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Abstract 

Experimental Measurement of the 4-D Transverse Phase Space Map 

of a Heavy Ion Beam 

Harvey S. Hopkins 

Doctor of Philosophy in Engineering-Nuclear Engineering 

University of California at Berkeley 

Professor Edward C. Morse, Chair 

The development and employment of a new diagnostic instrument for characterizing 

intense, heavy ion beams is reported on. This instrument, the “Gated Beam Imager” 

or “GBI” was designed for use on Lawrence Livermore National Laboratory Heavy 

Ion Fusion Project’s “Small Recirculator” , an integrated, scaled physics experiment 

and engineering development project for studying the transport and control of intense 

heavy ion beams as inertial fusion drivers in the production of electric power. The 

GBI allows rapid measurement and calculation of a heavy ion beam’s characteristics 

to include all the first and second moments of the transverse phase space distribution, 

transverse emittance, envelope parameters and beam centroid. The GBI, with ap- 

propriate gating produces a time history of the beam resulting in a 4-D phase-space 

and time “map” of the beam. A unique capability of the GBI over existing diagnostic 

instruments is its ability to measure the “cross” moments between the two transverse 

orthogonal directions. Non-zero “cross” moments in the alternating gradient lattice 

of the Small Recirculator are indicative of focusing element rotational misalignments 
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contributing to beam emittance growth. This emittance growth, while having the 

same effect on the ability to focus a beam as emittance growth caused by non-linear 

effects, is in principle removable by an appropriate number of focusing elements. 

The instrument uses the pepperpot method of introducing a plate with many pinholes 

into the beam and observing the images of the resulting beamlets as they interact 

with a detector after an appropriate drift distance. In order to produce adequate 

optical signal and repeatability, the detector was chosen to be a microchannel plate 

(MCP) with a phosphor readout screen. The heavy ions in the pepperpot beamlets 

are stopped in the MCP’s thin front metal anode and the resulting secondary electron 

signal is amplified and proximity-focused onto the phosphor while maintaining the - 

spatial and intensity characteristics of the heavy ion beamlets. The MCP used in 

this manner is a sensitive, accurate, and long-lasting detector, resistant against signal 

degradation experienced by previous methods of intense heavy ion beam detection 

and imaging. The performance of the GBI was benchmarked against existing mechan- 

ical emittance diagnostics and the results of sophisticated beam transport numerical 

simulation codes to demonstrate its usefulness as a diagnostic tool. 

A method of beam correction to remove the effects of quadrupole focusing element 

rotational misalignments is proposed using data obtainable from a GBI. An optimizing 

code was written to determine the parameters of the correction system elements based 

on input from the GBI. The results of this code for the Small Recirculator beam are 

reported on. 

Professor Edward C. Morse 
Dissertation Commit tee Chair 
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Chapter 1 

Introduction 

The international search for a viable technology to employ in electric power gener- 

ation from controlled fusion includes the United States' Inertial Confinement Fusion 

(ICF) Program. Large glass lasers including NOVA and the National Ignition Facility 

(NIF) at the Lawrence Livermore National Laboratory (LLNL) are being operated or 

built as research tools for achieving ignition and gain in a fusion target.' Success in 

achieving ignition is a major hurdle to a practical, economical, and environmentally 

attractive source of electric power. The National Ignition Facility, using lasers as a 

driver, will demonstrate ignition and the response of target chamber materials to the 

fusion environment, as well as contributing to national security as part of the U.S. 
Department of Energy's Stockpile Stewardship Program. 

A nominal 1000 MWe inertial fusion energy (IFE) power plant requires a high 

repetition rate and high driver efficiency for economic power production.' In the 

US. ,  several driver options are being studied to obtain the desired characteristics of 

high pulse rate, efficiency, reliability, and low cost. These options include the diode- 

pumped solid state laser, light ion accelerator, and a heavy ion accelerator based on 

induction accelerator te~hnology.~ The heavy ion driver research is centered at LLNL 

and Lawrence Berkeley National Laboratory. The major issues being studied at these 

sites, using theoretical and computational methods, and experiments, include ion 

source design and performance, beam transport, beam acceleration and control, final 
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Figure 1.1: Concept~al view of an inertial fusion energy power p1ant.l 

focusing element design, target chamber beam transport, and fusion target design and 

performance. Additionally integrated power plant systems studies done to model the 

plant and driver design, construction, and operation are being carried out to estimate 

the per kilowatt-hour cost of electricity from an inertial fusion energy plant. 

Existing accelerators for high-energy physics research have had long lifetimes and 

high availability, and it is expected that IFE drivers could share these attributes. An 
induction accelerator in particular is efficient, can readily transport and amplify a 

high-current beam, and can easily meet the pulse rate requirement of 3-10 Hz needed 

for energy p r o d u c t i ~ n . ~  Conceptual designs for IFE power plants have been studied 

such as the artist's conception in Figure 1.1 and the HYLIFE I1 reactor chamber 

design. The HYLIFE I1 design addressed issues of how to convert the output of the 

target to a working fluid as well as alleviating material damage from intense neutron 

irradiation and other critical engineering issues.5 

The requirements for the driver are imposed by the fusion target design and to a 

lesser extent the geometry of the target chamber.s' Current work at LLNL has fo- 

cused on indirect drive targets in which a holraum with radiation converters encloses 

a deuterium-tritium pellet. The converters are illuminated by clusters of ion beams 

with a narrow cone angle. To achieve a gain of about 100 such a target is required to 
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receive about 5 MJ 
10 ns in duration.’ 

in incident ion beam energy 

For an ion mass of 100-200 
in a suitably shaped pulse of about 

amu the required energy per ion is 

of order 5 GeV based on radiation converter stopping range of R=.02-0.2 g/cm2.’ 

The use of heavy ions and their high individual energies allows a relatively low beam 

current (compared to light ion beams) and non-neutralized ballistic focusing of the 

beam across a 4-10 meter radius target chamber. The ability to focus to a nomi- 

nal 3 millimeter spot is governed by four major factors: beam space charge, beam 

emittance, transverse focusing field misalignments, and transverse focusing field aber- 

rations. Neglecting the effects of the other three factors an estimate of the maximum 

permissible beam emittance at the final focus lens can be made. Assuming 6 meters 

from the final focusing lens to the target and a 3 millimeter spot size on target, ions 

can be aimed with maximum convergence angle of 0.3 milliradians. This angle repre- 

sents the ratio between ion transverse energy and beam directed energy. For a 5 GeV 

beam, the transverse energy must remain less than 0.5 keV. The transverse emittance 

is the product of beam transverse dimension and velocity spread normalized to the 

beam’s directed velocity. Uncorrected optics are limited to a focusing angle of about 

15 milliradians and so for a 3 millimeter spot size, one obtains an emittance limit of 

45 mm-mr. 

Limiting the emittance growth from source to target of these heavy ion beams is 

a leading topic in the research and development of a heavy ion driver. Understanding 

the processes that cause emittance growth and developing the engineering to produce 

the necessary beam attributes in an economical way are of high priority. Theoreti- 

cal, computational, and experimental work are in progress at LLNL with assistance 

from LBNL in the building and operating of the Small Recirculator, an integrated, 

scaled driver physics experiment and engineering technology development p l a t f ~ r m . ~  

Characterizing its beam of singly-charged potassium ions is crucial to verifying its 

design operating specifications and benchmarking sophisticated numerical beam sim- 

ulation codes that will help design a full-scale power plant driver. For this purpose 

an improved emittance diagnostic, the Gated Beam Imager (GBI) was developed 

and fielded for this thesis to obtain information on the Small Recirculator beam not 
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previously available. 

A description of the Small Recirculator experiment and its technology is pre- 

sented in Chapter 2. Chapter 3 presents a review of intense ion beam transport 

issues relevant to the design and operation of the GBI. Chapter 4 explains the design 

methodology used for the GBI and data analysis algorithm. Chapter 5 presents the 

work conducted to select the ion detector used in the GBI, a description of the instru- 

ment, and its operation. As an application of the unique information available from 

the GBI, a beam correction system concept is proposed in Chapter 6. This correction 

system uses inputs from the GBI to remove the effects of random quadrupole focusing 

magnet rotation errors from a heavy ion driver beam. Chapter 7 presents the results 

of GBI measurements on the Small Recirculator beam using the prototype instru- 

ment developed for this thesis and validation by comparison with existing diagnostic 

instrumentation and code results. Also, experimental results relevant to the beam 

correction system are presented. 
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Chapter 2 

Small Recirculator Experiment Overview 

As achieving ignition and conducting an experimental program on the National 

Ignition Facility can address among many issues, fusion target physics, chamber 

materials issues, and give the necessary public awareness boost to inertial fusion 

energy research, LLNL is building a heavy ion recirculating induction accelerator 

(dubbed “Small Recirculator”) to study in a scaled manner the physics and engi- 

neering of producing, accelerating, transporting, and controlling an intense, space- 

charge-dominated heavy ion beam through multiple laps of a circular ac~elerator .~ 

The recirculating induction accelerator concept applied to a full-scale driver promises 

component construction cost reduction over a linear accelerator by re-using the same 

accelerating and focusing elements multiple times in a beam’s travel from source to 

target. The long path length available in a multi-lap recirculator lessens the required 

accelerating gradient through each induction cell allowing smaller (and presumably 

cheaper) components than those of a shorter path length “once-through” linear ac- 

celerator.’’ 

The Small Recirculator will be the first accelerator of its kind, and with multiple 

lap operation will explore the physics and engineering issues of beam control needed 

to economically build a driver-size machine. The repeated use of accelerator elements 

during beam acceleration and compression on multiple laps also requires new engi- 

neering development in areas of beam control, acceleration, and diagnostics.” These 

issues are being addressed in the Small Recirculator project with the goal of an in- 
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tegrated, scaled system to provide experience in all aspects that apply to building 

and operating a driver and to provide data to benchmark computer codes to aid in 

the design of a power plant size induction accelerator. To date, prior to multiple 

lap operation, the experiment has yielded valuable data on emittance growth, and 

beam control of intense heavy ion beams around bends. A summary of its design is 

in Table 2.2 at the end of this chapter on page 22 and drawings of its completed form 

are shown in Figures 2.1 and 2.2. 

M a g n e t i c  q u a d r u p o l e  Inse r t ion /Ex t rac t ion  
Modu la to r  * I 

Bending  d ipo le  

Figure 2.1: Final configuration of the Small Recirculator ring (source and matching 
section not pictured). 
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Matching section 

Source tank 

& 
quadrupoles . 

I nsertion/Extraction 

Figure 2.2: Final configuration schematic of the Small Recirculator ring 

2.1 Small Recirculator Description 

The Small Recirculator is being constructed on a “build and test” schedule allow- 

ing for component testing and beam experiments on that portion available at various 

milestones during construction. When completed, the machine will have a circumfer- 

ence of 14.4 m, beam pipe radius of 3.5 cm, two beam insertion/extraction sections, 

and an alternate-gradient focusing half-lattice period of 38 cm, allowing 40 half-lattice 

periods (populated by induction acceleration modules, electrostatic bending dipoles, 

and permanent magnet transverse focusing quadrup~les).’~ 

2.1.1 Full Ring Operation 

Full ring operation is expected to include the study of intense beam dynamics 

over 15 laps equating to a path length of about 216 meters. Sophisticated numerical 

modeling of the beam using LLNL’s WARP code predicts satisfactory beam trans- 
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port through the 15 laps.14 Data from the full ring operation as well as partial ring 

operation during construction will be used to validate the code's initial beam condi- 

tions that are assumed regarding the ion distribution and gage the design operation 

of the accelerator system. TO provide for the technology development needed for a 

full-scale recirculating ion driver in the areas of beam control, longitudinal confine- 

ment, induction modulator performance and energy recovery, and beam manipulation 

(insertionlextraction) with minimal emittance growth, the beam of singly-charged 

potassium ions will be acceIerated from 80 to 320 keV by 34 induction modules. The 

beam pulse, initially at a current of 2 mA, 4 ps in length and 1.1 cm average radius 

will be accelerated and longitudinally compressed over 15 laps resulting in a beam 

pulse with a current of 8 mA, 1 ps in length, and average radius of 1.3 cm. The 

initial phase advance of the betatron motion of the ions is ao=78' in the absence of 

space-charge and CY-= 16" in the presence of space-charge. At final beam energy, the 

phase advances will decrease to e o  = 45" and CJ = 12" per lattice period. 

scanner 

4 I 

0 1 2 3 4 5 meters 

Figure 2.3: Experimental configuration of the Small Recirculator during the initial 
deployment of the Gated Beam Imager 

2.1.2 Partial Ring Operation 

During the experiments carried out in support of this thesis the configuration of 

the Small Recirculator was that shown in Figure 2.3 with a 45" bend. Figure 2.4 
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3 meters 
I I I 

Figure 2.4: Experimental configuration of the Small Recirculator during the deploy- 
ment of the Gated Beam Imager at the end of the 90” bend. 

shows the Small Recirculator with a 90” bend installed. In this initial phase of 

construction and testing, several designs for the ion source pulser power supply were 

tested in order to obtain the desired beam ion extraction voltage waveform rising 

from 0 to SO keV in nominally 326 ns with a flattop, 4 ps long with less than 0.1% 

“ringing”, and a sharp cut-off at pulse end. Testing of beam transport through an 

electrostatic quadrupole matching section into a straight magnetic transport section 

was completed prior to bending the beam initially around a 45” bend in April 1997. 

Construction of a 90” bend in started in August 1997. Bending such an intense space- 

charge-dominated heavy ion beam around a curve while maintaining beam quality 

had never been accomplished before. Heavy ion beams are much more difficult to 

control than electron beams owing to their particle’s large mass (a factor of 7x107 for 
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potassium ions compared to electrons), requiring much larger applied fields and less 

room for error. Sophisticated particle-in-cell simulations, such as WARP, are required 

to accurately calculate the necessary fields and the shape of the elements that produce 

the fields such that higher order field components that produce emittance growth 

are minimized.15 The development of diagnostic instruments able to measure the 

subtle changes expected in the beam into and out of bends was a major effort at this 

stage of construction and testing. Development of the prototype GBI occurred over 

2; years using the heavy ion beam, first in the straight magnetic transport section 

and then at  the end of the 45" bend section. Its performance was compared with 

data from the mechanical 2-D emittance diagnostic known as "slit scanners" adapted 

from LBNL experiments to the Small Recirculator and to the moment and emittance 

calculations of the WARP code. For final testing, the Gated Beam Imager contained 

within a multi-instrument diagnostic chamber was placed at the end of the 45" bend 

section around which the 80 keV beam drifted without acceleration. These results 

are discussed in Chapter 7. 

2.1.3 Potassium Ion Source 

At the source end of the machine, ions are drawn from a diode source that delivers 

up to a 9 mA beam of singly-charged potassium ions (E(+) at 80 keV." The ion source 

tank is mounted above the source pulser power supply housed in a tank filled with 

diala oil to provide cooling to power supply components and to prevent high voltage 

breakdown between components.17 This allows a compact physical arrangement of the 

pulser circuitry but does cause a considerable effort in tuning the circuit to account 

for stray impedances that are caused by circuit geometry which become evident at 

the high voltages and frequency necessary to produce the desired waveform. 

The ion source is a one centimeter diameter zeolite cylinder coated with potassium. 

During operation the source is heated to approximately 1200°F by ohmic heating 

causing potassium ions to form a plasma just in front of its surface. The 80 keV 

extraction voltage waveform that forms the beam is applied to a graphite Pierce 
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electrode surrounding the source shown in Figure 2.5. The 80 keV potential is dropped 

across a gap to a plate held at ground potential with a one centimeter round aperature 

centered on the beamline. The shape of the Pierce electrode provides a small focusing 

effect on the plasma and the aperature limits the current into the Small Recirculator 

to 2 mA.16 The extraction voltage waveform has a design rise time of 326 ns which 

can be adjusted by an RC network in the power supply circuit shown in Figure 2.6. 

A nominal 4 ps long pulse is generated with its length determined by the receipt of 

a second timing signal from the accelerator control system which causes a spark gap 

to crowbar the remaining pulser energy to ground with a fall time of 326 ns. 

Figure 2.5: Pierce electrode (black) surrounding the potassium source (not visible) 
with power supply capacitors mounted on the periphery. The one centimeter diameter 
aperature to the matching section is to the left of the Pierce electrode 
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Figure 2.6: Source pulser power supply circuit in its oil tank below the ion source 
assembly. (Oil not present) 

2.1.4 Electrostatic Matching Section 

The one centimeter aperature passes the beam into the electrostatic matching sec- 

tion formerly used in LBNL’s Single Beam Transport Experiment shown in Figure 2.7. 
The matching section contains seven electrostatic quadrupoles. High voltages whose 

values are calculated using the WARP code are applied to the quadrupoles which 

“matches” the beam by inducing the proper focusing in one transverse direction (e.g., 

x or y, with z being the axial direction) while defocusing in the orthogonal trans- 

verse direction. The correct combination of voltages and quadrupole polarity creates 

a beam envelope oscillation that matches the beam envelope to the orientation and 

spacing of the alternating gradient focusing elements of the magnetic transport sec- 

tion of the Small Recirculator. A correct match results in a beam envelope that 

remains less than the beam pipe’s aperature dimension. Table 2.1 lists a typical set 



of electrostatic quadrupole voltages used during experiments to attain a matched 80 

keV beam. 

Figure 2.7: Electrostatic matching section. Cables supplying voltage to the electro- 
static quadrupoles enter on the left side and the oil tank housing the ion source pulser 
circuit is shown below the ion source assembly tank to the right. 

Faraday cup diagnostic instruments that measure total beam current as a function 

of time can be inserted into the matching section after electrostatic quadrupole num- 

bers two and seven. Two sets of mechanical slit scanners, which can measure beam 

emittance in the y (vertical) direction only, are located between quadrupoles two 

and three and between quadrupoles six and seven. A set of electrostatic steering 

quadrupoles for moving the beam a limited amount in the fs, y direction are located 

after quadrupoles four and five. 



Table 2.1: Electrostatic quadrupole voltages used to “match” the Small Recirculator 
80 keV beam to the magnetic transport section lattice. 

Quadrupole # Match Voltage (V) 
1 41975 
2 k3836 
3 A3085 
4 f1955 
5 f1840 
6 33655 
7 f1665 

2.1.5 Straight Magnetic Transport Section 

Following the matching section, during the straight magnetic transport experi- 

ments, were three magnetic transport sections, each 76.2 cm long, with two six-inch 

diagnostic or pumping ports and connections for capacitance probes (non-intercepting 

beam centroid diagnostics).’* The six-inch ports accepted a variety of diagnostic in- 

struments including a LLNL-designed mechanical slit scanner, a rotating wire scan- 

ner for beam envelope measurements, and test assemblies used for GBI development. 

Small one-inch ports were used to bring out capacitance probe signals, and to ac- 

commodate GBI detector power supply leads. Each straight section consisted of two 

alternating gradient (or FODO, short for mcusing/DefQcusing) half-lat tice periods 

with two permanent magnetic quadrupole focusing elements with pole tip fields of 

0.295 Tesla. Successive quadrupoles are aligned such that focusing in one transverse 

plane is followed by defocusing in the next quadrupole in the same plane. With a 

matched beam, the beam waist, (where both transverse radii of the beam are equal 

and the beam crossection is round), is at the center of the six-inch diagnostic ports. 

Figure 2.8 shows the three straight magnetic transport sections as configured during 

the experiments supporting this thesis. 



Figure 2.8: Small Recirculator straight magnetic transport section showing the 3 
six-inch diagnostic ports. 

2.1.6 Electrostatic Bending Section 

Figure 2.9 shows the 45" bend section that first accomplished the bending of an 

intense heavy ion beam with full beam transport.18 The FODO lattice of the straight 

transport continues in the bend with electrostatic dipole bending plates placed at the 

center point between successive magnetic quadrupoles. These plates are designed to 

bend the beam by 9" in each half-lattice period requiring 5 dipoles to bend the beam 

by 45". The nominal voltage to bend the beam 9" at 80 keV is $6570 V placed on 

the outer plate and -6570 V on the inner plate. The shape of the faces of the bending 

dipoles is slightly concave on the inner electrode and convex on the outer with "ridges" 

along the top and bottom edges. The shape, calculated using the WARP code was 

optimized to minimize the energy effect which shortens/lengthens the phase advance 



of particles not on the design orbit through the dipole and to minimize higher order 

field  component^.^^ 

Figure 2.9: Small Recirculator 45" bend section consisting of five half-lattice periods 
with electrostatic bending dipole plates. 

2.1.7 Multi-Instrument Diagnostic Tank 

No induction modulators were placed on the 45" bend section at this point of the 

build and test schedule. They were being developed and bench tested during this time 

period. As such, no acceleration of the beam was accomplished during this phase of 

Small Recirculator operation and the beam drifted from extraction to the end of the 

beamline after the 45" bend with no longitudinal confinement of beam ions. Mea- 

surement of the beam distribution's transverse moments was made at  the bearnline 

end in the multi-instrument diagnostic chamber I designed and built for acquiring 



data (Figure 2.10). The instruments contained in the chamber include a Faraday cup 

for measuring the total beam current, a mechanical slit scanner emittance diagnostic 

capable of 2-D phase space moment measurements, and the GBI diagnostic. This 

chamber will continue to be used at the end of the beamline as the Small Recircula- 

tor is built, eventually housing the final diagnostics following beam extraction after 

15 lap operation. 

Figure 2.10: Multi-instrument diagnostic chamber at the beamline end showing the 
GBI CCD camera, the slit scanners mounted vertically for y-emittance measurements, 
and the Faraday Cup sliding manipulator on the horizontal port. The two boxes 
contain the controls for, the GBI CCD camera. Slit scanner measurements of the 5 
emittance is accomplished by mounting the scanners horizontally on the chamber. 
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2.2 Beam Physics Scaling of the Small Recirculator 

That the Small Recirculator operate in the same beam physics regime as a full- 

scale driver is key to benchmarking the numerical simulation codes that will be used as 

aids to establish confidence in predicting the performance of a driver design. A LLNL 

design study conducted in 1991 proposed a “C-design” recirculator driver as an option 

for a full-scale IFE power plant.’’ A schematic is shown in Figure 2.11. Appropriate 

scaling of key parameters from the Low Energy Ring of the C-design driver size 

machine to the Small Recirculator was done to ensure the data generated in the 

Small Recirculator experiment would apply to a scaled-up machine.14 A comparison 

of the small recirculator to the C-design Low Energy Ring is shown in Table 2.3 at 

the end of this chapter on page 23. 

2.2.1 Physical Size Scaling 

Properly scaling the physical size of the Small Recirculator was the first con- 

sideration. The physical length of both the bending dipoles and focusing magnetic 

quadrupoles should be greater than 3 times the pipe radius or 1.5 times the aperture 

between the bending dipole ~ 1 a t e s . l ~  This condition ensures that the nonlinear fields 

associated with the finite length of the dipole and quadrupole are sufficiently small to 

minimize emittance growth. An additional length equal to the pipe radius is allotted 

on either end of each dipole and quadrupole yielding a ratio of L/rpipe which is nearly 

identical to that of the C-design Low Energy Ring. A second scaling consideration is 

that the ratio of the beam pipe radius to the maximum beam radius be greater than 

1.4.14 This rule of thumb gives adequate clearance to allow for beam motion within 

the beam pipe and ensures the image charge forces are unimportant. 



All 3 rings: 4 beams, 100 laps 
Target 
(10 GeV, 
10 ns) 

Reactor 
1 GWe 

Injector (3 MeV, 200p s) 

~ Low Energy Ring 
(3-50 MeV, 200-3Op s) 

Figure 2.11: “C-design” heavy ion driver schematic 

2.2.2 Maintaining Key Dimensionless Beam Physics Pa- 

rameters 

Maintaining the values of three dimensionless parameters which characterize the 

focusing, space-charge, and inertial forces, which must balance to maintain beam 

equilibrium, ensures that the beam physics regime of the Small Recirculator is the 

same as that of a full scale driver. The first parameter, the phase advance per lattice 
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period, oo is a measure of the strength of the focusing forces relative to an ion's 

inertia. A resultant focusing of the beam occurs in an alternating gradient focusing 

system as follows. The beam is focused in the plane of the largest transverse beam 

envelope size and at the same time defocused in the orthogonal transverse plane of 

smallest envelope size. This is accomplished with quadrupole magnet fields aligned 

to the J: - y plane. Since the quadrupolar focusing force is linearly proportional 

to distance from the beam pipe axis, the result is net focusing through a series of 

magnets with focus/defocus axes rotated 90" to one another. The ions at larger 

envelope dimension from the axis receive a greater inward focusing force than the 

outward defocusing force applied to  the outer ions at  smaller envelope dimension in 

the orthogonal plane. When the beam centroid is displaced from the axis it oscillates 

harmonically in the focusing field and the change in phase per lattice period is the 

phase advance, go. Experimental studies on Lawrence Berkeley National Laboratory's 

Single Beam Transport Experiment (SBTE) showed that beam instabilities formed 

at oo greater than 80" which provides a constraint for both the driver and Small 

Recirculator." 

The beam perveance, K is the second dimensionless constant and is a measure of 

the space-charge forces relative to inertial forces. The expression for beam perveance 

is:" 

where q is the charge state of beam ions, e is the proton charge, mo is the beam ion 

mass in atomic mass units, y is the Lorentz factor, Pc is the ion velocity, Io is the 

beam current, and €0 is he permittivity of free space. Scaling for the same perveance, 

(n = - lW4) as that in the C-Design Low Energy Ring is accomplished in the 
Small Recirculator by lowering the current, ion mass, and ion velocity appropriately. 

The third dimensionless parameter is the depressed phase advance, o. In intense 

ion beams, the externally-applied focusing forces are countered by the outward force 

generated by space-charge and random ion thermal motion. The random ion thermal 

motion results in a thermal force and is characterized by the emittance. In space- 
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charge-dominated ion beams of high line-charge density, the space-charge forces nearly 

equal the applied focusing forces. The emittance force makes up the difference. An 

off-axis beam particle performs quasi-harmonic oscillations in the combined eiternal 

focusing and internal space-charge fields. The period of oscillation decreases as space- 

charge forces approach the focusing forces. The ratio a/ao must be << 1 for a driver.14 

The ratio for the Small Recirculator varies from 0.21 at 80 keVto 0.27 at 320 keV. 

Therefore, as the key dimensionless numbers are maintained in the scaling from a 

driver to the Small Recirculator, verification of the Small Recirculator’s design per- 

formance will result in increased confidence in modeling a driver’s performance. This 

along with the technology developed to successfully transport and control the beam 

through multiple laps will pave the way to scaling up the design to that required for a 

full-scale driver capable of economically delivering ion beams to a reactor chamber( s) 

many times a second. 
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Table 2.2: Small Recirculator design parameters.13 

Ion mass (amu) 
Total flattop charge (C) 
Number of laps 
Physical quad occupancy fraction 
Physical dipole occupancy fraction 
Pipe radius/max beam radius (x, y)  
Pipe radius (cm) 
Circumference (m) 
Half-lattice period (cm) 
Half-lattice period/pipe radius 
Quad physical length/pipe radius 
Bend physical length/pipe radius 
Number of half-lattice periods 
Residence time (ms) 

Beam energy (keV) 
Flattop pulse duration (ps) 
Normalized emittance (mm-mr) 
Transverse temperature (eV) 
Quadrupole field (T) 
Dipole electrode voltage ( i k V )  

go (quadrupole only) (") 
goz  (")? goy (") 

gx,g?J ("1 
(flz / Coz) / g o y  1 
Beam velocity/c ( p )  
Flattop bunch length (m) 
Perveance 
Peak current (mA) 
Line charge (pC/m) 
Modulator Repetition rate (kHz) 
Beam radius in x (mean,max) (cm) 
Beam radius in y (mean,max) (cm) 
Number of betatron oscillations per lap in z,y 
Ear rise or fall time/flattop time 

39 
8~10-~ 
15 
0.307 
0.291 
2.349, 2.348 
3.493 
14.4 
36 
10.308 
3.164 
2.996 
40 
0.229 
Initial 
80 
4 
0.1 
0.739 
0.295 
6.789 
78, 78 
72 
15.95, 15.96 
0.205, 0.205 

2.517 

2 

43.69 
1.11, 1.422 
1.11, 1.421 

0.1 

2.1 10-3 

3.57 10-4 

3.6 10-3 

4.333, 4.333 

Sv/v from spatial compression 1.89 10-2 9.45 10-3 
Sv/v  from ears 6.73 10-4 4.7 x 10-4 
Centroid offset from compression (cm) 0.231 0.354 
Centroid offset from ears (cm) 0.008 0.018 

Final 
320 
1 
0.2 
1.478 
0.295 
27.155 

34.201 
11.55, 11.55 
0.259, 0.259 

1.258 

8 

87.38 
1.304, 1.487 
1.305, 1.488 
2.475, 2.475 
0.1 

44.554, 44.554 

4.2 10-3 

1.79 10-4 

7.21 x 10-3 
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Table 2.3: Comparison between the Small Recirculator and C-design Low Energy 
Ring (LER) parameters." 

Small Recirculator C-design LER 
General 
Ion energy (MeV) 
Pulse Duration (p) 
Circumference (m) 
Current per beam (mA) 
No. of Beams 
No. of laps 
Beampipe radius (cm) 
Lattice half-period (cm) 
Vacuum (torr) 
Induction modules 

0.08-0.32 
4- 1 
14 
2-8 
1 
15 
3.5 
36 
1x10-8 

3-50 
200-30 
700 
500-3300 
4 
100 
7.8 
85 
5 x  

Inner radius (m) 0.163 0.313 
Outer radius (m) 0.211 0.455 
Length (cm) 
No. of cores 
Cell voltage (kV) 
Bends 
Effective length (cm) 
No. of bends 40 2680 
Maximum field 910 kv m-l 0.90 T 
Q u ad r u p ol es 
Length (effective length) (cm) 10 (10) 47 (23) 
No. of quads 40 3139 
Maximum quad field (T) - 0.3 
Dimensionless parameters 

8.5 40.3 
34 785 
0.50 0.60 

13 15 

2.0 

Phase advance, 00 (degrees) 75-44 80-20 
+o 0.20-0.27 0.06-0.09 
Perveance, K (4.0-2.0) x lo-* (9 .0-0 .9)~10-~  
Tune, u 4.3-2.5 92-22 
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Chapter 3 

Heavy Ion Beam Transport 

The production, acceleration, and transport of high-quality intense heavy ion 

beams for use as drivers for inertial fusion energy is one of the key issues in deter- 

mining the feasibility of the energy source.6 The specifications for the ion beams 

are determined by target physics considerations. Recent simulations using the code 

“LASNEX” have shown that to ignite one class of indirect-drive target tailored to 

heavy ions, the ions need to have an energy of about 4 GeV, a total beam energy 

of 5.8 MJ, and a spot size on target of about a few millimeters.’ The ions must be 

extracted from an ion source and manipulated within the driver in order to  produce 

the desired beam spot size and energy deposition rate at the target. One key aspect 

of this process is the drift of the beam from the final focus lens across the target 

chamber to the target, a distance of about 4 meters. In a HYLIFE 11-type IFE power 

plant the target chamber is necessarily large to provide a lower neutron fluence at the 

chamber first wall for materials damage limitations and to accommodate adequate 

liquid coolant/shielding within the reactor ~ h a m b e r . ~  This large target chamber drift 

distance with no confining fields (except perhaps that of partial neutralization from 

the beam passing through chamber background gas) places a considerable constraint 

on the final focus lens. Among the detrimental processes during the chamber drift 

is the defocusing effect of the beam ions’ random transverse thermal motion charac- 

terized by the beam transverse emittance. To account for this, a driver will have a 

transverse emittance specification at the final focus to ensure the required spot size 
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on target is achieved. Measuring the emittance at the final focus and most likely at 

various locations along the beamline will be needed to ensure that this specification 

is met. 

3.1 Origin of Beam Emittance 

At the ion source, the extracted ions have an intrinsic thermal velocity spread 

which remains present in the beam from the source to target. This spread is present 

in both magnitude and direction of the extracted ions. During beam extraction, 

acceleration, and final focus, the velocity vector of each ion is changed under the in- 

fluence of the applied electromagnetic fields of transverse focusing elements, the axial 

accelerating fields of induction modules, and by beam internal space-charge forces. 

In fact, the existence of a beam and not a bunch of randomly moving ions is owed 

to the induced directed motion of the ions along the accelerator swamping this ran- 

dom component. Despite focusing and acceleration of a beam, the intrinsic random 

ion velocity component remains and cannot be removed (except by cooling, generally 

deemed impractical in a driver). This is a consequence of Liouville’s Theorem stating 

the volume of a particle ensemble in phase space cannot be reduced. The random 

component of an ion’s velocity vector in a laboratory beam will vary considerably 

from the ideal thermal limit due to nonlinear focusing forces (unavoidable with prac- 

tical focusing fields), and instabilities in the beam particle distribution (available free 

energy converted to random ion motion). Sophisticated modeling of the ion beam us- 

ing the WARP code has shown that transitions between straight and curved sections 

of an accelerator are a major cause of emittance growth.” Controlling this growth 

is dependent on the accelerator design and performance, and is a major goal of the 

Small Recirculator project .20 

In a conceptual six-dimensional Euclidean phase space, combining configuration 

space (z, y, 2) and canonical momentum space ( p z ,  py, p z ) ,  a beam ion is represented 

by a point and all the points occupy a volume. This 6-D phase space can be reduced 

to a 4 - 0  transverse phase space of (z,z‘,y,y’) whose volume is conserved with the 
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assumption of no coupling between the transverse (z, y) and the axial ( z )  motions of 

the particles as the beam travels through the accelerator. The canonical momenta 

are replaced by their corresponding transverse angles, x’ = d x / d z ,  and, y’ = dy/dz .  

Also, assuming a system of non-interacting particles, the movement of the beam ions 

is associated with the equivalent motion of points in phase space. Assuming no ions 

are lost from the beam, the number of points in phase space and the occupied volume 

is constant. The projections of the 4-D volume onto the two 2-D, x and y phase spaces 

results in two areas that are conserved if there is no coupling between the z and y 

motions of the ions. Figure 3.1 is a 2-D visualization of the 4-D phase space and the 

two 2-D projections. The assumption of no coupling between the orthogonal motions 

of the ions in a laboratory beam is most likely a weak one. Experimental detection 

of the loss of directed energy from the z direction to the z - y direction by making 

measurements on the z direction energy is unlikely. More feasible is the measurement 

of the longitudinal directed energy coupling by measuring the amount gained in the 

transverse directions. This coupling can be observed by detecting an increase in 

the emittance in the transverse directions. Direct detection of coupling between the 

transverse directions is more likely as the magnitude of any energy transfer would be 

a much greater relative percentage of the total transverse energy. 

3.2 Small Recirculator Beam Transport 

Nominally? the Small Recirculator beam consists of a distribution of 5 ~ 1 0 ~ ’  ions 

which are initially extracted from the ion source with an energy of 80 keV. Unless 

accelerated by induction modules this beam “drifts” through the lattice of focusing 

and bending elements of the machine. The Small Recirculator lattice is a periodic 

focusing system with two planes of symmetry (z - z and y - z ) .  In the laboratory, x 

is horizontal, y is vertical, and z is along the beamline which curves to the left around 

the bend. The paraxial motion of beam particles in the lattice (neglecting bending 
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4-D beam distribution 
projection into the x-x’ plane f(x,x’,y,y’) 

X 

Y 

Figure 3.1: Representation of the beam’s 4-D transverse phase space volume and the 
2-D projections into the IZ: and y planes. 

and space-charge forces for now) is described by two equations: 

where k,(z) and k,(z) are the periodic focusing functions and satisfy the periodicity 

relation k ( z  -l- L )  = k(z) where L is the length of one lattice period, 76.2 cm. 

Similarly, two sets of equations are necessary to describe the ion trajectories in the 

two planes of symmetry with space-charge taken into account now. These two sets 

of equations are coupled through the beam space-charge terms. Letting X ( z )  denote 

the z-envelope and Y ( z )  denote the y-envelope, the ellipse describing the transverse 

beam boundary obeys the equation 

X 2  Y 2  - + - = I  
x2 Y2 



and the charge density is defined by 

X 2  Y 2  
p(z )  = { p 0  f o r  -+ - < x2 Y2 - , 0 f o r  

I 
where 

n v X ( z ) Y (  2) Po = P O ( 4  = 

X 2  Y2 -+ -> l .  
x2 Y2 

is constant inside the beam at a given position z, (x, y varying) but is a function of z. 

The electric field for this charge distribution calculated from Poisson’s Equation is: 

I X E, - 
7rEOV X ( X  + Y) 

I Y 
- T€OV Y(X + Y) E -- 

The ion trajectory equations including space-charge are: 

2 K  

X ( X  + Y f  = O7 z”(z) + I C z ( Z ) X  - 

( 3 - 5 )  

where K is the beam perveance defined in Equation 2.1. These equations are linear 

in x and y,  but are coupled through the space-charge terms which can be determined 

from the corresponding beam envelope equations.21 The trajectory equation solutions 

can be represented in phase-amplitude form: 

where A,, A,, dZ, and qjy depend on the initial conditions ( x ~ $ )  and   yo,^;) and 

remain constant throughout the motion. The terms, w,(z), and oy(z) give the am- 

plitude dependence on z as the beam is transported through the alternate gradient 

focusing lattice. Differentiating x ( z )  and y(z) with respect to z gives 
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Eliminating $ and 4 using the identity cos*(?,h + 4) + sin2($ + 4) = 1 yields the 

equation of the 2-D phase space trajectories of an ion.22 

j x 2  + 2iixx' + a x f 2  = AZ2 

These are equations of ellipses whose shape and orientation are determined by the 

amplitude factor, A, and coefficients ?, &, and which are determined by w(z ) ,  and 

w' [z ) .  All ions in the beam with the same amplitude factor but differing 4 lie on 

the same ellipse. Ions with different amplitude factors lie on other ellipses scaled in 

size but similar in shape. The relationship between the coefficients and the ellipse 

dimensions are shown in Figure 3.2. For the 2 - x' plane, and similarly for the y - y' 

plane,the area of the largest ellipse is & = T E ,  where E ,  is the beam emittance in 

the x direction. Therefore, the equation of the largest ellipse can be written as 

? x 2  + 2&xx' + Bx" = E ;  (3.12) 

Figure 3.2: Relationship between 
dimensions. 

X' 

/' 

phase space ellipse coefficients and the ellipse 
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As the beam drifts through the Small Recirculator lattice the emittance would be 

constant if the external focusing and bending fields and the space-charge fields were 

linear.23 With acceleration, the emittance decreases since 2' = dz/dz ,  but the normal- 

ized emittance remains constant as it includes factors which account for the increase 

in ion velocity. A discussion of the use of different emittance definitions follows later in 

this chapter. The only ion distribution that results in linear space-charge fields is the 

Kapchinsky-Vladimirski (K-V) distribution of the form f(x, d, y, y') = FoS(F- F,)." 
The point representation of this distribution is that all the points in a 4-D phase space 

representing ions lie on the surface of the 4-D hyperellipsoid of Figure 3.1. The projec- 

tion of the hyperellipsoid onto the 2-D phase spaces results in ellipses with a uniform 

charge density. 

A fundamental question of beam theory is to find equilibrium states where the ion 

distribution remains stationary (Le., does not change with distance along the accel- 

erator). Vlasov theory is a tool used in the absence of collisions to find equilibrium 

states. A stationary distribution represents a state of minimum total energy. A beam 

with higher total energy contains free energy which is available to be converted into 

random ion energy, thus increasing the emittance of the beam. This conversion is 

brought about by collisional processes, instabilities, and non-constant space-charge 

distributions and nonlinear focusing fields.25 

Analytical techniques using the Vlasov equation to understand the stationary state 

or the evolution of a non-stationary state are useful only in axisymmetric cases and 

in the case of the K-V distribution.26 Computational particle simulations must be 

used for other distributions such as the constant density with a semi-gaussian spread 

in ion velocities used to initialize WARP sir nu la ti on^.^^ The initial magnitudes of the 

velocity spreads are, to date, only estimates in the code. A result of code simulations 

has been to show that the transverse emittance growth of a Small Recirculator beam 

as a result of the insertion/extraction into the ring is very sensitive to the magni- 

tude of the axial velocity ('u.) spread. Determining the proper spread by comparing 

experimental measurements to the code is of vital importance to code validation. 
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The results of the analytical analysis of the K-V distribution can be used on 

unknown (laboratory) distributions, which are likely not K-V, using the concept of 

“equivalent 27 Treating the laboratory beam as an equivalent K-V beam 

has yielded valuable tools for characterizing accelerator performance and as a tool for 

designing and predicting accelerator performance. 

3.3 Moment Description of the Ion Beam 

Sophisticated heavy ion beam simulation codes, such as LLNL’s WARP, model 

the evolution of the beam distribution through a model recirculator using macro- 

particles, each representing a large number of ions.” Choosing the appropriate pa- 

rameters to use as code benchmarks involves surveying what can be measured in an 

experiment. The desirable (and reasonable) measurements include ion energy, beam 

envelope parameters, and transverse phase space first and second moments. These 

can be compared directly with code results or figures of merit such as the beam trans- 

verse emittance in the x and y directions. Relating the beam’s representation in the 

conceptual 4-D phase space as a hyperellipsoid to its moments is seen with a matrix 

representation in Figure 3.1.28 In this context, 0 is not the beam phase advance, 

but the hyperellipsoid’s sigma matrix. The difference between uses of the notation is 

apparent in context. 

(3.13) 

The equation of the hyperellipsoid is given by rTa-lI’ = 1 where the 4-component 

vector, I’ = (2, d, y, y’) and the dimensions of the hyperellipsoid are related to the 
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matrix elements by: 

Assuming a K-V beam distribution, the relationship of the matrix elements to the 

second moments of the beam is: 

The s and y cross terms represent coupling between the motion of beam ions in 

the x and y planes. These elements are zero if no coupling is present or non-zero 

with coupling caused by, for example, a rotationally misaligned quadrupole focusing 

magnet. The second moments of the distribution are defined in the conventional 

manner, e.g., 

< x2  >= JJJ/x2 p(x,  XI,  y, y') dx dx' dy dy' (3.19) 

with p(x, x', y,  y') ds dx'dy dy' representing the beam ion distribution and having the 

normalization 

(3.20) 

Without coupling between the ions' x and y motions, the projections of the hy- 

perellipsoid into the x-x' and y -  y' planes in Figure 3.1 are ellipses which contain 

the x and y motions of the beam particles. The applicability of Liouville's Theorem 

to the 4-D and to these 2-D phase spaces is predicated on no coupling between the 

orthogonal directions of motion. The separable nature of the x and y phase space 

ellipses is seen in the sigma matrix with no coupling, Equation 3.21. 
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(3.21) 

Figure 3.3 shows the relationships between the sigma matrix elements and the 2-D 

phase space ellipse dimensions. 

Figure 3.3: Relationship between the sigma matrix elements and the 2-D phase space 
ellipse dimensions. 

A beam’s phase space distribution can be described by its first and second mo- 

ments. The actual beam distribution in a laboratory beam is not known. The use- 

fulness of gross measurements such as the beam first and second moments is in the 

concept of equivalent beams. Two beams can be considered equivalent if they are 

composed of the same particle species, current, kinetic energy, and second moments. 

Detailed differences in their distribut‘ions are unimportant as long as the above con- 

straints are met. This is fortunate as it allows comparison of a laboratory beam 
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of unknown distribution with that of a known and probably different distribution 

used in a numerical simulation. The initial distribution for the WARP code that is 

most commonly used is one that is uniform in x , y , z ,  with a semi-gaussian spread 

in uz,  uuy, and v,.’~ MOMENT, a simpler beam moment evolution code, uses a K-V 
di~tribution.~’ Therefore, a simulated beam and a laboratory beam with the same 

second moments and other quantities at the same time and location in the accelerator 

can be considered equivalent, and is one basis for comparing experimental data with 

numerical simulation results. 

