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ABSTRACT 
20" 40 

: _ .-More than a dozen inelastic levels of both Ne and Ca . were 

excited by inelastic -scattering of 50.9 MeV alpha particles. Differential 

cross section$ for these excitations were measured, and by analysis with 

the Austern and Blair model, one-step and two-step excitation processes 

were distinguishedfrom each other. Spins, parities, and reduced transi­

tion probabilities were also extracted with the aid of this model. This 

information was then used to discuss the collective nuclear structure of 

C. 40 h · h · · b t · 1 d N 20 h. h h t t . 1 b a , w J.C J.s VJ. ra. J.ona , an e w J.C as ro a J.ona ands based on 

both the ground state and octupole vibrations. 
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I. INTRODUCTION 
.. ·~·· . 

This thesis· is completely devoted to.inelastic_alpha .scattering, 

adirect surface ~eaction which. is currently receiving considerable 
. . . 

· attention. Most o:f· the interest· i.s due to' three observations:' ·. 1) That 

inelastic alpha scattering primarily excites collective states, states 

which are best described in terms of the viprational or rotational model; 

2) That from the phase and small-angle behavior of the regular oscilla-

tions that characterize differential cross sections for alpha excitation., 

the angular momentQ~ transfer in a one-step process can be measured. It 

is alsopossible to distinguish between·one-step and two-step excitation 

processes; 3) That the reduced transition probabilities obtained from 

inelastic alpha s·cattering are directly related to the corresponding 

transition probabilities of ga~~a decay and Coulomb excitation • 

. This impressive list must be tempered with one obvious limitation­

. the information can only be obtained if the energy, resolution of the 

experimental systell).(permits the observation of discrete st!'ltes. 

With these points in mind two nuclei were chosen for investigation;. 
20 4o . . . 

Ne and Ca . Neon,;,20 ~s the l~ghtest nucleus known to have well-defined 

rotational bands1 and the combination of the facts that it ds even-even 

and has comparatively few nucleons causes the excited states to be well 
40 

separated. Although Ca has twice the number of nucleons, it also·has· 

well-separated states since it is. doubly magic. Because of its spherical 

s~~etry no rotational bands or enhanced quadrupole vibrations are expected. 
. . ·. 2 

An enhanced octupole vibration found throughout the nuclei and higher 

Vibrations have previously been seen.3 

In order to extract the information obtainable from inelastic 
/' 

alpha scattering mentioned earlier, a·model is needed. Austern and Blair, 4'5 
proposed a simple adiabatic model which has up to the present time rarely 

been compared with exi>erimerital data. 6 This model is based on a collective 

picture of the nucleus. · To first order· in the nuclear deformation it 

deals with one-step processes. 

Calcium-40 was analyzedfirst. ·Its-one-phonon vibrational states 

are known to lie at about 4MeV; 7 and since most of the ·states studied in 
. . -~ . . . 
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this experiment are found belo-w 8 MeV, contributions from Q.ouble phonon 

excitation shouid be slight. In this case the model predicts that all 

differential cross sections involving the same angular momentum'transfer 
. 40 

should have the sf3,me shape. In the section on Ca results, comparisons 

of this type are made. Since as -will be sho-wn, the model -works excel-
40 20 

lently for Ca , it -was next used to analyze, the more complicated Ne 

data. 

