 
ar1 units. magnetic postt1on sens1ng, and h1gh 
temperature seals. 
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Tht! .'wlcc!el Numccr fer tlii'! c:.=.: c·;li~c~r c:ns1~~:; d ::or"!'! Jl~t·.Jrur.-:er:c c:u3 :~r-;. i:~~s·~ G·1Si<_jr"J:~ ::-;.·!. t:cr·~ ~~.:-.! 
Jr.d stroke length. anc cpt1cns. P!t!J5e refer to tt:~ c~Jr:~ t:~!lcw fer Jn e:<Jm~!e d ,\1CCI!! ~lur.-:cer EF7·~==~-J,\1. 
Tl1iS is J J2mm cere. ccucle Jc:;r.g. guiC:ed C'Jii~C!~-~r 'NICh rr:etr:c trreJdS Jr.d j:C~$. 25mm '3Croi<~. trreJC:ec 
frcr.t.'rr!Jr maunt:ng hales. Jr.C: mJ<;r.etic po$it1cr. :iP.r~sir.g. 

(Enter in numeric order) 

Na ~lumber • 8J::;ic model 

1:mm . (1/2") 4Cmm . 
1-5rnm (Sifl'') SCmm 
:smm (JJ.q 6Jmm . 
ZSmm . (1"} aomm 
J.:mm (1-1/·l"} 1CCmm • 

_c 
EFT-3225-3M 

T 

(1-1/2") S~e tJcle • pac;e 5 

(2") 
(: .1/Z") 
(J-1/·rl 
(·q 

CIPIIaaS· . 

{Enter in alph.lbetic.JI order, exc~pt EE 'Nhich is las:) 

B • Bumper'.i (-.;ee pJ<;e 75i' 
l · ThreJced frcr.r./reJr mcur.t:rg cpticn • C • ScJir.les'.i Steel ~etJir.ir.g R:r.g 

E • U.S. C:JstcmJrf uM~ (inch): 6 Rear c!e•1is meum· 
6N - ReJr c!evi:; go· 

• Fer dimensions. see page 6J. 

F • Full-flaw Pert Cofic:!' 
. ( 7~' l 

M • MJgr.et:c pcs1tion -.;ens1r.g see t=J<;e ::1 

P • BlJnk tccling ~IJte 
· 1C"C 'O 11C"r {'S''" to .,.,.::·~} V • High tem5=erJtt;re opt:cn • , ... 1 r .__ ... 

'Sumr=er~ reduc~ srrcke lenr;rh. Wh.en ::umper is :;pec:lied wtch 
or=ricn v. scJr.d:Jrd :;um;:er rrtJC~rrJIIS supp11ed. CperJr:r.q :em;;er:~-
turc remains -1 a· co ;a·c (1 s· co 16C'"F). 

1 When opricn tis specified. user incerfJce rhrr:!Jds Jre designaced 
U.S. cusrcmJry (inc.'1). Thts includes ports. red threJds Jnd rhreaded 

mounting opcicns (Js Jppfic:Jble) .. 

s When magnecic position sensi~g is specifie~ with option V.. opr:;ratif7g 
temperature remains -ra· co 70 C (1 S . co 160 .F). Thts ccml:t~a~z~n IS 

recommended when nucrceiJstomer ts spec:fied for ccmp:wbtltty. 

4Aucomatic:JIIy includes gumpers. so stroke is reduced by Jmm. 

Prease note that throughout all c:Jtalog c.iarts, metric measurements are shown first Jnd u.s. customary ur:its (incbes} are in parentheses. 

•• NOT~ Numbers in parentheses are the eq. bore size in inches. Listed for reference only. 00 NOT use for model designation. 

••• When stroke length exceeds 30mm, a threaded mounting option should be considered. Mounting belts that span the encire cylinder 
length may not be readily available. 
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•. 

Model Type 

EF2 

Stroke Length Availability 
Double Acting 

Bore Standard Stroke 
Lengths (mm) 

t2mm ( 112.) 

t6mm (5/8.) 
5, 10, 15,20,25.30 

20mm (3/4.) 5, 10, 15,20,25,30, 
2Smm (1.} ~5.40,45,50 

~2mm (1·114.) s. 10, 15, 20, 25.~0. 
40mm (1·1/2.) ~5.40,45,50, 75,100 

SOmm (2.) 

63mm (2·1/2.) 10, 15,20.25.30,35, 
BOmm (3·1/4.) 40,45,50, 75,100 

100mm ( J. .) 

NOT£; Scroke fer.gths are available in Smm increments up co the m:uimum standard stroke. 
Body length corresponds with that of rhe next sc:mdard stroke length. For ex:~mple. a .fOmm 
bore. SSmm stroke cylinder has the cody length of J 7Smm stroke cylinder. When J stroke 
exceeds JCmm, a thre3ded mounting option ~hould be considered. Mounting bolts th:JC span the 

entire cylinder length may not be reJdify avJilable. 

List Prices 
Bore Size 

.. .. 

12mm 16mm 20mm 25mm 32mm 40mm somm 6Jmm 

$:32.20 $36.05 $44.95 $52.20 $66.70 $77.20 $89.55 $100.60 

1.70 1.70 1.70 1.80 1.80 1.90 2.40 2.75 

.. . . - . ... ·. ·.· .. 

80mm· .100~m 

$118.30 $161.60 

3.05 3.75 
Add per5mm 

~:Mounting 
.. .. :·! ... ~~:::_:··:=.:~;::'~1E~:-~.:··9:~~~~s~:~~;~1~;~~·~.:~r:f~(J~ :-· .:_.-· .. :.~~::-~<: • ... - : : . 

::: · Options 
.. - .. 

•' . .... ~ . -:· 

3 $5.15 $5.40 $7.15 $7.45 $8.40 $8.60 $9.40 $9.95 $10~45 $10.95 

6,6N 10.30 10.80 11.60 13.40 14.70 16.50 19.05 24.70 30.15 40.15 -
Options 

.. :-.:.". s:/ ·=·~~ :.:. :•· • '"• t~jf~ .. . .. · .· . : 

B $J.10 $5.50 $5.35 $5.50 $6.60 $6.60 $7.45 $9.05 $13.80 $15.90 

c 2.45 2.60 3.55 4.05 4.90 7.40 12.75 15.25 100.55 172.15 

F Ondudes B) 8.25 10.65 10.65 11.95 13.05 13.05 115.20 16.80 21.55 24.15 -
M 4.50 5.50 7.20 7.20 9.00 9.00. 10.55 12.90 16050 19.30 -
v 10.25 11.30 11.60 14.05 15.70 22.40 24.65 32.00 39.20 49.55__. 

No charge options: E (U.S. Customary Units). P. 
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Smm j 11Jr~m l l3mm I zcmm I zs,nm I JCmm I .:.Smr.-1 

t:mm (:,:·) I I. i!J (J.'J·L) I 1.·17 (J . .1·1) I t 25 '2. iS'! I 1 '~H (: . .:1) I G.1t:l (~. 1 ~) I c )t) ( !.3~1 I .'UA 

tcmm (s~;n 2.60 (5.7':) 2.1 ti (·l 7'13) I t.J5 ( ·l ;.'1) I 1':52 (::3.37) l !. .,1-l (:). 1 7) I t.:n (:.~6) I ,'II A 

4Cmm (:/.1") I S.Ofl ( 1 t.:J) ,, Jlj (') :32) I J.J: { 1 .. 1:_~ I I J.;o (t3. ;" 1) I ~.71 (F3.tJ) I " ::: (5.52) 
].J!) (7 .. li)) 

-~..,~ 

:5r.".m (l") . ..,., 
( 1 1.51)) 1 .! J.1 ('J .!8) I J.n \1 :6'1 I J . .:o (7' 7':) I J. ~ 5 (6.J~1 I 2.~f1 (-3.J:~ I 2.:5J (5.30) 

':) ..... 
32mm (:-1/.l.") 5.5·1 (1" ,.,.,, I .! .~() t:o.sa) 1 .!'"' (S :::i I J.30 (3.37) I J .. t.! (i.53) I J. :.t (>5.J:) I 2.!J (6.J6) ..... ..;;;._, .... 

1 J.7s I 
-

-l()mm {1·L:") '5.53 ( t .l,JC) I 5.5J (, :.ssi 1 5.1]~ (: 1.121 \ ..1 53 (9.J8) \ .!.II (rJ.C6i (3.29) 3 . .1'7 (1.6~) -
SCmm (2") I ~II A I a.JJ. ttG.7n 1 ~.JJ (.- -., I i.JO (16.C9) I a.::a (!.!./.!) \ 6. ~ i ( I:J.5Cl I 5.i3 (12.52) 

11.1 'I 

6Jmm t2-1::n N/A jt.t.J') (:J 1.35) jtJ.: ~ ~~, J ·1 I ·,., ''6 (Z5.53) I I :.12 (2.1.51) jtO.J2 {:2.i~) I 3.53 (21.23) 
."-"'"'• I I.;. • .._. 

ciJmm (J· t;.q I N/A 123.59 ·(::~ f"-1 I"'' -r (.!7' 3:·, I ::tJ.G3 (.t.!.JOl \t3.7'1 (.ti .. 2J) \17.50 (:8.53) 1 to.-13 (:;6.23) 
w.._,._J~I - • .I J 

IC('~:;~ (.! ") N/.J. ~r:; ~~ (57.3C) I : l: l (5:. !~': ! ::.:s ( . ., -·)I,., .... - ( •.• ,., 1 1'1.:"1 ( ·- ~ ~' I . ·l ~. (~LC8) 
4 ,;.I l -I . ...Ji ~I'J.·+IJI ... ~.1 'I l<.J.': ... 

8Gr~ 
Sti:ka L~r.gth I 

4Gmm I ~Smm I 5Cr:-:m I 75mm I 1CC~m 

tZ:nm (:,"::-) I ~I/ A l '-l'' I ~ 1/,J. I I'll.-\ l ('I/,-\ 
\4J~ 

1 C::mm (513'') I i'l/A \ 
~,;;.. I ~II A I :"I/ A I ~l/A 

2~mm (:J/·l") ~.:JS (5.12) I 2.13 ('1.32) I 2. ~~1 (·15~) I· ,~u.J.. I l'l,';.. I 
2Smm (!") 2.JJ (5.25) I 2.:5 (.1.JP.) I 2. t l (.!. :.t) I WA I ~II A 

!(SiDE LOAD) 

i ..--r-=--
I ==~============~ ! i ;..-' -----~ 
~~ ·-·-

32mm {1-L'~") I 2.58 (S.'JC) I 2.-lrJ (s ... u:) l 2.:J (5.t.J) I I. 7.) (J.J'}) I t.J2 (J.lJ) 

..tCmm (!·11::-j I :J.::: (i. 1J9) I J.GO (5.50) I 2.3C (6. :3) I 2.13 (.i.iG) I 1.72 (:JJ!Jl I 
S1'Jmm (::-) 5.3.1 (1, .ia) 1 5.01 ( 11.CJ) I J.7: (1 ~.:S) I J. :3.1 (3.82i I :.'?t5 (6.5.Jl I 

\--

I j==""o-.: ---~ 

I~ = i=:========:::j 
6.Jmm (2·1,'2") 9.03 (t'J.:ta1 1 8 . .19 pa.iz) 1 3.J2 (17.:37) I 6.27 ( 1 J.3::) I 5.15 {I t.J5) 

ecmm (J-1,' ·!") jt5.J9 (:J.t.ta) \tJ.So (J., J""' I, .... r"· ...... 4, ·~ . ..:' (-., ~-· jtt a-:-.._;ti.::'::) , 1 
I (2 ·1. ·•C) 1.1'3 ( .... , ... 'I-:"' .:...J.-1 t 

ICOmm { .1") 117.61 {Je .3:1 Ito. ia (-6 :3-\!.- 'l,. .._; •"'-'"-t I ,:._.j (J5.,:G) It"'-" "·' (::9.08) 10.:5:3 (2'J. J.!) 

~ilaxilTitl111 filaments r~-l11 {ill.-!bs.) 

Sore .. Stroke Length 

Smm I 10mm I 15mm I 20mm 2Smm I 30mm I 3Smm 

12mm (1/2") 0.08 (0.72) 0.07 (0.59) I O.C6 (o.so) 1 o.os {0.4.1) 0.0-' (0.39) I O.C4 (0.35) I NIA 

16mm (S/8") 0.16 (1.39) a. 13 (1.16) 1 a.11 (LOC} 0.10 (0.87'} 1 o.o9 (0.73) o.ca (0.70) NiA 

20mm {3/4'") 0.42 (3.72) 0.36 {3.2C) I 0.32 (2.:!1) 1 o.29 (2.50) 0.25 (2.25) 0.23 (2.05) 1 o.21 (1.38) 

2Smm ( 1'") 0.45 (.1.02) 0.39 (3 . .16) 1 a.J-1 (3.04) 0.31 (2.71} 0.28 (2.-'5) 1 o.25 (2.23) 0.23 (2.05) 

32mm (1-1/4'") 1 a.sa (JAS) I o . .1.1 (3.38) I 0.39 . (3A.!) 0.35 (3.09) I O.'J2 (2.31) 1 o.29 (2.3i) I a.27 (2.3i) 

JCrr.m (1- 1/2.} I a.s9 (5.24) 1 o.5z (J. ~-) I a ·- (J..as) 1 o . .1, (3.5.1) 1 a.3i (3.31 1 1 o.3J (3.03) 1 a.J:z (2.i9) 
.wl ...... 0 

SOmm (2") N/A 11.13 (10.0~) 11.02 (9.C6) 0.93 (8.25) 0.96 (1.59) 0.79 ('i.02} 0.7J. (6.53) 

63mm (2·112.) Ni.~ 2.35 (2tJ.3J.) \2. i5 (18.99) lt.97 (1 /,4.1) 1.32 ( 1 6. 13) \1.69 (15.00) 1.sa (14.01) --
eomm {3-1/.1.) N/.~ 4.i2 (.11.75) \4.35 {3a.st) 1 4.04 {35.75) 3.i7 (:J3.35) 3.53 (31.25) 1 3.32 (29.41}_ 

1CCmm (4'") N/A 5.57 (.19.33) j5.16 {~5.6:3) 14.79 (.12 . .1.1) 4 . .18 (39.57) 4.21 (3i.24) 3.96 (35~ 
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Bora 

12mm ( 1 /2.) 

t6mm (5/8.) 