’ 

3.4 Definition of Emittance 

The figure of merit most commonly used to describe beam quality is the transverse 

emittance of the beam. Beam “brightness” is another quantity used as a figure 

of merit when there is concern about the amount of beam current as well as the 

emittance. In the Small Recirculator, with full beam transport verified with Faraday 

cups, the emittance is the relevant quantity. It is closely related to the area of 

the two-dimensional projections of the 4-D phase space hyperellipsoid. Lapostalle 

and Sacherer introduced rms quantities in order to compare beams with differing 

 distribution^.^^^^^ The rms beam width is given by 

(3.22) 

The rms values of other quantities (?, j j ,  $’) are similarly calculated. Statistically, the 

definition of the “rms transverse emittance” in the z direction is 

&= [<x2><x’2> - <XZ’>21k  
L J 

(3.23) 

where the term < xx‘> represents an I C - X ’  correlated particle flow term that occurs 

when the beam is converging or diverging under the influence of external focusing 

 force^.'^'^^ It represents an inward or outward flow term in the transverse kinetic 

energy. The difference between the total transverse kinetic energy, < x2 >< x f 2  >, and 
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the flow energy represented by < xx'> is the small random transverse kinetic energy 

from which the emittance rises. Correspondingly for the y direction: 

(3.24) 

Another common definition I will adopt for clarity is the "rms edge emittance" which 

is four times the rms emittance26 : 

€,= 4z,= 4 [<z2><112> - <zz'>2]f 

In terms of the hyperellipsoid sigma matrix: 

(3.25) 

(3.26) 

As z' is defined as dzldz ,  the instantaneous transverse angle with respect to motion 

along the accelerator, it is inversely proportional to the beam energy. A correction 

factor of ,Be/, the usual relativistic quantities, is applied to the emittance to give the 

normalized rms edge emittance which is constant with beam a~celeration:~' 

(3.27) 

This is a figure of merit that can be easily used to compare the beam emittance if 

measurements are made at two points in an accelerator with acceleration in between. 

There are ten independent transverse second moments. The existence of non-zero 

cross moments can be indicative of rotational misalignments of accelerator quadrupo- 

lar focusing components causing coupling between the z and y ion motions. The 

effects of misalignments are more fully discussed in Chapter 6. These x - y cross 

moments cannot be measured with a slit scanner diagnostic as this instrument aver- 

ages beam information along the length of its slits. A useful quantity that becomes 

non-zero with z - y coupling is indicative of the angular momentum developed by the 
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beam about the z-axis. This quantity is defined by: 

I = P(<z’y> - <sy’>) (3.28) 

Detection of beam rotation can indicate alignment problems in the accelerator which 

will have the ultimate effect of increasing the final spot size on target over that of a 

similar non-rotating beam. 

The GBI measures these J: - y cross moments and extends the characterization 

of the Small Recirculator beam and understanding of possible causes of unpredicted 

beam behavior beyond that of previous instruments. 
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Chapter 4 

Pepperpot Method and Image Data Analysis 

The motivation to design a new diagnostic instrument for measuring the charac- 

teristics of a heavy ion beam was fostered by the limitations of previous instruments. 

The new instrument developed in support of this thesis is the Gated Beam Imager 

(GBI) and is based on the pepperpot beam diagnostic method which has previously 

been used to diagnose electron beams.28 The diagnostics in predominant use to de- 

termine a heavy ion beam distribution’s first and some of the second moments in 

transverse phase space have been capacitance probes and mechanical slit scanners. 

4.1 Capabilities of Existing Emittance Diagnostics 

Mechanical slit scanners, in which two thin slits are repositioned across the beam 

between successive shots are able to measure the second moments (< x 2  >,< xx‘>,< x ’ ~  > 
or, < y2 >,< yy’>,< yf2 >) in one transverse plane at a time while averaging the beam 

information in the orthogonal plane.31 Thus, only the emittance in one plane at this 

particular place in the beam line can be obtained without disassembling the accel- 

erator or having a second scanner at the same location, or some other extravagant 

solution. As a slit averages the beam in the direction of its length, a slit scanner 

cannot measure any of the cross moments, (< zy >, < x‘y >, < rcy’ >, < z’y’ >) which 

are important to detecting a decrease in the accelerator performance due to a focus- 

ing field degradation, or the presence of a component physical misalignment such as 
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a focusing quadrupole rotation error about the beam axis. These types of problems 

induce coupling between the 5 and y motions of the ions in an alternating gradient 

accelerator lattice causing an “effective” emittance growth in the beam. I call this 

“effective” emittance growth as the growth is genuine in its effect on the focusability 

of the ion beam. Because it is caused by linear forces coupled in the 2 and y direc- 

tions, it can, in principle, be removed by the appropriate application of counteracting 

linear forces. Normally, emittance growth is associated with nonlinear forces acting 

on the beam distribution which entrains unoccupied phase space into the distribution 

making it for practical purposes impossible to sort out the actual distribution through 

diagnostic mea~urements.’~ Figure 4.1 shows the entrainment of unoccupied phase 

space within the distribution as a result of nonlinear forces. The dotted line envelope 

shows the resolvable phase space ellipse. 

The GBI is able to measure all the first and second phase space moments of the 

ion beam simultaneously, including the x--y  cross moments. With appropriate time 

gating it can produce the information for a 4-D and time history “map” of the beam 

using successive beam pulses. When installed after a bending dipole such as after the 

45” bend section of the Small Recirculator it was found useful as a qualitative energy 

analyzer to observe energy changes longitudinally along the beam pulse. 

4.2 The Pepperpot Method 

In the pepperpot method where a mask with small holes (the pepperpot) is intro- 

duced into the beam, the beam ions are stopped by the hole plate except where they 

pass through the holes forming small beamlets. These beamlets pass through a drift 

region where they freely expand from space-charge and emittance forces. The beam- 

lets are intercepted by a detector which is excited and the spots are observed with a 

CCD camera, and digitized for analysis. Figure 4.2 is a schematic of the method. 

Without the hole plate, the gross behavior of the beam in the drift space is similar 
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Figure 4.1: Entrainment of unoccupied space into the phase space area of the beam 
due to the action of nonlinear forces as the beam progresses through the accelerator. 
The dotted ellipses are fitted to shaded areas to illustrate how the resolvable emitttance 
grows although the shaded areas are constant in area. 

ection 

Figure 4.2: Schematic of the pepperpot method 

to the beamlet but the small increase in beam dimension due to emittance forces is lost 

in the greater expansion due to space-charge. The small holes allow the emittance- 

caused transverse growth to dominate over space-charge expansion and thus be more 

easily measured as well as creating a known initial circular cross-section to compare 

to the beamlet cross-section at the detector. Creating the beamlets also allows infor- 

mation from the central regions of the beam to be used in determining its properties. 

Figure 4.3 is a simplified schematic of the Gated Beam Imager. 
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pepper-pot 4 detector I vacuum barrier w/window 
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computer with frame-grabber 
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spot images 
moment calculations rC- 

output I I graphics 

Figure 4.3: Simplified GBI instrument schematic 

4.3 Design of the Gated Beam Imager 

Several dimensions of the GBI such as pepperpot hole size, hole spacing, and 

beamlet drift length must be sized to achieve the goal of maximizing the beamlet’s 

growth due to emittance while minimizing the growth from remaining space-charge 

forces. Additionally, adequate signal strength must be present at the CCD camera 

and the beamlet image spot size must be much greater than the camera system res- 

olution so that statistical averages of the CCD pixels are valid. These requirements 

place constraints on the pepperpot hole size, hole spacing, and beamlet drift length. 

For instance, small beamlet size is desirable to limit space-charge forces but small 

beamlets reduce the detectable signal to the camera. Also, the hole spacing must 

be close enough to allow enough beamlets for sufficient statistical averaging but the 

spacing is limited by the requirement that the expanding beamlet image spots not 

overlap at  the detector. The drift distance, as well, is limited by spot overlap due 

to the quadratic growth with distance of the beamlet from space-charge. Addition- 

ally, the drift distance must be sufFicient to allow adequate beamlet spreading from 

emittance but prevent excessive space-charge spreading. An optimization of these 

competing parameters was done by developing a spread sheet to predict the per- 

formance of the GBI based on reasonable estimates of instrument dimensions and 
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Beam current 
Beam radius 
Beam energy 
Beam length 

constraints imposed by the Small Recirculator design. The results used in the design 

of the GBI are shown in Table 4.1. The criteria used to define an acceptable design 

were that beamlet spread due to space-charge be less than 10% and that no beamlet 

spots could overlap due to expansion. The spreadsheet also makes estimates of the 

amount of optical signal available to the CCD camera based on the input design pa- 

rameters. A copy of the spreadsheet is contained in Appendix A and details of the 

calculations are available in Reference 55. 

2 mA Hole diameter 100 p 
0.5 cm Hole spacing 2.5 mm 
SO keV Drift distance 15 cm 
4 ps Beam emittance 10 mm-mr 

Table 4.1: Results of the GBI design optimizing spreadsheet. 

Max acceptance angle through hole 

Beamlet spread from emittance 
Beamlet diameter at detect or 

Beamlet spread due to space charge 
12.34' 

214%/214p 
322.5,~ 

8.2%/%2p 

I Distance between beamlets ~ I 1.96 mrn 1 

The optimization calculations assume that the mean direction of the beam ions 

is parallel with the recirculator axis ( z ) .  In general, the beam will be converging in 

one transverse plane while diverging in the other transverse plane through the FODO 

lattice. The random transverse thermal velocity of the ions will be superimposed on 

top of this directed transverse motion. While this directed transverse motion may 

not be overly significant to the design of the instrument, it is important to measure 

it in order to obtain an accurate calculation of the transverse emittance. 
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4.4 Pepperpot Method Data Analysis 

A diverging beam appears in phase space as a rotation of the major axis of the 

phase space ellipse containing the beam ion distribution into the first and third quad- 

rant. Figure 4.4 shows a schematic of a diverging beam’s phase space ellipse and the 

contribution to it of two beamlets created by a pepperpot. 

phase space 
detector 

pepper-pot 

- -  
4 - - - L -  beam axis 

Figure 4.4: Determination of the phase space ellipse rotation angle. 

Using some geometry and the assumption that the divergence angle is small yields 

the expression for the emittance ellipse rotation angle, “OR”: 

OR = arctan (d) P - S  

The hole spacing, s, and drift distance, L,  are known and the determination of the 

beamlet spot spacing, p ,  requires a calibration of the image pixel size so the image 

analysis software can measure the distance between spots. To improve the accuracy 

of the measurement the orthogonal distances between all the beamlet spots can be 

measured and OR calculated from the average image spot separation. 

A schematic of a single beamlet is shown in Figure 4.5. The beamlet divergence 

angle is calculated based on the pepperpot hole size, spot size, and drift distance. For 
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the nth beamlet (from a pepperpot array of N holes) the divergence angle is: 

pepper-pot 

b e a m e d  - 
Xn+ xn 

1: 
I 

Figure 4.5: Beamlet data needed for beam moment and emittance calculations 

As seen in Figure 4.6 each beamlet from the pepperpot contributes two points, 

( X n 0 , X ~ J  and (Xno,XLz) to defining the phase space ellipse. The pepperpot hole 

radius is assumed small compared to the beam radius. The maximum and minimum 

boundaries of the phase space ellipse at a given position is given by 

The points from all beamlets will roughly define the phase space ellipse. Figure 4.7 

shows data plotted from a GBI measurement on the Small Recirculator where each 

set of two points derived €rom one beamlet is plotted with a vertical line connecting 
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X"3 t - - -  
whole beam 

beamlet 

Figure 4.6: Beam phase space ellipse. 

them. The area of the phase space ellipse is closely related to the beam emittance as 

discussed in Chapter 3. 

The ellipse is generated using the first and second moments of the beam distribution. 

The moments of the entire beam are obtained by averaging the information obtained 

from each of the N total beamlets. For measurements made on the Small Recirculator 

beam, N z 7 0 .  The moments are calculated by discretizing the moment formula: 

with the normalization 

// p(x7 x', y, y') dx d x ' d y  dy' = 1 (4-5) 

therefore the explicit forms for the first and second moments are obtained from the 

beamlet spots by the following calculations: 



/--. L 

E 
v a 
X 

X-Xp (722971 u s 1  32.ras - 
40 - 

20 - 

45 

Y-Yp (722971 us1 32.ras) 

- L 20 4I 
E - 0  
a 
x 

-20 

rms edge x emittance 24.00 mm-mr rms edge y emittance 20.67 mm-mr  
norm. x emittance 0.051 mm-mr norm. y emittance 0.044 mm-mr 
Level(percent) = 10 a t  mask 67  beamlets Smoothing 0 

Mask -1.700 deg. 

Figure 4.7: Phase space plot of a GBI measurement from the Small Recirculator. The 
ellipse rotation angles correspond to the FODO lattice focusing in the x-plane while 
defocusing in the y-plane at the GBI location. 



46 

(4.11) 

(4.12) 

(4.13) 

where N is the total number of beamlets, n is the beamlet index, Pn is the total 

number of pixels contained in the nth beamlet's digitized image, V is the digitized 

pixel value, p is the pixel index, In is the average intensity of the nth beamlet, and 

IN is the average intensity of all N beamlets. In the above formulas for the second 

moments the contribution from non-zero first moments (beam centroid not on the 

accelerator axis) is not removed. For a beam not on axis in phase space the following 

calculation is used to remove this contribution: 

(4.14) 2 Ax2 =< x > - < x >2 Ay2 =< y2 > - < y >2 

where the A symbol introduced by Barnard will be used henceforth to indicate a 

second moment with the centroid contribution removed.2g The equation for the ellipse 

fitted to the pepperpot data is 

2 yx + 2axx' + @ X I Z  = E ,  (4.19) 



where 

The transverse rms edge emittance, cz7 is obtained from 

1 
E, = 4 (Ax’Ax’~ - (AXX f 2  ) ) v 
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(4.20) 

(4.21) 

The previous discussion of measuring second moments by measuring the half- 

widths of the beamlet spots assumed the spots were of regular shape (ellipses or 

circles) and the “edges” of the spots identifiable. The beamlets originate with round 

cross-section at the pepperpot but become elliptical due to different focusing in the x 

and y directions from the FODO lattice prior to the pepperpot, which distorts them 

into ellipse-like shapes at the detector. 

The raw data available from the GBI consists of a two-dimensional array of dig- 

itized pixel values in the field of view of the CCD camera observing the detector. 

Pixel values range in value from 0 to 65535 (with 16-bit digitization of the CCD 

well). Generally, a contour of equal pixel value identified as the beamlet image edge 

will not be an ellipse. To make a spot size measurement, an ellipse is fitted to the 

CCD display intensity contour of interest and the measurement of major and minor 

axes based on this. 

Practically this can be done by sampling the contour of interest (most likely the 

contour whose value is 10% of the spot’s peak pixel value), fitting an ellipse and then 

rotating the ellipse to its upright position such that the major and minor axes lie on 

the x and y axes. This is done as follows: A thin band of N points (xj, yj) at the 10% 

contour level is chosen as in Figure 4.8 on page 48. The coefficients for an elliptical 

approximation to this band are calculated from: 

(4.22) 
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(4.23) 

. These averages, (g2, Y", Z-Y) can be equated to the elements of an ellipse's sigma ma- 

trix. The equation of the ellipse is: 

and 

(4.24) 

(4.25) 
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thus, 

(4.26) 011 = 2 0 '22  = y" 012 = x-y = 0 2 1  = gx 

The general rule for transforming the sigma matrix (e.g. a pure rotation) is 

5" = 

(4.27) 0" = R RT 

L 

- 

cos2 Ball + 2 sin e cos 8a12 + sin2 8az2 

- sin 0 cos 8all + (cos2 8 - sin2 6)alz + sin 8 cos 8 0 ~ ~  

- sin 8 cos eall + (cos2 8 - sin2 8)a12 + sin 8 cos Ba22 

sin2 Ball + 2 sin 8 COS 6a12 + cos2 

The transformation for a general rotation through angle, 8 is 

To find the major and minor widths of the beamlet the required transformation is 

one that rotates the ellipse into its upright coordinate system. The correct rotation 

angle that puts the ellipse upright can be solved from: 

a;2 = Ofl = 0 => 8 = -arctan( 1 2a12 ) 
a11 - a 2 2  2 

therefore the upright beamlet spot ellipse sigma matrix is: 

a"= [ A ;  B; ] 

(4.30) 

(4.31) 
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with major and minor axes of the fitted ellipse given by 

A = (cos2 dol1 + 2 sin 0 cos 0al2 + sin2 00z2)1/2 (4.32) 

(4.33) 

These values ( A ,  B )  are the widths of the beamlet spots used in the calculation of 

the ion divergence angles and the ion distribution’s first and second moments. 

4.5 Image Capture and Image Analysis Code 

To accomplish the immense task of data handling involved in capturing high 

resolution images, identifying and measuring beamlet spot sizes and locations, and 

performing the data analysis described above I used a combination of a commercial 

image capture software and a modified version of a pepperpot data analysis code 

developed at LLNL.28 The image capture software, IPLa6 SpectrumTM by Signal 

Analytics Corporation, running on a Macintosh computer incorporates an extension 

allowing it to control the CCD camera and store images into the computer memory.32 

It also allows other operations to be done such as focusing the camera and determining 

the field of view. Certain image manipulations were also accomplished with this 

software such as measuring distances between known points for pixel size calibration, 

animating a series of images of the beam into a “beam movie”, an electronic version 

of a flip book of sequential images, and correcting images prior to data analyses. The 

mechanics of acquiring and correcting data images is discussed in Chapter 5. 

The pepperpot data analysis code, “PEPPERP OT” was written for analysis of 

pepperpot images generated by a pepperpot with holes arranged in concentric circles. 

It is written in Fortran-like commands of the Interactive Data Language (IDL) devel- 

oped by Research Systems, I ~ c . ~ ~  I modified the source code to optimize its use with 

the GBI on the Small Recirculator. Changes included the ability to do calculations 

based on a rectangular array of beamlets. The rectangular array is more appropriate 
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for diagnosing a beam with two orthogonal planes of motion produced by the FODO 
lattice. The original application was for solenoidal transport which produces radial 

symmetry, hence the circular pepperpot design. Other modifications I made included 

the ability to analyze different size data arrays to accommodate different CCD arrays, 

calculation of the x-y cross moments, and I added in the algorithm €or weighting each 

beamlet as prescribed earlier in this chapter. This last item was done to bring the cal- 

culation in line with the method by which the data from the slit scanner diagnostics is 

analyzed so that direct comparisons are possible. I also added a module to the source 

code that fits a gaussian to a cross-section of a beamlet so fitted beamlet size data 

could be used for moment calculations if desired. To gather time-sequenced data as 

a narrow gate is stepped through successive beam shots, moment and emittance data 

is written to files for later display using other graphics routines as shown in Chapter 

7. The Pepperpot code allows interactive analysis of the GBI images with graphical 

and tabular output. A copy of the PEPPERPOT IDL source code is contained in 

Appendix E. 

* 
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4.6 Sample Output from the Data Analysis Code 

The following figures are samples of the output of various analyses on an image. 

72297 1 u s  1 32.ras 
integrated b e a m  

( 67 beornlets Smoothing 0 )  

Figure 4.9: GBI image used for analysis of beam moments. The four spots between 
rows surrounding the center spot allow easy identification of the center hole as a 
reference and are not used in the data analysis. Each spot is approximately 0.5 mm 
in diameter and the field-of-view is 2.07 by 3.11 cm. 
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Figure 4.10: Identification of which holes the beamlets in Figure 4.9 originated from. 
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Center of  67 Beamlets, 722971 us1 32.ras 

1'  ' ' ' '  ' '  I ' '  ' I '  j ' '  ' '  ' i " I '  I ' '  ' '  I '  ' Y 

5001 

' O ° F  

x(  pixel) 

Figure 4.11: Plot of the data analysis windows surrounding the holes through which 
the beamlets passed. 



55 

Center of 67 Beamlets, 722971 u s 1  32.ras 
i ~ 1 ' ' t ' ' ~ ' l ' " ' 4  

Mask rotation - 1.700 1.5 

1 . 0 1  37 

Figure 4.12: Plot superimposing the pepperpot holes (diamond symbols) and the 
centroids of the beamlet spots (asterisks) at the detector showing focusing in the 
z-plane and defocusing in the y-plane. 
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722971 us1 32.ras 67 beamlets Smoothing 0 
x (p ixels) 

150 2 00 250 300 50 100 
I , , ,  

'+ 

4 2 0 0  

I - Qu 0.0 I i- 

0.0 0.5 1 .o 1.5 
Grid(xl:x2,yl:yZ) [ 38:339, 11:539] Levels= 0..228 in steps of 12 

x(cm> 

ilO0 
Figure 4.13: Contour plot of all data from the CCD camera field of view. 
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Grid(x 1 :x2,yl :y2) [ . 0:383, 05751 722971 u s  132.ras 
67 beamlets Smoothing 0 

Figure 4.14: Surface plot of the intensity vs. position for the CCD camera field of 
view. 
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integrated beam 

67 beamlets Smoothing 0 

Beamlet 10 [294,146] Window=[ 20, 201 284-304,136-156 
722971 us1 32.ras Peak =220 Sum= 7.005e+03 

Figure 4.15: Surface plot of beamlet intensity vs. position limited to a 20 by 20 pixel 
data analysis window around one beamlet. 

integrated beam 
Beamlet 10 [294,146] Window=[ 20, 201 284-304,136-156 
Peak =143 Sum= 7.005e+03 
67 beamlets, Smoothinq= 4 

722971 us1 32.ras 

Figure 4.16: Surface plot of the beamlet of Figure 4.15 after a 4 by 4 pixel block 
averaging of the intensity values. 
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x,y half widths 0.008, 0.010 cm at 73.541 % amplitude 
x,y half widths 0.024, 0.030 c m  at 9.695 % amplitude 
x,y half widths 0.020, 0.023 c m  at  20.975 % amplitude 

Figure 4.17: Beamlet cross-section plots of intensity vs. position. The width at 
different intensity levels can be determined by positioning a cursor. 
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100 200 300 400 500 
Y ( P W  

Figure 4.18: Plot of a cut through the image at a selected row or column. Here 
column 211 of Figure 4.9 is displayed. 
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X-Xp (722971 us1 32.ras)  
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x 

-20 

-40 

Y-Yp (722971 u s 1  32.ras) 

7 

- 1  0 1 2 -2 
Y(cm) 

r m s  eage x emittance 24.00 mm-mr rms edge y emittance 20.67 mm-mr 
norm. x emittance 0.051 mm-mr norm. y emittance 0.044 mm-mr 
Level(percent) = 10 at  mask 67 beamlets Smoothing 0 

Mask -1.700 deg. 

Figure 4.19: 2-D phase space plots with individual beamlet data fitted with an ellipse 
and emittance calculations displayed. 
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0.1 2 I E m x =  ' 0.b58' Ahgle Ernk=Emy):' -5.92'9 ' ' ' I ' ' ' - RMS= 0.048 Angle RMS=min): -1.770 
- 

0.001 1 I I I I I I I , ,  , I , ,  , , 
2 4 -2 0 

Angle(deg) 
-6  -4  

Figure 4.20: Plot of normalized emittance vs. pepperpot holeplate rotation angle. 
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n 

Y-Yp (722971 u s 1  32.ras 
7 

40 - 

20 - 

- L 

E - 0  
a 
x 

-20  

rms edge x emittance 31.64 mm-mr rms edge y emittance 59.65 mm-mr 
norm. x emittance 0.067 mm-mr norm. y emittance 0.127 mm-mr 
Level(percent) = 10 a t  mask 67 beamlets Smoothing 0 

Mask 4.000 deg. 

Figure 4.21: The appearance of 2-D phase space plots when an incorrect holeplate 
rotation angle is used in calculating 2' and y'. Erroneous beamlet divergence angles 
are calculated resulting in a "vertical" separation of beamlet data and and a larger 
emittance value. 
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xp(mr) 
-36.76 49.27 -42.52 28.38 

X-Y (722971 321 usc.ras) 
' '  ' 4 1 " '  ' '  " ' '  " I I '  ' I '  
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A 

E O  
E v x 

- 1  

-2 

-1.0 -0.5 0.0 0.5 1.0 
4 m m )  

-1.17 1.01 -2.09 1.88 

Mask rotation -1.800 deg. <x*y>= 0.37 m m ~ 2  
<xp*yp>= -1.94 mrA2 

Figure 4.22: Plot of x -y cross moments phase space with < x' - y' > and < x - y > 
shown. The magnitude of the axes of the x' - y' ellipses are determined by the 
minimum and maximum divergence angles of each beamlet spot. 
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Y-Xp (72297132lusc.ras) I' ' " " I '  ' I '  " ' I '  ' 1  ' ' ' " I I i t I  ( 1  

a 

-2 - 1  0 1 
Y(mm) 

-2.09 1.88 -36.76 49.27 

Mask rotation -1.800 deg. <y*xp>= -1.91 rnrn-rnr <x*yp>= 0.39 rnrn-rnr 

Figure 4.23: Plot of z-y  cross moments phase space with <x' - y >  and <z - y'> 
shown. 
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Figure 4.24: Plots of beamlet peak and total intensity statistics. 
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Chapter 5 

Detector Selection and Equipment Description 

The selection of a specific material or device to serve as the beamlet detector in 

the GBI was done by considering the desired performance criteria. These criteria 

were: 

1. Detector light output to be a linear function of incident beamlet intensity. 
2. Shot -t o-shot repeatability. 
3. Fast detector response time to allow gating the camera. 
4. Simplicity in construction. 

5.1 Fast Plastic Scintillator as a Heavy Ion Detector 

Due to the heavy ion’s short range, its energy is deposited in a very small volume 

of material.34 Phosphors are known to damage easily necessitating their frequent 

replacement. They also have generally long decay constants on the order of 300 p s ,  

making them unsuitable for gating the camera at the desired interval of 100 ns and 

thus were not considered. The initial promising material considered was commercially 

available fast plastic scintillator. I conducted experimental studies on fast plastic 

scintillator, specifically BICRON Corporation BC-412. Its important characteristics 

are summarized in Table 5.1. 

BC-412 was chosen based on its short decay constant, and good mechanical properties. 
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Light Output % Anthracene 
Wavelength of Maximum Emission 

Table 5.1: BC-412 scintillator properties’’ 

60 
434 nm 

Decay Constant 
3 ulk Light Attenuation 

3.3 ns 
400 cm 

It was unknown whether its light output would be sufficient for small, nanosecond 

gated signals or if its molecular structure responsible for scintillation would be rapidly 

damaged from intercepting the heavy ions. Initially its response to the 80 keV potas- 

sium ion beam was characterized by placing it in the Small Recirculator beam and 

measuring its light output signal with a photomultiplier tube. The output signal was 

observed to be proportional to, and have the same features as the ion source pulser 

voltage waveform and Faraday cup traces. The light output closely tracked the signal 

produced by the ion current into the Faraday cup. 

Encouraged by the initial photomultiplier tube results, I then conducted exper- 

iments to photograph the image of the beam on the scintillator with increasing ion 

exposure. I exposed the scintillator to repeated 4 ps long, 80 keV pulses (368 shots) 

and periodically examined the image of the beam on the scintillator with a CCD cam- 

era. The images showed a rapid degradation in image quality. A plot of the sum of 

the CCD camera pixel intensity values in the area of the beam image versus exposure 

is shown in Figure 5.1. It can be seen that the light output in the area of the beam 

exhibits a sharp drop in level then a slower degradation. The images are shown in 

Figures 5.2(a)-(d). The previous photomultiplier tube measurements had not shown 

such a decrease in light output. It appeared from the full CCD images that there had 

been a lot of light reflected off the interior of the chamber that the photomultiplier 

tube recorded although the image in the area of interest on the scintillator degraded 

significantly. This reflected light is not shown in the sequence of Figure 5.2. I con- 

ducted several tests to determine whether the surface of the scintillator was charging 

up and deflecting ions from their trajectories by attaching an electrically grounded, 

fine mesh screen with an ion transmittance of 90% to the scintillator surface. NO 
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Figure 5.1: BC-412 scintillator light output vs. exposure. 

significant effect on preventing image degradation was observed. Various techniques 

of scintillator surface preparation were also attempted to ensure a clean surface was 

exposed to the beam. Visual inspection of the scintillator after exposure showed no 

discernible changes such as clouding or yellowing of the material that would affect 

its light transmission. Scintillator once exposed also exhibited no recovery after not 

being exposed for up to a week afterwards and then tested again. Confirmation that 

damage was occurring in the localized area where beam ions interacted was tested by 

steering the beam to unexposed portions of the scintillator after at least 357 beam 

pulses. From Figure 5.2(d), it can be seen that the light output increases for that 

portion of the scintillator not previously exposed to the beam as the beam is steered 

to the right at the detector on shot 358. Various schemes of introducing unexposed 

scintillator into the beam for each shot were considered such as a rotating wheel of 

scintillator or “window shade” roller assembly. Although this was a complication in 

the GBI design it appeared to be feasible. 

The remaining question was whether sufficient optical signal would be present 
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with a pepperpot introduced into the beam. This would cut the number of ions on 

the scintillator by roughly a factor of 40,000 and gating the CCD camera at a 100 

ns interval would capture about 2.5% of that signal. I performed an experiment to 

image 4 ps long beamlets produced by a pepperpot with 400 micron diameter holes 

on unexposed scintillator. The images showed that not enough signal was produced 

to give confidence that accurate beamlet spot identification and analysis could be 

done. The ultimate pepperpot design was to have 100 micron diameter holes and to 

apply a 100 ns gate to the beam signal. As a result of the complications of scintillator 

damage and low light output in response to heavy ions, it was determined that fast 

plastic scintillator would be unsuitable as the detector in the GBI. Attention was now 

given to using a microchannel plate detector with the obvious sacrifice in simplicity 

and cost. 
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Figure 5.2: Sequence of whole beam images showing scintillator degradation with 
exposure. (a) First shot onto unexposed scintillator (b-c) Scintillator exposed to 80 
and 200 4 ps shots (d) Beam steered slightly right onto unexposed scintillator after 
357 shots. 

5.2 Microchannel Plate Detector as a Heavy Ion Detector 

The response of phosphors and scintillators to intense electron beams is known to 

be satisfactory from the standpoint of using them as reliable and accurate particle 



detect0rs.3~ The stopping power is much less for electrons than for heavy ions resulting 

in less energy deposited per unit volume and more interactions giving rise to photons 

in the visible spectrum. A device that converts the heavy ions in the pepperpot 

beamlets to an electron signal while maintaining the spatial orientation of original 

beamlets is the microchannel plate (MCP) consisting of many tiny parallel electron 

multiplying channels spaced tens of microns apart. Initial consideration on the use 

of a MCP as a detector revealed some useful advantages and some disadvantages 

that needed to be tested to determine whether they would limit the usefulness of the 

detector. The advantages which brought MCP’s under initial consideration were: 

1. The heavy ions could be converted to electrons which then interact with a 
detector material, thus side-stepping the problems seen with heavy ion damage. 

2. MCP’s could provide signal amplification once the heavy ions were converted to 
electrons while maintaining spatial resolution of the beamlet image. 

Concerns regarding the MCP were: 
1. Unknown damage response of the MCP due to intense exposure to  heavy ions. 

2. How to obtain fast gated images as commercially available MCP’s use 
relatively slow phosphors as output screens. 

A survey of commercially available devices showed that a detector with desirable 

characteristics could be purchased from several companies. A device purchased from 

Galileo Electro-Optics Corporation and used in these experiments is shown in Fig- 

ure 5.3(a). A schematic of the device is shown in Figure 5.3(b) and its important 

characteristics shown in Table 5.2. An attractive feature of the Galileo MCP detector 

was the stainless steel front anode with minimum thickness of 1500-2000 A plated 

onto the input side of the MCP. Its primary purpose is to allow placing a bias voltage 

across the channels. It is also thick enough to stop all the incident potassium ions in 

the Small Recirculator beam at their incident energies of 80-320 keV, thus protecting 

the microchannels from any damage that would affect their performance. To model 

the ability of the front metal anode to stop the heavy ions, the computer code TRIM 
(Transport of Ions in Matter) was used to calculate the ion range and statistics of 

their interaction with the metal anode.36 Table 5.3 shows the calculated statistics of 
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Diameter 
Thickness 
Anode thickness 
Bias current 
Phosphor screen 

320 keV potassium ions stopping in the MCP front metal anode. 

40 mm Channel diameter 10 microns 
0.46 mm Channel spacing 12 microns 
1500A Channel bias angle 8" 
8-40 pamps Channel coating MgO 
P20 Min. gain @lOOOV 5000 

MCP 

metal anode 

- 
I 

Figure 5.3: (a)Galileo Corp. microchannel plate and phosphor readout (b) MCP 
biasing scheme for detection of positive ions. 

Table 5.2: Galileo microchannel plate characteristics3? 

During the stopping of the ions in the metal anode, secondary electrons are pro- 

duced. At 80 keV it is estimated that 3-5 secondary electrons with initial energies 

of a few eV are produced based on the empirical data in Kaminsky.= When the 

MCP is biased as shown in Figure 5.3(b) the electrons are accelerated into the MCP 

and amplified through interactions with the walls of the microchannels. ,A first order 

calculation of the number of secondary electrons produced in the anode from a 100 ns 
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long, 100 micron diameter beamlet formed from the Small Recirculator beam pulse 

shows that about 9 . 4 ~ 1 0 ~  electrons would be produced. The MCP has a minimum 

amplification of 5000 at 1 kV bias SO there is more than adequate electron signal from 

a single gated beamlet to produce an optical signal in the output phosphor. From 

the output of the MCP, the electrons are proximity focused across a thin gap by a 

strong positive bias of 3 kV onto a P20 phosphor screen which produces the image of 

the beamlet spot. The adjustable gain of the MCP allows amplification of very fast 

gated signals which proved problematic in the testing of fast plastic scintillator as a 

detector material. 

Table 5.3: Transport of Ions in Matter (TRIM code) ion stopping statistics for the 
front metal anode of the MCP detector 

Range (A) Straggle (A) 
Longitudinal 363 170 
Lateral , 124 71 
Radial 194 108 
Vacancies/ion 750.7 
Energy loss (%) Ions 
Ionization 22.67 

Recoils 
18.39 

Vacancies 0.14 1.73 
Phonons 0.71 56.35 

The microchannel axes of the MCP are manufactured at an 8" angle to the surface 

of the MCP. This improves the efficiency of the first interaction of incident electrons 

with the channel walls and prevents electrons from streaming through the channels 

without wall interactions. This 8" angle results in a 46 micron position offset of 

the output of the channels from the input, thus all the beamlet images are equally 

shifted by this amount. The high voltage used in the proximity focusing and the short 

distance from the channel output to the phosphor reduces to a minimum additional 

offset across the output gap. This shift in the overall position of the beamlet images 

was considered negligible in the moment calculations discussed in Chapter 4. 

The spatial resolution of the MCP is determined from the size and spacing of its 
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microchannels. The Galileo MCP used in the GBI has channels 10 micron in diameter 

with a center-to-center spacing of 12 microns. A manufacturer’s plot of resolution in 

microns versus channel spacing is shown in Figure 5.4. Given the channel spacing of 

12 microns the uncertainty in detecting a “sharp” beamlet edge is 12 microns. This is 

an indication of the lower limit on the “graininess” of the beamlet images. However, 

it is not the limiting factor in system resolution as the pixel size on the camera CCD 
chip is 22.4 microns square, which is the limiting spatial factor in resolution. In fact, 

the optical resolution achieved in the GBI camera system during data runs was 54 

microns per pixel, well within the MCP and CCD limit. 

Figure 5.4: Microchannel plate resolution37 
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5.3 Obtaining Time-Resolved Beam Data by Gating the 

MCP 

Using a MCP detector with a slow phosphor output precluded gating the CCD 
camera at a gate much shorter than the phosphor decay constant. To do so would 

include the image produced from ions arriving at the detector prior to the desired 

time interval. Faster gating required a different method than camera gating to be 

able to resolve the time history of the beam. It was necessary to gate the MCP on 

and off such that it was “opaque” to ions outside the desired time interval. 

The attractive feature of the BC-412 fast plastic scintillator was its fast decay 

constant of 3.3 ns. This fast decay constant produced an image that contained the 

information from a 107.6 ns long slice of the beam when the camera was gated “ON” 
for 100 ns. The extra 7.6 ns of information results from light output corresponding to 

ions intercepted just prior to the camera gate. The fast decay constant easily allowed 

isolating narrow beam slices using the camera gate. On the other hand, the P20 

phosphor of the MCP output has a decay constant of 200 p s ,  thus gating the camera 

for the desired 100 ns with the MCP operated in the DC mode “contaminates” the 

image obtained with the output of any previous beam impinging the detector prior 

to the gate interval. To overcome this difficulty a “Pinhole Neutron Experiment 

(PINEX)” MCP intensifier gate circuit and power supply (Figure 5.5) was obtained 

on loan from the Anador Valley Operations Office of Bechtel Nevada Corporation. 

The PINEX gate power supply is able to  bias the MCP “ON” with a -385 V pulse 

for 100 ns duration. An oscilloscope trace of a 100 ns and a 1 ps gate signal is shown 

in Figure 5.6. The detector is effectively opaque to the secondary electrons generated 

by the heavy ions when not gated “ON”, thus no optical output signal is produced. 

At these fast gates it was difficult to obtain a totally clean MCP bias signal with a 

rapid and smooth rise and fall. The trailing voltage spikes seen in the 100 ns trace of 

Figure 5.6(b) do not produce significant amplification of the beam signal due to the 

nonlinear response of the MCP to bias voltage, thus the gate signal is effectively 100 
ns wide. Figure 5.7 is a schematic of the GBI equipment interconnections that were 
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necessary to obtain gated images of the beam, 

Figure 5.5:  PINEX MCP gate circuit and power supply. 
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Figure 5.6: MCP detector gate signal (a) 1 ,us gate used for image capture of a wide 
slice out of the beam flattop. (b) 100 ns gate used for the narrow slices to construct 
a time history of the beam. 
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ut 

Recirculator 

Figure 5.7: GBI equipment interconnections 

5.4 Camera System Description 

The Gated Beam Imager uses an intensified gated CCD camera to view the MCP 
detector output screen and capture the image of the beamlet on the detector. The 

camera is mounted outside the GBI diagnostic chamber in which the pepperpot and 

h4CP detector are housed in the beamline as shown in Figure 5.8. The MCP phosphor 

screen is observed through a glass viewport either directly at the end of the beamline 

or with a mirror arrangement if placed in an intermediate diagnostic station. The 

camera system used was manufactured by Princeton Instruments, Inc. Inside the 

camera housing, a 384 by 576 pixel CCD of dimension 8.6 by 12.9 mm is fiber-optically 

coupled to an image intensifier allowing the observed image to be amplified and gated 
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to approximately 5 ns. To reduce dark charge buildup in the CCD during exposure 

and readout, it is seated on a cold finger which, in turn is seated on a thermoelectric 

(Peltier Effect) cooler. The cooler is mounted on a heat removal block cooled by air 

from cooling fans in the camera housing. To maximize the light transmission from 

the MCP phosphor screen to the camera CCD, I chose an f/1.2 Canon lens for its low 

f-stop and 85 mm focal length. In order to allow close-in focusing it was necessary to 

use a 32 mm lens extension between the camera and lens as shown in Figure 5.8. This 

allowed for a sharp focus to within 8 inches of the detector, and the appropriately 

sized field-of-view to maximize the spatial resolution of the data images. 

Figure 5.8: GBI CCD camera in position. Canon f/1.2 lens mounted on a 32 mm 
lens extension to provide close focusing to within 8 inches of the MCP detector. 



A Princeton Instruments ST-138 CCD camera controller controls the readout 

of the CCD and the operation of the CCD cooler. The readout of the CCD after 

exposure is acquired into memory of a Macintosh computer via a serial interface card 

connected to the ST-138. Gating the camera intensifier on and off is accomplished 

with a Princeton Instruments PG-200 Programmable Pulse Generator. Both the 

ST-138 and PG-200 are shown in Figure 5.9. Voltage ranging from 500-1000 V can 

be applied to the camera intensifier to amplify light passed to the camera CCD. 
The PG-200 also controls the timing of the voltage to the intensifier in response 

to the experiment timing reference. A commercial software, IPLab SpectrumTM with 

Princeton Instruments-supplied plug-in software modules was used to both control the 

camera exposure and display the CCD readout of the beamlet images immediately 

after acquisition. 

5.5 Operating the Gated Beam Imager 

To acquire a gated image of the beam, a time-of-flight calculation for a given 

beam energy is made to estimate when ions will arrive at the detector after being 

transported along the Small Recirculator. The head of the beam is then searched for 

by adjusting the actual gate start time while observing the images. The proximity 

focusing voltage of 3 kV from the microchannel output to the phosphor screen is 

applied continuously and the MCP is biased “ON” and “OFF” by the PINEX power 

supply. As mentioned before, the 100 ns gate on the MCP produces an image on 
the phosphor screen that has a 200 p s  decay time. In order to increase the signal- 

to-noise ratio in the pixel voltages read out of the camera CCD it is desirable to 

gate the camera electronic shutter observing the MCP detector phosphor output. To 
accomplish this, the camera is gated on for 300 p s  starting coincident with the MCP 

detector gate pulse. This gate proved to be optimum for excluding stray light in 

the GBI diagnostic chamber while allowing adequate signal for good beamlet spot 

resolution. A diagram of the timing sequence for acquiring a 100 ns gated image is 

shown in Figure 5.10. The long readout time (4.4 seconds) from the CCD to the 



Figure 5.9: Princeton Instruments ST- 138 CCD camera controller(1ower) and PG-200 
CCD intensifier power supply (upper). The wrapped coil on the left side of the PG- 
200 adds inductance to the trigger input cable to prevent prematurely triggering on 
the rapid electrical transients picked up from the ion source pulser spark gap switches. 

computer is a consequence of the camera’s “slow scan mode” clock frequency of 50 

kHz. A slow readout of the camera CCD is important in limiting the readout noise in 

the image as readout noise is proportional to the readout clock frequency?’ Reading 

out images when not collecting data, such as focusing the camera was done at a 

1 NfHz clock frequency resulting in a 0.22 second readout time allowing easier lens 

adjustment while viewing the image. After readout, the captured image is displayed 

and examined for quality prior to saving by the operator. For stepping through the 

beam, the trigger to the PINEX power supply is then delayed the appropriate interval 

(e-g., from 13.2 ps to 13.3 ps for 100 ns slices) and another image acquired on the 

next beam shot. 
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Figure 5.10: GBI image capture timing diagram. 

5.6 Applying Corrections to the GBI Images 

It was necessary to apply corrections to the data images in order to account for the 

response of the CCD to dark charge accumulation during exposure and readout and 

for differing pixel sensitivities that result from manufacturing tolerances from pixel- 

to-pixel in the same CCD. Corrections were also made to account for the uneven 

response across the MCP detector to an even intensity input. 

5.6.1 CCD Dark Charge Correction 

Dark charge accumulation is a function of exposure and readout time, and the 

temperature of the CCD.40 Several dark charge measurements with the same exposure 

and readout times as data images were made during the data runs to account for any 

change due temperature drift of the camera cooling system, although changes are 

small due to the camera controller's ability to maintain CCD temperature within 
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f 0.05°C.41 Figure 5.11 shows a typical dark charge result displayed by averaging 

the CCD pixel rows. The dark charge buildup is fully repeatable given a constant 

temperature and readout time between exposures and is corrected for by individual 

pixel value subtraction. 

