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ABSTRACT 

A complete angular distribution of Compton scattering off the proton was measured 

at average laboratory bremsstrahlung energy of 185 MeV. The experiment was per

formed at the Saskatchewan Accelerator Laboratory using the new high duty factor elec

tron beam. The scattered photons were observed with a high resolution, total absorption 

N ai scintillation detector. The resolution of the detector was sufficient to exclude 1t0 de

cay photons from the region of interest. 

-lV-

rlw068
Typewritten Text

rlw068
Typewritten Text

rlw068
Typewritten Text



-v-

Introduction ....................... r ••••••••••••••••••••••••••••• • 1 . ... . 
i 

Preamble ........................... " ................ ~ ............... 1 .... . 
Review of Theory .................... ,· ................................ 2 .... . 
Review of Previous Experimental Work .. 1, •••••••••••••••••••••••••••••••• 5 .... . 
Aim of Present Work . ~ ................................................ 9 .... . 

Description of Equipment ........................................ 11 ... . 

Overview ........................................................... 11 ... . 
Production of the Photon Beam ......................................... 11 ... . 

The Linac ....................................................... 12 ... . 
Energy Compression System ........................................ 14 ... . 
Pulse Stretcher Ring ............................................... 14 ... . 
The Photon Beam ................................................. 15 ... . 

The Hydrogen Target ................................................. 18 ... . 
The SAL Cryogenic Backup ............................................ 21 ... . 
The Detector ........... · .............................................. 23 ... . 

Design Considerations ............................................. 23 ... . 
Vetoes .......................................................... 26 ... . 
Shielding ........................................................ 27. ... . 

Angle Measurement .................................................. 30 ... . 
Quantameter ........................................................ 30 ... . 

Description of Experiment .......•.....•.......................... 32 .... 

Outline of Requirements ...........................•................... 32 ... . 
Electronics and Data Acquisition ........................................ 34 ... . 

Trigger Logic .................................................... 34 ... . 
The Analog Signals ................................................ 38 ... . 
Recording Events ................................................. 39 ... . 
Data Acquisition . · ................................................. 41 ... . 
LUCID ........ · ................................................. 41 ... . 

The Gain Monitoring System ........................................... 44 ... . 
Energy Calibration ................................................... 46 ... . 

Zero Degree Calibration Runs ....................................... 46 ... . 
The ThC Calibration Run ........................................... 41 ... . 

Experimental Procedure and Runs Taken .................................. 49 ... . 

Data Analysis ....•.•.......•........•........................... 52 .... 

Overview ........................................................... 52 ... . 
Processing The Tapes ................................................. 52 ... . 

Filtering the Data ................................................. 54 ... . 
ThC Calibration Basegains ......................................... . 55 ... . 
Zero Degree Calibration Basegains ................................... 55 ... . 

Current Gain Determination ............................................ 61 ... . 
Final Data Replay .................................................... 63 ... . 
Derivation of the Cross Sections ........................................ 'ZO ... . 



-Vl-

Results and Conclusions .......................................... 73 ... . 



Chapter 1. Introduction 
1.1 Preamble 

The recent completion of the Pulse Stretcher Ring at the Saskatchewan Accelerator 

Laboratory has opened the door to a great variety of new and exciting experiments in 

photo-nuclear physics. The now continuous beam facility is capable of providing a high 

duty factor photon beam for probing the nucleus. This feature offers many possibilities to 

the nuclear experimenter. One of the first experiments to be run with this new facility was 

Compton scattering from nuclei: Experiment 007. This thesis will describe the experiment 

concentrating on the proton target at one specific energy. 

Compton scattering off the proton at 185 MeV was performed using the 

bremsstrahlung endpoint technique, for a variety of lab angles. The measurement was 

performed to extract the cross section of the proton as a function of scattering angle. The 

reaction of interest has a cross section on the order of a few nanobarns. Accurate measure

ments of these cross sections were eagerly sought in both the experimental and theoretical 

faculties in nuclear physics for a number of reasons. 

The proton cross section at this energy has been measured several times before, 

however previous measurements have large systematic errors owing to the difficulty in 

measuring such a small cross section. The world's data for Compton scattering off 

protons, from the pion production energy to the peak of the L\(1232) resonance, is not 

perfectly consistent The present experiment provided us with the opportunity to clean up 

the inconsistencies in that region and broaden the experimental basis by measuring 

complete angular distributions. 

From a theoretical perspective, there has long been an interest in the cross section of 

elastically scattered photons from protons. It is really considered a fundamental measure

ment in nuclear physics. Knowledge obtained from the cross section measurement include 

detailed information on second order structure constants of the proton. These structure 

constants, the electric and magnetic polarizabilities a and p respectively, determine the 

magnitude of the response, for a proton, to an applied electric or magnetic field. There are 

many techniques used to calculate the polarizabilities. An accurate measurement of the 

proton cross section, from which the polarizabilities can be extracted, is needed to help 

refine the different theoretical calculations. 
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1.2 Review of Theory 

The theoretical analysis for the description of elastic photon scattering from nucleons 

has a long history of development. U-S] The interest in the cross section is related to the 

fact that the polarizabilities, a and p, are extractable from the differential cross section 

calculation. The values of a and p are the meeting point for theoretical and experimental 

analysis of Compton scattering off the nucleon. Accurate values of the polarizabilities are 

desirable because they provide important information on the binding between the quarks 

in the nucleon and help refme the different quark model calculations. [6-81 

The differential cross section for photon scattering off the proton as a function of 

energy and angle can be written as the square of the modulus of the complex scattering 

amplitude; 

da 2 dil (E, 8) = IT (E, 8) I 

The scattering amplitude is a summation over the different electromagnetic transitions 

or multipolarities involved with the reaction. The complex nature of the scattering ampli

tude allows one to look at the real and imaginary contributions independently. The cross 

section can then be written as; 

~ 2 2 
dil(E,6) = IReT(E,6)1 +llmT(E,6)1 

The principle of causality is invoked to produce a pair of equations that relate the 

imaginary and real amplitudes. These equations are known as the dispersion relations as 

originally developed by Kronig and Kramers.[9l The dispersion relations are the basic 

starting point for the derivation of sum rules involving a and p. The Kronig - Kramers 

dispersion relations are given by: 

2 E'I T(E') 
ReT (E) = -Pf m dE' 

1t ~- (E')2 
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Im (E) = 3_pJE'ReT (E') dE' 
x (E')2-E2 

By expanding the scattering amplitude in terms of energy, the structure constants a 

and ~ reveal themselves in the E2 terms of the expansion. A similar expansion of the 

above mentioned dispersion relations, invoking the optical theorem at 9 = 0°, gives us two 

series expansions from which a polarizability sum relation is derived. The following sum 

rule for the sum of the polarizabilities holds for all hadrons with spin 0 and 1/2:[101 

00 

1 (J 
a + ~ = - J tot dro 

2x 002 

""' 
The above expression is known as the forward sum rule because it was derived in the 

forward direction where the optical theorem is valid. If one knows the total photo-absorp

tion cross section, which has been measured for protons, then the above equation can be 

used to calculate the polarizability sum. The above sum is very well constrained with an 

accepted value of a + ~ = 14 x 1 o-4 fm3. This, along with a dispersion relation that 

describes the difference of the polarizabilities, was used to calculate the Compton scat

tering cross sections in a recent theoretical paper by V .A. Petrun 'kin et al. U1l 

The assumptions made by Petrun 'kin et al. concerning the contributions from the 

different multipolarities is above the level of understanding of this author and are not 

necessary for the purposes of this thesis. However, the input parameter for the cross 

section calculation is a formulation of the a - ~ dispersion relation. Thus an accurate 

measure of the angular distribution of the cross section will provide the information 

needed to fit to the data and extract the polarizabilities. The following graph shows the 

predicted angular distribution from the Petrun 'kin paper with typically accepted polariz

abilities used for input parameters. 
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Pfeil et al. U2l have written another important paper concerning the calculation of 

differential cross sections for scattering off the proton in the delta region and below. They 

developed a systematic calculation of the Compton partial amplitudes based on the 

phenomenological multipoles for pion photoproduction. Pfeil argued that the two-pion 

photoproduction cross section was small enough to neglect and only considered the one

pion production channels in the calculation of the total photoabsorbtion. Their calculation 

ran into unitarity problems and as a result they over estimated the cross sections. 

In this thesis I will compare my final cross sections to the work done by Petrun 'kin et 

al. because it represents the most recent and thorough treatment of the Compton scattering 

cross section presently available. 

1.3 Review of Previous Experimental Work 

The differential cross section for Compton scattering off the proton has been 

measured for a variety of different photon energies, above the pion photoproduction 

threshold. The major problem associated with this measurement is the background due to 

the 1rP decay photons. In the past it was necessary to measure the scattered photon and the 

recoil proton in coincidence. These coincidence measurements suppress the background 

from the 1t
0 decay so that the photon scattering cross sections can be extracted. The four 

different experiments that I will briefly describe all used a bremsstrahlung beam and all 

were coincidence measurements. None of these experiments have been able to measure 

the cross section for small-angle scattering because the recoil proton does not have 

enough energy to be properly detected. This is perhaps the greatest drawback of the coin

cidence experiments. 