If the rotational band assignments in Ne
20 

are correct, 1 the three 

lo-west bands are a positive.parity K=O band based on the 0+ ground state 

and t-wo negative parity bands based on octupole vibrations with K pro­

jections of o·and 2. According to this picture the ground-state band 2+ 

level and the 3- levels of the t-wo negative parity bands should be excited 

by .enhanced single-step processes -while the other members of these bands 

should be excited by non-enhanced two-step processes. This situation is 

analogous to Coulomb excitation of nuclei in the permanently deformed 

region and iri Sees. IV-B.3 and VI the similarities of inelastic scattering 

of alpha particles ;~om Ne
20 

and multiple Coulomb excitation of u238 'are 

pointed out. 8 

II. · EXPERIMENTAL· ARRANGEMENT AND PROCEDURES 

A. The Cyclotron and Beam Optics 

Although the ne-w 88-inch spiral-ridge cyclotron is capable of 

providing variable ~nergy beams of all the light charged particles, in 

the present experiment only the 50-MeV alpha particle beam -was used. The 

beam optical system is sho-wn; in Fig. l. In the· radial plane a quadrupole-
/ 

lens doublet created an image of the effective source half-way to the 

analyzing magnet -which then deflected the beam 57°, producing a radial 

image on the analyzing slit. This slit -was made oy -water-cooled tantalum 

ja-ws -whose radial position and separation couldbe remotely controlled. 

Under normal conditions the slit -was 0.06-inches -wide. After the slit the 

beam passed through the main shielding·-wall of the cyclotron vault. The 

particles -were then brought to a
1
radial focus at the target position in 

\ 

,, 

.. 
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MUB-18l6 

Fig. 1. Beam optics system of 88-in. cyclotron, cave 1. 
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the center of the scattering chamber by a 'second quadrupole doublet. The 

b~am spot on the target was approximately l/8~in. wide by l/4-in. high. 

In the vertical plane.the beam was roughly parallel. To minimize back~ 

ground due to slit scattering, no other beam collimation was used with 

the calcium target. Special analysis of the data was performed to correct 

for possible beam shifts; but no shifts corresponding to more than 0.1° 

were noted. 

B. Scattering Equipment 

The beam was measured by a magnetically protected Faraday cup and 

an integrating electrometer. Typically the beam intensity was 0.5~. The 

energy of the beam was determined by measuring the range of the particles 

by a system of two remotely controlled 12-position foil wheels located 

directly in front of the Faraday cup. The range was converted to an 

equivalent energy by_use of the range tables of Williamson and Boujot.9 
/ 

On the first run the energy at the center of the target was calculate,d ·to 

be 50.9 MeV and on subsequent runs the frequency was adjusted until the 

range-energy measurement was again consistent with this. 

The scattering chamber consisted of' a 36-in. diameter vacuQ~ tank 

with a rotatable table on which the de~ector was placed. The ·table and 

target holder assembly could be ·moved by remote control. The positions 

of the counter and target were read on a digital volt meter. The counter 

assembly intercepted the bea~ at 6° .thus limiting the useful table posi­

tions. The basic Faraday cup and scattering chamber have been described 

before.lO,ll,l2 The entire system was evacuateQ by a 6-in. water-cooled 

oil-diffusion purnp backe-d by a Kinney mechanical pu.'lip. 

\. 
I 
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C~ · Detectors 

From a practical standpoint, one detector is sufficient to study. 

inelastic scattering of alpha particles higher. in energy, than the highest 

energy He3 gro~p. · This corresponds to over 12 MeV of excitation in both 
40 20 . 3 . Ca · and Ne . Particles lighter than He are not stopped ln the detec-

tor and cannot lose sufficient energy to overlap the energy range of 
. . I 

interest. Particles heavier than alphas are not seen because of lo~ cross 

sections or high negative Q-values. In any case, the energy scale ~as 

accurate enough to identify particle groups by energy vibration ~ith angle . 

The counters ~ere 0.06-in. thick lithi~~~dtifted silicon detectors 
13 made by a ~ell described procedure. The starting ·material ~as p-type 

silicon into ~hich lithium ~as thermally diffused. Then under a reverse 

bias at l25°C the .lithium ions ~ere drifted to form a compensated region 

of intrinsic resistivity. ·In the counter assembly (Fig. 2) contact ~as 

made by a stainless-steel pressure Gontact on the lithiQ~ side and by a 

silver ring to the gold surface-barrier side. The bias voltages applied 

~ere 250 to 300 V, /the leakage currents ~ere l to 4!-lA and the overall 

resolutions for alpha particles scattered from gold leaf ~ere. 70 to 80 keV. 