29 5 
0 200 400 600 

CCD row number 

Figure 5.11: Image row average of camera CCD pixel values showing dark charge 
buildup during the finite time taken to read out the CCD by row from left to right. 

5.6.2 CCD Flat Field Response Correction 

Each CCD chip is unique in its pixel-to-pixel sensitivity due to slight variations 

in man~facturing.~’ As well as being unique, the response to the same light level is 

fully repeatable from exposure to exposure. The difference in pixel sensitivity was 

determined with a “flat field” image which can be used to multiplicativly correct a 

data image. The “flat field” image was obtained using the “integrating light sphere” 
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shown in Figure 5.12. The interior surface of the sphere is coated with a smooth white 

diffusing material which provides an evenly illuminated image from a light source in 

the side of the sphere. A flat field image was taken using a 300 ,us exposure along 

with a nearly concurrent dark charge image to account for the CCD temperature at 

the exposure time. Along with these flat field and dark charge images, a data image 

of the GBI beamlet spots is manipulated within the IPLab SpectrumTM software to  

correct for the dark charge buildup on the CCD during exposure and the uneven flat 

field response. The maximum dark charge level for a 300 ,us exposure was about 1.2% 

of the peak spot intensity and the peak variation in the flat field measurement was 

&16%. Pixel by pixel the correction is made using the formula32 : 

&Iean(Flat - DarkF)(Image - DarkI)  
Corrected Image = ( 5 4  (Flat - DarkF) 

where “Flat” is a flat field image, “DarkF” is a dark charge image associated with 

the flat field image, “Image” is an image of the beamlet spots, and “DarkI” is a 

dark charge image associated with the beamlet spots image, 

5.6.3 MCP Detector Flat Field Response Correction 

The third correction made to all data images is a correction to account for the 

variation in response of the MCP microchannels to a flat field “illumination” .37 Ideally 

all microchannels would give the same output for like input as would the phosphor 

screen. Lacking the ability to generate a detector-size flat field of heavy ions, I 
tested the MCP using a flat field x-ray source at LLNL. The machine shown in 

Figure 5.13 with the GBI attached to it generates ’7.47 keV x-rays from a nickel 

anode. Figure 5.14 shows the field-of-view of the CCD camera just prior to x-ray 

illumination and Figure 5.15 shows the flat field image obtained. The response of 

the MCP varied by as much as 70% from one edge to the other in a gradual and 

even manner. Extending this response to an experiment, equivalent beamlets would 

be weighted more or less in moment calculations depending on their position on the 

NCP. 
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Figure 5.12: CCD camera and integrating light sphere setup for obtaining a flat field 
image. 
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Figure 5.13: GBI attached to a LLNL x-ray source to measure the spatial response 
of the WICP to a uniform signal. 

Once an evenly illuminated MCP image is obtained, the data images can be 

corrected. As the field of view of the CCD camera differs from the experiment setup 

to the MCP flat field setup, it is impossible to match up the exact position of the two 

images. This is not a severe limitation as the change in MCP response is gradual across 

the detector. The four fiducial marks shown in Figure 5.14 around the periphery of 

the detector allow the orientation of the flat field and data images to be matched. The 

larger field of view of the flat field image is measured and the image is extrapolated to 

the same size as the data image using the IPLab imaging software. The data image 

is then corrected for the non-uniform response of the MCP using the algorithm of 

Equation 5.1. 
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Figure 5.14: Field-of-view of the CCD camera observing the MCP detector for the 
MCP flat field x-ray measurements. 

5.6.4 Preparing the Images for Data Analysis 

Using a script of IPLab imaging software commands, the image corrections are 

applied in a matter of seconds. The corrected image in the form of a 2-D array (334 
by 576) is then saved as a text file with each array address corresponding to a CCD 

pixel value representing the intensity of light which fell on the pixel. The array is then 

sent to the DEC Alpha workstation running the IDL pepperpot data analysis code. 

To conserve memory the array values are linearly scaled from 16 bit digitization (0 

to 65535), to 8 bit digitization (0 to 256) and read into memory. Figure 5.16 shows 

a small part of a text array that includes a beamlet spot. Data analysis then can be 

carried out in accordance with the methods discussed in Chapter 4. 
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Figure 5.15: View of the non-uniform response of the MCP detector to a uniform 
field of 7.47 keV x-rays. The field of view that matches that of the experimental 
measurements is selected from this image and applied as a correction for the non- 
uniform response. 
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3 3 3 5 7 7  6 4 
3 3 2 3 5 5  5 4 
4 4 2 3 4 5  4 4 
3 3 2 2 4 4  5 7 
2 3 3 3 4  5 7 11 
2 2 2 3 4 5  1 0 1 8  
2 3 3 4 5  7 1 4 2 7  
2 2 3 4 5  8 1 7 3 5  
2 3 4 5 6 11 21 45 
2 3 3 4 6 1 2 2 4 5 0  
3 4 3 5 7 14 29 56 
2 4 3 4 6 13 27 52 
3 4 4 4 7 13 27 48 
2 3 3 3 5 10 21 39 
3 2 3 3 4  9 1 7 3 0  
2 2 2 2 4  7 1 3 2 2  
3 3 3 3 4 7  1 1 1 5  
3 3 2 3 4 6  9 12 
4 4 3 4 4 6  8 10 
3 3 2 3 4 5  7 8 
2 2 3 3 4 4  6 7 

4 
4 
5 
9 
15 
29 
44 
66 
89 
100 
112 
100 
88 
66 
45 
30 
17 
13 
10 
8 
7 

4 4 4 3 3 2 2 2 1  
5 5 5 4 3 3 2 3 1  
7 6 6 6 5 4 3 4 2  
1 2 1 2 1 1  9 7 5 3 4 2  
19 19 17 12 10 7 4 4 3 
39 46 42 31 22 12 7 4 2 
60 74 69 50 34 19 11 5 3 
98 122 116 88 58 32 18 8 4 
137 171 165 126 83 46 26 12 6 
160 197 190 143 95 53 30 13 7 
185 224 217 160 108 61 34 14 8 
159 191 184 140 91 51 28 11 7 
135 158 152 120 75 43 22 9 6 
97 111 106 83 53 31 17 7 5 
61 64 60 47 33 21 12 6 4 
41 43 40 30 22 15 10 5 3 
22 22 20 15 13 11 8 5 3 
16 14 13 10 8 7 6 3 2 
1 0 7  7 6 5 5 4 3 2  
7 4 5 5 4 3 3 2 2  
5 3 4 4 4 3 2 2 2  

Figure 5.16 A small sample of a beamlet spot data array file in text format en- 

compassing one beamlet spot. 
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Chapter 6 

A Beam Correction System 

The utility of measurements possible with the GBI in the design, construction, 

and operation of heavy ion accelerators can be realized in several ways. Experiments 

such as the LLNL Small Recirculator are meant to push the state of the art in in- 

duction accelerator design and in intense heavy ion beam control. More advanced 

measurements of more beam parameters are essential to evaluating its performance. 

The Small Recirculator is intended to produce data that will benchmark a numerical 

simulation code such as WARP." One area that is ideally suited to being diagnosed 

by the GBI is the effect on the beam of rotationally misaligned quadrupole focusing 

magnets. The amount of misalignment that can be tolerated is an essential factor 

in quadrupole magnet design and accelerator construction costs. Measuring the ef- 

fect of misalignments and removing the effect prior to final focus could increase the 

quadrupole magnet alignment tolerances and thus reduce accelerator construction 

and maintenance costs. 

6.1 The Effect on the Beam of Rotationally Misaligned 

Quadrupoles 

A magnetic quadrupole rotated about the beam axis will not cause a displacement 

of the beam centroid off-axis if it is initially o n - a ~ i s . ~ ~  However, a rotated quadrupole 

will create a coupling between the previously uncoupled transverse 2 and y motions 
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of beam ions. The beam control elements such as the quadrupoles, steering dipoles, 

insertion/extraction magnets, and beam final focus magnets are all assumed to be 

aligned to the laboratory frame. Barnard showed that in the presence of rotational 

misalignments, the beam 2-D transverse emittance is not conserved even under linear 

equations of motion, and the beam acquires a finite angular motion.” The detrimental 

effect of this on the final focus element performance is indeed a real effect as any final 

focus lens will be designed to be aligned for an assumed orientation of the beam (most 

likely, upright in the laboratory frame). As the misaligned quadrupole still exerts a 

linear force on the beam it is possible to “correct” its effect using a suitable number 

of correction elements generating the proper combination of fields. Linear forces on 

the beam do not result in hopelessly entrained unoccupied phase space in the beam 

distribution as in Figure 4.1. A conceptual beam correction system is proposed in 

the following discussion (see Figure 6.6) that would use as input, the moment data 

obtained from the GBI. 

Barnard derived beam first and second moment evolution equations for a beam 

transported and accelerated through an alternating gradient focusing, or FODO lat- 

t i ~ e . ~ ’  An outline of the derivation appears in Appendix B. He assumed that: 

1. The force on the ions comes from two sources; the external focusing (defocusing) 

from the quadrupolar field, and the internal defocusing from space charge of the 

beam. 

2. The space charge is distributed in a uniform ellipse as in a K-V distribution. 

Stating the results obtained in Appendix B the two closed sets of coupled moment 

evolution equations for the first and second moments of the beam distribution are: 
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Second Moments 

- d$: =2Axx' 

dz = 213'x,Axx1 + 2KXyAx'y - 2(dln,L?,/d~)Ax'~ 

ig = 2Ayy' 

= Af2 + ICyyAy2 + ICyxA~y - (dlnp,/dz)Ayy' 

9 = 2 1 ~ y y A y y 1  + 2 K x Y A ~ y 1  - 2(dlnp,/dz)Ayf2 

y + Axy' dasy = Ax! 

9 = Ax'y' + KXxAxy + KYxAy2 - (dln/3,/dz)Ax'y 

7 - y + ICyyAxy + KXyAx2 - (dEnp,/dz)Axy' 

dz  

d4xy'  - nXf I 

d4x:' ' = KXxAxy1 4- KxYAyy' + KYyAx'y + K y X A ~ ~ '  - 2(dln/3,/dz)Ax'y' 

where the notation A a b r  (< a2 > - < a > 2 ) ( <  b2 > - < b >2)  stands for a second 

moment with the contribution from a non-zero first moment removed. The coefficients 

in the evolution equations in terms of the external quadrupolar and internal space- 

charge forces and angles defined in Figure 6.1 are: 

Kqxx = - I -qyy = K * x o  cos 28 

KsZx = K s X b  cos 2a + K s y b  sin 2a 

Ksxy = Ksyx = (I(,& - IC,,,) sin a cos a 

KqXy = KqYx = KqxO sin 28 

Ksyy = K s y b  cos2a + ICsx, sin 2a 

I(qx() = -ICqy() - - B1, B' 

Barnard also found two independent constants of the motion of a beam in a FODO 
lattice with rotated quadrupoles inducing coupled motion between x and y.29 As the 
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X-Y : laboratory frame 

X,-Yo: quadrupole frame (rotation error shown) n 
: beam frame 

Figure 6.1: Beam and laboratory coordinate system. 

emittance is a constant of the motion in an aligned FODO lattice, Barnard called 

these constants “generalized emittances”. Their definitions are: 

where the terms Ens: and eny are the normalized transverse emittances defined in terms 

of the moments as: 

Any other combinations of second moments that yield constants can be reduced to 

these transverse and generalized emittances and in fact, these quantities reduce to 

linear combinations of the standard transverse emittances in an aligned FODO lattice 
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which can be easily verified by setting the cross-moment terms to To verify 

that the generalized emittances were indeed constants of the motion and to  study the 

emittance growth caused by random quadrupole rotations Barnard wrote a computer 

code, “MOMENT” which numerically integrates the moment equations through a 

FODO lattice representing the C-design of a recirculator driver.29 

6.2 Approximate Correction for a Single Misaligned Quadrupole 

I modified the MOMENT code into several versions to support calculations to 

show that with a set of four adjustable magnetic quadrupoles, (variable rotation 

angle and field strength) and the information from the Gated Beam Imager (full set 

of beam moments), any effect of rotation errors could be removed from the beam and 

the transverse emittance growth caused by these errors removed from the beam. 

The first modification (FULLAG in Appendix B) of the MOMENT code was to 

tailor its model parameters to match those of the Small Recirculator and to allow €or 

the placing of known rotations on specific quadrupoles or to create random rotations 

on all quadrupoles. Figures 6.2 and 6.3 show the effect on the beam moments of a 

single misaligned quadrupole rotated 5” counter-clockwise. A large error of 5” was 

chosen to support experimental verification of the effect of rotation errors on the 

Small Recirculator. The evolution of the moments from the simulation is plotted 

with and without the error for comparison. There is only a slight effect on the x and 

y moments but the z - y cross moments become non-zero indicating the the motion of 

the ions in the two orthogonal directions becomes coupled after the misalignment. The 

beam acquires a rapidly changing angular momentum as it passes through subsequent 

quadrupoles and the 2-D transverse emittance rises above its original value. An 

attempt to focus the beam to a “spot” at a point past the misalignment would not 

be as successful as had the misalignment not been present. Note that the generalized 

emittances in Figure 6.3 are unaffected by the rotation error as expected. 
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Figure 6.2: EfFect of a misaligned quadrupole on the beam moments as a function of 
distance along the accelerator axis. Dashed lines denote the moments with a single 
error, quadrupole 2 at z=38.1 cm rotated 5" counter-clockwise. Solid lines are without 
a rotation error. Output from FULLAG. 
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Figure 6.3: Effect of a misaligned quadrupole on the beam emittances and angular 
momentum. Dashed lines denote the quantities with a single error, quadrupole 2 
at z=38.1 cm rotated 5" counter-clockwise. Solid lines are without a rotation error. 
Output of FULLAG. 

A special case of an approximate beam correction method was noted while running 

the code with multiple known quadrupole rotations. With a known rotation error and 

beam phase advance (here 72") that divides an integral number of times into 360", the 

effect on the beam can be approximately removed by counter-rotating a quadrupole 

5 half lattice periods subsequent to  the misaligned quadrupole. This provided a 

rudimentary method of testing beam correction on the Small Recirculator. These 

tests are discussed in Chapter 7. Figures 6.4 and 6.5 show the results of a simulation 

run with quadrupole 2 rotated 5" counter-clockwise, as above, and quadrupole 7 

rotated 5" clockwise. The motion between the z and y directions is mostly decoupled 

as shown in Figure 6.5 as the J: - y cross moments return to near zero. The 2-D 

transverse emittances return to their original values leading one to conclude that 

focusing the beam downstream of the quadrupoles would attain the almost the same 

same results as if the quadrupoles were perfectly aligned. Determining how to correct 

for any combination of upstream rotation errors would allow quadrupole alignment 

tolerances to increase, presumably simplifying the design and construction process of 
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a driver size machine while maintaining the performance of an aligned lattice. 
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Figure 6.4: Correction of a known quadrupole rotation error. Quadrupole 2 at 38.1 
cm rotated 5" counter-clockwise and quadrupole 7 at 228.6 cm rotated 5" clockwise. 
Dashed lines denote the moments with rotated quadrupoles. Solid lines are without 
quadrupole rotations. Output from FULLAG. 
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Figure 6.5: Correction of a known quadrupole rotation error. Quadrupole 2 at 38.1 
cm rotated 5" counter-clockwise and quadrupole 7 at 228.6 cm rotated 5" clockwise. 
Dashed lines denote the quantities with rotated quadrupoles. Solid lines are without 
quadrupole rotations. Output from FULLAG. 

6.3 Correction for Random Quadrupole Rotation Misalign- 

ments 

For the more general case and one that exists in a real machine, the location 

and magnitude of quadrupole rotation errors is not known, only the moments of the 

beam can be measured at points along the beamline where a suitable diagnostic such 

as the GBI can be placed. Non-zero cross-moments would indicate the presence of 

quadrupole rotation errors causing coupling between n: and y motions. Examining the 

second moment evolution equations one sees that they consist of a closed set of ten 

equations with ten independent parameters (the moments). A matrix representation 

of the equations at constant energy is: 
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d 
d z  
- 

ax’ 
Axx’ 

Ax” 
AY ’ 
AY Y‘ 
Ay” 
A X Y  

Ax’y 

Axy’ 
Ax’y‘ 

0 2 0 0  0 0 0  0 

KZZ 0 1 0 0 0 K,, 0 

0 2KZ, 0 0 0 0 0 2K,, 
0 0 0 0  2 0 0  0 

0 0 0 Is-,, 0 1 Is-,, 0 
0 0 0 0 2KYY 0 0 0 

0 0 0 KVZ 0 0 KZZ 0 
Is-,, 0 0 0 0 0 ri;, 0 
0 I{,. 0 0 KZ, 0 0 K,, 

0 0 0 0  0 0 0  1 

0 0 ‘  

0 0  

0 0  
0 0  

0 0  
arc,, 0 

1 0  
0 1  
0 1  

KZ, 0, 

Ax2 ’ 

Ax x‘ 
Ax” 
4’ 
AYY’ 
A y’’ 
AXY 
AX‘Y 

Ax y‘ 
Ax‘y‘ , 

(6.5) 
The beam can be manipulated to adjust these moments to the desired values. To 

simultaneously adjust the ten moments to desired values requires ten adjustable pa- 

ramet ers . 

A set of five quadrupole magnets with variable rotation angle and variable field 

strength would supply these manipulations. The generalized emittances provide re- 

lief in the engineering and cost of a beam correction system in that they provide 

constraints on the system of moment equations allowing the elimination of two pa- 

rameters by solving explicitly for them in terms of the other parameters. Applying 

the two constraints and eliminating Ax’ and Ay2 by substituting in their explicit 
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solutions yields: 

d 
dz  
- 

where the numbered coefficients are complicated functions of the second moments 

but are nevertheless calculable in a code, if not manually on paper. The resultant 

system of eight coupled equations and eight parameters allows beam correction to be 

accomplished by a system of four adjustable quadrupole magnets. A schematic of such 

a system is shown in Figure 6.6. Four adjustable magnetic quadrupoles replace four 

standard quadrupoles at some point in the beamline. A natural placement may be 

just before the final focus lens to ensure the beam enters in the best condition possible 

(upright, with zero angular momentum) for effective focusing. Other positions within 

the recirculator may be more effective in reducing the cumulative effect of quadrupole 

rotation errors. The difference between a regular quadrupole and these are in their 

ability to rotate the orientation of their magnetic fields and may have a greater degree 

of field strength a d j ~ s t m e n t . ~ ~  

6.3.1 Applying GBI Data to a Beam Correction System 

A GBI-type instrument would measure the moments of the beam at the input 

side of the correction system providing information on the condition of the beam as 

in Figure 6.6. A simulation code run would provide the desired (and attainable) mo- 

ments at  the output of the correction system. A benchmarked and calibrated code 

such as WARP would provide moments that included the unavoidable effects of the 
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IVariable rotation angle I I & field strength 

Beam in 
with errors 1 1 Beam out 

without errors 

Figure 6.6: Conceptual beam correction system. 

actual fields and resonances that result in nonlinear emittance growth even with a 

perfectly aligned model FODO lattice. This nonlinear effect on the moments cannot 

be removed through the application of linear fields so the desired moments calculated . 

for the output of the correction system must be obtained from a sophisticated sim- 

ulation that includes nonlinear effects. The simplest useful correction would be to 

correct the cross moments to zero which would deliver an upright and non-rotating 

beam (3:  and y motions de-coupled) to the final focus. This may not be the best 

that can be done though which is why a sophisticated code which estimates nonlinear 

growth in an aligned lattice is desirable. Once the input moments are measured and 

the output moments are calculated, an optimization of the adjustable parameters in 

, the correction quadrupoles is calculated and set until a decrease in beam transport el- 

ement performance warrants another GBI measurement. A GBI measurement at the 

output of the correction system would be useful in directly verifying its performance. 

I modified Barnard's MOMENT code into a third version to serve as an optimizer 
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to calculate the field strengths and rotation angles of a correction system to remove 

the effect of quadrupole rotation errors. A copy of this code, “OPTIMIZE” is in 
Appendix C. Using the generalized emittance equations to explicitly solve for two 

moments proved quickly to be too difficult to do by hand. Using the simultaneous 

equation solving capabilities of ~ ~ a t h e m a t i c a T M ,  a symbolic mathematics software 

system, allowed. me to do this task and to find the simplest solution of the ten pos- 

~ibilities.~’ Solving explicitly for Ax2 and Ay2 resulted in the 8 simplest moment 

evolution equations with 8 adjustable parameters. Even though these solutions were 

the simplest obtainable, the results consist of algebraic equations of over 100 terms 

each. The complete explicit solutions appear in Appendix B. While doing optimiza- 

tion calculations it was noticed that a large number of the terms in the solutions for 

Ax2 and Ay2 were much smaller than the rest (by 10 orders of magnitude) when 

using nominal Small Recirculator quantities. These terms can therefore be dropped 

without loss of accuracy and the simplified explicit expressions are shown here: 

Ax2 = (~@*(AX’~’)~(AXXI)~ - 8,f?4(A~fy1)3A~y + 8 p 4 A ~ I y ( A ~  f y 1 2  ) AXY‘ (6.7) 

+ 8~4Axfy1~xf2Axx1Axyf  - 4 ~ * ( A ~ ‘ ~ ) ~ ( A x y ‘ ) ~  - 8,f?4Ax12(Axx1)2A@.8) 

+ 8/?4Ax‘y1Ax12AxyAy’2 - 8p4Ax‘yAx12Axy1Ay12 + 4p4   AX'^)^ (Ly(f@) 

- 8@4Ax1yAx1y’Ay12Ayyf + 4p4(Ax I y 1 2  ) (Ayyl2) + 0.5P2(Ax I y I 2  en,(6.1O) 2 

- 0.5@2Axf2Ay12c~,)/(@4Ax12(8(A~ I 1 2  y ) - 8Ad2Ayt2)) (6.11) 

Ay2 = O.5( - , 1 3 2 ( 2 5 6 , f ? 2 ( A ~ f y 1 ) 2 ( A ~ ~ 1 ) 2  - 512,/32(A~1y‘)3A~y + 5 1 2 @ 2 A ~ 1 y ( A ~  I 1 2  y ) L&@$Q) 

- 5~2~2Ax’y1Ax12~zx’Axyf  + 256p2(A212)2(  Axy1)2 + 512p2Ax1y1Ax12A~@3Q$~ 

- 512~2Ax1yAx12~xyfAyfz  - 256p2(Ax1y)2(Ay12)2 + 5 1 2 ~ 2 A x 1 y A x 1 y 1 a y ’ 2 ( ~ ~ ~ ~  

(6.15) 

- 3 2 A ~ ~ ~ A y ~ ~ ~ ~ , ) ) / ( ~ ~ ~ y ~ ~ ( - - 2 5 6 ( A x ~ y ~ ) ~  + 256AxI2Ayf2)) (6.16) 

+ 256,1?2(Axfyf)2(Ayy’2) - 512/32Ax12Ay12(A.yy12) + 32(Az f f 2 2  y ) 

To verify the accuracy of these expressions the reduced set of eight moment evoh- 

tion equations were used to simulate the Small Recirculator beam drifting through a 
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lattice of perfectly aligned magnetic quadrupoles. Two calculations were performed. 

The first calculation integrated the full set of ten moment equations. The second 

calculation integrated the reduced set of eight moment with the simplified forms of 

ax2 and Ay2 shown above. Figure 6.7 shows the difference between these calculations 

and that the maximum error is < O . l % .  
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Figure 6.7: Verification of simplified Ax2 and Ay2 solutions. Each line is the percent 
difference between the calculated moments with the full set of 10 moment evolution 
equations and with the reduced set of 8 equations incorporating the simplified explicit 
solutions for Ax2 and Ay2. 

6.3.2 Determining the Optimum Correction System Param- 

eters 

Modifying Barnard's MOMENT code to calculate the optimized values of the 

correction quadrupole rotation angle and field strength presented a challenge due to 

the moment evolution equations' nonlinear dependence on the two quantities (angle 
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and field strength) to be optimized. An elegant and efficient solution was found 

by adapting Spall’s “Simultaneous Perturbation Stochastic Approximation” (SPSA) 
algorithm to the problem.44 

The SPSA algorithm has been applied successfully to many problems where the 

equations governing the system are unknown and therefore obtaining the gradient 

of the objective function with respect to the parameters being optimized is not pos- 

These so-called model-free applications are treatable with SPSA as it is 

based on a highly efficient gradient approximation requiring only two objective func- 

tion measurements regardless of the dimensionality of the gradient vector. In the 

beam correction system the parameters to be optimized are the rotation angle and 

magnetic field strengths of the four quadrupole magnets with the aim of adjusting the 

ten second moments to remove the effect of previous rotation errors. The objective 

function I have defined is the root sum square of the difference between the moments 

of the beam emerging from the correction system and the desired moments: 

- M = [Az2, AXZ’, Axf2, f ly2 ,  Ayy‘, AyI2, Axy, Ax‘y, Axy‘, Ax‘y‘] (6.17) 

where, for example, AZ; is the calculated moment through the beam correction sys- 

tem using the moment evolution equations, and Ax: is the desired moment at the 

correction system outpui based on a calculation with a perfectly aligned transport 

lattice. Although in the set of moment evolution equations, the gradients of the objec- 

tive function, L @ f )  with respect to rotation angle and field strength could be found 

and applied to a standard finite difference scheme, the nonlinearity of the equations 

makes this difficult. The SPSA algorithm allows one to sidestep this issue with what 

has appeared to be no loss of accuracy and a definite improvement in computational 

efficiency. SPSA requires only two measurements of the objective function rather 
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than the 16 of the standard finite differencing This is quite a saving as 

each measurement requires integrating the moment evolution equations through the 

beam correction system which is quite demanding using the reduced set of equations 

required for a four magnet system. The goal is to minimize the objective function 

resulting in the best least squares fit of the desired moment vector E. The SPSA al- 

gorithm works by iterating from an initial guess of the optimal Ad, where the iteration 

process depends on the “simultaneous perturbation” approximation to the gradient 

(6.13) 

where @is the 8-dimensional vector of quadrupole rotation angles and field strengths. 

It is assumed that L ( M )  is a differentiable function of 8 and the minimum point e* 
corresponds to the zero point of the gradient, Le., 8” is such that 

(6.19) 

As a consequence of the basic recursive form of the algorithm there is generally not a 

risk of converging to a maximum or a saddle point. Nevertheless, one is able to check 

for convergence to a local minimum by examining the behavior of the moments in 

the lattice past the correction system, particularly whether the J: - y cross moments 

remain near zero. 

6.3.3 Implementing the Optimizing Algorithm 

The SPSA algorithm iterates through the following steps: 

1. Pick an initial guess for which for lack of any better information and the 

desire for the least adjustment for engineering considerations is zero quadrupole 

rotation angle and nominal magnetic field strength. 



2. Set the counter index, k = 0 and compute the SPSA gain sequences 

Spa11 states that CY = 0.602 and y = 0.101 are effective and theoretically valid 

and also gives guidelines for the selection of a ,  A,  and c {footnote]. 

3. Generate by Monte Carlo method a p-dimensional random vector, A,  (p be- 

ing the number of adjustable parameters, here, 8) where each component is 

independently generated from a zero-mean probability distribution satisfying 

the conditions of S ~ a 1 1 . ~ ~  The Bernoulli kl distribution is a valid choice with 

probability f for each 2~1. 

4. Obtain two measurements of the loss function, L ( a )  based on a simultaneous 

perturbation around the current &-? y ( &  + c k & )  and y(& - C k & ) .  These 

measurements are computed by first adjusting the quadrupole parameters by 

+ck& and integrating the input moments through the beam correction system 

and computing the root sum square of the difference between the output mo- 

ments and the desired moments. This process is repeated with the beginning 

quadrupole values adjusted by - c k A k .  This is where the advantage of needing 

only two measurements rather 16 is realized as integration of the reduced set of 

moment evolution equations is computationally demanding. 

5. Using the two measurements of the objective function obtained in the last step 

generate the simultaneous perturbation approximation to the 8-dimensional gra- 

dient, 

(6.21) 

where Ak; is the ith component, (&l), of the L& vector. Note the denominators 

change (stochastically) while the numerators are all the same, making possible 

only the two measurements to produce gradient approximations. 
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6. Update the adjustable quadrupole parameters using the standard stochastic 

approximation form 

&+I = & - W k ( 8 k )  (6.22) 

7. The algorithm is terminated if there is little change in several successive itera- 

tions. If this condition is not met, the iteration counter is updated by one and 

the iteration is repeated from step 2. The last iterate, & is the estimate of the 

optimum e* which corrects the beam for previous quadrupole rotation errors 

such that the beam is upright with zero angular momentum. 

I modified Barnard’s Moment code to include optimization iteration loops imple- 

menting the SPSA algorithm. This code CORRECTOR (see Appendix C) models 

the beam correction system previously mentioned and shown in Figure 6.6. The 

results of an optimization run are shown in Figures 6.8 and Table 6.1. The input 

moments to the beam correction system resulted from a calculation of a recirculator 

transport through 562 half lattice periods with maximum rotation angle error of 0.5”. 

The desired output moments were generated by the REDUCEDAG code, a modifica- 

tion of the “MOMENT” code modeling a perfectly aligned lattice which can be seen 

by the zero values of the J: - y cross moments in Table 6.1. Although the SPSA al- 

gorithm remained noisy, the desirable settings were those that produced the smallest 

difference between the calculated and desired beam moments. From Figure 6.8 one 

can see that the best parameters were not always obtained on the last iteration. 
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Figure 6.8: Beam correction system optimization code results plots. The best param- 
eters occurred on iteration number 245,753 of 400,000. 
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Table 6.1: Results of the SPSA optimization run to determine beam correction system 
settings 

The optimized values of the four rotation angles and field strengths are used in the 

simulation shown in Figures 6.9- 6.10. A system of 4 quadrupoles modeling the beam 

correction system accepts a beam whose input moments are obtained from a lattice 

of 562 quadrupoles with random errors up to f0.5”. With the optimized settings of 

Table 6.1 the four quadrupoles deliver a beam that is “upright” and not rotating and 

whose other moments are nearly returned to the desired values. 
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Figure 6.9: Correction of random quadrupole rotation errors of up to 10.5” from 562 
half lattice periods of a Small Recirculator lattice. The beam correction system is 
placed between z=O and 152 cm. The dashed lines show the moments as the beam is 
in the correction system being “corrected” to the desired values. The solid lines are 
the moments from an aligned lattice and are shown to depict the convergence of the 
misaligned beam to the desired moment values by the end of the correction system 
at z=152 cm. 
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Thus, looking at these results it can be concluded that such a correction system 
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Figure 6.10: Correction of random quadrupole rotation errors of up to 10.5” from 
562 half lattice periods of a Small Recirculator lattice. The beam correction system 
is placed between z=O and 152 cm. The dashed lines show the moments as the beam 
is in the correction system being “corrected” to the desired values. The solid lines are 
the moments from an aligned lattice and are shown to depict the convergence of the 
misaligned beam to the desired moment values by the end of the correction system 
at z=152 cm. 

placed prior to the final focusing element can have a positive impact on lessening the 

rotational alignment tolerance on a driver’s quadrupole focusing elements. Whether 

or not the degree of precision required for the field strength and rotation angle of the 

four correction quadrupoles can be attained is not determined here. Nevertheless, for 

any kind of system that will correct for rotation errors, the 2 - y cross moments will 

have to be measured. The GBI is well suited to do this. A test of rudimentary beam 

correction was ‘carried out on the Small Recirculator using single quadrupoles and the 

results of these tests as measured by the GBI are discussed in Chapter 7. 
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Chapter 7 

Experimental Results 

A complete set of measurements were made on the Small Recirculator beam at 

the end of the 45" bend section with the Gated Beam Imager on July 22, 1997. Good 

results were obtained and show the effectiveness of the GBI as a diagnostic tool when 

combined with appropriate image analysis software. During the measurements, the 

beam energy was 80 keV with an initial 4 p s  long pulse length which lengthened as 

the beam traveled through the accelerator since no axial confinement was possible 

without the modulators installed. The data run consisted of gathering 100 ns long 

gated images stepped through successive beam shots to time-resolve the beam 'into 

approximately 40 slices. Additionally, 1 p long gated images were obtained during 

the flattop of the beam. Images with upstream magnetic quadrupole rotation errors 

were taken to study the effect on the beam emittance as discussed in Chapter 6. 

The rudimentary beam correction system of counter-rotating one quadrupole at the 

appropriate distance from a known quadrupole rotation error was also studied to 

determine the effect on the beam. Appendix D lists the important equipment and 

software settings used to obtain the data images and information about each image. 

As the images were obtained during the initial testing phase of the Small Recircu- 

lator 45" bend section it was necessary to determine the optimum voltage settings for 

the bending dipole plates in each half lattice period for a drifting 80 keV beam such 

that the beam centroid would be on centerline when intercepted by the GBI. This was 
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Figure 7.1: Faraday cup current vs. bending dipole voltage scan for determining the 
optimum dipole voltage to transport the 80 keV around the 45" bend. 

done prior to installing the GBI by inserting a Faraday cup in the multi-diagnostic 

chamber such that it was centered on the beamline at the outlet of the bend. The 

beam current into the cup was measured while changing the bending dipole plate 

voltage in the half lattice periods and then plotted in Figure 7.1. The voltage val- 

ues of the flattop corresponded t o  a beam current of 2.06 mA indicating full beam 

transport around the 45" bend. The 4 cm diameter of the Faraday cup is larger than 

the nominal diameter (2.6 cm) of the ion beam resulting in the wide plateau in the 

curve indicating that the cup intercepted all of the beam over a wide dipole voltage 

range. A first order estimate of the voltage that put the the beam on the centerline 

was made by taking the midpoint between the "shoulders" of the curve. This voltage 

of 6570 V was applied to the bending dipoles in the subsequent GBI measurements 

and verified as the proper bending voltage by the images obtained. 
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7.1 GBI Setup and Calibration 

After determining the bending dipole voltage setting, the Faraday cup was with- 

drawn and the pepperpot and MCP detector of the GBI inserted in their centering 

mount within the multi-diagnostic chamber and the electrical connections supplying 

the detector intensifier and proximity focusing voltages made up. The camera was 

then positioned and focused to give a sharp image of the fiducial marks and scale on 

the face of the detector. Figure 7.2 shows the camera in position observing the detec- 

tor through a window in the diagnostic chamber. A calibration image (Figure 7.3) of 

a scale mounted on the detector was then taken with the camera in place. Analysis 

of the calibration image with the measurement tools of the IPLAB imaging software 

determined the spatial resolution of the GBI to be 54 microns per CCD pixel and 

the field of view to be 2.07 by 3.11 cm. This resolution was used as an input to the 

IDL Pepperpot analysis code to determine beamlet spot sizes in the subsequent data 

images and as an input for estimating error bars on the analysis. 

7.2 Observing the Effect of Axial Beam Expansion 

Measurements at the end of the 45” bend captured a total of 56 images ranging 

from 4 ps long images to gated 100 ns long images. A time-of-flight calculation 

predicted the beam head would arrive at the detector at 11.9 ps after the source 

pulser was triggered. The beam head was measured arriving at the detector after 

11.7 ,us with beam tail arriving after 16.4 ps. Thus, the initial beam length of 411s 

had expanded to 4 . 7 ~ s  long. This axial expansion of the beam was not unexpected 

as no axial confinement fields were applied. In fact, the time-resolved beam images 

can be viewed as a qualitative measure of the difference in ion energy axially along 

the beam as seen in the 3 images of Figure 7.4. These images also confirm that the 

timing signals gating the MCP “ON” and “0FF”are correct and discrete beam slices 

are being imaged by the GBI. The detector intercepts the head of the beam as it 

swings wide around the bend as the head is accelerated by space-charge forces within 
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Figure 7.2: Gated Beam Imager in position for data collection at  the end of the 45" 
bend section 



Figure 7.3: Calibration image taken to determine the CCD camera pixel size 

the beam (Figure 7.4a). The center image (Figure 7.4b), at 14.0 p s  representing the 

beam flattop is intercepted at the center of the beamline as it experiences little net 

longitudinal space-charge force. In the third image (Figure 7.4c), at 15.6 p s ,  the ions 

have been retarded and the beam swings to the inside in the bending dipole field. A 
“beam movie” was made of the series of 100 ns slices that graphically illustrates the 

acceleration of the beam head, retardation of the beam tail and the stability of the 

flattop region of the beam. 
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Figure 7.4: 100 ns images at the end of 45" without beam axial confinement showing: 
a. the beam head swinging wide due to space-charge acceleration, b. the beam flattop 
on center, c .  the beam tail swinging inside the bend due to space-charge retardation. 



7.3 Data Analysis and Results at the 45" Bend Section 

A total of 48, 100 ns long gated images were obtained each delayed by 100 ns 

from the previous image giving a time history of the beam. Additionally, three 1 
long gated images from the flattop of the beam were captured. These images were 

taken after times-of-flight of 12.2, 13.2 and 14.2 ps to characterize the center of the 

beam shown as the flattop in the oscilloscope trace of the beam into the Faraday cup 

(Figure 7.5). Each data image was modified prior to analysis as described in Chapter 

5 to account for dark charge accumulation and non-uniform response of the camera 

CCD and the MCP detector. 

Figure 7.5: Oscilloscope traces of the source pulser (left) and the Faraday cup signal 
of the beam at the end of the 45" bend section. The time scale is 2 ps per division. 
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7.3.1 Comparison of GBI and Slit Scanner Measurements 

Using the IDL Pepperpot analysis code, each image of the beam was analyzed. 

The emittance and second moments of the beam during each time slice was calculated 

in order to obtain a time history of the beam. The calculation was carried out as 

described in Chapter 4. The normalized emittance versus time along the beam with 

the time origin referenced to the beam head is shown in Figure 7.6. The value of 

the emittance in the y-direction obtained with a slit scanner is also indicated on 

Figure 7.6 with the triangle symbol. There is essential agreement between the two 

methods. Figure 7.7 shows the time history of the ten second moments of the beam. 

These figures represent a graphical distillation of the 4-D and time phase space map 

of the beam. The flattop numerical values characterizing the beam are shown in 

Table 7.1, where the symbol ‘‘A” is the second moment minus the contribution of a 

non-zero first moment, following the convention of Chapter 4. 
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Figure 7.6: Normalized emittance vs. time from the GBI. A single data point rep- 
resenting the slit scanner flattop emittance measurement in the y-direction is shown 
with the triangle symbol. 
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Table 7.1: Characterization of the Small Recirculator beam after the 45" bend section 
using the GBI. 

7.3.2 Error Analysis 

The error bars on the emittance data points in Figure 7.6 were calculated based 

on known or estimated tolerances in the physical size of GBI dimensions and mea- 

surement errors that have a substantial effect on the moment calculations. Each 

worst case tolerance value was input into the Pepperpot analysis code. The effect 

on the calculation was assumed independent of the effect of the other tolerances. 

Like sign effects were summed to generate the high and low limits of the error bars. 

The tolerances that were accounted for and their contributions to the emittance are 

summarized in Table 7.2. Additionally the Peppperpot analysis code was run with 

all of the like effect tolerances applied together to calculate the result when they are 

allowed to interact. 

Proper interpretation of the error bars is important to drawing a conclusion as 

to the relative magnitudes of the z and y emittances. Those errors that tend to 

cause the emittance to be greater or smaller than the calculated value (where the 



data point falls) track each other in both the z and y directions. The conclusion 

drawn from this is that indeed the z emittance which is “in-plane’’ with the bend 

will remain larger than the y emittance and both values will track together up or 

down their respective error bars. As can be seen in Table 7.2 the calculation of the 

emittance is most sensitive to errors in the alignment about the z-axis of the grid of 

holes in the pepperpot. A misalignment of the pepperpot results in an error in the 

calculation of the angle from the position of the hole to the position of the beamlet 

spot. Additionally this error is not constant but increases with the distance from 

the beam axis. Empirically, it was seen with the images obtained at the 45” bend, 

the error introduced did not contribute equally to the error bar in both the z and 

y directions. An error resulting from the misalignment of the pepperpot is however 

applied equally to all calculations from image to image within a series where the GBI 

has not been moved. 

Maximum Error1 
Nominal Emittances 

Table 7.2: Pepperpot data analysis sensitivity to measurement errors, and instrument 
manufacturing and alignment tolerances. (Emittance units are mm-mr) 

cnz Acnz EnY Acny 
0.04838 0 0.04269 0 

I I I I I Hole Size + 5% 1 0.0409 I -0.00029 I 0.04237 I -0.00032 

+ Error bar x emittance 
- Error bar x emittance 
+ Error bar y emittance 
- Error bar y emittance 

0.00719 
-0.01212 
0.00802 
-0.01107 
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7.3.3 Comparison of GBI Data with WARP Numerical Sim- 

ulation Code Results 

Members of the LLNL HIF project staff have been developing methods to apply 

the numerical simulation code WARP as a tool both the theorist, and experimental- 

ist can use to resolve questions regarding the performance of the Small Recirculator. 

Although this effort is in its infancy and the experimental results are meant to verify 

the correct values of variable initial parameters in the WARP code, it is nevertheless 

useful as a confidence building measure in the utility of the GBI to compare its mea- 

surements to the code results using reasonable values of the input parameters. The 

6-D phase space distribution of the beam initially loaded into the WARP code is a 

constant density particle distribution in physical space (x,y,z) with a semi-gaussian 

spread in the velocities of the ions in the transverse (u,,uy) and axial (uz) direc- 

tions. It is the width of the semi-gaussian velocity spread in the axial direction that 

most influences the growth in transverse emittance caused by the transition from the 

straight transport section to the bend section. In the code results, the emittance 

growth occurs most in the “in-plane” direction (x) of the bend and to a lesser extent 

in the y direction until the perturbation thermalizes spreading the emittance across 

both directions. Figure 7.8 shows a graphical output from the WARP code with the 

data points from the GBI placed at their measured values. It can be seen from the 

sensitivity in the emittance growth that determining the proper initial value of the 

axial velocity spread is important. The data from the GBI and slit scanners indicates 

that a narrower spread is appropriate as the emittance in both the 2 and y directions 

does not grow as much as predicted using the initial velocity spreads (0.250.11 The 

envelope of the beam and its slope at the pepperpot location can be easily calculated 

from the moments measured by the GBI. A module of the WARP code (WARPenv) 

calculates the beam envelope parameters. Figure 7.9 shows data points calculated 

from GBI moments for the envelope and envelope slope along with code simulation 
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Figure 7.5: Experimental emittance data compared to "WARPxy" simulation.47 

output. This shows a favorable comparison between the code envelope calculations 

and the experimental measurements. The envelope dimensions (a ,  b) ,  and envelope 

slopes (a', b') were calculated from the second moments using: 

a = 2 J <  (z- < z > ) 2  > b = 2  J < ( y - < y > ) 2 >  ( 7 4  

and 

a' = 2 b' = 2 (Y- < Y >)(Y'- < Y ' > >  (7.2) 
(z- < z >)(z'- < x' >) 

J< (x- < x >)2  > J< (y- < y > ) 2  > 

The slope equations having been obtained by taking the derivative with respect to z 

of the envelope equations. 
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Figure 7.9: Experimental beam envelope data compared with “WARPxy” numerical 
simulation simulation. The two asterisks show the envelope detected by the GBI at 
the pepperpot and the detector in the z-direction. Similarly the two dots are the 
data in the y - d i r e ~ t i o n . ~ ~  

7.4 Observing and Measuring the Effect of Magnetic Quadrupole 
Rotation Errors and Applying Approximate Correc- 

t ions 

The effect on the beam of magnetic quadrupole rotation errors discussed in Chap- 

ter 6 was tested by imaging the beam with known quadrupole rotation errors applied 

to the Small Recirculator. The rudimentary correction of the beam by counter- 

rotation of a single quadrupole of the same field strength at the appropriate position 

was also tested. The proposed beam correction system of four adjustable quadrupoles 
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was not tested on the Small Recirculator and the construction of such a system is 

not yet included in project plans. Nevertheless, the results of the rudimentary tests 

conducted point to the utility of the more complicated system. 