In 1961, J.W. DeWire et al.[13l measured elastic scattering of photons by protons in 

the 300 MeV energy region. The work was carried out at the Laboratory of Nuclear 

Studies at Cornell University using the Cornell1.2 GeV electron synchrotron to produce 

the bremsstrahlung beam. A collimated photon beam was incident on a liquid hydrogen 

target and then continued forward to a quantameter. The scattered photons were detected 

in a total absorption lead glass photon counter. The protons were detected in a proton tele

scope made up of four scintillation counters interspersed with absorbers. Three different 

photon scattering angles were measured. At center of mass angle of 7 SO cross sections 
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were measured for 300 to 350 MeV photons, at 90° cross sections were measured for 275 

to 425 MeV photons, and at 120° cross sections were obtained for 300 MeV photons. A 

sample of the data taken is shown in figure 1.2. 
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Figure 1.2: Angular distribution obtained from ref.[13] 

In 1965, P.S. Baranov et al. U41 performed elastic scattering of y rays by protons at 

energies above the 1t-meson photoproduction threshold. The work was carried out at the 

P.N. Lebedev Physics Institute, Academy of Sciences, U.S.S.R. A 264 MeV synchrotron 

was used to produce the bremsstrahlung beam which was collimated onto a liquid 

hydrogen target before passing through three ionization chambers enroute to the quantam

eter at the end of the beam line. The scattered photons were detected in a photon telescope 

made up of three plastic scintilla tors and a series of absorbers. The protons were detected 

in a proton telescope that was made up of five proportional counters and one scintillation 

counter. The proton range was measured in the last two counters while the specific ioniza

tion was measured in the first three counters in order to separate the particles by mass. An 
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angular distribution was performed for 214 MeV and 249 MeV photons. The range of the 

angles measured was from 70° to 14~ in the center of mass reference frame. A sample of 

the data taken is shown in figure 1.3. 
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Figure 1.3: Angular distributions obtained from ref.[14] 

In 1967, E.R. Gray and A.O. Hanson [IS] measured the proton Compton effect for 300 

MeV photons. The work was carried out at the University of lllinois with a 340 MeV beta

tron. The scattering of photons off protons was performed using a bremsstrahlung photon 

beam. Again this was a coincidence experiment with the collimated photon beam falling 

on a liquid hydrogen target before being absorbed in a quantameter at the end of the beam 

line. The proton arm of the experiment consisted of a series of spark chambers with a 

magnetic spectrometer in the middle of the path. The photon arm consisted of three spark 

chambers separated by thin lead absorbers. At center of mass angles of 9fi' cross sections 
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were measured for 260 to 335 MeV photons, at 136° cross sections were measured for 235 

to 335 MeV photons, and at 142° cross sections were measured for 185 to 235 MeV 

photons. A sample of the data taken is shown in figure 1.4. 
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Figure 1.4: Angular distribution from ref.[15] 

In 1976, H. Genzel et al.U6l measured the proton Compton effect in the ~(1232) 

energy region. The work was done at the 500 MeV synchrotron laboratory at the Physics 

Institute at the University of Bonn. The 1t0 photoproduction was strongly suppressed by 

detecting both particles in the final state and by proper choice of the endpoint energy in 

the bremsstrahlung beam. The standard photon beam to hydrogen target to quantameter 

experimental arrangement was used. The recoil protons were detected in a range telescope 

consisting of five scintillation counters and three copper absorbers. The photon detector 

consisted of a series of plastic scintillators that were spaced with lead absorbers. This 

experiment was the most complete angular distribution performed in its energy range 

from 240 to 440 MeV. At the higher energies, center of mass scattering angles from 50° 

to 130° were obtained. A sample of the Bonn data is shown in figure 1.5. 
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Figure 1.5: Angular distributions from ref.[16] 

1.4 Aim of Present Work 

It is clear from the above that there is still a large deficiency in the world's data for 

forward angle cross sections at any energy. The aim of the present experiment was to take 

advantage of the experimental arrangement that existed for the Experiment 007 at SAL, 

and to measure a more complete angular distribution of Compton scattered photons off 

protons including forward scattering angles to 300 in the center of mass reference frame. 

This measurement would give the world its first data in the forward direction near the 

~(1232) resonance. A forward angle measurement would make an extrapolation to zero 

degrees relatively easy. This helps to serve as a check for the accuracy of the experiment. 

Our ability to measure the forward scattering angle stemmed from the fact that we 

detected only the scattered photon. Thus we were able to move the photon detector to the 

farthest forward angle that was geometrically attainable, and count the number of events 
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in the region of interest. The key feature was the use of a high resolution, total absorption 

photon spectrometer which was able to resolve the purely elastic region of interest in the 

observed spectrum that exists above the x0 decay kinematic limit. 

There remained many obstacles to overcome in the accurate measurement of this tiny 

cross section. The sensitivity of the detector and a large background radiation problem 

required special attention to the shielding of the detector and vetoing of unwanted events. 

The energy calibration of the detector was also crucial for the success of the experiment. 

A gain correction system was developed that accurately followed any drifts in the detector 

or electronics. A detailed description of the experimental equipment, the maintaining of a 

well calibrated detector and the procedure followed to extract the cross sections is given 

in the following chapters. The presentation of the final cross sections is given in chapter 5. 



Chapter 2. Description of Equipment 
2.1 Overview 

This experiment was performed at the Saskatchewan Accelerator Laboratory using a 

300 MeV linear accelerator which is followed by an Energy Compression System 

(E.C.S.)[l7] and a Pulse Stretcher Ring (P.S.R.)[lS] to produce a monochromatic electron 

beam with a duty factor approaching 100%. This electron beam was directed into a thin 

aluminum radiator, which produced a bremsstrahlung photon beam. The electrons were 

then magnetically bent into the electron dump while the bremsstrahlung spectrum went 

through a lead collimator and into the experimental area. 

The experimental area contained three elements essential to this experiment, the 

target, the detector for the scattered photons and a photon flux monitor. The target used 

was a liquid hydrogen target that hung from the ceiling directly in the photon beam. The 

detector used was a high resolution, total absorption sodium iodide (N al) spectrometer. 

This detector was at the time of this experiment the largest N ai crystal in the world and 

has a highly linear response to 300 MeV photons. A Wilson[19l type quantameter was 

used to measure the total energy of the beam. 

The production of the photon beam, from the linac to the radiator, is described in 

section 2.2. The liquid hydrogen target and a S.A.L. cryogenic backup target are described 

in sections 2.3 and 2.4, respectively. The Boston University Nal detector (B.U.N.I.) is 

described in section 2.5 and the quantameter is described in section 2.6. 

2.2 Production of the Photon Beam 

The entire process to produce the high duty factor mono-energetic electron beam is 

conveniently described in three stages. The linac provides an accelerated electron pulse 

with a momentum spread of roughly 1%, while the energy compression system gives an 

electron pulse of greater stability and a reduction in momentum spread to 0.1 %. And 

finally, the pulse stretcher ring, through its unique injection and extraction characteristics, 

delivers the high duty factor, monoenergetic electron beam of 0.01% momentum spread. 

It is this unique CW electron beam which produces the high quality photon beam used in 

this experiment. 
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2.2.1 The Linac 

The electron beam was accelerated using a six section linear accelerator capable of 

producing a 300 MeV maximum energy beam (see Figure 2.1 ). Each section gives the 

electrons an energy boost of about 50 MeV. The actual acceleration process is accom

plished by setting up an axial electric field, travelling at the speed of light in an evacuated 

waveguide, using microwave power at a frequency of 2856 MHz. 

The electrons are produced at the electron gun which is a basically a cathode button 

heated by a filament, supplying electrons of approximately 220 ke V to the bunching 

system. From the continuous beam of electrons, the pre-buncher and buncher act in series 

to produce small packets of electrons to be fed into the accelerating cavities. 

The high power microwaves are produced by 20 MW klystron amplifiers and are fed 

through copper waveguides from the transmitters upstairs, to the accelerator sections 

downstairs. Commercial low frequency power is rectified and stored in the modulators. 

At just the right time, a thyratron triggers the release of the stored energy from the modu

lators to the klystrons. 

The phase of the R.F. wave from the klystron must be synchronized to the electron 

packets so that each bunch of electrons falls exactly on the crest of the microwave. The 

position and timing of the electron packets on the wavecrest are crucial for the attainment 

of maximum energy and a good energy spectrum. After travelling on the microwave for 

about three meters (the length of one of the accelerating sections), the electrons have 

absorbed the majority of the energy and are ready for another boost. 

The electron pulses are typically one microsecond in length and the linac operates at 

repetition rates between 0 and 360 Hz. It is not possible to send more than 360 electron 

bunches down the accelerator per second, because there is a problem of heat dissipation. 

This is the source of the poor duty cycle of linear accelerators. 

The energy spread of the beam emerging from the linac is 1% of the beam energy. 

This fraction is too high to successfully feed the beam from the linac to the P.S.R. In order 

to reduce the energy spread, the Energy Compression System (E.C.S.) was commis

sioned. 



Figure 2.1: Lattice layout of the Saskatchewan Accelerator 
Laboratory 
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2.2.2 Energy Compression System 

The Energy Compression System was designed to reduce the momentum spread in the 

electron beam by a factor of 10 without any loss in beam current. The compression system 

consists of a magnetic system used to spatially spread the electron bunch, and an acceler

ating section which employs R.F. waves to modify the electron energies. 

The magnetic component of the E.C.S. consists of three dipole magnets. The fields in 

the magnets are set such that the lower energy electrons from the linac travel farther than 

the higher energy electrons. Thus the higher energy electrons lead the bunch and the lower 

energy electrons follow. The achromatic three dipole system is designed to produce a 

longitudinal dispersion of -1.7 ern/% with a momentum-spread acceptance of L\p/p = +/-

3%. 

This elongated electron bunch is then injected into a short R.F. accelerating section 

where the energy compression takes place. The injected beam is phased such that the R.F. 

wave boosts the low energy electrons and at the same time retards the high energy elec

trons. This is accomplished by a timing mechanism that places the low energy electrons 

near the crest of the R.F. wave and the high energy electrons near the trough of the wave. 

The net result is a compression ratio of 13 under optimum conditions. 

2.2.3 Pulse Stretcher Ring 

The purpose of the Pulse Stretcher Ring is to take the one microsecond pulse from the 

E.C.S., inject it into the ring, store the pulse while the electrons lose energy, and extract 

the pulse out of the ring in a continuous fashion, before the next pulse from the E.C.S. 

arrives. The duty factor from the E.C.S. is at best, 0.036%. Theoretically the duty factor 

from the P.S.R. should approach 100%, but for this experiment the duty factor achieved 

was between 30% and 50%. 

The P.S.R. is a race track design with an overall length of 49.825 meters, the width is 

6.547 meters and the circumference is 107.908 meters. The race track design was chosen 

because of space limitations in the existing accelerator vault (Figure 2.1 ). The two 180 ° 

bending sections are made up of 4 identical cells, each cell bending the beam 45°. The 

bends are set up in such a way as to provide a 21t phase advance and the bend regions are 

first order achromats. 
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Each of the two straight sections is made up of three identical magnetic cells. The ring 

R.F. and the injection and extraction points are located in the achromatic straight sections. 

The ring R.F. cavity is used to provide the circulating electrons with a continuous energy 

supply. The fast kickers are used to displace the closed orbit during injection while the 

extraction septum is used to peel off electrons of the desired energy. 