2Cmm (3/4 ") 

25mm (1") 

32mm (t·ll·q 

40mm (1-1/2") 

SCmm (2") 

6Jmm (2-1/2.) 

acmm (3-f/4") 

1CCmm (·q 

Sore 

12mm (1/2") 

t6mm (518") 

2Cmm (3/.t") 

25mm (I") 

:J2mm ( 1. t /-l") 

4Cmm ( 1-1/2") 

50mm (2") 

6:Jmm (2-1/2") 

eamm (:3·1/4"} 

100mm (4") 

rJ1axiiTIUl11 ~ilO:ilents i'1-n1 (in.-Jbs.) 

Str'Jkll Length 

40mm I 4Smm I 5Cmm i"Smm I 1CCmm 

NIA I'll A i'li.l. N/A NlA 

NIA N/A N{;\ 1'1/A N/A 

0.20 (1.7.!) 1 a. 113 (1 .62) 0.17 (lSI) I 1'1/A N/A 

0.21 (1.8!)) 1 a.zo {1.7~) 0.1') ( 1.5.!) NIA N/A 

0.25 (~.20) 1 a.2:J (2.05) IJ.2:! (l.nl 0.115 (1.-lti) 0.13 (, 113) 

0.29 (2.5!J) 1 o.21 (2.-l:) 0.25 (2.25) O.I'J ( 1.72) 0.16 (1.:39) 

0.69 (6.11) I a.ss (5.73) 1 a.s: (5 . .tQ) 1 o . .t; (4.19) 0.:39 (:J.-l2} 

1.49 (13. 15) 1.40 (12.:39) 11.:32 (t t.71) jt.04 (9.19) 0.85 (7.57) 

3.14 (27. 77) l 2.97 (2s.:Ja) 1 2.s2 ('·1 .~a) I 2.2s (19.96i !t.aa (16.63) 

:3.75 (33. 17) 1 3.55 (J l..tSi l J.J.9 r:~.4Gl 1 2.; 1 (2·t.CC)) 2.::!5 (20.04) 

Stroke Length 

Smm 10mm 15mm I 20mm 25mm I 30mm 

0.17 (.CQi) 0.21 (.CC3) 1 o.:zs (.010) 0.29 (.0 12) 0.:3.1 (.013) 1 o.J8 (.015i 

0.18 (.CCi) 0.23 (.OC9) 1 a.21 (.011) 0.32 (.0 t 21 0.36 (.01.1) 0.-li (.01~) 

0. IS (.CC6) 1 o.1a (.COi) 1 a.20 (.CCS} 0.2::3 (.009) 0.25 (.010) 0.2~ (.0 11) 

0.16 (.OC6) 0.19 (.CCi") I o.22 (.OC8) 0.2·1 (.010) 0.27 (.0! t} I O.JO (.0 12.) 

0.17 (.OC7') 0.21J (.OC8) 1 o.2:1 (.OC9) 0.25 (.0 10) 0.29 (.011) 0.31 (.012) 

0.17 (.007') 0.20 (.OC8) I o.zJ (.CG9) 0.25 (.010) 0.26 (.011) 1 o.31 (.012) 

N/A I o.25 (.OiO) O.JO (.012) 0.33 (.013) 0.:36 {.0 14) 0..10 (.016) 

N/A 0.18 (.007) 0.20 (.COS) 0.22 (.009) 0.24- (.0 10} 0.26 (.010) 

N/A 0.20 (.CCS) 0.23 (.009) 0.25 (.010) 0.27 (.0 11) 0.29 (.01 t) 

N/A 0.21 (.008) 0.23 (.009) 0.26 (.010) 0.28 (.0 11) 0.30 (.012) 

Stroke Length · 
Bore 

40mm 45mm somm 7Smm · 

12mm ( 1 /2.) N/A N/A N/A N/A 

15mm (5/8") N/A N/A N/A N/A 

20mm (3/4") 0.35 (.014) 0.:38 (.015} 0.40 (.016) NIA 

2Smm (1") 0.36 (.014) 0.39 (.01 5) 0.42 (.016) N/A 

32mm (1·1/4") 0.37 {.015) 0.40 (.016) 0.43 (.017} 0.57 (.022) 

4Cmm {1·112") 0.37 (.015) 0.40 (.016) 0.4:3 {.017) 0.57 (.022} 

50mm (2"} 0A5 {.018) 0.50 (.020) 0.53 (.021) 0.70 (.021} 

6:3mm (2·1/2") 0.30 (.012) 0.:32 (.013) 0.35 (.014) 0.4-S (.01 8) 

aomm (3·114") 0.33 (.013) 0.36 (.014) 0.38 (.015) 0.49 {.019) 

10Cmm (4"} 0.34 (.014) 0.:36 (.014) 0.39 (.015) 0.50 (.020) 

35mm 

N/A 

NIA 

0.32 (.013) 

I 0.33 (.0 1 :3) 

0.3-l (.a 1 3) 

1 a.34 (.013) 

OA:J {.017) 

0.29 (.Ot 1) 

0.:31 (.012) 

0.32 (.013) 

. 

100mm.: 

NIA 

NIA 

NIA 

NIA 

0.71 (.028) 

0.71 (.026) 

0.86 (.034) 

0.55 (.022) 

0.60 (.023) 

I . 

""! 
c: 
II 

0.61 (.024) 
~~ 
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Components 
Shown in millimeters (inches} 

Part List 

Part I Description Material 

1 Rod 4:JO 1 (30:3) Stainless Steel 

2 Rod Seal/Wiper Nitrile (Standard) or Fluoroelastomer (High Temperatur9 Option) 

3 Retaining Ring Zinc Plated Carbon Steel or Stainless Steel (Optional) 

4 Rod Guide 12·20mm: Bronzg 1 25·100mm: Anodized Aluminum 

5 Bushing 12·20mm: Bronze I 25·1 OOmm: Self Lubric3ting Nylon 

6 Piston Seal Nitrile (Standard} or Fluoroelastomer (High Temperature Option) 

7 Cylinder Body Polytetratluoroethylene (PTFE) Impregnated Hard Anodized Aluminum 

a Rod Guide Seal Nitrile (Standard) or Fluoroelastomer (High Temperature Option) 

9 Piston. High Strength Aluminum Alloy 

11 Cap Screw Stainless Steel 

12 Guide Red Chrome Plated Carbon Steel 

1:3 Guide Bust:ing Oelrin 

14 Flat Screw Stainless Steel 

15 Plate Clear Coat Anodized Aluminum 

11 

14 1 

Tooling Plate Styles 
1 Zmm to 16mm Bore 

ZOtnm to 1 OOmm Bore 

... -----·---~ 
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Dimensions 
Shown in millimeters (inches) 

t---U---l 

--M---ol 

!Will Jl u I ~II 
T. STROKE I 

ll_II1Lo 
jo/ 

Lt 

Double Acting/Non·Rotating 

Sore ;: .. :;.A -~·- .. : .. : 8 -~~;~; .-:::...~.'~"c· ... .:".:,.. .• / 

12mm (1/21 3.8 (0.15) 17.0 (0.67) 8.9 (0.35) 

16mm (5181 4.5 (0.18) 18.5 (0.73) 9.4 (0.37) 

20mm (3141 4.8 (0.19) 19.5 (O.n) 9.4 (0.31) 

2Smm (11 5.1 (0.20) 22.5 (0.89) 10.9 (0.4:1) 

32rnm ~;(1-1/41 · ··7.0 ;~(0.28) · 23~o ~·(o.91 r :10.4 ~(0.41) 

40mm (1·1121 7.4 (0.29) 29.5 (1.16) 13.2 (0.52) 

SOmm (2j 9.4 (0.31) 30.5 (1..20) 13.7 (0.54) 

a:lmm (2·1121 9.7 (0.38) 36.0 (1.42) 15.7 (0.62) 

80mm (3-1/41 11.6 (0.46} 4:1.5 (1.71) 17.8 (0.70) 

100mm (41 12.2 (0.48} 53.0 (2.09} 24.4 . (0.96) 

' 
i 

'~ I . 

I II' ·~. 

:.;:~:-~:-.f~~;.Q :~:~N~~~~~-~~.;:::~ 

M5x0.8 (111Q-32) 

M5x0.8 (110-32) 

M5x0.8 (#10·32) 

MSx0.8 (110-32} 

.:'G.: 1/8 ·:;:~ (NPT 118) 

G·1/8 (NPT 1/8) 

G ·1/4 (NPT 1/4) 

G ·1/4 (NPT 1/4) 

G·318 (NPT318) 

G·318 (NPT318} 

161 

J. C.BOREd 
K • C.BORE DEPTH 
L. THROUCH HOL£ a 

"p 

·~·. :·::: F .~ · .. _. . .; ~- -::~ H ·~~ /~ 

3.5 (0.14) 15.5 (0.61) 

3.5 (0.14) 20.0 (0.79) 

4.5 (0.18) 25.5 (1.00) 

5.0 (0.20) 28.0 (1.10) 

7.0 .· (0.28) 34.0 .'"(1.34)-

7.0 (0.28) 40.0 (1.58) 

8.0 (0.32) 50.0 (1.91) 

8.0 (0.32) 60.0 (2.36) 

10.0 (0.39) TT.O (3.03) 

12.0 (0.41) 94.0 (3.70) 

-~~:;~ 1 .. ;~:~B~f =~~g!~.~] 
N/A 6.1 (0.2~ 

8.7 (0.34} 6.5 (0.2~ 

9.5 (0.38) 9.0 (0.~ 

10.3 (0.41) 9.0 (0.3~ 

.:18.6""S:(0.73}- 19.0~(0.3~ 
17.3 (0.68) 9.0 (0~ 
20.0 (0.79) 11.1 (0~ 
20.0 (0.79) 14.1 (O.S~ 

26.0 (1.02) 17.5 (0.!!. 

26.0 (1.02) 17.5 (0.69) 

> ·n 
.g 
Ul :s 
i·
411 

... .. 

I -
.. 

.. ~ ... ·~~.~~-
:C'2 --= -=§' :1 

tfct 
~;:; 
~g~~ 

~~?-: 
~ •'•!! 
~~:~ 
~; " <t-·:::1 
·lg. g; 
-~=!J 



Shown in millir.1ct~r$ (inches) 

K L a p c s ... 
I J 

t.:r~rn ( L:·~ I J j (~.: 1\ I 1. j t'> I 1\ i .:s. J .,. id ~ 25.J (I] JHi I .J:. J ~ ~ .: Sl 
I . , rr-;.~ ~ 1 ·i. J (f~.: ~\ ; ~~.3 

','i I :) J 

tt)mm (Sif\.i I :J.S (o. t ·ll I J.3 {0. '·•l I Z'J.O {l t 1\ I 2'J :J ( u.q I ~8.-:J (1 SC) I ;-a (O.J l) I '5.'J 10 :·'l 1 :9.: 

:~mm (J/·1·) I :a (n :nl I 5.5 tn ::) I Jf)J) (: ,~, ! :fl.J ( l. 1Zl I .!7 a (l!lSi I 10.3 (0. 11) I t1.J (0 .:7'i !1C.3 
'·' l 

:smm (l"j I 7.0 (o.:a) 1 5.5 (() ::1 I ·10.0 1: sil: I ·IC •J 1: .5al 1 s::.o (:.•JSi I 11.5 (Q .. lSj I i!.J (C.~J) T J5.3 

J:mm t 1-1:"'·1 1 1.o (o.::s) 1 s.s (0.2:1 1 .15.~ (1 ,.; I .!'1..3 ( ~ .~s1 I 1)0.0 r::.:o) I 1 7'.7 (o. :"m I .~.J (O.J.:l I Ja.J 

.tr.mm (t-t;:nl 7.0 (O :a) 1 s.s (o ::) I s.:.o r:: . .:s·~ 1 57 •J (4.2·') 1 ~J.J (:.;"::l 1 :z.! 5 (().Jtii 1 3.J (C.J:l I .w 3 

I (o.:l) 1 
(O . .!Bl I :c.~ 

5Cmm (2.) 3.0 (O.JI) I 6.3 6J.Q (::.s:; I 7'LtJ (:.Jo} I .:36.0 p . .:~l 1 :0.J (1.16) Jt:.t 

'S~mm 1:·tiz·; 1 10.5 (0.-l:) I 3.3 (a.Js) I T;".O (~ ·;~) I ;jJ.J (J.Jn I :c:.o (.1 :6l 1 2'}.1 ( ~ .t s) I 1 :.s (0 . .1'Jl 1 so.s 

ar:mm (J·L'-1.) I t:J.5 (O.SJ) I 1 t.O (O.·iJ) I 9B.O (:J.26i I !CJ.IJ (.1 C~l I t.:J:.o (5 . .:fJl I 29.: (1.11)\1.1.0 (c.s51 I s:-.5 

tCC~m ( ·1") I 1:J.5 (a.sJ) 1': .a (a.J:J) I 117.0 (J-jl) I :::;.s (.1361 I tso.a (6. :.1) 1 J2.J (1.:.!71 1 1.1.:) to.:sl 1 ij .. J 

y I z 
ecrl! u 'N x· 

l 
wi:h 

I I 
'Nit~ 

StJnd.lrd 
StJr.d.:wi 

Cptlcn: Cption: 

