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ABSTRACT 

Ine1astic scattering of protons by deuterons has been 

investigated at 100 MeV incident proton energy. Experiments were 

carried out by the technique of detecting the two outgoing protons 

in coincidence~ and energy data were co11ected with a two-parameter 

pu1se-height ana1yzer. Attention was paid to those angu1ar config

urations of detectors where the mean energies of the undetected 

neutrons were sma1l, and where final state interactions between two 

of the three fina1-state nuc1eons were expected. The spectator mode1 

is able to reproduce the shape and describe qua1itative1y those 

spectra which correspond to sma11 mean neutron energies. For those 

spectra in which peaks due to the formation of the virtua1 (sing1et) 

deuteron state were observed, predictions based' on the use of the 

genera1ized density-of-states function were less successfu1. 
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CHAPTER 1. INTRODUCTION 

The scattering reaction between a deuteron and a nuc1eon 

has long been a subject of interest because it is the simplest 

reaction invo1ving three nuc1eons. In the 1ast few years new experi

mental techniques have made possible more detai1ed studies of few

nuc1eon systems. The three-nuc1eon system has received special 

attention; it is hoped that a more complete study of its structure, 

and the interactions of its components may shed more 1ight on the 

behaviour of the simp1er two-nuc1eon system. Since no free neutron 

target exists, our know1edge of the neutron-neutron system is scanty. 

Because monochromatic neutron beams of high intensity are difficult 

to produce, even the neutron-proton system is harder ~o study experi

mental1y than the proton-proton system. Because of these difficu1ties, 

physicists have searched for alternative indirect methods. The 

deuteron is a simple system with its two nuc1eons on1y loose1y bound 

to each other; one might hope that the presence of one of the two . 

cou1d be ignored so that the nuc1eon-nuc1eon system cou1d be investi

gated through nuc1eon-deuteron reaction experiments. 

In the past, most of the experiments done on the deuteron

nuc1eon system have invo1ved on1y single counter measurements. The 

interpretation of the experimenta1 resu1ts were difficu1t, because 

for a system with three partic1es in the final state the kinematic 

variab1œassociated with the system cannot be comp1ete1y determined 

by knowing on1y the momentum - vector of the partic1e detected. (See 
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section IV-1). Furthermore the extraction of the necessary experi-

mental data from the background caused by both nuc1eon-deuteron 

e1astic scattering, and nuc1eon-nuc1eon e1astic scattering due to the 

impurity of the targets used in some of these experiments was pain-

fu11y difficu1t, and estimates were th en introduced (e.g. KS-60). 

Two parameter mu1tichanne1 ana1yzers have on1y recent1y been avai1ab1e, 

and have been used in a few nuc1eon-deuteron scattering experiments. 

With this faci1ity, we are able to detect two outgoing partic1es in 

coincidence and can completely determine - more exactly, over-determine 

- the kinematics of the nuc1eo~~deuteron reaction, and fO avoid the 
". 

complications caused by elastic scattering except in a few cases. 

In the theoretical work on nuc1eon-deuteron scattering, 

Many approximations have been proposed. In the early stages, the 

modified Born approximation (GB-51, WA-48) was used, but could not 

reproduce spectra for 46 MeV incident proton energy. (SVR-66). 

Frank and Gamme1 (FG-54) proposed the zero-range approximation for 

nuc1ear forces and adopted the impulse approximation (C-50) to de al 

with the inelastic scattering. Even though it accurately predicted 

the reaction yie1d at 10w incident energies, the shape of the neutron 

energy spectra at sma11 angles cou1d not be reproduced by the theory 

(CS-59). A refined method taking into account the interaction 

between a pair of three final state particles (HM-58) gave the correct 

shape and position of part of the energy spectra observed, but gave 

incorrect absolute cross-sections (WA-59) for incident proton energies 

be10w 15 MeV. Komarov and Popava (KP-60) performed a ca1cu1ation 



-3-

of neutron spectra for the d + p~2p + n reaction by taking account 

of nuc1ear pair interactions, and included the interaction between 

the pair and the third partic1e by the Born approximation. This 

calculation reproduced the shape of the who1e neutron spectrum at 

o o satisfactori1y (VK-60). 

In treating a nuc1eon in a deuteron as free, Kuckes et al. 

proposed the spectator mode1 (KWC-61) based on the simple impulse 

approximation. They considered the neutron of the deuteron as an 

innocent bystander whose presence under some experimental conditions 

during the collision is negligib1e from kinematic considerations, 

and compared the resu1ts of the quasi-e1astic p-p scattering with 

those of free p-p scattering at 145 MeV. Their resu1ts agreed wel1 

with the predictions, and an extrapolation procedure suggested by 

Chew and Low (CH-59) (to be described more completely in section V-1) 

can relate their experimental resu1ts. However other simi1ar experi-

ments performed at intermediate beam energies yie1d contradictory 

results. Those at 50 MeV (GK-64), and 31 MeV (BKF-65) fai1ed to 

agree with the Chew-Low extrapolation procedure and the spectator 

mode1, whi1e an experiment at 40 MeV (Ca-65) agreed with them. 

In this situation we fe1t the need to study the D(p,2p)n 

reaction at 100 MeV incident proton energy in the hope of c1arifying 

the relation between quasi-e1astic p-p scattering and free p-p scatter-

ing, and to search for effects due to the final state interaction of 

nuc1eon pairs at high energy. The experiment was done by detecting 

the two outgoing protons by two NaI(T1) scinti11ators. One of the 
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two counters was fixed at a chosen angle, and the other was movable 

in order to record spectra corresponding to different Mean recoil 

neutron energy, and to carry out a search for final state interaction 

peaks. The results agreed with the Chew-Low extrapolation procedure 

within the experimental uncertainty. peaks due to the formation of 

the virtual singlet deuteron state were observed. 
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CHAPTER II INSTRUMENTATION 

11-1. MECHANlCAL PART 

II - la. Scattering Chamber. 

A cylindrical scattering chamber (Fig. 1) was made to house 

two NaI(Tl) detectors and their photomultipliers. The axis of the 

chamber is horizontal, anà the scattering plane is vertical. The proton 

beam enters and leaves 'the chamber through 2" diameter holes cut on 

opposite sides of the cylinder. Beam alignment is checked by means of 

two fluorescent screens, one in the chamber, and another in an exit 

screen compartment. They are viewed through lucite windows. 

The detectors are mounted on opposite lids of the chamher, 

with each lid free to rotate to any desired angle. Angular graduations 

are engraved in degrees on the circumference of each lid; detectors 

can be located at desired angles within ± 0.2 degree. A target 

holder centered on one cover is a rectangular frame which slides axially 

in the proton beam. . The fluorescent screen mentioned previously is 

o mounted at an angle of 45 at the end of the target holder. 

II - lb. Detector Assembly 

(i) E detector assembly. 

The two detectors used are Harshaw NaI(Tl) standard integral 

line scintillation crystals. Cylindrical clamps were designed to fix 

the photomultipliers and their detectors with respect to the lids of 

the chamber. 
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FIGURE 1 



FIGURE 1 

A section of the scattering chamber. There is 

only one of the two detector holder assemblies 

shown on the diagram; the detector holder assem

bly attached to lid 2 is not shown here. 
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Each detector with its photomu1tip1ier slides into a steel 

can-shaped detector-ho1der; this ho1der projects into the chamber, 

and is bo1ted to the 1id. At one side of the can a 0.5" diameter ho1e 

was dril1ed through the steel, and a circu1ar piece of 0.003" thick 

copper was soft soldered on the can as an entry for protons. A we11-

type ~ead radiation shie1d surrounds the detector ho1der. A 0.5" 

diameter ho1e was dri11ed through the part of the 1ead shie1d which 

faces the copper window to provide a socket for installation of a 

brass co11imator. 

The brass co11imator has a tapered ho1e a10ng its axis which 

defines the solid angle accepted by the detector. The ho1es at the 

front ends of the co1limators, i.e. the solid angle defining apertures, 

are 0.253" + 0.002" in diameter. When the col1imators are inserted 

into the sockets of the 1ead radiation shields in the chamber, the 

distances between the center of the chamber and the centers of the 

solid angle defining apertures were 4.0" (± 2%). The solid angles sub

tended by these two col1imators are then 3.34 (± 5.6%) mi1listeradian, 

and the angular openings are 1.89 (± 2.6%) degrees. 

(ii) ~ detector assemb1y. 

A Simtec tota11y depleted silicon ~ detector was used. This 

has a 100 mm2 active area with a 200 micron dep1etion depth. The front 

. 2 
and back windows have thicknesses of 75 and 125 ~crograms/cm respect-

ively. The detector was used at room temperature. 

A ~ detector ho1der consisting of a co1limator and adapting 
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ring was designed so that i t could be mounted in front of one of thetwo 

E detectors whenever it was needed to reduce the ratio of chance to 

true coincidences. The front window of the detector was about 1 cm 

in front of the solid angle defining aperture of the collimator for 

the E detector. 

II - lc. Faraday Cup 

Two Faraday cups were used for reaction cross-section measure

ments. A cup designed by W.T. Link (G-67) was the main one. Another 

cup was used to check the beam monitor calibration for every rune It 

was calibrated against the main cup by comparing proton-proton elastic 

scattering cross-sections obtained by use of these two cups at the 

same scattering angles. They agreed within 2%. 

The second monitor cup was much the same as the main one in 

design except that it does not contain magnets. There is no entrance 

window, and it could be connected directly to the scattering chamber 

behind the exit-screen compartment. The cup was partially filled with 

epoxy to suppress back scattering of particles. 

II - 2. ELECTRONICS 

The normally pulsed cyclotron beam and its newly furnished 

debunched beam were used in this experiment. The electronic system 

described below was that used with the debunched beam. Some modifica

tions for pu1sed beam counting are a1so described. 
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II - 2a. Double Coincidence Circuit. 

For studying the D(p,2p)n reaction at different pairs of 

detector angles, a double coincidence method was used to accumulate 

energy spectra. In one case a triple coincidence circuit was required. 

A block diagram of the electronic circuits of the double coincidence 

method for experiments using the debunched proton beam is shown in 

FiS 2. 

Energy pulses were taken from the seventh dynodes of the 

NaI(Tl) detectors, and sent via conventional White cathode followers 

to the input terminaIs of two identical Ortec multimode amplifiers 

(Model 410) in the cyclotron control room. These input signaIs to-the 

amplifiers havQrise-times of about 300 nanoseconds, and decay-times of 

about 150 microseconds. The output double-delay-line-clipped pulses 

from each amplifier were fed into the two sections of a dual linear 

gate (Sturrup Model 1450), which had been modified to reject intense 

pile-up spikes present in the debunched beam. A more complete descrip

tion of the spike-rejecting system will be given later. The output 

signaIs from the two gates were fed into Cosmic coincidence circuit 

units 1 and 2 for selecting all coincident events, and they were also 

fed in parallel to Cosmic circuit units 3 and 4 for selecting only 

chance coincident events. The chance coincident output pulses were 

registered by a scaler, while the coincident output of units 1 and 2 

were branched into two paths. One was used to turn on a second dual 

linear gate. Another was registered by a scaler as a check on the 
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FIGURE 2 



FIGURE 2 

Double coincidence circuitry. 
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total number of counts stored in the pulse-height analyser mentioned 

below. This dual linear gate also accepted input pulses from the 

output of the modified dual linear gate, but after they had been 

delayed by about 2 micro seconds to match the arrival time of the gating 

pulses. This gate was operated in its coincidence mode so that only 

coincident pulses from the two NaI detectors could pass through and 

be stored in a 64 x 64 channel two-parameter pulse-height analyzer. 

Output signals from Cosmic discriminator unit 1 were fed through its 

corresponding SCA into a scaler; this provided a means for monitoring 

beam current. The trailing edge mode of operation was used for the 

Cosmic coincidence units for reasons given in Chapter III. 

The cyclotron beam was not perfectly debunched. Pulses could 

not be stored in a pulse-height analyzer during the period when the 

intense beam spike preceding each debunched beam burst was present. The 

modified linear gate accepted signals from the gating output of a type 

547 oscilloscope. The gate width was controlled by the duration of 

the oscilloscope signals. The ''Main Time Base (B)" of the oscillo

scope was triggered by the ion source trigger pulse from the cyclotron 

trigger unit. The output gating pulse from the oscilloscope could be 

controlled in length and observed on the screen. Signal pulses 

appearing during the spike were rejected by these gates set in their 

"anti-coïncidence" gating mode. To see the rejected portion of the 

beam, the pulses from a beam monitor were displayed on one input channel 

of the C.R.O. One could then adjust a Delay-Time Multiplier knob on 
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the oscilloscope to make the duration of the gate signal cover the 

spike of the beam monitor spectrum disp1ayed. 

II - 2b. Triple Coincidence Circuit 

A b10ck diagram of the e1ectronic circuit for the triple 

coincidence method is shown in Fig. 3. It is essentia1ly the same as 

that of Fig. 2 except that a 6E detector and its associated e1ectronics 

have been added. 

Signa1s from the 6E detector were sent through a low noise 

preamp1ifier (Tenne1ec Mode1 100) into a se1ectab1e active fi1ter 

amplifier (Ortec Mode1 440). The pulses appearing at the 2 micro

second delay bipo1ar output terminal possessed a1most the same pulse 

width (-1 microsecond) and rough1y the same pulse-height range as 

those of the E pulses from the Ortec multimode amp1ifiers. The modi

fied dual 1inear gates now accepted signa1s of the 6E detector and 

detector El. "Triple coincidences were obtained by feeding pulses of 

the 6E detector and the El and E2 pulses into discriminators 1, 2, and 

3, of the Cosm1c unit. Chance coincidence pulses were se1ected by 

Cosmic units 4 and 5. The rest of the system was just the same as 

that shown in Fig. 2. 

II - 2c. Current Integrator 

The Faraday cup current was measured by a picoammeter. The 

voltage drop across the feedback resistors of the e1ectrometer circuit 

was the input for a vo1tage-to-frequency converter, whose output was 

then sca1ed. Whenever the sca1er overf1owed, it sent out a pulse to 
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FIGURE 3 



FIGURE 3 

Triple coincidence circuitry. 
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a mechanica1 register. The total incident proton charge was thus 

recorded. 

II ;. 3. TARGET 

Two kinds of deuterated hydrocarbons and their corresponding 

hydrogen compounds were used as target materia1 for the experiment. 

They were deuterated polyethylene (CD2)n~ and deuterated dotriacontane 

(C32D66)n' and the corresponding hydrogen compounds (CH2)n and 

(C32H66)n. As their physica1 properties differ slight1y, different 

techniques were used to make suitab1e targets. For calibration of the 

scattering chamber, commercial polyethylene foi1 ·was used. 

II - 3a. Polyethylene 

The polyethylene powder was mo1ded into targets in a heated 

die under ·pressure. A steel die for producing 3/4" diameter circu1ar 

foils was designed. It was a cylinder of 3.75" height and 2" diameter, 

enc10sing two 3/4" diameter pistons with the powder between them. 

Four rod type immersion heaters were p1aced in ho1es dril1ed paralle1 

to the axis close to the wall of the cylinder. Power was available 

from a Variac, which contro11ed the rate of heating of the die. A 

thermistor probe cou1d be p1aced in an opening near the target materia1 

to measure temperature. A hydraulic press app1ied pressure to the 

upper piston during heating, and the die cou1d be coo1ed by compressed 

air circulation. 

The temperature chosen depended on the pressure and the 

target thickness required. If the pressure was kept at 1000 1b/in
2

, 
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for a target about 30 mil thick, the optimum equilibrium temperature 

was found to be ll50 C. For the experiment targets about 0.040" 

thick were used and their unevenness was less than 1.5%. The quantity 

needed for a certain thickness of powder was pre-calculated. The 

densities of ordinary and deuterated polyethylene were taken as 

3 3 
0.963 g/cm and 0.975 g/cm ,respectively. The main isotopic 

contamination in C2D
4 

is C2D
3
H; estimates of the amount of this contam

ination by the supplier agreed roughly with a mass analysis done by a 

pyrolysis Methode The hydrogen contamination was approximately 3%. 

II - 3b. Dotriacontane 

Dotriacontane is a soap-like crystal (CH3(CH2)30CH3-+C32H66) 

with a melting point of about 750 C. The deuterated sample used 

consisted of 83.8% C32D66 and l6.?% C32D65H, so the hydrogen contamina-

tion was 0.25'70. The density-of C32H66 
3 the deut,erated sample was 0.888 g/cm • 

3 
was 0.755 g/cm , and that of 

An a1uminum ring with an inner diameter of 3/4" and height 

about 0.030" was made as a moulding frame. It was placed on a clean 

glass plate in an oven. Ordinary or deuterated dotriacontane was put 

in a 1 cc. beaker in the oven, which was then warmed to a few degrees 

above the melting point of dotriacontane. This was then poured onto 

the glass plate inside the ring. Another thin glass plate pre-heated 

in the oven was placed on the ring as a cover to flatten the upper 

surface of the melted dotriacontane. Care was taken to ensure that no 

air was trapped between these glass plates. The target thickness was 

accurate to within 0.5%. 
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CHAPTER III. EXPERIMENTAL METHOD AND PROCEDURE 

111-1. CHAMBER ALIGNMENT 

III - la. Pre1iminary A1ignment 

A te1escope was used to 10catethe intersection of the beam 

axis of the chamber with the fluorescent screens. Two 1ucite plates 

each marked with a cross indicated the centres of the entrance and 

exit ho1es of the chamber. With the fluorescent screen on the target 

frame out of the way, the chamber position was adjusted unti1 the 

centres of these crosses were a1igned with the te1escope cross-hair. 

The target-screen and the exit-screen were then pushed into place to 

be marked at the point which coincided with the centres of the three 

crosses. 

The positions of the co11imators for the E detectors were 

a1igned in the same way. With each detector at its zero angle, the 

1ead radiation shie1d was moved horizonta11y unti1 the centre of the 

co11imator was observed at the cross-hair. Such a method is capable 

of 0.5 mm. accuracy in a1ignment. 

III - lb. Proton Beam A1ignment 

So that the chamber cou1d be a1igned with the proton beam, 

it was attached to the externa1 beam pipe. The proton beam was 

def1ected in the desired direction by the steering magnets of the 

externa1 beam transport system, and passed through the centres of the 

two quadrupo1e-magnet sets into the scattering chamber. The height of 
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the chamber and its azimuth were adjusted unti1 the beam hit the marked 

points of the target-screen and the exit-screen. 

For every run the beam was focused at the marked point of 

the target-screen and its direction was checked by observing its 

position on the exit-screen. When reaction events were accumu1ating, 

the beam position could be checked by the use of screens in. the view 

~oxes of the beam transport system and the exit-screen, so that no 

disturbance to the experiment was introduced. 

III - 2. E AND 6E SINGLE COUNTER SPECTRA 

111- 2a. E Single Counter Spectra . 

(i) Energy and Angu1ar Resolution of Counter System 

The operating voltage and the bias of the focusing electrodes 

for the phototubes were determined by detecting particles scattered 

o 
from (CH2)n at 30 • The pulse height of protons scattered elastical1y 

from carbon was plotted against the anode voltage to determine the 

region of this curve where saturation began. The best peak to valley 

12 
ratio and the smal1est full-width-half-maximum of the C elastic 

scattering peak determined the optimum setting of the focusing electrode. 

In order to check the energy resolution of a counter system, 

any kinematic broadening effect on an energy spectrum should be avoided. 

The cyclotron delivers a few protons per second with its ion source 

switched off, and this beam was run directly into each of the two 

o 
NaI detectors set at 0 • The full-width-half-maximum of this 100 MeV 
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proton pulse height distribution indicated 0.8% ~800 keV) energy 

reso1ution for one of the counter systems, and 0.84% for the other. 

The energy reso1ution thus measured consisted of the energy spread 

of the incident protons, uncertainty in the energy 10ss due to the 

copper windows and the a1uminum housings of the detector assemb1ies, 

spread due to scinti11ators and phototubes (NB-6s), and the pulse 

height spread of the associated e1ectronic systems. It did not, 

however, inc1ude the energy spread due to target thickness. A 

typica1 spectrum at 300 :is shown in Fig. 4. 

In order to measure the angu1ar reso1ution of the counter 

systems, one detector was fixed at 400 , and the other detector was 

o moved in the angu1ar range around 48 on the other side of the beam 

direction. A profile of the coincident counts versus the angu1ar 

position of the movab1e detector was p10tted for a (CH2)n target. 

The fu11-width-ha1f-maximum of the profile was 3.5
0

• 

(ii) Energy Calibration 

No attempt was made to 1inearize the input pulse height to 

a pulse-height ana1yzer with respect to partic1e energy. The energy 

sca1e for the spectrum of a counter system was ca1ibrated by the 

proton-proton e1astic scattering peak and the protons e1astica1ly 

scattered from carbon at a number of suitab1e angles. Two body 

kinematics provides accurate values for energies of these proton peaks. 

Resu1ts indicated slight deviation from 1inearity. Since 

Eby and Jeutschke observed that the fluorescent response of NaI varies 
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:\ 

FIGURE 4 



FIGURE 4 
o Energy spectrum at 30 from a (CH2)n target. The 

97.7 MeV peak is due to elastically scattered pro-

12 tons from C, and the 74.0 MeV peak is that from 

lH. peaks lying between these two indicate the 

excited states of l2C. Their excitation energies 

are indicated on the diagram. 



80 

-1 

LLI 600 z 
Z 
<l. 
X 

u 500 
et:: 
LLI 
a. 

en 400 
1-
Z 
::> 
o 
u 300 

250 

'It 
. ~. 

·300 
CHANNEL NUMBER 

! . 

. 97·7 MeV 

• 

• 

350 . 



-20-

linearly with proton and deuteron energies up to 18 MeV (EJ-54), the 

associated electronics systems and the effect of window absorption 

should account for the deviation. 

(iii) Scattering Angle Calibration 

As the zero degree of the angular graduation for a detector 

need not exactly coincide with the actual zero degree of scattering, 

a scattering angle calibration was carried out by determining the 

actual zero angles of the two detectors separately. The principle of 

the method used is the comparison of yields of a detector at positive 

angles with those at the corresponding negative angles. 