· D. Electronics 

The detector was connected by a short length of lo~-capaci ty cable 

. to a charge sensitive preamplifier
14 

and by a 100-Kn resistor to a bias 

supply .. The preamplifier output signals·traveled to the counting area 

through a l25n cable terminated at the input of the main amplifier 
14 

system. . In the main amplifier the pulses were. differentiated with a 

time constant of 0.5J..Lsec, amplified; and then shaped to a l J..Lsec square 

pulse suitable for the 4096-channel Nuclear Data ·pulse-height analyzer. 

· Energy spectra were stored in the first 1924-channel group., 

.To avoid difficulties with pick-up of electrical noise from such 

sources as the cyclotron oscillator, great care ~as taken to maintain a 

one-point ground system and to avoid loops. The installation was very 

successful in this respect~ 
·, 

\ 
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MUB-1827 

Fig. 2. Counter and gas target collimation. 



E.· Targets 

1~ Solid Targets 

The calciQ~ targets were prepared by rolling natural caicium 

metal turnings ( 97% Ca 40 ) in an inert atmosphere of dry argon. Applica­

tion of a small amount of carbon tetrachloride before rolling the calciQ~ 

generally reduced. the tendency of the thin calciQ~ foil to stick to the 

roller. All the steps of target pr~paration were performed in the inert 

atmosphere box and were as follows. The sealed commercial jar was opened 

and several turnings, one at a time, were harn.~ered between two tantalu.~ 

sheets until pieces thin enough to fit between the rollers were produced. 

All pieces which showed signs of strain or tears were discarded. One 

of:.the remaining .pieces was then rolled with painstaking care, increasing 

the roller pressure slightly with each pass. Each time the calciQ~ foil 

became longer than two inches in length it was cut in two. One piece 

was saved and the other was rolled further. Eventually, the foil would 

stick to the rollers and tear. If a piece of foil large enough for a 

target could be saved it was mounted at this point. If not, the piece 

saved from the last stage was then rolled one less time than the piece 

that tore, and then mounted.. The mounted foil was transferred to the 

target mechanism of the·scattering chamber and then raised into a small 

compartment which was closed off and quickly evacuated. Thus, exposure 

of the foil during the twenty minutes it took to pQ~P down the scattering 

Targets prepared in this way had a thickness of. chamber was avoided. 

0.6 to.0.7 mg/cm2 • Carbon and oxygen were the only appreciable impurities, 

and together·were 9% by weight of the total thickness. The handicap of 

having the impurity peaks· obscure inelastic calciQ~ peaks at certain 

angles was partially compensated by the usefulness of these impurity 

peaks in the angle and energy scale calibration described in Sec. III-A. 

The target thickness was determined by a quanti t~ti ve chem·ical· analysis 

of the calcium in a piece of the target one square centimeter in area 

and centered on the spot discolored by the beam. 

Figure 3 is a "'picture of ;one of the bombarded calciQ~ foils after 

exposure to the air·for several.hours. The region hit by the beam 
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Fig. 3 . Beam spot on partially oxidized cal cium target ·. 



·remained dark and metallic while. :the rest·of the foil reacted to form 

transparent calciu.rn carbonate. This gives ·some indication of h01-1 little 

the beam drifted and how well focused it.was. The dimensions of the 

metallic remnant was l/8-in. by l/8-in. ThHL·.is of concern since in 

Sec. II-A· it was pointed . out that no col.limators were used between the 

analyzing slit and the target, a distance of twenty feet. 

2. Gas·Target 
20 Ne was containeO. in a gas holder 3-in. in diameter at a pressure 

of about 10-cm Hg. The windows; of the gas cell were 0.0001-in. thick 

Havar (fromthe~iltdt'Wa.tch· Ch!}pan:y) foil. The placement of the counter 

collimators for a gas target can be seen in Fig. 2 •. The resulting solid 
' -4 ·. 

angle was 8.46 x 10 sr .• · Pressure adjustment ·was accomplished by a 

mercury TBp~er pQ~P and the pressure was measured by a mercury. manometer. 