1:r.'1m ( 1/2.) I 2·1.J (a·~· I 1.1.0 (C.5Si l ZC. 3 UJ.3Z1 l ,\1J < •).3 -3~ I .t.t . .!G t...,'I'IC·ZS I .1.1 (C. 16) I .., . (G.:.:.~ 
·~ 41 

... ::l 

16rr.m (513.} I 29.0 (1.10) 1 :o.a (O.i~) I ZS . .J (0.J8) I MJ .( 1).5 ~~ I .:1-l--10 L'l'IC·Z8 I -1.1 (a.:s) I ..;.~ (Q.:J) 

:cmm (J/-l") :JS.J (t.:J8l I ::-.a (1 ·"~' I"S:: I rtf3-JZ t.:NC·ZS I .. .., (0.21Jl\ .:..J (G.::"; (. ,.. " I 'IJ.. ) - •. ' ::l.-. ...., ...... , - .~ \ l • ...1 ... ,1 IV ,( { ./ ~r1 

25rnm ( 1 ") I JQ.J ( t.S.J.l 27.0 ( t.C6l j.:a . .: (~.13) I ,\1.1 '( O.i 51-1 I ~6-J2 \...'f'IC-29 I 5.:! (C.:Ol .1 . .J (C.!:-~ 

.J:mm ( 1-1 /.1") .w.a (1./:J) I :JO.O (1.: 3) i J.i.J r:..:si 1 I i#S-32 \...'NC-29 I .. 1 (C . .:C) I .1 ~ (C.13l 
M.i :< O.i ~H ::l.-

J.Cmm ( 1-11z·1 1 51 .'J (:!.01) I JO.'J (1.131 l ~3.J ( :.sm 1 \1.:. < !J.i ai-! I :t8-J2 U~lC·28 I 5.2 (C.:C) j .1.i (C. :.31 

SCmm (:·) I 6J.'J (2 . .13) 1 .!2.3 (1.59) 1 Ja.:J ( 1.351 I ~15 :( 0.3 O:H I :t ~ C-J2 Ul'lF-Z9 I 6A (0.25) 1 5.:3 (O.::; 

6Jmm ("' 1 , ... , l 75.3 (2.:18) 1.1~.3 (1 --) ! -.,- (2.1 !l j M5 < 'J.3 -3H I :1 i a.J;: UNF-29 I 6 . .1 (Q.:ZS) I 5.:3 (C . .::~ 
..:.· ~ ~ .. .::r=- :...~., 

ecmm (:3·1/<1., I 97.0 (J.3:) I =o.3 (2.CC) I ;- .1.3 (Z.3.1) I M6 .( 1 .0 6H I :t:/.1-ZO Ul'IC-29 I 7.1 (0.29) i.2 (C.29l 

lCOmm (.1.) 115.5 (.1.55)' 50.3 (2.CO) I 9J.J (:!.5i) M6 X 1.0 6H I :11/.1·20 UNC·29 I 7.1 (0.29) 7.2 (0.29) 

• S~e page 7S fer overJII bcdy fength wiCh MRS option. 
Scrake fengths are availatfe in Smm inc:emer.cs up co che maxim~m :;cancard stroke. 8cdy length corresponds wich chat of ct.e next 
Stilndard stroke length. Fer example. a 40mm I:Jare. S5mm srroke cylincer has che bcdy length of J 7Smm s~roke C:Jiir.der. wr.en J 

srroke exceeds JOmm, a threaded mour.ting opcicn sr.culd ;e ccnsicered. Mcuncing bclt:i ch:Jt span ct:e entire cylsnder !er.gth may 
ncr be re.Jdily Jvailatle. 

When option cis specified. user incerface cr.reads are desiqnaced u.s. cusccmarJ (inc."T). This inc!udes ports. red threads and 
threaded mounting options (as applic.Jtfe). 

162 

: ~ .: ., ~ 
(UO) 
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( ~ ..41) 
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(t.76) -(1.99) 

(Z.22) 

(2.56) 

(3.11) 
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Bore 

12mm (112") 

16mm (5/8 .. ) 

20mm {314.) 

25mm (1j 

32mm (1-1/4j 

40mm {1-1121 

SOmm (2.) 

63mm (2·112j 

80mm (3-1/41 

100mm (4.) 

~~/eights 

8a:1a Weight 
Weight Added 

Per Smm 
Bore ot Cylinder of Stroke 

gram-force gr3m-force 
(oz.} (oz.) 

12mm ( 1/2.) J2.J (1.14) 6.1 (0.22) 

16mm (5/8.) SJ.4 (1.89) 8.6 (0.30) -
20mm (3/4.) 7-1.4 (2.62) 13.3 (0.47) 

25mm ( 1"') 114.6 (4.04) 16.3 (0.58) 

·32mm (1·1/4"') 166.9 (5.89) 22.6 (0.80) 

40mm (t -1/2") 250.7 (8.84) 23.0 (0.81) 

SOmm (2") 440.4 (15.53) 35.8 (1.26) 

6Jmm (2-1/2 .. ) . 697.3 (24.60) 45.2 (1.59) 

80mm (3-1/4'") 1 JC9.6 (46.20) 70.0 (2.47) 

lOOmm (4") 2464.5 (86.94) 117.5 (4.15) 

Options 
Magnetic Position Sensing (IV1) 

(Body Lengtlts With MRS Option} 

8 T 
rs.sTRoKE~ 

27.0 (1.06) 36.7 (1.44) 

26.5 (1.12) 38.2 (1.5 1) 

-
tJ 

29.5 (1.16) 41.0 (1.61) 

32.5 (1.28) 46.0 (1.81) 

33.2 (1.31) 48.7 (1.92) 

r--:-

~ ~ --J i---

39.5 (1.56) 55.0 (2.17) l..o.o-

40.5 (1.60) 60.6 (2.39) 

46.0 (1.81} 66.3 (2.61) 

53.5 (2.11) n.4 (3.05) 

63.0 (2.48) 88.9 (3.50) 

-n ....__ -L- T +STROKE __J 

Bumpers 
(Stroke reduction by model for all bores} 

~Double Acting, Non-Rotating ·- -... 3.0 (.12) 
d 
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(262-125 112.625 llt.250 ilt.2o IIL44 11.2-+ 
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I 

Zero-Length Glass Viewports 

~· . . ····~··· ·::-:··:·.:,;: 

• Tra~smis:;icn Range: 0.32 to 2.7 mic~cns (a~f:rax.) 
• Vac:.;um Ran~e: To below 10·11 Torr (mbar} 
• Viewport Type: i056 Glass 
• 8akecut Temperature: 400" C 

Description P:~rt Pric'! 

............. 
I 

~~d:====~====~nr~_r 
E 

LLLk~~~~~~~~~-r 
l 

Nominal Port A a Weight 

Number Diameter in. (mm) in.(mml in.(mml lb,. (lcqJ 

~ .. in. (14 mmJ Viewport 
en 1.J3 in. (NW1 6) Con Flat nange FVGCOiS 3 95 O.iS (19.05) 0.53 (16) o.sa pz.im 1.0 10.5) 

FVG0150 SlCS 
1 ','J in. {J6 mmJ Viewport 

on 2.i5 in. (NW35l ConFiat fiance 1.50 (38.10) 1.50 (38) 0.50 112./C\ 2.0 10.9} 

FVG02SO $210 
2~~ in. (~ mm) Viewport 

on 4.50 in. (NW63\ ConAat flange 2.50 (63.50) 2.48 (63l o.ea f1i.40l 5.0 (2.3) 

FVG04CO S325 
4 in. (98 mm) Viewport 

on 6 in. (NW 1 OOl ConAat flange 4.00 (101.60) 3.50 (89) o.ia (19.9m 6.0 (2.7L 

FVGCECO S.J.i5 
6 in. (1l7 mm) Viewport 

on 8 in. (NW1SO) ConAat Hange 6.00 (152.40l 5.35 (1361 0.92 (Z3.Ji1 9.0 (4.0\ 

~ 
~ vs 
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• • , 

ConFiate Flanges & Fittings 
4 1/2 in. (NW63CF) Non-Rotatable 

........... . .~; 

-= _L l j · ~,:<<<,~·~·>·/j: 1) oa t 1-: ~l 
.. I 

HaYdware 
Express 

Thru hoi~:;: :l ~cl~5 J:: (8.J) ~~.1 . t~~·.J. ~":. ~~.J~~~ ,n J.-3:~ (9:.21 dia. 8 C. 
Tacp~~ :,ci~:;: 3 ~cl~s ~a::::~~:. 1~·~! 't':r'J ~r:. :;:v:<?•! ~n J.-329 ('3:: . .2; ~i.1. 3._::._ 
M~trtC :ac::~~ hcl~5: a :1~1~5 ~.~3 ( 1 2: :~r·..;. ~-:. ~;.1C~'.! ~n 3.-5:9 c:: . .:) c:.1. ::.• .... 

·=:/~~ .. ~'a·l, ;~-·, • .. 
J04L SS Price I :304 SSr\ SS P:-ic~ Fig. Dimensions 

I 

Hon-~otatable 

Hon-~otatable 

Tapped 

Non-Rotatable 

Metric Tapped 

P::art NumbP.r 

FOJ5CCCCCNCJ 
FQJSCC 15CNC.l 
FO.iSCC~CmiC.l 

F•JJSC025iJNC.l 
FD-15CGCOONi -4 

F·JJ5G015CN7J 
F•J45COZCCN7 -4 

FOJ5C025CNi.! 
F045CCCCCNM-1 
FQ45CO 15CNMJ 
FOASCD2CONM~ 

F04500250~lM4 

0 Hardware Express Item 

0 $..!5 

3..!5 
~ .. ::;:) 

0 s~s 

355 
<::--

s:s 
0 s:s 

s:::: 

s:s 
5~5 

s.:5 

PJ~ Numb~r 

FG.i5CCCCCNC~ 0 
,.._., 
~c"-

F·:J:..:a! 5C~!C~ .-~ .. 
.:c~ 

F·J.!SCCZSO:C: ~a2. 

FCJS~:c2:~:i lC~ 0 .;:-~ 

-C"-

F•JJSCCCCCN'7"~ s-., ,._ 

FC.!SCO; :.:~1 ~~ 572 
F•JJ5CCZCC~IT~ s-.., 

'"' 
F·:..!~·:s::~:~J~= 0 s:-: 
FCJ5CCCCC~l~lE s-.., ... 
F·JJ5CO 1 :·:~l~.tE S72 
F·J.!~COZCC~IME 572 
FC.!SCC25C~lt.lE s-... . .::., 

1 
JJ us 
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Number A in.(rnml a in. ~rY"m) 

1 

2 i.5 I (33.3:j 1 . .38 ,2.! ::) 

2 2.Ql (5i.:5) 1.38 (!:".3Jj 

2 z.:t 15:.;-:; 2.Ja :-:c.::1 

.... 1.51 (:8 . .35i 1.:a (:.!.JJ) 
" 
2 2.:Ji (5t.C5) 1.38 (·!':".5:) 
.., ... -. 

.:..: I 16:!.:"5) 2.38 '-:C .3:3) 

1 

2 1.51 (JS.35i 1.38 (J-1.33) 

2 2.01 (51.05) 1.38 (.17.53) 

2 Z.5i (6J.i5) 2.38 \EC.J3) 

W~ight 

2.: '~. ~) 
2.5 .. :.:) 
z.: ::!) 

:.:'.U) 
:!.: : ~.!) 

3.J L!) 

2.5 i. t} 
A - ~ .1} 

:.: !. t) 
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:::, m a 1 t ~ ta 1 rtt e::,:, _:) cee t 
Rails and Carriers 

Because of their compact si:e and 
high rigidity. x:o rail and car~i-:r S'fS· 

terns are an exc~!!~!1C choic~ for c~n· 
sauc::on cf pe'=isicn q:ticJI S'JS~-::..s 
s~c;, as 'lie·.vfinc!ers. micosc:r:,-:s 1r:c 
spatial filt~rs. The main struc:ur:Jl c:m· 
1=cnent is the ccs3·shar:ed X:!o Rail. 
fat:ricated from a machin~d. r:r~'=!sicn· 
srcund. tem1=ered StJinless steel fer 
su;:~rb rigidity. Th~ rail'5 symmeu:ca! 
CiOS3·Se'=:ion prcvic!es four para!!~! 
work surfaces and permits mounting cf 
car~iers on any cf its four sic!es. 
Dovetail construction enables fast. 
easy mountin~ and secure damping cf 
car:-iers at any point along the rail 
without removing other components. 

CN:!6-40 and CN26-90 Carriers are 
carefully designed for use with a 
complete selection of optical mounts 

~'J ;:r,:·,~c-= 1 5~3r.t.i;1r:i ..!C·r.1,--:-: o;:tiol 
h~:;hc ab;·:e ~t:e iail. Ccmr:ac:cl~ 
~C:Ilj;i:3 1nc~uc'! SL ar:Li Si<. Se:ies 
~,1ir~,:~/2~.3i7:S~ilt:t-=r ~\~tour~l:i ~Sa 

S~:;~s '-:·t:::~: 3~,~ L~:.s 3(;r~~~ ~,\,_.:,~nts. 

52 i :3'(: .l.GJf:CCr ,\\cl;:1t3 anC manj 
cc~~:3. T:~~s~ ·::Hr:::s cJn also su;:port 
~cs~·~c~;i.::-::! ccm;::cne:.~s cr. c:n· 
ve~se!'l. to hclc! ~!:•;at:~ X:!o RJIIS 
wic~ ;:cs~3. Gl :o-12 (Jrri:rs su;:r:crc 
~cs~·mC'l~c-:t.:! c:m~onents and. when 
ar:a(~~·J ~c =~-= l:cc~cm surfJc~ cf ~ 
rad. ar~ jJsa ic!:Jl fer mcunctr.<; rails 
co ~acl~s ar.c :re3dboards. StJndard 
car~iers fe::cure knurled k~cbs en tech 
sid~s d c~~ carrier. For mounc;ng cf 
rails rigidly ac right ang!~s. we. re(:Jm· 
mend the CN26C Carriag~. To main· 
tain a .tQ mm optical a:ds height 
l:et·.veen rails. also use a RH·-10 spac~r. 