From Chapter 6, empirical simulation studies showed that the effects of a known 

single rotation error can be largely removed by counter-rotating a single, down- 

stream quadrupole. The proper number of half-lattice periods between the adjusted 

quadrupoles is given by 360/a, when this quotient is an integer. As the GBI was 

positioned at the output of magnetic quadrupole 13, testing was accomplished with 

quadrupole 8 and 13 with 5" rotations. The limitations to the tests conducted in- 

cluded the fact that the actual phase advance of the Small Recirculator is 78" when 

the effect of the bending dipoles is added to the 72" phase advance of the magnetic 

quadrupoles alone. Because 360" divided by the actual phase advance is not an inte- 

ger, but is 4.61, rotating the sth and 13th quadrupole is a close approximation. The 

other limitation was the existence of unknown random quadrupole rotation errors 

that exist in any machine. These unknown errors are most likely a contributor to the 

non-zero z - y cross moments obtained in the images without any intentional rota- 

tions. Nevertheless, inducing known quadrupole errors was instructive in confirming 

their effect on the beam which exploring the concepts of rotation error tolerances and 

beam correction. Figure 7.10 shows a series of images taken and analyzed for beam 

moment characterization. They are all 1 p s  long gated images of the flattop of the 

beam starting at a time-of-flight of 13.2 ps, about 1 ps back from the beam head. 

Figure 7.10(a) shows an image of the GBI beamlet spots with only the small 

existing random quadrupole rotation errors causing coupling between the z and y 

directions. The calculations of the second moments results in non-zero z - y cross 

moments as listed in Table 7.3. Looking at the image, what appears like a tilt in the 

rows and columns of the spots, is more likely a combination of the random rotation 

errors and a 1.7" rotation of the pepperpot from the "laboratory frame". The tilt in 

the pattern can also be identified as not solely due to the pepperpot rotation a.s the 

angle of the rows with the z-axis is greater than the angle of the columns with the y- 
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Figure 7.10: GBI images with quadrupole rotation errors. AI1 images are 1 p s  long 
from the beam flattop at 13.2 ,us. a. Existing experimental rotation errors and other 
effects b. Quad 8 rotated 5" counter-clockwise only c .  Quad 13 rotated 5" clockwise 
only d. "Corrected" beam with quad 8 at 5" CCW and quad 13 at 5" CW. 
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axis. With the pepperpot rotation angle removed during the calculation of moments, 

z - y cross moments remained non-zero, albeit much smaller than when coupling is 

intentionally induced. Figures 7.11, and 7.12 show the emittance ellipses and cross 

moment data plots for this case. 
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Figure 7.11: Phase space emittance plots with “aligned’, quadrupoles. 
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Figure 7.12: Cross moment plots with “aligned” quadrupoles. 
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Figure 7.10(b) shows the beamlet spot images when quadrupole 8 was rotated 5" 

counterclockwise. Its moment values are listed in Table 7.2 and emittance ellipses and 

cross moments data plots are shown in Figures 7.13, and 7.14. Not unexpectantly, the 

emittance in the z and y directions increases indicating the decrease in focusability 

of the beam due to their (more) non-zero angular momentum. This image along 

with Figure 7.10(c) illustrate the ease with which one can observe using the GBI 
that quadrupole rotation errors have caused an increase in the emittance. A slit 

scanner will detect the same emittance increase from Figure 7.10(a) to 7.10(b) but 

with the data available from the measurement the analysis would be hard-pressed to 

definitively indicate that the cause. As the slit scanner averages the beam information 

parallel to its slits, detection of the slight envelope changes even for a gross rotation 

error as I induced here is not likely. 
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Figure 7.13: Phase space emittance plots with quadrupole 8 rotated 5" counter- 
clockwise. 
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Figure 7.10(c) shows the image obtained when quadrupole 8 is returned to align- 

ment and a 5" clockwise rotation is placed on quadrupole 13. Similar to the rotation 

of quadrupole 8, the beam's z and y emittances increase along with the cross moments 

because of the increased coupling. Figures 7.15, 7.4, and 7.16 show the emittance 
ellipse and cross moment data plots. 
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Figure 7.15: Phase space emittance plots with quadrupole 13 rotated 5" clockwise. 
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Figure 7.16: Cross moment plot with quadrupole 13 rotated 5" clockwise. 



Figure 7.10(d) shows the results when quadrupole 8 and 13 are counter-rotated by 

5” approximating the rudimantary beam correction for a known quadrupole rotation 

error. In this case the error in quadrupole 8 being corrected by quadrupole 13. Again 

it is an approximation to the special case simulation results shown in Figure 6.4 due 

to the physical limitations previously discussed. The image itself is upright and the 

rows and columns are parallel to the J: and y axes. As all the other images indicated 

the 1.7” rotation of the pepperpot, this parallelism indicates that the “correction” is 

less than optimal as expected. The calculated moments and emittances do however 

substantially show values much improved over those with only one quadrupole rotated. 

Figures 7.17, 7.4, and 7.18 show the emittance ellipse and cross moment data plots. 
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Figure 7.17: Phase space emittance plots with quadrupoles 8 and 13 counter-rotated 
by 5”. 
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Figure 7.18: Cross moment plot with quadrupoles 8 and 13 counter-rotated by 5". 
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Table 7.3: Summary of beam parameters with known quadrupole rotation errors. a. 
Quadrupole 8 rotated 5” counter-clockwise only b. Quadrupole 13 rotated 5” clock- 
wise only c .  Rudimentary beam correction applied by counter-rotation of quadrupoles 
8 and 13 d. Parameters from a beam with no rotation errors. 

1 Beam parameter I Q8 CCW I Q13 CW I “Corrected” 1 No Rotation I 
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7.5 Beam Transverse Intensity Distribution Measurement 

An examination of the intensity distribution in the x-y plane is also of great 

interest in determining the performance of the ion source. The calculations of the 

emittance yields a value for an equivalent K-V beam (uniform distribution in phase 

space) but the actual distribution may be quite different. A surface plot of the 

beamlet total intensity vs. x-y position with interpolation between spots is shown 

in Figure 7.19. As one can see the Small Recirculator beam at the end of 45" was 

quite different from a uniform distribution. A surface plot of this kind is very useful 

as the difference in intensity level is less evident looking at the image or a l -D  cut 

along a line of beamlet spots shown in Figure 7.21. The resulting conclusion that the 

intensity distribution is far from uniform across the beam was not evident (nor easily 

observable without a lot of effort) from previous slit scanner measurements. Using the 

slit scanner data the degradation of the ion source had not been detected, although a 

re-examination of the data shows correlation between it and the GBI intensity data. 

A scan of the source near its output aperature using a pair of 1 mm cross slits and 

a Faraday cup was performed on August 2, 1997. This scan shown in Figure 7.20 

also showed a large variation in source intensity prior to beam transport through 

the electric and magnetic quadrupole lattice. Subsequent physical analysis of the ion 

source at Lawrence Berkeley Laboratory showed that the source was largely depleted 

of potassium.54 The attributes of the GBI that allow it to quickly measure the 2- 

D intensity profile of the beam make it most useful in gaging source performance 

degradation once calibrated against a known good source and any anomalies in beam 

transport are eliminated in contributing to a changed intensity profile. 
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Figure 7.19: Small Recirculator beamlet intensity surface plot after the 45" bend 
showing the uneven emission of the potassium ion source. 

Figure 7.20: 
uniformity of -emission. 

Small Recirculator ion source scan at the source indicating non- 
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Figure 7.21: GBI image pixel row average plot for a column of beamlets. 
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Chapter 8 

Summary and Conclusions 

The principle goal of this dissertation was to design, build, and test a new di- 

agnostic instrument capable of rapidly, and durably measuring the four-dimensional 

transverse phase space characteristics of an intense space- charge-dominated heavy 

ion beam. The Gated Beam Imager was developed and uses the pepperpot method of 

analysis to statistically extract the beam ion’s positions and corresponding transverse 

velocities. The GBI provides durable, and repeatable measurements by employing a 

microchannel plate as the ion beamlet detector. The GBI was successfully deployed 

on LLNL’s Small Recirculator experiment and measured the characteristics of a 2 mA 

potassium ion beam. In the construction and testing of this instrument, a few of the 

more challenging issues included the selection of a material or device to detect the 

beamlets reliably with no loss of sensitivity with high exposure to the ion beam, op- 

timizing the design of the instrument and the camera optical system, and developing 

software analysis tools to analyze the images and provide a convenient user interface. 

A secondary goal of this work was to show the utility of the additional information 

available from the GBI, but not from existing diagnostic instruments. This was done 

by developing a conceptual design for a beam correction system addressing how to 

correct for rotational misalignments of quadrupoles in an accelerator’s alternating 

gradient focusing system. A demonstration of a computational method, using the 

information available from a GBI, for determining the settings of such a correction 

system was performed. A practical use for this correction system would be to  increase 



the focusing quadrupole alignment tolerances during the construction of a driver-scale 

accelerator which would presumably lead to a decrease in construction and operating 

costs. 

The predominant phase space diagnostic in use on heavy ion beams is the mechan- 

ical slit scanner. This diagnostic uses two parallel, narrow slits moved through the 

beam on successive beam shots to measure the first and second transverse moments 

of the beam distribution in the direction perpendicular to the slits. Averaging beam 

intensity information occurs in the direction parallel to the slits resulting in the mea- 

surement containing a contribuiton from any coupled motion between the orthogonal 

transverse directions (z and y). The time to scan the beam is about 15 minutes and 

requires about 400 beam shots. To obtain the moments in the orthogonal direction 

the slit scanners are rotated 90" or a second set of scanners is installed at the same 

position. With the GBI, one is able to obtain in a single beam shot, the first and sec- 

ond moments of the beam in both transverse directions and the four cross-moments 

between the z and y directions which are indicative of coupling between motion in the 

z and y directions. A cause of this coupling in an alternate gradient focusing lattice 

are quadrupole rotational misalignments. The transverse cross-moments cannot be 

measured with the existing slit scanners due to the averaging of beam information in 

the direction parallel to the slits.The moments are intensity-weighted as the GBI pre- 

serves the intensity characteristics of each beamlet as it is transformed to an optical 

signal and digitized by the CCD camera. A time history of the beam is obtainable 

by gating the GBI detector on for a short time and moving the gate time through 

the beam on successive shots. Thus, a transverse phase space time-dependent map 

of the beam is obtained which can be compared with detailed numerical simulations 

or used as input for a beam correction system. 

The unique design of the GBI includes the use of a microchannel plate to detect 

the ion beamlets produced by the pepperpot mask, and convert this signal to an 

visible optical ouput that preserves the intensity distribution of the beamlets. The 

spatial orientation of the beamlets is also preserved allowing the hole in the mask, 

from which the beamlet originated, to be identified for moment calculations. In the 
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work to develop the GBI, fast plastic scintillator material was first investigated as 

a possible beamlet detector. Plastic scintillator was investigated based on its rapid 

scintillation decay constant which would allow obtaining narrow time slices from a 

beam by gating the observing camera rapidly “on” and “off”. This would allow 

the construction of an inexpensive detector and take advantage of existing camera 

capabilities. During tests, plastic scintillator proved to be rapidly de-sensitized under 

repeated exposure to the ion beam. Additionally, its initial light output was too low 

in response to the ions to obtain accurate images of the beamlet spots. Presumably, 

the short range of the heavy ions precluded sufficient interaction with the scintillator 

to produce adequate visible output. 

The microchannel plate detector eventually incorporated into the GBI has several 

features that allow it to produce accurate, and repeatable detection of the beamlets 

and produce an optical signal strong enough to be useful for transverse phase space 

moment analysis. To avoid the damaging effects of the heavy ions, the microchannel 

plate selected has a thin stainless steel coating on the front face of the microchan- 

nels. The primary purpose of this coating is to provide an anode to allow placing a 

voltage across the microchannels to produce amplification of an incoming signal. The 

anode is thick enough to stop heavy ions in the energy range of the Small Recircu- 

lator. The secondary electrons produced during ion stopping enter the microchannel 

plate and are amplified and detected with a phosphor screen at the output of the 

microchannel plate. This “shielding” of the microchannel plate from the heavy ions 

side steps any damage issues. Additionally the gain of the microchannel plate is linear 

allowing optical signal amplification while maintaining the intensity characteristics of 

the beamlets. The spatial resolution of the position and size of the beamlets is not 

significantly affected by the “discretizing” of the beamlets into channels of finite size 

and spacing as the resolution of CCD camera systems is less than the microchan- 

ne1 spacing. Obtaining narrow time slices of the beam proved more difficult with a 

microchannel plate detector as it was necessary to gate the bias voltage to the de- 

tector rather than use the built-in gate on a CCD camera. This was a consequence 

of commercially-available microchannel plates using phosphor screens which produce 
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an output with a long response time. Confirmed during testing, the microchannel 

plate detector produced accurate, repeatable, and flexible images well suited to data 

analysis. 

GBI measurements on the Small Recirculator beam showed good agreement with 

mechanical slit scanner emittance data obtained in the y-direction. Similar magni- 

tude error bars as those calculated for the GBI are applicable to the slit scanner 

data. Comparison of the GBI moment data with the output of the WARP code, a so- 

phisticated particle-in-cell numerical beam simulation, shows that the assumed initial 

velocity spread of the ions in the axial direction should be adjusted. WARP calcula- 

tion of the beam emittance at the position of the GBI shows much more growth in 

emittance in the 3: (in-plane with the bend) direction than measured. The simulation 

results are much greater than the data and well outside experimental error bars. It is 

known that the emittance growth is very sensitive to the assumed initial width of the 

semi-gaussian spread in the ion axial velocity. Beam moments from the GBI data, 

analyzed to yield the beam envelope and envelope convergence angle, agree well with 

the WARP calculations. These envelope calculations are insensitive to the assumed 

ion axial velocity spread and lead to the conclusion that the code axial velocity spread 

assumptions should be re-examined. These results are a measure of the validity of 

the Small Recirculator experimental program of which a main goal is to benchmark 

sophisticated codes such as WARP. This requires that those quantities not obtainable 

through first principles or direct measurement be empirically determined. 

The usefulness of a 4-D phase space diagnostic such as the GBI is demonstrated 

in the conceptual beam correction system addressing quadrupole rotation errors pro- 

posed in this work. The ability to measure the z - y cross-moments makes such a 

system possible. Extension of Barnard’s work that found constants of the motion in 

the presence of rotation errors was necessary to demonstrate efficient design of the 

correction system. That such a system will decrease the construction and operating 

costs of a driver-scale accelerator is realizable in the ability to increase alignment 

tolerances of focusing components and to be able to withstand any component aging 

effects resulting in rotational misalignments. The “model-free” attributes of the Si- 
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multaneous Perturbation Stochastic Approximation (SPSA) algorithm for optimizing 

correction system parameters were successful due the nonlinear dependence of the 

beam moments on the optimized parameters. SPSA requires only two calculations of 

the parameter gradients regardless of the dimensionality of the system. This was very 

efficient, although it was noted that the difficulty in tuning the algorithm to converge 

quickly increased with the increasing dimensionality of the problem. 

The GBI combined with user-friendly analysis software has been shown to rapidly, 

and efficiently provide accurate, and repeatable characterization of heavy ion beams. 

It provides additional information beyond that of other diagnostics. This information 

is useful in diagnosing the cause of beam emittance growth and allows the concept 

of “correcting” a beam to be further studied. The GBI developed for this work is 

a prototype and showed that reliable detection of an intense beam heavy ions could 

be accomplished in a manner allowing characterization of the beam’s 4-D transverse 

phase space. The further development of the basic components of this instrument 

will continue allowing it to be a more fexible, and capable instrument in meeting the 

need to supply data on the operation of heavy ion accelerators. 
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Appendix A 

GBI Design Optimizing Spreadsheet 

The following is a printout of the spreadsheet incorporating the design equations 

of the GBI. It allows the user to vary the beam current, average radius, energy, 

length, emittance, ion mass, pepperpot mask thickness, hole diameter and spacing, 

drift distance, and the gate interval. The effect on beamlet spread due to emittance 

and space charge as well as beamlet spot spacing at the detector is calculated and 

checked against a minimum criteria. Additionally, estimates of the signal from the 

detector is estimated. 
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Appendix B 

Derivation of Beam Moment Evolution Equations 

This appendix follows the work of Barnard in deriving the moment evolution 

equations of Chapter 6 [footnote]. Barnard assumed that the force on an ion comes 

from two sources only, the external focusing force from a purely quadrupolar field, 

and an internal force from the space charge of the beam. The calculation assumes the 

space charge is evenly distributed in a uniform density ellipse but the semi-axes and 

rotation angle of the ellipse is allowed to evolve as a function of the axial coordinate, 

z. Quadrupoles can be rotated by an angle, 0 from the x-axis, and the beam can be 

rotated by an angle, a! from the x-axis as seen in Figure reffig:coordsyst 

The relation between the coordinate in the quadrupole frame (subscript 0) and the 

lab frame (no subscript) are given by: 

y = yo cos 6 + xo sin 6 (B-1) x = xo cos 0 - yo sin 0 

and similarly for the beam frame: 

x- <x>= XbCoScX-yybsincY y- < y >= 96 cos Q + xb sin a (B.2) 

The "< >" indicates a statistical average over the beam ion distribution 

For a non-relativistic beam, with velocity ratio p, moving along the z-axis the paraxial 
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X-Y : laboratory frame 

: quadrupole frame (rotation error shown) 

: beam frame 

Figure B.1: Beam and laboratory coordinate system 

equations of motion can then be written as: 

external f oTces in4ernaIforce.s 

ICqxx~ICqxo  cos2 0 + Kqyo sirs2 0 = ICqxo cos 20 

KqyyzI<qyo cos2 0 + Kqxo sin’ 0 = -ICqxo cos 20 

K q X y ~ K q y x  = (ICqxo - ICqyo)(sin 0cos0) = K q x 0  sin 20 

K q y v ~ I C q y o  cos2 O + KpxO sin2 Q = - I C ~ ~ ~  cos 20 

IC,,, = ICsxb cos 2 a  + ICsyb sin 2a ICsyy = I<,yb cos 2 a  + . 
ICsxy = KsYx = (I<& - K s y b )  sin CY cos a 

B‘ K q x 0  = -Kqy0 = Bp 

:s& sin 2 a  
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For instance, Kq,, is the proportional constant for the quadrupolar force on an 

ion in the x-direction caused by a dispacement in the x-direction from the center of 

the magnetic quadrupole which corresponds with the center of the beamline. IC,,, 
is the proportional constant for the space-charge force on an ion in the x-direction 

caused by a dispacement in the y-direction from the centroid of the beam. In the 

rotated beam frame: 

and Axb and a y b  are the moments in the rotated beam frame: 

Ax; = Ax2 cos 2cr + Ay2 sin 2a + 2Axy cos a sin cr (B.5) 

Ay: = Ay2 cos 2a + Ax2 sin 2a - 2Axy cos CY sin a (B.6) 

Here K: is the beam perveance and is a measure of the space charge forces relative to 

inertial forces. 

where q is the charge state of beam ions, e is the proton charge, mo is the beam ion 

mass in atomic mass units, y is the Lorentz factor, Pc is the ion velocity, Io is the 

beam current, and €0 is he permittivity of free space. The symbol, A is shorthand 

for the second moment of the distribution with the contribution from non-zero first 

moments removed, (i.e., A a b  3 <ab> - <a>< b>). 

The beam rotation angle may be expressed in terms of the second order moments by 

2Axy 
ax2 - aY2 

tan2a = 

Let the beam distribution function f,be the number of particles dN per unit transverse 

phase space volume: 

Since the beam can be described as a collision-less non-neutral plasma the evolution 
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of f can be described by the Vlasov/Collisionless Boltzman Equation 

?f 'df "af dx" dy" 8.f l?f 

d Z  d X  ax/ ay dY 
(B.lO) - + x  -+xu-- + y  - S y  ay'+ (=+ ,)f = 0 

where x" and y" are determined by the equations of motion. The average of a variable 

over a continuous distribution is given by: 

substituting the moments into the above equation and integrating by parts yields the 

moment evolution equations: 

G.2 = 24x2'  dz 

dAxx' - - Axn + Kx,Ax2 + IixyAxy - (d/nP,/dz)Axx' 
dz 

-- dAx'2 - 2 K x x A ~ ~ '  + 2KZ,Ax'y - 2(dlnpz/dz)As'2 

i.g = 2Ayy' 

dz 

dA y' = 

= 2KYyAyy' + 2KX,Axy' - 2(dln,L?,/d~)Ay'~ 

+ I(,,Ay2 + KYxAxy - (dlnp,/dz)Ayy' 

-- dAxy - A X ' ~  + A X ~ '  
dz 

dz'y = Ax'y' + Kz,Axy + IiyxAy2 - (dlnp,/dz)Ax'y 

- AX'y' 4- I ~ y y A x y  4- K,,Ax2 - (dln,8,/dz)Axy' dAxy' - 
dz 

dz 

where 

dAx'y' = K x x ~ ! J '  + IixyAYy' + KyyAx'y + I~vxAxx '  - 2(dEn/3z/d~)Ax'y' 

KXX Ei + K,,, 

liyy = + Iisyy 
iixy qZy + ri-sxy = lirYx 
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and similarly the first moment evolution equations are given by 

d<r> =< > 

d<y> -< yl > 

d<x'> = I{ q 3 X  < 2 > SIiqzy < y > - ( d n P z / d z )  < x' > 

9 = I<,,, < y > +I<,yz < x > -(dln,&/dz) < y' > 
dz dz 

dz 
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Appendix C 

Explicit Solutions for Ax2 and Ay2 

From an engineering and cost point of view it is desirable to reduce the num- 

ber of independent adjustable parameters necessary to correct the beam for random 

quadrupole rotatational misalignments. Using Barnard’s generalized emittances the 

matrix of ten moment evolution equations may be reduced to eight by explicitly solv- 

ing the expressions for the generalized emittances for two of the moments in terms 

of the remaining eigkt moments - It was found helpful to use the capabiltiies of 

Muthemutica to do this and it was found that solving for Ax2 and Ay2 yielded the 

“simplest” result. The Muthemutica command for doing this was: 

Solve[<< constraints-m >>, ( d x 2 ,  dy231 (C-1) 

where the file “constraints.m” contained the generalized emittance expressions and 

“dx2,dy2” are Ax2,Ay2 in a form readable by Muthemutica. The explicit solutions 

are very long and as discussed in Chapter 6 they were able to be simplified when 

the numerical values for the beam moments corresponding to the Small Recirculator 

were used in the formulas. The terms that were dropped from the following explicit 

solutions to obtain the results of Equations 6.11 and 6.16 appear in a lighter shade. 

The numerical value of the terms that were dropped was about 20 orders of magni- 

tude smaller than those terms kept. These solutions are then substituted anywhere 

Ax2,Ay2 appear in the ten moment equations and the eight independent moment 

evolution equations of the reduced matrix of Equation 6.6 are the result. All the 

L- 
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complications are contained in the numbered coefficients. 

Ax2 = [4 p" Ax'yI2 Axxf2-8 p4 Ax'yt3 Axy+8 p4 Ax'y Ax'f2 Axy'+ 

8 p4 Ax'y' ( Axt2) Axx' Axyf-4 p4 ( AXY'~--- 

sp4  AX'^) axxi2 (ayi2)+8p4 A X Y ( A Y ~ ~ ) -  

8 p4 Ax'y ( Axt2) Axy' ( Ayr2)+4 p4 Ax'y2 ( AyI2)' - 

8 p4 Ax'y Ax'y' ( Ayt2) Ayy'+4 p4 Ax'yI2 Ayy"+ 

0.5p2 A ~ ' y ' ~ e ~ ~ - O . 5 , l 3 ~  (Axt2) (Ayt2) eg2  - 

0.015625 165536 ,Bs Ax'yf4 Axxf4 - 262144p' Ax'y'' AxxI2 Axy + 
262144 ps Ax'y'' Axy2 + 
262144 p8 Ax'y Ax'Y'~ Axxt2 Axy' - 

262144 p" Ax'yI3   AX'^) A x x ' ~  Axy' - 

524288 p8 Ax'y Axfy'' Axy Axy' + 524288 p g  Ax'yt4 (Axr2) Axx' Axy Axy' -k 

262144 pa Ax'y2 Ax'Y'~ Axy" - 524288 ,Bs Ax'y Ax'yI3 (Axf2) Axx'  AX^'^ + 
393216 ps  ~~l~~~ (aXt2I2 nXxl2 ~~~l~ - 

262144 p' Adyt3  (  AX")^ Ax y Axyr2 + 
262144 pS Ax'y Ax'yt2  AX'')^ A x Y ' ~  - 

262144 pg Ax'y'   AX'^)^ Axx'  AX^'^ + 65536 ps ( Axt2f AxyI4 -?- 

262144 pg A X ' ~ ' ~  (AX'~)  A X ~ ' ~  A X ~  ( a ~ ' ~ )  - 

786432 ps  AX'^'^ (Axt2) Axy2 ( AyI2) - 

262144 ps nX$ A~~~~~ ( a x r 2 )  axXi2 nZyi ( A ~ ' ~ )  +- 
1.57286 10' P S  A X ' ~  A X ' ~ ' ~  (Axf2) A X ~  A X ~ '  (AyI2) - 

524288 p8 Ax'y'' (Axr2)' Axx' Axy Axy' ( & I 2 )  - 

786432 ,LIS Ady2 Ax'yf2 ( A x t 2 )  Axyl2 (AyI2) + 
524288 p s  Ax'y Ax'y'   AX'^)^ Axx' Ax yt2 ( AyI2) + 
262144 p" A z ' Y ' ( A ~ ' ~ ) ~  Axy Axyf2 (Ayi2) - 



262144 p8 Ax'y  AX")^ AXTJ'~ (Ayt2) + 
131072 p8 Ax'y2 Ax'yt2 Axx" ( A Y ' ~ ) ~  - 

262144 p8 Ax'y'  AX'^'^ Axy (Ay")' - 

524288 p' Ax'y Ax'y'' (Axt2) Axx' Axy ( A Y ' ~ ) ~  + 
786432 /3' Ax'Y'~ (Axt2)' Axy' ( A I J ' ~ ) ~  + 
262144 p' Ax'y3 Ax"'' Axy' (AyI2)' + 
262144 p8 axiy2 nXiYi p X i 2 )  nXx1 aXyt ( A ~ ~ ~ ) ~  - 

1 .04858 106  ps axiy nxiYi (axf2)' aXy nxy/ ( ~ ~ 1 ~ ) ~  + 
393216 p8 Ax'y'   AX'')^ Axy" ( A I J ' ~ ) ~  - 

262144 ,8' Ax'y2 (Axt2) Axx" ( A Y ' ~ ) ~  + 
262144 p' Ax'y' Ax'y' (Axt2) Axy (AY'')~ + 
524288 ,Os Ax'y (Ax")' Axx' Axy (Ay")>" - 

262144 p8  AX'')^ Axy' (ATJ'')~ - 262144 p8 Ady3   AX'^) Axy' (Ay'2)3 4- 

65536 p' Ax'y4 ( ~ l y " ) ~  - 262144p' Ax'y Ax'yr3 A x x ' ~  (AyI2) Ayy' + 
524288 p' Ax'y Ax'yt4 Axy (Ay12) Ayy' + 
524288 ps aZiyi3 (axt2) axx/ hXy (ayi2) nYy' - 
524288 p' Ax'y' Ax'yt3 Axy' (Ayt2) Ayy' - 

524288p' Ax'y'' (Ax")' Axy Axy'(Ay'') Ayy'+ 

262144 ,f3'Axfy Ax'y'   AX'^)^ Axy" (A$') Ayy' + 
524288 ps axlyl ( a x t 2 )  nxXl2 ( ~ ~ 1 ~ ) ~  aYYl - 

524288 p8 ~ ~ / ~ l  (ax12)2 axxi aXy A ~ ~ ' +  

524288 p 8  ~~t~~ aXy  AX^^) ~~~i (ay/2)2 aYY~ - 

524288 p8 Ax'y  AX'^'^ (Axt2) Axy ( A Y ' ~ ) ~  Ayy' - 

524258 p8 Ax'y (Ax")' Axx' Axy' (Ay")>" Ayy' + 
524288 p8   AX'^)^ Axy Oxy' (Ay")' Ayy' - 

262144 p8 Ax'y3 Ax'y' (A y'2)3 Ay y' + 
131072 ,Bs  AX'^'^ Axd' Ayy" - 262144 ,B8 Az'y'' Axy Ayyt2 + 





1024p4 Ax'yI2 (Axt2) (Ayf2) ( ~ h ) ~  - 1024p4   AX'^)^ ( A Y " ) ~  (eh)4]o.5]/ 

[p4 Axt2 (8 AX'Y'~ - 8 Axt2 Ay")] 

Ay2 = 0.5 [p2 [256 ,a2 Ax'f2 AXX" - 

512/32A~'y'3Axy+ 

512 p2 AX'Y Ax'Y'~ AXY' - 512 p2 Ax'Y' Ad2  A d  AXY' + 

256p'(A~'')~ Axy12 + 
512 p2 Ax'y' Axr2 Axy AyI2 - 512 p2 Ax'y Axt2  Axy' AyI2 - 

256 p2 Ax'y2 (AY")~  4- 512 p 2  Ax'y Ax'y' AyI2 Ayy'+ 

256 p 2  Ax'Y'~ Ayyt2 - 512 ,B2 Axt2 Ayt2 Ayyt2 + 

32 Ady" cg2  - 32 Ax'' Ayt2 cgZ] - 

[p4 [256 p 2  ax ty i2  ~ 5 x 1 ~  - 512 p2 ~~~y~~ nXy + 512 p2 axty aztyf2 axyi - 

512 /I2 Ax'y' Axt2 Axx' Axy' + 

256 p2   AX'^)^  AX^'^ + 512 p2 Axtyt Axf2 Axy Ayf2 - 512 p2 Ax'y Axf2 Axy' Ayt2 - 

256 p2 Axty2 ( A Y ' ~ ) ~  + 512 p2 AX'Y Ax'y' AyI2 Ayy' + 
256 p2  AX'^'^ Ayyt2 - 512 p2 AxI2 A,'' Ayyf2 + 32 Ax'yI2 eg2 - 32 Axt2 AyI2 E,']' - 
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4 p4 Ayt2 [-256 Ax'yI2 + 256 Axt2 AyI2] [-256 p4 Ax'yt2 AxI2 Axy2 + 

512 p4 nXty  AX^ a x i 2  a x y  n x Y i  - 256 p4 axty2 axi2 nXyi2 + 
256 p4 A d y 2  Axxr2 AyI2 - 512 p4 Ax'y2 Ax'y' Axy AyI2 - 

512 p4 Ax'y A X ' ~  AXX' Axy f ly t2  + 256 p4 (AxI2j2 Axy2 Ayt2 + 
512 p4 Ax'y3 Axy' Ay" - 

512 p4 Ax'y Ax'y' Axxt2 Ayy' + 1024 p4 Ax'y Ax'Y'~ Axy Ayy' + 
512 p4 Ax'y' Axt2 Axx' Axy Ayy' - 

I024p4 Ax'y2 Ax'y' Axy' Ayy' + 512p4 Ax'y Axf2 Axx' Axy' Ayy' - 

512 p4   AX'^)^ Axy Axy' Ayy' - 512 p4 Ax'y' Axt2 Axy Ayyt2 + 
512 p4 Ax'y Axt2 Axy' AyyI2 + 
256 p4 Ax'y2 Ayt2 Ayyt2 - 512 p4 Ax'y Ax'y' Ayyt3 -/- 

256 p4 AX'~ Ayyt4 + 
32 p2 Ady2 Ay" cg2 - 64 p2 Ax'y Ax'y' Ayy' cg2 + 
32 p2 Axt2 A ~ Y ' ~  cg2 + Axt2 ch4]'.']/ 

(p4 Ayt2 [-256 Ax'Y'~ + 256 Axf2 Ay"]) 
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CCD camera settings Lens aperature f/1.4 
ST-138 Controller CCD temperature -30°C 
PG-200 Voltage P/S Gate width 200ps 

Brightness Control ((Of€” 

Voltage for 100 ns/lps gates 
Mode ” Gate” 

900/700 V 

GBI Settings Gate width 100 ns / I p s  
Int. Voltage -350 V 
Proximity focusing voltage 3000 V 

IPLAB Settings Mode “Synchronous” 
Exposure 2 0 0 p  
Timing “Ext. Sync” 
Cleans ‘(Continuous” 
Region 384 x 576 pixels 
A/D Converter 
CCD Selected (‘Electronic 3 ph” - 

Small Recirculator Bending dipole volt. f6570 V 
Vacuum 4E-7 torr 

“16 bit 50 kHz readout” 

Appendix D 

GBI Equipment Settings for Acquiring Gated 

Images 
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Date of Measurement 
GBI Position (descriptive) 
GBI Postion (cm along beamline) 
Measured after Quad No. 
Beamlet drift distance 
Camera field of view 
Lens Extension needed 

Table D.2: GBI Measurement Parameters at 45" 

7/22/97 
after 45" bend 

670 cm 
13 

15 cm 
2.07 by 3.11 cm 

32 mm 

Table D.3: 45" Integrated image file information 

I 1 start time I I 
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Image 
Filename 

Table D.4: 45” 100 ns gated image file information 

Gate Image Gate Image 
start Filename start Filename 

“72297117.ras” 
(PSI ( I 4  ( P I  
11.7 “72297133.ras” 13.3 “72297149.ras” 

72297127.ras 
“72297 128.ras” 
“72297129.ras” 
“72297130.ras” 
“72297131.ras” 
“7229 7 1 3 2. ras” 

Gate 
start 

12.7 72297143.ras” 14.3 “72297159.ras” 
12.8 “72297 144.ras” 14.4 “7229’7 160.ras” 
12.9 “72297145.ras” 14.5 “72297161.ras” 
13.0 “72297146.ras” 14.6 “72297162.ras” 
13.1 “72297147.ras” 14.7 “72297163.ras” 
13.2 “7229 7 148. rad’ 14.8 “ 7229 7 164. ras” 

14.9 
15.0 
15.1 
15.2 
15.3 
15.4 
15.5 
15.6 
15.7 
15.8 
15.9 
16.0 
16.1 
16.2 
16.3 
16.4 
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Appendix E 

Simulation and Data Analysis Codes 

The following are the codes used in the course of this work, to  simulate the Small 

Recirculator beam using the moment evolution equations, to find the optimized values 

of the strength and rotation angle of the quadrupoles in the beam correction system, 

and to perform the GBI image analysis. 

E . l  “FULLAG77 

“FULLAG” is a FORTRAN 77 code modified from J. Barnard’s MOMENT code. 

Its algorithm incorporates the full set of 10 second moment evolution equations and 

allows the setting of either random quadrupole rotation errors or discrete errors of the 

user’s choice. It was used to produce moment data to  compare against that produced 

by the reduced set of 8 second moment evolution equations in their approximate form. 

This comparison is shown in Figure 6.7. 
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FOPJUT I 1  I I In, I 1 2 .  II I I 

ddxZ-dxl'Ial 
ddup=dup'lc4 
ddxpl*dxp?'le6 
ddyl.dyl.ls2 
ddyyp*dyyp*le1 
ddyp2rdypl' l e 6  
ddxy *dxy 1 e I 
ddrpy.dxpy*lel 
ddxyp-dxyp' I el 
ddxpyp.dxpyp'le6 
eemlt~*amltnx.\el 
terltny.emltny*Ir4 
aanpmom.anpmom.lL( 
remltn~.cnltno*lcl 

C 
C ...................................................................... .... Integration routlna ............................................ ...................................................................... 
c =.- Thlr subroutlne 1 s  adsptcd from t h e  subroutlns RK4 from -=.*--. 
c =*= Hu-rrlcal necipes by Pres1 e t  .I. The nsln dlffercncr 1 s  ths ..e ....... o( two dln\+nstona\ array% rather than Ilnsnr array.. ...... 
C a* .  Input VhrlDbl*ll ...... 
c .-a Ylleqn.lt)r The 2-D array 01 depandtnt varlabler ...... 
c * L -  DYDXIIqn.ltli Inltlal derlvatlves calculated In chlllnp -.*-. 
c .~l- suhroutln.. ..... 
c 1a-ax.nprtnnri liarlnun dlmcnrlonn of the array. ..... 
c X: Th. 1ndcp.ndent vrrlrble ..... 
c as. U t  The step s l i r  In X .  ..... 
c m..  DERIVS: ?hr nanr of the rubroutlne wlth the dsrlvntlvee. .-.-. 
c .*a Output varlableri ..... .... Y O V P ( l q n . l t 1 1  The ... valuer of Y .. X1H ..... ...................................................................... 

SUBROUIlN~ flntlY.YMIT.X.H.DER1VS.DYPXl 
I H P L I C I T  W B L E  P R P C I S I O l I  la-h.o-rl 
P ~ ~ E R l l e g n l l a - l O . n p r t ~ n . l l  
EXTEQJIAL DERIVS 
DINWS1Oll Y l  l a w 1  ln,nprtnaxl , DYDXl Ieqnl  I-. nprtnaxl , 

6 5  I . YolJTllaqnlln.nprtnail 
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366  
161 
1 6 1  
169 
370 
111 
111 
171 
Ill 
115 
116 
Ill 
l l b  
179 
310 
381 
IS1 
1 8 1  
181 
315 
116 
181 
180  
I89 
190 
191 
I92 
391 
191 
195 
396 
191 
I98 
I99 

I01  

401 
404 

loa 

402 

(05 
106 
401 
I08 
109 
410 
I l l  
111 
111 
111 
115 
1 I b  
117 

119 
110 

I l l  
411 
(24 
1 2 5  
I76 
I11 
121 
119 
0 0  
0 1  
Ill 
411 
414 
415 
4 1 6  
411 
410  

i i a  

(ai 

I 

..................................................................... ... Runpa-kutta 1ntrpr.zlon rsutln. ................................ ..................................................................... 
SUBRDVTINE dfdirublzw. fu.dfdrw) 
I U P L I C I T  DOUBLE PRECISION Ir-h,o-zI 
PAW(ETERlnprtMx~l.nthet~lOOOO0~ 
PlHOlSION Iw~lO.nprtaaxl.dfdzullO.nprtnaxl 
PlnMSlON dthetatablnthctl 
comonlbl k1 tdxl , dxxp. & p l .  dy?. dyyp. dyp2. e. &py . dxw. dxpyp 
comnon/bl~ltfkb~ta.fkbtr0l.fiibtyOl,per~o,betao,ptrvpn~~r 
colmonlblkllbrt.conl.hslfb.tLconl.b~ta~~beta~,~d~~~b 
C O ~ O H l h l k l l t ~ r t ~ p . j p h ~ ~ a , l C ~ n d , j d b ~ ~ . j d c n d , J l ~ t t . d ~ ~ ~ p . d r d r l f t  
C o ~ O H l h l k l Z / d ~ , d t 0 , d . p T ~  
C O ~ O N / b l k l O / d t h c t ~ . c o ~ t m ~ t h r t . . . l n t w ~ t h e t ~ , t h e t ~ m ~ ~ , t h ~ t ~ r ~ ~ ,  

. I  latrno, dthetateb 
dx2.lulI.Il 
dxxp.frl2.ll 
dxpl.fwll.ll 
dyl-fwll,ll 
dyyp=fwlS. 11 
drpZ-ful6.1l 
dxy*fwll,1l 
dxpy~fu0.1l 
dryp.Iwl9,ll 
dxpyp. f w I 1  0 . 1  I 
Call bltaVblelZW) 
p~rv.pcrvo/Ib~t~ovb+t~n*'ll Iconstant hunchlength) 

prrv.psrv.'bct.ovbatbv''pervpove~ 
8lpha..5'DATMcl~'dry/ldxl-dy2ll 
coaelph*DCOSlalphal 
alnblph.DSfNlalphal 
cos2~lpha~coi8lph"l 
mLnlalpha-ilnalph.*2 
.Inrlphca.~lph.rln.lph'co~.lph 
dxbl-&l~~o~2.Ipha~dyl.llnlblnh.li~dxy'~InAlphco~al~h 

... . .- ... - ......... 
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4 1 9  

4 4 1  
4 4 2  
4 4 3  
4 4 4  
4 4 5  
4 4 6  
441 
4 4 I I  
449 
430 
451 
4 5 1  
451 
4 3 4  
4 5 3  
4 5 6  
457 
45n 
459 
460 
4 6 1  
461 
4 6 1  
4 6 4  
4 6 5  
466 
4 6 1  
46E 
4 6 9  
410 
471 
4 7 2  
4 7 1  
174 
175 
I 7 6  
I 7 1  
1J8 
179 
8 0  
(I1 
I2 
8 1  
8 4  
8 5  
E 6  
81 
8s 
8 9  
90 
3 1  
91 
9 1  
94 
9 3  
9 6  
97 
98 
3 9  
0 0  
01 
03  
01 
04 
05 
106 
A 7  

109 
r10 
111 

440 

,as 

- 

..................................................................... ... lodo routin. ............................................... ..................................................................... 
SUBROVI IIle lodoatrp 
IMPLICIT DOUBLE PRECISION t . -h .u-z l  
PhRM(CTfRlnthet.1000001 
DIHPISION dthctatablnth.tl 
c ~ ~ n / ~ l k l l f k b e t l . f ~ ~ ~ ~ 0 l , f k b t y O l . p ~ r v o . b ~ t ~ o . p ~ r v p o r ~ r  
c o ~ n / b l k l / b e t ~ c o n l , h ~ l f b ~ t a c o n l , b e t 8 o v b ~ t ~ o ~ ~ d x o v b  
CO~ON/blkll/j~tsp.jphaia.jfend,~~~~.jdend.~l~tt,d~m~~.d~drlft 
CO~O)4lblkll/di.di0,d~p~a 
COHHONlbIk3O/dth.tr.c~atvothetn.alntvoth~tn,th~t~mAx.thet~~a~. 