2 
A graphite target (82.69 mg/cm ~ with less than 0.1% impurity 

was used to obtain clean spectra. At forward angles the elastic 

scattering peak contributes the largest part of the total yie1d; hence 

the angu1ar region where the e1astic scattering cross section changes 

most rapid1y with angle is desired. Proton scattering experiments 

o 0 at 100 MeV (Ma-65) indicate that the range from 20 to 30 in the 

centre-of-mass system is favorable, corresponding to 21.S
o 

to 32.60 

in the 1aboratory system. A typical resu1t using detector 1 is shown 

in Fig. 5. The mean horizontal difference between the two curves 

o 0 
is ~e = 0.95 ± 0.10 • The actua1 zero scattering angle is then+ 

o 0 (0.48 ± 0.05 ) of nominal angle, for the positive angles have a higher 

yield than the negative angles at the corresponding absolute nominal 

angles. A similar result was obtained for detector 2, whose zero angle 

setting is +(0.46 ± 0.05
0
). Brief checks on yields of two positive 
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FIGURE 5 



FIGURE 5 

Zero scattering angle calibration curve of de

tector 1. ~ e is the difference between the 

nominal angle and the actual angle. The purely 

statistical error bars are not larger than the 

size of the experimental points. 
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angles and one negative angle show that they differed from run to run 

o 
within ± 0.10 indicating a change in the vertical position of the 

proton beam. The sma1l variation of zero angle is due to the fact that 

the scattering plane of the chamber is vertical, and as long as the 

incident beam passes through the centres of the quadrupo1e magnets 

of the beam transport system, current drifts in the switching and 

bending magnets have litt1e effect on the vertical position of the 

beam. 

III - 2b. ~ Spectra 

The operating detector bias of the ~ detector wasdetermined 

by the pulse-height distribution of the output of the active fil ter 

amplifier for an alpha source. The source was located about 1 cm in 

front of the ~ detector in the scattering chamber under vacuum. 

Optimum bias settings between +60 to +70 volts produced preamp1ifier 

output pulses of 100 nanoseconds rise time and 5.5 microseconds decay 

time. 

As the ~ detector was needed in triple coincidence with the 

El and E2 detectors, the coincident spectrum of the ~ and El detectors 

shou1d reproduce essentia11y the .same spectrum as observed by the El 

detector a1one, with on1y the low energy part affected. Diagrams of 

a 6E v.s. El coincidence spectrum and part of the energy distribution 

of the El detector a10ne (which is in coincidence with the ~ spectrum,) 

from a (CH2)n target are shown on Figure 6a and 6b. The high energy 

portion of Fig. 6a shows slight1y worse energy reso1ution due to the 
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FIGURES 6a AND 6b 



FIGURE 6a 

A spectrum of ~ v. s. El' The ~ axis points 

toward the right, and the El axis runs down

ward to provide a convenient view of the spec-

trum. The most prominent curve is due to 

protons, the middle one is due to deuterons, 

and the barely visible locus belougs to tritons. 

FIGURE 6b 

The high energy part of the spectrum in figure 

o 
6b integrated over the ~ axis at 35 • 
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straggling effect of the ~ detector. This effect is more clearly 

shown on the ~ energy spread of Fig. 6a. 

111-3. CALIBRATION OF APPARATUS AND TREATMENT OF DATA 

The complete experimental system was calibr.ated by measuring 

proton-proton elastic scattering cross sections at differ~nt scattering 

angles and comparing them with published data of incident prot9n energy 

close to 100 MeV. The experimental results, data reduction and 

discussion of errors are presented in the following sections. The 

experiment was carried out with the pulsed proton beam. 

III - 3a. Experimental Procedure 

(i) Angular Range 

The measurement was done by detecting the scattered p~otons 

and recoil protons in coincidence. For 100 MeV incident protons, 

because of the relativistic effect, the angle between the momenta of 

two outgoing particles of equal mass undergoing an elastic collision 

is N88.s
o 

instead of 90
0 in the laboratory system as predicted by 

non-relativistic mechanics. More specifically, this angle varies from 

o 0 
90 to.88.sl as the scattering angle in the centre of mass system 

h f 00 900. c anges rom to The minimum detector angle in the laboratory 

system which could be reached without blocking the exit beam path by 

the radiation shield was about 25°; this restricted the range of 

usable angle of scattered protons for a coincidence experiment. Another 

limitation was introduced by the maximum acceptance solid angle of a 
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detector. In the coincidençe experiment one detector must be abl~ to 

accept all the recoilprotons whose associated scattered protons were 

collected by the other detector. Taking these three factors into 

consideration the usable angles for detecting. scatteredprotons ranged 

from 31
0 

to 650
• 

(ii) Total Coinci~ence 

A double coincidence cir.cuit sen4sout '.~ signal whenever two 

input pulses arrive within the resolving· time of the circuit. The 

variable delays of the coincidence circuit must be properly adjusted 

to compensatefor different lengths of the two signal cables. In 

the actual exp eriment, 1. e·. D(p,2p)n, the proton energies measured 

ranged from the low energy cutoff caused by material between the 

target and detector to the maximum energy allowed by three-body kine

matics. The leading edge triggering mode of the coincidence circuit 

cannot handle su ch a wide energy range without losing pulses; there-

fore the trailing edge triggering mode was used. Under these conditions 

inferior resolving time could not be avoided (B-66). The apparatus 

was calibrated under the same experimental conditions. In order to 

determine the required resolving time and the relative variable delay 

settings, the detectors were set at suitable angles for accepting two 

elastically scattered protons. The discriminator of Cosmic unit 1 

(Fig. 2) was set to reject low energy gatmna rays. With theresolving 

time set at the minimum and delay 1 .set at the middle of its range, a 

plot of the ratio of coincident counting rate to the counting rate of 
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discriminator l against the setting of delay 2 is shown in Fig. 7a. 

The full-width-half-maximum of the plateau shows a resolving time of 

24.6 nanoseconds. The same procedure was then repeated for increasing 

resolving time until the height of the plateau stayed constant, indic at

ing no coincidence loss due to too short a resolving time. The final 

result is shown in Fig. 7b. The de1.ay 2 knob was therefore set at the 

centre of the plateau whose full-width-half-maximum revealed a resolving 

time of 58.5 nanoseconds. 

Because the range of particle energies changed with detector 

angle, the procedure above was carried out for each pair of angles. 

The circuit shown in Fig. 2 was employed for these runs except that 

the gate mode switches of the modified dual linear gate were flipped 

to "gate outil positions because the normal pulsed beam was used. This 

produced no observable change in pulse height. 

(iii) Chance Coincidence 

The debunched beam structure is diffuse, and when it was used 

chance coincidences were monitored simply byinserting either of the 

fixed 400 nanosecond delay lines of units 3 and 4 (Fig. 2). However, 

with the normal pulsed beam a variable delay setting corresponding to 

2 R.F. cycles was switched in. 

The pulsed beam has a dut Y cycle of -250 with a pulse length 

of about 10 microseconds for each beam burst. Within a beam burst the 

R.F. fine structure is periodic with a 47 nanosecond interval. The 

variable delays of Cosmic units 3 and 4 were first adjusted to accept 
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FIGURES 7a. AND 7b. 



FIGURES 7a. AND 7b. 

Delay curves for delay 1 set at the center of 

its range for p-p elastic scattering. In 7a 

the resolving time is 24.6 nanoseconds J and in 

7b its value 1s 58.5 nanoseconds. 



70 
40 

. 

r~\ 30 

lJJ 
J-
e::( 

20 a:: 
a:: 
0 
J-
e::( 10 z 
:E 

a:: 
u 30 34 38 42 46 50 54 CI) -
Cl 
...... 

07 b 
lJJ 4 
J-« 
a:: -JC ~ ,,~ ~ ~~ ...... x 

lJJ \ u 

\ z 
w 
Cl 

u 
z °20 

.~ - °58'5 nsec 0 
u 

10 

30 34' 38 42 46 50 54 
DELAY 2 SETTING 



-28-

mainly true coincident events; then an extra delay time of about 

2 x 47 nanoseconds was added to one unit with respect to the other. 

(iv) Current Integrator Calibration 

The Faraday cup current was integrated by the picoammeter 

which was usually calibrated by a picoampere source. The current 

i lib d b . k l -- C ddVt source was n turn ca rate y generat1ng a nown current 

by means of a standard capacitor and a linearly rising voltage rampe 

Details of the calibration have been described by Portner (P-67). 

III - 3b. Data Reduction and Error Assignment 

The equation used to calculate the experimental p-p el as tic 

scattering cross-section is 

d.G'" = 
d.n. 

N Cos® 
n NT d.n. 

where N = Total number of coincidence events after correction. 

(1) 

GD= The angle between the normal to the target and the incident 

beam direction. 

n = Total number of incident protons. 

NT = Number of target nuclei per unit area. 

dO = Solid angle subtended by the collimator. 

In the following paragraphs, the errors in each of these quantities and 

their corrections are discussed. 

(i) Correction for N 

It is necessary to correct for dead time los ses in the Cosmic 
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discriminator, Cosmic coincidence unit, and the kicksorter itself. 

The results indicated that the de ad time of the Cosmic unit restricted 

the counting rate of each detector, and that the dead time los ses of 

the kicksorter (TMC400) were negligible. In fact the total numberof 

coincident events stored in a fast scaler was the same as that in the 

kicksorter. 

The analytical correction of dead time loss is based essentially 

on that given by Cormack (C-62) for counting with pulsed beams. However, 

since the intensity distribution within one beam burst duration res-

embles a triangle (0-64), a constant "kil was introduced to take account 

of this intensity distribution. The value of kwas determined empirically. 

For a fixed collected charge from the incident beam the total 

coincident counts of p-p elastic scattering events were plotted against 

the coincident counting rate and extrapolated to zero counting rate. 

This extrapolated number of coincidences N t represented the actual ex r. 

coincident counts with no dead time loss. The value of N t was ex r. 

inserted into the following equation for the determination of the value. 

of k (Cr-66). 

where N obs. = 

(2) 

The observed total number of coincidences at a certain 

coincidence rate after chance coincidences were 

subtracted. 

n = The corresponding coincidence rate. 
c 
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= The instantaneous counting rates of discriminators 1, 

2, respective1y. 

T = 10 psec. i.e. the duration of one beam burst. 

= Dead time of the discriminators and coincidence unit, 

respecti ve1y. 

The averaged value of k for a set of N b was 1.67. o s. It is close to 

1.33 for the distribution of an isosce1es triangle. 

The chance coincidences recorded by a fast sca1er were sub-

tracted direct1y from the raw coincidence counts. Counts due to pile 

up were neg1igib1e when on1y runs with dead time corrections of about 

5% or 1ess were accepted. Some of the partic1es detected underwent 

nuc1ear interaction in the target, in the detector itse1f, or in pass-

ing through the materia1 between the target and the detector~ A1though 

these partic1es appeared as a tai1 of the e1astic scattering peak, 

they caused no prob1em, since the who1e coincidence s?ectrum was taken 

into account for the cross-section calculation. 

The formula derived by Willmes (W-66) was used to correct N 

for the effect of the finite sizes of target, detector, and the angular 

spread of the incident beam. As the beam angular spread was al ways less 

than 1
0 

and for ŒD= 00
, this correction is less than 0.5% for all the 

detector angles involved. 

(ii) Correction for ® 

In this experiment aD was a1ways set to 00
• Allowing an 

error of + 10
0 

to ® , the error of Cos (iD was then + 1.57%. 
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(iii) Correction for n 

In every run the Faraday cup reading was normalized by the 

picoampere source. The error associated with n was then that associated 

with the calibration of the current source, which was 1.4%. Further-

more the zero drift of the electrometer caused less than 2% error. The 

r.m.s. error was then 2.4%. 

(iv) Correction for NT 

The (CH2)n targets were weighed to determine their thickness. 

The result was checked by a micrometer which measured down to 0.0001 

-3 
inch. Weighing gave the average thickness as 4.30 x 10 inch (± 2.0%). 

Only the measurement of the target area contributed to the + 2% error, 

for the error associated with weighing by an e1ectronic balance was 

0.056%, which was negligible. The micrometer also gave a value of 

-3 4.3 x 10 inch (+ 2.3%). 

(v) Correction for dO 

The solid angle was measured to be 3.34 x 10-3 steradian with 

a + 5.6% error. See Section II-lb. 

III - 3c. Conclusion 

The final error for each variable of equation (1) was taken 

as the r.m.s. value of all the errors associated with the variable. The 

total error for the cross-section equals the sum of aIL these r.m.s. 

values. Table III-i gives the r.m.s. values and Table 1II-2(i) lists 

differential cross-sections for various angles at 100 MeV. These 

values were first compared with those by Taylor et al. (TWB-60) at 
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98 MeV proton energy which are listed in Table 1II-2(ii). Values of 

differential cross-sections at various angles for p-p elastic scattering 

at 98.8 MeV have very recently been published (WS-68) and some of them, 

which fall into the angular range of those of the present work at 

100 MeV, are given in Table 1II-2(iii). The results at 98 MeV are in 

general smaller than those at 98.8 MeV. The smallness of the results 

of Taylor et al. have also been pointed out by Palmieri et al. (PC-58) 

who made measurements at 95 MeV incident proton energy. 

In Table 1II-2(i) the last column lists the relative uncertainty, 

which is the sum of the statistical uncertainty, the uncertainty of N 

and those of Cos® and n. The relative uncertainty therefore refers 

to the uncertainty in differential cross-section caused by factors 

which can change from run to run with the same experimental set-up. 

TABLE III - 1 

Summary of systematic uncertainties of differential cross-section in %. 

N 0.5 

~s® 1.57 

n 2.4 

NT 2.3 

dU 5.6 

Total uncertainty = + 12.4% 
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TABLE III - 2 

(i) Summary of differentia1 cross-sections at 100 MeV ~oton energy 

dG'" 
Lab. angle dO Uncertainty due Relative 

-1 to counting uncert-
(degree) (Lab) (mb sr ) statistics (±%) ainty (±%) 

35.5 14.86 1.06 5.53 

40.5 13.84 1.10 5.57 

45.5 12.76 1.16 5.63 

50.5 11.68 1.23 5.70 

55.5 10.04 1.33 5.80 

60.5 8.56 1.43 5.90 

(ii) Summary of differentia1 cross-sections at 98 MeV proton energy 

Lab. angle (degree) 
da" (Lab.) (mb -1 *a*b 
dO sr ) 

35.0 14.87 

40.0 13.56 

45.0*c 12.41 

50.0*c 11.18 

55.0*c 10.05 

60.0*c 8.67 

*a The systematic uncertainty of ± 5% is not included. 

*b The solid angle transformation is described in Appendix A. 

*c These values are taken by assuming that the angu1ar distribution 

of :~ in C.M. system is symmetric with respect to 90°. 
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TABLE 111-2 

(iii) Summary of differential cross-sections at 98.8 MeV proton energy. 

Lab. angle (degree) d~ (Lab.) (rob -1 
dn sr ) 

35.0 15.28 

37.5 14.64 

40.0 13.97 

42.5 13.50 

45.0 12.85 
ç 

47.5 12.31 

The contents of Tables 1II-2(i) and 1II-2(iii) are plotted in Fig. 8 

It is evident that our experimental values and those of Wigan et al. 

(WS-68) are in excellent agreement. We therefore felt confident of the 

performance of the apparatus. 

111- 4. EXPERIMENTAL PROCEDURE FOR THE D(p,2p)n REACTION AND TREAT

MENT OF DATA. 

III - 4a. Experimental Procedure 

The procedure for the D(p,2p)n reaction does not differ much from 

that for p-p elastic scattering. The fol1owing will describe the part 

that is different. 

(i) SCA monitor calibration 

The debunched proton beam was used for the actual spectrum 

accumulation. Since the beam spike was rejected during counting (see 

section 1II-2a), the Faraday cup could not be used as a direct monitor 
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FIGURE 8 



FIGURE 8 

Proton-proton differential elastic scattering 

cross section at various laboratory angles for 

proton beam energies of 98.8 MeV and 100 MeV. 

The 98.8 MeV data is taken from reference (WB-68). 

The error bars associated with the experimental 

points represent the relative uncertainties in 

Table 1II-2(i) and those reported in (WB-68). 
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of incident proton charge. A single channel ana1yzer receiving output 

pulses from the spike-rejection gate (Fig.2) was used as a debunched 

beam monitor. It was ca1ibrated by the Faraday cup integrator using 

the pu1sed beam with current low enough to e1iminate dead time error. 

The SCA accepted a11 pulses with heights 1arger than the 

discriminator setting. The total number of counts was recorded for a 

certain incident proton charge registered by the Faraday cup. The 

same procedure was repeated at 1east five times for the srume incident 

charge, so that the average charge per monitor count was determined. 

The cup was then removed and the debunched beam experiment took place. 

The effective incident beam charge was then monitored by the SCA 

monitor. 

(ii) Energy Calibration 

The 64 x 64 two-parameter kicksorter stored coincident 

energy spectra from the two detectors. Their energy sca1es were ca1i

brated by detecting the scattered and recoi1 protons of p-p e1astic 

scattering at suitab1e angles. One of the typica1 calibration curves 

is shown in Fig. 9. 

Since the photomu1tip1ier gain depends on the counting rate 

(GV-67), the counting rate of each detector was made approximate1y 

equa1 to the average counting rates for the D(p,2p)n reaction when 

energy calibrations were performed. 

, . 
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FIGURE 9 



FIGURE 9 

Typical energy calibration curves for the 

64 x 64 channel two parameter pulse height 

analyzer. 
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(1ii) Double and Triple Coincidence Circuits 

The electronic set-ups are those shown in Figs.'2 and 3. The 

method of arranging the delay settings and resO.l~ing time resembles that 

described in Sec. III-3. However for the chance coincidence unit, the 

built in 400 nanosecond fixed delay was used instead of the variable 

delay. 

(iv) Hydrogen Contamination Subtraction 

The deuterated dotriacontane target is not 100% free from 

hydrogen contamination. At a pair of detector angles whose sum is 

'0 
close to 90 , the elastic scattering events introduced by the hydro-

gen contamination contributes to the two-parameter energy spectrum. 

Because the exact quantity of the contamination is known, a subtraction 

of its contribution is possible. To do th1s a spectrum was run with 

normal dotriacontane (C32H
66

) under the same experimenta1 conditions 

as in the run with a C32D66 target; it was especially important to 

match the counting rate of each detector with those of the C32D66 ru~ 

to avoid any shift in photomultiplier gain. Section 1II-4b. will 

present details of the subtraction. 

1II-4b. Data Reduction and Error Assignment 

The 64 x 64 channel kicksorter displays spectra of Tl v.s. 

T2• Each channel of the 64 x 64 format stores events w1th energies 

In order to compare these 

spectra with the theoretical predictions (which are expressed in terms 
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of the spectra have to be integrated along the T2 axis. 

The differential cross section formula for the integrated spectrum is 

N Cos® 
(3) 

where N = Integrated number of counts which correspond to events 

with kinetic energies betweenTl and Tl + dTl • 

(ID = The angle between the normal to the target and the 

incident beam direction. 

n = Incident proton number. 

= Number of effective target nuclei per unit area. 

= Solid angle subtended by detector l, 2, respectively 

= Energy interval of each channel along the Tl axis. 

In the following sections, the errors and corrections involved will be 

discussed separately. 

(i) Reduction of N 

Only those counts falling on the kinematic locus of the 

D(p,2p)n reaction for a given pair of angles were taken into account. 

Chance counts were subtracted for each slice of channels parallel to 

the T2 axis from the total counts by extrapolating the background through 

the locus. The chance to total coincidence ratio ranged from 5% to 

~14% for all pairs of angles except the pair of 40.50 
- 63.5

0
, 

40.50 
- 72.50

, and 35.50 
- 72.50

• The ratios for these three pairs of 

angles were 18.6%, 25.0%, and 35.0% respectively, due to considerably 

smaller differential cross sections. An uncertainty of 2% is assigned 
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to the method of chance coincidence subtraction for those spectra with 

less than 14% chance to total coincidence rate; 2.5%, 3.3%, and 4.7% 

are assigned to those with 18.6%, 25.0%, and 35.0% chance to total 

coincidence rate, respectively. 

Because of nuclear interactions in the sodium iodide scintil

lators, some particles detected lose energy during the interaction and 

are "lost" from their normal channel in the kicksorter. The 64 x 64 

channel kicksorter accumulates coincident events in the two detectors, 

so if either of the two outgoing protons from the D(p,2p)n reaction 

loses part of its energy through Na! interaction, the coincident signal 

can no longer appear on the kinematic locus. This loss has to be 

corrected, as its magnitude (-5%) is significant. Since the correct-

ion is energy dependent, each of the two signals has its own correct-

ion factor and the r.m.s. value of these factors is re~ponsible for the 

correction to the coincident counts on the locus. 

Measday has meas.ured and calculated the tait to peak ratio 

in Na! crystals for protons with energies as high as 160 MeV (M-65). 

The calcu1ated values were smaller than the measured ones due to the 

approximation applied. Felvinci's measurement (F-65) gave a result 

which is slightly lower than Measday's calculated curve from 60 MeV 

up. A check at 100 MeV was then performed by swinging a detector to 

the zero degree position to be bombarded direct1y by 100 MeV protons 

of greatly reduced intensity. The tail ta peak ratio thus obtained was 

(11.13 + 0.66)%, which fell on Measday's experimental curve and was 

higher than Felvinci's value of 9.2%. More precisely, the combined 
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2 2 interactions in the 68.05 mg/cm copper window, in the 109.69 mg/cm 

a1uminum detector housing, and in the scinti11ator itself caused the 

11.13% ratio. Since the contribution from the copper window and the 

a1uminum housing was sma11 in comparison with the total ratio, Measday's 

experimenta1 curve was used for data correction and an uncertainty of 

2% is assigned to it. In working out the correction, energy disper-

sion due to the finite size of the detector aperture, etc., was neg-

1ec,ted, and this introduced a maximum uncertainty of 0.5%. 

o 0 
For the sake of convenience, the 40.5 - 48.1 and the 

35.50 
- 53.10 spectra will be called spectrum 1 and 7, respective1y, 

according to Table IV-l in Sec. IV-2. In these spectra, yie1ds due 

to hydrogen contamination of the C32H66 target were subtracted. The 

C32H66 run was norma1ized to the sarne total incident proton charge and 

the sarne target thickness as the actua1 C32D66 run (See section 1II-4a.), 

and then 0.25% of the yie1d in each channel of the C32H66 two para

meter spectrum was subtracted from the yi e1d of the corrésponding 

channel of the C32D66 run. A cross-section which will be introduced 

1ater (Section V-1) in the ana1ysis of resu1ts is d
2 r 

d~dn2 
This 

invo1ves on1y the total numher of counts, so on1y the uncertainty in 

the total number of counts of a D(p,2p)n spectrum will be discussed. 