This system was especially designed for·the recovery of rare gases. The 

neon ( 98 ~ 1% Ne20 ) was obtained from the Mound Research Corporation. 

F. Qperating Procedure. 

The counter and electronics were tested before each cyclotron run 

with·both a pulse generator and known energy alpha particles from decay 

Of Th228. . BJ suitable adjustment of the bias cut and post-amplifier gain, 

pulses accepted by the pulse-height analyzer were made to correspond to 

alpha particles between 31 and 51 MeV. 

The zero position of the beam was determined before and after .. 
each experiment oy measuring the elastic differential cross section at 

/ 
a 

series of points separated by 0.1° in the vicinity of 26.5° on each side 

of the beam direction. At this angle a 0~1° shift in angle causes a 10% 

change in differential. cross section. · By averaging the two digital volt · 

meter readings on· each side of the be.am direction which gave the same 

cross section, the digital volt meter reading corresponding to zero 

degrees was d~termined wit'):lin 0.1°. A reading of 26.5 was specifically 
4o . · 20 

picked for Ca • A slightly different angle was used for Ne . During 
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the experiment in which the target shown in Fig. 3 was bombarded, there 
b . 

was less than a 0.1 change in beam position. The beam energy was 

measured before and after the experiment by a range measurement describeQ 

in Sec. I-:B. As a final check on the beam energy and the accuracy of 

the counter angles, an energy scale was calculated from the pulse height 

of the known inelastic peaks at the first angle. At each subsequent 

angle the elastic-peak pulse height was converted to an equivalent alpha­

particle energy by means of this scale and compared with the energy cal­

culated for elastic alpha particles at that angle. 1he computer code 

used for all kinematic calculations is described in.the Appendix in the 

section called LYCURGUS. 

III. DATA REDUCTION 

A. Energy Level Analysis 

The energy,spectrum.at each counter angle recorded by the Nuclear 

Data pulse-height analyzer was·punched on a paper type. The information. 

on the paper tape was transferred to magnetic tape by an IBM-1101 computer. 

This magnetic tape was then used as input for a computer·program named 

DIABLO written by Mr. Don Zurlinden. This code generated two additional 

magnetic tapes. One was used to operate a Calcomp plotter. Figures 4 

and 5 were obtained in this way. The other was used as input for a sec­

ond computer program called VARMIT. The purpose of VARMIT was to deter­

mine the peak channel number and the nQ~ber of counts in each peak both 

for fully resolved and for overlapping peaks. As a practical cons idera­

tion the counting statistics and the ability to separate overlapping . ' . 

peaks are related. Two peaks each containing about a thousand counts can 

be unfolded if separated by more.than one half .their full-width at half 

maximQ~, even though at the minimum separation mentioned only one smooth 

peak with no shoulders appears in the unresolved spectrQ~. 

The separation was accomplished by expanding each energy spec~ . 

·. trum as a series of Gaussian. curves. A c.hi-squared minimization was then 

performed where 

II 
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Fig. 4. 40 
A Ca energy spectrum at elab= 18.5°. 
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'Where m is the number of channels, cts. 
l 

is the number of counts in 

the ith channel, n is the number of peaks, X. is the height of the. 
J 

jth peak, xn+j is the position 9f the jth peak and x2n+l is the co~~on 

fulJ, 'Width at half maximum of all the peaks. The minimization 'Was per­

formed by a general minimization code 'Written by Davidon15 and ~odified 
by the author. Tbe rest of the code 'Was 'Written by the author 'With the 

help of Mr. Joseph Good and Mr. Erie Beals. The Fortran listing. and a 
. ~ . . ' 

brief description of this code appears in the Appendix. The (2n+1) 