X16 carri~rs a~td rails art desiqned lD provide a stJwdard JQ.''"" axis 
ftciqflt witft a fulr ~fectia" of Of1tical mount and positianers [or trauufe· 
free caPfstructii"' of Of1(ical devices. 

C~:s USEO AS A RAil.. FCOT 

169 

Key Features 

... ·. 

r~~~'~ 
X16 Rails are tftt (ou~td4ltialt far a 
Macft·u(utdtr inllrftramctlr uStd for 
cftaracteri:iniJ aptical mattrials. 

Drawings 

For detailed drawfn,c see pa~0e I l-8o or our web site for CA 
files. 

....... 
··.:. 

1 ......... ·-···-·····-·----------··--



C::,:<li~··:.:-:::.:n l.r•! 1 

.\r:'rn~~C •JI lr~~r::.t H:r :r1r .( ."".<h 

'.:,·r .. ·~nr ·:r :r~~t.\ 1r:«~IIC •I \.<t'i 

'.~t!'7~1H 

........ 

i =~: 
l t .:~· 

11 I :."':1' 

... Ordering rnramrcuran . 
Unive~.ll Model 

x:o.t92 · · 

R.lil Carriers for X1o 
E:n~!ish ,\1ode! Metric Mad~! C~sc:i:=tion 

Jnmm Cama~~ 

Rail Acc~ssories far :Uo 
£,,~!ish Madd Metric ,\tcdd D~sciptio!'l 

t .,.,: 

•:::r. 'I~! :.n4~:1t.: ,"l•O •.1A 
• 11 :,·,, 

_, . -
I . ,; I 

l . . -;, ) 

;r, I,'J ) ;~, ( 

1 ·-t . --. ') ...J' .._ 
I I 

I ., I ·12 I 
,• • r:SI --~ 

RH<C'J RH.;C6 Sf:ac:r3 iGr i~m:71 .:r..::t.:JI 
.-l;<:s !-:~:<{he 

RH-Jtl RH-JI) Rigr.c .~r.gle C.lr~t.j:;~ .:~ac:r 
fer JC~m Cc~:o\ ..~..\:s :..:~!~he 

Lens Barrels 
Unive~al Model Description 

812 it hctdS 12.i rr.m !~!1S~S 
81.1·15) hc!ds lo3 mm ler1ses 
B 13· lr'J hold5 I d m m ler1ses 
6 1 ~- 3:1 holes I d .~m ler1ses 
e 1~·5() holds 13 mm lenses 
822.4 holds 22.-l mm lenses 
62'5.4 holds 25.-l mm lenses 
6 313.1 holds 13.1 mm lenSeS 
6'50 holds 51) mm lenses 
610 3 holds 50.3 mm lenses 
Bio.l holds io.2 mm lenses 
Barrel Supports 
En~fish Madel Metric Model Description 
5al9.13 M-5819.13 58 holders 
5all) 21.4 M·S819.22.<l Sa holders 
5819 2'5.4 M-5819.25 . .1 So holders 
5312.13 i\t-5832.13 sa holders 
5a12 22 .1 ~1·5832.12.:.1 sa holders 
5a32.25 ..1 M·S832.25.4 Sa holders 
5a1~.JI) M-5a32.-10 Sa Molders 
5832.10 M-5832.50 So holders 
52~0 M-5830 So holders 
Laser Tube Supports 
Universal Model Description T~ve! 
CT'2o. 318M Laser tub~ succort ror o3'5 mm · .t mm 
CT26.4-l6M Laser tube sucpcrt fer o-L-1 mm 4mm 
512'5 J• KinematiC Mirror Mount 
TSI· Turntable Base 
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.-,~a··-ra,,_ 

Model C~~b-90 

I 
I 

I 

L ~.:4' .............. .J .......... J. ... ~~/ ... i .. 
· 7~;~31 ::_'0 G G G G G G·_·: ........ ~~. ............................................. .. 
-,- -- :.tzt --~-: 
I \ 

I 
~ '- -' HCL:5. THO ~ @I) 

----- J.S.t (90) 

THREAO 
MOCEL A a 

ENGLISH 

CN26·12 114-21J 
CN26-40 114-20 
CN46·90 1/4-20 ·1.00 
CN26C 1/4-20 

METRIC 

M-CN26·12 M6 
M·CN25-'0 M6 
M·CN25·90 M6 25 
M·CN2SC M6 

·····--··· .. -·--··-·--·-----·----······-····-············ 

__.. jj (:0) ~-

1§ 

Modef"CN~6-40-. 

-r ··-·-· ·---- ·--
___ ._,.--.. 

'I 

t 4 HCL.:S. 
\ THO ~-JO (MJ) Cl~. 

-..: .i:t~~:o) ;-.-

~~ 
\ --~: .ii (i3) '1·"-;111.79 (ZO) ~ .ig (:OJ_ (-
J HCL=s. I 

-,- THOACL~ @ @ ~ @3) ,, 

l "" -··-":;;" .· ·. 
1.58 :·-'·'j··... · ..... · :·) 
(-lO) ! .... ) i :... 
l::::dr····· 

.L \~-G 1/ i !::;;t··"<L__..-·) \ 
'\::.: •••. ; ..••• J... 1 ·a ~ ·.. :· ' 

.71 :\:)-G-0 .. : (~~)I~-- ) • :... : 
(13) ·.................. I tbs"' I · . r -e-·i::;·~ 0 .... ..... i.'T"·· .... ) 

I ~~ 
I ' . lj I 

-, @lilll \ 
-: 31 (:O.S) ;-- ~ .31 (Z0.3) \-- } 

. ·. ----------·· 

Model C:'4~6C 

4 HOL:S. --i .71 (18) !-
friO ~--10 (M.Jl CL,q, .-------, 

=.79(ZO) I I ...... I 
..L _:'G) .::G": e 

I ! , ! I 

,71 .;':i,; (.\ :.t:'io 
(18) -~·l9r~· 

~ -e;G) e 
t ·r 

__ __, 

2 HOLES • 
THOA 

4 HOL:S. 
THO 440 (M3} 

1 
HOLE. 

111.79 (ZO} THO A CLR 

3 HCLES. ~ --J .79 (20) I-THO ACLR I 

1.65 (42} --.., 

-:--· ..-----":-' ---:----, -r i ~ J' .81 
• f£r I G . . (20.5) 

~j~~ 4;;: 8 =$.= -' 

I ~ t!r 
.L--------: 

!---- 1.97 (SO) --J 
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13.00 
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ta.ao ........ 
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25.00 

!5.00 

25.00 

2S.JO 
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25.00 
25.00 

~~~-
45.00 
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25.00 

)?.:~~ 
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30.00 
30.00 
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OPERATlOHAL MOOE & COt~TROL SETIIHGS 
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' ProQ' envnlb1e I Ghu\\er f l"ltglt~llon C~t\Jol S'y"alw ~\I'( rltl1 f 5w1h:.hn) 1 
fU',c\lt'f1 £010 i;A:S2-~} · \ £Ui\ ll·fS2·'3} \ EU12t•J.S2-i} 1 Shu\\t!r S~ed 
Shu\\8rino \r_y.ufon \oNion lowloo H\0,000 1 

htg.von lowf~n ,0'\N,Ofl H4,000 • 
luwlotl hlcJhion 10'-NIOO H2,000 1 

.. hiQhfon high/on lowfon 111,000 I 
IOONIM k7Nion hiQhlon 11500. 
hlc;lhlofl \rr,IJfOO hiQhlon H250 1 
h~Jwlon ,,lgh/on hlgh!un 11\25 I 
hlgt,lorf t,lyhfof'f hlgh'on 1100 s 

ln\egrt\lon IO'Nion IO"Hfon \(1,11(()11 18 hldt (81JO nc} 1 
high/ofT \owl on \owl on u t'leldt (7 no nc) 
lowlon high/on low Ton 12 f\etds (6130 nc) 
hlghton ,,lgh/on low Too 10 hlds (5f30 nc) 
lowlon krNfon high! on 8 fields (4fJO tee) 
h1gt,ron \owl on hlghlon 8 hlds (3f30 tee) 
low/on hlohton h'oh.fof'f .C fields (2/JO nc} 
"'ah'o" hlghron hlglt'on 2 fie\dJ (1rJO •~c) 

SHUTIER I tNTEGHATtOU MODE SETI1NGS 

CUPlriGUMllOt~ MOOE SWllCHES 
P.~.S 1 
P.~.S2 

P.tsJ 
M.S-' 
U:S1·1,2,J.~ 

Gain Selec\ (MBnu11l I AGC). Right~ Mnm.inl Gnln (Sel w/ MJ\32), Len • 1\GC. · 
t.~ode Control awilch~H'- See lnbles. 

Mode Control switches. See taule11. . 
Auto his I DC his Seled. Towards cnmera front • Auto hh, Towtmh camera rear • DC his. 
Uot u1ed. 

1nma 

CONrtGUMTlOH POTS, Cl\f"S, COILS & TEST roUHS 
J.tnJ2 
M.R42 
f.4;R9 
M.R17 
M.R47 
M:R27 
M:RSO 
M~R29 
M:R60 

Gnln Pol CW • mnx, CCW • rnln. 

Gain O:!lance. . 
M:R10B 
M:L14 
M;C89 
M:TP\ 
M:lP2 
O~TPJ 
O:lP\,2 
D:R103 

Auto his I DC Iris level sel Set \o match Len!. 
PLL tuning. Fedory set. 

• 
• 
• 
• 
• 
• 
• 

AGC Level. Fec\ory ~el 
Setup (8h1d level) Ch A. Fndory &e\ to 0.7 IRE~ 
Se\up (Black Level) Ch B. Factory tel \o 0.7 IRE. 
Gamma Ch A. CCW • min (1), CW • mM (0.45). 
Gamma Ch B. CCW • min (1), CW ts mM (0.•5). 
Sharpness Ch 1\. CCW • Olnble, CW • Enable. 
Sharpness Ch B. CCW • Oltable, CW • Enable. 

 ' 
• 
• 
• 
• 
• 

PLL tuning. Factory eeL 
Tea\ Poln\- External Syne Otcilla\or. 
Teat Po1n\- Power Supply Ground. 
Teal Po1n\- Power Supply Ground. 
No\ Uaed (no\ Installed) 
Not U1_ed {not Installed) 

LEOENO 
• Mode we led ttynalt are controlled through t~l\hf" the 1\ux Connedor J 1 or lntemsl .wftchee 52 & SJ. Signal• wtth 11noclaled connector pins 

(J 1-n) & twUche• (S2-n or SJ-n) Rre 1h~ In the tablet. VVhen utlng A.ux ronnector, allanocla\ed 1wltche1 muel be In lhe open position. 

• Mode 11 1e \he defeu1l mode (as ah1pped). . · · · 
• t.t & 0: det\gna\e M~1n board \bo\\om boArd) & U\giU1ei board l\op board). 
• S • tw1\ch, R • var\able reste\or, l • vat\abte colt, C • VBth1bte c.ap. 

........ 
00 
........ 
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l S4/ 1 

§]~ 
gJ e~ 1~ 

OLJ Qfll"" 
0.1 . __ .. 

§] 
[7;:1 8 ~(51 1 . [§]§] JR '1:./ . 

.~jv5f-~~: 
c..._.:... s'-.. l..c:.'-' 

Re.~ D~$~~---~,.... 
. s (. 

c.~:._ A.J.t~ t- R3~ 
~,:__ ~~,,c.~ Ri'z.. 
AGe. AJj..,n- Rc:; 
Se.~r c..t-..:.A R.l7 
~"--' ~~ t<2..7 
S\-..._rr~l ~..+ R '--1 
s~.J·~p C,~'B "''17 
~~ Cl--..~ R..s-6 
s~~~l. c~~ R6o 
H .J.c.. s·'- \ ~ e "-.. sz. 
M • .I.e. S:- t ·~e.l S3 
Av+. J:,-; s '5'/ 
:r-r1"' .Le"~~tl RloO' 
PLL Cui l L/'-f 
PLL. C...p c.s~ 
Pt...t... Te.s+ p,; ..... t TP I 
G~cl. T e.s-t- p.: ... + TPz_ 
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COHU Inc. 

6600 PROGRESSIVE SCAN CAMEAA 
MOOEL3000 

AUX1l1ARY CONNECTOR· PIN LJST 

1 Si~N•me I Pfn No. SI~Name P~No. 

EDfO 1 GNOO 2S 
e:.ou 2 GNCO Z1 
EC12 J GNOO 28 
SMCl 

" GNOO 29 
SMC2 s GNOO JO 
EXT 6 GNCO 31 
RM 7 GNOO J2 
RDM ll GNOO J:l 
RE'iti 9 GNOO lo4 
RENO 10 GNOO l:S 

~~ 11 GNOO 36 
ARSSET 12 GNOO 37 
HTSGI 13 GNCO Ja 
VT 14 GNOO JB 
HT 15 GNOO .co . : 
GNCo 16 GNOO -'1 
REMGAJN 17 GNOO 4:2 
REM~ 18 GNOO .Q 

~00 1S GHCO .... 
nc: .· '20 ..: ~ 
nc 2'1 IIC .. 
WEN 22 .. GNCO 47 
GNCo ZJ . GNOO 41 
PIXC.K/ .. ~· GNOO 4S 
GNCO 25 .. GNOO .$) 

Champ O.lmm 
50 P.In Socket .(Female) 

~~ facevl~~ Je.7 
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COHU Inc. 

l 

6600 PROGRESSIVE SCAN CAMERA 
MOOEL3000 

DIGITAL CONNECTOR ·PIN UST 

I Sif71~ ~me I Pin No. ~~ PfnNo. 
CAS+ (MS8) 1 OA9- (J.458) 2fJ 
OAa• 2 0~ Zl 
OA7+ J OA7- 2.8 
OA6+ ... OM- 29 
~ 5 CAS- 30 
OA.4• 8 OA+- 31 
OAJ+ 1 OAJ.. J:Z 
OA2• 8 QA2 .. 33 
OAt• 9 QA1 .. 34 
OAO+ (lSB) 10 CAQ.. (LSB) J:5 
oe~ (MS8) 11 089- (MSB) J6 
06a+ 12 065- 'J7 
087• .1J 067- 38 
OS61- 1-4 086- 39 
cas. 1S 085- .co 
084+ 1fl 064- "1 
OSJ+ 17 083- 42 
08:2+ 18 oe::z .. .cJ 
081• 1a 081· "" 080+ (LSS) 20 oeo- (LS8) ~ 
S"f'NCR...+ 21 SYNCR.O- 48 
HJ,J-. 22 .. MD- .7 
VD+ .. 23 . . vo-- ~ 

GNCO 24 .. GNCO 49 
QJ(+ Z5 c;:uc.. :so 

Champ 0.8mm 
~ ~o Prn Socket (Female) 

"';;- face. ,,.a: ~/

184 

2111/98 



COHU Inc. 

6600 PROGRESSIVE SCAN CAMERA 
MOOEl. 3000 

IRIS & POWER CONNECTOR • PJN LJST 

Mati_ng ...;~ d pin:s 
1ooJ<ing ar side o1 
Qmeq 

r 
rPrN 

1 

2 

3 

4 

I FUNCTION 

Auto lri3 j De fri:J 

+11.3 Camper low 

Lens Video Camper High 

Ground 0 lri3 Oc: Voltage 

Gtcund 0 GroundO 

lens Connector Pfn Functions 

POWER 

~~~-···Ground 

Mating view of pins looking 
at rear panel of camera · 
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CCHU Inc. 