The circumference of the ring was chosen to provide enough length for a one micro

second pulse to be injected in just under three turns. Injection into the ring is accomplished 

by two fast kickers which temporarily displace the vertical closed orbit of the ring. For the 

present experiment one turn injection was used which required the use of only one fast 

kicker. 

Extraction of the electrons from the ring proceeds through horizontal betatron oscilla

tions. The ring is tuned so that these horizontal oscillations resonate at an energy just 

below the injection energy. Once the beam is injected it starts losing energy due to 

synchrotron light emission. When the energy of an electron drops to the resonant energy 

its horizontal oscillations increase rapidly in amplitude until it is peeled off by the extrac

tion septum. Since this resonance is very sharp, the extracted electron beam has an energy 

spread a factor of ten smaller than the injected beam. 

One problem with this extraction technique arises from the fact that the rate of energy 

loss due to synchrotron radiation is a strong function of energy. At higher energy the rate 

of loss is too great and the beam would extract too quickly with a corresponding reduction 

in duty factor. This problem is overcome by using an RF cavity in the ring to control the 

rate of loss. 

2.2.4 The Photon Beam 

Upon extraction from the pulse stretcher ring, the electron beam entered the beam 

switch yard where it was directed towards EA2 at the East end of the building (Figure 2.2). 

Just West of the wall of EA2 is the vacuum chamber containing the bremsstrahlung radi

ators and the electron beam dump magnet as shown in Figure 2.2. This experiment used 

a 1% aluminum radiator to produce the photon beam. 
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After passing through the radiator the electron beam was dumped into the bottom of 

a 2 m deep hole directly below the dump magnet. The dump served two purposes: First it 

provided a place to dispose of the unwanted electrons and second a Faraday cup was 

located in the dump to provide us with a measurement of the beam current. The electron 

dump did not provide a very clean disposal of the beam and a great deal of shielding was 

required to reduce some of the background radiation, primarily neutrons, that were 

produced in the dump and contaminated the experimental room. 

The production of a high duty factor, mono-energetic electron beam led to a high duty 

factor, well defined end point, bremsstrahlung beam. The photon beam is slightly diver

gent and proper collimation was required. The photons' first obstacle, in their flight into 

the experimental hall, was a pre-collimator made of steel plates that acted as a first line 

absorption of the background radiation that was produced in the dump. The photons then 

proceeded through a 1 em lead collimator. This collimator produced a beam spot of about 

2.5 em diameter on the target. Upon entering the experimental hall, the photons passed 

through a sweep magnet that removed any secondary electrons produced in the collima

tors. The photons then proceeded through air to the hydrogen target whose cryostat was 

suspended from an aluminum track fastened to the ceiling. 
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2.3 The Hydrogen Target 

The operation of a liquid hydrogen target is complicated by its cryogenic nature and 

by the many safety considerations that must be followed. The target used in this experi

ment was a liquid hydrogen target on loan from the University of Illinois, who in turn had 

it on loan from the Fermilab. Initially designed for an experiment at Fermilab, the target 

was adapted to our experimental environment. A diagram of the target assembly is shown 

in Figure 2.3. The target has a peculiar design in that the target vessel is situated inside a 

long, horizontal aluminium snout. The snout is coupled to the vertical cryostat. The whole 

assembly hung from a track in the ceiling and could be easily moved along the beamline. 

The target cell was surveyed into the beamline which was 177 em from the floor ofEA2. 

The target cell, located in the center of the long aluminium snout, was made of 0.25 

mm mylar. It was 12.7 em in length and 10.2 em in diameter. The cell was wrapped with 

10 layers of 200 Angstrom thick aluminized mylar which acted as a heat shield. The oper

ating pressure inside the target cell was 15.0 to 15.3 psi. It has fill tubes attached to it from 

the top and from the bottom and there were also level indicating resistors in the cell, one 

at the top and one at the bottom. 

The primary component of the system is the refrigerator which is housed in the 

cryostat. The refrigerator is connected to the compressor through high pressure helium 

lines which supply the compressed gas to the Gifford-MacMahon (G.M.) piston. The GM 

cycle is really a practical application of the Stirling thermodynamic cycle. The G.M. 

piston is the main component of the 2 stage G.M. thermodynamic cycle that is employed 

in this system to achieve the liquid hydrogen temperatures. Vacuum lines, hydrogen 

supply and return lines, and helium and nitrogen lines run from the cryostat, through a 

pump cart, to their respective sources, as shown in the following Figure 2.3. 
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The pump cart is a switch yard of valves that is used to mechanically control the flow 

of gases, and to regulate the application of vacuum. A master control panel, located in the 

data acquisition room, was used to remotely control the valves on the pump cart. To deter

mine the level of liquid hydrogen in the target, the potential was measured across the two 

resistors in the target cell. The resistance and vacuum pressures at different stages 

throughout the cryostat were displayed on the master control panel. 

Once the appropriate connections were made and a good vacuum was established, the 

cooling down process could begin. Basically the compressor was turned on and hydrogen 

gas was leaked into the system. After a few hours the helium expansion cooled the first 

stage of the GM cycle to 50K. After that the second stage cooling began. At a second stage 

temperature of 20K hydrogen condensation began. The liquefying process continued until 

the target cell was full of liquid. The compressor had to be continuously running during 

the duration of the experiment to compensate for any heat leakage. 

The target cell had two openings, one at the top and one at the bottom. The bottom 

opening lead to a reservoir were the liquid hydrogen was stored during target empty runs. 

The top opening led to an isolated remotely controlled valve that was open when the target 

was full and closed when the target was empty. By closing the remote valve, a pressure 

build-up in the line above the target cell forced the liquid through the line attached to the 

bottom of the cell and up to the reservoir. This was the process used to empty the target. 

The target was refilled by simply opening the remote valve and allowing the liquid to flow 

into the cell. 

Due to the explosive nature of the target material, an elaborate ventilation system was 

implemented to reduce the danger involved with any possible hydrogen leaks. The venti

lation system was also used to empty the target when the experiment was over. The system 

consisted of a long -static-charge proof tent that surrounded the cryostat assembly from the 

very top near the ceiling to the floor. A hole was cut at the top of the tent which led to an 

exhaust vent. A negative pressure was maintained in the tent by employing a spark proof 

ventilation fan upstream from the tent in the exhaust vent passage. Any gas leakage from 

the target was quickly sucked up through the tent and out of the building. Sensitive gas 

meters were placed at the top and bottom of the tent to establish a means of detecting any 

leaks and monitoring the target emptying procedure. 
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2.4 The SAL Cryogenic Backup 

In the spring of 1989, the Saskatchewan Accelerator Laboratory received delivery of 

a Quantum Technology cryogenic system that is capable of liquid Helium-3 production. 

It was the responsibility of the author of this thesis to commission and test the Quantum 

Technology cryocooler. Initially the SAL cryocooler system was to be used for the cryo

genic needs of Experiment 007. However problems with the main compressor postponed 

the development of the target system. The system did serve as a backup cyrogenic system 

to be used in the event of a hydrogen target failure. Fortunately it was not required. 

The SAL cryogenic system is similar to the Illinois hydrogen target for the frrst two 

stages of cooling. Both utilize the Gifford-McMahon two stage expansion cycle to attain 

liquid hydrogen temperatures and it is unnecessary to repeat the description of the opera

tion. The SAL cryocooler continues to cool using a Joule-Thomson (JT) expansion valve 

to reduce the temperature to liquid helium. A second compressor, which is operating in 

series with the frrst, provides the compressed gas to the third stage IT cycle. A third and 

totally separate compressor is used as a fourth stage IT and helium recovery compres

sor. There are three different temperature stations associated with the Quantum Cryo

cooler. The frrst two temperature stations are cooled by the OM cycle which cools the 

stations to 70K and 20K respectively. The third temperature station is cooled by two JT 

loops. The frrst JT loop cools to 4.5K. The second IT cooling cycle is required to liquefy 

the helium gas. A schematic diagram of the cryogenic system is shown in figure 2.4. 
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One of the physical properties of helium gas is that IT expansion does not result in 

cooling until the gas is first cooled to below 30K by some other means, in this case the 

pre-cooling is accomplished by the two stage GM cycle. The compressed helium gas is 

supplied by a CVI compressor which also supplies the compressed gas for the ftrst IT 

cycle or the third overall cooling stage. In the frrst IT cycle, the helium gas is simply circu

lated though heat exchangers that are strategically placed in the cryostat. A IT bypass 

valve is left open until a certain temperature has been reached. As the temperature 

approaches the limit for IT cooling, the bypass valve is slowly closed. The helium gas in 

the third stage JT loop is cooled by heat exchangers attached to the various cold stations 

in the cryostat and by expansion through the IT valve. 

The fourth stage IT cooling is accomplished by using a separate compressor to further 

compress the helium gas so that helium condensation temperatures can be reached. The 

fourth stage JT cycle is essentially identical to the third stage IT cycle except for the oper

ation pressures and the source of compressed gas. A bypass valve is used in the IT cycle 

until the desired temperature has been achieved and cooling through a throttling valve is 

possible. The Quantum Cryocooler is unique because of the 4 stage 2 compressor opera

tion that permits helium condensation. 

The development of the Quantum Cryocooler awaits SAL requirements for liquid 

helium and liquid hydrogen targets. The utilization of a closed-system liquid helium 

target, that does not require constant topping off, is something to look for in the near future 

in the experimental program at SAL. For experiments involving 3He such a system is 

essential and its use has been proposed for Experiment 34, 3He(y,np )p. [201 

2.5 The Detector 

2.5.1 Design Considerations 

The detector used in this experiment was aNal, total absorption, high energy resolu

tion photon spectrometer. The optimum operation of this detector was for photons of 200 

MeV or greater with the best linearity of response in the 300 MeV region. The detector 

design was optimized for measuring scattered photons in the delta region. [2ll Careful 

consideration was given to the exact dimensions of the detector, the uniformity of light 

production in the crystal and the efficiency of light collection. 
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The detector consisted of a cylindrical Nal crystal surrounded by a plastic scintillator 

annulus that was used primarily for cosmic ray rejection. The Nal crystal itself consisted 

of 5 optically isolated segments, a core and 4 quadrants (see Figure 2.5). Each segment 

was made up of a long (35.56 em) piece ofNal glued to a shorter (20.32 em) piece ofNal 

to give the crystal an over all length of 55.88 em. Computer simulations showed that aNal 

crystal of this length could easily absorb at least 99% of the electromagnetic shower 

produced from a 300 MeV photon. 