Due to the uncertainty of 1.4% for each of the t~o incident charge 

measurements, 0.5% for the two target thicknesses, and 4% for the 

percentage contamination determination, there is a total error of 

7.8% to the norma1ization factor for both spectra. However the ratio 



-42-

of the total number of counts actually subtracted to the total number 

of counts of the spectra were 11. 6% and 11. 7% for spectrum l, and 7, 

respectively, giving final errors of 0.90% and 0.91% respectively. 

o 0 No correction was applied to the spectrum of 35.5 - 84.5··, 

as the dead time correction to the 6E detector was unknown. The dead 

time correction to the Cosmic unit for all other spectra was negligible. 

This is true because any deadtime loss of discriminator 1 was compen-

sated by the SCA monitor, and the counting rate of counter 2 was kept 

below 600 counts per second, which was free from any dead time 

correction for the debunched beam. Besidesthis, the coincidence rate 

was low enough (~180 counts/minute), to make coincidence 10sses 

negligib1e. 

In short, the overall r.m.s. uncertainty in the determination 

of the total number of events on the kinematic locus is 2.9% except 

for spectra 1 and 2, and spectra 12, 13, and 14. An uncertainty of 

3.0% should be al10wed for spectra 1, and 2, and 3.2%, 3.9% and 5.1% 

a110wed for spectra 12, 13, and 14, respective1y. 

(ii) Corrections to n, NT' and cos ® 

During the SCA monitor calibration, the e1ectrometer zero 

drift caused 1ess than 1% error over short counting periods. Many 

effects such as e1ectrometer drifting, the drifting of beam position, 

and the presence of high energy y-rays can affect the monitor ca1ibra-

tion. Combining a11 kinds of effects the monitor calibration cou1d be 

reproduced within 2%. Together with the 1.4% uncertainty due to the 
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picoampere source calibration, the r.m.s. error in "n" was 2.4%. 

A 0.0310" C32D66 target and a 0.0416" CD2 target were used, 

so the uncertainties of their corresponding NT were ± 0.4% and ± 1.5% 

respectively (See section 11-3). 

For almost all the spectra, ~ was set to zero with 1.6% 

uncertainty of cos ca> (See section III-3b.). The exceptional cases 

o were spectra 13 and 14, for which OD ~ 20 with about 7% uncertainty. 

(iii) Values of dnt, d02, and dTl 

The solid angles subtended by the two brass collimators are 
. -3 

identical to 0.2%, and are quoted as 3.34 x 10 steradians with 5.6% 

uncertainty. (See section III-3b.). 

The value of dTl and its uncertainty are functions of particle 

energy. However for the part of the spectrum with the highest yield, 

a 2% inaccuracy was typical, except forthose spectra in which low 

energy protons detected by detector 1 predominated. For those three 

spectra 5% had to be allowed. 

III - 4c. Conclusion 

Since the cross-section equation in section III-4b. is energy 

dependent, a review of the systematic uncertainties presented in the 

last section will only apply to 
d 2

<S'" 
which is in fact the 

quantity needed for a Chew-Low plot. They are listed in Table 111-3 

for those spectra involved in the Chew-Low plot, i.e. spectra 1-12. 
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TABLE III-3 

Summary of systemat1c uncertainties in % of 

N 2.9 (3.0) *a 

cos@ 1.6 

n 2.4 

NT 0.4 (1. 5) *b 

d~ 5.6 

d02 5.6 

18.5 

*a The 3.0% 1s for spectra 1 and 7 on1y. 

*b For spectra 2-6, 1.5% 1s appropriate; 

for spectra 7-11 and 1 0.4% shou1d be 

quoted. 
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CHAPTER IV. REACTION MECHANISM AND EXPERIMENTAL DATA 

IV - 1 REACTION MECHANISM 

A nuclear reaction is characterized by the reaction mechanism 

through which it takes ~lace and its dynamic properties. For three-

body reactions there have been exper.iments indicating enhanced reaction 

cross-sections at particular internal energies or certain values of 

momentum transfer variables. Typically the former is due to the sequen-

tial process of the reaction, and the latter is seen in quasi-free 

processes. For the D(p,2p)n reaction one expects the following possible 

reaction channels: 

p+D ) P + D (1) 

) p + P +n (2) 

2 * (3) ) p + H ---J> P + P +n 

2 
l n+ He~ p+p+n (4) 

Eq~ation (1) represents elastic scattering, and~uation (2) the simul-

taneous break-up of a deuteron by a proton. Equations (3) and (4) 

take place via a virtual deuteron state, and a di-proton state, res-

pectively. It is the purpose of this section to investigate the 

kinematics of the reaction channels with three particles in the final 

state. 

IV - la. Simultaneous Break-up 

There are nine degrees of freedom associated with an isolated 
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system of three particles. Fortunately not all of them are independent 

variables. The laws of momentum conservation and energy conservation 

provide four equations relating the variables, so that five of them 

are independent. In the laboratory system it is convenient to choose 

the polar and azimuthal angles of two of the three particles and the 

energy of one of these two as the independent variables, and constraints 

are then imposed on them. However, mathematically there are two 

possible solutions for the dependent variables from the given values 

of the five independent ones. This will be described in more detail 

in the following section. In order to clarify this situation an 

extra variable, the energy of the other particle, was also measured in 

the experiments. 

The non-reiativistic three body kinematics has been weil 

documented (e.g. DXZ-64, AGK-66). Though the relativistic case is 

more complicated, it is straightforward. 

of momentum and energy 

3 
= E 

i=l 

3 
= E 

i=l 
E. 

1. 

Applying the conservation 

(5) 

~ 

where Po(p ,9 ,f. ) and EO are the momentum and total energy respectively 000 

..a. of the incident particle, PT(PT,9T, ~T) and ~ are for the target 

nucleus, and P., E. are those of the outgoing i th particle, one can 1. 1. 

solve for the dependent variables. For a coplanar reaction the solu-
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tion of E2 is given be10w in terms of Fortran notation; the incident 

beam direction is the Z axis. 

E~ 
2 

F = 

B = 

= -G ± J G2 
- 4FH 

2F 

G =-2CD, and H = 

2 2 
Po + Pl + 

2 
C = M2 + (Mor + Eo 

M; - 2 PoP1 Cos ~1 
_ E )2 _ B 

1 

D 

(6) 

The ve10city of 1ight, c,has been taken as unit y in the equations 

above. The values of P3, 93 and ~ 3 can then be obtained by substit-

uting eq. (6) into (5). It is obvious from (6) that there are two 

possible solutions. On1y those values which satisfy the 1aw of energy 

conservation are acceptable. The unacceptab1e values of E2 come from 

negative values of momentum a10ng the same direction as that of the 

positive ones. 

In the 1aboratory two detectors are set at a pair of angles 

to detect two of the three outgoing partic1es. If one plots the energy 

spectrum of a detector vs. that of the other detector, there will be 

six loci on the graph when a11 three partic1es have different masses. 

If two of the three are partic1es of equa1 mass, there will be two loci, 

and if a11 partic1es are of the same mass, t here will be on1y one locus 

even if the outgoing neutron cou1d be detected. Fig. 10 shows the loci 

12 11 
for different proton energies in the D(p,2p)n and the C(p,2p) B 
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FIGURE 10 



FIGURE 10 

Kinematic loci for the reactions D(p,2p)n, and 

12 11 
C(p,2p) B for different incident proton 

energies. Tl and T2 are the proton energies 

detected by two detectors set at 400 with 

respect to the beam direction. 
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reactions. 

IV - lb. Sequentia1 Break-up 

Reaction (3) and (4) on page t,..5 are two step reaction 

channe1s; neverthe1ess the momenta and energies of the outgoing part-

ic1es of these channe1s are still the same as those of the sim.ùA.taneous 

break-up. When the reaction takes place through one of these channe1s, 

there will be an enhanced yie1d on a particu1ar portion of the kine-

matic locus which corresponds to the appropriate interna1 energy of 

the two partic1es which are 1eft behind to form a short-1ived inter-

2 * mediate state, such as H of the reaction channel (3). 

The ana1ytica1 relations between the interna1 energies of 

various intermediate states and the basic kinematic variables cou1d be 

found from the conservation of energy and momentum. Consider a break-

up process which proceeds through two steps su ch as 

a + b i + ( jk ) 

i + ( jk ) ----; i + j + k 

(7a) 

(7b) 

where the values of i, j, and k are any permutation of 1, 2, and 3. 

For examp1e if i = 1, j = 2, and k = 3, (7) indicates that the 

partic1e detected by detector 1 is the first outgoing partic1e, and 

the partic1e detected by detector· 2 and the undetected partic1e (which 

is 1abe11ed as 3) are 1eft to interact for a longer time. Eq. (7b) 

represents the decay of the composite system. In the D(p,2p)n 

reaction, the outgoing neutron will not be detected. From the laws of 
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momentum and energy conservation, 

-1 - Pi + P'jk P + PT = 
0 

l 
(8) 

Eo +E.r = Ei + Ejk + Ejk 

one can easily write down the analytical form of the internal energy 

l of the (jk) system, Ejk' for coplanar reactions, 

= (9) 

...a 
In this notation Pjk 

and the total energy 

(Pjk, 9 jk, ~jk) and Ejk represent the momentum 

l excluding Ejk of the composite system (jk), 

respectively, and Mjk'MT are the masses of (jk) and the target. Because 

of the two solutions discussed in section IV-la., Ei3 and Ei2 will be 
. l 

doub1e-va1ued, while E23 is single valued. From eq. (9) it is a1so 

clear that every point on a kinematic locus corresponds to certain 

values of the intêrnal energies for different composite systems. 

If one knows the interna1 energy of a certain composite system, 

one can predict through eq. (9) the kinematic conditions under which 

the composite system can be observed most convenient1y if the reaction 

does take place via the reaction channel of this composite system. It 

is expected, for examp1e, that the internal energy qf a virtua1 deuteron 

is about 50 keV. To examine an experiment in which one of the two 

detectors is set at a fixed angular position, and the other detector 

is set at various angles on the (coplanar) reaction plane, a curve of 

Tf' the particle energy detected by the fixed detector, versus am ' 
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the movab1e counter angle for a definite interna1 energy of the virtua1 

deuteron can be p10tted. On such a graph, Tf will be con:st·ant when the 

first outgoing partic1e enters the fixed detector; otherwise Tf varies 

with 9 • 
m 

In Figs.11 and 12 such graphs are shown for the reaction 

D(p,2p)n at To = 100 MeV and 
o 0 

9f = 40.5 and 35.5 , respective1y. 

IV - 2. EXPERIMENTAL DATA 

The experimenta1 resu1ts are divided into two categories. 

One of them inc1udes D(p,2p)n reactions with small mean neutron energies; 

the other contains spectra of low internai energies of the singlet (n,p) 

system. 

The first category consists of two sets of data. In the 

first set are six coincidence spectra taken with one detector angle 

o 
fixed at 40.5 and the other detector set to various angles between 

300 to 500 on the other side of the beam axis. In the second are five 

coincidence spectra taken with one detector angle fixed at 35.5
0 

while 

th i d t moved from about 350 to 550• e oppos te etec or was The angles 

o 
between the two detectors were thus always less than 90 , so that the 

p-D elastic scattering did not contribute to the spectra and yet for 

every pair of detector angles the mean energy of the undetected neutrons 

was close to zero, as desired. Both detectors have a low energy cut-

off because of the materials which particles have to pass through in 

order to reach the sodium iodide. These cut off energies affect on1y 

o 0 0 0 
the two spectra with detectors at 40.5 - 30~5 , and 40.5 - 32.5 • 

The portion of these spectra which corresponds to low energy protons 

detected by the fixed detèctor and high energy protons by the movable 
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detector is still distinguishable from the background, and the spectra 

are chopped off at about 15 MeV in agreement with a calculation based 

on the range-energy relation (RM-54). Series of these two-parameter 

spectra are shown in Figs •. 13 and 14 with corresponding energy curves 

for the undetected neutron. It i8 apparent that the D(p,2p)n reaction 

proceeds preferentially at· small momentum transfer to the neutron, at 

least for those angular configurations shown. 

In order to predict kinematic conditions favouring the 

formation of a virtual deuteron one has to consult Figs. 11 and 12 for 

o 0 ef = 40.5 and 35.5 respectively. Fig. 11 shows that e ~ 600 and 
m 

·00 . 
the angular range 66 <: e < 72 should be kinematically faVO)El'able for 

m 

observation. However, due to the finite apertures of the detectors 

it is unfortunately not possible to separate the low energy tail of the 

p-D elastic peak and part of the 3-body kinematic locus for the deuteron 

break-up reaction, and the part of the locus obscured by the tail due 

to NaI interactions in the detector is just where one expects the 

singlet (np) system to be observed. Moreover on account of the angular 

o 
resolution of 3.5 at FWHM, 

o were taken for ef = 40.5 • 

1 63 50 d 75.50 on y spectra at e = • an e = m m 

The situation for ef = 35.50 is the same; 

o 0 spectra at e = 72.5 , e = 84.5· were accumulated. They· are shown m m 

on Figs. l5a, b, c, d, which include the internal energy curves as well 

as the energy curves of the outgoing neutron. 

All the spectra of Fig. 15 have a general feature: each is 

composed of two peaks, one centering around~ portion of the locus 

where the (n,p) intermediate system with low internal energy is 
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FIGURES 11 AND 12 



FIGURES 11 AND 12 

These are plots showing the regions of interest 

in the study of the D(p,2p)n reaction at 100 MeV. 

The curves labelled TM(MAX), Tf(MAX) show the 

maximum proton energies allowed by the 3-body 

kinematics in the movable detector and the fixed 

detector, respectively. The marked points in 

the diagrams are the locations of two body elas

tic scattering. 
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expected, and the other part has an enhanced cross-section associated 

with sma11 neutron energy. 

In Table IV-1 a11 the spectra are 1isted and a reference 

number is assigned to each •. 

TABLE IV - 1 

Sj2ectrum Number Detector An~le 1 Detector An~le 

1 40.5° 48.1° 

2 40.5° 42.5° 

3 40.5° 39.5° 

4 40.5° 36.5° 

5 40.5° 32.5° 

6 40.5° 30.5 ° 

7 35.5° 53.1° 

8 35.5° 48.5° 

9 35.5° 44.5° 

10 35.5° 39.5° 

11 35.5° 34.5° 

12 40.5° 63.5° 

13 40.5° 75.5° 

14 35.5° 72.5° 

15 35.5° 84.5° 

2 
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FIGURE 13 (a,b,c,d,e,f) 



FIGURE 13 (a,b,c,d,e,f) 

Two parameter spectra for the D(p,2p)n re

action at 100 MeV with detector 1 fixed at 
o 

40.5. The curves labelled E3 represent the 

kinetic energy of the undetected particle, 

(neutron), vs. El which is the kinetic energy 

of a proton detected by the fixed detector 1. 

The solid curvespassing through the loci 

are calculated from 3-body kinematics. 
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FIGURE 14 (a,b,c,d,e) 



FIGURE 14 (a~b~c~d,e) 

Plots simi1ar to those of Figure 13, but with 

o detector 1 fixed at 35.5. See the caption of 

Figure 13. 
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FIGURE 15 (a,b,c,d) 



FIGURE 15 (a,b,c,d) 

Two-parameter spectra for the D(p,2p)n reaction at 100 MeV. 

The curves 1abe11ed E3 are the same as those in Figure 13, and 
l 14. The curves label1ed E23 'represent values for the interna1 

energy of the (23) system when the particle detected by the 

fixeddetector 1 is the: first emitt~d partic1e. Simi1arly the 
l curves labe11ed E13 represent values for the interna1 energy of 

the (13) system when the first endtted partic1e is detected by 
l detector 2, and the E
12 

curves correspond to that of the (12) 

system when the first emitted particle is the undetected neutron. 

On each of diagrams l5c and d, there are two 3-body kine

matic loci; one be10ngs to the reaction D(p,2p)n and the 1ess 
12 11 

prominent one belongs to the C(p,2p) B reaction. Parts of 

the two loci on diagram l5d cannot beseparated. 
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CHAPT ER V. THEORETlCAL ASPECTS 

v - 1. IMPULSE APPROXIMATION AND SPECTATOR MODEL 

v - la. Introduction. 

In treating the scattering of a fast nuc1eon by a deuteron 

Chew (Ch-50) app1ied an approximation which has since been generalized 

to the scattering of an e1ementary partic1e by a comp1ex nucleus (CG-52). 

This approximation is ca11ed the impulse approximation. However, in 

al1 the ear1y papers it was used in a more specific sense, in that 

multiple scattering processes were omitted when the approximation was 

applied. For the ana1ysis of the experimenta1 data of proton-deuteron 

inelastic s~ttering at 145 MeV, Kuckes and his co-workers used the 

Born approximation to ca1cu1ate the cross-section derived from the 

specific impulse approximation, and obtained a simple ana1ytica1 expres-

sion for the differentia1 cross-section (KWC-61). The Chew-Low 

extrapolation was then app1ied (CL-59). This procedure will here be 

called the spectator mode1. In the paragraphs following, a brief 

description of the impulse approximation and the spectator model will 

be given. The original derivations, and detai1s of the approximation 

can be found in a series of papers contributed by Chew, Wick, Ashkin, 

Goldberger and Kuckes et al. (Ch-50, Ch-51, CW-52, AW-52, CG-52, 

KWC-6l). 

V - lb. Formalism 

Let the total Hami1tonian of the (p,D) system be H, and let 
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H be the "unperturbed" Hami1tonian i.e. the sum of K, the total o 

kinetic energy operator of the system and U, the nuclear potentia1 

energy. Mathematica11y 

H = H + V o 

H = K + U 

where V represents the interaction between the incident proton and the 

target. Adopting the Lippmann and Schwinger forma1ism (LS-50), ~'él , 

the exact solution of the equation 

H '!:'a.. = E ~a. a 

can be written as 

~a. = ~A + V !fa (~>o, ~~o) (1) =Il + ~1- Ho 

where ~" is the exact solution of 

= 

More specifica11y is the product of an incident plane wave in the 

incident partic1e's coordinates and a bound state function in the 

target coordinates. The matrix e1ement of the we11 known T operator 

is given by 

= = (2) 

between the initial state a and final state b. Its square is essent-

ia11y the transition probabi1ity of interest. From (1) it is evident 



-60-

that 

1 
T = V + V E +"I1-H a L \ 0 

. T (3) 

and with some algebraic manipulation of operators, (3) becomes 

1 
T = v 

Similarly for the free two body scattering 

( K + V ) 1'" = 

the exact solution +n is 

tw\ = 'X" + ------ V 'J1~ 'E11 + ., - K 

where '" ft is an eigenfunction of the kinetic operator T. The corres-

ponding t operator and its matrix are 

t 
1 

= V + V E + "ri -k-V V n 1.1 

and t = ( ~"" V ,/,,,, ) 
Dm 

The impulse approximation says that T in (2) is replaced by 

t, or fa is replaced by '1!i ,i. e. the transition matrix element becomes 

and 

because 

= ( ~Io ' t ~a.) 

= r. 
11\ IL , 

(4) 

~ m t III n (% n. ~a) = V i: dl' (." iL J 
' Il T" 1\ 1\ 1 ZAo 
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The physical meaning of the .approximated wave function ii is very 

clear: it represents the scattering of an incident wave by a wave 

packet of the free target particle, which possesses the srune momentum 

distribution as it does when bound in the deuteron. Under such an 

approximation, the other particle left in the deuteron behaves as a 

"spectator". If the neutron of the deuteron is a spectator, we can 

more explicitly write 

where 

'fo(K,f,) = Jf tir; ly; e -t(fl.·~"t f,.r~) <Po (;:-1\) 

'/';! ~(r./l.) represents the free p-p scattering. 
to,ra. 
~ ~ ~ are the momenta of the incident proton, the target 
l'., rZ. 1 -r, 

proton and the neutron, respectively. 

~ is the deuteron ground state wave function. 10 

Kuckes et al. used plane waves to stand for ~.!1'.,j (r., ra.) and ~j. the 
1:, 1 fJ, 

matrix element therefore was written as 

The cross-section in the laboratory system is then 

(5) 

which are the eq. (2) and (4) of the reference, (KWC-6l). The final 

analytic expression for the differential cross-section was expressed 

by them as 
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where El' E2' E3 are the kinetic energies of the outgoing particles. 

E is the kinetic energy of the incident proton. 
·0 

Ea = 2.226 MeV (the binding energy of the deuteron). 

E/3 = 59.8 MeV. 

(:~)free 1~~ = free p-p differential scattering cross-section in the 

CM system. 

Equation (6) was derived by use of the Hulth~n wave function and was 

done non-relativistically. 

V - lc. Assumptions 

Chew and Goldberger were able to separate the T operator into 

three terms: the first one is the operator t, the second term vanishes 

when U vanishes, and the third term is independent of U (CG-52). The 

third term vanishes when there is only one target particle instead of 

two for the case of the deuteron. lt is clear that multiple scattering 

is involved in the third terme The replacement of T by t means that 

the second and third terms are neglected, and this omission corresponds 

to three assumptions. The omission of the second term requires an 

assumption that the binding force has a negligible effect when the 

incident particle interacts strongly with the target system. The 

omission of the third term requires two further assumptions: 

l, the incident particle interacts strongly with only 

one of the two target particles at the same time, and 

~ This expression contained misprints in the original publication; 
these have been corrected here. 
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II, the amplitude of the incident partic1e is not 

.appreciab1y perturbed by the presence of the target partic1e other than 

the one which interacts strong1y with the incident partic1e. 