Sian a I 
E01(2;CJ 

SMC(2:1j 

EXT 

R,\f 

RCM 

RE'IH 

REND 

AE j 

6600 PROGRESSIVE SC.J.N CAMERA 
MOCEl JOOO 

AUX;LJA~'f CCNN:.CTOR • StGN.J.L OESCR!PTiON 

AUX CCNNECTOR. SlGNAL. OESCRJPTiON 
I In I Cut I Ces~cticn 

I 
ln,:ut / Shutter /lntegr:Aticn Central (TTL L~vel:s). Refer tc Mcce & Ccntr:' 

C.:nnct;t":lOcn t:Jtle fer ccticn3. 

I 
ln;;ut / Siiu~er /lr.te;r:Jticn Ccr.trol (TTt. L~"ei::). Ref~r tc Mcce & Ccntr:l 

Ccnncunticn t:lt:le for cctioo~. 

1 
lr.;:ut [ Sync Mcce. Ex:emaJ :sync (TiL Hign) (lc~ tc VT & hi). lr.c:mal 

svnc ('i'"it l::w} (Cr1:~l ocer.Jticn). 

I 
lr.put J Vic_ec mcce. Progressive Sen (TTL low) (.:imgie ~ar.ne1). 

lr.terlac:!'.'! {dual ~annen (iTl Mi.:;hl. · 

I 
lr.J:t..1 / Trit;ser mcee. Ncrmal (TTL low) (c::::ntin~cu!!) or A.:ync.r.::nC'..J.s-

Ocnci:na fTTt hicn) (!!nac~hctt · 

I Input / Ci~c: ~e:et .\fade er.acie (Til. le';ei). E:1at1e A.Jync R:-,et • bV 
~en h1ch. 

I Input J Ci~ Re!!et .\ieee enacl~ (TTL !eve!). E~ac1e .~ync R:.,et • V or 
f-JPI ~en nic;h. 

In cut Re-,er'"!d 
ARESCT I lncut I ,1\.svn~rcr.cus Reset. Tncc;en on ne-::Jdv~ ccing edce. (7Tl.. le•,el~l 
HTSG/ ~ lntesr.>te er.al:le. AJcw; ex:emal c:::ntrcfol intesr.>ticn perio4 
--- ) (Mcde3 5,12 & 19). fnte~rate wnen lew. Oc..-t;:uts 3 1ir:;!e !mage en 

! next ve~c::JI interr.Jl followinq HTSG/ ccinq hic;h. 
VT I Input I Ver.iCJI Tr.;ger (TTL Je-rel). Use<i fer E.'C!emal Sync Mcd~. Trig;e,... 

en negative gcing edge. Neg PuLs~ = 127 ~ec minimum (2H 
ceriodl · 

f-tT 
I 

Input Hcr.::ontJl Trigger {Til. leveJ). Used fer External Syr.c McX¢t_ 
Tricoet'3 on ne!lative goinq eeqe. Neg Puf3~ • 0.3 tc~ec minmum. · 

R~f~N Input Remote Gain. Extemal c::ntrol ot manual gain with wlb;e a" 

·. ~~i:sbnc:. Single a~ju.:stment r::mtrol~ gain on b<:2th Ch A & Ch S. 
Max gain :a OV cr 2.4KC. Min gain =r 4.SV or SMC. Nota: For. 
vclt.age r::Jntrol, Gain Pot may be In any po.:sfficn, but oper:atic:n 'M11 be 
cente~d if pet i:s in the middle po.:siticn. Typical range fer min to max 
gain is 3 vclt::s where gain pot atfed:s c:=nteri':19 bet.veen 0 & 4.S vclt:s. 
For pet c::::ntrol, tne qain oot must be full CCW. 

REM SAL. Input Remote Channel Satanc:. ~emal Con1TOI of c:ttannel baJanr:e with 
vcltage or ~si.:stanc:t. Sets balance between Ch A & Ch S by 
c:ntrolling gain offset to Ch B. le. R.E.\fGAlN sets gain tc beth 
d':annel:s but REMSAL aifew3 fine tuning(+ & ·) c:f gain level tD C.'t S. 
Max po.sifjve off3et = 1.SV or 2.5Ka. Max negative oft3et =r SV ot' 

1 JOKn.. Note: For voltage c=ntrcl. Balan<::! Pet may be in any 
positicn, but operation Wtll be centered if pot is in the middle position. 
TypiC3l range for min to max operaticn i:J 1.5V whe~ !:alanca pet 
a1feo c~ntering between- 1.5& 5V. For pot c::ntrcl, the calanC: pet 
must be full CW. . · · 

WEN I Cut:t.;t I 'NEN oulse fl11. Ieven. Goes few at the start of a video frame. 
p IXCU<.' Output Pixel Clca (TTL level). 12272 MH::. Pixel aligned with negiltNe 

edc:e. -nc - Re.:servea -1 GN 00 Outcut Digital Ground. ........ 
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COHU fnc. 

r 
Signal 
DA{9 :4J ]+1-

08(9:1 J•l-
SYNCFLJJ+f.. 

HO+~ 

VTJ-4-1-
Ct.K•I- I 

6600 PROCRESSNE SCAN CAMERA 
MOOEl. 3000 

DIGITAL CO-NNECTOR ·SZGNAL. CESCRlPTlON 

CIG1TAL CONNECTOR SJGNAL DESCRJPTION 
I In I Out I Oesciotico 

r Output I Cll A Dab bil:: 9 ltlrnuqh a. L vos (Low Volbg<~ Citfereneial s;g~J 
~. ~~- c#tfb a ;lied .:e 1 eslai:sle 8!2 srt "p4ie~t e eJid 2 

:.. ~Q :cQ-= -iQ~iA:8e~~ eit · 
Cutout ' Ch 8 dat:a bio 9 throu<;n o (like c;:, A). 
Ot.1put May· be hardware configured a:; erttler c:omposde sync at F'leki. 

Sbndard <::lmer:l:S c::;nfiqured ~ F"reld. .. 
OtJtout Horizont:U Sync 
Outtlut v ertlc::Jl SVt1C 
OtJt:Jut f Ptxe4 O:Jc:X 

,411 outputs are L VCS differential. Optionally, c:Jmera.s· may tie c:::nti~ured fer RS-42:2. Rs- · 
422 uses more power and requir-....s shorter cables (1 o·- 1s· vs. 40'- so·}. However; Rs-
422 can drjve TTt rec:!iver.:; in singfe end~ systems. 
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Continuous Operation · 
• Frame TUTling ·Analog 60 fps 
• Frame liming • A11alog 30 tps 
• Frame Timing • Digital 60 fps 
• Frame Timing .. Digib130 fps 

A.sync Reset .. Oonpls~ 
• Trigger 'liming • 60 & 30 fps 
• Vtdeo Ttming .. 50 rps · 
• Vtdeo Ttming .. 30 fp:s 

Integration 
• Prog~mr:ned Integration 
· ~ External Integration 

6600 PROGRESSIVE SCAN 
TIMING DIAGRAM INDEX 

7/22198 

External Sync (~enlock & Direct Reset) ·Trigger rtmlng 
• Analog ·Vertical Sync (Odd Fiefd liming} 
• Analog .. Vertical Sync: (Even Field Timing) 
• Analog .. Horizcntal Sync Tming 

Direct Reset· Vertical & Horizontal 
• Vertical Trigger Central· Vertical & Horizontal Modes 
• Vettic31 & Horizontal Trigger Control· Hori;ontaJ Made
• vtdeo Taming ·Analog & Digital 
• F"teld Steering 

Miscellaneous 
• Pixel Jimin9 
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A n.~oj V; d E:..e') 

Dual Channel • fnterfac~d McdF! ··C. o'"' ~ .. ~._o...,J ( G c -t=' e ~) 
Fr.Jme1 Fl.lme 2 

------------~-------------~-----------~----------~ 
Qed rie!d - C~arnel A 

S5~ 

~ E·1en Field· C~annei 3 

Analcg fJd . j 
VTceo B J::j~fTTTiT1.l.l.Ll. I 11 J ll I I J I I I I I I I J 

0 :: "' 

WEN 

I 1 % l 4 ' 8 7 5 9 10 t1 1~ ll 1-4 :s fS !'~ 14 I' =:1[:1 :Z :J 
I 

u 

Ccd Fieid • C:"1::mne4 a 

u ... . 
, ~. 6c6 ~s ----:{ 
I . I 
• Sens« Oead T.m~ , 
~. CCo.·Ngt Strc:be) -:-)j 

Sincfe Channel .. Progressive Scan Mcd~ 
- - X 

VrdeoA 

WEN 

I I I J I 
~ ~ t 2 3 " 5 t 1 s s to n 12 u ,,. 15 ,. 11 11f1s :a 11 z: Zl ~ z:s :s :t a :s lilt : :~ ;t ~ 
~ ~ . : 

--1r-------------------~ ~~1: ·- 948 J.IS ---311~ ~--- Se1sor Cead r..,. ':} 
J (Do Net SWO.) ---~ 

F• 11~V~0tj T. • •gure . 1deo Frame 1m1ngs 
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Digital Video - Duel Channel (60 fps)- Continuous 

VD 

~~;~--+1-----r}------~r-
~-- ccd field .. fr.Jme n ----*.:------ even field .. fr.Jme n• f --~>1 

FLO 
l( 

DA [9:0J 

I< 
OS [9:0] JffiNl@ 

' f. ' 

~-- even field .. fr.Jme n --~'-:--· -- cdd tfeld .. frlme n•1 >l 

l QOOJ~Jfi!IDNI l ; O[J~Gl~r;lf¥1 

r !": -- Frame n ------=~--- Frame n+1 
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~i9ital Video.- Si_ng/e Channel (30 fps).- Continuous 

VD L ' ---,.fl--.---' 
HD. 
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lnterlace<1 Mode 
(Dual Channel) 

'liEN 

Video A 

· Progressive Scan 

\t1ceo 8 

Asynd,rcncus 
Reset 

rn 

Mode · VVEN Out 
(Single Channel) 

Video A&· 8 
Out 

rrr _______ _ l/,..._1_)) )J 

1.--sr.uner ---1 
!1 u 

4 r- 64J.1!1 

l J l I 112 JJ4JSI6l7 

-4 ~~ps 

/1/2/Jj4/5/SJ7/~ l I I I I jfl I I J 

NOTE: In dual channel mode channel A always has the odd field and 
channel 8 al\vays has the even field 
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(A) SHUTTER TJMJNGS 

Shutter Speed Time 

1110,000 0.1 ms (1 00 JJS) 
1/4,000 · 0.250 ms (250 JIS) 
112000 0.500 ms (500 JIS) 
1/1000 1 ms 
1/500 2ms 
11250 4ms 



WEN&VD 

HD 

DA [9:0J 

08{9:0J 

Video A l 

Video 8 

Async Reset- Donpisha 

Video en: Stn.c Timing - 60 fps 

--u } 

I I I 
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 WEN&VD --u 
HD 

DA 

Video A 

Async Reset.- Donpisha 

Video end S) nc Timing - 30 fps 
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6600-1000 CAMERA ANALOG OUTPUT 

Progr.Jmmed lntegr:~dcn. {Mode3 4, 11, & 1 S) 

Video 

 WEN 

NOTE.; WEN timing is tt.e same as for "e video 

Figure 17. Programmed Integration 
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ANALOG OUTPUT 6600·1 000 CAMERA 

External Integration (Modes 5, 12. & 19) 

WEN 

~ ® 
>f 

l©r-- - r 

VtOEO f (i) Q) I® r;1 (i) I <D 

t Dual Channel Singfel Channel 
Wavefcml Mode Mode 

@HTSG (Active .. low) 17 ms, min ·34 ms, min 

~HTSG (Off .. High) 17 ms. min · 34 ms, min. 

© RTSG ~ Video Delay 0-17 ms 0-34ms 
. .. .. . .... 