The core of the detector, especially the front part of the core of the crystal, is the most 

sensitive part of the detector. This is where the absorbed photon deposits the majority of 

its energy. In the construction of the detector, the front core piece of the crystal was 

selected for its superior intrinsic uniformity. Good energy resolution demands uniformity 

of light production and a minimum of crystal defects. The N ai in the core satisfied these 

requirements. 

The core was encased in a thin aluminum sleeve that helped physically stabilize the 

crystal and provided a place to distribute the MgO reflective powder that was required to 

optically isolate the core from the N ai quadrant annulus and improve the light collection. 

The 4 Nal quadrants were also optically isolated from each other using the same MgO 

reflective powder. The diameter of the core was 26.67 em, and the diameter of the effec

tive Nal crystal including the quadrants was 49.53 em. See Figure 2.5. 
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There are certain advantages and disadvantages to having a segmented Nal crystal. A 

segmented crystal provides position information which can help identify asymmetric 

shower production. Also a segmented crystal typically consists of smaller pieces of Nal 

which are easier to correct for crystal non-uniformities. Ultimately, however, the effi

ciency of light collection will suffer with a segmented crystal because of reflections and 

losses between the boundaries of the segments. And, finally, there is a problem with gain 

imbalances with a segmented crystal. This last problem was minimized by taking great 

care to monitor the gains of the phototubes throughout the experiment. 

The light produced in the crystal was measured by a total of 19 Hamamatsu R1911 7.5 

em diameter phototubes. There were 7 phototubes attached to the core of the crystal and 

12 evenly spaced around the Nal annulus, 3 per quadrant. The Hamamatsu phototubes 

were chosen because of their superior linearity of response. It was desirable to have the 

phototubes maintain a good level of linearity throughout the measured energy spectrum 

and an excellent level of linearity near the delta energy region where the cross sections 

were extracted. 

The results of the careful consideration given to the design of this crystal is an excep

tional high resolution photon spectrometer. The ability of this crystal to absorb such a 

large percentage of the light, the stringent requirements for uniformity of light production, 

especially in the core segment, and the high efficiency of light collection provides this 

crystal to exhibit a resolution of 1.3% FWHM for 330 MeV electrons and 1.2% FWHM 

for 130 MeV photons. At the time of this experiment, that resolution was the best in the 

world for photons in that energy range. 

2.5.2 Vetoes 

The Nal crystal was surrounded by a 12.7 em thick BC 400 Plastic scintillator that 

was used primarily as a cosmic ray veto, but also served as a shower leakage veto. The 

plastic annulus was divided into 6 optically isolated segments, each segment was moni

tored by two Amperex XP2202B 2 inch phototubes. The core, quadrants and plastic 

annulus were all housed in an aluminum casing that was mounted on a support stand. The 

plastic annulus did an excellent job of vetoing cosmics from passing through the cylin

drical surface, but could do little to veto cosmics entering the detector from the front or 
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the back. Thus additional cosmic veto counters were required to cover the front and rear 

of the detector. Theses vetoes were made of 30 em square, 2.5 em thick sheets of plastic. 

Three of these vetoes hung off the rear of the detector and another three off the front. 

The front of the detector presented another problem as there must be an aperture in the 

shielding for the scattered photons to enter. This aperture was about 12.7 em in diameter. 

Since there are a large number of charged particles coming from the target, the aperture 

contained two 17.8 em diameter plastic scintilla tors as vetoes. Next there was a need to 

attenuate the high flux of low energy photons intrinsic to a bremsstrahlung beam without 

too much effect on the high energy ones. This was achieved by using a 22.9 em thick 

cylinder of beryllium. Finally it was necessary to suppress any charged secondaries 

produced in the beryllium and yet one more circular veto counter was used for this 

purpose. 

2.5.3 Shielding 

Shielding the BUNI detector in EA2 at SAL was a formidable task indeed. There were 

several problems with background radiation in the tiny experimental hall, directly in line 

with the electron linac. Major shielding requirements were needed to reduce the sea of 

thermal neutrons entering the room and to suppress the low energy photon background. 

The detector sat under layers of neutron absorbing materials and photon absorbing mate

rials as described below. 

As mentioned earlier, the linac produces a pulsed, high energy electron beam. The 

experimental hall was directly in line with the linac and secondary radiation produced 

during the beam bursts would travel through our collimators and into the target. This 

problem was minimized by placing the collimator as far upstream as possible and by 

placing a tungsten block near the source of the radiation. Fortunately an electron gun 

trigger signal could also be used to gate out any bad events arising directly from the above 

mentioned process. 

Another source of background radiation was the beam dump. When high energy elec

trons are dumped into the electron absorber, a hugh flux of thermal neutrons is created. 

Attempts were made to minimize the thermal neutrons entering EA2 by building a wall 
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of boron loaded wax between the dump and the entrance of EA2, placing a chicane of 

water tanks in the passage way to EA2 and by constructing a concrete wall 2.2 m thick 

between the beam dump and EA2. 

The shielding around BUN! itself consisted of a specially design steel and lead box, 

used to absorb background photons. [221 The shielding box was a layered construct of 7.62 

em thick slabs of steel, followed by three 2.54 em thick slabs of lead and capped off by 

2.54 em of steel. The front, top and back of the shielding box were removable which 

allowed for easy access to the detector. The entire shielding box provided a good unifor

mity of shielding around the crystal to 20 radiation lengths on all sides. Excellent reduc

tion in electromagnetic background radiation was achieved with this shielding box, but it 

did little to reduce the sea of thermal neutrons. 

The cross section for thermal capture of neutrons for boron is 3837 barns, and 

combining this with hydrogen in a borated polyethylene sheet provided some reduction in 

the neutron background. A 0.635 em thick sheet of Borated Flex/Panel manufactured by 

Reactor Experiments Inc., was glued to the inside of the shielding box. This material was 

also generously wrapped around the detector. The Borated Flex/Panel was found to atten

uate thermal neutrons by a factor of 22, but this by itself was not enough neutron shielding 

for the thermal sea created in the electron dump. Additional shielding was supplied by 

placing a wall of 35.6 em thick borated wax boxes on every side of the shielding box. Also 

a 139.7 em X 152.4 em X 35.6 em water tank loaded with borax was placed on top of the 

shielding box and a support stand was built for 30.5 em of wax below the box. See Figure 

2.6. 

The support structure for the detector, shielding box and wax, was a large steel table 

that was surveyed at a height such that the central axis of the crystal was at the same height 

as the beam. An extra lip was bolted on to the support table to accommodate the wax 

walls. The table extended out in the front which provided room for a 20 em thick layer of 

concrete blocks outside the wax wall. This front porch on the table also provided room for 

a lead wall protruding outward from the concrete wall. The lead help reduce off-angle 

background photons from entering the detector. 
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The entire support structure, with the detector and all the shielding, weighed roughly 

20 tonnes. Changing angles was a non-trivial process. The floor of EA2, initially of 

concrete construction, was covered with 1.5 mm thick galvanized steel sheets. Four large 

air pads were placed under the support structure. When it was time to change angles, a 

large compressor supplied air to the air pads. The entire apparatus was lifted by this force 

and the angle change was accomplished by manually maneuvering the structure, that was 

floating on a cushion of air, into the desired location. 

2.6 Angle Measurement 

The scattering angle was measured using a laser mounted goniometer. The goniom

eter was mounted on a short post that was fixed to the floor directly below the suspended 

hydrogen target. A plumb-bob that hung from the position of the center of the hydrogen 

target cell was used to ensure the target cell and the center of the goniometer were directly 

in-line. An aluminium post that extended from the bottom of the support structure and 

coupled to the floor-mounted short post, acted as a center line reference with respect to 

the central axis of the crystal. When the center line extension post was comfortably 

affixed to the short post, the compressor was turned off and the support structure gently 

settled to the ground. 

The solid angle for the detector was calculated by measuring the distance from the 

short post to the aluminum post housing (or tube). The tube to post distance was added to 

the fixed distance from the tube to the crystal face. The diameter of the aperture was also 

fixed for this measurement and thus the solid angle was easily calculable. 

2. 7 Quantameter 

The flux monitor used in this experiment is a Wilson type quantameter that is basically 

an ionization chamber capable of measuring the intensity of the photon beam. The quan

tameter is constructed of a series of copper plates that are all evenly spaced except the 

distance between the second last and last plate which is larger than the rest to compensate 

for any shower leakage. By measuring the amount of ionization collected on each plate 

and integrating over the total quantameter, the total energy content of the beam can be 

determined. 
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The quantameter works on the assumption that all the energy in the photon beam is 

converted to ionization energy and that the amount of charge accumulated per plate is 

directly proportional to the amount of energy deposited in that plate. Performing a Simp

son's rule integration, inherent in the quantameter design, the total charge deposited in the 

quantameter could be measured. 

The total energy in the incident beam is equal to a calibration constant for the quan

tameter times the total charge collected. For the quantameter used in this experiment the 

calibration constant was determined to be: [261 

_ + 19 MeV 
k- (1.02_0.03) X 10 C J b ou om 



Chapter 3. Description of Experiment 
3.1 Outline of Requirements 

The purpose of this experiment was to measure the differential cross section of 

Compton scattered photons off protons, as a function of energy, in the delta region. This 

cross section is very small being of the order of a few nanobarns. The competing reaction 

Y + P ~ P + 1t
0 

with 1f!l ~ y + 'Y has a cross-section that is two orders of magnitude larger 

than the reaction of interest y + p ~ y + p. The solution to the problem of separating the 

elastically scattered photons from the x0 decay photons lies in the kinematics. 

Elastically scattered photons from a bremsstrahlung spectrum occur at all energies 

with only a small change in energy due to recoil. Photons that are created from the decay 

of 1t0 's produced in the target are kinematically excluded from the upper end of the 

detected photon spectrum. Thus there exists, in the high energy end of the scattered spec

trum, a region of interest where all the events are pure elastically scattered photons. It is 

in this region that the cross sections will be extracted. 