Rough1y the va1idity of the assumption concerning the binding 

force depends on the short "collision" time. This means that the ratio 

of the collision time to the period of the deuteron must be sma11. As 

a rough estimate of this ratio, one cou1d treat the high energy nuc1eon-

nuc1eon total scattering cross-section as "geometrica1" to define the 

scattering range, ;0 ,by Tfa.: r Tcot .... 1 For 

the ratio is about 1/10 at 100 MeV incident proton energy. Assumption 

l ho1ds when R, the average distance between the two nuc1eons of the 

deuteron is large compared to l' . 

which is considerab1y 1arger than 

of the incident proton at 100 MeV 

- -13 For the deuteron R = 3.2 x 10 cm 

-13 l'::=. 1. 1 x 10 cm. The wave 1ength 

-14 ( X = 4.2 x 10 cm) is a1so sma11 

compared to R; assumption II is then appropriate for a deuteron 

target. 

V - 1d. Chew-Low Extrapolation 

In studying how to extract information of the scattering 

cross-section for a collision between an incident partic1e and a 

partic1e which is contained in a comp1ex target system, Chew and Low 

(CL-59) pointed out that there is a second order pole of eq. (6) at 
Eœ 
2 

In this unphysica1 situation there is no binding effect 

so that there is no uncertainty in the replacement of Iv(po - P1)/ 2 

by the corresponding free proton-proton scattering potential. They 



-64-

proposed to plot the ratio of experimental differential cross-section 

to that of eq. (6) .vs. Ë3' and then extrapolate the curve to 
Ea 

E3 = -]: in the unphysical region. The ratio there should be unity. 

They suggested keeping the scattering angle in the center of mass 

system constant. As.this cannot be easily carried out experimentally, 

the laboratory angle 9
1 

was kept constant instead for the experiment. 

Moreover the counting 

extrapolation on 

d
2
<r 

statistics are not good enough 
d3~ 
dnt dU

2 
' so the procedure was 

to perform an 

carried out for 

The theoretical value of first must be integrated 

over the finite solid angles subtended by the two collimators of the 

detector assemblies; then the area under the theoretical curve was 
2 

.."...,._-=d..",r_ ) The ratio desired, R, is then the value o.f taken as 
dfi... dU 

-!. 2 theor. 

d
2

c:J .\ dU dU /theor. divided by the area under the experimental curve of 

1 d3~) Mathematically 
AEl ~nt L'lU2 exp. 

R = 
f f f 
1:, Alli 4Jla. 

J'~ ) 
"J.Il dE, d .n,dJ2~ t; J./l, .1. f!"eoy. 

f 
~ 

The average value of E3 was obtained by using as 

a weighting factor. The extrapolation was then performed by.extending 

the curve R v.s. E3 
Eo: 

= -]:". It is evident that to make the 

procedure feasible, the values of Ë3 must be as close to zero as 

possible. The effect caused by folding in the finite solid angles is 
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significant to spectra of a pair of angles whose sum is close to 900
• 

v - 2. THE GENERALIZED DENSITY OF STATES FUNCTION 

v - 2a. Introduction 

As mentioned in section IV - l, there are two possible types 

of reaction mechanism (s,imultaneous, and sequential) through which a 

comple~ target system can be broken up by an incident particle. 

Besides the transition matrix element, effects caused by the reaction 

mechanism also contribute to the reaction cross-section. For the 

purpose of interpreting experimental data their effects should be well 

understood. 

V - 2b. Phas'e Space 

Suppose that the probability of simultaneous break-up is 

proportional to the total phase space available. The phase space 

problem has been studied in some respects in detail (B-56, BQ-58). 

Here the differential phase space volume appropriate to our experimen~al 

set up will be given. Details ,are shown in Appendix B. 

The relativistic total phase space integral for three particles 

in the final state is proportional to 

where Eo' ET are the total energies of the incident particle and the 

target,respectively. 

El' E2' E3 are the total energies of the outgoing particle l, 2, 

and 3, respectively and Pl' P2' P3 are their corresponding momenta. 
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The integrand may be integrated over P3 and the magnitude of P2' giving 

the following result: 

The probability of detecting partiele l in the differ-

ential solid angled~ with a momentum between Pl and 

Pl + dPI' while particle 2 is accepted within the 

differential solid angle d02 is proportional to 

~ ~ ..... 
(Ea+ë~)+ E2. (l'''t-po)·ra. 

f{" 
(7) 

Ali the variables in eq. (7) are expressed in the laboratorysystem, 

and are relativistically exact. When eq. (7) is used in the analysis 

of experimental data, it is integrated over the finite solid angles 

subtended by the collimators of th~ detector asse~lies. However, 

it was found that the general features of a: phase space curve are not 

changed by this integration. 

v - 2c. Sequential Break-up and Density-of-Stat~Function 

Details of this section can be found in a number of refer-

ences (S-65, PGB-60, PGB-6l, SJP-67). Only a brief outline will be 

given here. The notations of (S-65) are adopted here. 

Consider the fo11 owing reaction, which proceeds in different 

ways, sequentially: 

* A + B-+ N ---+ C+ (D,E) ~ C+D+E (8) 

~ D+ (C,E) ---. C+D+E (9) 

~ E+ (C,D) ~ C+D+E (10) 
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The systems (D,E), (C,E), and (C,D) represent localized states of 

radius al' a2, a3 respectively, with internal energies El' E2' and 

E3' respectively. Phi11ips and his co-workers wrote down the cross 

section for reaction (8) as 

where fa (El' al) is the genera1ized density-of-states function. For 

systems which have on1y sh!l:Lp part:lc1e-bound state$of eigertva1ues E , n 

fa reduces to 

E <;; (E - E ) 
f'\ n 

For systems which possess a continuum state as wel1, they argued that 

the probability for the first emission of C, to produce a continuum 

state (D,E) is proportional to the probability that D and E be localized 

within a nuc1ear volume of radius al. 

states function:is defined as 

= 

The generalized density-of-

where N(El ) is the normalization constant of the wave function +' (the 

final state wave function of the relative motion for the (D,E) system) 

and /) - )!. R. is the usua1 density-of-states function. R is the 
r t> - "'1f 'k ~ l', 

radius of normalization for ~ • After ~ has been proper1y renormal-

ized, the genera1 form of the GDS function for the ~tk partic1e wave 
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is 

= 

regular and irregular wave solutions to the scattering equation of the 

(D, E) system, and 'Pt is the hard core phase shift. For a neutron

proton system with U(r ~ al) being independent of the energy 

where 

Il (E, 1 8.,) = 

j = U .v (El' 

oz,lit? ~, 
7{'À.:& fI. 

al) 

'$.',.,,;1. ( f.t r K, r) 
1(, y" 

When the complications of kinematics due to three equal mass 

particles in the final state and of different systems of reference are 

taken into account, the differential cross-section of interest is 

written as 

= 1 f Jo D ) H Ir HG K( 1 1 1 >1:& ~ A,,, (E" a, 41T:a.i:.,4 KA (UE)tÇE, H, ,+tf>}EtI J, 

+ f\'" fz (b, a. .. ) ~~~~~; 1< t f)-+ D, E~I tt,"ll\-t~ tA?I;l:r z (11) 

+ Pa;- f~ (EJ ~3) H}\Hé-Kz:. \<CCD)"tl- ~ltI.3If\-tB E~)llJ"J:( 
1 4-lI~"KI\ J ' 

where the angular distributions in the recoil two-nucleon system are 

k b 1 . . i ta en to e 4n - 1.e. 1sotrop c. J
l

, J
2

, and J 3 are the Jacobians 

for transformation from the two-nucleon recoil center-of-mass system 

(ReM) to the total center-of-mass system, (SCM) and JL is the trans-
222 

formation Jacobian from the SaM to the laboratory system. Al' A2' A3 

are the angular distributions in the SaM system. 
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The description above has ignored the interference between 

the various mechanisms and that between different ways of the same 

mechanism, i.e. the sequentia1 mechanism. 

v - 2d. Numerica1 Ca1cu1ation 

The genera1ized density-of-states functions were ca1cu1ated 

for the singlet and triplet neutron-proton systems for relative 

energies be10w 2.5 MeV. They are shown in Fig. 15, and 16. The 

phase shi ft needed was calcu1ated from the effective range theory 

(Be-49) • For an actua1 experimental spectrum there is a1ways some 

portion where the corresponding interna1 energies of an (n,p) system 

are too high to app1y the effective range theory. As some of the 1atest 

data on singlet and triplet nucleon-nuc1eon phase shifts (pe-67, Ho-67, 

KLJ-67, Br-67) agree with those of Ya1e's YRBI search (BHLP-60) and 

Ya1e's YLAN3 search (HLRB-61), the latter were used for high interna1 

energies and extrapolated back to the low energy region to match with 

the phase shifts ca1cu1ated by the effective range theory. 

The exp1icit forms for the Jacobians in eq. (11) are written 

be10w 
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where A = 

th is the momentum of the first outgoing i particle with 

respect to the recoil center of mass system of (j,k); 

(ijk) = permutation of (123) 

--p j_~ is the relative momentum of the (j ,k) system in their 

center of mass system. 

Ei _jk and Ej_kare the corresponding kinetic energies of Pi - jk and P
j

- k 
th 7: is the momentum of the i particle in the total center-

of-mass system. 

th is the momentum of the i particle in the laboratory 

system. 

C. 
&11 is the sum of the scattering angles of particle 1 and 2 

in their total center-of-mass system. 

~ c 
~~ is that corresponding to 912 , but in the laboratory 

system. 

More details of (12) will be given in Appendix C. In deriving eq. ( 12) 

some basic formula were used from (Oh-65). 
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FIGURE 16 



FIGURE 16 

Density_of-states for the sing1et neutron-proton 

system. The parameters used are shown in the 

diagram. 
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FIGURE 17 



FIGURE 17 

Density-of-states function for the triplet 

neutron-proton system. The parameters used are 

indicated on the diagram. 
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CHAPTER VI. RESULTS AND CONCLUSION 

All the spectra shown in Figs. 13 and 14 must be integrated 

over E2 to compare the experimental results with the theoretical spec

tator model predictions. The integrated spectra are shown in Figs. 

18 and 19. The theoretical curves have also been normalized to the 

same peak height of the experimental curves so that their shape can 

be compared· with those of the experimental results. It is clear that 

the spectator model based on the simple impulse approximation cannot 

reproduce the differential cross-section. The shapes of the theoret

ical and the experimental curve are much alike, except for a few pairs 

of angles, and the positions of the maximum values of the cross

sections do not exactly coincide. The shifts of the peaks are about 

2 to 3 MeV. In Table VI-l, the values of the full-width at half-

maximum of the theoretical curves and the experimental curves are listed 

for comparison. It is obvious that the experimental FWHM is always 

smaller than or equal to the theoretical FWHM. 

At first sight one might think that the energy shift of the 

experimental peak with respect to the theoretical one is probably due 

to gain shifts of the photomultiplier tubes and associated electronic 

circuits. If this had been the case, a larger experimental FWHM would 

have been expected rather than a smaller one for those spectra of 

smaller cross-sections. In fact the widths of the theoretical curves 

listed in Table VI-l are smaller than they should be, because the 

experimental energy resolution caused by factors other than finite solid 
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FIGURE 18 



FIGURE 18 

The two parameter spectra on Fig. 13 are pro

jected on the El axis and .shown here. Detector 
o 

1 is fixed at 40.5 , and 92, the angles of the 

movable detector arè labelled on the diagrams. 

The solid lines are the spectator model predic

tions into which energy resolution due to the fi

nite solid angles of detection h~ebeen folded. 

The dotted lines show the theoretical curves 

normalized to the same peak height as the experi

mental results. The error bars indicate only 

the relative uncertainty in cross-section - i.e. 

the error contributed by those variables which 

can differ from run to run with the same experi

mental arrangement. 
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FIGURE 19 



FIGURE 19 

See the caption of Figure 18. In these experi-

o 
ments, detector 1 is fixed at 35.5 • 

1 



6 6 

4 4 

2 2 

- 20 40 60 ,80 -'>. 
Q) . 1.6 
~ 

C\J 
. 's- 3 81f 44.50 ~=39·5° CI) 

.c 
E - 2 1.0 

W 
"RI 

rt)b ~ "C 
OC 
~ 
-C 

20 40 60 .80 20 40 60 80 

20 40 6Q 80 

E.I (M eV) 



-76-

angles of the detectors has not been fo1ded into the theoretica1 curves. 

The 1ack of agreement in theoretica1 and experimenta1 peak .positions 

was observed for the D(p,2p)n reaction at 18.2 MeV, 46 MeV, and 50 MeV 

incident proton energies (W-63, SV-66 , GK-64). The differentia1 

cross-sections at 18.2 MeV are at 1east 4 times smal1er than the 

prediction of the spectator model; those at 46 MeV and 50 MeV are about 

2 to 3 times sma11er; in the present work and that at 145 MeV (KWC-61) 

the experimenta1 values are c10ser to the predicted ones - i.e. 1ess 

than a factor of 2 sma11er. 

As mentioned in section V-1d, the Chew-Low extrapolation 

will be app1ied d2
tr instead of 

d3cr 
With this to d11. d0

2 dE1 d~ d02 
method we have better counting statistics~ and the inaccuracies 

associated with the quantity dE1 are e1iminated. The ratios of the 

d~ experimenta1 values of to the theoretica1 ones, R, are 
dOL d02 

1isted in Table VI-1. 
o The extrapolations for 91 = 40.5 , and 

o 91 = 35.5 are shown in Figs. 20-a and 20-b. Both curves can be 

extrapo1ated back to R =1 at Ë3 = 1.1 MeV within the experimenta1 

error, though the extrapolations are difficu1t due to the relatively 

long extrapolation distance compared to the experimental1y feasible 

range of E3. 
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FIGURES:,:20a, b. 



FIGURES 20 a, b. 

Diagram a shows the Chew-Low extrapolation for 

o detector 1 he1d at 40.5 , whi1e diagram b is 

o 
for 35.5 • The error bars indicateon1y re1-

ative uncertainty (as in Figure 18). 
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TABLE VI - 1 

Values of Rand widths of energy distribution for d3cr 
dE1 d~ dSl2 

9
1 92 R FWHM (theor.) FWHM (exp.) 

degree degree (MeV) (MeV) 

40.5
0 

48.00 0.666 12.7 12.0 + 0.5 

42.5
0 

0.618 13.5 13.6 + 0.5 

39.50 0.589 16.3 15.6 + 0.5 

36.50 0.550 19.0 18.4 ± 0.8 

32.50 0.539 21.2 18.8 + 1.0 

30.50 0.526 25.0 25.0 + 1.4 

35.5
0 

53.10 0.737 12.5 12.5 + 0.5 

48.60 0.671 13.6 13.7 + 0.5 

44.50 0.666 16.2 14.8 + 0.8 

39.50 0.607 20.5 20.1 + 1.0 

34.50 0.588 26.3 22.3 + 0.7 

In the two-parameter spectra of Fig. 15 (a,b,c,d) enhanced 

yie1ds are apparent on the portions of the kinematic locus where the 

values of E3 are sma11, ~d where the interna1 energies between the 

neutron-proton pair are 10w (See Fig. 15 a,b,c,d,). After integration 

over E2 they are shown in Figs. 21a, 22a, 23a, and 24a. In or der to 

exc1ude the effect due to the avai1ab1e phase space, the differentia1 

cross-sections or the number of counts are divided by the ca1cu1ated 
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phase space, and the resu1ts shown in Figs. 21b, 22b, 23b, and 24b, 

together with their phase space curves. Though the ratios thus 

obtained suppress the high energy peaks and e1evate the 10w energy 

peaks corresponding to the (n,p) system with 10w interna1 energies, the 

peaks are definite1y not ,wholly càused by'the phase space effect. 

The predictions of the spectator mode1 can only roughly 

reproduce the shap.e of the higher energy peaks on Figs. 2la, 22a, 

and 23a. The higher energy peak in Fig. 24a is due to two different 

reactions: 
12 11 

C(p,2p) Band D(p,2p)n. From the disagreement in the 

prediction of position and shape of the peak and the experimenta1 

12 11 
resu1t, it is very like1y that the C(p,2p) B reaction is the main 

contribution to the peak. Though the theoretical prediction of differ-

ential cross-section is not accurate, the genera1 trend of its depend-

ence on the movab1e detector angle is qualitative1y re1iab1e. The 

maximum value of the spectator model prediction for spectrum 15 

(Fig. 24a) is about one sixth that of spectrum 14 (Fig. 23a). There-

fore the hiSh energy peak of spectrum 15 is essentia11y dùe to the 

12 11 
reaction C(p,2p) B. 

The theory of the generalized density-of-states function 

deve10ped by phi1lips and his co-workers was a1so applied to these 

spectra (See section V-2c). It is not surprising that the theory 

cannot reproduce the higher energy peak for each spectrum at all, 

because in the calculation the effect of quasi-free scattering has not 

been taken into consideration by phil1ips et al. Besides this the 
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assumption of isotropie angular distribution of first emission in the 

total center of mass system is obviously unrealistic because the first 

emitted particle favours the forward direction in the RCH system. The 

predictions of the generalized density-of-states function shown in 

Figs. 22-24 are purely idealized calculations, for the experimental 

energy resolutions have not been folded into the theoretical curves. 

Except for spectrum 14 (Fig. 23) all the theoretical peaks occur at 

lower energies thari those of the experimental ones, and all of them 

show peaks much narrower than the experimental ones which correspond 

to low internal energies of the (n,pl system. The differences in the 

FWHM of the peaks could be lessened by taking the experimental energy 

resolution into account, but it is doubtful if the difference in the 

peak positions could be improved significantly by the same procedure. 

In summary the study shows 

(i) The spectator model can reproduce the shape of the spectra 

at forward angles. Quantitatively the prediction of the 

spectator model is higher than the experimental values of 

cross section. 

(ii) Final state interactions between a neutron and a proton were 

observed for an incident proton energy of 100 MeV. The 

theory of the generalized density.of-states function does 

not successfully reproduce the spectra where final state 

interactions were observed. 

However through this experiment the mechanism of the D(p,2p)n reaction 
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for various incident energies is clear. Since both the spectra 

featuring the spectator effect, and those showing the effects of final 

state interactions are observed at high and low incident·particle 

energies (e.g. KWC-6l, SJP-67, and this work), whether the reaction 

proceeds through quasi-free or quasi-sequential processes does not 

depend much on the incident particle energy, but is essentially 

determined by the reaction kinematics. 

Besides the theories applied to the experimental results or 

the modified Born approximation (GB-5l,WA-48), the final state inter

action theory of Watson and Migdal has also been extensively applied. 

Except for the high energy polarization experiments (e,. g. CS-57, TW-61) 

all of them have gained little success in the explanation of related 

information su ch as the scattering length of the two nucleon system 

(e.g. BA-67 , BW-68, MG-68). Such a situation indicates plainly that 

three-particle systems are too complicated to be dealt with by physical 

intuition. One should turn to some more mathematically exact theories 

of thesesystems. Recently two methods of this kind of theory have 

been developed. They are the method of summation of non-relativistic 

diagrams (e.g. KP-65) and the Faddeev-Lovelace method. (e.g. Fa-60, 

LO-64). However further calculations must be carried out, and 

applications to scattering experiments still await investigation. 
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FIGURES 21, 22, 23, AND 24. 

'. C.~ 



FIGURES 21, 22, 23, and 24. 

Diagram (a) 

Energy distributions of the differentia1 cross-sections 

are shown. The broken curves arethe predictions of the spectator 

mode1 norma1ized to the height of the high energy peaks of the 

experimenta1 curves. The solid 1ines are the predictions of the 

theory of the genera1ized density-of-state function norma1ized 

to the height of the low energy peaks of the experimenta1 curves. 

In the ca1cu1ation of the GDS function the fo11owing assumptions 

have been used: 

(1) The radius of the volume of nuc1ear interaction was taken 

as 2.5 x 10-13 cm. 

(2) On1y the s~ng1et interaction of the (n,p) system is con

sidered since the value of the GDS function is signific

ant1y sma1ler for the tt~p1et state than for the singlet. 

(3) The sing1et scattering 1ength was taken as -23.68 x 10-13 

-13 cm and the effective range taken as 2.7 x 10 cm. 

(4) The distribution in the two-nuc1eon center-of-mass system 

was taken as isotropie. 

(5) The distribution of the first emitted partic1e in the to-

tal center-of-mass system was taken as isotropie. 

(6) The matrix element of the reactions were taken as energy-

independent. 

The energy reso1ution has not been fo1ded into the predictions of 

the GDS theory. 

Diagram (b) 

The phase space avai1ab1e (~, broken 1ine) is shown, 

together with the ratio of the differential cross-section on 

diagram (a) to the phasespace, (sol id 1ine). 



-~ ~ 
:e 
1 

t\I 
. .,:: 0·3 

41) ..... 
.e 
E ,'-

-d 
'1:) 0'1 
...... 
b 

", 
"'0 

--.-C 
:::f 

o 

~ 

~300 .. -.-.e .. 
oS 
Q" 

'200 
. ë-t-

-0", 

c: 
-0 -
c: 100 
:t:) 
....... 

",b 
'1:) 

o 

10 20 

. -J-'---
..r..JI.r 

10 20 

( 0) 

30 40 50 

El (MeV) 

30 40 50 

El (MeV) 

( b ) 
iF' GO RE .. ' .. ~' 2 1 

8 1 =40.GO 

8 2 = 63.5°' 

60 70 

r, 
i 1 
! ,. 

1 
1 

1 1 

i 1 , , 1 ,.""' ,. 
1 

. __ f -

..,. ~_.r- J." 

ï 

60 70 

80 

4 

-3:~ 
C 
:::f 

~ ... 
2 0 ... -~ .. 

0 -
I~ 

. 80 



-> 0.08 
cu 
::!: 

1 
N ... 
~ 0.06 en ...... 
..0 
E -t= 
"0 0.04 
N 
~ 
"0 

c: 
~ 0.02 
...... 

."b 
"0 

0 

-=160 
c 
=-
>0\ ... 
~ 120 -".-.0 ... 

"0 -~ 
a= 
"0 
N 
~ 
"0 

o 

10 20 

10 20 

(0) . 

8.= 40.5 0 

82 ::, 75.5 0 

.... 