NOTES;· 

1. fn dual channel mode, field selection is arbitrary. Use the 
sync Uming of channel A to determine fiefd/channel 
orientation 

2. Frame type CD should be ignored. It contains normal «:.D~"·~"'s 
video (no shutter mode) ·  

3. Frame type (2.) should be ignored. It contains sync with 
no video 

4. Frame type @·is the integrated video frame. It •FFeac;,.. 'CotS ,:....s 
at the vertical interval following the rise of ~ 

F1~ure 18. External Integration Wavefonns 

>f 
L_
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ANALOG OUTPUT 

E.<tem;:Jl Sync Timing 
lntert.lo:d • Cdd FieJd- V~r'Jc.::ll Sync 

VT 

i 2!-i ; 
~(12.:~)~ 

------.'min 

HTI Ill I lllllll 

V>deo n I II Ill I I I I I I I I I I I I I 
1 2 J "' 5 5 7 8 9 10 

E.:rtMnal S:f"G Timirq 
ln!Drlaeztd • EV1!'n FJIJid • V~ Syt1e 

i 2H ; 
~{1Z:iJ:s)~ 

• min • 
 ----..... , gir-,~-(;(-;((-((X_,<_;<,-,\-~/-(~(-> 

HT'Illlll 'IIlli 

Video rn II ill! II I II IIIli I I I 
1 z 3 -4 5 8 7 8 9 10 

Hori;:ontal Sync 

Hori=ontal Trigger 

CJ-tu.-+. ~ r ") ( ...._, ....... 1 

t~xxxxxxxxxxxxxxx 
(Hi) 

Vtdeo (Tmage) 

~ 1.J lA'~ +- •.: lA' ~ . . 
: !oE-- ._j ~ ~ 
: • ~S\f"C~) , 

;; ~~, ) 

Fiaure 1_6. VertjcaJ Trigge~, Horizontal Trigger, and Genlock. 
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Direct Reset .. Vertical & Horizontal M • de...!> 

vr I I 

VIDEO CD 
f 

L_ Dual Ch 16.7 ms _ __.,:..-
f Single Ch JJA ms 

VD I I 

Dual c;:,annel 16.~ 
Single Otar.nef J.J.4 ~ 'I 

<D 

HD n IIIIIIIIIJIIIIIIIIIIIIIIII!II!IIIllllllllll n 111111 . 

G) Rest 

~ Saturated Video and Shutter lntef'WI . . . 
@ Vi~eo Frame 

 NOTE: Horizontal Asynch Reset requires HT. 
Verti'cal Asynch Reset does not. 
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VT 

HO f 2 J iRJSlJSlJl[j;.u 11fciJO[j1:j.Ji?l0"1AF!PtFU~:ct..0LSIF:LSU"1u~ 
vo 

FLO -----..j 

Video A I I U II II /Ill II II 1111111 I I I I J I I I I I l~l·~Th 
Video 

8 I I I i J 1111/llllll/11111 J I I I I I I I I I I r-·~r~":r~·j~} I 
OA [9:0J "d rgj R d: § 

06 [S:OJ lz1 r;J f51 f31 Gel[{;§§ 

VD 

. FW ________ ~---

Video A I I II i IIIII I I I I i 111111 I I l I l l I I I I I n~~~rsrr!rr- ,-
Video 

8 I I 11111111 I 1111111111 I I. l I I l I I I I dl1~ry~~~)~~~} r 
DA (9:0J _____________ _.t.f2J-=.:..z J...;..0u...::@.J..!.f8l.:::.!..!a f1o1.:.:.!1o ..!.::f13:!.!JdJ~~;:;:~" ~fm,___....·-

DB {9:0J -------------...t..:GJ:.u..fil:..u3 @~s .L.!.[!jJJ..:[iJ~@!.!.t.11 ~~I.J-1fiJ~f$llil-·--- ... ..... 
-·----------------------~--
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..... • 
~ ' 

HT t-iD 

HD +FF

.Vf 

·Field 

VT 

·Field 

Field Steering - 60 fps- Direct Reset 

·even 

· Field steering is aa:omplisheq by triggering VT i'J-phase with HO.

~c..+ . HT.' In order fD phase align VT and HO, HO must be ali9RstEI wflh • .. ~ . 

It VT goes low wntle HO ~e~ Jcwt the camera is steered to ~ odd ffeld (Chanr:tel A).. 
II • ............ - • ~•· 

Note: VT and HT can be tied together ID steer to an odd field. 
~To steer to an ewn fteld. VT mtzsti:§~ between HO sync. pulses. 

Jt no HT is applied, HO will free run, -. .... c~ ..Cic.ld. d.i-c.c.i-\~ -.,;u be. • 
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• . 

PIXEL TIMING 

CtK+I-{t.VOSJ ~
• 

PIX Ct.K (TTl.} 

't 
I 

CIG vro {lVOS) · c' X X 
CA (9:0+1-J 08 {9:0+1-j -. ..:.:--,;..• -', l--___ _...._ 

• -:,J tiE- 0 .. 20 ,.. 
I I e • 
• 
' ANAlOG VlOEO :x X 

I I 

~ fiE-0·20ns .. 
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Flanges. 

4-1/2" 0.0. Flanges 

~efer to Drawings and Photos on opposite page 

ORDERING INFOR~1A TlON 

Ffange Cescrfption 

Rotatable 
4·11i' Nom. 0.0. 

Rotatable--Tapped 
4·1/2" Nom. 0.0. 

Reference 

F..tSCCCOR 
F45C150R 
F4502CGR 
F450250R 

F-t.SCCOORT 
F450150RT 
F4502GORT 
F450250RT 

PJrt Nom 
Number J.D. 

100018 Blank 
10C019 1·1/2 
10G020 2 
1000:!1 2·1/2 

12C018 Elar.k 
12C019 1·!/2 
120020 2 
120021 2·1/2 

4-1/2"0.0. Flange Assembly Hard~1are 

Co01:er Viton HexHd 12·Pt Hd Gasket Gasket Sci~ 8cii:J 

ORDERING INFORMATION 

Assembly Hardware Oescr!ptfon 
Reference 

·Gaskets: OFHC Copper · 
GK·250 Vi ton 
GK·250V 

Bolts: Hex Head Sets; 1:n IJl 

for Thru Hole Flanges BA-200 
for Tapped Flanges SA-125 

12-Point Dodecagon Head Sets; (:'1 

for Thru Hole Fianges . BA-200-12 
for Tapped Flanges BA-125-12 
Silver Plated for Thru Here Ranges BA-200-12-SP 
Silver Plated fer Tapped Flanges 8A·125-12-SP 

5/16 .. Box Wrench, 12-Pt Hd. Bolts Box'Nrench 
Plate Nut Sets; 

16 Plate Nuts. 32 Hex BoltS/Washers BA-200-PN 
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Figure 

Ill 
I 'I 
IV 
IV 

Ill 
IV 
IV 
IV 

Part 
Number 

191009 
191010 

190007 
190003 

190045 
190044 
190063 
19oosa 
540001 

190096 

Dei•Seaf 
Metal Seac Ft..,~e · · 

Pfe:Jse order by P:ut Number 

I. C. Wt Unit 
A 8 L!:3 Price 

3 $55 
1.375 1.510 2·1/2 S55 
1.875 2.010 2 S'"'-~0 

2.375 2.510 2 $55 

3 sas· 
1 . .375 1.5 iO 2·112 $65 
1.875 2.010 2 $65 
2.375 2.510 2 $65 

Oei•Sea/ 
Me1:11 So~al Flange 

~ 
~ 

Plate r(!j/l!lli;; Flar.t;!l 
Nut:J Cover 

Please order f:Jy P3rt Number 

Wt c:y f'~r • Pkg 

Thread/Lgth Lbs Pkg Price 

n.a. li2 10 $25 
n.a. 1/4 1 $14 

5/15-24 X 2" 2 25 S22 
S/15-24 X 1-1/4" 2 25 $14 

$35 5/15-24 X 2• 2 25 
S/15-24x 1-1/4" 2 25 $29 

S/16-24 x z· 2 25 $41 
$41 5/16-24 X 1·1/4" 2 25 
$12 n.a. 1/4 1 

S/16-24 X 2• 2 16132 $50 
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Cl1 -= ::J -
::J -

I.. U ,_,,- lJ U ~ ~ U 1 ,j I ~ ~ 1 f/ U 

24 or 96 Lines, 5 V/TTL 
--------·--·----.···-· -·~ --- ............ - . -

N15503, Nl~507, ~1 6~03 
Nl ~5QJ ·.~,-·:·-_: ~· ~: Dri'lf!r :tlf~·,~~~r'! 
.;J(;..;,SJJ .. ·-··· 
:.~cr:...:r~·::c.,:., 
~ c:<:-;·t 'v. · ••• 
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?<:·:jC-1-J ._.:~ . . · -~ '·: · 
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·-;.-:;. ~r~ -:-::::::. 
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.':1 ;:a~: 

Jut 

.. ......... -
:Jf::. 

,~'<~':?~:. 

!J~3. ~~ 

Over;iew 

Hartiwara 

' .. 

01-:lt;t 

::n L:.111 

.. ]5 

3:!:35 ?Jr.l!le! ?ort lnte~.Jc~s 

DigitJil/0 P~wer-Up StJta St!!ec!!cn 

::::::::~:~ 

Ycu cJn ;:ewer ~P :re =c:~3C2 . . 7 C ::c-:-~ ~: ::c-~( •. 1.\; .. .::scs. ,,r~c: 
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Oigit::ill/0 Cannec!ar 
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Block 

I 

1 

! 
l 

'Rf/0 

LII~II.UI IJU 

Accessories and Cables 
RTSI Bus Cables t~ce l=ifJIJ(~ ,,, 
U<:e l?T~J C.1CICS CO CO,,CCt ttmt,IJ ·1nd :1f,CZ,rr.,rz~1trcn :Jt;,.cll~ ,tm~g Mt:J~t.Jrt:me,r. Vi~IC,. MCCtcn. 

,,,.,I v'N dc."'tCCS. For sym:ms u:z,q IC,rJ ,,,d ~nr.n ctco,rc:~. crt:cr cne e.,rcnded llT$1 C~1Cl«:. 

! t1c.•,rces .......... · ............................................................................................................... 776:!·J?~2 
j t.!t..•IIC::S .......................................................................................................................... 7762·•?..)) 

.; CC"IIC(!S .......................................................................................................................... 776241-1)4 

S de'JtCes .......................................................................................................................... 7762-Jq~S 
e.~ccr.c:ect. 5 de'llces ......................................................................................................... 777So2~Js 

Shielded Cables 
Sr.53-63·01 {:e~ Figure I 21 
~. -~e-::t68<er.auc:er C.JCie ccrmrr.acc~ 'NrCh :'NO rJa·j:rn re~.,re o.C~i) ~e~e!: C-\'Jf:t! ccr.r.t!'::cr-: fer t..;!:~ 
..,..,t;, •'JI uSJx dt.•,ices. 

I m ...................................................................................................... : ............................. ISJ4J2.iJI 

.Zm ................................................................................................................................... ISJ4J2-<J2 

SHS0-50 ~~eo! Figure I JJ 
Sl'1•eC:ed 50-<:cr.c:ucer CJCle mac cer.n~ cc ,J i'C:l~SOJ cr F(·ClC·Z·f de-tic:: ar.d rcrmrnaces wima SO· 
prn ccnr.e-::er. '01e kic inC:udc:: cne :nied~ ocre. a 3 in. n::::cn cJCie fer c:enr.~trcn :lt:.'Ctl:rlicy. ar.d 
re;:!.3c:m~c crJc.~e~ fer !egJc; 50-pn CIO c:eo"c~ 

~ .n ................................................................................................................................... 7i7i10~1 

= 1n ..................................................................................................................................... 77i720~JZ 

SH100·100-r {s~ Figure r -+/ 

Shielded IOO<cnducrcr caole cnac ccnne~:.: co ?Ci-65Zi. P~l-6527. ?Cl-CI0-'16. PXI·.JSCS. cr 

~CPJd-6SCS Jnd cermrnJce:: 'Nict'1 a I CO-pin o.aso ~erres c~;!=e c::nr.e-::er !1'1.:JC acr.Jc.t;e: C:ire-=!y co 
l CO.,:in ac:c:sseries. 

2m .................................................................................................................................... 'asoqs..;z 

PSimSS~-01 for DAQCartf~S33 {s~ Figure ISJ 

Shie~~ cae1e rae for use in ccnr.edng ttte CACCard~S33 co ca.pn accessories. TI1e Jcic ccnt4litlS r:t:e 

PSHR6d-6SM. r:t:e PCMCA Sa-ain-t'<eief rdc!J:re: ar.d a I m SH60..ja.D 1 ct:le. 

I m -·-·····-·······-······-··········; ............................................................................................ 777420-0 I 

PSHR&S..S8M for DAQCanf~533 rs~ Figure 16J 

Shiefded cat:fe rcr use in ccnnec::ing ct:e 0ACCard~S33 wicn c..~srcm cables. cr other 68-pin catle 
auemtties. 

I m ............................................................................................................................ ISJSo9.QI 

~ri27-5CF-D1 for DAQCard·DI0-24 (s~ Fi~re r 7} 

Shiec:ed cable tt-.ac c:cmec: cc a OACCan::-CIO.Z4 ar.d is te:"rr.ir.ac~ with a SO-pin female ccmec:cr 
1t1at atracr~es dredy co SQ.pn acc:~es. 

O.S m.-.............................. : .........•..•...•........••...•.....• - ..................................................... 776989~1<5 
I m .................................................................................................................................... 776989-QI 
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Figure t 2. SH68-68·0 I 

Shielded Clale 

.,.~. ;............~~-, r ..... -· h. . '• ............. ~ v,'· . 
. .\ :... 