The photon scattering experiment is conceptually very simple. What is needed is a 

large number of incident photons, a high density proton target and a high resolution 

photon spectrometer which is capable of measuring the scattered spectrum at a variety of 

energies and angles. The photon beam described in section 2.2 is incident on the hydrogen 

target described in section 2.3. The scattered photons are detected in the total absorption 

spectrometer (BUNI), section 2.5, and the incident flux is measured by the quantameter 

described in section 2.6. All that should be required for this chapter is a description of the 

electronics, the data taking computer system and a list of the experimental runs 

performed. However, there are several complicating factors. The three most significant 

being: 

1. The need for an absolute energy calibration for BUNI. 

2. The maintenance of gain stability, without which the energy calibration would be 
meaningless and the necessary energy resolution compromised. 

3. The background suppression necessary to measure this very low cross section. 

-32-
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The energy calibration of the crystal consisted of two parts, a core calibration using a 

low intensity bremsstrahlung beam incident directly on the detector, and a quad calibra

tion using a strong ThC radioactive source. The two different types of calibration runs are 

referred to as zero degree calibration runs (core calibration) and ThC calibration runs 

(quadrant calibrations). For each energy used, a zero degree calibration run was 

performed by swinging the detector directly into the path of the bremsstrahlung beam. 

Knowing the endpoint energy of the bremsstrahlung spectra allowed us to convert the 

corresponding channel number into an energy value. The quadrants required a low energy 

external source for calibration purposes because typically only a small fraction of the total 

energy, from a scattering event, was deposited in the quadrants. 

Phototube instabilities made an elaborate gain monitoring system necessary. This 

system is described in detail in Section 3.3 but the profound effect it has on the electronics 

and data taking requires that its main features be discussed here. There are two standards 

of light output used. The ultimate standard is an isolated 2 inch N ai crystal which is 

continuously exposed to a weak ThC source. The secondary standard is a Xenon flash 

tube to which every phototube is optically coupled via fibre optics. The response of each 

phototube to the flasher is continuously monitored while the stability of the flasher itself 

is determined by the ratio between the response of the 2 inch tube to the flasher and to the 

ThC gamma peak. No attempt was made to control the gains but rather the corrections 

were made in software. 

Background rejection was of major concern to us because the cross section of interest 

was so tiny. Cosmic rays were reduced by 99% with the use of the plastic annulus and the 

other cosmic vetoes. Due to the small number of counts in the region of interest, this rate 

of cosmic rejection was not good enough. A further reduction to 99.9% was achieved by 

rejecting events that deposited too much energy in the quadrants with respect to energy 

deposited in the core. A final correction for cosmic rays was performed by subtracting off 

the time normalized cosmic spectrum. Such cosmic spectra taken with the vetoes in place 

were measured during accelerator down time or between runs. 
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3.2 Electronics and Data Acquisition 

The electronics and data acquisition worked together to record all the data events in a 

formatted manner. The data acquisition and analysis system called LUCID[23l had many 

unique characteristics which allowed online display of the data on Sun workstations. The 

system allowed continuous monitoring of the detectors' performance and ensured the 

optimum operation of the N al crystal. 

The data events from the detector where sent on RG-8 50 ohm cables from the exper

imental hall downstairs to the data acquisition room upstairs. The signals where fed into 

charge integrating ADC's, which were read by a Starburst micro-processor and trans

ferred into the shared memory of a microvax computer. Once in the shared memory, the 

different components of the data acquisition system had access to the data for online 

display and writing the data to tape. 

3.2.1 Trigger Logic 

The energy calibration and gain correction requirements complicated the electronics 

of the experiment. A hardware triggering system was developed to identify the variety of 

different events occurring in the detector. A further requirement on the trigger system was 

that continuous gain monitoring of all the N al phototubes and the measurement of good 

scattering events should occur simultaneously. A programmable logic unit was used to 

satisfy this requirement by allowing program control of the combination of hardware trig

gers which would produce a "good event" trigger to the data acquisition system. The 

details of the hardware and software trigger logic are discussed below. 

3.2.l.a Hardware Trigger Logic 

Altogether there were five hardware triggers used in this experiment. The triggers 

were sent into a LeCroy Model 4508 Programmable Logic Unit (PLU). The PLU was 

responsible for taking the programmed input from the experimenter and labeling the 

corresponding events. With the identification of a user defined event, the PLU would 

signal the gate generator to gate the ADC's so that the data could be read into the 

microvax computer. A list describing the different hardware triggers is given below. 
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1. Data Event 

As the name implies this _was the main event of interest. The Data Event was triggered 

by a hardware sum of the N al core phototubes. The core sum had to be above a certain 

threshold that was set by a CFD (constant fraction discriminator). The CFD's are designed 

to ftre when the input reaches a set fraction of the peak sum, making their time of firing 

independent of the actual height of the signal. The core sum was used as a good event 

trigger because the majority of the shower of such an event is produced in the core and a 

summed signal is less susceptible to asymmetric showers in the crystal. This trigger was 

also used to record the data from the zero degree core calibration runs. 

2. Quadrant Calibration Event 

The Quadrant Calibration Event trigger was only enabled when the scattering experi

ment was suspended for an angle change. During this time, when there was no 

bremsstrahlung in the room, a ·strong ThC source was placed in the aperture of the 

detector. Any low energy event from the quadrants, while the source was in place, would 

act as the trigger for the ADC' s to be read. The source was left in the aperture until there 

were enough statistics in the measured quadrant spectrums to perform the ftt required for 

the energy calibration. A typical quadrant calibration run lasted about forty-five minutes. 

3. Two Inch Event 

The Two Inch Event was totally independent of what was happening in BUNI. The 

Two Inch Event was triggered by a discriminator that was set just below the ThC 2.615 

MeV source peak. To avoid over loading the system with calibration events the rate was 

prescaled to 3 Hz. The independence of the Two Inch Event meant it was a good trigger 

for obtaining a random sample of the ADC pedestals since all the ADC information was 

recorded as well. 

4. Flasher Event 

The Flasher Event was triggered by an external pulse generator set at 5 Hz. The pulse 

generator had two outputs. One of the outputs went downstairs to the Xenon flash lamp 

to initiate the flasher event. The other output was sent through enough delay so that it 

would trigger an ADC readout after the Xenon lamp flashed. The light output of the flash 

lamp was set to correspond to an energy above the region of interest so as not to be 

mistaken for a good data event. 
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5. Injection Event 

The fmal trigger used in this experiment was the Injection Event trigger. This event 

was triggered by a gun signal coming from the electron linac. The experimental hall was 

at the end of the electron linac. This meant that there was a great deal of background 

coming down the beam line every time an electron pulse hit the ECS slits before injection. 

This trigger was set up to gate out all the bad events that would otherwise be recorded. 

Also there was a great deal of rf pickup in all the signal cables lasting about 25 microsec

onds. Data acquisition was inhibited during this time. 
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All the above mentioned triggers describe quite different events that were taking place 

during the course of this experiment. It is only through a complex superpositon of all the 

events that meaningful, energy calibrated data were attainable. 

3.2.l.b Software Triggers 

There were two selectable software triggers; a data trigger and a calibration trigger. 

An external program running on the microvax was used to program the PLU for these two 

different software events. The program loaded into the PLU determines the combination 

of hardware triggers which will result in a signal being sent to the gate generator. The 

makeup of a software trigger was a logic combination of the hardware triggers described 

in the previous section. 

The data trigger was a logic program that only allowed the PLUto gate the ADC' s and 

send a LAM on the data highway for hardware triggers ( 1 ,3,and 4, in anticoincidence with 

5). This was the required pattern set by the PLU for a data trigger. Whenever the required 

pattern of these triggers was realized, a gate would be generated and the corresponding 

data would be acquired, sent to shared memory and fmally to tape. 

The calibration trigger was used when the quadrant calibration runs were performed. 

Its logic structure was hardware triggers (2,3,and 4, in anticoincidence with 5). The only 

difference between the calibration software trigger and the data software trigger the ftrst 

input of the hardware logic. Both PLU programs simultaneously look at the 2 inch event 

and the flasher event in anticoincidence with the injection event. The feature was one of 

the requirements imposed by the gain monitoring system. 

What I have just described, the triggering system, is really only half the electronics. 

The other half of the electronics are the actual individual phototube signals and scalers. In 

the next section I will briefly describe the electronics from the phototubes to the ADC's. 

3.2.2 The Analog Signals 

In this experiment there were 19 Hamamatsu R 1911 phototubes on the crystal, one 

R1911 phototube on the 2 inch Nai and another 12 XP2202B on the plastic annulus 

around the crystal. There were also another 9 phototubes used, one for each veto. All the 
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phototube signals eventually ended up in CAMAC ADC's. The scaler events recorded in 

this experiment included quantameter charge, electron beam current and the number of 

events recorded in all the different phototubes. 

The plastic annulus phototube signals and the veto phototube signals were sent from 

the tube to the ADC' son RG 50 ohm cables. LeCroy FERA.s (Fast Encoding and Readout 

ADC) were used because they are high speed charge integrating analog-to-digital 

converters with high resolution. No attempt was made to monitor the gains of these photo

tubes because energy resolution was not crucial for background rejection. 

The BUNI phototube signal is best described as a core event or a quadrant event. The 

core phototube signals were immediately split with one branch of the split being summed 

to produce the hardware trigger for the data event The other branch of the split was sent 

through a clipping circuit before arriving at the LeCroy 2249W ADC. The clipping circuit 

was needed to shrink the width of the gated signal to reduce pileup associated with this 

experiment The 2249W ADC was selected because of its excellent linearity and unprec

edented stability, two highly desirable features for an experiment so crucially dependent 

on energy calibration. 

The quadrant phototube signals were also split, and amplified with one branch of the 

split being summed per quadrant to produce the quadrant calibration hardware triggers. 

The other branch of the split is used to analyze the energy deposited in the quadrants. 

Before this signal is sent to the 2249W ADC's it is split again with one set of signals trav

elling through the clipping circuit and the other set of signals travelling through an atten

uator before reaching the ADC. This second split is required to increase the dynamical 

range of the quadrant phototubes. The signal from the quadrants can now be used with a 

high energy gain or a low energy gain, whichever is more appropriate. 

3.2.3 Recording Events 

With the explanation of how the signal gets from the phototube to the ADC (section 

3.2.2), I can now give a more detailed explanation of how the hardware triggers (section 

3.2.1) interact with the programmable CAMAC modules to read, write and save the data. 
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The hardware triggers are directed into a NIM to ECL convertor which as the name 

implies converts the NIM level input into a ECL signal which is required for the PLU. The 

ECL signal was delayed before going into the PLU to ensure the timing of all the signals 

and the trigger coincided. The Reader, which is one of the components of the LUCID data 

acquisition program to be discussed in the next section, was used to load the PLU with a 

program that identified all the hardware triggers and software events defined for the elec

tronics setup for this experiment. 