'.30 40 50 60 

El ( MeV) 

30 40 50 60 

El (MeV) 
( b) 

FIGURE 2 2 

, , 
\ 

\ 
\ , 

70 

• , 
• 

70 

1 , , 

80 

4 

--3"ë: 
::s 

~ ... 
o 2; 
"-oC ... 
o -

I~ 

80 



-en 
" 0·2 ..a 
E -

o 10 20 

--o-
C 
:1 

>-
~150 .. -.-... 
o -Q.. 
,,10 .... -
'0 

N 

c:= 
'0 

50 
-- .. r-· ,..-.. -re-' ,. ., 

,--
r- J ... -. , . -' 

o 10 20 

( a ). 

81 = 35.5° 

82 =72.5° 

, 
/ 

, 
, 

/ 

1 

1 

1 

1 

40 50 60 
(MeV) 

40 50 60 
( MeV) 

( b ) 

FIGURE 2 3 

1 

. , 
1 , 

1 ,. 
1 , 

, 

70 

70 

. . 
, 
\ 

\ , 

1 , 
1 
( 
\ 

'1 

· 80 

"'-1 
1 
1 , 

4 • • 

· .- .. 
1 

3 

--C 
:1 

>-.. 
0 .. -.-2.a ... 
0 -
Q.. 

80 

.. 



CI) 

f
Z 
~ 
o 
u 

o 

-~ 40 
c 
::1 

>a 
~ 

o 
.:: 30 
.Q 
~ 

o -~ 
" 20 CI) 

f-
Z 
~ 

o 
u 10 

o 

10 

10 

20 

\ . 

20 

( a ) 

, , 

30 40 50 
El CM eV). 

..r..,..._r -t-

.,. ... - . 

30 40 50 
El (M eV) 

( b ) 
FIGURE 24 

.8== 35.5 0 

8= 84.5 0 

,- -
~' \ 

, 
~ 

~ 

,,-
~ 

60 

,r-'--
r-'"" . 

r...r-

60 

70 

.. , .. , 
t • 
• 
1 ...... 

,. .f 
.r.J 

70 

1 
1 . 
1 
1 
1 

• , 
1 

• 1 
• 1 . 

80 

4 

-3.~ 
C 
::1 

>a 
~ 

o 
2 ~ -.-.Q 

. ~ 

o -
IQ,. 

80 



A-l 

APPENDIX A 

RELATIVISTIC DIFFERENTIAL CROSS-SECTION TRANSFORMATION FOR A TWO-BODY 

SYSTEM. 

The relation between differential cross-sections in a center-

of-mass system and tbjse in a laboratory system has been discussed by 

many authors (e.g. WY-63). Though the derivation of the transformation 

relation is straightforward, many have arrived at an incorrect expres-

sion for it. In the following the transformation Jacobian J, in eq. 

(1) will be expressed in terms of kinematic variables of the center-

of-mass system and of the 1aboratory system. 

dO'" 
dn 

-= J d! = 
dn 

(1) 

The method of the reference (WY-63) will be adopted here. A11 the 

"bar" variables are in the center-of-mass system; those without "bar" 

are in the laboratory system. The ve10city of 1ight, c, 1s taken as 

1. ~q. (1) is then the relation between a differential cross-section 

in the center-of-mass system and that of the laboratory system w1th 

J 
dO = dn = an 

+ ~n ,E 
an ,,;lE <in 

(2a) 

-1 dn 
J = ....... 

dn 
an + ë!'n ~E -- -=- 31i ~n aE = (2b) 

where E and E are the total energies of the scattered particle in the 

CM system and the LAB system, respective1y. Because in the CM system 

E does not depend on the scattering angle ë , it is more convenient 
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to work on eq. (2b) rather than eq. (2a). 

= = d Cos 9 
d Cos ê 

Eq. (2b) then becomes 

(3) 

If eq.· (2a) is preferred, one mlst not drop the second term of eq. (2a) 

because E is a function of 9; this is the point most often overlooked. 

The law of conservation of momentum states that 

-=- ~ ~ ~ 
p + PT 

.- 0 = p + pl (4a) p 

-"' ~ - ~ -" p + PT = P = P + pl (4b) p 0 

where . Pp' PT' "P, pl are the momenta of the projectile, the target, 

the scattered particle~and the recoil residual particle 

in the LAB system, respectively. 

-P is defined by (4b) and its corresponding total energy is 
o 

E • o 

--v = 

.... 
p 

o 
E o 

(5) 

The direction of P is chosen as the x-axis, so that the transverse 
o 

direction is y-axis, for this is the coplanar problem. The Lorentz 

transformations of momentum and energy between the two coordinate 

systems are 

p = y (p - VE) 
x x 

- (6) p = p 
y Y 

E = Y (E - vp) 
x 
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p = y (P + vË) x x 
p = p 

y y 

E = Y (Ë + vP) x 

with 1 y = 
) Vi 1 -

(i) Express J in terms of variables in the CM system. 

By the use of eq. (7) 

Px 
Cos e = P 

= 
y (P + VË) x 

= y( Cos e + V E/P ) 

(7) 

jSin2 ë :+- y2(Px/P)2 + y2(2Px vE/P2)-f\lv2(E/P)2 

= Cos ë + l 
J - - -2 2 2-

1 + 2 f Cos e +! - V Sin e 

= Cose +1 
,Ir 

Substitute (8) into (3) 

= d li + i 

- V with.f = = 
V' 

- P , v =-
E 

(8) 

dii )1 + 2jii + j 2 + v2(l-ii2) 
where li = Cos e 

(9) 
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The exp1icit expression of (1) in terms of variables in the CM system 

is then 

= .Jd G" 
dn 

der 
dn 

(ii) Express J in terms of variables in the LAB system, 

Simi1ar1y by using eq. (6). 

Cos e - )'P2 + p2 
x y 

with \1"= P 
E 

j= V 
V 

(10) 

= Cos e -f 
,lA 

A= 
2 

1-2/ Cos e +.f -

(11) 

- V VE .-L (1-V v Cos e) (12) f = = = v ,lA y p fA 
A= 

_ - - 2 
1 + 2.f Cos e + f _ V2 Sin2 e 

= 
(1 _ V2)2 

(13) 

Substituting equations (11), (12) and (13) into (9), one obtains 

-1 
J 

dn 
= dTI = 

1 + jij 
y 2X?12 

= y2 A1/2 (1- f Cos e) 

J = 1 

y2 A 1/2 (l-.f Cos e) 

(14) 

(15) 

V
2Si;e 

The explicit expression of (1) in terms of variables in the LAB system 

is then 
1 

(16) 

y2 Al/2 (1 .. f Cos e) 
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APPENDIX B 

RELATIVISTIC PHASE-SPACE CALCULATION-

The following notations will be adopted for this appendix 

Eo'Err = . Total energy of the projectile and the target, respectively • 
.....l ~ 
Po'P

T 
:: The 3- momentum of the projectile and the target, respectively. 

El ,E2,E3-Total energy of the outgoing particle l, 2, 3, respectively. 

Tl ,T2,T3=Kinetic energy of the part-icle l, 2, 3, respectively. 

iPl ,Jt2,FJ-The 3- momentum of particle l, 2, 3, respectively. 

The velocity of light, c, is taken to be 1. All the variables above 

are subject to the laws of total energy and momentum conservation. 

Total phase space Of II/ (Eo + E.r - E~ - E; - E; )x _ 

where f(P~) = 
1 • 

E + E - El - E2 -o T 
..... ....1 _1 2 

(p - P - P ) 012 

By use of the relation 

eq. (2) becomes 

ffl! pl 
2 - --E2 

df l 
dPZ P2 

Pz + Pi Cos 91 2 - Po Cos 

E., 

(1) 

(2) 

(3) 

(4) 
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-.l ~ 

Whenever Pz = P2 the laws of total energy conservation and momentum 

conservation should be satisfied, and the total phase space integral 

can be written as 

(6) 

where 

(7) 

= 
El 
Pl f (Pl' ~, {l2) 

El E2 E3 Pl P2 (8) 

Equation (8) is the differential phase space needed in section V-2. 

In order to compare the shape with the experimental data f (Tl,~,n2) 

has to be integrated over the energy increment ~l and the finite solid 

angles ~ and 6n2, i.e. 

(9) 
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APPENDIX C 

DERIVATION OF KINEMATIC JACOBIANS 

Consider a two-step reaction non-re1ativistica11y 

a + b ~ i + (jk) ~ i + j + k 

in two kinds of coordinate frame: a coordinate system (abbreviated 

as the U system) which moves uniformly, and a coordinate system called 

the recoil center-of-mass system (RCM) which is the relative coordinate 

system more appropriate for the reaction above - i.e. the i
th particle 

is first emitted. The notation (i, j, k) stands for any permutation 

of l, 2, and 3. The schematic representations of the U and RCM 

systems are shown below for the case of (l, 2, 3). 

J 

" 
ReM system U system 

Some of the relations between the two systems are 

-l 

S. 'k 1-J 

..... 
S. k J-

~ ..... 
.... 

= T,-
1 

m, Y', + m 'f::
k J J K 

= 

, 
J 

(la) 

(lb) 
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mi (m. + ~) 
Jli _ jk = J M= m. + m. +~ l1 , 1 J 

IIl. ~ 
11. k = J 

J- mj~ 

where ~, m2, and m3 are the masses of the three particles, and 

11· 'k' 11. k are the reduced masses. 1-J J- . 

In particular there are two different coordinate systems 

which belong to the category of the U system. They are the total 

center- of-mass system, (SCM), and the laboratory system (LAB). For 

these P = 0, and p= PT' respectively, 

-" p = 

where i?o and PT are the momenta of the projectile and the target, 

respectively. 

(lc) 

(ld) 

(2) 

In section B-2c (eq.ll) the laboratory differential cross-

section i8 derived from that in the RCM system: 

~(i) 

RCM 
= 

Following the notation in 

·Jacobian which transforms 

(J = c 
SCM dEl 

section V-2c, J. (i = l, 
1 

cr-: (i) 
RCM to the SCM system, 

d3G'"" (i) = cr 
d~c dQ c 

2 RCM 

(3) 

2, 3) is the 

i. e. : 

Ji (4) 
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More explicitly 

and JL is the Jacobian which transforms (JSCM to ~AB 

a-LAB 
d3cr 

J
L = 

dE" dOl dOl 
1 1 2 

(5a) 

c o c 
°2

e
) ô(El ' 1 , 

JL = 
l ni ' °2A.) o(El ' 

(5b) 

For the case in which the particle detected by detector 1 is 

first emitted, the Jacobian J which transforms ~~ to a U system is 

derived in the following way: 

From (la) and (lb), one obtains 
~ 

~ 
dS

l
_

23 111-23 ....l 111-23 ..l ....l 

Pl - 23 = 111-23 = Pl (P2 + P3) dt ~ m2+m3 
(6a) 

~ 

~ 
dS

2
_

3 112-3 ~ 112-3 -' 
P2- 3 = 112_3 = P2 - --P dt m2 ~ 3 

(6b) 

and then 

..... ->. -" ->. 

dP
l

_
23 

dP
2

_
3 = dPl dP2 (7a) 

i.e. dP
2

_
3 

d0
2

_
3 

By use of the relations 
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one ob tains 

J = dt fl-l~, .J11-23,Jh-J ) = ml ?,"B2. d'f2 
;;I(J;.,J2" .. Sb.) ).<,-~,r,-.z,.3r;"3 d. fz.-.s 

(8) 

From the square of (eq. 6b) 

= (9) 

then 

wifl! A= (10) 

.... 
If the U system is the SCM system (P - 0) 

(11) 

c where 9
12 

is the angle between the momenta of particles 1 and 2. 

If the U system is the LAB system 

(12) 

then 

T ::. d(t/,Il.~"fli)= aCf.,c,Sl.',ll;) 
L ';>(E/,,,.rz\IIJl.~) à)(E-'-23"n'-~J,.nl-j) 

= (13) 

Similarly for the case in which the partic1e detected by detector 2 is 

first emitted: 

From the relations 

= (14a) 
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(14b) 

(15) 

one can write 
(pc )2 c dpc 

~ Pl 2 2 ....l 

J = with P = 0 2 2 .. 
P2- 13 Pl - 3 Jl2-13 

dP
l

_
3 

c c 
Pl P2 M 1 = 
Pl - 3 m2 1 c c 

P2 
c 

A + Pl Cos 912 

(16) 

For the case in which the undetected partic1e is first emitted: 

From the relations 

(17a) 

-.1 1 -... -l 

P2-1 = (ml P2 - m2 Pl) 
~ + m2 

(17b) 

.....l -l -10 .... 
dP

3
_
21 

dP
2
_

1 = dP1 dP2 (18) 

one is able to write 
c 2 pc dpc 

J 3 

(P2) 1 ~ 2 = 
P3- 21 Pi-1 Jl3-21 

dP
2

_
1 

M pc (pc)2 
1 1 2 (19) = 1 in3 c c c 

Cos 9~2) P3 P2- 1 ~i-m2 
(~P2 m2P1 
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APPENDIX D 

COMPUTER PROGRAMME FOR CALCULATION OF GeDe S. FONCTION 

The computer programme presented below is for the calculation 

of the prediction of the generalized density of states function. It 

consists of a main programme and five subroutines. Their functions 

are listed here: 

Main 

Subroutine KINEM3 

Subroutine INTENG 

Subroutine LABCMT 

Subroutine J2JL 

Subroutine DOSPN 

Controlling the input and out information 

Three body kinematics 

Internai energy curves calculation 

Kinematic variables transformed from the LAB 

system to the SCM and RCM systems 

Calculation of the Jacobian J 2JL in Appendix C 

Calculation of the function f in Section V-2 

The meaning of the input variables and some of the output 

variables will be given below: 

ZMOA Mass of projectile in AMU 

ZMrA Mass of target in AMU 

ZM1A Mass of the particle detected by detector 1 

ZM2A Mass of the particle detected by detector 2 

ZM3A Mass of the undetected particle 

TO Kinetic energy of the projectile 

AMUGM The ratio of gram to AMU 

AMlJMEV The ratio of MEV to AMU 

ERGMEV The ratio of MEV to erg. 

HBAR h: 



AG1D 

AG2D 

EX 

RPSPN 

ROSPP 

ASPN 

ASPP 

A1PN,A1PP 

E1PNS 

E1PNT 

E1PPS 

Tl 

DELT 

T2+ 
T2-

T3+ 
T3-

E123 

El13+ 
E113-

E112+ 
E112-

AG3+ 
AG3-

XN+ 
XN-

D-2 

The angle of detector 1 in degrees 

The angle of detector 2 in degrees 

The excitation energy of the residual nucleus 

Effective range of the singlet (n,p) system 

Effective range of the singlet (p,p) system 

Scattering length of the singlet (n,p) system 

Scattering length of the singlet (p,p) system· 

Radius of nuclear interaction volume 

Internal energy of the singlet (n,p) system 

Internai energy of the triplet (n,p) system 

Internai energy of the singlet (p,p) system 

Kinetic energy of the particle detected by detector 1 

n,p scattering phase shift· 

The two solutions of the kinetic energy of the particle 

impinging on detector 2 

The two solutions for the kinetic energy of the 

undetected particle 

Internai energy of the (2,3) system 

The two solutions of the internai energy of the (1,3) 

system 

The two solutions of the internal energy of the (1,2) 

system 

The two solutions of the angle of the undetected 

particle 

Two branches of prediction of the differential cross-

section by the Generalized density~of-states function 

in arbitrary units. 
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. c:. READ' (S-.1041RO SPN,ROSPP" . 
i04·fÔRMA:t'coio~3::tloX·,bl·(j~3j.·.·:· .... 
. "R' "E"A"D: '("5'''' .,1'.0'.5 ,'A"S' ·P·.N·:A···S· p' 'P" .'" 

. . '...., .' . .'... 
l6~FORMAT1D.ll.3~9X~01~~3) 

REAO ·t~,î06) A1PN,AIPP. " .' .. ' 
. 10.6 FORMA:T" (010~3,10i)( ,010'. 3L 

REAO 15, 10?) l'N'~cN: . . ... 
107 FORMAT( 215','" ..... 

DO 7001 =1 ,1 N 
TUI·)=O.O· . 
j;'2P ( 1 )'=0.0 
'SQP~pJI )=0.0 
. BA SE3P (1) ;::0.0 
BPHI-3PUl=O.O 
P 2N U1=:0. b .' 
SQi> 3N « Il =0.0 
BA SE3N (1)=0.0 
BPHI3N' 1) =O~ ,0 
C2( 1 )=0.0 . 
C lP (.I )=0.0 
CINU )=0. è 
C3P fI )=0.0 
C3N(1)=0.0 
P3P(I)=0.0 
P3N (1' =0. 0 
EI23(1 )=0.0 
T2P(I'=0.0 
El l:3P (I ) =0. C 
EI12P(I)=0.O 
AG3DP(I)=0.O 
T2N (1 )=0. C 
EI13N(I)=0.0 
EI12N(I)=0.C 
AG3DN(J )=0.0 
T3PU '=0.0 
13N(I)=0.0 
P2PC( 1 )=0.0 
P:lC 3N ( 1 ) =C. 0 
AG 1RC (1) =0.0 
AG2RNC (1) =0.0 
PU2NC CI ) =0. C 
PHI'=O.O 
Q12CI )=0.0 
Ql( 1 )=0. C 

.... ',-' 
"'\:-.. 

.. :~, .. ,. . 

:.:" .',' 

. ... 

-' .... : .... 

. ". '. 

';,'; 



·····.e 

" "'''-~·~~+P_-'~~,~-. '_" ',. " __ ."',_' 
. ":'. ~ , 

'. ···-:.MAIN> . 
. '.:~ , . ~" 

"' '\ .:". ',;'.. ,::: .' 

'.. ,92():~7()!.:9· .. -",' 
" AG2~p:ÇtlJ :;::.0.0 . 

Q3U )=0.0, , 
Q4CI '::;:;0.0 ' 
AG3RPC,;( f)~o.~() ....... 
AG3RNtTI)=0.O,- ., ..... 

'C;} 5(1')=0.0" " 
•.. (,) 6 '(. r:f=()~o,·. .'. 

,Ql(Il=.Ô.O·· . 
. ·9,8.~ IJ.70~,0· 

Q9(l)-==,0~0 
., ;P:iC·,3P~(:;.{..:f~~:o·.· Cf:"' ,". ' 

P2b3Piil·.:':;0. '(r' 
P2C3NC l'}=o~é 
Q'l C( 1 l:=O~O 
Q 11.( 1)'=0.·0' 

'. pUlcel t~o~o 
\l3NC ( 1 i'·~o~o: ' . 
FlrIJ::O~:O"'" 
GÙll=O.O 
F2P (l r=o~o. 
F 2Nfl ).=0 .• ,0 
G2P (1')=0.0 
G2N (1'=0.') 
P 2NC(i l=O ~ 0 
F 3N( 1 )=0.0 
F3P (l )=0.0 
G3N( 1)=0. 0 
G3P ( 1 )f=0~0 
R2N CI )=0.0 
S2N(I)=0~0 
U2NU ) =0.0 
J 2JlN (1 ) =0. ci 
R2PU )=0.0 
S2P (1 )=0.0 
U2P CI )=0.0 
J2JlP(I)=0.0 
THO( 1 )=0.0 
DEL TR CI·) = O. 0 
P(I)=O.O 
ElAB (1 )=0.0 
DEl(I)=O.O 
PD ( 1 ) =0.0 
XN 2N ( 1 ) = O. 0 
DD(lI=O.O 

100 CONTI NUE 
READ (5,108)(11(1) ,1=l,IN) 

lC8 FORMAT( 10F7.2) 
READ (5,112) (DEL TU) ,1=1 ,f\a 

112 FORMAT(10F1.2' 
C=2. 9c;l1C;3D1 0 
AA=DSQRT«TO+ZMO)**2-IMO**2) 
V=AA/(TO+ZMO+ZM1) 
VCM=V*C 

. . . . " '. ~: '. ": 

'-, "", 

1 .,.,;. 

.',.' .. 

',', 
,./ . 

. :"~'. 

," "' .. " 



AN,. IV G LEVE~~ .. : ... .'.l. ".';., .M.~,OO· 1 .·•· .. <·,·'.:,/'::.\';::":,~~IN: >.:;//",::"." " DAT'E: =': 6S'20~'':'i 
_ . .... -, . ,," ~ ... '.~ .. , .'-

. , . ';:'. . ~ ,,".:' '''.',: ' "', . ,;~. :'.:. ,") 

. ',' 

i:,-, '.", ,"., ·.Ii::i.60~,co,+;6,i(r':·,~'0::. "."':'-' , .:' '. "':' 
... RE AD: '(5:,:109JE'1P',NS ,E1P NT .E<l·PP$· ./ 

·'J.:09"i=ORMAT'f3F7.,3J'.: ",.,'. ..... ",':',-: .. :. 
'.' 'XMUPNG'~ZM1G* (ZM3'GI'I'ZMIG+IM3G'») , .. , 

XMUPPC;=ZMlc;*·('Z'M2SltzJi(1·G+ZM2G)::)···· 
E 11=È 1,éNS .;. \:;~F;{';',>~:·:<.,·,::;, : '.'<': ::.:.. . " ..... , 

".: WRITE(6,606)AGIJ~,AG2R.AG .... ... ' .' .' ,; " .' '" .. ' . 
60'6 'FORMA t (.lH:~1P"O.l3.5:~5H'~A.Gllf:,013~~5:j5H=:AG2R ,Ol·3;~'5;:3'H=AGJ. ..•.. . 

"""'ioj ~F~:~!i~ ~ Ht~ ~~~~i:~:p,'~,p ,1:ci~~. p ,B'~'S E~P:'~'P~I~:~;,'~:;N ,$ ~P3N, B~$ E 3N, BP ~ 13N, '. ) .,'·F, 

:·,~"·;g~l~i~;i.~~~il~,;;;:>~:'.;;'.;'~,: . ' .. '. ,o:,:'~,:;':.".. '. ..,',: ,' .. ' ',::':,',..." '.' :';> .:: .. . ~·:/(~:/:V: .. ::·~:;?+,,: 
... 'WR ITEl6,60a', TICIl,P2PUJ" SQP3,PUJ .. ,BAS.E3 pefI 1:,:BPH;l3P(,I.)·,,'P2Nlt.J:,\SQP3N' .:. 