C O ~ O H / b l k l l / l p r l n t , n p r l n l  
IF  IO.LP.jstep..nd.j.top.LT.jf~~~I TUW 

.Ilattno,dth*t.tab 

dr-dmw 
fkbtX02.lkb.tZ 
fkbty02.-fkbct2 
jmtcp.lrtepr I 
RETURII 

ENDlF 
IF Ijrtrp.eQ. jdbcglTllEH 

Ilattno.llattnot1 
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512 
5 1 3  
5 1 4  
515 
5 1 6  
517 

5 1 9  
510 
511 
5 2 3  
511 
5 1 4  
515 
516 
521 
518 
5 1 9  
330 
511  
5 1 1  
511 
514 
5 1 5  
5 1 6  
517 
518 
5 3 9  
540  
511 

5 0  
5 4 1  
5 4 5  
546 
$ 4 1  
148 
t 4 P  

151 
I51 
851 
6 4  
855 
156 
151 
,3 b 
859 
160 
,SI 
861 
161 
164 
165 
166 
161 
16) 
1 6 9  
110 
111 
111 
111 
b11 
1 1 5  

5 1 1  

5 4 1  

,sa 

TUlKTIOll  f kbc t a 0 1 x  1 I I 
IMPLICIT DOUBLE PREClSlOll Ia-h,cs-Zl 
Ca~~n/blklld.l.dxxp.dxpl.dy 1 .dWp.dypl. b y ,  dxpy. dryp. dxpyp 
coMnon/blkllfkbatl.fkbtrOl.lkbty(l2,perva.bctso.ptrvpuucr 
IkbrtaDl.r*-fkbtxOl 

DID 
ntrurua 

FvIiCTIOlI fkbtt.O2y(il 
IHPLICIT M U B L E  PROCISION la-h.0-zl 
conmonlblkl Ib2,dxxp. dxpl. dyl .dyyp. d y p l .  dxy. dxpy. d w . d x p y p  
co.monlblk2/fkbstl.Ikbl~Ol.tkbtyOl,pervo,bet~o,~~r~ov~~ 
fkbat.Oly--fkbtyOl 
RETURII 
W D  

S U B R W I N C  bctavnlalzl 
IMPLIClT DOUBLE PRECISIOH 1.-h.o-zl 
co~onlblkl/bet.~anl.halIboC~conl.bctaovbetdo.dbdiovb 

b c t ~ c o n l ~ l t n + r q y f / e n e r ~ ~ ~ l . ~ d O l / l n l ~ p a ~ f l e ~ ~ ~ t h i  
h~llb.t.conl..SLbetaconl 

b.t.avb~tao-DSQRTII.Od0 I betrcanl'tl 
dbdiovb-hallb#t.conl/ll.QdO 6 bataconi'tl 
return 
end 
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E.2 “REDUCEDAG7’ 

“REDUCEDAG” is a FORTRAN 77 code modified from J. Barnard’s MOMENT 
code. Its algorithm incorporates the reduced set of 8 second moment evolution equa- 

tions by substituting in the approximate explicit solutions for Ax2 and Ay2 (Equa- 

tions 6.11 and 6.16) wherever they occur in the moment evolution equations. The 

code allows the setting of either random quadrupole rotation errors or discrete errors 

of the user’s choice. It was used to produce moment data to compare against that 

produced by the set of 10 second moment evolution equations of “FULLAG”. This 

comparison is shown in Figure 6.7. 
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C C C C C C C C C C C C C c C C C C c c c ~ c c c c c c c c ~ ~ c c c ~ c ~ c c c ~ ~ ~ ~ c c c c c c c c c c ~ c c c ~ c c ~ c c c c ~ ~ c  
C C 
c rcducedag.f: Integrate. a reduced iet of aarnard moment 5 
c evolution tquacionr through an altcrnatlng grsdlsnt quadrupol. c 
c focuilng lattlcs. The ret of aquuatlonr WAIL reduced by Hopklns c 
c from 10 t o  B by applying the penersllzrd emlttanc* constcalnts. c 
c d*l and dyl are  calculated urlng a slmpllfled form of the C 
E canrtralnt cpuatlanl. Quad strength I1 cnlculated ualng B'/lBpl C 
c Instead of the Lee. e t .  a l .  equation r o l a t l n g  alpma0 ta U. e 
c C 
C C C c C C C C c E C C C c E c C C C E ~ ~ ~ c ~ c c ~ c ~ c c ~ c ~ c c c c c c c c c c c c c c c c c ~ c c ~ c ~ ~ c c ~ ~ c c c ~ c ~ c  

PROORAH moment 
IHPLICII WUBLE PREClSlON la-h,o-zl 

EXTErVIN, dfdzsub 

P A W E T E R  lnprtmaa~l.nthct~lOOOl 

DlHO4SIOII q0l10.nprLmsrl.glIl0.nprtm~xl.dfdzwOllO.nprt~~1 
DIHUISIOl l  Ikfodalnthat) 
comnan~bIkl/d.l,~xp.~Z,dyl.dWp.d~Z.dxy.dxpy,dxyp.dxpw 
conmon~blk2/lkbet21566l.f~tx02.1*bty02,pervo.b~t~o. 

c o n m o n l b l k l / b e t a c o n l . h a l l b ~ t a c o n l , b e t ~ ~ ~ b ~ t ~ e . d b d ~ ~ v b  
Corurotllblkll/j~tcp.~ph~~e,jfsnd.jdbe~.Idend.Il~tt.drmag.dtdrllt 
C O l o c ~ N / b l k l 2 / d t , d ~ O . d t p r a  
CO~on~blklOldtheta,cortuothct~.~Intwothet~,thet~r.thet~rar. 
.Ilattna.dthttacabl56h) 
COHHOll/blkll/lp~lnt.nprlnt,qu~dfld(566l 
COHHOlllblk~Olemltg2,crnlth2,beta 

... SE'T"P pRmm ................................................. 
c ... filename characters (*a,rtc.).*.-....-......-............r...--.. .... .llocate space tor ~rray'....r.....*.*.............I............ 

pervp0v.r 

nprlntsum.0 
1 lattno*0 
Jtodo-1 
O P V I I Z O .  1 I Ier'r-dx2 .dat' I 
OPV~I21, f l lc . 'q2rnlrcduccd.dal ' l  
oPull50, f I I em"7-w t . I 

c ... Inltlall*c con.tent, .......................................... 
c,.',,mrrlcal Co")tontl....'..'..'..............'..... 

pl.1.141592654dO 
fpl.l.141592654dO 
halIpJ*pl/Z.dO 
fmhc2-918 .d6 
fmcc2r5ll.dl 
frplepr0-l.1127d-10 
currasll.ld6 

-'.'phy,lca1 d a r a , ' " . . . ' . ' . . . ' ' . . . . L . , L ' . . . * ' . . . . . . . .  
staq.0.29dO 
flattlr*3B.IdO 
nhlp.566 
nlnpr.1 
f l m q t h * n l ~ p ~ ~ n h l p ~ f I . t L L C  
qcharqe*I.OdO 
mcrgyo=BO.Odl 
energyf-80.0dl 
amu-39.9dO 

nlnpr.1 
f l m q t h * n l ~ p ~ ~ n h l p ~ f I . t L L C  
qcharqe*I.OdO 
mcrgyo=BO.Odl 
energyf-80.0dl 
amu-39.9dO 
bet~-DSORTl2.0d0*cnergyo/lanu.ImhC2II 
bCtwsbata 
bctaI~D5QRtl2.OdO~tnergyfIlamu~fmhc2ll 
b~taconl~lcncr~yf/en+rpyo-l.OdOl/flength 
h.lfbtt.conl-.5dO'bct.~onl 
currcntil.Od-I 
~lpm.0-12.OdO 
nrttpsprrhlp-200 
npclnt=l 
.0*1.4165d*00 
bO*B.1542d-O1 
ap0-42.5526d-02 
bpO=-l.l421d-02 
rO s 0. OdO 
quad.0.252SndO 
biho.25.198d0 
rplpe~l.149dO 
cmltx0*2.5L69d-01 

~ ~ ~ ~~~ ~~ ~~~ 
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calty0=2.4SIld-OI 
pervalt~2.Od01curr~nt'~charpa/la~~*beta~'l~curral 
pcrvo=.000151dO 
pervf..00015ldO 
PRINT '. 'BEtA-*.bata ................................................................ 

c Get a dlvldn by zero In Pervpover I f  bctaa=betaf IO far 
E A drlftlng beam cslculst. bctaa  baled on BOkov and Ilkcv 

pr ln t  '.'psrv~lt~',pscvslt.' P C ~ V O . * , ~ ~ C V O  
prlnt ..'prrvpower.'.pervpowar 

...................................................... 
p~~~p0rir.-1,11444diOO 

f...\n\r,*,,*at,on parsme~cr*..~'.........r.........*.. 
nprlntsm-0 
I la t tno.0 
j fodo.1 

c*"setrbl. rotation anples and ilald . t r e n g t h . . ' . . ' ' * . . . . . . ' . .  
thetanAr.0.01145lldO 
W j.l.nhlp 
dthrtatmbljl-0.0 
quadfldlll*wad 
UtWQ 

C dthet.tablll~-l.O~chatamax 
C d t h i t . t . b l 2 l ~ - l , O ' t h s t a n r x  
E dthctrt.blll-I.O'thctanax 
C drhets tabl4 l - -O.S' thcramsx 
C d t h e t a t a b I 5 1 ~ - 0 , 1 5 ' t h ~ t a ~ ~ ~  
c drhrt . t~bl l l . l .O' thetsmax 
c etc, rte... 
c qu(uadtld(ll-0.18dO 
C guodfldll1-0.28dO 
c quadfldI4l.0.18dO 
E quadfld15)=0.28dO 
c etc. ttc... C,...........,.........,............... ............... 

do j-l,nhlp'nlaps 
drbetatnbli)*l OdO~thetamax'lDaLElranli~~~dl1-0.51 

prlnt '. dthetatabljl 
enddo 

indi f 
If(lc~rrelatl~n.cq.llrhen 

do j.l.nhlp 
dthet~tsbljl-3.0d0~thet~~~lDB1.Plranllsecdl1-0.51 
enddo 

do k-2.nlnps 
do j*l.nhlp 

enddo 
dthcrat~bllk-Il'nhlptjl-dthetatabljl 

enddo 

print ';Line 143' 

lhctawm=O.OdO 
thetalsum~O.Od0 
nlattsnhlp'nlapr 
do j-l.nlatt 

cndlf .......................................................... 

thaCa.um-thetasumr dcheratabljl 
theta2run.thetaJsumb dthetatabljl"1 

enddo 
thstaavg~chetarun~nl.tt 
thetaZ.vp.thcte2rurnlnlatt 
dthetarms~DSORrltheta lavg-thetaavp. ' l I  
dthctsrmarhcorv-l.'~h=t~~~~l3. 
1 Iattno*l 
cnatwotheta.L.Od0 
.Intwothcta-O.Odo 



~~ 

toool~aaqau 'I-Xsw*ldUI Y3UWfUYd 
IrIqnrauid BNIWUMS 

3 
...................................................................... ...................................................................... ............................................... .u1anoz 8ulau1ld .... 

.............................. Ir..In~udlv!~Iu1s 
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I H P L l C l T  DOVBLE PRECISION !a-h,o-rl 
cannonlbl kltdx2.dxxp. dxp2.dyl. dyyp. dyp2. dny. dxpy.aXrp. b y p  
conmonlblLllfkbat21S66l,IkbtxO2.fkbt~O2.~~~~a,~~t~~. 

pervpavcr 
cannon/blkltbctscanl.hslIbetsconl.bclaovbet~o.~~a~b 
C0~on/blklllj8tep,~~hss~.~lend.I~eq.~dend.jlatt.dzaap.d~dtlft 
CO)a(Olllbl kl21dz.drO.drprs 
CoHnOllblklOldthitb,co8t~~thet~,sIntwothct..thct~x.th.t~m~. 
.Ilsttno.dthst~t~bl5661 

X l V . 0 .  
yav.0. 
XP.lV.0 

? I 1  E'O~Tl2i1X.lpCll.4ll 
710 FORHITI6ilx.Ipell.4ll 

c*The Iollarlnq Puts wsrythlnq In tern, of m and nr v l c a  cn and rads 
ddx2-dx?.l*l 
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ddsm-dryp*ls4 
ddxpyp-.lrpyp* I 6 
mrnllnx.cnltnr'le4 
ecnllny.cmltny*le4 
. . " q W 2 . . . " p O * . l * 4  
~rmltng-snltng*l~l 
ernlrnh.calrnh* Is4 

nmw 
€340 

c 
E ...................................................................... .................................................................. 
................................... - I n  ................... ........................................................... 
c ..I Input varlab1.s: ...... 
C * * -  Illwn.lt)l The 1 - D  array of dependent var1abl.s ...... 
c I.- D1nxilrpn.lcl~ I n l t l a l  d.rlvat1u.n s.lculatod In c a l l l i i q  ---.. 
E - - -  mubroutln.. ..... 
c - * -  1erFvnsx.nprtmax: Moxlnum dlr.nslons of the array .  ..... 
c I-. X :  The Ind.pcn&nt v e r l a b l .  ..... 
F -.- H: ?he step . I z .  In k. .SI.. 

.... Ou1put .......... ..... 
c --- YDVfl1aw.Itlr Tha new value. of Y at 1111 ..... 

...................................................................... 
E -.- Thl. subroutln. 1. adapted Iron the  subrouttn. RK6 f r o m  .I--.-. 

e ..- PERlVSt Th. n m a  of the mubroulln. v l r h  the dcrlvatlvc.. - a m - -  

...................................................................... 
SUBROUTINE f ~ n t l Y . K O U T . I . H . D C R I V S . D Y D X I  
IMPLICIT m V B L C  FRCCISIOM i a . h . 0 - z )  
P A R A n ~ E R l l c ~ n l l ~ - l O . n ( l ~ t m r i ~ l ~  
EXTERHAL DCRIVS 
D I ~ u I s I o n  ~ l l e ~ l l r . n p r t m a x l . D r D x l l ~ ~ l l n . n p r t m a x ) .  

DIMDISlOIt rTllewp,l im.nvrt . - r l ,  DYTllcqnlln.nprtnaxI, 

1 e q m a x -  10 
Ilmai.nprtrsx 
ltII.H*O . 5  
116.H16. 
xii.a+iiii 
XF.X*H 
do 110 lt.l.llnsx 

. row I I .qnl  I - ,  n p r l n a x l  

. D K H l I ~ q n I I a . n i ~ r \ r a x )  

tu 11 l.qn.1.llqrmax 
Ylileqn. I t  I - Y  il.qn. I t  I *IOi*nroKils~~. IL I 

I 1  COIRIHUE 
110 COlRlHUE 

CNL DERIVSIXH.YT.IJYTI 
do 110 1t.l.Itmax 

w I 2  Ieqn.1.l*qnnax 
YT I1  e q i .  11 I - Y  I I e m .  1 f I *11iI*DYT I I eqn, 1 t I 

I1 COIITlII\lE 
I10  COIi-rIHUE 

CALL D O R I V S I X H .  YT. DYMI 
do I 3 0  I t - ( . I t - x  

:...........................................-..........~....~~....*... .... Rung.-kutta Intcqratlon routln. ................................ 
. . .  



...... 

...................................................................... 

C 
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lkyx~fwll.ll- dbdrovb~fwl9,ll 
e dxpyp*- 

dldxwll0.1l. fkxn'lwl9,ll * lkxyuu'fw15,11 4 

fkyy*twiP,.ll 4 f + ' f u I l . l l  - l.OdO*dMroub*CwilO.lI 
c 

RCTURH 
LHD 

E 
C 
C ...................................................................... 
...................................................................... .... (odo routln. ............................................... 

SUBROVFfHL fodostep 
InPLICIT WUBLL PRECISIOH 18-h.0-Zl 
PA~ETELfnthat-10001 

co~~niblklll~ib.t1l566~,f~txOl.f~tyOl,pcrvo,bet~o. 

c~nnonfblklfb~ticonl.h~lfb~c~conl.b~trovbstra,dM~o~b 
COHnONlblkIl/~sttp,~pharo.jfeiid.~dbsp.jdend,jl~tt.dr~g,drdrlft 
COHnONfblkllfd~.drO,dzpr~ 
COHHCI~fbIklO/dthet~.costw~thet~,slnt~othet~,thstama~.thata~s. 

CO~ONfblkllflprlnt.nprlnt.~adfld~5661 
I F  IO.LE.jitrp.bnd.jstcp.LT.jf~~dI T H W  

DIHPISIOH dthstatiblnthctl 

pcrvpover 

.lI8ttne,dthet~t~bl5661 

dz*dzmsg 
dthit.~dth.t.tablll.ttn~l 

~oitwoth*t~-~OSIl..dth.r.) 
ilntuothrt~-~SlNll.'dthet~l 
fkbtxOl-fkbet2lllattnol 
lUlty01.-fkbetllllsttn~l 
jitcp~jrtcp+l 
RETURH 

Ilbrtno.llbttno*l 
dth.ts.dthet.tiblllnttnol 
co.tuothit~-oCoSI2,'dthst.) 
slntwot h e t ~ * D S I I I l l .  *dthetal 
1lllprlnt.~.a.nprfntI 

umir  
IF  ljittp.LP.)dbcpltHM 

. prlet *,'Quad no.-'.Ilattno.' dthsts-*.dtheti. 
' a  fl~ld-'.puadfldlllatcnal 

amll 

dthr !t.. .dthct., 

" .  . . . . . . . . .  







E.3 

“CORRECTOR” is a FORTRAN 77 code modified from J. Barnard’s MOMENT 
code. It implements the SPSA algorithm to optimize the settings of the adjustable 

magnetic quadrupoles of the beam correction system based on a desired set of beam 

second moments. The code allows the user to determine the initial settings of the 

quadrupole field strengths and rotation angles. “CORRECTOR’S” algorithm incor- 

porates the reduced set of 8 second moment evolution equations by substituting in the 

approximate explicit solutions for Ax2 and Ay2 (Equations 6.11 and 6.16) wherever 

they occur in the moment evolution equations. 
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CCCcCCCcCCCCCcCCCCCCCCCCFECCCFCEECECCCCCccccc~c~~~cc~c~cccccc~cccc~~c~~  
E c 
c *correctar.f*: SPSA algrrrlthm to flnd t h e  aptlmun posltlon and c 
c tnapnitlc llelds lor a 4 quad system to shape th. t ransverse second c 
E moments to remove any rlfectr 01 upstream arhltrary quad r o t a t i o i i  c 
c andlor all-dcslgn quad llald strengths . 7hla Is done ulth 4 c 
c w a d s  at the usual  H1.P spsclng vlth varlablc rotatton angle and c 
c magnetic Iicld strength. The reduced lorn 0 1  the constralnt c 
c cquatlons i s  used C 
C 
CCCCECccCCEECCCC~FOCEeCfCCECCCCCCECCECEcccc~~c~~cc~ccc~cccccccccccccccc 

P R o C W l  moment 
IMPLICIT W U B L E  PRECISIOII Is-h,o-xl 

EXTPRllAL dfdrrub 

P L W E T E R  lnprtm~x.l.nthet-l0OOOOl 

DIHEIIS lOl l  p0l10.nprtmaxl.~llIO.nprt~~xl.dld~u0lB.nprtnsx~ 
DIHUISIOtI dthctat~bln~hetl.paodllOl.yl2l,kdelt~l10l 
DIHEIlSIO1I thetanew( 101 .gee( 101, gecb l>OI .  quadlldncul IO1 
COtUtOlllblkllemltg2. enlth2. b e t a  
CO~Olllblklllkbct2l101~lkbtr02.Ikhty02.psrvo,betao, 

C O ~ ~ O l l l b l k l l b r t a c o n l ~ l ~ ~ l f b ~ t ~ ~ ~ ~ l , b ~ t ~ ~ ~ b ~ ~ ~ ~ , d b ~ ~ ~ ~ b  
COHHOlllblk4lddX2l800l.dllxxplUOOI.ddxp2I800l.ddy2l8O01,ddyyp~8001, 
.dd~~2lBOOl.ddrylBOO1.ddxpy1B00~.ddnlpl800l.ddxpypiB001.ree1E00l 
COHHOlllblk5leemltnx18001,ecmlt~~yl80Ol.s~npmoorl800~, 
.ccmltnql8OO~.cemltnhllOOl 
COKnONIbl kl I I jrtep, jphaie .  j f end, Jdbcg. Jdend. j lat t , d m a g .  dzdr I It 
COMOlllbltlZldz. dz0. drpre 
CO~Olllblkl0ldthet~.caatuothcta.rlntuathcta.that~ax.thatarm~. 

COHHO1IIbI k l  I I Ipr l n t  . npr lnt 

< ... SETUP P R S -  j..l*..j. ' . l . ~ . . ~ ~ * . . . 1 . . . . 1 1 1 1 . 1 . . 1 1 . . . * * . ~ . . , . *  

c ... lflenama characters IA.a,ct=.I.-**=.".-*.r.ir....ii..1.......1. 

c * . I  .Ilocata space rot:  lay*.*..........*.,**^*........^...**.-.. 

pcrvpourr.~adlldOOl.IklodollOl 

.Ilattno.dthetatab 

c 
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DIDDO 
V l D I F  ................................................................ 

thctasum.O.Od0 
t l trta2rum.0,  OdO 
nlatt*nhlp*nlspt 
w j.l.nlatt 

thctrruncthetasunb dthctatsbljl 
Cheta2iun*thctr2sun* dChatatsblj).'Z 

ENDDO 
thct~avg.thetsr~lnl~tt 
t h c t s Z ~ v p - t h e t r 2 n u n l n l a L r  
d t h c t a r ~ ~ = D s q n T ~ t h ~ ~ ~ l ~ ~ ~ - t h e t a a ~ ~ ~ ~ 2 1  
dthctarmrthtory*2. 'thetsraax/l. 
I lat  tno.1 
costvothcta*l.OdO 
s IntuotBcta=O. OdO 

di0-flrttlclflaat(nitep~pt~hlpl 
cpsdylnlt.O.0d-5 ..................................................... 

E random rotbthQnS CO M X  Of 0 . 5  dcp. f o r  5 6 1  HLP. CAlfuIatrd At 
c 2=21412.2 cm 
csr.-*....lnput to Quad 0 .......................... 
E.*  the momenti s f t c r  562 hlp wlth 
c random rotation erroi up LO 0.5 deg. t-ll4ll.2 

drz~.811701~61605az2n 
d x x p * 1 . 4 4 2 0 7 7 2 8 2 0 7 1 0 4 1 ~ - 0 1  
dxp l~2 .61OJ4781J56052OE-04  
dy2~.Z100116409151491 
d~p~-5.21017?61)1112lll~-01 
dypZ~l.lZ8111964~0DL02E-04 
dr/~-5.410955980645722~-02 
b r p y * - ~ . 4 2 1 6 B ~ S 4 6 J 6 1 2 0 4 ~ - O l  
dr/p~-~.41501~7129~169(E-01 
d x p y p - - J . B I 6 8 9 2 5 1 ~ ) 0 6 f l E - O I  
d ~ l p h a O ~ O . S ~ O A T N l ~ l ' ~ ~ l d r Z - d y Z l ~  

C........l.............I....'...r.....~...~.~.~~..~...~.~........... 
c .-. Calculate the generallied cnlttancsn bared an the abova*-.-.. ................................................................... 
E = a *  generallrrd tmlttancc conrtralnt  aquacloni 

em1 tgl*EOfdxl. drxp. d r p 2 . d y 2 . d w , d ~ ~ l  .h, dxpy. dxyp.dxpwl 
an1 t h2*EH idx2. drxp. dxp2, d y l  . dyyp. dypl, d x y ,  d x y y ,  dxyp. dxpypl 

C ................................................................... 
c ... setup lodo stuff ............................................ 
c *.n lnttlal d**2*k_bet~'2lIncludInp SpdCa charpal *I.-*..=*---..- 

rmn 
dz=dzQ 
IF Ijtodo.EQ.II TllDl 

c jfcnd 1. t h e  V A I U ~  01 j a t  end of focurlnp ma9nst 
c locuring nlgnct ham v # l u c i  of j between 0 and jlend 
c f 1 r . t  drLfC jfend and jdbsg 
c delocuilng magnet jdbep and jdend 
c second drlft jdcnd and jlatt 

flend-AlfRlctsq'llattlcld~O 4 . 5 1  
IF l+fend.LT.Il Ilcnd.1 
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c --. lnltlallra and wrlte dovn brglnnln~ values I.-.-----..*=..=.. 
2-to 
p o l l ,  I I .d*2 
poii. Q012.Il.dup 11 .dxp2 ' 

1014 .  I I  .dyl 
gO15. I I - d n v  
gOII.lI*dypl 
g o l 7 . 1  I .dw 
0018.ll.drPY 
go 19. I I ' d x y p  
so 110. I I .dxpw ................................................................... 

................................................................... c ....................... HAIN 2 - m p  .............................. 
W 2000 Iz=l.nt 

IF Ijfodo.EQ.IICALL fodoitcp .... Advance all psrLlclc1 ........................................ 
C 

C 

C 

C 

C 
W 400 Icoord*l.lO 

gOll~oord.1l~~lIlcoord.Il 
400 CONTIWRIE 

c*The followlnp puts evaryCh1np In tarns 0 1  m and m r  vlcs cm And rads 
racllrl't 
ddxlllxI-d*2'le2 
dbupllrl*dup*lc4 
ddxp2llzI*dxp2'le6 
ddylilzl.dyl*l.l 
ddyypllzl-dyyp'lc4 
ddyplllzl-dyp2'l.6 
ddxy ( L t  I -.axV' le1 . ~ddxpyllrl *dxpy'la4 
ddxypllzl*dr)p'le4 
ddxpypllxl-drpyp*lc6 

C 

C 
2000 CONrINUt! 

CALL lois~uncl~l.y~sr,ylo..I 
ylkountcr).ycqr 

mqmon-Idxvp-dxpyl'l*( 
1000 CONTINUE 

C ..................................................................... 
c C~rnpvte tha gradlent .Pproxlsatlon, calculata the ncu Que.& 
E ang1.a and check. chat thsy  a r e  algnlflcantly dlffermt f r o m  the 
C last Iterrtlon and that the oaxlmun Iterations bLloved has not 
C bran exccaded. 11 not, Itrrata agaln strrtlnp at t l a g  50. ..................................................................... 
C 

ydlf*ylll-yla$t 
y.qmua.ylll-ylll 
Yl..t.Ylll 
W 1-1.4 
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l.l*4 

gee1 ll-y~qrnunl12~crubk*kdeltslll I 
g c c b l l l * y r q m u m / l 2 ~ d r u h k ~ k r d a l t r ( l l l  
t h s t ~ n r w ( l l * d t h e t a t a b l l l - l ~ ~ u b k ~ g ~ ~ l l l 1  
quadfl~culll~puadfldll)-lbsubk~g~ebilll 

M O W  

I f  lyspr .LT. ysgrmlnl ~ 1 1 ~ 1  
Of EN I 1  0 1, f I I e= 'bet t I .  I 
aPE~1I102. fllr-'zcorrl.dat'l 
ysqrnlnsyrqr 
HRLTE(IOI;I *Least Lo.% Function ua1 *. yaqr 
HRITElIOI.*I ' h q m o m  was '.mgmotn 
WRITE 1101 . *1  'Iteration N u d e r  vas *.kl,' k=' .k  
WRITEIlO1:l 'rm~ll~~'.rmalla.'kblga*'.kblg~ 
WRlTE(IOl,.) 'rmalIb='.smallb.' naxtt-'.maxlt 
WRITE(IOI.*I 'rrn~LLc*'.~~llc,'rnalld~'..nalld 

W 1.1.4 
WRITE 1101.*1 'Wad Field ' . I . -  was '.Wadfldlll 
WDaO 

-IT€ ~ 1 0 1 : ~  'Quad 1 Angle was '.dthat*tnblll 
mlTE (I0I;I 'Quad I h q l s  was ',dthctatabllj 
WRITE Il0l;I 'Quad 1 h g l s  was ',dtl~etrtabllj 
WRITt! 1101;l 'Quad 4 Angle was *.drhetatabtO 
WRITE l l O l ,  'dx2. '.dxl.goodlll 
WRITE 1101,:; 'dup- '.drxp,goodl21 
WRITE 1l01:l .dxpl= '.dxpl.gaodlll 
WRITE LlO1:l 'dy2. ',dy2,g0odtO 
WRITE llO1.ml 'dyyp- ',dyyp.~oodl5) 
WRITE ~ l O l . * l  'dyp2- ',dypZ,goodI61 
HRlTE 1 1 0 1 . ~ 1  ' h e  '.dxy,goodI7l 
WRITE 1101:l 'dxpy. ..dIpy.gaodlal 
WRITE llOl.:I 'dxyp*  ',dxyp,goodl9l 
mlTr 1101. I .dxpyp- :.&pyp.goodllOl 
WRITE 1101 . *1  ' 
WRITE (101. * I  'betA.'.beta 
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URITE 1101:1 'It.ratlm NlURbtC was *,kl,' h-'.k 

C 
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IF lyrqr .Or. sllaltl TllW 
w 1.1.4 

dthat~tabll)~thatsnavlll 
wadi ld{ I\=qu~dl\drwul I1 

LNOM 
g=arubk'geall) 

k-ktl 
kl-kl+l 

k l l a p . 0  
GO TO 5 0  

?nii iT *,k: -.ysqr.angmom 

ELSE 
kllag*kf1aptl 

IF ikilrg .LT. 1 )  TMUI 
W 1-1.4 
dthctatablll.thet~n~u(L) 

UIVW 
k*ktl 

PRINT * . ' k i ' . k ;  s n g l c ~ - ' , d t h e t ~ t ~ b l l ) . d t h r t a t a b l l l ,  

GO TO 50 

puadlldlll =quadl Idneul I I 

kI=kltI 

d t l ~ o t a t ~ b l l l . d t h e t a t a b l ( l . '  flag**,kflag 

EllOlf 
EtIOIf  

C UlDlF 
UIDIF 

e... pr1ntI"g loop L............................................... 

C 

cLosEI7oI 
CALL EXlflO 
M D  
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1np.l. OdD 
dwn*l.Od-8 

UID 
n m w  

C ...................................................................... ...................................................................... 
c Thlr subroutlnc Is adapted trom ths subroutln8 Rxt lron =.-*-.* 
c -.* N"mer1c.l Raclpes by rress e t  81. The M l n  dliltrtnce 1s the ..- 
c .=I use of two dlrncnslonal a r r a y ~  rather than 1ln.sr rrrayr. ---==* 
c .-- Input v~rlsblest ...... 
c =.. Ylleqn.ltlr The 2-D array a t  depsndcnt variables ...... 
c IS- subroutine. ..... 
E a = -  lwntnax.nprtmx: Haxlm- dlmcnrlons of th8 arrays ."*.. 
c -=. f :  The Independent vbrlabla ..... 
c ..I H: Th. step . Ira  In x. ..... .... DERlVS: The .... of th. 'ubrOut1n. r l t h  the derlvat lv . s .  ..... 
c *.- Output VarIablrsr ..... 
c - * -  YovTllcqn.ltI: The new values of Y mt XIH ..-.. 

.... I n t q t . t i o n  routine ............................................ 

E **. DYDXllcw,ltl: InLtlal derivatives cnlcolatsd in  calllnp -.=.I 

...................................................................... 
SUBROUTINE f Int I Y .  YOUT.X.II.DERIVS. DYDXI 
I U P L 1 C l f  DDUBLt PRECISION la-h.o-zl 
rh lUnCTcRi l tP l l l im. io , , lp r tMx .~ .  idir.ai 
EXTERNAL DERIYS 
DlHWs1011 YIlaPllll~.np~teaxl.DrDx~ldlr.nprlnaXI. 

01HDISION YTIlrqnlln.nprlmaxl.DYTIldlr.nprt~~x). 
. YOUTlleqnlln.nprtmaxI 

. D7H(ldlr.nprtmsx) 

C 

CALL DPRIVSIXW.YT.DYT) 
w 110 It.I.ltmaX 

YT(1. I t I s Y I i ' .  It)*HII'DYTII. I t 1  

KT IS. I t  I *Y I S ,  1 t I +Illl*DYT I I ,  1 t 1 
YTIC.  It1 - Y  (6.1 t I *H>I*DYTIt. It) 
YTI 7, It I mY 11.1 t 1 *HIl*DYT ( 5 ,  I t  I 
YTl1. 111-118. ItltllH'DYTl6.ltl 

'ITIIO. Itl-Yl1O.lt)*llH*DYTII. it1 

YT I I .  ~t I .r I 1. IC) +IIII.DYT I 2, I ti 

~ ~ 1 9 , i t l - ~ 1 9 . l t ~ ~ n n ~ ~ ~ ~ i l . I t 1  

I20 COKTIINE 

CN.L DERfVSlXH,YT.DYMl 
w I 

R I D  
C ...................................................................... ...................................................................... .... Rung.-kutta Intepratlon routlne ................................ 

................... 





RETURN 
END 

E ........................................................................ 
FUNCTION DEEI2 Idup .  d a d .  d w .  d w l .  d.v.dxrv.dxup.dxvupI 
I N P L l C I T  WUBLE CRECISION I a - h . o - i l  
COKNONlblkllemIt~l. cmith2. beta 

C 
c2145611901~14S61E90121l561890123456189012~456~~90121l561~90111456109011 
C 

DEEIZ-O.5~I-l:bcta"2~ - (256.'bct.*~2*dxpyp..2~dxxp.'I - 5 1 2 . ~ b r t ~ * * l ' d x p y p " I I d n /  t . 5 1 1 .  Lbeta'*2'dxpy*cixpyp"2*dqQ - 
5ll.~beta'~I~dxpyp'drpl'dxxp'dryp + 
156:brt..'2~~2'.2~dxyp.'l * 
~l2.'bct~''l'dxpyp~drpl'~'dyp2 - 
512.'b.tn.'2'dxpy'dxpl.dxyp.dy2 - 
I~6,'bat~'~2~J*py'~2~dypl1~2 b 
512..bat*..2.dxpy'dxpyp.dypl'dyp~'d~ 0 

216.'bst~*'?~dxpyp~'l'dyyp"l - - 511.1bct.~~2~drp2~d~2~dyyp"1 t 32.'dxpyp"l'enltpl - 
12..dxp2.dyp2'c.1t9211/ 

~ I bet a' * 4 'dyp2 * I ~ 2 5 6 .  'dxpyp. ' 2  I 256 .  'dxp.1 ' b 2  I I 
c 

RETVRH 
nI0 .................................................................... ....... c ~ ~ c r d l l z c d  Cnlttance Cb)culatlont ....................... .................................................................... 

E 
mlcf ION EC ldx2. dup. d x p l .  dy2, dyyp. dyp2. W .  b y .  dxw. dxpypl 
IMPLICIT WUBLE PRECISIoH la -h ,o-a l  
COKNOHlblkllemltpl. enlrh2. b e t a  

EC~16'bcta"l'ldxprp'dxy - dxpy'dxypl t 
C 

- 8.*bcta**l*l-dwrpa.I t hl'dx2I t 8:beta"l' - l - d ~ p * * l  + dypl'dy2l 
E 

RCfVW 
UID 

C .................................................................... 
rV1C"lON Ell I d x 2 ,  d u p .  d-2. dy2 ,  d m .  dyp2. dxy. b y .  dnEp, dxpypl 
I M P L I C I T  DOUBLE PRECISION La-h,a- t l  
COMOWlblkllmltvl. mlth2. beta 

M.(2~6'brt~'~4.Idrpyp.~l'dxy''l - lndxpy'dxPyp'dxY*dnYQ 6 
C 

dxpy"I*dqQ*'2 + 2*dxpy'dxxp*dxy'dyp2 - 
dxp2'dxy**l*dypl - 
dxpy*'l'dx2*dyp? - 2'dxpyp'dw'by.dym - 
I*dxpy*dxxp*dxyp*dWp t 3*dxp2'dxyBdr/p'dym + 
I'drpy'drpyp'dx2.d~p t Z'dxpyp'dxxp'axYp'dyl - 
dxpl'dxyp*'2*dyl - d x p y p " l ' d x l ' d y 2 )  t - 256*brta~*I*l-durpn*1 + dxp2*dxll'(-dyyp**l t - dyp2'dyIll''0.5 

5 
P S r J R H  
Ut0 .................................................................... 

" . . . . .  . . ~_ .  . .  ._ .. 
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E .4 “PEP PERP 0 T” 

“PEPPERPOT” is a code written in IDL. It was modified from A. Paul’s IDL 
pepperpot image analysis code used with images of electron beams from the ETA- 
I1 accelerator. It was modified to analyze ion beams passed through a rectangular 

pattern pepperpot mask more suitable to the analysis of a beam produced by an alter- 

nating gradient focusing lattice. A modification was made to calculate the transverse 

cross-moments and display these correlations. The ability to fit a gaussian curve to 

beamlet spot cross-sections was also added. 
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i CBI.PRO 
; ____________________~---~-~~-- . - - - - . - - -~-------~-- . - - - -~-------- - -~~---~~~- 
: center II..nbearn.6) .. xplx.yplx.nnln,unax.ymln,ymax 
i bradiun10..nbeam-ll I- radlus of beamlet. cetiter 0 1  beanletso 
; jtAdluslO..nbrrm-ll .I radlal parltlon of beanltt on mark 
i data ( I .  .l~bedn.91 I. pask,xl.x2.x=b~.yl.y2.y~ba,tatallnL.background 
: phase I I. .nbeam. 6 1  = I  rahn. x p l ,  xp2. yabs. ypl .yp2 

- 3  I O,O.xav,xpav,yav.ypav lcentrold of phase space) 
-2 I rl2.rI4.xr.xps.yr.yp1 Iphas. spare plot scalar1 
- 1  I ~ l 1 , a l 2 . ~ 2 2 , ~ 1 1 , 1 1 4 , ~ 4 4  

i ernltn (I..nbesml = -  cmltx.emlty for  each beamlet 
; maskl'.JI =I x.y.rsdlur I 1:nbeam a r t  far beanleis. marklO.2l=lnput iadlus 

: plot-letsll. .nbeaml == benmletn-numberglotted . branlet-lgnor-flag 
; prangal501 =~10..11*pr~lllelunln.xmax.ymIn,~axl. I4l=ns~ve.IS..49lovcr~lota 

i HQdlllcd from Pepparpot.pro. A..C.l 'aul.  5 1 9 1 9 0  
: Read * . U S  fllcs wlth pepper pot lmagcs 
; plot  Clontour, Slurface. Bleamlctr. Ellllpse. Plrofllen. J l n e r s  
i C a l c u l a t e  bean, brightness and phase space occupled by the beamlctts. 

markl0.0\ not urcd. maskl0.11-mask Iotaton r n g l a  

I fnbaarn~1I.1-lsbel_elIipre_llag 

i I I  analy*c. 4 1 5 2  I Taka x . y  cut# of bcamlstn. prlnts h a l f  slrc 
; I adjust-center, .  1221 
; 11 autovlew. 712 I TV. surface .  and contour plots of many flies 
; 11 data-Input. 1714 I Interactive data input. chanpa parameters 
i 41 decode. 1319 I Input strlng SI. returns a r r a y  of numbers 
i SI default-data. 4772 I S e i  lnltlal parameter' 
; 6 1  ~ O - I ~ V O I S .  281 I c a l c u l a t e  cmlttnncs l o r  l e v c l r  10..901 
: 71 do-profiles. 4559 I Cuts In x and y 
; 81 doplotr. 5052 I p l o t  bosmletr. contour. ~ u r f a c e .  mark,wlndov. . . . . 
: 91 dump-Image. 3459 / P r i n t s  actual IlthCE sub area  In plxelr. r a w  data 
; 101 dumpfile. 561 I saves and reitores parsmeterr 1 1 4 1 9 1  
; I llt_ga~5s, 4240 
; I l l  flx-data. 811 I Flx wlndou, I m b m  and mask 4rrdYl 
' I fix-beam. 961 I FIX bean centers. add or delete beamlet ulndou* an 

i 121 fix-Image, 1078 I Fixes the lnaqe array,  suhtract background. atc. 
i 1 1 1  f(x-mbSk. 891 I f l x  ndik 
i I pen-rectangular .  2794 I generates carteslan mark 
I I41 qen-round. 1 6 5 9  I generates round mark pattcrn 
i 1 5 1  pen-mask. ]IS5 I generates mask hole pattern I*.yl at L.0. narkl'l 
: 1 6 )  get-centers. l2E9 I Flnds beamlet ccnterl'l and sub_wlndow In plxrlr 
; 111 get-bcamlets. I451 I flnds beamlet wldth a t  level I n  nub-ulndau. datal' 

$ 1  
1 ;  1111 get-emlttancr. 1613 I C a l c u l a t e s  ernlttonce of bcamletr. phasel*I.cnltnl* 

*; mark 

I 
1 
I 
I 

1 
1 
3 
I O  
I 1  12 

I 1  
1 4  
I S  
1 6  
I 1  
18 
19 
20 
2 1  
22 
21 
24 
? 5  
26 
21 
2 8  ? 9  

IO 
11 
I2 
I 1  

I 
5 
6 
1 

9 
0 

I 
2 
I 
1 
3 
6 
7 

B 

3 
J 
I 
2 
1 
1 
I 
6 
1 
II 

9 
I 
I 
2 
I 
4 
5 
6 
1 
8 
4 

n 

: 1 pet-halo. 183 I 

i I get-scale. SO24 
i 1 9et-S~qmA. 1369 
: 1 9 1  (unctlon get-word. 2 6 9  I returns word from str lnp 
: 291 pxcstlngs. 2 1 4  I Prlnt Inital lnlarmatlan an help 
: 211 helpme. I 3 1  I onl lne help package 
i 2 2 1  llrtdata. I886 I List beamlet centers. and data(l array tD screen 
; 211 move-wrser .  11136 I n o w  cursor on contour o r  ulndov p l o t .  $et i u r l a c s  1 
; 211 novle. 1810 I novle  o f  Cuts e v e r y  5 plxelt In the x 01 y dlrectlo 

i 2 5 1  next-flle. 1571 I Get, next requcntlal f l l c '  
I 2 6 1  lunctlon 0dd.n I n.5 x-5.00 xh.1 x-2nh.l I n-6 r.6.00 xh-1 x-2xh-0 
i 211 0"tP"t. 1211 I Htltca t i l e  prlntname wlth beanlet data 

I Hatn "rooran 

i I gat-rebln. 1421) 

tn I I 1 8 1  twmeruat .  5174 . -  
: I p i b i - a i l L b e a m .  2417 
; 29)  plot-6d-space. 2049 I Plots x y ' .  y x ' .  x ' y ' .  atid ry of beanl.ti 
i I01 plot-beamlet. 2478 I Plat r u i f a c e  plot  of g l v e n  bearlet 
i I l l  plot-brlghtncsr. 1641 I Plots beamlet brlghtncsi vi radlur 
i 32) plct-elllp.c. 1984 I Plot phase ellipse on data plot from slgma matrlx 
i 131 plot-mark. 2586 I plot mark hole pattern an contour. center plot 
i 341 plot-phase-space. 2218 I Plots x and y phase apace 
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10 
1 1  
12 
13 
14 
7s 
16 
71 
1 8  
7 9  
a0 
8 1  
82 
8 1  
84 
ns 
86 
87 
88 
89 
90 
91 
92 
91 
94 
9 5  
96 
9 7  

9 9  
I 00 
101 
101  
I03 
104 
10s 
106 
I 0 7  
I O 0  
109 
I IO 
Ill 
I 1 2  
Il l  
I 1 4  
115 
116 
I l l  
1111 
1 1 9  
120 
I21 
122 
123 
121 

125 

126 
127 

129 
'IO 
I l l  
132 
11) 
134 
115 
136 
I I 7  

119 
14a 

98 

128 

1111 

151 p~ot-tv-lrane. l i s n  I Plot. TV- oi Image. o v e r l a y  wlndovs 
3 6 1  plot-ulndor. IS17 I Plot. Iocrtlon and baarnlct number on plrel qrld 

. 18)  read_tltlei. 4979 I Reads the tltlc l lncs  for a sequence of fllcs. 
i I91 readdata. I d 9 1  I Reads lnltl~l data. wlndow.Itvel.fllename~ etc. 
: 401 lebdlIl*, I161 I Lead1 1mapc.RAS flls 
i 4 1 1  rrrdmc. 1 9 1  
; roratr,.mask. 862 
; 421 set-contcwr. 4 6 8 4  I Flndl center  l o r  contour plot from mouse posltlon 
i 411 srt..path_namc. 4962 I Sets dlrtctory path nami lor Save and Ras filci' 
i 4 L 1  let-rurfac.. I J O J  I plndr center f o r  s u r f a c e  p l o t  Cion mou%c porltlon 
: 451 rhon-llst. 4882 I Llat Lo s c r e e n  plott that u l l l  be gentrntcd by 
: 4 6 1  mooth.data. 4136 I Use slldlno box c a r  smooth an imaac 

I R e a d s  h b l p  111. .pepparpat.readme* 

i 1 t u m 6 .  4146 
i 171 rumnaryr. 4051 I Plot. Pcak.Tota1 beamlet lntenslty. x , y  and tadlus I i 481 toggle-wlndour, 4915 I Shows and hldes wlndows 0 .  I and 4 

I A l l o w s  'zeroing' 0 1  a bad a r e a  of t h e  lmape 

>.-.. 

p r l n t f ,  I.datalO:nbcam*2.'l 
prlntf, pr inti, I ,  I, cent 'CUlTTRII' ex 10:nbeani 2 .  * I  

prlntf, 1, 'HASKI I ' 
prlntf. 1, nx. ny, junk. junk 
pr Int 1. 1, mask I 1  :itmark. * I 

0.  