! ·~ '-'·~~ 
·~ 4.'~ "' ,y 

Figure 13. SHS0.50 Shielded Colcte 

Figure J4. SHI 00-t 00·; 

Shielded Cable 

Figure 1 S. PSHR6S.Oa.o f 

Shielded Cable KiC 

Figure 16. PSHR68-0SM 

·Shielded Cable 

figure 17. PSH27-SOF-Dt 

 Shielded Cable 



Appendix C 

On transition radiation 

A. HlroM •nd J. Wlaluirt 

Abstract: The problem of trlnSition radiation hu been revilitod in termJ of reflection and 
tnnsmiuion of the radiation ma;nctic field based on Fresnel's formula. In corurut to the 
prediction made a half century qo, transition radiation does not wniah in tho direction 
perpendicular to the charpd particle trajectory (8 · • tr /2). 

PACS No.: 42.20 

997 

1Utu•6: Nous reetudiona la radiation de tranaition en nous basant sur la reftexion ct de 
transmiaion du champ mapetique de radiation donne par la formule de Fresnel. Contrutant 
avec la prCdiction faitc il y a un demi siecle, ici la radiation de tranaition ne diaparatt pu danlla 
direction perpendieulaire lla trajectoire de la particule ~eo (9 • 1r /2). 
[Tnduit par la ridaction) 

Transition radiation occurs when a clwae crosses a boundary of dielectric media. No acceleration 
is required, nor ia it ncceaary for the cbarae to move faster tJlan the speed of light as in Chonmkov 
radiation. In this respect, tranaition radiation is perhaps the leut demandina radiation proceu.lladiation 
emitted from a cbarae comin& to rest at a conductor surface is an ·extreme case of transition radiation 
with an infinite permittivity, and may be reaarded as the inverse process of radiation ac:companyiDg fJ 
decay. 

In the orilinal and subsequent work [1-4], the well-known formula for radiation intensity in a 
vacuwn region bad been derived in the case of a cbarae bcin& incident and normal to a dielectric 
surface, 

d/ (t~~, 8) 1 e2 /J2 ( (Br - 1) cos8 sin 8(1 - p2 + tJ.J Br - sin2 8) . )
1 

dO = 4Kfo 21rlc (1 - p2 cosl8)(s, cos 9 + J e, -sin lfJ)(l + pJ 1, -sin l(J) (
1
) 

where -oo < (J) < oo, fJ = vIc, e, = s 1 so ii the relative permittivity and 8 is the polar qle measured 
from the axis defined by the particle trajectory. As will be shown in detail later, the intensity is baaed 
on the followina radiation mapctic field: 

H. ( ) ev U:r ( 1 r m 1 + r 1D ) • (J 
•

1 r,w:: 4n-cre l+/Jcos9 + l-/Jcos9- e,(l+fJJs,-sin2fJ) am 
(2) 

where 

(3) 

Received April 19, 2000. Accepted November 10, 2000. Published OD the NR.C Rneucb Preu Web lite on 
December 19,2000. 

A. BlroM and J. Wlabart. Department of Physics and EnJinoerinl Physica, University of Saskatchewan. 116 
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F'Ja. 1. Charae approachina a conductor plate comn to rest at the surface. 

e 

conductor 
-{3 

-e image 

is Fresnel's magnetic reftection coefficient at the dielectric boundary. The first two tenus on the riaht
hand side of(2) can be clearly interpreted in terms of(a) direct contribution from the cbarle approachina 
the dielectric boundary and (b) reftection thereof at the boundary. Tbttlaat term is the contribution from 
the charge .after havina pasaed. the boundary, and should involve the tnuwniaaion of the ~on mas
netic field from tho dielectric to the vacuum. Since, as is well-known.lnapetic tnmamiuion coefftcient 
ftom a vacuum to a dielectric is 1 + r m. tranamiaaion from dielectric to vacuum is 1 - r m• and the last 
torm in (2) does not appear to be COtTeCt even qualitatively. In this note, trariaition radiation is revisited 
to rectify the inconsistency in the original formulation. 

For tho purpose ofiUustratiDa the metbodolo8)', we first consider a simple caao: a clwao ~ approach
ing a conductin& plato normally at a velocity ~ - v 1 c (> O)aa shown in Fia. 1. A ccmductina plate is 
mathematically equivalent to an idnitely permittivo dielectric plate. An imaa• clwp ·.'!"""• movina in 
the opposite direction in the conductina plate can be introduced so that. the curreQt density is 

J,(,, t) = -ev [&(.t + vt) + 8(.t- vt)]&(x)l(y), -oo < t < 0 (4) 

where at t == 0 (or .t == 0) the particle is brought to rest. Its Laplace u;anafonn is 
0 . 

J,(,,w) == 1 J,(,,t)e1011 dt 
-oo 

= -~ exp { -i ~ l.tl) 8(x)8(y) (S) 

Let the obaervin& point be at P located at (r, 6). (The system is symmetric about tho axis and thus the 
azimuthal angle 4> can be ianorec1) The vector potential at P can be calculated in tho usual manner, 

A,(,, w) -= !!:!! J J,(r', w) el.tJr-r'l dV' ::::: . ..!:!:!.. o~/cr ·/· · · .. Jr.(,',w) e-l•·r' d V' 
411' I, - r'l 411'r 

= .:.. :; 01/cr fooo [ exp { -i~.t') 0 -ll:z'coe9 + exp ( -i~.t') oll:z'coafi] d.t' 

_ 1 11-o~fJ ll:r 1 ( 1 . 1 ) % > 0 
411' r e i 1 + 1J coa 8 + 1 - ~ ~ 8 ' (

6
) 

C2000 NRC Cauda 
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Hirose and Wishart 

and the mapetic field ftom 

Bq;(r, w) =::: -ilcAz sin 6 

.. -J.LofJ e11'' ( 
1 +. 1 ) sin 6 

4nr 1 + fJ cos6 1 - fJ cos6 

The angular distribution of radiation energy is thus given by 

dl(w) 
CiO :a 

t 2 I 12 ln r CJ.Lo Hq;(r, w) 

= e'lp2
cJ.Lo ( 1 + 1 )

2 
• 2 6 

32n 3 1 + fJ cos6 1 - fJ cos6 sm 

1 e'lv2 sin2 6 
= 4neo 2n2c3 (1 - p2 cosl 6)2' -oo < w < oo 

Integration over the solid angle in the region z > 0 (0 < 6 < n /2) yields 

1 e2 ( 1 + p2 
1 + fJ ) l(w) = ---- ---In--- 2 

4neo nc fJ 1 - fJ ' 
O<w<oo 

999 

(7) 

(8) 

(9) 

Evidently, the radiation energy J0
00 I (w) dw diverges. This is due to the assumption of a perfect con

ductor. In practice, metals cannot be regarded as a perfect conductor. The condition that the surface 
impedance of metal 

Z=J -1~1-'0 
a- IWBO 

(10) 

be sufficiently small compared with the free space impedance Zo =- .../ IJ.of eo, which is the condition 
for the applicability of the image method, imposes an upper limit on the frequency, weo « a and a 
cutoff emerges in the integral fo~ I(w)dw. 

The factor 

1 1 ----+----1 + fJcos8 1- fJcos6 
(11) 

in (7) may be interpreted as follows. The first tenn is due to a sudden deceleration of the cJwae at the 
boundary of the conductor, while the second term is due to sudden deceleration of the imaae char&e in 
the direction o~ite to the real char;e. It is additive because the sip of the product of the acceleration 
and the charge is the same for both the real cbarae and its image, ae =- (-a)(-e). It should be noted 
that the radiation intensity remains finite at 6 = n/2 (in the direction alona the conductor's aurface). 

We now ~yze the case of a semi-infinite dielectric slab having a relative permittivity Br - B I eo. 
In this case, the particle continues to travel after passing the boundary and the current density is · 

J,(r, t) = --v8(x)8(y)8(.t + vt), -oo < t < oo (12) 

Its Laplace transform is 

J,(r, w) = -ev8(x)8(y) e-l~z (13) 

The contribution to the radiation fields ftom the reaion z > 0 consists of two parts, one directly from the 

02000 NRC Canada 
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e 

£=1 

cbarae (as in tiM apace) and the other via reflection at the dielecuic boundary. DenotiDa the mapctic 
reflection coefllcient by r 111 in Premel'a formulae. 

(14) 

where 

Zo- ·/Fi, Zt- .{ii:O '180 ' '/7 
8 and 9' are the incident and refracted anatea aatiafyin& Snell's law, 

sin8 ~ ·. 
-.- - . - - ..,fi; am8' .. so · 

and foUowma the aame·ptOCedure as in~~ case.oftbo cOiacluctorPiato, we find 

ev . J!r ( 1 . . . . . . .· rIll )·· .· ·.. ·~ 
H•t(r,Q)):::: ~· · .. · 1 +!Jcoa8.'.+ 1 ~·fJcoa8 lin9, ·.·~>0 (15) 

Fremel's fonnula ia applicable becauao tho lnapotic fields are .U1aJiaoiltiat to tho bouDdary, namoiy, 
H• only. . . . . •··· ... . . .. ·. . .·· . .·.·.. . . 

Tho contribution fiom the reJion ~- < 0 involves reba!Oil·M' die -tioundary, and thus tdditioual 
retardation becauae of the lons.erpath leqth.ID Fia. 2, forz:· < 0~ we;~ 

I== r + r tan8"sin8, 
l'- _ __r_ __ 
sin 8' COiJl' 
. iiftiii - ...;s; 

z' < 0 
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and thus 

kl + ...f;kl' == kr- kzJ~- sin~8 (16) 

Then the contribution from the region z < 0 to the intearaJ becomes 

•v 1- rm lit: 
Hq,2(r, cu) == --- e r sin8 

4:trcr 1 + {J../sr- ain28 
(17) 

Hq,2 is negative relative to H•• because it is due to the sudden acceleration of the cllarKo in the dielectric 
medium at z = -0. Note that the factor 1 - r m here indicates the relative fleld amplitude transmitted 
from the dielectric into vacuum since the magnetic !'C'ftection coefficient r m changes ita sign relative to 
the case of the field incident to the dielectric, r m _.. - r m· The total magnetic field is Hq,1 + Hq,2, and 
the angular distribution of the radiation eneqy is given by 

2 -~ . 
dl (cu, 8) r CJJ-o IH ( )l2 _ J.£0 ~vl. A2 •. 28 · 

dSl == 2:tr "' r ,cu - 32:trlc sm (18) 

where 

A 
1 rm 1- rm == + - ----;:====::::;;::::: 

1 + fJcos8 1- {Jcos8 1 +.IJ../sr- sinl8 
(19) 

with 

1- rm == 2../sr- sin
2

8 
Br COS 8 + J Br - sin2 8 

In the case of an ideal conductor Br -. oo, r m == 1; we recover 

d/((11, 8) 1 r{J2 ( sine ) 2 

dQ == 4:trEo 211"2c 1 - tJ2 coal 8 
-oo < cu < oo 

When Br == 1, it follows rm == 0, and thus A== 0, IUld'tbo m.diation evidently disappears as expected. 
Equation (19) is the main result of the present investipdon~ It differs from the followina conventional 

form [1-J] on which the well-known radiation intenai~ in (1) is based, 

A'== 1 + rm 
1+{Jcos8 1-fJcos8 

where 

1
. r . 2s,cos8 
+ ~---------~====~= 

Br COS 8 + J Br - sin2 (J 

The difference between (19) and (20) is sipificant although (20) also reduces to 

A' == 1 + 1 
if Br __,. 00 

1 + 1Jcos6 1- {Jcos8 

and 

A'-. 0 if. Br == 1 
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The angular distribution of the radiation intensity based on the magnetic field in this study, (19), ia 

d!(cu,8) 1 e'lp2 • 2 ' 
_.;......;.__:_ = ---- sm 8 

dO 47r ~o 21r 2c 

X 
( 

(er - 1) cos 8(1 - 132 + p.J Br - sini 8) + (1 - p2 cos2 8)(cos 8 - J er - sini 8))
2 

(21) 
( 1 - 132 cos2 8)(er cos 8 + J er - sin 28)( 1 + /JJ Br - sin 28) 

while the well known, conventional form (1-4] based on (20) is 

dl (cu,.,8) 1 e2 /32 ( (er - 1) cos 8 sin 8(1 - p2 + pJ Er - sin2 8) )
2 

dO = 47r ~o 21r 2
C ( 1 - pl cos2 8)(er cos 8 + J Br - sin 28)( 1 + /JJ er - sin 28) (

22
) 

where in both (21) and (22), -oo < cu < oo. Equation (22) is also cited in a more recent book by 
Ginzburg and Tsytovich [S]; however, it cannot be recovered from the field they obtained (see eq. 
(2.45 /) on p. 30 of ref. 5) 

A"= 1 + rm 
l+fJcos8 1-fJcos8 

It (23) 
FrO+ pJ 8r- sin2 8) 

where It is the transmission coefficient for waves emerging from the dielectric slab to the vacuum, 

2er.J Br - sin2 8 
~~ ·~ 

ercos8 + Jer- sin28 

which, according to Ginzburg and Tsytovich, can be obtained from t2 in (2.45d) of ref. S through 
substitution e1 !::t e2. It is easily seen that 

It - ~ .Ji;(l- rm) 
~ 
that is, the tenns of the transmitted magnetic field from the dielectric to the vacuum in ref. S and present 
investigation differ by a constant factor Fr· 

Inappropriateness of the formulation by Ginzburg and Tsytovich [S] can be readily seen in the limit 
of er ~ oo. In this limit, retlection at the bOundary is complete (r m ~ 1) and the case of the perfect 
conductor should be recovered. When e, ~ oo, the last tenn in (19) vanishes correctly but that in 
(23) does not. It should be noted, however, that both 1 - rm (derived in the present work) and tt are 
proportional to a common factor, J er - sinl 8, (in fact, the last terms in (19) and (23) differ by a constant 
factor ..,jBr) and the inappropriateness of employing 1 + r m (which is proportional toe, cos8) as done 
in the original formulation [1-4] for the mode component emerging from the dielectric slab appears to 
have been noted by Ginzburg and Tsytovich. However, the radiation intensity remained uncorrected in 
ref. S for some reason. 