..UI l BA SÊ3N(T}<.BBH'13tHt):>,'::'· ',.0.:::"" .. :'-." . "':' ·;':,:,t:··::~:/ 

·6o.6FOR~A·t('lH·~F8,r(3;:;(lP013.5) ~2 (iPE13~5:) ,,et(lPO'ii-.';ll"·· ". ,," ':r 
'610 CONTrNUE .. ;' ." . . .. ' 

.~' ":WRl"re'( 6~6:0C;;'Y': ." ...., . '.' .,,"',., ...... ,'."". ,.".' . ':·!,i:,,:<.~;ff 
609.~gR~·~1(t~~:t~HTl ,C2·~.CI ~',ël~~~C3r~C3~,1~f:f~P2 ~",P:2~",P3P,~3t{) , ' .. ' " ',.).: 

. . '. .' ."", "" .... , . '.::", "",', :.:. 
"'C-",l,-'" l'NTEN~ . ('.'"" '." '. .' ......... _ " " .. ," ' .. ".. ~) ... :.:.:'.:,.t' ...... , .. ,< ..... >.,) 
.. WRI TE( 6., 612) 11'(lr ,C2 (Il ~C1P( Ir~Cl'NC l' ~ C3P(:I),,:C3N(I)·,P:2P(,IhP 2N:tJJ}<::'::~ 

. Ip3P(I),P3Nff). ,... ...... ,. , " . ';,'.;/; 
612 FORMAT(IH ,F.~8~3,9'(11l013.5))., ......... ':.",: 
611 CONTINUE . ' .. ' :' .:/~: 

wR IlE( 6,116) AG 10 _EX . '. . . 
116 FORMAT C 1H1.; 7HTHE TA1~ ,F6. 2 ,5X , . 5X'3'HÈX=,FS.4,'5X"SHO(P,2P,N ..... >~ 

WRITE(6,li1rAG2D,ell ' ':.' ... ' ". " "" .. , 
111 FORMA T (1H ,7H THETA2= ,F6·.2 ,5X,16HI NTERNAL·ENER~Y="F7.3,i 5HfMEV rf, ,',: . 

. WRITE (6',11S" . . .. . . . ..' ;'. .., ..... . ... 
lui FORMAT( 16X ,2HT1 ,SX,4HEI 2.3 ,6X ,3HT2t,7 Xt5HEl13&~5X, 5HEl12&:,5X,4HAG3t 

1, 6X, 3Hl2-, 7X, 5HE r'13~ ,5 X ,5HEI12- ,5X ,4HAG3-~5X"t3HT3'&~1X, 3HT3..::.)· .. ." 
00 119 1 =1,1 N 
IF (ROOTtI)120,121,121 

120 WRITE(6,122'11CI) 
122 FORMA1( 10X,F10~3 ,9.(6X,4HI tI,AGJ' 

GO Ta 11~ 
121 WR 1 TE ( 6 , 123) Tl (I , , E 1 23 (1' ,T2 P (I , ,E 113 P ( 1 , ,E 112 P ( 1 ), A G3 0 P( 1),1 2N ( 1 F . 

1,EI13N(I),EI12Nfl"AG30N(I),T3P(I"T~N(I' 
123 FORMAT (10X,lZFIO.3' 
119 CONTINUE. . 

WRITE(6,124' ZMT,Zftt.a,ltll ,ZM2,IM3,TC 
124 FORMAT (lH ,4HZM1= ,FI2. 5 ,6 X ,4HZtlO= , F12.5 ,6X, 4HZM1=, F 12.5, 6X,4HZM2= . 

1,Fi2.5,6X,4HZM3=,F12.5,6X,3HTo=,F12.3) 
WR 1 TE ( 6 , 131) 

131 FORMAT(lH1,39Hl1,P2PC,P1C3N,AG1RC,AG2RNC,PU2NC,Pl,P2N) 
WRITE (6,613) 

613 FORMAT(lH ,5X,42HQ12,Ql,Q2,AG2RFC,Q3,Q4,AG3RPC,AG3RNC,Q5;Q6 
WRITE(6,614' <-

614 FORMAT(1H ,10X,44HQ1,QS,Q9,PIC3P,P2C3P,P2C3N,Q10,Q11,PU1C,V3NC 
WRITE(6,619) 

61~ FORMAT(1H ,30HF1,Gl,F2P,F2N,G2P,G2N,F2P,P2NC) 
WR 1 TE ( 6,621) 

621 FORMA1(lH ,lSHF3N,F3P,G3N,G3F) 
DO 130 I=I,IN 

) 
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... ;. ",:: . 

.. GL EV EE. · .. ,.·1·.·.,· ,'. ·MOO "1 . .: ·:':":'0' '1:1"0'1:1' '1 '4' , ': , .. ,", .. : ':':}'" , ", 'J'". .:"!: .. ~.: ....• ;' .. . . {~." "':. ~J:.'.'~',', .>.,' . .": ::"-.. .," < . ," :."',' '.",. ',: :. . ... ,: ", " .... ~"'. '.~', _ '. "," . ." 
, . . '... . " ..•.. , •... :'.~:" .... . '". . - . " of ..... -' :,., ;'-' •. ;!:. . 

, ·,:';';::FA,'tL"l.:~~'C~T:,:}:;".,/:;>:, . ; .i, .... ';:--;:~ .' ............ ::; .. /', >",.<:::,,::'''''~'''' .' .;.::" 
. <é";":'" ·:.'.,·WRI-Je ({)~,,1;32lTl(ll'P,2PC(ll·iPl'C3'N(I,:,:,AGl~C( 1 . .)7·AG2~NCfIJ, PU2NC(,!J., .. ' 

: ..... ~~,~i5.1~g!~~~!i1!~~1~mH~}~~,2[~~·(·5.;r.:Gii~C(.11:' 9~!:~.,.Q4tJ~~;~3R~êtVf, •.••..•... 
l' ':',' ":,WR'tTJ:( 6~·616}Q7"ll"~,;Q'à·(·ff:·~·Q9:(,:î:J':'.P.ïC3 PC 1.' ~.·P2C3 P( J,.),'P2C3,N(~lhQîO(l;)iç,i:' '.' 

.,:'; flIll')·~PU1~,(()~~V~N.~tfJ,:,:/·;·:/>·;:;:·~:·~· , '. " ... '.' ...... ' ' .. > ' ., .......... ':"<"_:~ .;, . 
-616, FORMAT(lH,~SX;10:n'PD12~4.l:r,: '." .' .. ' < :. . . " ,,' .. ... : ...... ',' 
' .... :;".: . ~RITE:(,6 ~~~0.',F.fù.;f:'~(,7,Ïj,y;:J:;~f2PfiI"':F,2N(.I' ,G2P( 1 l,G2N ( . .1 ), p·2P(rl·~p,2~C;(iJ7 
·620·'.FOR.MA:~r(lH ,8)( .,Bt l,P.Ôl2:.4.) l>~:: "",:. . ...... ;' .'. . ...... , •... '. . . '.! '. . . .! §:.: 

" .. ",; -: WRITE ~'t.'~ 622)F3N (l;).'~:e'3P(t)~~G~, Nf! ),G3 ,PO) '. ,.' . 
·6 22fOR.MAT, (lI:i ,8'X,4 (lP'oï: 2 ~4'l,J' .... . 
i30 CON1ÜNUE ... . 

. "WRÏ TE (6,·,611) . 
. ' ", 6i 1FqRMAtJlf;(,8HCl-.~'C4',C3J 

WRI TE (6, 61:S'C 1~C4,C3:· 
. 618.F.();RMA:T fl.H, ~ 3( IPb.'~3~';51) ,", . 

'. '.' ,,:~~JTE (6,133'.)' . , . 
133 j=ORMAT (lHl ,38H Tl ,'R2N ~S2N iU2N ,J2'JLN ,R2 P ,S2 P ,U2P,.",,2·J~P '.:",.,;:~':. 

00·134 1 =1 ,1 N '.':' ". . . -;",.". 
CA:LL"J2Jl ""'.' ' ... " .... · •. ·7' 

.. ·.WRI'rE«(,;,13,5lT1 (1 ',R2NUJ .; S2N( 1.,','U2N· (1 ),J2JLN(. IltR2P{ll,S2P(1:J:~:U2Pl' 
'111, J:2JLP n , . . ... .. ::....... .. :' .. ' ,>.' ... 

·135 fORMAT (iH, F~" 3, S (lP013.S»), 
134 CONtINUE' .. ~. . . 

RO=ROSPN 
. A8"=A SPN 

Al=AlPN 
E 11=E11*ERGME V 
XMl=XMUPNG .. 
WR 1 TE (6, 60S) XMlJPNG ,XMU ,ZM1 G, Zf(3G, AMUGM 

60S FORMAT(lH ,7HX~UPNG=~1P013.~,5X~4HX~U=,013.S,SX,SHZMIG~,013.S,SX, 
l5HlM3G=,013. S ,SX,6HAMUGM= ,013.5.) 
. hR 1 TE (6,12 7; '. .' . . 

121 FORMAT(lHl,10HEI13-(MEV) ,2X~10HTHO(1/MEV), 2X,13HOELTA(RAOIAN"3X~ 
l11HPH I( RAO IAN', 2X ,9HE LAB ( ~,E V, ,7 X ,10HOELT A( 0 EG), 5X ,BHPH lCOEG ),12X, 
23HXN-,12X,3HXNE'" . 

CON ST2= ( lM UAG 1 (( 2. OOO*PI ) **3*HBAR) ) * Cl ~U2G/I1BAR , 
DO 115 1=1,1 N 
CALL DOSPN 
XN2P(I)=CONST2*(PU2PC(I'/PUO'*J2JLPCI)*THOX(I. 
XN2NCI '=CONST2*( PU2NC (1' /PUO, *J2JLN( 1) *THOXC 1) 
WRITE(6,129.EI13N(l) ,THOU) ,OELTR(I) ,PU ),ELAB( I),OE~( I),PO( 1), 

1XN2N CI' , XN2P (I , 
129 FORMAT(lH ,F6.3,SX,lP010.3,2X,lP013.5,2X,lP013.S,2X,bPF8.3,5X,lPDl 

13.5,3X,013.S,016.6,2X,016.6' 
115 CONTINUE 

WRITE(6,125)RO,AB,A1,CONST2,PUO 
125 FORMATC1H j3HRG=,1PD12.4,4H(C~),SX,2HA=,lP012.4,4H(CM"SX,3HA1=~'lP 

1D12.4,4H(CM' ,SX,7HCONST2=, 013.5,SX,4HPUC=, 013.S) 
WRITE(t,126)lM2A,HBAR,CC,ZKZI 

126 FORMATClH ,SHlM2A=,F11.8,SH(AMU) ,SX,5HHBAR=,lP011.4,9H( ERG-SEC), 5X 
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" .. ,". '"DA'lE?~ ~68202, 
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. ' ",·1:i3HCé~,lRri:ii.~4,5X~5HZK~ZI=,Dil.4.) :< 
,,'wRi;TE,(,ii~i;:ôà; ',' " , " , " ',,' , ,', , 

"" . 

:"'e·,, '603 FORMÀr:fiH ,~i7HZKI ,'Dl ,PlI ,DELTAi . ,,',." 
, WRITEC'6,60i'-ZKl ,Dl ,PIl',oELTAl" ',z,·" 

602 'FORMA"J'(iH;>i4nptiï3~5») , ' "., 
, ,:'WR'ÏTE (6':'60"{f)èf~uÈl1 . , ' 

:'.,';:". ,: ...• ' •...• ' 1). \.-,:::' .'._~ ·"ff . .' -. ,. "'~. ,.,.,-
'604fORMAT'CIH:,4HXMU=:'lP013.5 ,4HEll=,lPD13.5' , 

DO',6011=l"I'Ni ,; , , 
, , ,'" WRI TE(6,fi.0~OtPDC 1 ). , 

6POFORMAT(IH"9UPOIJ.5) ) 
, , 601 CONTINUE: '<' ". 

GO, Ta:' fooo " 
",' "END 

.:; .', 
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.. i~~;~;Ti~~(·~.~~~f~~:~l~~~m~;~:I·"i~tiG. il'kd~&,·i~;~~~z· ù6u( ·511 .• Z~1 , ...•....•••.•. 
loi,Pll ,:OELTA.'1:~,J4,P3Jf:~i:5~1;:;),\~S'Q~3;~.~,1,t~Q12:(51j:iQ,f(5~.tf~:Q2('5'1'~1~,Q3f.:!ÜJ:, , ' ~",' ., ..... 

2Q'4CS'lf; QS'{' S:l:)~~~:,~i6 'f~i:)\'*.,Q;fi;('s:1.'},;;",A~i{~,l) ;,,'l9~51,':),,~,~~;~~:;PJ;~,fr~~'Zç~,Ne~:l ft" ,,: :'::':':' 
,," :3QIO C5'1)',g Il t Sll,'tPU1C(S1l,;,:-:V3 NClS:l'):t',R2PJ51 J,iS'2,Pt,5'll.U2P,l5'1~)';~.i 2J:LP (':51','", ' 
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, ',. SF2P' (s.f) ,F 2Ncsl. ).,G:2;èf$tl:,G2:r~(5 tl:':x:fl5~lt~X,2.'C"51.:f, :X3 (:5'll;'X 41St) ',X:S{ SIl" 
'6,X,6( 51'. ,X1(;5T):~'x.ê::(5,lJ~';~X9J51) '~~X.l,Ql51:f~'iMÔ(f~::PU2PClSl)':'è':::·· ... , •..•. ~ ........ ' ...................... . 
7,f3P,(Sl.J ,F3N f5.fj~·",G3P:,f5i)'~'G3'N.(5i'1, <:',: .'>< "),.,:','" "..,' 
,COMMO'N' 'Tl (.si), ,1Mo,';;iitT'~'l:M:f';IM2:",Z"a: .,EX ~EO,,'PC-J RGott:i5'l:»:-, P;::î-l:5'1-).,i;A'G,1R., AG 

12R ,P2P (51 J ~P.2N C'st:j.,'P3P (5'1) ',P3:N (51', ,IM1G-,ZM2G"Z;M'3G'~'ZM.:Gpt~.Tà,,~T2p·rsl'), -
""~"T2N (SI ) .~,T3 p(s (),~tJ~,N;C,S,Q :~V,ÇM)Z:"1§;!,PtÇ3',P"~5.'1)i':.:f'~'~·c'":~~.,s.~~!ïi.i~;g:~ë'~NJ:;~t.)',!;f~2NC'··' 
"~'5'l):, p 1 C(51l', El 'l',AB,I: iPI:, RO~.Al;X MU;EI,13N'(!,5:11.E:R'G~'4:EV1';' H~,AR:~: E:3N f-5.;l',h,? .~' 
' .. 4D.EL.T ( 10 O)",pL~2NC'CSiJ', VCf.,'PUO'E LAB('5.1'f':Ti-tOX(5.1):~,j2J,tj.N.f5];'J,~CG:i:.tiAO(· 5 f) *" 

. • . '. '. '. :. .' ,.. "', '. "".",,, . . . '.' ') .. ~ " '. " '. ~ • :. ',. .!" •. ' " '. ",.':. ' .. '.'.' ; ......... 1 •• ',; '.:, ,;)l..-':. ~ .. ' .• /'. 't~: ... : . ". ". " .' .. 

: SP(Sl) ,PO·(51·),UE,l-'(Sll".OE:l,TRC5.fl"AGj,:,,' ,<~Ml:3~Z't-12'3'_Z.Mt2;~:i:~Er231:,51r,' 
6 El13 P ( 51. ) , E 112 P (si:" Éitl:-:î'N ts.t.f;:~,Ert~l ri' E 2 P(:s't"";:'Ê2.N c;:s:·ff{E:àp(,'5 IJ} ' .. '. '..: '. . 

"7AGID ,AG2D ,AG3RP (51) ,AG3RN,.' S1» i:AG't~c'( SU·; AG2'a,:P-C (':5 1,) 'i:AG"2RN Ct 51 )','" 
8AG30P (511 ,AG30N (S1) ,B1rSE3 Il fst };~'BASE3N (51), BPHI3'P,(:51 .,~ BP'H'I 3NC5l)" 

.9AG3RPC (51 )~ÂG3~,NC~;(5.l'f.,I'IN~j:N{I: '" .. ,::..,';=/:::";.;,"'c· ......... ":.,:':,,'.' . ~,~, 
DIMENSI ONPHI)RFl:C:Sl )"PHt3'OP(Sll,,~HI3RN15'ff:.~)Ü-~DN(~lr> - ""').' '" : .. " 
DOUBlEPRECïslON: AG"Ë'r.;AG :''fA:' 51)'~B(Sl )~ct'5:1f'.,of51r,f(;si:],GC5'il":' ......... : ,.' : 

IT1 ,ZMO,ZMT,iMr::"ZM2.,IM3,E'X,:EO~'PO,R.COT:,'Pl ,AGlR;Â:G2R,~f'J2P'~~P2N.',P'3P'.~P:3t>J,·, ' .• , 
2IMIG,IM2G ,IM3G,iMGÔl','T'O,T2p:;T2N YT3'P,T3N',vt,M',ZMG.'f,Pl'b3'P'P'2Pc~,pic3N~"'" ':'.,. 
31' 2NC ,P le,E 11 ,::z ,pI',RO,· ·Al',E~.~Ml.J.,EI 13,... ,ÉR(iM'E~l~A4'eAR'.'ip~~:r"p,lJ2NC~"/O,; :' 
4PUO·, ElÀB ,THOX ,J2JLN,CC ',TH.O ,"p"PO ~OEl,oeLT'R; ABl':tMr3'iiM23lj;ZM:t2iE'123~:,E 
SI 12P ,El 12N tE Il:3P, .. '. Hl5:i)~E2,P,~SQP3P .':' ,E3f):~.:E2N"SQP3Nc:"E3N, . 
6R2N ,S2N, U2N,~MUIG ,lMU2G; l,MlàG',zkZl,()[),IKl)~ Dl t,pi!, o~tTAli'ZMOG: '" '. 

DOUBLE PRECI SI ON Q12"Q'i"Q2~Q3 ~'Q4,Q5,Q6~ Q7 ,Q8 ,Q9,P2C3Pipic3N.QlO~· ' 
lQll,PUlC ,V3NC"R2P"S2P,U2P,J2JlP;C2,CIP',ClN,C3P,C3N, .'" .............. . 
2 ,C l ,C 4,C3 ,F 1,G l ,F2P~F2N,G2 P ,G2N ,Xl,X2,X3,X4,X5 ,X6,X·7,X 8~,>è'9,XIO . 
3,F3P,F3N,G3P,G3N,Pl>-ZPC. . ' . ..,. ", ".", "': 
El(I)=Tl(I)+IMI ,. . 
Pl CI) =0 SQRT (El CI .**2-ZMl **2', 
ACI)=Pl(I)*ocnSCAG)-PO*OCOS(~G2R) 
B (1 )=PO**2+P 1 fI) **2+ IM3**2-2. 000 *PO*Pl( l' *OCOS (AGiR) 
C(I)=IM2**2+(Z~T+EO-E1(I.)-EX)**2-B(I) 
0(1 )=-2.000* (Z~T+EC~El U )-EX' 
FCI)=4.COO*A(I'**2-0CI'**2 
GC 1 )=-2. OOo*c (Il *0 HI 
H(I'=-4.0DO*A(I'**2*ZM2**2-C(I'**2 
ROOT(I)=GCI'**2-4.0*F(I.*HCI' 
IF (ROOT(I»)1,2,2 

2 E2P(I)=(-G(l )+OSQRTCG(I)**2-4.0DO*F(I'*H(I)))/(2.000*F( Il) 
T2P(I'=E2P(I)-iM2 " 
IF (T 2P (I ) )3 ,4 ,4 

4 P2PCI)=05QRT(E2P(I}**2-IM2**2) 
SQP3PCI'=PO**2+P1(I}**2+P2P(I)**2-2.0DO*PO*(PICI'*OCOS(AGIR)+P2P(I 

1 J*OC'OS (AG2R) )+2. O*OO*Pl ( 1) *P2P U) *OC05 (AG) 
P3P(I}=DSQRT(SQP3PCI) 
E3PCI)=OSQRT(SQP3P(I)+IM3**2) 
T3P( 1 )=E3PU '-ZM3 
BAS E 3P ( 1 ) = S NG l ( ( P c-P 1 (l ) * 0 cos ( AG 1 R ) - P 2 P ( 1 ) * 0 COS ( A G 2 R ) 1/ P 3P ( 1 ) ) 
IF (ABS(BASE3P(l))-1.O)5,5,6 

5 AG3RPCI)=ARCC~(BASE3P(I) 



AG3p'iHl,.)=AG3RPtI )*57.2957'795""," .... , "",,: .', . , . ','. . .. , .'.,,:"', 
..à,PH·(3P (I,='SNGL« (~Pl (1,)"*051 N('AGIRJ.:""P·2P( 1-), ~OS I-N('AG2R) '/ (P:3P ("I ,*OS IN'C~:" a. '.;', .: .. ' .... :: .. ,.~'~'.-~,.', ..... ,- .... '-,. ',<,,',,',.":,' ._.~. '~"."""'.:"\"'" ~.', ", ......, . "., , 

_ . .··lDBU;(AG3RPJ 1 "1),') ; ,'. .... . < :.': .. ;.;.:: ..... ~ ... ,. . .' .?" ,. 

';; ···;:··:·.:·.~~·;~~i·~~t~·l'rï!~~~1·~'~)~'~~l; ~ti}}:,~':~:i' '.' . 
. ···.:·"P·H 13Ôptji~·PH[3RP.tIt*57.2'95i'195: ' . ::,.;.. . . . . " 

. ".~.,t2N.,I)';'(~~fî'~DSQRT'G 11:r**2~4~OOO*F(lt~HÜJ) )"/('2';0 DO*f('1'lJ,c· 
T2Nrl}7~ 2f'4.,(1,);t·Z~2" ..,:"'" ".: ... 

. .: .e.:t~N{If~·JI~~i·,:~·~( ~)**.2--iMi~*21' •. . . .... ......" ".' '. .' ' ..••.... '.:.:., ... :. ': ....•.... ',;:: 
.. "':" ···Sdp3N,tir=po**.2+pf'(t)'**2+P·2.NlI)**2:':"2~O"OO.PO*( Pl( I,)~'ocost'A·GîR·'l.P2N(:;f 

1 J*ôtOS'CAG2R) )+2. ooo*pî li) *P2 NU·) *OC05'( A.G) .' ,;,.' ',::' .: . 
. P3N'('1 )=05QRTfSQP3NÙ) .' . ' " ,,'.. . " .... > 
' .. E3NC"1':::'OSQRT(SQP3-'·.j(11+ZM3*#il ..... . 