0 .  

0. 

pro halpmc 
town corn1 , f I I cname, dumpname. pr Intnamc. dat anarne. t 1 t l e  
lor  k.l.9 do prlnt.' ' 
print: ' 
print.'< ...=e I...--..*. cB1 pepperpot.pro ( 5 1 1 4 1 9 7 1  =***==--.-.*.*. > '  
prlnt.' ' 
prlnt.'n'WR LOS CallbrbtlonS X.ylcmlplxclI e r e : '  
p r l n t .  ' ~ I ~ O I O . O ~ S ~ . O . ~ ~ I ~ I .  I ~ ~ ~ I o . o ~ ~ ~ . o . o I ~ ~ I ,  1 ~ 0 ~ 1 0 . n 1 ~ o . o . 0 I l 9 1 ~  
prlnt,'.lnalyza Do cuts In x. end y 0 1  glven beamlet' 
prlnt:AIutovIew HArdcopy af TV. Surfbcs. and Contour p l o t s .  many l l l e r  ' 
prlnt.'bleamlet Plot given beanlet l..max* 
prlnt. ' 8 1  Regeneratea bemlcts. Balckground robtract Ion' 
pr1nt:clontaur Plot contwra of Image. enter 1x1 1x2 l y l  ly2. E .  a u t o  ncalcs' 
prlnr.'d).ta Input E l H a V l .  current. mbrk. plxcls. rlndov. Imdqe. and l e v e l '  
pr1nt:~llIlp~m Plot I-xp and y-yp phara space, er lnlrut i l x  scales lor c plot 
I* 
Iprint. e6 plot. I~-Ypl.l~-xpl.lxp-~l.lxy). ~ 2 6 . ~ 4 6  to wlndous 2 and 
I1 
prlnt. ' e l  
print. 'erulds, 
prlnt,'Elnhanca 
prlnt. -11 1x 
prlnt. 'glet-hala 
prlnt. 'hlclp 
pr1nt;Ilnit 
print,' 
prlnt, ' 
pr ln t .  
pr1nt;jlner. 
prlllt.*lllat 
p r l n t .  *mlovc 
pr1nt:Hlowl. 

plat cmlrtsnce vs l e v e l  10..90\. ele 5.10.20 . . .  9 0 . 9 ~ 1 '  
plot beamlcta transformed l o  lacatlan of wal~t.Imsge.dl5tance' 
S c a l e r  lmagell a r r a y  to 0..254 plxals' 
clenterll, nlsskll. Ilmapell a r r a y s '  
Remove beanlets from Image.  leaves background halo.' 
'h' thls o n l l n a  help, '11. wlll read f11e pcppeipat.rradme' 
Mask holr psttern. Iw natklvlndow center. niperlmpoeed' 
Iclroarovet. IsILft by glwen X . Y .  lvlary_nark' 
Iqlensrata cllch on holes ,  I g x  genera te  mark o f  nx'ny h o l e s .  
Irlgencrsta round mark of nbean holes, lklrotate mask pattcrn' 
Plot brlghtncss, j s  Input f l x  scaler far  a l l  J plots' 
1.l.t data. lntenrlty of beanlet*. x.ylcentrold etc: 
Move C u r s o r ,  left buttQn returns  I.Y. rlght button returns' 
x . y  profllsl every  x=5..xdln In steps of 5.  H , W . H Y ,  t k a  add.. 
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141 
142 
141 

1 4 4  
145 
146 
141 
I48 
149 
150 
I51 

1 5 1  

I51 
I54 
I51 

1 5 6  

I57 
1 5 8  
159 
160 
1 6 1  
I62 
161 
1 6 4  
1 6 5  
1 6 6  
1 6 7  
I 6 8  
1 6 9  
I 7 0  
1 7 1  
112 
111 
I14 
175 
176 
Ill 
1 7 8  
179 
1 8 0  
1 8 1  
i n 1  
1 8 1  
i n 4  
i n 5  
186 
1 0 7  
1 8 0  
189 
190 
I91 
191 
191  
194 
195 
1 9 6  
1 9 1  
1 9 1  
1 9 9  
1 0 0  
101  
201 
1 0 1  
104 
2 0 5  
206 
207 
1 0 8  

xlnt.'olutput Wrltes cent.brlpht.mlt f l l e  "+prlntnmo+" *0' forces new. 
wlnt,'plroflle cut i n  image. s . Q . .  xi04 (xcut e y i o o  y55 iycut P ~ $ 3 1 .  pia' 
wlnt. ' polverplot profllc.. pr)ovcrplot range profllrs. kmln,nax,stc~ 

8rlnt:Plath Set I l l s  dlrcctory path. e . 9 . .  *.ran f l l a a  ' R I S S I '  
I r lnc ,  ' Pa net path for 'save. l l l t s '  
>rlnt.'qlult Exlts thlr program after rlloulng for  ' s a v l n g '  of tller.' 
Ir Lnt. ' R l  7?? * 
~rlnt.'.lurlaca Surlacc plat a f  rub-vlndov rtglon. Enter --> 1x1 1x2 lyl ly2' 
mlnt.'Slnooth Smooth Image, 11 smooth<l then rqcrierate centers etc* 
?clt,t,~sa Adjust beamlet center.. 
brlnt,'tlV Producs a TV l m b g c  ol  I r m a .  e2.I2.~2,t2.v2,or r l  .*b wlndor : 

r t l n t . '  ts scaler leupa to 0 . . 2 5 5 .  e2.14.j4,t4.V4.or v4 -=) wlndav 

~rlnt,'Tlltl~~ Reads tltla llncs for  a #equenre of l l l a i '  
,rlnr.'u)ahart short I n  get-beamlet at beaaltt-labort* 
~rlnt.'v)l~w Sumnary of a l l  beamlet.. rsdlui. lntenslty. peak. v r  V. radlu i  

~rlnt.'ullndous Plot  wlndow of beamlets and CcntRrS wlth lndlcar. uclmtactcri 

rradf.1.ss 
I f  Iitrrldlr~.O.II tq ' 0 ' 1  then 5 

I f  1strmldiss.l.Isxl eq rchk) then goto.Ilrtlt 
11 Iatrmldls~.I.II cq ' 0 '  I then goto..xlt 

cnd 
llstlt: rcadf.l.ss 
while IstrnIdl~4.0.1l ne '0 .1  do $ 

htp 1 n 
pr1nt.n. L rcadl.l.m, 
ILn..llns*l 
I f  l lnc  gt 4 0  then beqln 

end 

QOCO, cxlt 

IlncrO L rcad;contlnue <,n> *,ch b If ch eq 'n' then goto,exlt 

end 

end 5 
el.. while not r a f l l )  do bealn b w.haw.0.0 
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211 
214 
115 
216 
111 
210 
219 
220  
221 
212 
111 
224 
725 
126 
127 
728 
129 
210 
111 
231 
Ill 
2 3 4  
215 
216 
211 
218 
119 
140 
I l l  
111 
143 
'44 
' 4 3  
46 
47 
48 
49 
30 
51 
52 
5 1  
5 4  
53 
56 
51 

59 
60 
61 
62 
6 1  
6 4  
65 
66 
61 
68 
69 
70 
11 
72 
71 
1 4  
15 
16 
'71 
'70 
'79 
180 

sn 

' a i  

I 
I f  m a s k  eq  0 then hagln L prlnt.'Huat qcnsrnts mask. 
11 rtrnldlrsln.2.II eq ' e '  then begln 
kl.0 L t l - I O  L Icv-lO*lndgenIlll b cmt-fltarrllll 
lev101.5 b I.v(lO)m95 

kl-1 L k1.9 L l*v.lO'lndpanllOl b rmt-fltarrllOl 
Rnd el*. b e g l n  

end 

emxsent b emy-apt 
l o r  k-kI.k2 do bcaln 

Irval-Idvlk) 
pcr-heanlet~.O 

rcIMv.0 L ycnav.0 
get-nrlttmcs. ' ' 

fa r  1rl.nbcan do bcpln 
xa~v-rcnavtl~6'emltnll.Ol 

b return b end 



, 
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I d 1  
281 
284 
285 

2117 
288 
28') 
290 
291 
292 
291 
294 
1 9 1  
1 9 6  
191 
2911 
299 
100 
101 
102 
I01 
104 
10s 
IO6 
101 

109 
J I O  
I l l  
111 
Ill 
114 
I 1 5  
l l 6  
117 
I 1 8  
I 9  
2 0  
21 
21 
21 
24 
25 
1 6  
1 7  

29 
IO 
I1 
I2 
11 
I4 
IS 
I6 
17 
111 
19 
40 
4 1  
4 2  
41 
44 
4 5  
46 
47 
t l  
49 
5 0  
51 
52 
51 
54 

286 

i o n  

2 n  

- 

_ -  
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355 
156 
151 

15% 
160 
161  
162 
361 
164 
> 6 5  
166 
161 
168 
169 
3 1 0  
171 
171 
173 
174 
175 
116 
171 
170 
179 
180 
101 
162 
181 
IBI 
105 
186 
181 
10s 
189 
190 
191 
192 
191 
194 
195 
I96 
I97 
1911 
$93 
100 
I O 1  
103 
101 
104 
105 
106 
101 
1011 
409 
I10  
I l l  
612 
411 
414 
0 5  
ll6 
I l l  
(18 
419 
410 
421 
412 
411 
424 
425 
416 
427 

158 



, 

. 
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4 2 8  
419 
4 10 
111 
111 
411 
4 1 4  
0 5  
4 1 6  
411 
418 
419 
440 
4 4 1  
442 
441 
4 4 4  
4 45 
446 
441 
1 4 8  
449 
450 
451 
452 
4 5 1  
4 5 1  
4 5 5  
456 
4 5 1  

45¶ 
460 

' 1 6 1  
462 
461 
464 
4 6 5  
466 
467 
468 
169 
470 
471 
4 I I  
411  
4 1 4  
4 7 5  
416 
471 
'418 
479 
480 
4 B 1  
401 
481 
4 8 4  
485 
486 
487 

4 5 8  

488 
4 8 9  
490 
1 9 1  
492 
491 
l Y 4  
4 9 5  
496 
497 
I98 
499 
500 
L 

I tat~l'krrlret'='~rtrlnplp1.larnat~'lflO.OI'Ir$ 

'Backqround'~a.lze,' total~'t~trlnglpO.fo~nat*'IflO.Dl'Ir$ 

ava-'~rtrll~9lp4.format~'lf5.Il'I.lnorn 
xyout..o.1,0.04,5 

sve~'iacrlnglp5,format*'(f5.11'l./iiorn 

COIITOUR PLOT OF WALO 

I f  ntlse rq 0 then begln 
__-_._--_-_____-_-_- 

ss-* ' L read.'Contour plot ~y.n.qlulti.albort ',ss 
I f  ss eq ' a '  then abort 
I f  s i  t q  ' q '  then r e t u r n  

contour.halolnxl:nx2.nyl:ny2).nlsv.ll.?O,x~tyl~~l,y~tyle~l 
xyout..0.I.0.90.Illcnarar.lnorn 
XYOYt I, 0 .  I, 0.87.5 

I f  n t l m  eq 0 then wset.2 
contour.Imaqslnxl:ruZ.nyl:nyll.nlevel~~2O,xstyl~-l.yityls-l 

end 
I f  * a  ne 'n '  then beqln 

' l \ s \o  h\n,max: '~rtrlnglpl,l~rm~t~'I11~')~~trlnglpl.far~~t*'I~4l'l./norla 

end 
I t  ntlme cq 0 then beqln L wshov.2 L wahov.4 L end 

TV PLOT OF HALO 

I f  n t l n e  eq 0 then beqln 
____._____.____ 

IS.' * L read:TV plot of halo <y,n.qlults> ',PI 
I f  s i  en ' 4 '  then r e t u r n  

~~ ~ ~~ 
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501 
502 
501 
504 
505 
506 
507  
50% 
509 
510 
511 
511 
511 
5 1 4  
515 
5 1 6  
SI7 
51% 
519 
520 
52 I 
511 
523 
524 
525 
526 
5 2 1  
528 
519 
510 
111 
512 
513 
514 
515 
516 
117 
l l 8  
, I 9  
140 
14  I 
8 4 2  
54 1 
44 

14s 
846 
141 
840 
r 4 ?  

150 
151 
ts2 
151 
154 
,55 
56 

157 
858 
59 

160 
161 
, 6 2  
i 6 1  
164 
165 
166 
161 
1611 
,611 
270 
171 
171 
171 
I 



190 
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119 
I20  
I l l  
121 
121 
121 
125 
116 
127 
118 
129 
110 
111 
I12 
J11 
J 1 4  
715 
716 
7 1 7  
710 
719 
140 
7 4 1  
741 
741 
144 
J45 
1 4 6  
147 
I I B  
14 9 
' 5 0  
' 51  
151 
51 
5 4  
5 5  
56 
5? 
5 1  
59 
60 
6 1  
61  
6) 
6 4  
65 
66 
67 
6 8  
69 
70 
11 
71 
Jl 
14 
15 
16 
77 
71 
79 

B l  
8 1  
81  
84 
85 
8 6  
87 
88 
89 
90 
9 1  

no 

- 

.. 
end 

I f  auto eq I then walt.10 t l s e  begin 
I f  lntlme tq OI then begln 

end 
I f  ())raw mq 'y'l then I 

rca4:Wext plot <y.nr '.ch L I 1  c h  eq .n' then qoto.myexlt b end 

I f  lntlna cq 01 then bsgln b ntlne.1 b root*'Idl.pi' 
setglot.'pa' L devlcm,ftlmans*root 

end elas bcqln b ntlee.0 
prlnt.'llold on , generating prlnted output '+root b goto.plotlt 

i devlce,lcloaa 
apam.'Ipr ')toot b IprfIlcm.lprfller+l 

I f  lprfllri eq maxfll. then 5 
bcgln b tlmr.0 L Iastflle-" L chf-" 
mass.ger*H.ltlng 1 nlnute. f o r  prlnt .QUE* t o  empty' 

pause: malt.180 s apavn.'lpq > temp.1pq' L tlrne*tlme+) L nlpq--l 
prlnt.' '.mel..Q. 
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191 
191 
794 
795 
796 
191 
791 
794 
800 

102 
e o 1  
B O 4  
805 
806 
801 
oat 
no9 
810 
8 1 1  

111 
814 
015 
8 1 6  
811 
8 1 8  
8 1 9  
8 2 0  
a11 
821  
81 1 
824 
8 1 5  
116 
1117 
B1U 
129 
a10 
111 
111 
111 
I 1 4  
11s 
)I6 
$11 
118 
I39 
I40 
1 4 1  
1 4 1  
1 4 1  
1 4 4  
145 
I16 
I47 
I 4 8  
149 
IS0 
$ 5 1  

1 5 1  
&sa 
15s 
156 
857 
1158 
1s9 
860 
161 
1 6 1  
0 6 1  
1164 

mol 

n i a  

1 5 1  

I 

chs'x' 
get-bcaalatI.0 
pet-cml t tancs.  ch 

.-_. 

If ch eq * I '  then begin 

end .I.. bapln I ch2 eq ' k '  

prlnt,'Hosk rrrtatloa of 'rcomJdatall91t' ranavcd. 
s n q - - ~ r k l O . l l  

1 1  nmask I t  1 then begln 1 prlnt.'Flrst generate the maak' b return b end 
pr1nt:Ent.r change In mask rotatlon angle ldegl 'i$ 

ss.get-wordtrrln1 L angrfloatlaal 
s t r Ing lsark IO, 1 I. f o r m  t. ' 118.3 I ' I * * **> * 

end 

M ~ k ~ O , 1 1 - ~ a ~ k l O . l l r ~ n p  b condatsll9l~1trlngln~~klO,ll,f~t~~t~'l~~.ll'l 
1 

pi-lpl L eng.an@'plll80.0 b .n.#lnlangl L c.-caa(anpl 
for k-l.ruMak do begln 

""A 
x*masklk.Ol L y-na*k(k.Il b sasklk:.Ol-x'c.-y'sn b marklk.ll-x*#n+y*cs 



_-- 
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8 6 5  
8 6 6  
8 6 1  
868 
869 
010 
811 
0 J 1  
811 
874 
0 1 5  
076 
8 7 1  
8 1  b 
819 
880 
881 
882 

884 
0 8 5  
8 8 6  
887 

009 
0 9 0  
891 
8 9 1  
891 
194 
895 

091 
891 
199 
900 
901 
302 
901 
904 
905 
306 
I01 
I O 0  
I09 
I10 
Il l  
I l l  
I l l  
I14 
115 
I16 
11') 
111 
113 
120 
111 
I21 
I21 
124 
115 
116 
127 
I 2 8  
119 
I10 
I31 
132 
I 1 1  
I14 
I 1 5  
916 
931 

a n i  

n n o  

a96 

11 ch rp 'k' then get-enlttance.' ' 

aturn 
nd 

end 
return 
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910 
919 
940 
941 
941 
9aI 
944 
945 
946 
947 
94s 
9 0  
950 
951 
952 
951 
954 
955 
956 
957 
958 
959 
960 
961 
961 
963 

964 
965 
966 
961 
96E 
969 
910 
971 
372 
)?I  
I74 
115 
I76 
I11 
171) 
179 
180 
181 
In2 
181 
I 8 4  
I85 
I86 

I88 
189 
I90 
I91 
I92 
191 
I94 
195 
I96 
197 
191 
I99 
IO00 
IO01 
1002 
io01 
1004 
1005 
1006 
1001 
1008 
I009 

lni 

I 

k-nb8M 
lob~~ct(~~nt~r(k,l~1c~ntarfk,lI.cant~rlk.O:c~nt8rIk.5I~-O 
mskmb8u. ol-maskhmask, 01 
n~sklnbeu.llmaskln~ik, 11 
masktnbcan. 2) -usk Innask. 21 
w s k - m A s k 1 1  

end I I f  x . y  palnt 
end I rhll. 
adlust-centers 
sslnm'tlx' L plot-tv-frams.0 b rset.0 L srln.' * 



I . 

I010 
l o l l  
I011 
1011 
1014 
1015 
1016 
1011 
l O l 8  
1019 
1020 
1021 
1021 
1023 
1024 
I D 2 5  
1026 
101' 

102. 
IO]( 
IO]! 
101; 
101. 
101i 
1015 
1016 
la11 
1018 
1013 
i o a a  
1 0 4 1  
lOI1 
I O 0  
1044 
I045 
1046 
1017 
104) 
I049 
1050 
IOSI 
1052 
1051 
1054 
I D 5 5  
1056 
1 0 5 7  
1058 
IO59 
1060 
I061 
I062 
1061 
1064 
1065 
1 0 6 6  
1 0 6 1  
1068 
1069 
1070 
IO11 

101) 
lOJ4 
IDIS 
1 0 J 6  
1071 

1019 
IO80 
I081 
1082 

1 ~ 2 1  

1012 

ioio 

I_ 

. ... . -- . -- 
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l1~atrpo~lcomdatalll.' bemlcti'l-I L l1*rtrlanlcopdatallll 
co~~talll~ar~nldlcomdat.(ll,O.lll~# 

I f  chl cq * I '  then return 
flx-mark.'.'.nadd 

~ t r l n p l n b c s n . l o r n a t ~ ' ~ l l ~ ~ ~ ~ ~ t ~ l d l c ~ ~ ~ t a l l l , l l ~ l , l l - l l l  

end = I s =  bcpln ; dslctl bean\*tts 
ntlms-0 L chu-' ' L 11.. ' 
plor_xindor.chu.ntln. 
prlnt.'fntcr I1.t of beanlct numbera to delate.' 
rcsd.'I * . I S  

I f  strl.n(st1 eq 0 o r  s i  cq '9' then return 
nun-lntarr lnbcml 
decode. ss. n m .  m 

nk-nn 
f a r  kiO.nk-I do $ 

order 1I.t In dscmdlng numerlcbl valua 

I f  nmlkl 1t 1 o r  numlkl qt n b e m  then begln 
N I - M - I  L for j - k . m - 1  do numlj).numlj+ll 

end 

turn 
d 

men caml.srln.pvler.ch1 
m o n  ronlO.xcint.yccnt.nxccnt,nyccnt.Inln.Imax,bdckground 
w o n  con1 5, vcralon. cad\ead.comd.t..ooment~ 

csw'b' called from m l n  'Ba. and smooth-data for background Subtrrctlon 
EIY*'E' c a l l e d  l r o n  =In *E '  l o r  Image enhanncment 
cse*'l' called tram flr??-dat. for  removes1 of  dead p l x a l l  
c$e. 'r '  Cblled from rcsdtlle to aet laIn,Imax and background 
cae-'.' alternate p1l.l. are zara ,  aet @qubi  to DVe a t  nrlghbara 

ch-' L LIS*' 
I f  crw cp ' a *  then begln 

rvcnr.0 L 0ddr.O 
f o r  k-0.ydla-1.1 do av~na.cvcn~rl~apel~dlall.tl 
f a r  k.l,ydln-1.2 do odd~*odda*lna~+lrdlm/1 . ) ; !  
prlnt,'Sun of evens *,avens; plxela at x *  .xdln/l 
prlnt.'Sun of odds I '.odd*.' p l x e l p  at r~'.xdln/l 
1ebd:rlx Rleturn.Elven.Oldd vert.pl*elr tchoae m a l l  va lua)  (a.o,r> 

11 Ira eq '1.1 or Iatrlcnlrsl It I 1  then return 
I f  a. eg ' a '  then hO=Z clrc k0-1 
far k-k0,ydli-2.1 do l ~ a o e l ~ . k l ~ l l l n a a ~ l ~ . k - l l / l l ~ l l ~ ~ Q R l b . k ~ l ~ / ~ l  

end 81s. $ 
I 1  csw eq 'b' then beqln 
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I011 
,084 
IOBS 
I O 8 6  
1081 
I O B O  
ion9 
L o w  
1091 
1092 
I091 
1094 
1095 
1096 
1091 
1091 
1099 
I I O Q  
1101 
1101 
1101 
1104 
1105 
1106 
LID7 
I 108  
1109 
I1LO 
1111 
I111 
1113 
1114 
I l l 5  
I116 
I I J  
111 
113 
120 
111 
I11 
111 
114 
12s 
116 
I17 
128 
119 
110 
I l l  
112 
111 
116 
115 
111 
111 
I10 
IIY 
I 4 0  
141 
141 
1 4 1  
144 
I45 
1 4 6  
141 

I49 
150 
151 

1151 
IISI 
1154 
115s 

14a  

- 



. . 
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1151 
115' 
1151 
115! 
1161 
I 1 6 1  
1 1 6 ;  
1 1 6 .  
1 1 6 '  
116' 
I161 
116' 
1161 
116' 
1114 
117 
I17 
1 I 1  
I I J  
I11 
I I J  
117 
111 
I I? 
110 
118 
11s 
l l E  
1 1 8 ,  
118: 
1181 
1 1 s ;  
1181 
11SI 
119C 
, 1 9 1  
I97 
1 9 1  
191 
1 4 5  
146 
1 9 1  
I90 
199 
100 
101 
102 
I O 3  
! O l  
! 0 5  
!06 
!07 
!OS 
!09 
110 
111 
111 
! I 1  
! I 1  
! I 5  
!I6 
117 
! I 8  
!I9 
120 
111 
121 
I21 
) 1 4  
17s 
126 
22)  
1 2 1  - 

I f  ntlrns eq 0 then bepln 
I f  ch2 e q  ' 0 '  then Imrvch*'l' e lse  $ 
I f  chl  eq 'h' then Imsvch-'h' .Is. lmwchm' 

end 

I f  Insrch eq '1' then tvrcl.lobjsct./devlcs .Is* S 
I l  lnrrch eq 'h' then bcgln 

halarlrage 
for k-1,nb.an do bcpln 
n*l*ctnterlk.2l b ml*centcrlk.ll L nyl-cmtirlk 
b p l ~ t o t ~ l l h ~ l o l ~ 1 : n x l . n y l l l ~ l ~ 1 - ~ I t 1 )  
b p l ~ t a t ~ l l h a l ~ l ~ l : ~ x 2 . n y l l / l ~ l - ~ l ~ l l  
~ l ~ t ~ t ~ l l h ~ l o ~ n x l , n y l : n ~ 2 ~ I ~ l n y l ~ n y l ~ l l  
~4~totellhdlolnx2.n~l~ny1llllnyl-nylrll 
b P ~ O . 1 5 . l ~ l ~ ~ 2 ~ b l ~ b g 4 l  
halolml:nxl,nyl:nyll*b~ 

lk.51 

end 
tvscl.hslo. Idcvlcm 

4nd else tv,ln~se.ldtvlca 

IS." L n*.trlsnlcanditi(lll-IO 
1 1  n gt I than 11.' I'~straldlcomdatrll). l O . n l t ' l '  
xyouti. 0 .  I. 0.95.11 lename. /norm 
xyouts.D.1.-0.07.fllcnameirs./norn 
xyout~.0.1.-0.IO.tltl~.ln~m 
11 chl ne ' * then 5 

Ix-centerlk. 1 ) - 5  
ly~Icentcrlk.4Ircentcrlk.51111 
ry~ut~.lx.ly.~trln~lk.Ionnat-'llll'l.col~~~l67ll2l5,ld~~lc~ 

lor k*l.nbrar do bcgln 

end 

turn 
d 

0 output,hevr-donc.chx 
mon coml. Illtnamc. dumpnam..prlntname.dat~n~s, t I tla 
m a n  con2.idla.ydla.lrsvch.Im~pc,lobjcct 
mon com4.dst~,nrpcj.phr~e,maxdatn,ma6k.nm~~k,typcnask 
rmOn co-5. p lor-  1 et a ,  cent cr. ma&. n b e M  
man con~.~crplr.ycmpl~,drlft,rhol~.~cp~rrtlon.thlc*nt~s 
n o n  com0,rlndav.*rlndou.ywlndov,chvlnl,1evcl 
mon c o s 9 . c u r r o n t , m c r ~ y . b ~ t a g ~ ~ ~ , r ~ ~ t m , b r l ~ h t n e ~ r , e ~ l t x , ~ ~ l t ~ . t ~ l t n , n e ~ l t  
man c a m l l . I p . s ~ . b ~ ~ d l u ~ . x a v s . y . v s .  Ibeem. Jradlui.bjj 
man cam1 5. vcrslon.cod~ead. c d a t a .  narnentr 

s." L ch.' ' b mxl.45 
1 have-done e q  * t '  then goto.pr1ntlt 

opcnv.l.prlntname, lvrrlabla 
prlnt.'Wrlttlnp bean and vlndov data' 
s ~ * s t r c o n p r e ~ a l s t r t r ( a l t l t l a . 2 l l  L len.~trltnlssl-l 
k.0 ; h n . 7 2  
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1114 
I114 
1211 
1111 
1211 

121. 
1114 
I 1 l i  
1111 
l 2 1 !  
1211 
121' 
114' 
124 
I14( 
I l l '  
1 1 4 1  
I l l  
1141 
I l l '  
1 1 5 (  
1251 
12s. 
I151 
1254 
125: 
I251 
I251 
1118 
1 1 5 9  

1261 
1 2 6 1  
I261 
1264 
1265 
1166 
116) 
1160 
169  
210 
111 
112 
1 7 3  
3 1 4  
1 J S  
116 
217 
1 1 0  
2 7 9  
280 
201  

IS1 
1 8 4  
285 
106 
1 8 7  
2 1 0  
189 
290 
2 9 1  
192 
293 
194 
395 
196 
191 
190 
299 
100 
301 

121: 

1260 

2 a 1  

- 

rtrlnglccnterlk,0l,fowt~'I141'Itrtrlnp~cantsrlk.l1.lo~t~'I14I'l 
end 

dan.3 pr1ntt.k.s. 
endrep untll k g. n b s r m  
prlntf.l.'iiaoll.t center. and x . y  rang. Iplxelal ccntrrll..nbsm,O..Sl* 
prlntl.l,* k xccn yccn mln m a x  p l n  p a x ' i l  

nbh.nb.Mf 1 
for k-1.nbh do bcpln 

' k xcen yccn m l n  amax ymln p a x '  

I f  P1Ot-1mtDlk.%l eq 1 then k m w k  e lse  ksv--k 
If  plat-lrtslk*nhh,ll .q 1 then jw.k+nbh -1s. jsv.-k.nbh 
prlntf. I. fornat.'(14, lx. 1 I l x . 1 1 0 . 2 x .  1 4 .  lx. I l l x .  2141 1 ' .  I 

ksv.centtrlk.Ol.cent~rlk.1l.I 

jsu.cent.rlktnbh,O).c.nt.~(krnbh.II.S 
csnt~rlk.ll.ccnt~rlkr,ll,ccnt+rlk.O.ccnterlk.5I.I 

cmt~rlk~~h.ll.c~nt~rlk~nbh.3l.ctnt~c~k~nbh.4l.centtrlk~nbh.51 
end 

print.' ?DATAI',I: 
prlntl.1. IDATAI . I '  
prlntf,l.' n peak m l n  - x  x c m t  p l n  p e r  ycent * r $  

'total lnt backo' 
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1102 
1101 
1101 
I l O I  
1106 
1101 
1 l D t  
1101 
I l l [  
1111 
111; 
I l l .  
1114 
111! 
Ill1 
I l l  
I111 
I I I '  
I 1 2 1  
1 1 2  
I 1 2  
I12 
112 
1 1 2 '  
I128 
1 3 2  
1121 
I I?! 
I l l (  
1111 
I l l i  
1111 
131 
115 
116 
I17 
I 1 8  
I 1 9  
! a 0  
I l l  
112 
1 0  
I44 
115 
116 
1 4 7  
I 4 E  
I49 
I50 
151 
151 
151 
I 5 4  
155 
I56 
I57 
I S 0  
159  
160 
161 
161 
I 61  
161 
165 
166 
161 
168 
169 
170 
IJI 
112 
171 
3 7 1  
I 

I t  chx eq ' E '  then return 
openr.I.prlntname L Ilnes-0 
uhllc riot eoflll do 5 
beqln L readI.1.r. L pr1nt.s~ 

read:Contlnue < .n, '.ch 
I C  strpo*lsr.'O') p a  0 then baqln 

I t  ch cq 'n' then gato.clore L Ilnss-0 C end 
Ilncs*llnertl L I f  llnes ge mall then bceln L Ilncs.0 
read.'Cantinue ' ,n> ' . c h  L I t  ctt eq 'n. then qoto.cIose L and 

end 
:lare: c1art.I 
cturn 

?nd 

t o  rc.dfll~,loerro~,rcrtart 
mmon c a d .  1 llenamc. dumpname. pr Intnams. dataname. t I tl. 
amon ~o~l.xdlm.ydln,lmruch,leapc.loblcct 
xmon coil 5 ,  verr Ian. canhead. corndata. nomcnti 

I f  loerror eq * F '  then begln L ms." L h a x * 0  L qoto.sklp L end 
path=comdatallS) 
on-loerror. error 
opmr. unlt, pa th6 (1 Icname. /C~- I .O1 I  

h d r . ~ ~ ~ ~ c l u n l t . b y t . r r l S I 1 ) )  L hihdrl0I 
xdln~hIl1~256*h151 
ydlm=h161+156~hiJ) 

~lnt.'xdlm~'.xdlm,'ydlm~'.ydln 
nplc~fl~atixdlml*floatlydlml 
block:.flx(nplcl512.01 
nstart-tlrlnplc-51~.O'bl~ckl 

~a~~a~oclunlt.bytarrlxdlm.ydlml,5l~.O~ L lmapc=aalO) 
i tbll~~r#aclunlt.bytarrllB~n~t~rt).SIl.O'll~bl~ckll L t-tal 

goto.dona 
e r r o r :  prlnt:lo ERROR '.Ictr-*trinq L lorrror-'t' L return 

me: frre-lun.unlt 
tItl*.'. L '..'. 
k x . 1 5 6  L whll. h l h a r l  eq 1 2  do hsr-Lmax-1 
I f  h a - l l  I t  00 then for k m 1 0 . h a x  do r.-n.*strlnglhlklI el.. 
h-n I n 

101 

-_. . .. 
for k.IO.25 do as.rs+strlnglhtkII 8 flrst 10 characters 
for k.kmax-57.bnax do .~.ss*atrlnglhlk~l i l a s t  60 character. 

end 
klp: t I t le-a t rnld Ism, 0. h a x )  

I f  l o e r r o r  eq ' A '  then return i called f rom rutovleu 

c o m d a t a l l ~ ~ ' l ' t ~ t t l n g l x d l n , f ~ ~ ~ ~ t ~ ~ l l l l ' l k ~ , ~ ~ s t r I n ~ i ~ d l ~ . f ~ ~ ~ t - ~ l l l l * l ~ ~ l '  
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I175 
I116 
1171 
I3JO 
1119 
1180 
1181 
I162 
13BI 
11111 
I 3 8 5  
I186  
1107 
1380  
I I B P  
I190 
1191 

1391 
I 3 9 4  
1195 
1396 
1197 
1198 
I199 
1100 
1401 
1401 
140) 
1401 
1405 
1106 
140) 
110s 

1409 
1110 
1411 
1411 
111 
411 
415 
116 
117  
110 
419 
120 
121 
421 
421 
1 2 4  
415 
1 2 6  
4 2 7  
120 
419  
410 
111 
411 
411 
0 1  
43s 
41b 
4 3 7  
O b  
(19  
140 
4 4 1  
1 4 1  
113 
4 4 4  
445 
416 

i l e a  

- 

#turn 
id 
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, 4 4 1  

1 4 4 5  
145c 
1451 
1452 
I t s !  
1454 
1 4 5 !  
Lt6l 
1 4 5 ;  
1 4 5 1  
145! 
1 4 6 1  
1 4 6 '  
1 4 6 .  
1 4 6  
I 4 6  
146' 
1461  
I46 
1461  
1 4 6 '  
l 4 l I  
1 4 7 .  
147: 
147 
I 4 J <  
147: 
l 4 7 i  
477 
4 7 8  
4 7 9  
480 
4 8 1  
4 8 1  
4 8 1  

4B5 

( 8 7  
4 8 8  
4 8 9  
190 
491 
I92 
I 9 1  
I 9 4  
I95 
196 
I97 
196 
I 9 9  
DO0 
io1 
101 
>01 
kO4 
105 
b06 
B O J  
>OB 
,09 
; l o  
, I 1  
512 
i l l  
5 1 4  
S I 5  
516 
5 1 1  
5 1 0  
519 

1 4 4 e  

4 8 4  

4 8 6  

I 

for bennlct.l,nbean do begln 
CCC.0 
ru-ccntcrfbesmlct,0l L ny-ccnCcrlbcanlet,Il 
I f  Inx It rwlndorl or iny IC p l n d o u l  or 5 

I f  ( e r r  ne 0 1  then 9 0 1 0 , b y p a S S  
Ixdln-nx It xvlndovl or lydlm-ny It ywindoul then errs1 

nrl*nr-rwlndow L I f  nxl It 1 then nxl-1 
nr2=nrtrrlndov L I f  nx2 ge rdlm then M I - r d l a - I  
n y l = n y - p l n d o v  L I t  nyl I t  I then nyl-I 
nyZ=ey,yvlndow L I f  ny2 g a  ydlm then ny2-ydla-1 
b a c k ~ ~ t n t a l i l n s ~ s ~ n x l : ~ 2 , ~ y l l ) . E o l a l ( l 2 - n ~ l ~ l l ~ 5  

back-0.15.back 
I t o t a l l l m a g e l n x l , n y l : n y ~ 1 ~ ~ t ~ t ~ l ~ l m a g ~ l n x l , n y l : n y l l l l l ~ ~ y 2 ~ n y ~ ~ ~ l  

?EST 4/11/97 subtract tllted local  beckqraund. then calculati cut 

IInex*lmaq~lnrl:nx2.nyl L naxllnc-11x2-ml b xvlnmax*maxllne-l 
Ixa~rhercIllncx cq maxllIncrll L I x - h a t 0 1  
llx~fLoatlminllIncal0:I~lII 
12~*floatiralnillncxIlr:raxllnellI 
Ixl~~rhcr~lllnaxl0:Lxl tq I I r I  
Ixla.rlicra I 1  I n a x I  1x:maxl Ine l  cq 12x1 
Ixl.tloatllxlal0ll L Ix2.lx~tloari1x2.foIl 
I f  1x2 tq 1 x 1  then xas.0 e l r e  xa~-l12x-IIxl/llxl-lxl) 
rback-llxtxa.'(lnd~enllu2-nxllli 
llntx.llnex-*back 
cutx.fl~~o.ol'lcvel'maxflIncxl~O.51 
for k*lx.I.-I do I f  1Inaxlkl It  =uta then gato.potxl 

g a t x l :  If kbl ge maxllns then qoto,bmass 

gotxl! I f  fllnexlk-ll-Ilne~lkl eq 01 then xmsx*fk-lrl'xcmplr else 0 
unar~lk-lx-lcutr-lInexlkll/~ll:~txlk-ll-Iln~xlklll'xcmplr 

Ilney*lmaqcInx,nyI;syll L naxllnc=nyl-nyl L yulnmax~msxllne.l 
lyaiuherslllney eq maxlllneyll L ly'Iyal0l 
Ily.floatlnlnlllneylO:1y1)I 
I 2 y * f l o a t I ~ l n l l l n e y f l y : m a x l l n . ) I I  
lyls=vh~ralllnrylO:lyl eq llyl 
l y 2 a = w h e r ~ ~ l L r i c y i l y : m e x l l n c )  eq 12yl 
lyl*tloatilylslOl) L ly2~lyrfloatlly2a101I 
11 l y l  rq lyl then y.s=O a l r e  ~as-ll2~-ll~lllly2-lyll 
ybae~~lly~yar~llndgeniny2-nylll 
I tncy*lIney-yback 

cuty-flxi0.Ol~Lcvtl'maxlllneyl~0.5l 
for k=ly.l.-l do If Ilneyikl It cuty then pota.gotyl 

I f  k I t  0 then k.0 
11 IllncyikIll-flncylk) cq 0)  then vmln*lk-lyl'ycmplx e l r e  5 
ynln~fk-ly~lcuty-llncy(kl~/illncylk~ll-llneylklll'~c~lx 
for  k*ly,yulnmax do 11 llneyikl It cuty then goto.goty2 
k*k-1 

~x~fk-l~-(cuty-llneylk)l/Illneylk-ll-LIn~ylklll~ycmplx 

g o t y l :  I f  k.1 ge maxllne then goto.bypas. 

goty2: I f  lllnaylk-11-Ilneylkl cq 01 then ynar*lk-lyl'ycmplx tlsa 5 

prak~~axlfnsgcinxl:nx2.nyl:ny2l) L I t  peak gt pmax then pnax=peak 
Itotal~totallImaq~lnxl:nx2.nyl:ny211-back~lnx2-nrlrl)~lny2-~~ylrll 

*um. .m*itota1  

pa..: 
nd=nd I 1 
d*tnli~d.Ol*lmaqslnx,r,yl I peak amplltuda 
dat.lnd,ll-raln L data(nd.2)-wnax L datalnd.ll.nx'xcmplx 
datalnd.4l.pln L dataInd.51.ynsx b datblnd.6l=ny*ycmplx 
datalnd.7l-Itotal I to ta l  lnt a b w  background l o r  basmlrtt. 
dstalnd.8l-back 
far  l . l . 6  do I f  datalnd.)) gt 50.0 then err-I 

I f  err  eq I then b w l n  L plat_lct.lnd.l).O 
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I510 
IS21 
1521 
I521 
I514 
1515 
IS16 
I521 
I528 
1529 
I51C 
IS11 
1511 
I511 
1514 
151! 
1511 
151: 
1511 
1515 
1541 
1541 
1 5 4 1  
1 5 4 1  
1 5 4 4  
1545 
I546 
1 5 4 7  
I S 4 0  
1549 
l5SO 
1 5 5 1  
I 5 5 2  
I553 
1554 
I555 
1556 
1557 
5 5 0  
559 
560 
561 
561 
5 6 1  
561 
565 
566 
561 
568  
569 
5 7 0  
571 
571 
511 
514 
575 
5 7 6  
511 
51% 
519 
580 
581 
582 
5 0 3  
504 
585 
386 
581 
5811 
589 
590 
591 
592 - 

sll-3 L . I 2 4  L sll-0 L ~ 4 4 . 0  L tl2.0 L *14-0 
sI3 .0  b ~23.0 L ~14-0 L ~24.0 
.-0 L b-0 L ap-0 b bp-0 L ~ 1 1 . 0  L x l 2 - 0  b y l l . 0  L y44-0 
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1600 Ijxxpavc-rxpavs'nl b y 
1601 
I602 
1601  
1604 
I605 
1606 
1 6 0 1  
1608 
1609 
I610 

am-mc 

b 124.1 
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1659 
1660 
1661 
1661 
1661 
1664 
1 6 6 5  
1666 
1661 
1 6 6 1  
1 6 6 9  
1670 
1611  
1172 
1671 
1614 
1615 
1616 
1617 
1678 
1679 
1680 

1682 
1681 
16114 
1685 
1686 

1 6 8 1  
1689 
1690 
1 6 9 1  
I692 
1691 
1694 
1 6 9 5  
1696 
1697 
I 6 9 8  
1699 
1100 
I101 
1703 
101 

1104 
1105 ' 
1706 
1101 
,308  
1709 
1710 
,711 
1711 
1711 
1714 
I l l 5  
1716 
i 7 1 l  
1711 
1719 
I120 
1721 
1122 
1721 
I724 
1721 
1126 
1111 
1728 
I129 
1110 
I711 

i i a i  

16ei 

- 

I f  d a t a l 0 . 0 )  gt 0 and chrv dq 'n' then gato.regenorat8 
1 1  datai0.OI eq 0 then get-bsnmlstB.0 
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1111 
1111 
1114 
1115 
I116 
I 1 1 1  
1 7 1 8  
171'1 
1'140 
1141 
I 1 4 1  
I141 
1141 
1 1 4 5  
1741 
1 1 4 ;  
1 1 4 1  
1 1 4 !  
I151 
1151 
1 1 5 :  
I15 
I l S ,  
115! 
1151 
1 1 5 '  
I J S I  
1151 
116C 
1 1 6 1  
1 7 6 2  
1161 
I 1 6 4  
1 1 6 5  
1 1 6 6  
1161 
1168 
1169 
I l l 0  
1111 
' 171  
111 
114 
115 
116 
111 
1 1 8  
l J 9  
l a 0  
181 
7 0 1  

184 
1 8 5  
1 8 6  
191 
108 
1 8 9  
J90  
1'11 
1 9 1  
1 9 1  
1 9 4  
1 9 5  

196 
191  
191 
193 

1 0 1  

, 0 0 0  
,ea1 
1801 
1801 
I 

theta~thcta~0.25'Iphai~lk.2l-pharelk.Il~phaielk.51-~ha~elk~~ll 
nqood-ngoodtl 

end 
I f  npnad gt 0 thcn th~ta.IOOO.O.thatalngood 
l o r  k*l,nbeam do j r a d l u i l k - l l - m a ~ k l k , 1 l t r h o l .  
I f  mask10.21 gt 0 than rrdlui-maskl0.1l a110 radlur*maxljrndlu~l 
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I104 
1805 
1106 
1801 
I808 
i eog  
I b l o  
1811 
1812 
1011 
1814 
1915 
1816 
181? 
181s 
1819 
I 8 l C  
I821 
I811 
1811 
1821 
181: 
1821 

1828 
I829 
1830 
l u l l  
1.912 
1811 
1811 
1815 
1116 
1817 
IEIB 
la19 
1840 
I841 
,811  
843 

E 4 5  
846 
8 4 1  
841 
849 
I S 0  
851  
8 5 1  
851  
854 
8 5 5  
8 5 6  
8 5 1  

859 
860  

862 
8 6 1  
8 6 1  
865 
866 
867 
868 
8 6 9  
810 

la11 
1611 
I811 
I 8 1 1  
La15 
1816 

1021 

e44 

0 5 1  

0 6 1  

- 

a movle.ntlma 

iman con1 , €1 I ename. dumpname. pr lntnamc, da taname. t 1 t 1 e 
-on co~l.xdlm.ydIn,Im~~~h,lm~9~.lobjact 
mon c m l .  srln. pvlrw.ch2 
8-n conlO.rcent.ycent.nx~~nt,nyctnt,l~ln.lnar.bscLpround 
,-on ED.) 5. verclon. cornhead. comdat a ,  moments 
m o n  co~l8.~a\oul.,n.licl..llc~r 

add-0 L b i n - 5  L bnax-0 b k.tep.5 L a m - ' '  L mw.0 L num*lntarrt41' 
I f  n t l a b  eq 0 then h g l n  

1tlnox.l 
i f  I.trlcnlm!lnl eq I I  then I f  l~traldlssln,l.ll eq ' a - I  then adds1 
I f  chl eq 'a then add.1 
pclnt,'EiitCr ~Is.~ax.kitcp.s.ooth ILF uses  5.486.5.01 * L read.#* 
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181' 
1811 
l 8 l !  