parameters consisting o~ ~' k=l,2 ... , 2n+l 'Were varied independently 

and afterYJards relationships betYJeen the parameters due to calculable 

peak positions of known energy levels 'Were ·checked as external criteria 

of meaningful convergence. In no case 'Where a hand calculation for a 

single resolved peak 'Was compared 'With the corresponding computer cal-

. culation did the t'Wo differ by as much as '51a·~ A typical spectru.~ and 

computer fit is sho'Wn in Fig. 6. From preliminary experimental 'Work it 

'Was determined that Gaussian shaped peaks 'Were a close approximation to 

the true peak shape only 'When all sources of slit scattering had been 

removed. This promoted the decision to not use a defining slit bet'Ween 

the target and analyzing slit referred t~_in_ Sees. II-A and II-E.l. 

With the peak positions thus determined, an energy scale 'Was set 

up in the follo'Wing manner. From a relativistic kinematics program 

called LYCURGUS described in the Appendix, the energy of scattered alpha 

.. ·particles and other scattered particles is given as a function of Q.-value 

for. thi:! reaction, beam energy and angle of the scattered particle. The 

Q.-values for the inelastic alpha scattering are obtained directly from 
16 . · 4o 3) 41 the kno'Wn energy levels• . The; Q.-values for Ca (a:,He Ca and other 
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Fig. 6. The ca40 energy spectrum shown in Fig. 4 was expanded 
in terms of a series of Gaussian peaks and a linear background. 
The portion of the fit shown here has a x2 of 76 for 58° of 
freedom. All the peaks have the same width, so the parameters 
varied correspond to the positions and heights of the peaks 
plus one variable width. The background was approximated by a 
straight line whose value was 10 counts per channel at the 
lowest channels shown and 7 counts per channel at the highest. 
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reactions ~ere found in Ashby and. Catron's tables. 17 The beam energy 

·(see Sec. II-F) had· previously been determined. A plot could therefore 

be made of energy versus channel for each kno~n group from the energy 

·spectra taken at each angle. 

The functional form ~as found to be· linear by the follo~ing, 

rather devious method. The energy scale ~as expanded in a series of 

polynomials .~ith the channel number as a~var.iable, starting first ~ith a 

straight line and thensuccessively adding higher terms up to 5th order. 

The coefficients ~ere determined by. a standard linear least squares 

method; Ho~ever, x2 did not decrease sufficiently ~ith increased param­

eters to ~arrant using any form beyond the linear one. With the energy 

scale determined to first. order, second-order corrections could be made 

by using deviations in the points corresponding to carbon and oxygen 

impurities to correct the angles. This ~as not in fact necessary since 

the corrections ~ere found :to be less than 0.1° of a degree. 

I t ,f 40 · · "t · · h th f n he case/o Ca there are .. ~o reglons ~ ere e energy o 

the. levels are 11. kn. · F · 1 t · t tt · 18 th -~e o~n. rom lne as lC pro on sea erlng e ener-

gies of levels up to 6 MeV in excitation are kno~n to better than 10 keV. 

From K39(p,)')Ca
40 

the energies of levels from 9 MeV toll MeV are also 

kno~n to better than 10 keV .1 9 Most of the levels analyzed in this 

thesis lie bet~een the t~okno~n regions. If even one level in the higher 

region could be p~sitively identified ~ith one of the discrete groups 

excited in inelastic alpha. scattering an internal interpolation could be 

performed ~hich ~ould make systematic errors highly unlikely. Finding 

one such level ~as not easy, since the resolution of this experiment 

(115 keV) ~as greater than most energy-le:yel.separations. A distinct 

peak does appear at 9.87 MeV ~hich corresponds to a strong doublet at the 

same energy. Even if this identification had not been made, by use of' 
t 

3 . . 41 .. . . 
he He gr.oups corresponding. to ·the Ca ground state a. slightly less 