, '. T3N( f'=E3NU;)~lM3 C " •• ' ••••. •••• • ' •••••• 

.'.SASE3NU'.=SNGL( fp fr-. Pl Ul*DCOS (AGIR) ..;P2 Nf 1) *OC05( AG2R<):"PJ3N(;ll' 
IF:J\CASS:lBÂSE3N CI )l~l. O)9',9~~{O' . •. J:.<>': . 

9AG3RN·(t'f=A,RCo.S( BA SE3 NJn)::" .... ~~.' 
A·~,3.~.N··(··I.~J>~·,AG~~~~·N:" ~ 1 ) ~.5·~ e,2 ~~.17.~5 .. '.. " " . ".. ~ '.' ,,':.:,'. ',,', ~~',;,~ .. :.' ':,' ·~r'.: 0,: : 

BPH~13N( U.=.SNG,L «-PI( 1 ) *051 N( AGiR' +P2 Ne 1) *OS 1 N( AG·2R)·'/ (P3NCI)*OS··IN(:'· , .. 
lDSLlÜAG3RN(I))))) .. / .. ," ";, . .......... :: .. . 

1.0 IF "(A8S (BPHI3N(rn-l.o) ll.,il;l . 
11 PHI 3RN( 1)~AR SIN(BPHI":3N({H" .' 

. PHI30N(I)=PHI3RN(t)*51.29~i795~ 
1 RETURN 

END 

AL MEMORY REQUIR~ME~TS OOlA2A BYTES. 

"'" l' 



.e 
" ''':''. 

. ;'. ".:i .,;~~,~TENG; .'." '. "::,~;'~,DATE'=, 68~~,2' . ,;i, 

"'S ü~R~:ûJ\f~'~:','-:i ',N;~~N~<,",.'> .•.. ........ ..... ....::.,::,:i·'::;,?t:;;,~',?:.:;.'· '::.:':, ," .: ' ..... ' ," .,,:,:~,i.,,:j'\H-")h ··COMMON;:'R:2N:r51'l~,S2'NJ51)',U2N (51riZ~UJ:.G".l'''~2'G'iZMU3G.,l.Kll.OO(·51),ZK1''·':('/' 

~~;~H~Unlirt~~lg~ff!~R~f~'riii~ftl~~:~!~ir1~$t~~t~ii~!~~~c,x 5F2P (5l,J"F 2N (51,) ,G2,P (SU ',G2N ('5-1 J ,','Xl,:(5,l)"X2 (51 1,~X3( 51), Xit( 51 ,.X5[51 F" 6,X6(5l)~X1(,5;lr,X8:(Sl)',X9'(5l) tX19{5]~}~i~pG,'PU2:Pt(Sl)' .' . "',"':'~.''''' '," ·l,F3P,(Sl):,tF3r:.!:t,51;t"G3P-fS:I.), ,G3~,·f(~:l;,1,"-:,~ .. ~;<,:·:"';;·';'~',y::i;,,':: »: ':~. ".'.':::. '>i',"~',\ .. ' COMMON·.Tl'(·S];.l •. :lMOjZM1~'~ZMl, tH2~'Z~3<,EX"~",EO,fl,(j ,RQOTJ;SlJ"pl( ,51 t,AGl~"AG' ; ,'.' . ··'12R,P2pl51J:~'P·2.N'('Sl'.':,P3·P'Ü;,i:l'·~~~~((·51r·,i.'~jG,Z'M2G:,~M3G;tMGOt,~To~t2#'(;'~;f),"": 2, T 2N ( 51 t., 'T~J:>.l5tJ .,l~~,(51.ivç ~,~MG~'FllC~~~:(,,1).';.~~2Pt(5~i:f, 'P1C3Nl'5~1~j~:P2N'ë .....:'. 3"5 U,p lC (S1), ,e:1i,' ,AB ~:Z'~'PI "RO,AI, ,X'till',EIl'3N,('Si f~,ERGMÉV'-:HëAR,E3t~Ü st)·,' , 4DEL T (lm») ,1' U2NC (.s1') ,.,vO ~PU,O', E lA-B:(Sl',J ',iHOX:f-S Ï-J ~:J'2jL N( 51,1, cCi,tiicH; 51 ).', . ',', , . 5p(5l·),PD'(51),J)EL(Sl)',()ÈL;fRt511~AG:~".':',tMi3,':ZM231':ZMf2~·.·E'fi3;(:5,11~>:"!. ' 6EI 13P(5 i J ~'E 'l'l'2P(51 ) .• eI'12 N i~li",E1J51:,J;,*Ê;ip',(5,rj";\E~N151)':iÊ3Ptsl,'J:i'".,,':.' 1.A Gl ({,AG 20, ÀG3RP( 5 i ),AG3R N(511 ,AG]?RC:J~-'l:r;'AG2.QPCJ'~'11;;-AG 2RNC (s il.':,,: 8A't;'3DP lSlf.,AG:3DN (Sl)",BAS,E,3j:Q5 Ï'1~8ASÉ:3N'(5f):';'B'P.HIàp(·51l~,BPHI3N(5If~"<: '" .' 9AG'3RPC ( 5ii;)',;~G)RNC«5ii"iI N,l,N ,f' ',:~:",: .':""'>',.: .. '.' ~, ..:.. ..: . ',::\,~,,\.',~, DOUBLE PRECISION C2, ,CIP":,, .,E" ,E123"EI13P,EI12P,',El12N,T,1,ZMO,:' IlMT, lMl",lM2 ~~M3:,E x ,EG t PC}, Rodr j,~~ ~,AG.l R;';AG2R",P2P, P2N, P3P,P~N~ l,M.IG"" ". ' .. :2lM2G.·~ZM3G:~î:M.G(H,JG,T2P,T2N·~T3P;T3N'\'C.i~t·l,MG:{PIC3P,;P2PC~.p.iC3N'i-P2NCf· •• 3P le ,EI1:;. Z, pL,RO ,. Al,'· X~U"EI13N, ERG,M'fv",:;:Ù3,AR, DEL T'. PU2NC"\/Ô~:.,uo, 4ElAB ,Ti-tOX~j2'J'lN,CC;THb ,<l'" PD ,QËL, [jË(TR~jÜ~';I:Mi-3',iM23,IM 12,'}~G:,:>,;<' .•. . . • •. SEI23,E'I;'12P~EI l2N,EI13P,C.1N .• ·.··''''C3P''.·,:· ,'t3N':.~·Ei,:e.2P,E2N'·E3P~E3N,. , .• 6R2N ,'S2N ,U2N,2MUIG,ZMU2G,ZMU3G ,IKll,OO,IKl ,Dl ,pll,DEL T,Al,lM'OG'"" ..... ,. , " .'., '. ': '" ......, . '. '-, . .' " '_ .• ,.. . .. ,' ,: ..... :: .'. " ,\1' .' OOUBLEPREC ISl'ON SQP3 l', SQ P3N ,Q12 • Qil ,Ql, QZ',Q3. Q4, QS,Q6.Q7,Q8~Q.C),,;. " 1 P 2C 3P, P2C 3N,Q 10, PUIC , ~3NC, R2 F,S 2 P ',U2P, J2JLp,'C2 ;c!p, CIN, C3P ~C<3N .... . 2,C l ,C4 ,C3"FI,Gl ,F2P,F2N,G2P ,G2 N ,Xl,Xi,X3.:,X4',X'5,X6 ,X7 ~·X8·,X9,'Xio .... . 3,F3P ,F3N,G3P,G3NiP~2.PC .' . . ..... ." . '" 
IF «ROOT (I ')20,,:21,21 

21 XUI ):PlU'**2+:PO**2 , 
X2(I)~2.0DO*PO.pl(l'*DCOS(AGlR) 
C2 ( 1 '=D.SQR T ( XlU· f-X2U ) + 2~23**2) 
X3(I)=PO**2+P2~(I)**2 . 
X4(I)~2.0DO*PO*p2P(I)*DCOS(AG2R' 
CIp(I)=DSQRT(X3{I)-x4(I'+l~13**2' 
X5(1 )=PO**2+P2N(I'**Z 
X6(I)=2.0DO*PO*P2N{I)*OCOS(AG2RI 
ClN(I'=DSQRT(X5(I)-X6(I)+l~13**2) 
X7(I )=P3P(IJ**2+PO**2 
XSU )=2. ODO*PO*P3P (I) *COS (AG3RP(I) 
C3P(I)=DSQRT(X7(I)-X8(1)+2~12**2) 
X~(I'=P3N(I)**2+PO**2 
XI0(I'=2.0DO*PO*P3N(!)*CGS(AG3RN(I)) 
C3NtI)=DSQRTeX9(I)-XIO(I'+ZMI2**2. 
E123(I)=EO-El(I'-C2(I'+ZMT 
EI13P(I)=EO-E2fCI)-CIP(I)+ZMT 
EII3N(I)=EO-E2N(!)-C1N(I)+ZMT 
EI12P(I)=EO-E3P(I)-C3P(1)+lMT 
ElI2N(I)=EO-E3~(I)-C3N(I)+2MT 

20 RE TURN 
END 



" "c • ~"'-,,,.;", • ".,.' " ", .'. >' .. :. ";;.' .," .. '~'/"~r'\' . "";, ,,~·:'<i.,,>' ,:,:~ .. ~:;:,<;;}.::x:;;:':'·'c;:"~:"·;{'>';>:~'\0Z:~_f~\,:·;,::,;:/;:-,·;::Ç,::{4Ji;· 
'-.'~. ~;.-'::-.~- ... _ ..... :.:.'-f;...·, : ..... : .. - ,'-., ~"~'':'~7-::'';;'''':~?-~1~~~'':'' ....... '. ::~~.i..!:~';":~;:.!..":'''':::'''~'''l'':~'-~;/-':'';~'._'.; <';':', " ,,' . _. . ... ' ' ... ,';.' .;~_-,'.,;:~ .. :~:., .. : ... ,~::.~., .. y.: .... :,\ •.• :.,,_ .• ':'_',~,' •• 

:L\::"'r'-:".:,:::;>'d::::·r,:..; ,:.,"' ., "'>''::::''}.;·\.'·:«}'''''·/.riS1.2;;'.';<!'::''; ,',.', .,_:',: .• '.: . ",,::' '>/>:,);( " ','. ",'.",' '.' .. ' ..... ,' .. ' 
AN':,IV .G .. LEVEL'f, 'MOol' ",':':~l'ABCMr<,;:':'; , , " DATE '='.6.'8:2,0'2·" . '~',,: ' 01/01114,-;'. 
'." : .... : _. '''. :".:.:' .t_:.:_.' , ",' ". ',< '," . A _ ,~ "M" r"." ... -: . >:~'<:)\~ .. .' _:.:', ,_.: ... l~, •• : •• , .. " 

'. ! .;-:'.'::;.:~.!" , ' . -. . .. " .. " ::(:~ '~ .. <::'>'. " '_'_~': .. ,.::~',..;. 0<. .:.':.... .~ •• " 

. , ".·,SlJBRoutI~E,tA~c:~:r,~"'·' ." ..... .. ··....>;i~'. . ............... ,.,J.':';"-", .. ,,/,,: .<~.~.;',:;;.::\;:.:;. 
.'. ~, .. . :. ..: COMMON.· R2 Nl51t."S2,N'{51)', U2·N (~.l)i~~.ulG ;lM!J2GtZMO'~G ,'ZKZ:l,o O(i51:hZK:t,'· ""<.' e . · .. · .. 10l,P Il ~OELTA 1.SQP3:e:Js,1.:;S'(,} P3'N.{5~1' •. ·.; .Q12(sfl,Qli5.'1.1.,Q2{.5Îj·,q3{~51J*";:i(>/ 

.... . . .:~ "2Q 4~( SI" ; Q5lS1J ,'Q6(':;})" ,Q1151 ) ,: Q8,f.5, '1i~Q9fs:lJ j eï.C3:è.fSl t;.P2C3Nf51J:~':>j'. )\,: ';.' ' 
... ': ...... ' ' .. '3QfO,('51l·,Qll;(51l:~FHJtÔ(5;{:J(~V3NCt51't"Rl~l5tlis2.il(::s'f,',Ü.2P(S'l·f;J2Jl,;;'P;{"sl<.>. 

4l,.t2(5i),èfpt5l.())~;;Ç-U:{('5ft~fC3P·'(51)·,'C3N,(51r~'Ct:-,;é4~ë3~;~rt5i),'GÙ::51J:f':'i;';.:'; 
.'." . 5F2P (511 ,F2f\tC'Sl:) .,Gip( Si.i\,G2N(SlJHel.C.51 t.X.2:($l:J'.X.3J~lr~)(·.tt(·5r·;î''X5'(511:,:'/·· 

. 6 ,X6C 51) ,X7 (~r".~8·.(51 f~X9 (51' ,XI0 ('51 ) •. ZMOG ~ pU,2.p,ê(Sl) . :' '."; .. ' .,' 
",. 7 ,F 3.P ( 51) ,f3Nc'51" ~G3~ (,51l ,G3N (51) . ' '. '.' ")""" '. " ' ... :,' .... '.' '.' . 

.... C'OMMON Tl (51' ~ IMO';,.tfJtTJ,ii~liIM2tlM3,~ EX ,'EC:,P c;Ri:)oTl-51;):,pÎr51J,AG~1~,t:AG 
.12~·, P 2P:(5,1 ).:,P2N·~.51);,:,~p3:p.~C51J' ~.p~ N(5,1~ ,lMIG.~i.M2·G}~,M~:G;:iM.GOr i,Totr2p:,(:S i'·····. 

, '. '2,T 2N f SIl ,T3P( 511.,là~:l51l·.,VCM,'ZMG, Pl.Ç3'P{S.1 Ü::p2p:t,C.,ll,f)lC3.N (,$l,)"t;:-2NC;., 
.. 3f5tl,PfC(.51J~E1f,~Afftl,'P.'r:'RO',Ai··,~XMÙ,;Eit.3N,(5t;~:ERGMEV,:HBARi:É~3N(·51J,,··., 

40ELTil.OO).; P U2~l$1)~VO,flUO~.É[AB,(51.t'THOXt51}'~.J:24,LN(.5il;Cç~:niO'('si'H .. ' 
·.SP(51 ),PD.(.~ll,OEt(Slt~.oe:l.. TR(5il~'A(;; ..... ··iMl3iZM.23;ZMf2~.;E:i23.'(S.:,i,H· 
"'6E I,13P (?il~,E<[ 12P(51 f;e: 1 1,2N(Sl.f,El (51), ,E2P (S'il.; E2N{51JiE3~(5'i:):.~j.::.~:' ,; 

'. ·~.7AGio,AG20 ,AG3Ap( 5.fr~·AG31~N151')'AGl RetSl,) ,AG2RPëlSlJ, AG2RNCf~5'ii,.. . , 
'SAG30P(51l,AG30N (5U ,8ASE3P'51f,BASE3N(51t~BPHt3Pt51)'~épH13N':51",·~;:, ,:': 

9AG-3RPC (5r) ,AG3RNC(51l ~Il N; :fN,:l ". . .' '. ."" .. ' "",. <.' ", 

OIMENSION AGIOC(51 r.'~AG2DPC(Sl),AG20NC (SI)', .. ' 
lAG3'OPC(51) ;AG3DNC'( 51T' , ...... .•.... . . . . .. .. " ',. . , ' . 
. DOUBLE PRECIsrm\jCl',C4,C3~:Fl '. ~F:2P:.:',·~F2N. ..,'G2P.:'.~AG,e2PC, 
IG2N ,F3P.< ',F3N' " ~G3P.: .. ·,G3N . ,P3PC(SlJ,P,3'NCISl:)',PlC3P,P".' 
21C3N,P2C3N" ",P2C3p"Pl,C2P'rSl) ,PlC2N(51),VIC.(~1),pu~t· .,E,.,<·. 

,3 ,AGIR ,AG2R,P2P,P2N, P3P ,P3N ,iZMIG ,Z.,ZG ,Z~3G',ZMGOT,TO;,T2p:,T2N, T~P; T~N 
4 ,VCM;ZMG,P1C3P,P2PC,PU;3N,P2NC,P1C. E1l, . Z ,PI·~,RO; Al, tl,XMU, È 113N~. 
SERGMEV ,HBAR ,DE LT ,PU2NC ,vo,pue, EtAB, THOX,'J2JlN~CC,THO~P'PO.,OEC, '. 
60EL TR, , ZM13"lM23.,Z~12:., .E 123,EI12P,EI12N~El13rp~V2PC( SI ),V2NC( 51 
7).',PU2PC . ,V3PC (51) ,V3NC ····..,PU3PC( 51 hpU3NCCSl), G1 . ,QI. ", . 
8ZMO,Z MT,lMl, 2M2, 2M3 .,EX ,EO .PC ,RCCT,Pl ,AB, E3N i Ei ,E2P,E2N, E3P, Q.2 , 
9Q3,Q4,Q5,Q6,Ql.Q8iQ~;QlO,Q1l .' . . . 

DOUBLE PREC 1 SION,' R2N,S2N,U2 N .,Q12 ,Z tJUl G,Z MU2G;IMU3G, ZKl l, Oo,lKl 
1,0 l, P 11 ,DE l TAI ,SQP3P ,SQP3N ,R2P ,S2 P ,U2P, J2Jl P,C2, C 1P, ClN, C3P, C3N .' 
2,Xl,X2,X3,X4,X5,X6,X7,X8,X9,XlO,ZMOG .. .. .. 

C i=OSQR T (IMlG' *0 SQRT'( Z~GG*TO' IZMGOT 
C4=OSQR T( IM2G) *0 SQRT (lMOG*TOl IZMGCT 
C3=OSQRT( ZM3G)*OSQRT (ZMGG*TO 'llMGCT 
!F CROOT(I)30,31,31 

31 F!(!'=OSQRTfTl(I)'*OCOS(AG1R'-Cl 
Q12(I'=Tl(I)-2.0DO*Cl*OSQRT(T1(I»)*OCOS(AGIR'+C1.*2 
IFCQ12(!)'83,83,S4 

e 4 G l( 1 i =0 SQ R T ( Q 12 (1 ) , 
AGIRC (I) =ARCOS (SNG L (FI (I» IG1 (1) ») 
AG10C(! )=AGIRC(I'*S7.295779S 

83 F2P(!)=DSQRT(T2P(I)*OCOS(AG2R'-C4 
F2N(I)=DSQRT(T2NCI»)*OCOS(AG2R'-C4 
Q1(I)=T2P(I)-2.000*C4*OSQRTCT2P(I»*OCCSCAG2R)+C4**2 
IF(Ql(! ')32,33,33 

33 G2P(!)=OSQRT(Ql{!') 
32 Q2(I'=T2NC!)-2.000*C4*OSQRT(T2N(!»*OCCS(AG2R)+C4**2 

!F(Q2CI »34,35,35 
35 G2N(I)=OSQRT(Q2(!» 
34 IF(G2P(I"75,7S,76 
76 AG2RPC(!)=ARCOS(SNGlCF2P(I)/G2P(!')' 



." .' 

. ,,',. """':~;>, ',';" >~.~ : .. ~ . 
...., ·?~;.'.:tF.(G?N (lJl)"1:~'~1·~78. '. .~'.'" . '.':., .• '.'. . . . 

7S'··AG2RNCCll=ARCOS lSNG L(·F2 N.fl'I;G2N,U')) '. ' ..... e. ',' . ·;'77·!~~g~~·~I,~::~;.~:~É· ~:,~:~~:~{!·i··~~~~~;'.:·;:,:'.·· .. ;' .. 
. 'F3Fï( r }=O SQRT (T3P' (l'J.) *OBlE (COS (AG3 P,P (1)) ) :"C3. ". ......... ...... " . 

. . .. ' ······.f.3NC 1'1;:0 S QRT(·T-3 N (1) "'*06 lE,êtJSIAG 3 RN (.IOl), , ';;'C3 •.... " ......; ....• ". . ... : ·i>>.~. ,.' .,/ .• : •....... 
•• ·.:·Q3 .. })~T3PJq:::-2.~QÔO*t3*DSQ.R'T·( .. T~'.~).~l) .• *OBlECC:OSI:AG3·RPt"IJ.·J,tç.à#*~E:' . 
. lFlQ.3U)·136i3l'37. ". . ........ ... , : .... ........: :~ . 

; 37 '·G3.ë:.(t:j~().~Ç.~T(Q~tIIJ. .:.,; '. " ... '.:' ..... .. ' .... ..'~, . , .. : 
'36Q4C Il::iT3NtI "~2.~ OO'O*C3*OSQRT{T3N(t'1*CBLE CCOSfAG3RNtI,,»).C-3**·2' ;. 

.·:J>rf';C;1itrljJ3.8,39'~'c;, ................. :; <. '.' ...... ,:' "'.' .... . ...•. ' ... )'.;'> •. /1";;',' 
. • ····':l'L"l<G· ~'N'" '("1'\)"'=0" ·s· QR' . te Q'4"(' 1 .)' .. ," .'. . '.,'.:::.\;~'>.;;:" .. ' •.. ' ". 

_:?,~ < .. ~ ',~ .'"," ~.; j':, '< . .' "~: _ .. " ,:;" " ',~ , i,,~.- :';'. _~.I. 

.36< IF:(G3Pl 1)')'82 ;82,19,· c' • ........•• '.' .:. . 