188; 
188;  
1 8 8 :  
1 8 8 ,  
188'  
I B B l  

1881 
188'  
189' 
I 0 9  
1 8 9  
189 
I 8 9  

i s a i  

I a n '  

la9 
189 
189 
I 8 9  
189 
190 
I 9 0  
190 
190 
I904 
l90! 
1901 
190;  
1901 
1909 
1910 
1911 
1911 
1911 
1914 
1915 
I916 
1917 
1918 
1919 
1910 
1921 
1922 
1921 
, 9 2 4  
9 1 5  
926 
927 
9 1 8  
919 
910 
911 
4 1 2  
911 
9 1 4  
91s 
916 
917 
9111 
919 
940 
941 
941 
91) 
,944 
9 1 5  
1946 
1947 
1948 
I949 - 

I t  strlenlrrl qt I then begln b decode.rs,nurs.n 
kmln*flxlnwnlOll b kmax=flxlnumllll b kstcp-llxlnwllll 
11 n ge 4 then r w - f l x l n u m ~ l ~ )  
I f  n qe 5 then Itlmex=fixlnunl4l) 

end 
I;movlclOI=kmln b kmovlslll-kmax b kmovlel2l~kstcp b kmovlelll-smu 
I f  ch2 cq *I. then kx&avicl4l=l e l s e  kmniovlcl4l~l 

knln*kmoviclOl b kmax=tnavltlll L kstcp=kmovlelll b s~arskmavl.lll 
I 1  kmovl.l4l eg 1 then ch2-'x' e l s e  ch2r'y* 

end else bepln 

end 

I950 
1951 
I951 
1951 
1954 
1955 
l9S6 
I951 
1958 
I959 
1960 
1961 
1961 
I963 
1964 
I965 
1966 
I961 
1968 
I969 
1970 
1971 
1971 
1971 
1974 
1975 
1976 
1977 
1970 
1919 
1980  
1981 
1982 
I983  
I984 
1985 

I987 
I908 
1989 
1990 
1991 
1992 
1993 
994 
995 
996 
1991 
990 
999 I 
'000 
1001 
'002 
'001 
1004 
'005 
IO06 
1007 
I008 
1009 
'010 
'01 I 
'011 
'011 
'014 
1015 
1016 
'017 

'019 
1010 
1011 
LO22 

1986 

ioie 

- 

end 

*turn 
nd 
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common com9,current. energy. betagamma. rest*. br Ightncrs. m l  tx. em1 ty. em1 tn. nemlt 
common caml4.sll.sl2.~lZ.s3l.sl4.t~4.xr~~.).cn.xpc~1.yp~n.1Il,rl4.I~,ly.Id.I&.Idy 
conmon con1 I. verrlon. eomhcad. corndata,aamentr 
cornon c a m l ? , c l ~ ~ r v .  havc_done,mnrptype.ptype.chel Ilpre.chcl6d.chtlrcl 
I 
ch.' ' L !p.nultI.(O.ll 

2 0 1  
1041 
104 
1041 
2 0 4 '  
1051 
1051 
2052 
20Sl 
1 0 5 4  
105s 
1056 
2057 
2051 
1059 
1060 
'061 
' 0 6 1  
'061 
10C4 
0 6 5  
066 
067 
068 
069 
OJO 
071 
011 
071 
074 
075 
OJ6 
017 
078 
079 
080 
081 
082 
0 8 1  
084 
085 
086 
0 8 1  
081 
0 8 9  
090  
09 I 
092 
'033 
'094 
1095 - 

p1.1000.0 
IndcxlO.4I*1.0 L IndexlO.Sl*ps 
lndcxll.41-1.0 L lndaxlI.Sl*p~ 
Indexl2.4l.ps L Indexl?.Sl=ps 
lndex4l.4I.l.O b Indexll.5l*l.O 

: Calculate the crass carrclatlon sums ry. x - y p .  xp-y.  and xp-yp 
i xy.0 
1 avcbeanlet.0 
i tor k=I.nbcan do bepln 

i end 
i tar k=l.nb*arn do I f  plot-lctslk.lI eq 1 then $ 

i X w . 0  
t lor k-l.nb@m do $ 
i I 1  plot-let.lk.1) 'q 1 then $ 
i xyp.xyp~lmarklk.Ol'pharalk.4I~na.klk.O).pha.rlk.~ll 

~ v e b e a m l e t ~ ~ v e b c a ~ l ~ L ~ d ~ L ~ l k . ~ l l ~ ~ ~ ~  

iy*ry~lmesklk.Ol'ma~klk.1ll'datalk,Jl1 
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1096 
IO91 
2098 
1039 
IlOO 
2101 
2101 
2101 
2104 
1105 
1106 
1 1 0 7  
1101 
1 1 0 9  
1110 
1111 
1111 
7113 
2114 
2115 
2116 
1111 
21111 
1119 
2110 
1121 
2122 
2121 
1114 
211s 
2116 
)I21 
!I211 
I129 
1110 
' I l l  
'112 
'Ill 
I 1 4  
115 
116 
I11 
118 
I19 
140 
141 
142 
141 
I44 
14s 
1 4 6  
147 
1411 
149 
150 
IS1 
151 
151 
I54 
'155 
I56 
157 
1 5 8  
I59 
160 
161 
I61 
161  
164 
165 
166 
,167 
1611 
I 



c- . 

116 
I17 
111 
119 
2 1 0  
1 I I 
211 
211 
114  
1 1 5  
216 

' 1 1 7  
:238 
!I19 
!140 
1141 

. .  
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comnon conl ,  fllenanc.dumpnama. prlntnme, datanma, t It 18 
comon coml.s~ln.pvleu.chl 
cornon c~m4,d~t~.nrpc).phase.aaxd~t~.mask,~~k,typunaik 
cornon cornS.plot_letr.center,ma~.nbcm 
c o m n  comJ,r~~lx.yc~plx.drllt.rl~ole,repsratlon,thlckne~~ 
comon com.3, u lndou. xulndou. yxl ndau. chwlnl. I eve I 
conman ~~~9.~~~~=nt.cnarqy.b~tac)amnr.rcstn,brl9htnea~.enltx,colty.~ltn.nc~lt 
cornon canll.lp.r..brsdlu~.x.v..ybv.,lb~~~,~~~dl~s,bjj 
c o m n  c a m l 4 . r l l . r l 2 . ~ 2 2 . ~ l l . s l 4 , a 4 4 . x c n . y E n . x p . l d ~  
cornan conl5.v~rilon.comhead.cond.t..ooment~ 
co-n c~~16,xwccnt.yuc~nt.xplxO.yplrO.plxrllc 
conmon c n m l 7 . c h b ~ ~ . h ~ ~ ~ ~ d ~ n ~ . ~ ~ t y p e . p t y p . . S h . L l l l p ~ ~ , c h e l t d , c h ~ l 8 c l  
Cornan camlO,.cslsl 
: 

I f  n a x l p l ~ t ~ l s t ~ l l : n b c a s . l l )  I t  I then beqln 
pr1nt;All beamlets have been allimlnated. Se4 blcamlct optlan' L return 

1 1 6 9  
1 1 7 0  
1 1 1 1  
2172 
2 1 7 1  
2114 
1 1 7 5  
1 1 7 6  
1 1 7 1  
2 1 7 8  
3 1 7 9  
l l 8 0  
2 1 0 1  
1 1 8 2  
2 1 8 1  
2184 
1 1 0 s  
2186 
2 1 8 1  

I 1 8 9  
1 1 9 0  
1191  
2192 
1 1 9 1  
1194  
I 1 9 5  
1196 
2 1 9 7  
2 1 9 8  
2 1 9 9  
1100 
2201 
1102 
1 2 0 1  
2104 
220s 
L106 
1101 
'2011 
; l o 9  

1 1 a 0  

A10 ' 
: I l l  1 

215 
l i i i  i 

Wax*O.S'rrcl~lmarkIk,lx2l~masklk,lxlll 
y y a x ~ O . 5 ' r i c l ~ I p h a r c l k . I ~ ~ l t p h s r e l k . I x J I l  
~ r ~ 0 . S ' x r c l ~ l p h a ~ ~ l k . l x l l - p h . r c ( t . l x 1 l l  
oplot.circla~'.Ol'xp,..uax.cl~clel',ll~ypa~~~n 
plat~.Ixxax,xxaxl.IWox-O.S.yyax~0.51 
plots. luax-O.S.uar~0.51.lyyax.~axl 

end 
m d  else $ 
lor k*l,nbean do 5 

I t  Iplat~letslk.11 rq I 1  then bepln 
u a x ~ l a ~ c l ' p h a r c l k , l x O ) . x r c l l p h a . . o l  
yyd~-lpacl*phaselk. 1 x 1 1  .prcl'phasclk, 1x11 1 
Plot#,urx.War b Op~ot.ubr.Wux.psym*6 

end 
I f  chs16d eq 'y' then beqln  

far  k=l.nbaarn do If plot-lctslk.1l aq 1 Chon $ 
xyauts.x~cl'pl~arelk,l~Ol.p~cI~ph~~~lk.I~2l.atrlnplk,lormat~'I111'1 

end 
I f  ntlrne eq 1 then lyl=-O.O7 c l r .  lyl-0.95 
I f  lplanc rq 0)  of lplanc cq 2 1  then h e p l n  

I f  markl0.II ne 0 th.n beqln 
lY1.lyl-0.015 
~youtr.O.I8.lyl.'Herk rotatlan 'rcordatal19l*' dcq:.lnoim 

end 
end 

far j . l . 1  do brgln L lyl=lyl-O.O2l 
xyout~,lrlr0.02.lyl.~ilblplane.j~./norm L end 

rcAd:Contlnuc <y.n> '.ch b I f  ch eq 'n' then gato.nyexir L end 
It lplane eq II and Intlme cq 01 then bagln 

lyl.lyI.O.022 
xyoutr.Ix1~0.02.lyl.wslblplanc.1l.lnorla 

rtad.'contInua ey.n> '.ch b I f  ch eq ' n '  then goto.pyexIt b end 

end 

I f  lp lanr  cg I 1  and lntlme ey 01 then bepln 

end 

1 1 6  
' 1 1 7  

.._. 

Novz4 1997 16:01:30 . .  : ' .  pepperpot.pro Page 3 

2141 
2 1 4 3  
2144 
214s 
1246 
2 1 4 1  

2249 
1 2 5 0  
1251 
1157 
1 2 5 1  
1 2 5 4  
11s: 
3151 
125; 
1251 
I I S I  
1761 
3261 
126i 
2261 
2164 
216! 
116t  
1161 
2261 
2169 

1271 
2 2 1 2  
?271 
2214 
2275 
1116  
1277 
! I ) #  
1119 
L2BO 
!20l 
!281 
'183  
!201 
! l S S  

'787 

' 189  
1 9 0  
' 1 9 1  
' 1 9 1  
' 1 9 1  
,194 
,195 
'196 
'297 
I 1 9 0  
'399 
! I00  
'101 
'IO1 
'103 
!101 
'IO5 
! j O 6  
!I07 
! I00  
!309 
! I 1 0  
!I11  
! I l l  
! I l l  
! ] I t  

121a 

1270 

,2116 

mzae 

- 

m d  
I 1  mask aq 0 tbeq bepln b prlnt.'nust generate  mask.' b return L end 
Lf lmbsm ep 0) then bepln b prlnt.'TUH MODE' b return b end 
I f  ch 

.I*. 

. la.  

4L.c 

.I.. 

el.. 

b 

. a t .  

L 

a end $ 

d 0  



, 
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f l l !  
1111 
111; 
1111 
1 3 1 :  
1111 
1111 
111.  
1 3 2 '  
212. 
212' 
2311 
212 
1111 
111 
2118 
1 1 3  
111 
111 
Ill 
2 3 )  
111 
131 
111 
11) 
114 
114 
114 
211 
1 1 4  
Z I J '  
1141 
2 1 4 '  
1141 
!I45 
'15C 
'151 
151 
151 
154 
155 
156 
151 
158 
159 
160 
1 6 1  
1 6 2  
161 
1 6 4  
I65 
166 
167 
Id0 
169 
170 
1 7 1  
171 
1 1 3  

I14 
175 

116 
117 
110 
3 1 4  
180 
I81 
I81 
181 
114 
'185 - 

y - y p  phase space 
plant-'y' 
a r l O . O I -~ln L a ~ i I . O l ~ 0  L a ~ I l , o l * O  L asll.Ol=O L ar14.01-0 b n s l S . O I = w a x  
aslO.11-0 L aaIl.Il-0 L aa(2.ll-ymaxp L LsI].1l*mlnp L all4,ll-0 L arI5,Il*O 
plat. a s  I * .  01. a i  1 ' .  1 ) ,  xrangr*lymln. p a x  I. yrrnqc=lynlnp.ymaxpl, S 

lor k=l.nbcan do $ 

xstylc~l.yrtylc~l.xiltlc~tlr.l)l.ytltle~t1tsl4I.t1tla=tltsl5l.ln~data 

I f  IIphnrelk.01 g t  xaccpll and Iphaielk.Ol I t  xaccp2)l and $ 

usr=lyyIIk).yy21kII L yyar-lp'pl~a1slk.4l.p'~h~~~ik,5Il 

I f  I f l a g  cq I I  and l l a b c l  eq 11 then I 

rrlte-.calcr.0.60 

tplat-let#lk.l~ eq 11 then begin 

plots. xxax, war L oplot, xxax, yyax. prym=6 

xyout a. yyl I kl *dylab. p*pliase I k. 4 I .  s t r  Lng (k. lomat * ' I I 1  ) * ) 
end 

blots.  10.01. ly"lnp.ymaxp) L ploti. lymIn,ylnaxl. 10.01 
I ntlme aq 1 then begin 
~ ~ = r t t m l d l c o s d a t a l B ) . 1 0 . 8 1 ~ '  m-mc'  

nd 
f llabrl cq 2 1  and ( f l a g  eq 01 then 5 

1 chelllpsa +q ' y '  then begln 

lot labels 

r ~ ~ u t ~ . 0 . 6 5 . 0 . 9 0 . ~ ~ .  l n o i n  

lor k.l.nbcan do I f  Iplot-let~lk.Il eq I I  then 5 

plot-el I lpi . .  yplane .  e l l l p a e  L aplot, e l l  IpsclO. ' I ,  e! 1 Ipsa I I ,  ' I  L end 

xyaut~.yyllkltdylab.p'pharclk.4l,atrln9lk.format~'liIl'I 

....____.. .~ 
I ntlnc cq 0 then $ 

s..rrns edge x emlttance '*strln~(l.Oa6~e~LLr,fornat.'ltl.ll'l~' M-PI' 
bcgln L ypO.96 L dy=O.OlI L end e l s e  bagln L y p - 0 . 0 5  L dy.O.010 L end 

1 1 0 6  
1387 

3389 
1190  
2191 
I 3 9 1  
1191 
1394 
1195 
2196 

2197 

1198 
2199 
1400 
2401  

1401 
140L 
1405 
1L06 
1407 
1 4 0 0  
1409 
2410 
1411 
2412 
2411 
141L 
2415 
2416 
3411 
2 4 1 8  
2419 
1410 
1411 
1413 
1411 
f42L 
1115 
1416 
1411 
1418 
f419 
1410 
fLI1  
f41I 
1411 
1 4 1 4  
1415 
! 0 6  
! ( I 7  

I439 

L4L1 
14Ll 
1441 
I 4 4 4  
1 4 4 5  
1446 
I 4 0  
1448 
1L49 
1450 
1451 
1451 
2451 

2455 
1456 

i m  

aaoi 

1 4 1 a  

t a u  

1 4 5 ~  

I 



145 
2451 
2 4 5  
2461 
246 
2 1 6  
216 
2 4 6  
146 
1 4 6  
246 
1 4 6  
2 4 6  
241 
247 
247 
24 7 
147 
241 
247 
2 0  
2 1 7  
2 4 7  
248 
248 
2 4 8  
2 1 8  
248 
1 1 8  
248 
3 1 8  
218 
248 
249i 
1191 
'495 
1493  
4 9 1  
I 9 5  
496 
497 
490 
I99  
so0 
501 
502 
501 
501 
505 
506 
so1 
5 0 s  
5 0 9  
510 
511 
512 
5 1 1  
5 1 1  
5 1 5  
5 1 6  
S I 1  
5 1 1  
519 
5 1 0  
521 
511 
511 
524 
525 
316 
527 
510 
529 - 

Ip.0 
for krl,nbean do beqln 
MI*cent~rlk.ll b nx2-cent8rlk.ll b nyl=ccnterlk.4I b ny2*cmtcrlk,5I 
ly-cmterlk. I)  
Plot.lmagelnxl:nx2,ly).yran~e~lO.256).x.tyl~-l.y~tyl~~l 
f a r  j.oyl.ny2 do oplnt.lmapelnxl:~2,jl 
*vouts.ullp nod 0.~l1plll:~'brtrlnglk,1ormat='(11l'l,/nor. 
I f  lp  eq 0 then x y o u t ~ . O . l . 0 . 9 B . f l l e n ~ m e . l n o r a  
Ip-lptl 
I f  k mad 16 eq 0 then bcpln 

Ip.0 
I f  ntlmt tq 0 then begin 

<E*' * b read.'Continut <y.n.albortr '.cc 
I f  cc cq 'n. then goto.byebys 
I f  EC rq ' a '  then abort 

end 
end 

end 

bycbye: 
!p.m"ltl.O 
return 
end 

_ -  
pro plot-brml~t,ntlme 

:oman c~ml,Illanamc.dumpn~mc.p~l~tn~me.d~t~n~me~tltls 
:omon com2.~dls.ydlm.lmrrch.lmape,labject 
'omon coml. saln.pvlru. ch2 
' O m o n  cod. data, nspcj . pha ne.. ma r d a c ~  , mask. nma sk, t w e m a s k  
' omon colli5.piat_lctl.center,n~~b.~t~~ 
omon come. rlndor.xvlndov,yvlndov. chvln2. Isvel 
O m a n  coml5.v~rrlnn,comhead,comdata.momentr 
amon coml7.chbrv. hovo-donQ,maxptfle. ptypa, chell Ipra,ch.l6d. chelicl 

n h . 0  b 13." b rs-wlndow.' Hlndou='bcorndatal5l 
nun*lntarr InbearPI 
I 1  n t l m  eq 0 then $ 
bcpln 

I 1  ch2 eq *n' then 5 
bepln b dccode.r=ln.nun.n b nh*nunlOl b pato.nextb b end 

rtbd.'Whlch heamlet. ~l..'t~trln~lnb~am.lormat~'llll'it$ 

I 1  s t r l w t l r r )  ea 0 then nb=plot_IetsIm.axb.Olll e lse  I 
I 1  1.1 eq 'd'l then bepln 

read,'Enter bearlets to be 'Ignored' A I 1 1  -*) ' , a s  

DIrl.tr Plurpc Rlertorc nlultlpl~ <LF next one ? '.sa 

I f  Is .  oq ' a ' )  then beqln b plot-lntal*.ll~O b pote.mycrlt b end 
decode. s*, n w .  n 

for  k.0.n-I do begin b kb-numlkl 

end 

end else $ 

prlnt. Enter bcaraleta to be P E W I E N T L Y  OESTROYED' 

I C  I k b  pt 01 M d  Ikb l e  nbanml thcn plot-lets(tb.lI.0 

90to.nycxlt 

I 1  Irr e? ' p ' l  then b w l n  

read.'-., ' . s a  
drcod.....nun.n 

-_.- 
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I510 
I511 
1 5 1 1  
I511 
is34 
1535 
1516 
1511 
2518 
2519 
1540 
1541  
1541 
1511 
1 5 4 4  
1 5 4 5  
2546 
2511 
1541 
25I9 
1 5 5 0  
2551 
1551 
1551 
2554 
2 5 5 5  
2556 
>557 
155) 
1 5 5 9  
1560 
1561 
1561 
1561 
I564 
!565 
' 5 6 6  
567 
568 
5 6 9  
510 
511 
5 1 2  
571 
5 1 4  
575 
576 
571 
578 
579 
580 
581 
5 8 1  
581 
584 
5 8 5  
586 
581 
588 
589 
590 
591 
592 
591 
5 9 4  
545 
5 9 s  
591 
598 
599 
600 
601 
602 
I 

lor k-nbcnntl.nbeasi2 do begln 
tor J-0 .8  do datalk.jl-0 

Cor i.O.1 do centsrlk.jl*O 
m d  

end .Is. $ 

r.rd.'Ent.r beanlet. t o  be 'restored' A l l 1  -=) ',si 

poto.nyex1 t 

I f  I r a  .q * = * I  then brgln 

I 1  I r i  eq ' a ' l  then begln b p l o t ~ l a t ~ l * , l I ~ l  b goto.nycxlt L end 
decode. ss, n u .  n 

l o r  k . 0 . n - 1  do baaln L kb-numlk! 
I 1  lkh p t  0 1  8nd Ikh l e  nbeaml than plot-lar.lkb.l).l 
.nd 

qat  o , my ex It 
I 1  end i s .  e1.a c q  * * ' I  5 then begln 

read.'Enter llrt o l  beamlet I.) *.si 
dscod.. s s, p Io t _  1 et s , n h  

I f  nb. gt 2 than 1p.nultl-l0.2.nh/21 
np.1 b goto.na*t 

end $ 
.I.. nb.Clxls#l 

extb: 
I f  lnb It I I  or lnb gt nbeanl then beqln 

h a m - 0  L for  k.ll.Maxb do I f  nb e4 plot..letdlk.Ol then $ 

If h a w  eq 0 then 5 

prlnt,'Sorry. not that many baarnlctts' b gato,nyrxlt b end 

bcpln b have-I b np-k L end 

hegln b eaxbmaxb, l  b plot-letilmaxh.O).nb b np=na.& L end 
end i1.e bcpln b np*l L nb.0 L eaid 

then beamlet rcad.'Cantlnue 'tntrlnqlnb.Co~at~'(lll'l q.n> *.cb 

I t  0 then nxIi0 
qe  x d l r  then -1-xdlra-l 
It 0 then nyl.0 
ga ydla then nyl-ydlm-l 
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1601 
1604 
2605 
1606 
1 6 0 7  
1608 
1609 
2610 
261 I 
1611 
2611 
2614 
1615 
3616 
2617 
2618 
1619 
2620 
2 6 1 1  
1611 
2621 
1624 
2 6 1 5  
2616 
1617 
2620 
2619 
1610 
2611 
2612 
2611 
2614 
1615 
1616 
1611 
1 6 1 0  
1619 
'610 
'611 
6 0  
6 4 1  
641 
645 
646 
6 4 7  
6 4 0  
6 1 9  
650 , 
651 
652 
6 5 1  I 
654 1 
6 5 5  1 
636 
651 
650 I 
659 
660 , 
6 6 1  
6 6 1  
661 
664 
665 
666 
661 
668  
669 
610 
611 
611 
611 
614 
615 

return 
m d  
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1616 
1617 
1618 
1619 
L610 
1601 
1682 
1611 
1681 
1685 
1686 
a601 
a608 
1 6 8 9  
1690 
2691 

2691 
1694 
1695 
1696 
1697 
1690 

1700 
1701 
1102 
1101 
1104 
110s 
1706 
1101 
! l o 8  
'709 
'110 
'711 
111  
111 
111 
715 
116 
7 1 1  
1111 
719 
710 
721 
1 2 2  
711 
724 
715 
126 
111 

729 
110 
711 
112 
111 
714 
115 
116 
737 
131 
119 
740 
141 
1 4 2  
1 0  
1 4 4  
145 
116 
747 
1 1 8  

1691 

ate9 

iia 

- 

for kr-l.naxr do baqln 
rr.rr+tcparatlon L t h e t a 4  6 dt-dthlkrl L tmax-nthlkrl 

for kt.l.taaa do beqln L nrsk*naoktl 

-_._ .._.. -. .--- .- .. . 
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1 1 4 9  
1 1 5 0  
1 J S 1  
2 1 5 2  
2 1 5 1  
2 7 5 4  
2 J 5 5  
1 1 5 6  
2 l S l  
1 1 5 0  
1 1 5 9  
1 1 6 0  
1 1 6 1  
2 1 6 2  
1 J 6 1  
1 1 6 4  
2 1 6 s  
1166 
2 1 6 1  
3 1 6 8  
2169 
1 7 7 0  
2 J l 1  
1 1 1 1  
2 1 1 1  
2 1 1 4  
1 1 1 s  
2 1 1 6  
I J l l  
2 1 1 9  
2131)  
2 7 8 0  
2 J S l  
2 J 8 2  
2 7 8 1  
2 7 8 1  
2105 
1 7 8 6  
2 1 8 )  
2 1 8 8  
1 1 0 9  
l190 
1 1 9 1  
1192 
1791 
1194 
1195 
1196 
1 7 9 1  
1191 
1199 
LBO0 
!BO1 

! S O 1  
1604 
leos 
L006 
1807 
1 8 0 8  
1 8 0 9  
l B l D  
1811 
1 8 1 1  
1811 
1811 

2 5 1 6  
l o l l  

1819 
I 0 1 0  
1 8 2 1  

! e 0 2  

181s 

i n i a  

mdcx*lntarrlnbcaml 
ordr.lltarrlnbeam+ll b ordxrordr b ordy-ordr L ordt-ardr 
Ick.'  * L rcad.'HhIch beanlet I r  the center beanlet Iqlultil - - >  '.Ick 
I f  lek e q  'a '  then seturn 
lck~llrllckl L Icx*center(lct,Ol L 1cy-cmtorllck.ll 
l o r  k-I,nbean do begln 

r.~c~lx~lcentarlk,Ol-lcnl L y . y c r p l x ' l c c n t e r l k . l ) - l c y l  
ardx(k1.r L ordy1kl.y L ordrlkl.iqrtIx'xty'yl L ordtlkl.stan9la.yl 

end 
ardrlOl.999.O 
LOnvhcralorJr eq mlnlordrll 
ocdrli0l-999.0 
dr.nlnlordrl 
for k.l,nbaan do bcgln 

Ir.lIxlordrlkl/drl 
1 1  l r  pt m m r  then bcgln L 1s.  
lt~llxlO.S~lordtlkl/dihllrl~l 
I f  I t  eq  uthllrl then I t . 0  
l l ~ n r s m l l s l ~ l t ~ l  
nderlk-ll-il 

0th polnl Is not utcd. make blp 
10 Is center w h e r e  r approx 0 
rake a blg nlimber 
rmalla,t value Is chs l l r r t  radlal #lip 

radlal Index cauntcr 
L I r - 0  L end e l se  ia*lr-1 
theta Index counter 
16D dcprcer i s  a i m  4 
mark lndax value 
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3111 
1813 
2814 
2 8 1 5  
2 8 1 6  
1811 
1 8 2 8  
1819 
2830 
18>1 
28)l 
1 0 1 3  
I814 
7835 
1816 
I817 
1818 
1 8 ) 9  
1810 
1 0 4 1  
1 8 4 1  
1 8 1 1  
1 0 4 4  
1845 
1 8 4 6  
1 8 4 1  
2 8 4 8  
1 0 4 9  
I(IS0 
1.951 
1852 
2051  
2654 
I855 
1856 
3857 
2858 
28S9 
2860 
2861 
1 8 6 1  
LE63 
1861 
1 8 6 5  
1 8 6 6  
1 8 6 1  
1 8 6 1  
1869 
1 8 1 0  
1811 
I B J l  

1674 
1 8 1 5  
1636 
1871 
1078 
1879 
2880 
1801 
1 0 0 1  
2 0 8 1  
2881 
188s 
1886 
1887 
1 8 8 1  
2889 
1890 
2191 
21191 
1 8 9 1  
1 8 9 4  

mi 

- 

--_.__-.____--__-__-----.---------------- 
ch.' a 

rcrd.'Alutogen. U I U ~ C ~ I C ~ I L I I ~ ,  Slhou.  eqlultr '.ch 
I f  ch eq ' 0 '  o r  ch eq '4, then bspin b ctypes'q' b return L end 
I f  ch rq ' A '  or ch eq ' a '  then 9oto.autoptnX 
I f  rh eq 'N' or rh eq .n' then goto.nurnllstr 
11 ch eq ' S '  or ch cq 's. then pato.doshowx 
retutn 

_________-_-_-______~--~----------.----- 
itopenxi 
ss-' L rtad.'Hhlch bcanlst Is cantar ~l..'*~trlnglnbcamlt'r q l u l t c  ',ss 
I f  ii cq  'q' then return 
ccnlerlnbs~~l.0l-0 b csntarlnbeartl.ll=D 
Icn-Ilxls*l L Icx-cantcr(lcn.Ol L Icy-ccntar(lcn.1) 
~lnt.'I~x.lcy',lcx.Icy 
I ~ l l n ~ ~ f l ~ ~ ( n r l O ' s c p a r a t l o n t x c ~ 1 ~ 1  I calc blp nurnbcr advance y 
l d x ~ s b i ~ c e n t ~ r l l c n ~ l . O l - c e n t s r ( L E n - l , O ) l / 1  i approx hnrlzontsl spacing 
Idy-tdx , approx vartlcal spaclnp 
~Int.'ldx.Idy'.Idx.Idy 

generat. lL#t of  beanlatr at 1.0. Humbar of iuch besmlrtr 18 number of 

R x l l n s . ~ n t a r r I n h e ~ l l )  L Ido-0 
,dodo: 

.-------------- horlsonlal lines In nark. 
/ 

M1.0 
l o r  k=I.nbcar do begln 

I f  ab~lcentsrlk.O)-lcxl I t  I& then bcgln 

end 
M L . M \ ~ ~  L tullnslnnll-k 

end 
.111mln~t. doubllcat. cntrlsm In n x l l n e  I t v  lrnapc can be sllghtly rotated) 
k- I 
whll. k It M I  do b w l n  

I*nrlln.Ikl L J-nxllnalk+ll 
It ~brlc~nt~rll.II-ccntscIj.1lI I t  Idyll then begin 

I f  abilcantarlJ.Ol-icxl I t  nbslcentarll.0l-icrI then I i save k.1 In k 
bepln L 1.-I L mllnalkl-nrllnelktll b end e l l a  10.1 

for n-k+I.nnI-L do nxlln*(n)-nxtln.lnill L M I - M I - I  I rllldnat* 
end aIi. ksk.1 

end 



, 
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1 0 9 !  
1096 
1897 
2891 
2091 
290( 
2901 
2901 
2901 
1901 
1 9 0 !  
2901 
190' 
7901 
290' 
2911 
2 9 1  
291 
291 
I91 
291 
291 
291 
191 
2 9 1  
192 
291 
292 
292 
291< 
2911 
1911 
241; 

1919 
2910 
1911 
1912 
2913 
1911 
1915 
2916 
1917 
1518 
2919 
1940 
) 9 4 l  
1942 
!943 
!944 
!945 
!946 
!941 
!94l 
1549 
!%SO 
!951 
!912 
! 9 5 1  
!954 
!955 
!e56 
1957 
I950  
I959 
1960 
1961 
1961 
1961 
2961 
2465 
2966 
1961 

2918 
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1961 
2969 
1910 
2911 
1911 
1911 
1914 
1975 
1916 
1971 
I918 
2979 
1900 
198L 
2982 
1911  
2914 
2905 
2 9 8 6  
1 9 8 7  
1988 

2990 
2991 
2992 
2991 
1994 
2995 
1996 
1 9 9 1  
1 9 9 8  
2999 
1000 
1001 
1001 
1001 
3001 
3005 
1006 
1001 
1008 
1009 
1010 
I011 
1013 
1011 
1014 
101s 
1016 
3 0 1 1  
1011 
1019 
3 0 1 0  
1021 
1011 
1011 
1014 
3035 
1016 
1011 
1011 
1019 
1030 
1011 
1013 
1011 
1014 
3015 
3016 
1011 
IOII 
IO19 
I010 

a m  

9 



.. . . .. 
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1011 
1041 
1041 
3044 
1045 
IO46 
1041 
I048 
1049 
1050 
1051 
I051 
1051 
1051 
1 0 5 5  
1051 
105: 
1051 
105' 
IO61 
I061 
106; 
1061 
1061 
1065 
3061 
1061 
1060 
3069 
1010 
1011 
1072 
I011 
1074 
1015 
IO16 
I077 
I018 
1019 
1080 
O B I  
082 
O B 1  
081 
O B 5  
OB6 
081 
OBB 
089 
090 
091 
092 
091 
094 
095 
096 
091 

090 
099 
100 
101 
IO3 
101 
104 
I05 
106 
IO1 
100 
109 
I10 
I l l  
Ill 

tor  k-0.Im-1 do begin 

end 
oplot.xynl*.oI.xynl',ll 
xyauts.xyn~lan-l.0l,n/nllan-1.lI.'~~' 

I f  rynl0,ll gt xynlO.11 then begln L Iblg-I L Illt-2 b end I 

n n r ~ ; . q r t l x y n l k . l l ~ l r x y n l l , l l ^ 2 l l r q r t ~ 2 l  L xynlk.>)-rmr 

-Ire hegln L Iblg-2 L l1lt.I L end _ .  
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l l l l  
1114 
I115 
1116 
1117 
1111 
1119 
1110 
112l 
1111 
1121 
1 1 2 4  
I l l 5  
I116 
1117 
1118 
1119 
1110 
I l l 1  
1111 
1111 
1114 
1115 
1116 
1117 
1111) 
1139 
I140 
1141 
I141 
I141 
I144 
1 1 4 5  
1146 
I147 
,140 
149 
I50 
I 5 1  
1 5 1  
1 5 1  
I 5 4  
155 
I56 
157 

159 
160 
161 
I62 
I63 
I 6 4  
165 
1 6 6  
167 
168 
169 
170 
111 
1 7 1  
113 
174 
175 
111 
111 
171 
179 
180 
111 
I 8 1  
111 
1 6 4  
185 

i s e  

- 

k m A x . * ~ l ~ l r y n ~  b I h s x - ! = m n . x f l l - l  
k.1 L whllc xynlk,lblgl gt n/nlk.llltl and k It I h a x  do k-ktl 
l f  k It I h a x  then begln i cnltx and cnlry crosaed 
prlnt,'xy-transfere Index: ',k.xynlk.~blgl.ryn~k,llItl 
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1196 
I181 
1188 
1189 
1190 
1191 
1112 
1191 
1191 
1195 
1196 
1191 
1190 
1199 
1200 

1 2 0 1  
1101 
1101 
1105 
1106 
1101 
1201) 
1109 
1110 
1111 
1 /11  
1211 
Ill4 
1115 
3116 
I l l ?  
3 2 1 1  
1 2 1 9  
1120 
1111 
I222 
I111 
I 2 2 4  
Ill5 
1216 
217 
1 1 8  
2 1 9  
210 
211 
112 
111 
114 
115 
116 
211 
311) 
119 
110 
141 
1 4 2  
2 0  
244 
115 
2 1 6  
111 
1 4 6  
1 4 9  
250 
251 
151  
251  
154 
1155 
1156 
1251 
I258 

1201 

- 
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1159 
1260 
3261 
1261 
1161 
1264 
1 2 6 5  
1266 
1267 
1261 
1169 
3210 
1111 
1211 
1171 
1214 
1115 
1116 
1117 

I279 
11110 
12111 
11112 
1181 
3104 
12B5 
1186 
3187 
121)s 
1189 
1190 
I291 
1291 
I291 
1294 
1195 
1196 
3297 

1299  
1100 
3301 
1101 
1101 
1104 
1105 
I106 
1107 
I108 
1109 
1110 
I111 
3112 
1111 
1114 
Ill5 
I116 
1111 
I 1 1 8  
3319 
1120 
1121 
1112 
3121 
1124 
1135 
1116 
1111 
1128 
1129 
1110 
1111 

1278 

1 i 9 a  

- 
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l l l i  
I l l? 
1111 
I l l !  
1111 
111; 
I111 
I l l !  
1 3 4 1  
I141 
1 1 4 ;  
1 3 4  
I l k  
114' 
114'  
114 
I l l  
I 1 4  
1138 
315 
115 
115 
I 1 3  
113' 
I151 
115 
I151 
1 1 5 '  
1161 
111 
116; 
116! 
I164 
116s 
1 1 6 6  
1 6 1  

369 
110 
171 
1 7 1  
3 7 1  
174 
171 
I 1 6  
1 9 1  
I 7 8  
119 
180 
181 
182 
I 8 1  
I 8 4  
185 
I 8 6  
l e 7  
I 8 0  
189 
190 
I91 
192 
1 9 1  
I 9 1  
I95 
196 
I 9 1  

1 9 9  
400 
to1 
402 
401 
404 

i 6 e  

19e 

I 
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140s 
3406 
1401 
3408  
14Q9 
1410 
1411 
1412 
1411 
1 4 1 4  
1 4 1 5  

14i6 
1411 
I d l e  
1419 
1420 
1421 
1412 
3421 
3 4 1 4  
1435 
1426 
1421 
1428 
1 4 1 9  
1410 
3 4 3 1  
3 4 1 2  
3411 
1 4 1 4  
I415 
I416 
1417  
) O B  
1419 
1440 
I 4 4 1  
I 4 4 2  
1 4 4 1  
1 4 4 4  
1445 
1 4 4 6  
I447 
1148 
1449 

1451 
1452 
1451 
145t 
1455 
1456 
1457 
1458 
1459 
1460 
1461 
1462 
1461 
1 4 6 4  
I465 
I466 
I 4 6 1  
I 4 6 8  
I 4 6 9  
I470 
I 4 1 1  
I412 
I473 
1 4 7 4  
1175 
I 4 7 6  

1450 

- w 
0 
CD 



I 
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I411 
1411 
1419 
I 480  
I 4 8 1  
I412 
I 4 8 1  
1184 
I485 
1486 
1 4 8 1  
14.3.3 
1489 
1490 
3491 
1492 
1491 
1494 
1495 
1496 
1491 
I491 
I499 
1500 
1501 
1501 
1 5 0 1  
1504 
I505 
1506 
I501 
I508 
1509 
1510 
1511 
512 
51) 
5 1 4  
5 1 5  
516 
517 
5 1 8  
519 
520 
521 
512 
SI I 
524 
525 
526 
521 
138 
529 
110 
i l l  
ill 
511 
514 
515 
516 
511 
538 
519 
I40 
5 4 1  
542 
54) 
544 
5 4 5  
546 
547 
548 
5 0  
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I550 
1551 
1552 
1551 
1554 
1555 

)!.ST 
1551 
1558 
1559 
1560 
3 5 6 1  
1561 
1561 
1 5 6 4  
1561 
3566  
1567 
15611 

far k-l.nbeam do It plot-l+tatk.1l rq I then I 

m d  cis# I f  c h l  eq 'a' and puler oq ' c '  then htgln 

r y o u t ~ . x c m p l r ' ~ c a n t c r l t . 2 ) - 5 1 - a 1 , $  
y ~ ~ l x ~ ( c s n t ~ r l k . 4 I t c m t e r l k , 5 l ~ ~ l - y l , ~ t ~ I n p l k , I ~ ~ ~ t ~ ~ l l l l ~ l  

prlnt.'TESTiplrrt_wlndow pvlru=c and ch1.o' 
prlnt.'TEST - _ - -  5/09/91 hCP docrnt work ? ? ? ?  rCIL)Vm purqe A b l t  rld ,.... 