One of the restrictions of LUCID is that there can be only one source of a CAMAC 

Look-At-Me (LAM). For this experiment, the coincidence register was chosen to be the 

LAM source. When valid inputs were seen within the event gate, a LAM would be sent 

to the Starburst microprocessor to initiate a data readout. A diagram of the logical flow of 

events is shown below. 

NIMtoECL 

-
Programmable Delay 

-

-L-~r-----------------, 
PLU +-----~ ::- Gate Generator 

-

-
Coincidence Register -

--------------~--------~-

,, ,, 
LAM (to Starburst) Gate (to ADC's) 

Figure 3.2 Flow of Electronics from Hardware Triggers to 
Coincidence Register 
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The coincidence register sends a LAM on the dataway to the Starburst micro

processor at the same time the ADC' s are being gated in the anticipation of a phototube 

event. When the Starburst receives the LAM it reads all the ADC information. This infor

mation is stored in a buffer in the micro-processor. When the buffer is full, the data is 

transferred to the shared memory in the Microvax computer. Once in the shared memory, 

LUCID, the data acquisition and analysis system, is free to manipulate the data in any way 

the experimenter wishes. 

3.2.4 Data Acquisition 

3.2.5 LUCID 

LUCID is a data acquisition and analysis system that was developed in the Computer 

Department at SAL. LUCID works by setting up a data stream that allows one the option 

of writing the data directly to tape and/or setting up a data file that can be examined as the 

data are being acquired. The program consists of three parts: a Reader, a Looker and a 

Writer. The Reader is responsible for getting the data from the source which could be from 

CAMAC, from tape or from disk files. In the acquisition of data for this experiment the 

source of the data was the CAMAC crate with the ADC's and a Starburst microprocessor. 

The Looker allows the experimenter to look at a copy of some of the data as it is being 

acquired and perform some mathematical operations on it. However the more complex the 

Looker file, the longer the processing time and the greater the analysis dead time during 

acquisition. The Writer was used to write the data from the experiment to the 8 mm video 

cassette tapes. 

LUCID will link together the Reader, Looker and Writer, and compile the software 

required to implement the particular system described by the user. In data acquisition, the 

LUCID system will consist of a Reader and Writer and possible a Looker to monitor the 

data. In off-line data analysis, the LUCID system will consist of a Reader and a Looker, 

but no Writer because the source of the data is already in written form on the cassette tapes 

or disk. A conceptual view of LUCID is given in the following diagram. 
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Data Sourc~ 

Starburst (online) - READER ... 
Tape (off-line) 

,, 
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Display 
Storage 

Figure 3.3 Conceptual View of LUCID 

3.2.5.a The Reader 

The Reader consists of three sections, the definition section, the trigger section, and 

the event section. CAMA C modules are defined as variables in the definition section. For 

example, the ADC channel numbers of all the phototubes would be defined as variables 

in the first section. The trigger section defmes the different logic triggers to be used in the 

experiment The final section in the reader is the event section which gives a description 

of what to do when a LUCID trigger is received. 

There were two different LUCID events in this experiment's Reader. The primary 

event was reading all the ADC' s. However periodic scaler reads were required and consti

tuted the second event. Thus the Readers function was nothing more than getting the data 

from the modules, saving that data in the Starburst buffer until the buffer was full and 

clearing the CAMAC modules before the next event is processed. 
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3.2.S.b The Looker 

The Looker section of the LUCID system is where the data manipulation, software 

cuts, and histogram generation takes place. Variables in the Looker are defined in ordi

nary computer variable types. These variables represent the experimental apparatus. For 

example all the raw signals from the core and quads are defined as variables as well as the 

plastic scintillators and all the vetoes. Moreover parameters such as the gains of all the 

phototubes are also defined as variables. 

One of the primary functions of the Looker was to generate the data histograms that 

were used to monitor the acquisition online and ultimately used to extract the cross

sections in the data analysis off-line. The Looker ftle would take a raw signal, subtract off 

the pedestal, gain correct the difference and increment the appropriate histograms with the 

result. Data manipulation such as background subtraction was easily performed by qual

ifying events as cosmic or data. For every N al event defined in the Reader, a series of tests 

was performed to determine if that event was a cosmic event or a good data event. 

The cosmic event tests consisted of looking at the level of energy deposited in the 

plastic annulus around the crystal and the front and back paddle vetoes. If the level was 

above a certain threshold, the event was assumed to be cosmic and rejected. Another 

cosmic rejection was made by a slightly different software cut. The summation of the total 

energy deposited in any one of the quadrants and in the core was performed in the Looker. 

If the ratio of energy deposition in quadrant to core was greater than 20%, then it was 

assumed to be a cosmic event and rejected. Typically only 5% of the total energy was 

deposited in the quadrants for a good event. 

The nicest feature of the Looker was its ability to display the data in user defined histo

grams. Histograms were made of the sum of the core phototubes, raw signals and gain 

corrected. Histograms were also used to monitor the events happening in every section of 

the crystal, the plastic annulus and all the vetoes. This served as a way to check that all 

the phototubes were operating properly during data acquisition. Ultimately the total 

energy spectra that were created in the Looker file were fitted with computer simulations 

to extract information on the particular physical occurrence. More will be said about the 

fitting procedure in the data analysis section. 
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3.2.S.c The Writer 

The Writer is responsible for recording the data when the Starburst buffer is full. In 

this experiment all the data recorded were written to Sony 8mm P6-120MP video 

cartridges using an Exabyte EXB-8200 tape drive. Each cartridge was capable of holding 

two gigabytes of formatted data. The Writer also had the option of writing the data to a 

disk file or pass them as input to another computer program. For the purposes of data 

acquisition in this experiment, the Writer simply wrote the data from the CAMAC outputs 

to the magnetic tape. Every event recorded was written to tape so that the entire experi

ment was available to us. This allowed us the replaying of the experiment, highlighting 

different aspects of the physics involved, by utilizing the different options of Lucid. 

3.3 The Gain Monitoring System 

One of the main concerns in this experiment was an accurate knowledge of the gains 

of the phototubes from run to run. The energy resolution demands required that we were 

able to track the gain drifts of any of the phototubes to better than 2%. Both the phototubes 

and the electronics were susceptible to drifts with temperature. The gain of a phototube is 

also sensitive to high count rates and continuous operation over long periods of time can 

cause the anode output current of the phototubes to vary. Even if the operating conditions 

have not changed, the phototube will drift because the last dynodes in the dynode chain 

are continuously being bombarded with a large flux of electrons. Clearly a reliable and 

accurate gain monitoring system was required. 

The gain stabilization system developed was based on Xenon flash lamp coupled to a 

fibre optic fanout system (see Figure 3.4). The Xenon lamp produced flashes of light that 

were carried on the fibre optic transmission lines to the different sections of the crystal. 

Each quadrant had 2 fibre optic ports and the core had three fibre optic ports. Assuming 

in the first instance that the light output of the flash lamp was constant, by comparing the 

pulse height corresponding to the flasher for each phototube for each run, any phototube 

drift could be determined. However if the flash lamp output was not constant, then we 

would have no knowledge of that problem. We required a means of monitoring the drift 

of the flash lamp. A totally separate 2 inch Nal crystal, whose sole function was to record 

the spectrum of a weak ThC source, was used as an absolute energy reference (see Figure 

3.4). 
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The 2 inch crystal monitored the source and it also received a flasher fibre optic which 

gave us the ability to compare any flasher drift with the absolute energy reference of the 

ThC source. Thus if the flasher position in the 2 inch phototube drifted with respect to the 

ThC spectrum, then the amount of drift or the correction factor was recorded and applied 

to the phototubes on the large N al crystal. This system worked well to correct the drift, if 

any, of the flasher on a run by run basis. 

3.4 Energy Calibration 

What I have just described is a means of correcting for any drift in the phototubes or 

flasher system itself. We still need an absolute energy calibration of the different crystal 

segments for a base reference for the above mentioned correction system. Zero degree 

calibration runs, which measured the incident bremsstrahlung spectrum directly, were 

used as the baseline for the calibration of the core phototubes. The baseline calibrations 

for the quadrant phototubes was a strong ThC source placed in the aperture of the BUNI 

detector. The external ThC source was used to calibrate the quadrant phototube because 

a low energy calibration was desirable for the quadrants and the zero degree core calibra

tion runs did not produce enough of a shower in the quadrants for an energy calibration in 

the time available. 

3.4.1 Zero Degree Calibration Runs 

The core was calibrated with the detector sitting at zero degrees and the 

bremsstrahlung beam directly incident on the crystal. Obviously a detector of this sensi

tivity could not handle the intensity of the beam used in the scattering phase of the exper

iment. The photon beam had to be attenuated by at least a factor of a thousand before the 

crystal could be set directly in line with the photons. This attenuation was achieved by 

placing a 10.2 em thick lead plug in the upstream collimator. 

As far as the electronics were concerned, the zero degree calibration run was identical 

to the scattering event run. The good event trigger and all the cosmic vetoes were iden

tical. The zero degree calibration run measured the incident bremsstrahlung spectrum. 

This measurement gave us information on the exact shape of the spectrum but more 

importantly for energy calibration purposes, it allowed us to determine exactly where the 

endpoint was in relation to ADC channel number. The energy of the endpoint of the 
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bremsstrahlung beam is the energy of the electrons used to produce the spectra, a quantity 

known from the fields and geometry of the bending magnets. This allowed us the ability 

to calibrate the core phototubes accurately in the region of interest. 

Each of the seven core phototubes measured the bremsstrahlung spectrum (see Figure 

3.5). And thus each of the core phototubes was individually calibrated. The zero degree 

run provided the basegain from which the ongoing gain corrections were applied. The 

calibration runs were performed at the beginning and at the end of a series of scattering 

runs. This provided us with a check of the gain monitoring system. An ideal gain moni

toring system could predict the basegain for the zero degree run performed after taking 

the scattering data. We found a 1% difference with this present system. 

3.4.2 The ThC Calibration Run 

The energy calibration for the quadrants was performed with the ThC calibration runs. 