. ":1ij>AG3RPC(t')=A'RCOS ('SNGC(F3P CI ',-ÏG3P>ll lu· 

. :s2:;IF' (e~3NtI,)Jà;()'t 86è~8f:;:, ...... ". . ..... .... . 
àl:ÀG3RNë.(I)' =ARCOS,( SN'GllF3N(lJ1G3N (:rflt 
"80AG3DPt(IJ~AG3RP'c(1 '*51'.2957795':: . " 

. ·ÂG.30NC(I,) =AG3RNè:"1l'*57~29:57795' .... '.' ......: .. ' .' ...'; 
Q5 (l)'':;(~ It 1,*i'**2+ (Z."l'G*VCMr**2-Z.0'OO*Fl (1 ,*z *IM.IG~.vCM*DCOS(/(Glfti 
tF(Q5(I"60':"6ï~61::· " ....'.,'.... ' ..... ~... "':,:::- ".,:' ", " 

61 Pl(>tÎl=OSQRT{Q5(1.') '. '. .,..' , .:" 
. 60 Q6« i '=(·P·2P-( 1-'*z., **2+( ZM2G*VC.O **2-2.'ODO*P2P( 1 '*I*ZM2G*V·'CM*OCOSfÀG2·, : .. , 

iR
' .)' ... ' ..... ,',. ' .. ' .' ... ,: : ... ", ... :\.:,'.... .. .... ',', 

- . - ,-:""': 

'. If(Q6(!)162, f3;~3 '. . 
~3·P2Pt(1)=0 SQR1(Q2 un·'. . ..... ....: '''''''. 
~2 Q7 (I )=(P2NÜ , *n**2+ (ZM2G*VCft',' !*2....:2.000*P2N(I' *z*z M2G*VCt:1'*:ociJ'S'(AG2~', 

lR~)·, "." . ,.<' ..• 

. IF(Q 10 '·)~4, éS,65 '. .. . 
65P2NCU)=OSQRT(Q7 (1) » . , . . . ....... ' ... :.., . 
64 QS (1)=( P3PU ) *l'**2+ (1~3G*VC"')*.*2-2.000*P3P( l'*I*lM3G*V~M*OBl.e( cos 

1 (A G 3R P (I ) ) ) " 
IF(Q8(U'66,61,61 

67 P3PC(I'=DSQRTCC8(!») '. 
~6 Q~(I)=(P3N(I'*l'**2+(ZM3G*VC~)'**2-2.000*P3N(I'*l*IM3G*VCM*OBLElCOS 

l(AG3RN( f,) " . . . 
IF{Q~(I,,~atfç,6S 

6Ç P3NC(l)=DSQRlIQ9(1') . 
68 P lC 3P(I) =0 SQR 1 (Pl C (Il **2+ (ZM1G*P2 PC (I ) / (ZMIG+lM2G) ',**2+2.0DO*P1C( 1 

U*P2PC( 1)* (ZMiG/(Zf./,2G+ZM1GU *oCOS (AG1RC( 1 '+CBlE( tlG2RPC( U, l) .: .. 
P iC3NH )=0 SQR 1 (PIC (I ) **2+ (ZMl G*P2 NC (I ) /, ZMiG+lM 2G) '**2+2.000*P lC( 1 

1) *P2NC ( 1 , * (ZM1G / (lfJ2G+ZMIG) , *OCOS (JlGi Rce I) +tBL E (AG2RNCC. 1 l) l) . 
P 2C 3P II ) =0 SQR l (P2 PC (I )**2+ (Z.,2 G*PiC (1 , / (lM2G+l M3G) ) **2+2.000*P lC( 1 

1) *p 2PC ( 1) * (ZfJ2G /{ Zfo'2G+ ZM3G' , *OCOS (AGIRC( l' +DBL E·( JlG2RPCCI nt') 
P2C 3N (I ) =0 SQR H P2 NC (1' **2+ (ZfJ2 G*PiC ( 1 , / (IM2G+ZM3G) ) **2+2.00o'*P lC( 1 

1) *p 2NC ( 1 ) * (lM2G / (Z ~2G+ ZM3G) ) *DCOS (AGIRC CI' +C'BLE C JlG2RNCC .I)) , ) 
QIO(I'=ZMIG**2*P2PC(I)**2+ZM2G**2*PlC(I'**2-2.0DO*ZM1G*ZM2G*P2PC( 1 

l'*P1C(I'*OCOS(AGIRC(I)+OBlE(AG2RPC(I)') 
IF(QlO(I')10,11,71 

11 P1C2P(I)=Cl.OOO/(ZfJIG+ZfJ2GJ'*DS~RT(Q10(I)' 
10 Q lU 1) =ZMiG**2*'P2NC (l) **2+ ZM2G**2*PIC CI) **2-2.0 DO*ZM lG*ZM2G*P2NC( 1 

iJ*PlC(I'*OCOSCAGlRC(I'+DBlE(AG2RNCCI'» 
IF (QlUI)' 12 ,ï3 ,73 

13 PIC2N(I'=(1.COC/(Z~lG+ZM2G)'*OS~RTC~ll(I) 
72 VIC(I)=PIC(I'/lMIG 
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:?'~.:_:~:": .... ~.-.-._-: .. ' .. _ ... ~ ';~',: ,.' 
';': ...... :~.: ... " .. ;. ;: : .. . 

AN·IV Gl;EVEl l, J.,OOT . ':,' . 'LABeMT " 
"'l,'" ,.,':., 

PU U:.' i )==.~M ~~~'-'Y~S,(iJ " 
V2PC (1)::P'2PC'J.J4:ZM2G ,>."T· 

ViNC(1'=P'2NC(lllZM2G, ' 
pÜ2perI, ';::;ZMÜ2G *'Vl PC lI.';, . 

"p U2NCiI' ,=Z''Mü2G*v2NCI Il ' 
\ ',"V3PC( 1')==P'3PCC''!:'ll ZM3G" , 

, ":V3NC(l ii:P3NCUi)iM3G ,".",', ,. 
, PU3PC (1'=V3PCU''*Z,M1J3G 

" ,,'PU3NC,(]) =v3~c.(tf*-iMU3G· 
'30' ,:,RETURN 

EN'O 
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." .. '. .' . .ti'( ..• ..... .... . .•..•......... .... '." ,!:;,;ts;i\';{~;li;,~~;,!, ,.;ii?i~iii,!,i~1i~'\;!~~I{w;';!~;};·,:N;':;%~,,~J;f 
AN. ·IV·~·· L,'5~J::l .1, MOD.·l '. . ... <JZ:al ' .. , .,:'.' . ,.,' ... ·:: .. ·· .. "D~T:~::~7>~·~:~?'~~···.;· '. ·:~.,:;::;.' .. Pll..:9 .. .1 ... 'l.·1:4:··'.,:: 

, . . .; '.'.'.'. . ' ": .. ~._.. ,"::", ,. \;.,' ',.!';', -::.:: ".:, . '. ,"' . ." -', .:,' ;," 

. .SUBROUTINEJà,JL:/":::;:\:'c' ... ,:>::.,:. ".~". ,.;" .. : ". ,./>/./:: ....... <:>.'.,,' .' , . 
COMMON R2N (51), ,S2fHa·l) ,UtN.(.5,1) ,Z'MUlG ,Z.MU .. 2G ,lMlt3G', lKZ 1'.DQC 51''' ZK l, 

e .,... ~~!.( ~~.~:g ~ ~ ~.~ ~ :~~~:;,~~:~~t{·~,.~;~·:1:~:~~~l.;~~,t~·~:$l.}ii~~:~:t:t;;·~1·!:·:~;~~~·~~~:~.J~· .' .;, 
'. 3Q 10 C 51J,Q 11 :~ 51) ",:~o.it .• $'Ï::."·~;V~:f,.J~;(5tr;R2i·pJ5):·;f~;$'Z.;R($lJf'.~'2é·(~lh J:2J't~P'f5~lt . 

4) ,C2 C 5'1) .tC IP.(·51)·tc·fN'·ê5fJ:::.t'ë~P··'5;f':r,t3N·ê.$,;il'~C,:i2~ë4;·c:3{ft:(:'S·lJ,i·Gl(sf.J', .... · ... ·:· 
5F 2 PC 51) ,F 2 Nl5:N· ,G 2P (sI' )'i,GZ:j.J.:(S'lh,;Xl:C 51)'· ~ )(2l5. L)~;x:al5'f) ;;X4(. 5ÏJix S{. 51)': 

. ~.:.~~!.~ ~ ~'i .~;.~·~.~··~i.~~~~~~·j(:;·~:"!·~i;~;'~~f~~f5f);t:ZK6~ i~p~.~r;c·(:'~Ji':~~:::\i.;:·:':·.·· .. ·: .. · ': .. \.:.': .. ~':'.'.'" . .... >' 

.' COMMON 11C51 r ~·lMà:;ifl:t. Z.,~it'tM2·';ZM3,EX·,Ëq,PC,RbojJ5t)~.P;1(51,."AGlR·~AG .'. 
12R ,P2 P (SI ), P2 Ne $1.,.,·fS.àp,Ü)J;J;';'~,3.·N.(,5:1l,l.M1G:,ZM2G:·,~ 'M3G:~1 MGOT·~ŒP.~T.2P,:(·:~i 1., 
2, T2N (.51) ,T3P (5fli'l3.N.(S··l'r:;,vc""',lMG·,PIC3P·('51i,p·2PCf5f, .;.P1C3N:f.51~1·.P·2NC':.:, 
~(51 ),:p lC( 51j:'Elî.tAB.~~~~fl:!~Ô:;:~,~,ix·~Q·~ê'I13NJs·t';~:'Étt.G~Ev,,:ij·~lR}~E:3N(51h· );,' 
4DELT (100 l, PU2NC(Sl)i\fCfP~O:,El;A&J51rtT HOX (511iJ'2J4N(SI) ,'.C,C,:·THO(5 Il, ... 
5P ( 5U ,PO (51);ll'EL (5·1)~.[)E·lTR(5Y)··~AG~;: ··.zM'i3,zr-i23~Z·M'f2~·:E123,(,5th'é:':" 
6E113P( 51 )., EI12P(51J"~I:t:f2~N (51'). ~E'i(5il, E2Pl5:i'·,Ei:Nl5·11,E3P.(sfi. ';':". ' .. '., .... 
1AG1D,AG2D'I·AG3RP(Sl.' ;:AG3RNISïl,ÂG1RC (51) tAf,;ZRPC:tS:!),AG'2RN'C(-.51),,< . 

. 8AG30P (51J.AG3DN(51J;8ASEàp{5il.,BAsE3N(~lj t 8Pf1I3P(SÜ;'BPHI~~Ù:5il; , 
9AG3RPC (SU ,AG3RNC(Sl) ',IIN:,IN;,I ..... ". .:.: . o'.: .. '. 

DOUBLE PREC 1 SI'ONQ22,R2P',S2P';ZMC',ZMT, e," .' '. ..' ';.' '.' 
1ZM1,lM2,ZM3 ,EX ,EÔ, PO~R'OOT~pl ,AGi R,ÀG2R,P2 P, P2N:i:.,3P,P3N;ZM1G,·ZM 2G'.· .. 
2ZM3G,lMGOT ,TO, T2P.fliN,T3p:,riN;VC·M,lMG·tPiC3P,;P2PC'Jlic3'N;P2NC'::plC~ .•.. 
3Z,PI,RO,A1 ,EI:l, XMU,El13 N', ERGMEV,HBAR ~Ï)E·LT,PU2NCtV.O':PUO:;:E(·ABtTHOX ,., 

. 4J 2 J LN t cc , THO, p', PD, DEL ,b ElT~., AG,z Ml3 ,t' M 23; Z Ml2 ,Et 2 3:," E i13P~Eit2P,.T h', 
SE 1 12N~AB ,E l ,E2P ,E2N ,E3P,E3 N~·U2P,J2JlP,·: .' ..' " . 
6R 2N, S2N, U2N, ZMulG,IMù2G., ZMU3G:~tKl.l ,DO ,zki,.01, Pli, DEL TAI 

DOUBLE PREC lSI O'N SQP3'P,SQP3N-, Q12 ,Ql ,Q2, Q3 ,Q4, Q5,Q6,Q7, Q8.,Q9,P2C3P . ., 
1P 2C3N,Q lO,Q11 ,PÛIC,V3NC,C2,Cl P',ClN, C3 P ,C3N',X i.X2~ x3·,xitix·s, X6,X7.,.· 
2xa ,X9,X10,Cl ,C4 ,:C3 ,F1 ,G1',F2P ,F2N,Gz"P ,G2N,ZMOG "'" '.' '. . 
3~F3P,~3N,G3P~G3N~~PU2PC 

IF CROOT(I)140,41,41 
41 Q22=ZMG/ZM2G , 

R2P(11=(Pl(i'*Z/PlC3P(I»*«P2P(I)*Z'**2/P2PC(f) 
R2N CI ,=.( Pl (I )~1/PIC3N (I n* (( P2 N(!) *l) **21 P2NC( 1,. 
S2P (I , = C ( (IM2G+ZM3G' 1 lM2G' *P2 PC (l'+ P1C (l'*OCOS (OBL E( AGIRCCI )+AG2RP 

lC ( 1') ) ) 1 ( (IMIGI (lM1G+ ZM3G' , *P2 PC (I» +P1 C( 1 ,*OCOS ( DBlE( AG1RC( If+AG2R 
2PC ( 1 ) ) , , . 

S2N(I'=«{lM2G+ZM3G'/ZM2G)*P2NCCI'+PIC(lf*OCOSCDBlECAGlRCCI)+AG2RN 
lC( 1'" )/( (ZtHG/(IMIG+ZM3G' '*P2NC( I)+PIC( n*CCOS(OBLE( AG1RC( I)+AG2R 
2NC(I»» 
U2P(I)=1.000/«{(Z~2G+ZM3G)/Z~2G'*P2P(I)+P1(I)*DCOS(AG1R+AG2R'-PO* 

IDCOS(AG2R) ,*n 
U2N(I)=1.OOO/««Z~2G+lM3G)ll~2G)*P2~(I)+Pl( 1'*OCOSCAGIR+AG2R)-PO* 

lDe 0 S ( AG 2R) , * Z ) . 
J2JLF(I'= R2P(I'*S2P(I)*U2P(I)*~22 
J2JLN(I)= R2N(I)*S2~(I)*U2N{1'*Q22 

40 RE lURN . . 
END 

Al MEMORY REQUIREMEN1S 00051A B~TES 



.,., .,~g<~;;:" .. ~...... j0,~,;~~.s~~'~D~~~f~fT::;:~~~7\1·;:F~·~;?;5:f:;<;; 
~NIVGL5yEL,4">~()P.l;r):o?fN'::·-;,:,,:>\'::;::.,'J)ATt;.,\:_:.~82.0·~~ ... ·'·' .. >:·":,~':.9:1/:91l14':-'· 

;, '~'" . :",,;< ";~.'~>:~;'~::,,:'.'" .... j;:,"::':. :'~.'" :':':.,.":';-"-;;.;.<,~' ..... :, .. 

,':susiùlÜrJN{'i)osPN .. ' . ; _, ..'~.:,:.:'" ',,'i.;~:::,:,.~, __ ,:.\,::,··';-,.< .... ,d,:~: .. ,r. ",. 

C()MMON' ·lÙÜ~ (51) ,S2N« 5,l.)"U2J~.15t;,";'Z ~UIG'f,~·MQ:2-~',.~:MY3G7ZKZ!'Î ,.0,0(,;51" ,ZK 1~, . 
ID1,Pll,DEl TAl ,:SQP3P ('s't~J "S'QP3'N"(S'lJ ,·(Ù:2ISH';'Ql,(,5.i"h,Q'2tSfl,Q3(51J" '.:;'. 

··!~in~!t~~î~Ht~t:~~~~;}it{·!·~s.'~i·t~~~~~t1:1~l~~~~~t~~i~~j~:~~f~~r{fi('" 
, , ·.5F·2 P 15 fJ. , F2 Nt 51 )~;G2 P(51;j·~:G.2::Ni5i;,rJ)ct(sl:i:'~~X:2~:c5f) ·,x~. (. 51i:,,'XA( 511 ,X S (: S.l} , : ." 

.. '.: . , o::.'~ t;;~f:àt;,t~~~l;~ I~:~J~.~rg:j.-iti;:~:-;.;f~'~:~,.~:~ )t·~,'T~'G·~~,:~~:~ p:~(51'1" .. ,"._ ". '. . .' , ' ••• :>.!,> ' . 
. _·,.,C·OMMON: Tl(Sl) ::,iMO,ZM:T~iMî~':IM2:.·Ztd~EX~EOip.è;~Ro.oi{5t;~ ~:iJ51l,:AGIR',~AG' , 
"":;' :'12R.lP21)(;5fr,·,P2N·1~.lry,P3P.:{5i r:{P3NtS.ll ,'.l,MfG~'i;~2·G ,:ZM3 G~'l M~'OT'~ ta, T:2P(Sl:) '" ~,ê :". 

~ ...... i.,t2NJ:5i·f~T3P (~lJ:.l3N(51J:,·V;CM{~lMGiPlt'3'P;f5tl:·t'pip,·C.(~ll;·P,fC3~(s.ir;;p.2NC.- ,o . 

. • ·.··31511.,.PIC(51) JEtl ~Alf,:i,Pl ,Rb::;At:'~X·MUyè(5f).::'.'····· ~~ERGM:f",~·:HeAR~!E3r·H:51j,~.>' : ..•. 
'··.>4DELr(':î:o{)f;PÜ2NC(Sl.).,vd:~,pûo·~Et;,A8{st'··'THO)(tS.1) •. ,42JLN[Sl):~·C·C,·tHO(5·l-f~:·· ... ' 
':sP( 'Sll,Pot511 t D,EL(.sir ~DE·LTR(5Ll.,AG , .. ,';ZM1.3c,lM2·3·~lM12~,::j:li3(51]'-;'.·'·(· . 

6ÈI 1'3P::(Sl)',Ellzpt S1') ~E!.12Nf51r:;f:l·(:Sl; ;· .• E2P:fsll~E2Nt51J:~;E3R"(:5fj:'~\)/'· '.' 
"7AGiO~A,G20:tÀG3RP(51),AG3RNl5ll~AGiRCls1f;'AG,2RPC'C 5tl~-.:AG2RNcf51j~';,' 
'8AG~bp>(,Sl)'t,A~:3PNt 51l"BA.~)~3'f(5 :11 ',;j3A~~iN,f$tl ;:B:PH!. ~·.,l'51·r·~BPH.;~:~Nijfl),.··.. . .'_ 
9AG'3RPC··(·51)~,A~.3~·.NC,(.51) ·':I~l·N:'.ï',N:'-'·.~I:~;.', . .::.'·: .. · ... ·:>r'!·::'·~ :.::::.." ,\ .", ,. . :.>.>.': .... ;.:.. ~ ... ~':._'.>'.,' '~'?/"'><. 

DOUBLE.PRÉcisioN .ZIÜ,.Dl,OElTAi,Pll.; z'Kz:t',êc,:' ....-. Tl,i'Mo , lfMT ,:.ZM1{ZM,2· 
1, ZM3, ex, EO;P'O:~ROOj ,1>'1;,AGiR',AG2R,J'2Fi~' F2N,P:3'P:,.P3N~:ZM1.G.'Z M2.G~ZM:3·G,.··.·,;·· .. ··.·· 
2lMGOT,TO,J2P".l;2N,.T3 P.,T3N ,vc""~î.l4GtP1C3P_"P2pt,.prC:3N.iP2N.C~Plc';:·, '.: :.:.: ..•.... '.; 
3l,PI,RO y Al',El t;::\)c-MU,E I13Nt E'àéiM~V~HBARtOElr~~"u2NtC,vO, pûojeLAB'irHOX, . 
4J2JLN,tC;THO, P,PD ,DEl,De-lTR~ÂB~':ZM13 ,ZM23,Z Ml.-2;E 123, El13P ,El12f.{, ... 
SElf2P.,ik( 51),' . ·'El ,E2Pte2N'iE3·Py:~3:Ntç;.AGtDD, .. ' . . .... :,.; 
6R 2 Nt S 2N':~ U2 N, lM Ul G,ZM\J2G.~ lMU3,G,l ~!lJG' ..... . '., . .... 
. DOUBLE FRECfS!.ON SQP3P,SQ'P3N ,012 ,Q·ll·,·Q:l,Q2,Q3, Q4,Q5,'Q6~Q7,Q't3',Q9, ". 
IP2C3P ,P 2C:3N,Ql'O, PUl C ,V3NC,R2 PtS~P,Ü2PtJ2JlPt e2,Cl P,.Cl,N:,C,3p.,C3N>····· 
2, KI,X2 ,X3;)(4, X5.,X6 ,X7',)(8 ,X9 ,Xlo,tl,C4, C3, FI, GÙ'F2P, F2N,G'2P,G'2N .... 
3 tF 3P ,F 3N ,G 3P ,G 3N,PU2 PC .• ..' ..... ... . . ", 
ZK1~COSQRT(2~OOO*~MU*El1))/HeiR 
o l~ 1.ODO/AB+5. OO";l*RO*ZKl **2 .. 

DELTA1=OATA~(IKI/D1) 
Pll=lKl*Al .. 
ZKZ!.=DSQRT(2.000/Al)*OSI~{DElTAl+Pll' 
CC=(2.000/PI)*(XMU/HBAR) *UIIIKZI '*Cl.0DO/HBAR·'*(1.OOO/ZK.l 1) 
!.F (~00T(I')50,52,S2' . 

52 !.F(E(I.)-O.8D1)51,53,S3 
51 ZK(I)=(DSQRT(2.·0DO*X~U*E(I)*ERGMEV»/HBAR 

DOCI)=-1.0DO/AB+S.OD-1*RO*ZK(I'**2 
DELTR(!.)=OATAN(ZK(I)/DD(!» 
P(!.)=ZK(I)*Al 
THOX(!)=CC*(OSIN(DELTR(!'+P(I»)**2/P({) 
THO(I'=THOXCI'*ERGMEV 
ELAB(!.)=2.0DO*E(I' 
DEL(I)=OElTR(I'*5.12~57795Dl 
PD(I)=P(I'*5.72ÇS7795Dl 
GO TO 50 

53 ZK(I)=(DSQRT(2.0DC*X~U*E(I)*ERGMEV)'/HeAR 
P(I'=ZKU)*Al 
J=E ( 1 ) 
IFCSNGl(E(I»-FLOAT(J)-O.S'S4,5S,SS 

5 4 KK=E ( 1) . 
GO TO 56 



. : .. ':. ~ , . 

AN IV G ,LE VEL l, MOo' 1 . 
. '. ~" :- ",- . . . : 

':"55KK=ELIl' 
':KK~KK+i: · ", , . 

'. ..' ~. . 
>, •... " 

<56 DEL TRrÜ=OE,L TlI<K) *1 ~745220"';2 .". " 
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