1 5 7 9  
1580 
15.31 
1581 
1583 

pro nert-flls 

comon eonl, f I  Icname. dumpname. prlntnamc. d b t  aname, t It la 
comaon coml5, vcr-Ion. cnrnhed. c o d a  ta. moment 8 

6Q4 
I605 
1606 
I601  
1600 
I609 

c.? 
0 



- 9911 
19Lt 
t9LI 
t9LI 
LPLI 
I911 
0911 
6SLl 
0516 
1511 
9GL1 
Zlll 
tSLI 
C5LI 
L5Ll 
11Ll 
OELI 
011 
Utll 

9tLI 
StLI 
ttLI 
CtLI 
ZtLI 
1tLI 
OPLI 
6fLl 
8tLl 
LCLI 
9CL1 
SILI 
ttLI 
IC11 
ZCLI 
IC11 
Oil( 
6LLI 
BLLI 
LZLI 
YZLC 

ILLI 
1ZLC 
!LlC 
LLLt 
IZLt 
ill[ 
IILC 
.IlC 
IILt 
;Ill 

ILC 
:IC[ 
ILt 

It LC 
IOLC 
IOLC 
:OLI 
1015 
;011 
tOLt 
10LC 
LO11 
1011 
DOLC 
669C 
0691 
1691 
9691 
5691 
t691 

LrLi 

ILL[ 

jllt 

(691 
2691 
1691 
0691 
6891 

1891 
9891 

$891 

5891 
1891 
(891 
1891 
1091 
0091 
6191 
8191 
LLSl 
9191 
5191 
t191 
1191 
z191 
11')1 
0191 
6991 
9991 
1991 
9991 
2991 
t991 
1991 
2991 
1991 
0991 
6591 
8591 
159t 
959c 
559c 

191 
'19c 
19t 

159t 
19t 
t9t 
t9c 
19c 
)91 
t9t 
t91 
t9t 
t91 
t91 
19( 
t91 
191 
c9c 
t9t 
t9c 
(91. 
t9c 
1t9t 
ItPC 

119t 
.E9t 
1(91 
,291 
1c91 
1z9t 
!ZSt 
129t 

!59t 

,z9r 



- 1161 
0161 
6061 
8061 
1061 
9061 
SO61 
1061 
I061 
2061 
1061 
0061 
6681 
061)I 
LKBI 
9681 
5681 
t681 
t681 
L68I 
1681 
0681 
6881 
BREI 
LBBl 
98Bl 
5881 
t8BI 
C8Bl 
L88l 
IQ81 
0891 
6LBI 
SC8l 
LLBI 
9LBI 
SLOC 
PLUI 
CLEF 
2L8C 
IL8r 
018I 
698r 
89sr 

190r 
990r 
5981 
f98C 
t98I 
Z9BC 
198C 
098C 
6SBI 
8581 
LSBC 
958C 
SS8t 
tSBC 
ISUC 
zrec 
158C 
OSBC 
6t8C 
QPBC 
LI8C 
9tac 
StBC 
,,et 
ctoc 
298C 
ItUI 
Ot8C 

615 
818 
LIB 
918 
((8 
ICU 
CCU 
ZCB 
118 
018 
628 
020 
1z8 
928 
5t8 
PZI 
Ct8 
228 
1z8 
OZB 
618 

LIS 
910 
518 
118 
(18 
118 
(18 
018 
608 
809 
LOB 
908 
SOB 
t08 
(08 
LOB 
108' 
$081 
5611 
1611 
.611 
161c 
,61c 
61c 
61c 
61f 
61f 
611 
BLt 
81f 
ELI 
BLf 
BLt 
BLC 
Elf 
81c 
811 
BLf 
LL[ 

ILL< 
LLF 

'LLF 
ILlC 
,LLC 
111 

'LLr 
LLI 

ILLC 
t911 
191c 
.91c 

818 

. _- 



~ 
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1911 
1 9 1 1  
1914 
1915 
1916 
1911 
1918 
1919 
1920 
1911 
I921 
3911 
1324 
3915 
1 9 2 6  
1921 

1929 
1910 
1 9 1 1  
1912 
1 9 3 1  
1914 
I915 
1916 
1917 
1918 
1919 
1940 
1941 
1942 
3941 
1944 
1945 
1916 
1947 
I940 
1 9 1 9  
1950 
I951 
1951 
I951 
1 9 5 4  
1915 
1956 
1 9 1 7  
1 9 5 8  
1959 
1960 
1 9 6 1  
1961 
3961 
1961 
I965 
1966 
1967 
I 9 6 8  
I969 
1970 
1971 
1912 
I971 
1914 
1915 
1916 
I971 
1918 
1919 
19110 
1981 
1901  
1961 

1928 

191~4 
I 

IEtC: 
prl"t , ' - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -~---~-------- -*------ .  
I f  rtmldlarln.2.1l eq ' 1 '  then bsgln 
prlnt:Be-lct centers and x . y  range Iplxels)' 
print.' k xcen ycen a l n  xmax m l n  ymax't) 

nbh*nbbemIl 
f o r  k*l.nbh do bcgln 

* k xcen ycen m l n  m x  p l n  w a x '  

I f  plot-lctslk.1) eq I then k p = k  a lre  krv=-k 
I t  plot-18txIk~nbh.II CQ I then jru*ktnbh elr. j8v.-k-nbh 
prlnt.1ormat-'II4.1x.3l2x.2l4l.lr.I4.Ix.ll2x.2i4)l',$ 

centerlk.2l,centerlk.ll.ccnlcrlk.~l,c~nt~~lk.5l,I 

centerIkti~h.ll.centerIktnhh.~I.ccntcr~k~nbh.ll.ccntcrlk~nbh.5) 

ksw, centcr Ik. 01 ,center Ik. 11.5 

jru.centcrlk~nbh.01.centcrIkrnbh.II,$ 

end 
I f  ch cq . c *  then return 

prlnt.'Baamlet center, Iplxslsl' 
prlnt.' k m x  ypx k r p x  ypx k x p x  ypx:+$ 

for k-l.nbem da begln 
I f  plot-letsIk.ll eq I then ksw=k else k w - - k  

end else begln 

' k r p x  ypr k XPX ypx k x p x  ypx 

r¶~rrtrtrlnglksw,fornat-'llS!~l~~ 

end L prlnt.rr L 11 ch t q  * c l  then return 

ttrlnqlc~ntcrlk;.Ol.fozmnt. ll4l'lrrtrln~~ccnt~rlk,ll,fo~~t~'ll4l~l 
11 rtrlmlisl gt 65 then begln L pzlnt.ir L ss-.' b end 

end 
read.'Contlnua <,n, *,ch L I 1  ch cq 'n' thcn return 

Iitb: : bean 1s data a r r a y  
prlnt.'Total_lntlplxeI~l '11 

print.' ' L prlnr,'Baanlatts DATAl*l* L Ilnca-0 
1 1  ACM cq 0 then return 
lor k*l.nbcam do bcgln 

' 1 %  v a l u e  In bemlct above background for that beanlet.' 

I f  Ilnes cq 0 then bepln 
prlnt. '  n peak xnln m a x  x l o b i l  m l n  p a x  ylebnl ' + I  

prlnt.' plxels Icml Icml lcnl Ice1 (cnl Icml * + $  

end 
I f  plot-let~Ik.1l eq 1 then k w i k  e l r e  ksum-k 
*s*strlngldataIk. 01, format.' 1141 ' I  

~s-~ar~trlngldatalk,7I.f~rmat~'I~IO.ll'lr1trlnaldat~lk,dl.fo~t-'1f~.al~l 

Ilnes*lln.r*l 

*Totsl-lnt backg' 

'plneln p l x * l . *  

for  j - 1 . 6  do sr.actrtrlnpld~t~lk.jl.fonnat*'Ill.4l.) 

prlnt.ttrlnglkrv,~~r~at*'IIl)'lr' ++sa 

11 1Ine. cq 25 then begln L rcad.'Cantlnue <,n, *.ch L 1lner.o 
I f  ch sq On' then return L end 

end L If ch tq 'd* then return 
read.'Contlnue <.n. '.ch L If ch cq 'n' then return 
I f  ch eq 'd' then raturn 

lite: pr1nt:BCAnLrrs' L Ilnc*=O L I r u - 0  
lor k*l.nbcm do begln 

I f  Ilner cq 0 then bepln 
p r l n t . '  k m l t x  Dnlty*+$ 

' Radlus Current Brightness SPC-c~rrect.d* 
prlnt.' m-r&d n-rad'd$ 
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1905 
1986 
I917 
I981 
1989 
1990 
1991  
1991 
1991 
1994 
1995 
1996 
1997 
1998 
1999 
4000 
4001 
4002 
1003 
4004 
4005 
4006 
4007 
4008 
4009 
4010 
4011 
4011 
4013 
1018 
1015 
1016 
1017 
IO18 
1019 
1020 
4011 
4011 
402J 
4024 
4 0 2 5  
4026 
4027 

1019 
I 0 1 0  
1011 
1012 
1011 
I014 
1015 
1036 
1011 
1011 
1019 
I O 4 0  
1041 
1041 
1041 
1044 
1045 
1046 
1047 
1011 
4049 
1050 
1051 
1051 
4051 
4054 
1015 
I056 
1011 

i o i n  

- 

sa-'' b ~ D ~ ~ t r l n ~ I n a x d ~ t e - l . f a ~ ~ t - ' l l 4 l ' l  
for 1.0.5 do .'**~*~trfnglpha..I~ARd4t~~l.~l,fO~~t~'lf9.5l'l 
prlnt. .a 

I i  ch eq 'p '  then return 
rcad.'Contlnua r.nr '.sh L I f  ch R q  'n' then r e t u n  

I# t# :  prlnt. 'na.k(*I' 
nbh-runamkll 
prlnt.' k xlcml ylcml Iradlurl ' . I  

' k x l m l  ylcm) 1radlu.l' 
I X . 0  L ly-0 
l o r  k-l.nbh do I 
prlnt. ~ornat-'I1115.~9.4.~9.4.2x.lhI.f7.3.1hI,4x)l'.$ 

k, nark I k .  01. mask I k. 1 I ,  naak I k, I I ,  $ 
ktnbh.maskIk*nbh.OI ,maskIk~nbh. l),maskIk+nbh,ll 

n n a ~ k , e ~ r k l N n a r k . 0 l . ~ ~ ~ k I ~ ~ s k , l l . ~ ~ ~ k ~ ~ ~ ~ ~ k , l l  

I f  l*nbh It m a r k  than 5 

I f  ch eq * m *  then return 
read.'Contlnu~ r.n, ',ch L I f  ch sq 'n' then return 

lrtws prlnt, 'Ulndowl'l' 
nbhmbcaml2 
pKlnt.' k xcen yccn m l n  m a x  mln ymax ' . $  

for k*l.nbh do $ 

prlnt.f~mat~'llEx.l5,f9.~,19.~,2x,lhI.I?.l.lh~l~,$ 

* k xcen ycen xnln m i x  y a l n  p a x '  

prlnt, lornat.9 
'Ill.1~,lhl.ll~lh,.ll.~hl.~l5.6x,ll,Yx,lhI,ll,lh.,l3,lhl,4l5l'.~ 
k.crntcrlk.Ol.centtrlk,l~.cent~rlk,Ol-wlnd~~,cent~rlk.Ol~xwlnd~v~~ 

ktnbh.c~ntorlktilbh.Ol,ce~terlk*nbh.lI,5 
centcrIk.lI-~lndou.ccntrrIk.1l~yrlndor.( 

c~nt~rlktnbh.O)-rvlndau.c.nterlk~nbh.OI~wl~d~~.$ 
ctntarIkinbh.ll-yulndov.cantcrlk~nbh.ll~yvl~~dow 

If Z % b h  I t  n b c m  then I 
prlnt.format-'l4lx.11.3x.Ihl.1l.lh..lI.lhl.4l1l'.$ 
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4 0 5 8  
4059 
4060 
1 0 6 1  
4062 
4 0 6 1  
4 0 6 4  
1065 
1066 
1 0 6 7  
1068 
4 0 6 9  
4010 
1071 
4012 
4071 
4071 
4075 
4016 
40?1 
4071 
4073 

4081 
4082 
4081 
1084 
4085 
4086 
1087 
1088 
LOB9 
I090  
1091 
1091 
04)  
094 
095 
096 
0 9 7  

099 
LOO 
101 
102 
103 
101 
105 
106 
107 
1 0 1  
109 
110 
I l l  
1 1 2  
I l l  
1 1 4  
115 
116 
117 

I I9 
120 
1 2 1  
112 
I 2 1  
I l l  
I25 
I 1 6  
121 
12% 
119 

I l l 0  

4onc 

098 

l i s  

- 
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4 1 1 1  
4 1 1 1  
4111  
4 L J 1  
1115 
1116 
4 1 1 7  
111s 
1139 
4 1 4 0  
414L 
4 1 4 1  
( I O  
4144 
4 1 4 5  
1146 
4 1 4 7  
4 1 4 8  
4 1 4 9  
1150 
4 1 5 1  
4152 
1151 
4 1 5 4  
4155 
4156 
4 1 5 1  
4151 
I159 
1160 
4 1 6 1  
4161 
4 1 6 3  
4 1 6 4  
4 1 6 5  
4166  
1 1 6 7  
1168 
1169 
I 1 7 0  
1 1 7 1  
1172 
ill1 
LI74 
1175 
1176 
1177 
1 1 7 1  
1179 
1180 
11111 
I182 
118)  
1181 

1186 
I 1 8 7  
1181) 

1190 
I 1 9 1  
1191 
4 1 9 3  
4194 
1195 
1196 
1197 

4199 
4200 
4201 
4201 
4101 

tins 

1 1 8 9  

6191 

- 

ro iumnary.ntlma 
o-an coal, 1 I lcnamr. dunpnans. prlntname. dat anme.  t l  t le 
o m o n  conl.xdla.ydla. lmrvch. Inage, Iobjrct 
o m n  coml.srln.pvtcu.ch2 
o w n  con1 . data. napc j , phsar . maxdaca. nark. m a s k .  typemark 
nmnn con5.plat_lat~.centtr .caxb.sbcan 
o m o n  c~n7.xc~lx.yc~lx.drlCt,rh~ls,scparatl~n,thlc)tnes~ 
0-n conB,rlndav.*xlndou.yulndou,chwln2.leveI 
omon can). current. enerw. betapama. restm. brightnc18. em1 tx. em1 ty. emlto.ncntt 
o m o n  ~oalO,xcmt,ycent.nxcent.nycent. lnln. Ina*.background 
omon roall.Ipair,bradlus.kave.Ybv=. Ibeamn. jrndius.bjJ 
amon con1 5 ,  vers I on, codhead, cooda t a. momenta 

I f  Inhaam eq 01 then b q l n  L pr1nt:RAW HOIIE' L return b end 

lp.multl~10.2.2.0.01 

plot 1. TOTAL l,rrEt,S,TY --_._----- - - - - - -  --_-_.--_ 
bem*llndgcnlnbcamr2l 
hI.ta.datr(O;nhcan,l.II L hlstoIOI-0 C hlstolnbam+ll=0 
hlstx-hlito L hlsty-hlsto 
plot .baamn.hlsto.p~yn.10.)  

t&tIe-''rOtAl I n t a n ~ l t y ' r ~ t r l n q l d a t . ( O l 7 ~ , t a r m a t ~ ' l l 1 0 . O l ' ~  
s ~ ~ ' A v ~ r ' ~ ~ t r l n p ~ t o t . I l d ~ t ~ l ~ ~ n b e a r . l ) ) l e n ~ . f a ~ ~ ~ t - ' l f 8 . ~ l ' l  
x y e u t ~ . O . l 5 . 0 . 6 5 , . s , l n o r P  
I f  nt1.a eq 0 then ly.O.94 else ly*D.90 
xyout~.O.I5,ly.'Above each btmlits BQ'.Inorm 

plot 1. PEAR I M E H S I T Y  AND BACKGROWID - - - - - - - - - - - - - - -  
hl.tollinb~lnl.d~tellinbeam.01 

rtltle-*~canlet .ytltle.'Plx.l~',$ 

I 
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4204 
4205 
4206 
4207 
4 1 0 8  
4209 
4110 
1211 
4211 
4211 
4214 
4215 
4216 
4111 
4 2 1 1  
4219 
4210 
4111 
4222 
4221 
4224 
4215 
4 1 2 6  
I227 
4228 
4119 
4210 
4211 
4211 
4211 
4214 
1215 
4116 
4137 
4110 
4219 
4140 
4 2 4 1  
4142 
4241 
4244 
4245 
4246 
4241 
4241 
4249 
4250 
4251 
4251 
4251 
4154 
4255 
4256 
4151 
4258 
4259 
4160 
4 1 6 1  
4162 
4 1 6 1  
4264 
4265 
4266 
4261 
4 1 6 )  
4269 
4210 
4211 
4212 
4271 
4 n 4  
4 1 1 5  
4216 - 

to. skip1 t 
8-n coml. f I Icnmr. dumpname. pr Intnamc. dstanana. tlkLe 
.man com2.rdlm.ydlm. Inrrch. Imaqe, loblact  

~ 
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1177 
(118 
4179 
4280 
4 1 8 1  
4 1 8 2  
4281 
4264 
4185 
4 1 6 6  
4211 
4280 
4289 
1290 
4291 
4291 
4191 
4294 
4295 
4296 
4191 

4299 
4100 
4101 
4102 
4101 
4IOl 
4305 
4106 
4IOJ 
4108 
4109 

O l I  
1112 
1111 
i l l 4  
I115 
1116 
1117 
Ills 
1119 
1120 
1121 
1122 
1121 
1324 
13x5 
1 3 2 6  
1117 
I12S 
I129 
1130 
1111 
1312 
1111 
1314 
1115 
1116 
1111 
1118 
I119 
I140 
4141 
1141 
1111 
4 1 4 4  
411s 
4146 
4141 
0 4 8  

4298 

4311) 

I 

I then 
nx I 

mlx~Int.crtrldth1 L yplx.lntsrrluldthi 
for I-0.vldth-1 do $ rolrlll=nxl+l 
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prlnt, s i  
read.' HllnurBack. Slnoothed. MS. R l a v  dote =m,a,ns,r8 '.chravel i!:: 1 halfwldthi*" 

1 l Y 1  cnd e lse  halluldths~comdat~llsl 
1192 t 

4412 
4 4 1 1  
4 4 2 4  
4425 
4 4 1 6  
4 4 1 1  
4111 
4429 
4 4 1 0  
4 1 1 1  
4 4 1 2  
4 4 1 1  
4 4 1 4  
4435 
4416 
4 4 1 1  
I 4 1 8  
4 4 1 9  
4410 
4 4 4 1  
4112 
4 4 4 1  
4444 
4445 
4446 
4 4 4 7  
4 4 1 3  
4419 
1450 
4151 
4 4 5 1  
4 4 5 1  
4 4 5 4  
4455 
I456 
I457 
1451 
1459 
1460 
1461 
li61 
1461 
1464 
1465 
1466 
1461 
1168 
1469 
I O b  
1 4 7 1  
1 0 . 2  
1 4 7 1  
I474 
1475 
1416 
I411 
1118 
1 4 1 )  
1480 
I 4 8 1  
140'1 
14111 
1 4 8 4  
140s 
14116 
1487 
1 4 8 t  
1 4 8 9  
I490 
le91 

1491 
I 4 9 4  

1491  

- 

yb~ck-ll~l11-lll~~Ind~tnlnyl-nyl))llnyl-nyll 

. A _ - -  s u b t r a c t  tllted local background 
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4 4 9 5  
4436 
4497 
4498 
4499 
4500 
4501 
4501 
4501 
4504 
4505 
4506 
b501 
450B 
4509 
4 5 1 0  
4 5 1 1  
4 5 1 1  
I 5 1 1  
4 5 1 4  
4 5 1 5  
4511 
O l i  
i 5 1 f  
4 5 1 1  
452[ 
4521 
4511 
4 5 2 1  
4 5 1 4  
4525 
0 1 6  
4521 
4 5 1 8  
4 5 2 9  
4510 
4 5 1 1  
4512 
I 5 1 1  
4514 
4515 
4 5 1 6  
1511 
4518 
I519 
1540 
1 5 4 1  
1512 
I541 
I 5 4 4  
1545 
1546 
I547 
I548 
I549 
1550 
1551 
1551 
1551 
1 5 5 4  
1555 
1556 
1517 
1551) 
I559 
I560 
1 5 6 1  
1562 
1563 
4564 
4565 
4566 
4567 

W.0.84 
ryouts , 0.2, yy. ha1 fw l d t  hs. /nom 
xy~ut~.rr~dIuiInun/4l.Il~~erln~l4l.'X-cut' 
xyout~.yredlu~ll'n~l4l.llneyl)leynl(),~~-~~t~ 
I f  ntlme eq I then begln 

I f  nsllce gt 0 then bcgln 
yy*-Q.05 

for k-O.n.11ce do 5 
begln L yy*yy-Q.OI b xyouts.O.l.yy.sllce~lkl.Inorm L end 

end 
gato.conlt 

end 

tvcr. ,  100.-50 
chrsve2.' ' L rcad.'Contour thli beamlet .y.n.slbart, '.chtave2 
11 chsavel eq ' a '  then abort 
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568 
5 6 9  
1570 
1571 
1572 
I511 
I511 
1575 
I516 
1571 
IS71 
I519 
4510 
I581 
4581 
4 5 8 1  
4584 
4585 
4586 
4501 
4581 
4 5 8 9  

I 5 9 0  
1591 
4591 

1591 
1591 
1595 
1596 
I591 

1599 
600 
601 
602 
603 
604 
605 
606 
607 
608 
609 
610 
611 

612 
611 
614 
615 
6 1 6  
617 
611) 
619 
610 
611 
622 
621 
614 
625 
6 1 6  
627 
619 
619 
b l o  
1611 
611 
611 

1614  
1615 
1616 
1611 

159a 

end L ind 

I f  lxsllca It I I  ar  lxsllce ga ydlnl then bcqln 

rr-itrlngt~dls-l.larMt-'IIl~'l L and 

11 ly~llcs I t  I l  or  lysllca gc xdlml then begln 

~r-strln~lydl~-l.farnst-'lIll'l L end 

I 1  (type-rllce eq ' x ' l  then begln 

prlnr.'Error. y must be mal lcr  then '.ydlm L qoto.agaln b end 

I 1  Itype-illc. eq 'y'l then begln 

prlnt.'Error, I must b. smaller then '.xdlm L p o t o . a g a l n  b end 

ss-'* L resd.'Entcr mln.nalr pIr.1 range 'l..'tmr*d> LF<daCauit> ' , i s  
I f  strlcnls.) o q  0 then bepln 

ond else bspln b nua*intarrl2l L dacoda.so.num.n 

I f  (type-sllc. eq ' x ' l  then begln L prangelol*l L prangelll-xdln-1 L end 
I t  Ityps-.llc. r y  ' y ' l  than bcqln L prangaI1)rl L pratigalll-ydln-1 L end 

I 1  Itype-aIIce eq 'x'l then boqln 
I f  (nm(0 l  g t  01 and Inurnlo) I t  xdlnl then pranpalol-numIOl 
I f  lnunlll g t  n m l O l l  and Inum(1l I t  xdlnl then p r a n g e l l l - n w ( l l  b end 

I f  I n m l O l  gt 0 )  and I n u m l O l  I t  ydlnl then pranqrl?l.num(Ol 
I f  ltyp._.Ilc. -q ' y . 1  then bepln 
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4618 
4619 
4640 
4641 
4 6 4 1  
4641 
4641 
4 6 4 1  
4 6 4 6  
4617 
4 6 4 0  
I649  
1650  
4651 
4 6 5 1  
4651 
4651 
465s 
465t 
465; 
465L 
465s 
4 6 6 C  
4 6 6 1  
I 6 6 1  
4 6 6 1  
I664 
4665 
4666 
4667 
4668 
4669 
1670 
16J1 
1611 
1611 
1674 
1675 
616 
677 
6 J 8  
679 
680 

6 8 1  
6 B I  
684 

686 
617 
681  
6 0 9  
6 9 0  
6 9 1  
691  
6 9 1  
6 9 4  
6 9 5  
696 
697 
699  
699 
700  
701 
102 
701  
701  
7 0 5  
1 0 6  

708  
709 
710  

6 8 1  

685 

> a 7  

- 

I f  lnumlll qt n w t O l l  and Inurlll I t  ydlnl then pranqalll*nuaIll L end 
end 

end I ntlmc-0 

rlotrklp: 
I 1  lniuch cq ' I '  then Iwork*loblcct el.. lwork-lnaqe 
If  type-sllce cq ' x '  then begln 

1 1  ch2 cq . o '  then oplot.Iworkt..xrllcel el.. I 
p l o t . 1 w ~ ~ k l ~ . x ~ 1 1 c e l . ~ r ~ n ~ c ~ i ~ r a ~ ~ ~ c l O l . ~ r a n ~ ~ l l l I . n ~ t ~ 1 . ~ l . S  

yrangc.10. !maxi .yrtyle-i. I 
rtltla-'xlplxall'.ytltle~'Int~nilty~.tltlc-h~~dl~g 

xyouts,0.2.0.8l.'X_allce at Y*'./noim 
ryout~.~lebl~.0.8J.'.'~~trlnglx~l1c~.1ormat~'1l1l1I./nont 

If  ch2 eq * o '  then oplot,Iuorkly~llce:I e l r e  I 
plat.luorklysllcc.'Ilxran~a~tpran~~l1lIpr~nq~llll,~~tyle~l.$ 

xtltle~'ylplxell'.ytltla*'fnten~lty',tltlo~headlnp 
xyaut~.0.1.0.87.'Y_~llce at x*',/norn 
ryout~.xlablr.0.87.'.'~~trlngly~llcs.fornat-'t111'I./norn 

end e l l .  S 
I t  type-rllc. eq 'y' then begln 

yr~nqc*l0,lmsxl.ystylc.l.f 

end 

I f  l c h l  aq ' 1 ' 1  and tntlmc ea 01 then beqln L nap.pr.nqal4l L yyx*0.67 
for k.5.nop do begln L rlIce*prangelkl 

11 type-sllce cq 'y' then S 

I f  lk cq 1 4 1  or Ik cq 211 or lk rq 111 or Ik eq 4 I I  then I 

xyout s. x I ab1 c .  r/x. ' , * t I tr Inq Is 1 I c e ) ,  /norm 
~l~blt=xlablct0,05 

eplat.Ivork(rllcc:I e l s e  nplot.Ivorkl'.sllccl 

bcgln L xlable=0.15 L y y x q y x - 0 . 0 1  L end 

end; for 
end 

I 1  Intlme rq II then beqln L nop=prangolO L prangcl4I-4 L yyx-0.87 
I f  nop gt 4 then bcgln I do o v e t p l o t a  pr*nqcO..nop) 

for k*S.nop do beqln L ~ l l c e = p r a ~ ~ g e I k l  

If Ik cq 1 4 1  ar ik eq 211 or Ik cq 3 2 1  oc Ik eq 4 1 1  then 5 

I f  type-sllce eq ' y '  then 1 

beqln L xlabla-0.15 L yyx=wx-O.Ol L end 
xyouti.xl~blc.yyx.~.'~atrlnglillcel./norm 
xlableixlAbl.10.05 

oplot,Iuorklrllce.~I e1.c oplat.Ivorkl*.~llcel 

endifor 
end; 1 f nop 

cnd;lf ntims 

turn 
i 

I f  r w  cq 'd' then bcgln 

I f  rubcontlol It I then subcant(O1-1 
I f  rubcontll) gt xdlm-1 then subcontlll-rdln-l 
I f  subcontt2l It 1 than iubcont\l\-l 
I f  .ubcont(ll qt y d l n - 1  than subcontl1l.ydlm.l 

subcant(OJ*l b rubcontIll*rdlm-l L subcantl1l-I L subcw~tlIl.ydlm-1 L end 

turn 
d 
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1111 
1112 
1711 
Il l1  
111s 
I716 
I J l 7  
1111 
1719 
1110 
1711  
1J11 
1721 
4 J 1 4  
4115 
4126 
4711 
4J1a 
4119 
4 J l O  
4111 
4712 
4711 
4714 
4115 
4716 
471)  
1738 
I f 1 9  
1140 
I741 
1 1 4 1  
1741 
1J44 
1745 
I746 
, 147  
1748 
745  
750  
751  
J51 
151 
754 

7 5 5  
156 
757 
75s 
759  
160 
1 6 1  
762  
7 6 1  
761  
765  
766 
J 6 1  

1 6 9  
1 1 0  
111 
1 7 1  
111 
?ll  
J 1 5  
716  
J l 1  
1 7 1  
1 7 9  
700 
7 1 1  
IJ81 

1 6 8  

- 

.In. e.-.*. - . . . . - - 
pr1nt:Smaothlng - 0 w l I I  sllow rcqeneratlon of wlndow center*' 
rrad.'Entar wldth of .Ildlng box car maothlnq.  1.F exlt. * I . . ,  ' , c c  

I f  rtrlanlccl It 0 then return 
cI-strmld(cc. 0. II 
If ~trp~fl'0121456789'.c1l It 0 then beqin 

wldth-flxtecl 
I f  uldth 9e I then brqln 

prlnt, ERROR. input must be n w c r l c .  t r y  agaln dummy' b qat0,aqaln L en 

l~~e-rmoolhllmag..wIdth) 
c o m d ~ t a ( l l ~ ' l ' t ~ t r l n q l ~ d l a . f o ~ ~ t - ' l l l l ' l ~ ' . ~ ~ ~  

rtrlnglydln,fernat.'llll')t'!'~ ' + I  
strlnglnbesn.format.' (I l l ' l r  baanlcts'+$ '. S~oothlng~'~atrlng(wldth.format*'l11I'l 

snoothlnp-wldth 
and 
uset.1 L tv.Imaqe L w a t . 0  

r.ad.'Rcg=nrratr btemlets ry.nr '.ch 
rcad:Ra-CaIculatc barnlet centers <y.n, ' . E =  
ra.d:SubtrbCt global backqournd < y . n r  '.cb 
I f  cb rq 'yo then fln-lmaqs.'b' 
If  cc .p ' y '  then ch*-C' 

I f  ch ne 's* than bcgln L C C - *  ' L cb-* ' 

and 

turn 
d l  

o default-data 
m e n  coral.fllsnan~.dumpnsms.prlntn~m~,d~t~~~m~,tltla 
-n con2.xdln.ydln. Insuch. la\oqa. IobJcct 
m n  soal..$ln.pvIcu.ch1 
mon coml.dat~.n.ircJ.pha~o.maxdat..nask.~lark,typsmaak 

1 
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e 
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4 9 1 9  
4 9 1 0  
4911 
4911 
4911 
4914 
4915 
4916 
8917 
4918 
4919 
4940 
4941 
4941 
4 9 4 1  
4941 
491:  
4 9 4 f  
494; 
4 9 4 1  
4 9 0 1  
495c 
4 9 5 1  
4 9 5 1  
4951 
1 9 5 1  
4 9 5 !  
495f 
4951 

4959 
4960 
1 9 6 1  
19S2 
1961 
1964 
965 
966 
961 
5 6 8  
969 
910 
9 7 1  
971 
911 
9 1 4  
915 
9J6 
917 
918 
9 J 9  
980 

982 
981 
984 
985 
98s 
987 
9811 
989 
Y90 
9 9 1  
991 
9 9 1  
994 
995 
996 
997 
998 
9 9 9  
000  

4 9 5 0  

9 n i  

oai 
I 

~1.'' L ch.' ' L read.'Ellmlnatc any of thcis plots ? *y.n= '.ch 
I f  ch eq ' y '  then btgln L nm*lntarrill) 

redd.'Enler 0 . . 1 8  l o r  plots ta be +llmlnatcd. mpncc dellnltcd '.SI 
' decode.rs.num.n 

tor j - 0 . m x p t w s  do lor k.0.n-l do I f  ( 1  eq n w l k l l  then ptypeljl.0 
end 

+turn 
Id 

I o  togqlc-wlndors.rs 

ch*atmldlsr.l. 1 1  
I f  rtrlrnisrl cq 2 then begln 

I f  I ch rq 0 or ch eq 2 I then begln 

end 
wret.ch L wrhou,cla.I L return 

end 

nw.0 L chs' ' 
I 1  I l t r l e n l s a l  I t  I1 then be9ln 

trad.'Slhor ) I ) Ide  rlndor 0. 2 or 4 lrO.hO.r2,~4.hl.h4l~~ ',ss 

*l.ft.O 
I f  Irtrleaisrl ne  2 1  then return 

end e l r e  ctart.1 

cta*strmldirr.mtart. 1 1  
I (  l%txposI.sh,,chl I t  01 then return 
" * . l l r l r t r l a l L \ l , , . * t a r t t l . I I l  
I f  ch cq 's' then ku.1 s l r c  kw.0 
I f  inw eq D l  or IPU eq 2 1  or inr cp 4 1  then urhow.nv.kw 

turn 
d 

i o 0 1  
,003 
1004 
io05  
5006 
1007 
1000 
5009 
5010 
SOII 
5011 
5011 
5014 
5013 
5016 
501) 
5018 
5019 
l o l o  
5021 
5021 
5021 
5 0 1 4  
5025 
5026 
5027 
s o l e  
1029 
io10 
1011 
io12 
,011 
,018 
,015 
8016 
0 3 1  
018 
019 
040 
0 4 1  
042 
041 
044 
045 
046  
04J 
048 
0 4 9  
050 
051  
0 5 1  
os3 
054 
055 
056 
0 5 1  
0 5 1  
059 
060 
061 
061 
061 
0 6 4  
06s  
066 
067 
061 
069 
010 
01 I 
012 
013 
014 
I 

I f  prsw rq 'y' then opcnw.l.'t~~.tltl.I'. lvsrlabla 
frrr kf-I.nIl1. do begln 

op+nr,unlt.dp~thrnam..IOET_LU)I 

c l o r e . 1  L fr.a-lun.unlt 
hdr~Ai~oclunlt.bytar~l512ll b h*hdrlOl 

t l t  le. '  ' 
kmax.156 L whlle hlkmaxl eq 12 do kmsx.kmax-1 

I f  h x - l l  It 78 then for k*lO,kmalax do tltl.-tltli~rt~ln~lhlklI e l l .  I 
bcqln 

end 

for k-10.15 do tltlc*tltl~trtrlnglhiklI 
f o r  k*aa%-SO.khex do rlel~-tltle~itringlhlkl1 

prlnt.nma+'l'*tltle 
I f  p r i w  rq 'y' then prlntf,2.n.nc.'('ttltle 
ncl*nclil L I f  ncl ge .ttltnipooll then bcqln L ncl-0 L ncl*nclrl L end 

.~.straldlpool.ncl.lI~itmldipoal.nc2.II 
I f  kf It nlllr then nanc*hesdirs*'.rs#' 

and 
pota. 1 l n l . h  

ocrr: prlnt.$crr-.trlng 
lnlah! I 1  p r r r  rq 'y' then c l o r e . 1  
t p r i r  cq ' y '  then prlnt.'Flls tamp.tltlcs saved f o r  prlntlng' 

Lturn 
Id 
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5075 

5077 
5 0 7 8  

5080 
5 0 8 1  

5081 
S O 8 4  
5085 
5086 
S O 8 7  
5088 
5089 
5090 
5091 
5092 
5091 
5094 
5095 
5 0 9 6  
5097 
5098 
5099 
SI00 
5101 
5102 
SI01 
5104 
5105 
SI06 
5101 
5108 
SI09 
SILO 
5 1 1 1  
5112 
Sill 
5 1 1 4  
SI15 
5116 
5117 
5 1 1 8  
5119 
5110 

5 1 2 1  
5111 
5114 
5125 
SI26 
511> 
3 1 2 0  
5129 
5 1 1 0  
SI11 
SI12 
SI11 
5 1 1 4  
511s 
5116 
5 1 1 7  
5 1 1 8  
SI19 
5140 
5141 
5 1 4 1  
SI41 
5 1 4 4  
5145 
5146 
5 1 4 1  

$816 

5019 

sa81  

5121 1 

I_ 

end 

prlnt.'8rlphtnesw scales ale Jmln-lO^mIn, J ~ ~ X . I O . M X .  
11  Iptypei5l eq 11 and lch2 eq '1'1 then bepln I .et brlghtncsi p l o t  e c a l a r  

rard.'Enttr brlphtner, scales 10,rmax.mln.naxl Lf cancall - I )  ',rs 
I f  rtrlsn(aa1 sq 0 then bcpln L for k-Q.f do nunlkl-0 L end $ 

e l r e  decode, 1 8 .  num. n 
numiOI=l.O L scalasl4r7l-nun L ptyps(51-0 L return 

end 

cc.a 
11 ntlns cq 0 then bcgln 

wset.cc L wshow.cc.1 
I f  s~r~osi'O14',ch2l 1. 0 then begin L cc~llxlchll 

I f  #trlrnlrrl aq I then chl~strmldlsi.2.11 
end 

end 
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5 1 4 8  
5119 
5150 
5 1 5 1  
5151  
5151 
5 1 5 4  
5 1 5 5  
5156 
5157 
515) 
5159 
5160  
SI61 
5161 
5161 
5164 
5165 
5 1 6 6  
5 1 6 1  
51611 
5169 
5170 
5171 
5173 
5171 
5174 
5175 
5176 
5111 
5171 
51?9  
5180 
5 1 1 1  
5182 
5111 
5184 
518s 
1186 
i181 
5188 

il90 
i191 
i t 9 1  
,191 
i 1 9 4  
i 1 9 5  
i196 
,197 
i198 
,194 
i200 
$201 
i l0l  
i201 
i204 
i 205  
i201 
i l O l  
i208 
i109 
i210 
ill1 
ill1 
ill1 
1214 
5715 
5116 
1211 
5118 
1219 
1210 

s in9  

I 

PIPROFILE P L m  
I! ptypa12l eq I then beqln 

I f  ntln. eq 1 thcn pr1nt:Patlenc. ..., profile prlntlng' 

end 
dografll...ntlaa L pvl*w='p' 

.IPHASL S P M I  
I f  ptyp*ill sq I then hcgln 

I f  I n r l m  sq 01 and lchl *q ' 6 . 1  then ptype(llI*l 
I f  intlma cp 1) then pr1nt:Patlencs ..., phas. plot prlntlng' 
oat-~nlttanc~.'n' 

I f  ptmoilll rq I then bepln 

enb 
blBEU(LET7 PLOT 
I f  ptypo(4l aq I then bcgln 

I f  ntlme rq 1 then pK!nt.'PatlcncL .... bearlct prlntlng' 
end 
plot-bcemlst.ntlns L pvlew.'b' 

jlBRIOimIESS P U T  
I f  ptypc(51 ea 1 then begin 

I f  ntles c q  1 then pr1nt:Patlcnce .... brlghtncri prlntlng' 
end 

pct-emittance,'n' 
plat_brlghtneia.ntlna L pvlau-'8' 

V l S t M M R V  I f  p t y p e l 6 l  PLOT eq 1 then begin, 

I 1  ntlms eq 1 then prlnt. Patlsnce ..., l u m r y  prlntlng' 

cnA 
rumaury.ntlme L pvlau*'~' 

aIN1ALYZE 
I f  ptype(7) eq 1 then bcqln b pvlcw='a' 

I f  ntlrn. eq I then prlnt,'Patlmc* ..,. analyze prlntlng' 
snalyz..ntlms 

end 
Ilnask rnd center#  
I f  PtypeiBI eq 1 then bcgln 

I f  ntlm. cq 1 then pr1nt:Patlence ..., mark prlntlnp' 
end 

p1otpask.i. L pvlsr.'r' 

ul lndov 
I 1  ptyp119l eq I then begin 

I f  ntlms eq 1 then pr1nt:Patlcnc. ..,, window prlntlng' 
end 

plot_rlndow.chr.ntlrn. L pvlew.'~' 

tITV 
L!'ptypcilO) eq 1 then bcgln 

11 nt1-e eq 1 then prlnt.'Patlenc. .... TV prlntlng' 

end 
plat-tv-frana.ntlm. L pvl.v-'t' 

R I  ernlttsnc. V. level 
If ptype(l11 8q 1 then begin 

I f  ntlm cq  1 then prlnt.'Patlcncs .,.. Plotting erlttanca VI Lavclr' 
da-leveli.ntlne 

end 
J w l M s k  rnd beam ccnters 
I f  ptypsllll t q  I then bagln 

mnd 
swlelllpsa transformed to u n l i t  
I f  ptm.Il0 .a I then begln 

end 
.ll.lllp~. tranrforncd to tv Inag. 
I f  ptyp.1151 .q 1 than bcgln 

I f  ntlrne eq 1 then pr1nt:Patlmes .... mask prlntlng' 
ch2-*w' L plot-mask.'w' L pvlaw*'r' 

I f  ntlns eq I than prlnt,'Pntlsnc. .... Plottlnp rlllpss at ualst' 
chlm'w' L plotshaia_.pace.ntlm. 

I f  ntlns cq  I then pr1nt;patlenca ..., Plottlnq eIllc3re at t v  Image' 
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5111 
5121 
5221 
1114 
5215 
5116 
5211 

5219 
5210 
5211 
5231 
5111 
5214 
511: 
5211 
5 7 3  
5211 
5211 
5241 
5241 
514: 
514 

511 
5111 
524i 
514f 
5 1 4 3  
1 2 5 0  

5251 
5 1 5 1  
5253 
5254 
5155 

5156 
5151 
5258 
,159 
a160 
,261 
,261 
2 6 1  
164 
165 
1 6 6  
26) 

269 
170 
I l l  
I l l  
171 
214 
2 1 5  
176 
271 
1111 
2 7 9  
1 8 0  
1 8 1  

1 8 1  
284 
2 8 5  
186 
1 S7 
3 8 8  
289 
1 9 0  

1 2 9 1  

512e 

5 1 4 ;  

a s s  

282 

I 

chla'l' L plotgh.ia_rpa~.,ntln. 
end 
tdlclllprr t r a n s f a m e d  t o  dlrtanco d 
I f  ptype(I6l eq I then hegln 

end 
vrlsumnary VI rrdlus 
I f  prypall11 cq I then hcgln 

end 
M)MOVl e 
I t  ptype(l0I tq I then hcpln 

I f  ntlinc eq I then pr1nt:Patlmc~ ..., Plattlng eIllp*e at dlstanc. d. '  
chl*'d' L plot_uh.ne_rpaca.nrlrc 

I f  ntlne cq I thcn prlnt:Patlanc. .... Susmary VI radlui prlntlnq' 
chls'r' L rmaryr.ntlme L pvttw-'s' 

l r  ntlne eq I than prlnt.'Patlencs .... Runnlng th. 'Movls' t o  printer' 
novla. nt1me 

end 

I 1  ptype(l9l aq I then hcgln 

end 

11 ptype(201 rq I then begln 

plot-a1 ILhcm. ntlma 
end 

I f  p t y v e l l l l  ea I then hegln 

I f  ntlms c q  I then pr1nt:Pntlanca .... Prlntlnq halo of  beam' 
get-hnlo.ntlme 

I t  ntlme eq I then ptlnt.'Patlcnce .... Prlntlng all beamlsrs' 

I f  ntlms eq I then prlnt.'PrClence . ._.  Prlntlnp Round Hast - -  holes  In u t i  

gen-round.'.' 
end 

I f  ptyprl2ll cq I then bcgln 
11 ntlm. eq 1 then pr1nt:Patlmc. .._. Prlntlnq M k t t a n C E  VI mask rotation 

vary-nsak.ntlme 
end 

I f  pcr~rllll c q  I then brgln 
I 1  ntlms cq 1 then 5 
pr1nt:Patlmca .... Prlntlng Rectangular Mark hales In uae'  
c h l -  ' I ' L pen-% iICtbnqUlar, cb2 

m d  

I t  ptypell4l eq 1 then hegln 
end 

always make l a s t  plat bogpus - -  IDL d o m t  end ulth show page 
I f  ntlme eq 1 then begin 
prlnt.'Qatlent .... endlns plot 111s' 

chl.' 'z L plot-mask.'-' 
end 

If cc gt 0 rhea w i e t . 0  
turn 
d 

0 pv1 

man camL.fll~nama.d~pnams.pIrlntn~m..datanam~.tltl~ 
m o n  eornl.xdls.ydlm. Inrwch. Inaqc. lobject 
man conl.ssIn.pvlew.ch1 
-on c o n 4 , d s t ~ . n ~ p c j , p h ~ a ~ . a a ~ d n t e . m ~ s k , ~ ~ k , t y p ~ m a a k  
m e n  con5.plat~l4t~.center,~~.nhtan 
m n  coa7.xonplx,yc~1x.d~lft.i1~ole.t~p~r~tlon.thlcknars 
m n  coma, wlndow. xrlndow.plndow, chwlnl .  l eve l  
naan caa9. current, ~norgy.hatagamna. rastn .  brlqhtncas. cnltr.cntty. crltn.neml t 
m a n  c~alO.xcent.yctnt.nxce~t,nycent.Inln,lmax.hackqround 
man cgnll. lp~.i.b~~dlu.,xave.ysva. I b s m ,  jradlua.bJj 
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1191 
i191 
i l 9 1  
i191 
5196 
1191 
5190 
I199 
5100 
5lD1 
5301 
5101 
5104 
5105 
5101 
5301 
5106 
5101 
511( 
SI11 
5111 
5111 
5114 
5115 
5116 
5111 
s11a 
5119 
5120 
53-21 
5121 
ill1 
ill4 
i125 
,115 
,117 
1110 
1119 
,110 
8131 
8112 
,111 
114 
115 
136 
117 
118 
I19  
110 
111 
142  
141 
114 
,145 
146 
147 
I 1 3  
349 
150 
151 
, 351  
,151 
8154 
355 
,156 
151 
8151) 
1159 
,160 
1161 
1162 
,161 
,361 - 



-_-- 

, a  Nov 24 1997 16.01:30 , pepperpot.pro 1.. it . , . r  - 1 .  I . a :  Page 75 
5 1 6 5  
5 1 6 6  
5167 
5168 
5169 
5170 
5171 
5172 
5171 
5 1 1 (  
517: 
5116 
5Ili 
5111 
$17: 
51a1 
S I B !  
511); 
518 
518, 
5111' 
5381 

511' 
5181 
518! 
519< 
5191 
5 1 9 1  
5191 
5194 
5 1 9 5  
5 1 9 6  
5117 
5191 
5191 
1400 
i401 
1402 
i401 
,104 
1405 
,406 
,407 
,408 
,409 
,110 
1411 
412 
, 4 1 1  
, 4 1 4  
415 
4 1 6  
417 
4 1 t  
419 
410 
411 
422 
421 
414 
425 
426 
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