In the aperture of the detector there is a bery Ilium plug that was used to attenuate low 

energy photons from the target during the scattering runs. During the quadrant calibration 

runs, the beryllium plug was removed and a ThC source, with a strong gamma peak at 

2.615 MeV, was inserted in its place. The ADC channel number corresponding to this 

peak gave the desired energy conversion. The ThC calibration runs were performed 

between detector angle changes. 

There was a need to analyze medium energy events in the quadrants because a large 

percentage of the events in the quadrants were greater then 5 MeV. This meant an extrap

olation of more than a factor of two from the ThC 2.615 MeV peak. The need for linearity 

in this extrapolation was the reason for the two gain system built into the electronics and 

discussed earlier. The two gain system worked well to ensure all important events in the 

quadrants were well calibrated regardless of energy. 
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Both calibration runs, the zero degree runs and the ThC runs, provided us with the 

absolute baselines needed to calculate current gains from scattering run to scattering run. 

Along with phototube base gain calculations, the energy calibration runs also provided an 

absolute reference for the base flasher positions, two inch base ThC peaks and two inch 

base flasher positions. 

3.5 Experimental Procedure and Runs Taken 

The cross sections for Compton scattering off protons in the delta region were 

measured for a number of different energies. The measurement of interest for this thesis 

was the angular distribution performed at 200 MeV. When a energy change was made in 

the linac, signifying a new energy measurement for the experiment, a zero degree energy 

calibration was performed. This meant the detector would be moved directly into the 

photon beam for the calibration. Usually at least two good core calibrations were 

performed just in case a unforeseen problem arose. 

After the core calibration was performed, the detector would be moved into the frrst 

angle to be measured. The support structure for the detector weighed roughly 20 tonnes 

and it typically took 1 to 2 hours for an angle change. This was enough time to take a 

ThC quadrant calibration run and in between every angle change a ThC calibration run 

was performed. There was a total of five angles measured at 200 MeV. 

For each angle there was a combination of target full and target empty runs mea

sured. A balance between the amount of time running target full and target empty was 

found by incorporating the respective data rates and normalizing with respect to the 

quantameter. Anywhere from half a megabyte to several megabytes of data were taken 

for each angle. The limiting factor to the amount of data taken was a goal set to achieve 

at least 5% statistics for each data point measured. Data runs took about 12 hours on av

erage. If there was any down time in the experiment, a cosmic ray background run was 

performed. A list of all the runs taken is shown in the following table. 
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Run Number Target Energy Angle (lab) 

2216 Cosmic ray background run 

2219 H 200MeV 80.15 deg 
2221 H 200MeV 80.15 deg 
2222 empty 200MeV 80.15 deg 
2223 H 200MeV 80.15 deg 
2224 empty 200MeV 80.15 deg 

2235 ThC quadrant calibration run 
2236 200MeV 0.0 deg (calibration) 
2237 200MeV 0.0 deg (calibration) 
2238 ThC quadrant calibration run 

2239 H 200MeV 26.23 deg 
2240 H 200MeV 26.23 deg 
2241 H 200MeV 26.23 deg 
2242 empty 200MeV 26.23 deg 
2243 H 200MeV 26.23 deg 
2244 empty 200MeV 26.23 deg 
2245 H 200MeV 26.23 deg 
2246 empty 200MeV 26.23 deg 
2247 H 200MeV 26.23 deg 
2248 H 200MeV 26.23 deg 
2249 empty 200MeV 26.23 deg 

2250 Cosmic ray background run 
2251 ThC quadrant calibration run 
2252 Cosmic ray background run 
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Run Number Target Energy Angle (lab) 

2253 H 200MeV 51.72 deg 
2254 H 200MeV 51.72 deg 
2255 empty 200MeV 51.72 deg 
2256 H 200MeV 51.72 deg 
2257 empty 200MeV 51.72 deg 
2258 H 200MeV 51.72 deg 

2259 ThC quadrant calibration run 
2261 Cosmic ray background run 
2262 Cosmic ray background run 

2263 H 200MeV 134.8 deg 
2264 empty 200MeV 134.8 deg 
2265 H 200MeV 134.8 deg 
2266 H 200MeV 134.8 deg 
2267 empty 200MeV 134.8 deg 

2268 ThC quadrant calibration run 
2269 Cosmic ray background run 

2270 H 200MeV 104.63 deg 
2271 empty 200MeV 104.63 deg 
2272 H 200MeV 104.63 deg 
2273 H 200MeV 104.63 deg 

2274 ThC quadrant calibration run 
2275 200MeV 0.0 deg (calibration) 
2276 200MeV 0.0 deg (calibration) 



Chapter 4. Data Analysis 
4.1 Overview 

The data analysis in this experiment requires the use of gain corrected scattering 

spectra so that the number of counts in the region of interest can be extracted for the cross 

section calculations. The analysis consisted of a complex sequence of tasks primarily 

concerned with energy calibration to produce spectra where the regions of interest are 

well defined. 

4.2 Processing The Tapes 

The data were organized so that a new tape was made for each angle measured. There 

was roughly half a gigabyte of data taken for each angle including the calibration runs and 

cosmic runs which were typically smaller than the scattering data run itself. After the 

experiment was over backup tapes were made of the raw data. The next step was the 

reduction of the raw data to eliminate the low energy events. A filtering program was 

applied to the raw data which produced reduced data tapes. The filtering software also 

generated the pedestal histograms, the flasher histograms and the ThC spectra that were 

essential for the gain correction and the quadrant energy calibration. 

Two different software streams were used on the filtered data to produce the energy 

calibration for the detector. The logical flow of the two different software treatments is 

illustrated in Figure 4.1. In the right stream the reduced data tapes were replayed to 

produce the bremsstrahlung spectra whose endpoint was used as a core energy calibration. 

In the left stream the quadrant phototubes were calibrated by applying peak sensing soft

ware to the ThC spectra extracted during the filtering process for the quadrant calibration 

runs. The details of each branch will be discussed in the following sections. 

Ultimately the two streams recombine and the gain determination software then uses 

the base gains and all the baserun data to calculate the corrected gains for every phototube 

on the crystal. In the final replay of the data, the calculated gains were updated every run. 
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4.2.1 Filtering the Data 

The raw data measured in this experiment contained gargantuan amounts of unwanted 

data in the form of low energy Compton and x0 decay photons. A software filter of the 

raw data was required to reduce the processing time in the analysis. The filtering program 

performed three functions. First it scanned through the data and removed all the low 

energy events, secondly it performed the frrst cosmic ray cut on the data and thirdly, it was 

able to extract all the gain correction data that made the continuous energy calibration 

possible. 

The region of interest is at the high energy end of the bremsstrahlung spectrum. Most 

of the data recorded is from low energy scattering from the incident bremsstrahlung and 

from the x0 decay photons. The software cuts were made about 30 to 50 MeV below the 

region of interest as determined by kinematics. After the low energy cuts were made there 

was about a 50% reduction in the data leaving about 1.3 gigabytes of data to analyze for 

the 200 MeV run. This allowed the data analysis to proceed at a reasonable rate and also 

reduced the number of tapes required to store the data. 

The cosmic ray cuts were performed in two ways. Any events that simultaneously 

produced events in the plastic annulus or any of the cosmic vetoes and the crystal were 

rejected as a cosmic event. The second method of cosmic ray rejection looked at the 

energy deposited in the quads of the crystal and compared that to the energy deposited in 

the core of the crystal. If the amount of energy deposited in the quads was greater than 

20% of the energy deposited in the core, then that event was rejected as a cosmic event. 

The last task performed by the filtering program was the creation of pedestal and 

flasher histograms as well as the generation of the ThC spectra from the two inch crystal 

and from the quadrant calibration runs. The pedestal and flasher histograms were gener

ated for every phototube, for every run. The Th C spectrum measured in the two inch 

phototube was recorded for every run. The ThC spectrum for the quadrant calibrations 

were generated for every quadrant phototube, for every ThC calibration run. All the above 

information is required for the continuous energy calibration that was done throughout the 

experiment 
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4.2.2 ThC Calibration Basegains 

There were a total of five ThC calibration runs petfonned for the angular distribution 

measurement at 200 MeV.The filtering program took the data from the quadrant calibra

tion runs and generated the ThC histograms for each phototube. Peak sensing software 

was then applied to these histograms which located the 2.615 MeV peak in the ThC spec

trum. The peak position was extracted in terms of mean ADC channel number using a 

Gaussian fit routine. The quadrant basegains obtained from the peak sensing software 

were used as a baseline calibration for the gain correction for every angle measured. 

During the calibration runs all the data from the two inch phototube, namely the source 

peak position and the flasher position, along with the flasher positions measured in all the 

calibrated phototubes were recorded. These data were the base data used for the gain 

corrections. 

4.2.3 Zero Degree Calibration Basegains 

Two zero degree calibration runs were petfonned for the 200 MeV energy measure

ment The core basegains were determined by replaying the filtered data with a Looker 

file that produced zero degree calibration run histograms. These bremsstrahlung histo

grams were then fit to a computer model of the calibration runs, over the incident region 

of interest. The fit of the data with the simulation gave us more confidence in the position 

of the endpoint of the bremsstrahlung spectra. The endpoint is theoretically defined as the 

maximum electron energy, a known quantity which allowed us to calculate the base gain 

for the core phototubes. The base data for the core phototubes was recorded as well. 

4.2.3.a EGS Response Simulation 

The model of the bremsstrahlung spectra was produced using a program called Elec

tron Gamma Shower Code (EGS). [241 It is a Monte Carlo shower code that models the 

shower of the photon as it passes through matter. The code gives the incident photon a 

certain probability of interacting with its surrounding medium through Compton scat

tering, pair production or the photoelectric effect. The code tracks the individual particles 

through the various obstacles in the path of flight, and produces the resulting energy 

deposited spectrum. 
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The EGS code solves two problems for determining the endpoint of the 

bremsstrahlung spectra. First it allows us to fit to a substantial part of the spectrum which 

eliminates the uncertainty in direct endpoint extrapolation. Second it gives us a means of 

modelling the detector efficiency. The detector response to a mono-energetic beam is not 

a delta function, but rather a broadened response spike that must be accounted for in the 

analysis. By giving EGS the exact specifications of the Nal detector, with all the vetoes 

in place, an accurate model of the response of the detector is produced. Figure 4.2 shows 

the EGS simulation of the zero degree run as compared to the measured data. 