In a more recent monograph, Jackson [6] made an approximate analysis of transition radiation. The 
radiation field obtained by Jackson does ilot appear to vanish at 8 ~ 1r /2. i.e., along the dielectric 
boundary. This feature is consistent with the results of the present investiption, see (21), while the 
formulation by Ginzburg and Frank in (22) predicts universally vanishing radiation along 8 ~ 1r /2. 

In summary, transition radiation emitted by charged particles normally passing through a vacuum
dielectric boundary has been reanalyzed in terms of magnetic reflection and transmission coefficients. It 
appears the original formulation for transition radiation [1-4] was in error and a corm:t expression for 
radiation intensity has been derived. In a more recent book [S], Ginzburg and Tsytovich almost reached 
correct formulation for the radiation magnetic field. Unfortunately, the case of an ideal conductor cannot 
be universally recovered from it and the original (incorrect) radiation intensity was still cited. 

C2000 NRC Canada 

211 



Hirose and Wishart 1003 

Aoknowleclgmenta 

We thank the anonymous referees for pointina out re£ S. This work has been sponsored by the 
Natural Sciences and Enaineerina Research Council of Canada. 

Refereno-
1. V.L. Ginzbura and I.M. Prank. Zh. Eksp. Teor. Fiz. 16, l S (1946). 
2. I.M. Frank. Uap. Fiz. Nauk. 87, 189 (1965). 
3. V.E. Pafomov. Radioftzika. 5, 48S (1962). 
4. L. Wartsld. Ph.D. thesis, L'Universite Paris, Centre D'Orsay. 1976. 
S. V.L. Ginzbura and V.N. Taytovich. Transition radiation and transition scatterina. Adam Hilaer, Bristol. 

1990. 
6. J.D. Jackson. Classical electrodynamics. 3rd ed. Wiley, New York. 1999. p. 646. 

 C2000 NllCCaaada 

212 



Appendix D 

Foil Thickness 

The resistance parameter is given by, 

v 
R=

I ' 
(D.l) 

where Vis the voltage across the foil material and I is the current. The current is 

also given by, 

I= 1 ·A, (D.2) 

where 1 is the current density and A is the cross-sectional area over which the current 

runs, and is equivalent to the product of the width w times the thickness t. Now, 1 is 

related to the electric field E by, 

1=a·E, (D.3) 

where a is the conductivity (at zero frequency) of the medium, and was given in 

section 2.3 to be 3.57x107.Q-1m-1
• The electric field is related to the voltage, 

v 
E=

L' 
(D.4) 

where L is the length between anode and cathode, or in this case the length of the 

aluminized Mylar strip. Substituting equations (D.l)-(D.3) into equation (D.4) gives 

an expression for the thickness of the strip, 

L 
t=--

O"·R·w 
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Electron Energy Loss Through Each Foi I 

The stopping power has been calculated for both materials, using the stopping power 

values from the data table (taken from reference [36]) included below, for the 

energies of the LTB and BTS transfer lines, namely 250MeV and 2.9GeV. The 

densities used in the following calculations are: Paluminum=2.70g/cm3 and 

PMyiar= 1.4g/cm3
• The energy loss is given by, 

Energy Loss= (Stopping Power)· (Thickness)· (Density). (D.6) 

At 250MeV, the stopping power for aluminum is 1.17xl01MeV·cm2/g, and since the 

thickness of the aluminum for each foil can conceivably vary from 25 to 45nm, the 

maximum energy loss occurs at 45nm thickness, for an energy loss of 1.42xl0-4MeV 

through the aluminum. At the same energy, the stopping power of Mylar is 

7.90MeV·cm2/g, and the thickness of the Mylar is the 6J..tm overall thickness of the 

sheet subtracted by the thickness of the aluminum, or 5.96J..tm. The energy loss 

through the Mylar is then 6.5xl0-3MeV. The total energy loss through a single TR 

foil at 250MeV is therefore 6.7xl0-3MeV. This value is only 0.003% of the total 

beam energy and so the loss has been deemed negligible. 

The energy of the BTS transfer line, 2.9GeV, is beyond that given by the data of 

tables D.l and D.2. Therefore, the stopping power values must be extrapolated, and 

it can be done approximately from Figures 16a and 16b. At 2.9GeV, the stopping 

power for aluminum is extrapolated from Figure 16a to be 102MeV·cm2/g, and so the 

energy loss is 1.2lxl0-3MeV through the aluminum. At the same energy, the 
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stopping power of Mylar is extrapolated from Figure 16b to be 70MeV·cm2/g, and so 

the energy loss through the Mylar is then 5.8xl0-2MeV. The total energy loss 

through a single TR foil at 2.9GeV is therefore 6.0xl0-2MeV. This value is only 

0.002% of the total beam energy and has thus been deemed negligible. 
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T bl D 1 AI a e . umtnum stopp1n2 powers as a f f I unction o e ectron ener2y 
Electron Energy Stopping Power Electron Energy Stopping Power 

(MeV) (MeV·cm2/g) (MeV) (MeV·cm2/g) 
0.00 1.65xl01 4.50 1.66 

1.25x10-2 1.40x101 5.00 1.69 
1.50x10-2 1.22xl01 5.50 1.72 
l.75x10-2 1.09xl01 6.00 1.74 
2.00x10·2 9.85 7.00 1.79 
2.50x10"2 8.35 8.00 1.83 
3.00x10-2 7.29 9.00 1.88 
3.50xlo-2 6.52 l.OOx101 1.92 
4.00xl0"2 5.92 l.25x101 2.03 
4.50x1o-2 5.44 1.50xl01 2.13 
5.00xlo-2 5.05 l.75x101 2.24 
5.50x1o-2 4.72 2.00xl01 2.34 
6.00x1o·2 4.45 2.50x101 2.54 
1.00x1o·2 4.01 3.00x101 2.75 
8.00xl0-2 3.67 3.50x101 2.95 
9.00x10"2 3.40 4.00x101 3.15 
l.OOx10-1 3.19 4.50x101 3.35 
1.25xto·1 2.79 5.00x101 3.55 
1.50x1o·' 2.52 5.50x101 3.75 
l.75xl0-1 2.33 6.00xl01 3.95 
2.00x1o· 1 2.18 7.00x101 4.35 
2.50x10"1 1.98 8.00x101 4.76 
3.00x10-1 1.85 9.00x101 5.16 
3.50xlo·' 1.76 l.OOx102 5.56 
4.00x10"1 1.69 l.25x102 6.57 
4.50x10"1 1.64 1.50x102 7.58 
5.00xlo-1 1.60 1.75x102 8.60 
5.50x10"1 1.58 2.00x102 9.61 
6.00x10"1 1.55 2.50xl02 1.17x101 

7.00x1o- 1 1.52 3.00x102 1.37x101 

8.00x10"1 1.50 3.50x102 1.57x101 

9.00x10-1 1.49 4.00xl02 1.78x101 

1.00 1.49 4.50x102 1.98x101 

1.25 1.48 5.00xl02 2.19x101 

1.50 1.49 5.50x102 2.39xl01 

1.75 1.50 6.00xl02 2.60x101 

2.00 1.52 7.00xl02 3.01x101 

2.50 1.55 8.00x102 3.42x101 

3.00 1.58 9.00x102 3.83x101 

3.50 1.61 l.OOx103 4.24x101 

4.00 1.64 

Source: ECSED, 2001. 
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T bl D 2M I t f a e . LyJ ar s op :nng powers as a function o electron ener2y 
Electron Energy Stopping Power Electron Energy Stopping Power 

(MeV) (MeV·cm2/g) (MeV) (MeV ·cm2/g) 
0.00 2.0lxl01 4.50 1.81 

l.25xl0"2 l.76xl01 5.00 1.83 
l.50xl0"2 1.53x101 5.50 1.85 
l.75x10"2 1.36x101 6.00 1.86 
2.00x10"2 l.23x101 7.00 1.90 
2.50x10"2 l.03xl01 8.00 1.93 
3.00x10"2 8.98 9.00 1.96 
3~50x10"2 8.00 l.OOx101 1.99 
4.00xl0"2 7.24 l.25x101 2.07 
4.50x10"2 6.64 l.50xl01 2.14 
5.00xl0"2 6.15 l.75xl01 2.20 
5.50x10"2 5.74 2.00xl01 2.27 
6.00x10"2 5.40 2.50x101 2.40 
7.00x10"2 4.85 3.00x101 2.52 
8.00x10"2 4.43 3.50x101 2.65 
9.00x10"2 4.10 4.00x101 2.77 
l.OOx10"1 3.84 4.50x101 2.89 
l.25x10"1 3.35 5.00x101 3.02 
1.50x10"1 3.02 5.50x101 3.14 
l.75xto·1 2.78 6.00x101 3.26 
2.00x10" 1 2.61 7.00x101 3.50 
2.50x10"1 2.36 8.00xl01 3.75 
3.00x10"1 2.20 9.00x101 3.99 
3.50x10"1 2.09 l.OOxl02 4.24 
4.00x10"1 2.01 l.25x102 4.84 
4.50x10"1 1.94 1.50x102 5.45 
5.00x10"1 1.90 1.75x102 6.07 
5.50x10"1 1.86 2.00x102 6.68 
6.00x10"1 183 2.50x102 7.90 
7.00xl0"1 1.78 3.00xl02 9.13 
8.00x10" 1 1.76 3.50x102 1.04xl01 

9.00x10"1 1.74 4.00xl02 1.16xl01 

1.00 1.72 4.50x102 1.28xl01 

1.25 1.71 5.00x102 1.41xl01 

1.50 1.70 5.50x102 1.53x101 

1.75 1.70 6.00x102 1.65xl01 

2.00 1.71 7.00xl02 1.90x101 

2.50 1.73 8.00xl02 2.15xl01 

3.00 1.75 9.00xl02 2.39xl01 

3.50 1.77 1.00xl03 2.64xl01 

4.00 1.79 

Source: ECSED, 2001. 
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Magnification Calculations 

The achromat lenses are thick lenses, so the thin lens approximation is not 

appropriate. The thick lens formula is given by, 

1 1 1 
-+-=

' f' s s 
(D.7) 

where s is the distance of the object to the 1st Principal Axis (PA) of the lens, and 

s' is the distance from the 2nd PA of the lens to the image, andfis the focal length. 

The Edmund Industrial Optics catalogue, reference [37], provides the following 

schematic of a single achromat lens, shown in Figure D.1 below. 

Figure D.l. Schematic diagram of a single achromat lens 
Source: Edmund Industrial Optics, 2000. 

The catalogue also provides the various distances shown in the above figure. For the 

achromat pair chosen, the following values are given. 

Lens 1: EFL=30mm; BFL=22.23 mm; 

Lens 2: EFL=50 mm; BFL=43.53 mm; 

Distance between inside edge of 1st lens to inside edge of 2nd lens (d): 1.565 mm; 
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The distance from the center of the TR foil to the outside edge of the 1st lens for the 

prototype experiment was determined from physical measurements and examination 

of the prototype design drawings of Appendix A to be 149.9mm. The distance from 

beam center to 1st PAis therefore s=149.9mm + (EFLt-BFLt) =157.7mm. 

Putting this value for s into equation (D.7) for f=30 gives an image distance of 

37 .05mm from the 2nd P A of the 1st lens. This image now becomes the object for the 

second lens. The distance between the 2nd P A of the 1st lens and the 1st P A of the 2nd 

lens is, 

L=d+(EF£. -BFL.)+(EFL2 -BFL2 ~ (D.8) 

This distance is calculated to be 15.805mm. Therefore the distance of the object to 

the 1st PA of the 2nd lens is S2= 15.805mm- 37.05mm = -21.24mm (i.e., the object is 

virtual). Putting this value for s2 in to equation (D.7) for !2 = 50mm gives a final 

image distance of 14.91mm from the 2nd PA of the 2nd lens. The distance from the 

2nd PA of the 2nd lens to edge of the lens housing is (from the drawings of Appendix 

A) 9 .9mm. Therefore, the distance from the edge of the lens housing to the point of 

best focus is the difference between these last values, or S.Omm. The distance from 

the edge of the lens mount to the edge of the threads of the camera is 8.5mm, and the 

distance from the threads to the CCD sensor is 6.223mm. Therefore, the distance 

from the sensor to the point of best focus is 9.7mm. 

The magnification of the image is calculated from the multiplication of the 

magnification from the individual lenses, given by, 
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(0.9) 

for a value of -0.165. 

The edge radiation image magnification is found in the same manner. The only 

difference is the object distance from the 1st PA of the 1st lens, which is, at 

I 

minimum, 1157.7mm. The value of s1 is then 30.8mm, s2 is now -15.0mm, and 

I 

s2 is now 11.53mm. The distance from the point of best focus to the CCD sensor is 

now 13.1 mm. The magnification is calculated to be -0.020. 

If the distance of the edge radiation source is assumed to be at infinity, the 

magnification can reach a minimum of -0.0078 and the maximum distance from the 

CCD sensor to the point of best focus is 13.6mm. With these values, it can be seen 

why the edge radiation should not affect the OTR image noticeably. 
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Pneumatic Cylinder Air Consumption 

The cylinder diameter (2rp) is 32mm, and the stroke of the piston in the cylinder (h) 

is 42mm for the particular selection of pneumatic valve. The diameter of the piston 

rod (rr) is 16mm. 

The volume above the piston is given by, 

2 2 
V = 1trP h -1trr h, (D.7) 

for a total of 2.5x10-5 m3 or 9.0x104 fe. The volume below the piston is given by, 

2 
V = 1trP h, (D.8) 

for a value of 3.4x10-5m3 or 1.19xl0-3fe. For the piston to extend and retract once 

each, an amount of air volume equivalent to the sum of the two above volumes must 

be added, for a total volume of air of 2.1xl0-3fe. Assuming that both will occur 

only once in a minute, the maximum air consumption per TRM will be 2.1x10-3cfm. 
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