· trust~orthy interpola.tion could still have been made. In Fig. 7 only· 

peaks from the energy spectra at 30°, 35°, 40°, and 45° have been plotted 

to' .. increase visual clarity. The levels ~hose energy have been determined 
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Fig. 7. Energy scale for energy spectra from Blab= 30° to 
Blab= 45°. Only Blab= 30°, 35°, 40°, and 45° are plotted. The 
ordinate is the calculated energy assuming incident beam energy 
of 50.9 MeV, and the Q values given in Table I. The abscissa 
is the channel of the peak. The states underlined were used 
to determine the line. 
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·by this method are not tmderlined. To fUrther .strengthen the e;nergy 

assignment, it can be seen .from Fig. 7 that the. carbon- and oxygen-impurity 

peaks fairly well cover the regionbetween known levels. This can be 

fully appreciate~ if one tries to imagine what the plot would look like 

with just the 16 angles l;letween 30° and 4?0 plotted. These argu.'!lents · 

justify the 10 keV uncertainty in the energy assign.'llents given in Table I. 
. 20 . 

·For Ne a much.simpler analysis was employed, since the energies 

of all .the levels seen in this experiment were already known. A simple 

plot of excitation energy versus channel was made for two angles and it 

was observed that a smooth line was obtained in each case. 

· · To conclude this section on energy scales,. it must be stressed 

that the extreme linearity of the total counter and electronic system 

described in Secs.II-C and II-D greatly simplified the analysis and 

decreased the margin of energy uncertainty. 

/ 

~/ 
/ 

B. Differential Cross Sections 

Differential cross sections were'also calculated by the.VARMIT 

computer code by the relationship . -.; 

( 4) 

where· 
d coselab 

= 
d coseC.M. 

·and J..LC is the total charge in J..l ·coulombs/ .. collected in tlie Faraday cup 
at the given angle • · 

For a solid target " . ,, 

x 1027 ...!!!£ . x 103 !!!.8. (£) ZAsin<P 
. 2 gm area · em ~, 

2 .• 66 X 10-7 ·' R2 ·~ ZAsln<P/T larea . · 

(5) 
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Table I. Q.-values, spins., .. f3.nd pari;ties 
40 . 

. of. Ca.· · .. energy levels. 

-Q value -Q. value Ref. J1T J1T Ref. 
(MeV) other other 

experiments experiments 
(MeV) ~<:.~ 

3-73 .3;730 i8 3- 3- 3' 7., 16' 19~ 
26 

3.90 3.900 18 2+ 2+ .3,1;16,19, 
~ i 26 

.4.48 4.483 18 5- 5- '3,7,16,19, 
26 

5;25 5.241 18 . ?- 3- 1- 26 5.272 or 

5.62 5.606 18 ?- 4+ 26 5.621 ' 

5-90 5.901 /' 18 ' 3- l- 26 
6.28 6.29' ' 26 3- 3- 3,26 
6.58 6.56 26 3- 3- . 26 

6.94 6.94 26 2+ and 2+,3- 3 
(~3..C: or .~1.:) 1- 26 

7.92 7-91 26 4+ 4+ 3,26 . 
8.11 8.09 26 2+ 2+ 26 
8.38 8.37 26 4+ 5- 3,26 
8.59. 2+ 

9.87. 9.872 ' .40' '9-876· 
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where R is the distance from. target to counter, ''area" refers to the · 

counter collimator:, Z 

weight of the target,· T 

get angle. 

is the charge of the projectile, A is the. atomic 

is the thickness in mg/cm
2

, a~d <P is the tar-

G 

For a gas target 

2 •66x10-7 76cm of Hg 
atm 

82.05 atm cc xl0-3 B!!! 
g-mole ~ mg 

L66xlo-6 (T+273) (£
1 

+£2 )2z.·.sin9 . 
= PN ·w

1
W

2
h

2 
[ l+ £

1
/£

2
) . 