3000~--------~--------~--------~--------~--~ 

0° Calibration Run 

2000 

~ -§ 1000 

8 

o~~~~~~b=~~---------~------~~~ 
0 50 100 

Energy (MeV) 

150 

Figure 4.2: Comparison of EGS Simulation and Measured 
Bremsstrahlung Spectrum 

4.2.3.b Fitting Procedure 

200 

In order to determine an accurate endpoint value for the measured spectrum, a x2min

imization technique with two free parameters was used. The frrst parameter a, was the 

energy calibration of the measured data. The second parameter b, was the number of 

counts in the EGS spectrum. Parameter b was a scaling factor for the 200 MeV 

bremsstrahlung simulation. The fit was performed by starting out with a good guess for 

the energy calibration and then varying the EGS count scaler until x2 was minimized. The 
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energy calibration would then be incremented in the direction that further reduced x? and 

the loop would be repeated. The process ended when the energy calibration increment 

could not reduce 'X? any further. 

The fit was performed for every phototube on the core. In this way the energy calibra

tion for the crystal would be the summed calibration of all the different phototubes. The 

region of the fit was taken over the incident region of interest from 17 5 MeV to 195 MeV. 

The following illustrations show the fits performed for the first zero degree run for all the 

core phototubes (N1 - N7). The ragged solid line shows the statistical fluctuations of the 

EGS simulation while the data points have statistical error bars 

500~------~--------~------~--------~------~ 

400 x2 = 2.11 

a= 0.33286 (MeV/channel) 
> 300 b= 1.1304 (EGS count scaler 
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Energy (MeV) 

Figure 4.3: Fit for Phototube N 1 
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Figure 4.4: Fit for Phototube N2 
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Figure 4.5: Fit for Phototube N3 
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Figure 4.6: Fit for Phototube N4 
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Figure 4.7: Fit for Phototube N5 
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}'igure 4.8: Fit for Photo tube N 6 
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Figure 4.9: Fit for Phototube N7 
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4.3 Current Gain Determination 

The gain determination software took the pedestal, flasher and two inch ThC source 

peak information from the initial filter of the raw data, combined this with the base gains 

and base data obtained in the calibration runs and produced the calculated gains for the 

individual phototubes for each run. The output from the program was organized into data 

files that contained the run number and the current gain for all the crystal phototubes. In 

replay of the data, these data files were read into the Looker file to update the gains every 

run. 

Three different varieties of data files were input to the gain determination software. 

The first data file contained the core calibration data which included pedestals, flashers 

and core phototube gains. The second data file contained all the information extracted 

from the quadrant calibration runs. And the final data file contained the pedestals, flashers 

and two inch ThC data taken for each of the runs. The calibration input was updated with 

every calibration run. In this way the gains were always calculated with respect to the 

previous calibration run. 

In Figure 4.10 the calculated gains for the central core phototube are plotted run to run 

for the entire 200 MeV data run. The two core calibration runs taken during the experi

ment are also shown. The calculated gains from run 2216 to run 2224 were based on cali

bration runs taken before the 200 MeV run. The frrst 200 MeV calibration run was run 

2236. Notice the excellent agreement between the calculated gains and the final calibra

tion run. 
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Figure 4.10: Comparison of Calculated Gains with Calibrated 
Gains for Core Phototube 
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The gains for all the phototubes were monitored for all the runs. The maximum 

discrepancy between gain calculated and gain calibrated was 1.0% for the core and 0.5% 

for the quadrant phototubes. In Figure 4.11 a plot is made of the calculated gains for a 

quadrant phototube. The five ThC calibration runs are plotted as well and again there is 

excellent agreement between the calculated gains and the calibration gains 
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Figure 4.11: Comparison of Calculated Gains with Calibrated 
Gains for Quadrant Phototube 

4.4 Final Data Replay 

The data were replayed for both the target full and target empty runs. For each run the 

Looker file would read in the current gains, apply them to the ADC values for the photo

tubes and generate the energy calibrated spectra. The target full spectra were then 

summed together for each angle. The target empty runs were also summed together and 

normalized with respect to the quantameter charge of the target full runs. The two 

summed spectra are shown in Figures 4.12 to 4.16 for each of the angles measured. 

The scattering spectra are best understood by looking at the composite spectrum as a 

superpositon of two different spectra. The two spectra are the Compton scattered brem

strahlung spectrum and the x0 decay spectra. The xO decay spectra really dominates the 

composite spectrum below the region of interest. These figures show very clearly the 

problem of 1t
0 production which made good resolution and stability so important. The 



region of interest is defmed of course as the kinematically exclusive region were only 

elastically scattered photons from the hydrogen target exist. It is in this region were the 

number of counts for the cross section calculation will be extracted. 

The plots on the following figures also show the background contribution from the 

target empty runs. Before any cross section calculations could be performed the back

ground contribution was subtracted off. This background is quite small except for the 

most forward angles. However there were enough events in all regions of interest to 

extract enough counts to produce a maximum of 5% statistical error. 

The regions of interest are different for each scattering angle. They were calculated by 

kinematically determining the region in the scattered spectrum where the incident 175 to 

195 MeV photons would scatter. In the forward direction, the scattering region is almost 

20 MeV wide whereas in the backward angle the scattering region is kinematically 

compressed to an 11 MeV width. All the scattered regions of interest are taken at least 5 

MeV above the 1t
0 decay limit and at least 3 MeV down from the bremsstrahlung 

endpoint. 
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Figure 4.12: Summed Scattered Spectra for Target Full and 
Target Empty 9 = 26.2° 
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Figure 4.13: Summed Scattered Spectra for Target Full and 
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4.5 Derivation of the Cross Sections 

The general form of the differential cross section for Compton scattering is given by: 

where 

da -
d0(9,E) -

A C 
K(E'p£'2) X NflNH 

C = Number of counts in scattered region of interest 

NH = Number of scattering centers in the target 

n = Solid angle subtended by the detector aperture 

N1 = Number of photons in incident region of interest 

A = Absorption correction factor 

K(E' 1 ,E' 2) = Detector efficiency in E' 1 to E' 2 energy range. 

The number of counts in the scattered region of interest was extracted by generating 

the summed target full spectra and subtracting off the quantameter normalized target 

empty spectra as described in section 4.4 and counting the number of events in this region. 

The number of scattering centers in the hydrogen target, NH, was calculated assuming the 

density of hydrogen was constant during the experiment The small pressure changes in 

the target cell contributed to the error in the calculated number. The value obtained was: 

(N H = 5.372 ± 0.107xl023) prot~ns 
em 

The solid angle, n, was calculated using the flxed aperture radius of 6.35 em. The 

error in the solid angle was due to the assumption of a point target and the flatness of the 

detector entrance window. The absorption correction factor, A, was calculated by an EGS 

simulation for our experimental setup to be 1. 72. This number includes 4 plastic scintilla

tors of 3.28 gm/cm2 and a beryllium hardener with a thickness of 40.9 gm/cm2. This 

corresponds to 58% transmission of scattered photons through the obstacles in the solid 

angle. 
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The number of photons in the incident region of interest between E1 and E2 was 

defined as: 

El 

N'Y = I'Y f n (E) dE 
El 

Where n(E) is the number of photons in the incident bremsstrahlung spectrum with 

energy E. The Mathews and Owens£251 formulation for n(E) was used in this calculation. 

Ly is related to the charge collected in the quantameter (~ and the quantameter constant 

(Uq) through the following equation:£261 

The detector efficiency 1C (E' 1, E' 2) was modeled using EGS for the five different 

angles measured. These values are tabulated below along with the center of mass angle, 

the Jacobian value used to transform the cross sections into the center of mass frame and 

the solid angle calculated for each angle measured. 

e* J K(E' 1' E' 2) Q 

31.0° 1.339 0.92 3.945 +/- 0.079 msr 

59.9° 1.207 0.94 6.730 +/- 0.135 msr 

90.1° 1.030 0.92 8.539 +/- 0.171 msr 

114.0° 0.934 0.91 8.147 +/- 0.163 msr 

141.4° 0.872 0.89 5.578 +/- 0.112 msr 

The final ingredient in the cross section calculation is a summary of the systematic 

errors in this experiment. All those shown in the following table are assumed to be inde

pendent of each other. The values listed are taken as the maximum possible error see 
ref.[26]. 
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Summary of Systematic Errors: 

Source of Error Percentage% 

Target Thickness 1.5 

Quantameter Calibration 3.0 

Solid Angle 1.9 

Ny 2.0 

Beam Energy 1.5 

EGS 2.0 

Gain Calibration 1.0 

Total 5.1 



Chapter 5. Results and Conclusions 
In this experiment differential cross sections for Compton scattering off the proton 

were measured at a mean incident energy of 185 MeV. A complete angular distribution 

was obtained with forward angle measurements made for the first time. A total of five 

angles were measured, extending the world's data base for the p(y,y)p reaction. Cross 

sections were determined using an incident energy bin of 20 MeV centered on 185 MeV. 

The success of this measurement was due to the high duty factor photon beam 

provided by the Saskatchewan Accelerator Laboratory, the excellent resolution of the 

BUNI Nal detector and to the great care taken to accurately calibrate the detector so that 

well defined regions of interest could be analyzed. 

The values of the cross sections obtained are consistent with the theoretical predic

tions of the Petrun 'kin et al. [ll] discussed in Chapter 1. The center of mass experimental 

differential cross sections are plotted along with the theoretical calculations. It should be 

noted that the theoretical calculations are performed with an incident photon energy of 

180 MeV which is 5 MeV lower than the mean photon energy used in this experiment 

This may explain why the measured cross sections are slightly higher than the predicted 

values. 

The actual values of the center of mass cross sections with the associated errors are 

tabulated below: 

e* 

31.00 

59.9° 

90.1 

114.0 

141.4 

.dQ: 

dO 

17.03 nb/sr 

19.05 nb/sr 

26.06 nb/sr 

37.42 nb/sr 

44.57 nb/sr 

: 

statistical systematic 

error error 

2.31 nb/sr 0.90 nb/sr 

0.95 nb/sr 1.01 nb/sr 

1.62 nb/sr 1.38 nb/sr 

1.83 nb/sr 1.98 nb/sr 

2.05 nb/sr 2.36 nb/sr 
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The results presented here form part of the data from a series of hydrogen runs at 

different energies performed at the Saskatchewan Accelerator Laboratory. Now that all 

the analysis software has been developed, the processing of the rest of the data is well 

underway and the angular distributions should be submitted for publication in the near 

future. 
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