' 2 
(T+273)(£1+£2 ) ZAsine 

PN W
1
W2h2[l+ £1/£2 ] 

(6) 

where · T is the gas target temperature in degrees centigrade, £
1 

and 

£2 are the distances from the front collimator to the gas target center 

and from the front collimator to the rear collimator, e . is the lab 

scattering angle, ZA/;i.s the charge of'the pt'ojectile, · '.p '· is .. ·the . 

gas pressure (em Hg), W 1 and w2 are the widths of the front and reap 

s_li ts and h2 is the height of the. rear :slit. All linear dimensions are 

measured in centimeters. N ·.is the nu.rnber of tar.g~t-element atoms per 

molecule of the gas. 

C. Reduced Transition Probabilities 

Collective vibrations are associated with an oscillating electric 
20 multipole moment 

(7) 

The normalization has been. chosen so that ;for a nucleus with constant den­

·sity and sharp surface, the parameters aA.IJ. would define ;the surface by 

·.· ··. 
R(n): 

. '' ' * 
-R (l+ .·L: a Y IJ.(n)) 

o /I.IJ. /I.IJ. f.: . 
(8) 

\. 

. t 

\ 

. :l1 
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-where n =" (9,¢) are the polar angles of the rad1us vector in a space fixed 

coordil').ate system. For small oscillations the collective Hamiltonj~an is 

approximately 

( 9) ' 

corresponding to a. set of independent harmonic oscillators, with energy 

quanta 

Vibrational excitations are characterized by enhanced electric 

transition probabilities. For one phonon excitation the transition prob­

ability is given by 

= 

since 

2(B C )1/ 2 
"A. "A. 

(ll) 

(12) 

for a harmonic oscillator. The B(E"A.;_"A. -:> 0) are defined according to 

Ref. 12. '· ' ' 

If on the other h~nd the nucleus .has a permanent deformation and 

an associated set of'rotational levels, then the nuclear surface is appro­

ximately described by 

./ 

R(m) (13) 

'Where m = (8)'<1'') -and e' is the azimuthal .angle measured from the 

·. sy!mnetry axis, see Fig. 8. The nuclear surface as vei'Wed from the direc- · 

tiori n= (8,<1>) of the fixed·coordinat.e system, depends on the Eulerean 

angles· (C¥13-y) c6-r~.;espondirig. · to a rotation of this. system into the· direction · · 

•·· -'··:·;: •• •) "· f ..... ,. .','\'.': 

' 
' 



-Zi-

z 
I 

z {3 

X 

x' 

MU-35658 

Fig. 8. Relationship between body centered and fixed coordinate 
systems. The last Eulerean angle ~ is not shown. 
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t 
. t 

of the nuclear ~~~e ry ax~s •. 

. -)(- .£* ··. 
2: Y £m (n) D (atyy). 
m mo 

(14) 

Since in the fixed system the nuclear surface can still be represented by 

(15) 

it follows that 

£* 
a = ~ nD (a:tyy) 

£m )j mo 
(16) 

Using the normalized wave functions of a s~metric top 

IMK = .( 2I .;_ i-)l/2 ni_ ( CXf3Y) 
. 87T2 . -MK 

(17) 

the matrix element of the operator CXIM can be evaluated as follows 

. . . 27T 7T 

(IMK!aiMI 000). = j da j ~sin~ 
:. .. . 0 . 0 

'7T I d)'(I+~ 
-7T 8 

)
l/2 I I* ( 1 \l/2:~ 

DMK (a:f3Y)~IDMO (ex~)') 
8

7T2] 

(18) 
~I 

· In the Austern and Blair model (Sec~ V-A) . "the physically mean-

ingful quantities are 

-radius" R 
0 

and ex 
IM 

, 

~IM and oi which are the product of the "nuclear 

and i3I respectively •. Since the radius is not 

t The conventions for Euler angles and rotation matrices are those of 
Messiah. 22 
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I 
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determined in this type of analys,is, to compar,e inelastic scattering 

transition probabilities with ot):'ler experiments the radius must be 

obtained separately. In the next section a method of obtaining suitable 

radii is d~scussed. 

Since the inelastic cross section is proportional to the square 

of the matrix element o1~ . !;IM .and independent o:f the model assu.rned. for 

the collective motion, it is convenient to report the matrix element in 

terms of the p~rameter oi fdr vibrational as well as rotational. exci ta­

tion. 

·From Eqs. (12) and (18) the relationship between the two sets of 

parameters.is 

= 

2 . 
oi . 

2I+l (19) 

The connection between the electric reduced transition probability 

. and inelastic alpha scattering. is that collective inelastic scatter:i:pg is 

induced by the variations in the radius corresponding to shape oscilla­

tions. Specifically when the optical potential is expanded in powers-of 

a(n) := L: s.em.Y.t(n), it is the term ?JVj?JR o:(n) which leads to single 
.£m. . 

excitation. 

D. ·Evaluation of Reduced Transition Probabilities 

In the last section relationships were developed between vibra­

. tional m,odel parameters and rotational model parameters. In terms of . 

this relationship the reduced trans.itio:riprobabllity is given by : 

(3 2 
(,L ZeR "-) 2 "A. 
4 0. 2/1.+1 = . (20) 

assu.rning a uniform charge distribution. 

Lane and Pendelbury2 have obtained for non-uniform charge dis­

tributions· 

. ' 
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and for a single particle transition 

B (E ;f-. --)0) sp f-. . . 
2 

(22) 
e 

where ,... 00 

/ . 2(, ( ) . , r prdr 
.Jo 

and 

/ p(r) ( r-R / )-1 
= • l +e : •. 5~ ; 2 . 

where R
1

/ 2 is the half density radius. 

The .quantity . of-. ·is directly extracted from experimental cross 

. sections by use of the Austern and Blair model (Sec. V-B). 

Since. neither .the "nuclear radius" R or the half ·density 
0 

radius R
1

/ 2 is directly measurable they are both taken from electron 

scattering data of Hofstadter with R corresponding to his equivalent 
0 

uniform charge radius. 

, .. 



IV; RESU1TS AND· DISCUSSION. 

A •. Calcium-40 

1. General 
40 . 

In "the excitation of levels in Ca the states based on octupole 

vi orations are dominant. Most of. the strength resides in the lm-1est 3-

level at 3.73 MeV which has been seen by many experiments16 and is known 
. 2. 

· to be. enhanced 11 times over singl~ particle estimates. Several other 

3- states are also enhanced and are discussed in the following section. 
. . 2 24 25 

Octupole vibrational states are found widely throughout the nucle~. ' ' 

Their excitation energy and strength are not closely related to shell 

structure. This is in marked contrast to quadrupole vibrations which are 

found at inc~easingly higher energies in the vicinity of closed shells 
40 

· and correspondingly are less enhanced. In Ca the lowest 2+ is found at 

3.90MeVand its reducedtransition probability is indicative of a single 

particle excitation. Three other 2+ states are also seen, again without 

·enhanced excitation!/ca.iciti'Il.,.40dstmeof:;the~;·few:·nuclei.,. where a one-phonon 

25th pole vibration:~l state has been identified.~; According to the pres­

cription used in this work for calculating enhanc~ments (Sec. III-D) the 

5- level .. :at 4.483 MeV is enhanced 24 times over single particle excitation. 
. 4 

No higher 5- states were seen in this experiment. A one-phonon 2 th pole 

excitation to a state at 7.9 MeV was first.observed by inelastic electron 

scatter iliff. ·This has been also seen in the present work along with 

another 2 th pole excitation at 8.38 MeV. Both are enhanced by 2 to 4 

time single-particle estimates .. 

Angular distributions.to 13 excited states were measured. The dif­

ferential cross. sections are tabulated i~_-the Appendix. The levels are 

the 3.73, 3.90, 4.48~' 5.25, 5.62, 5.90, 6.28, 6.58, 6.94, 7.92, 8.11, 

and 8.59 MeV states. 

Angular distributions for .e = 3,5,,2, and 4 are grouped:.'xespec­

tively in Figs. 9-12. The known 3·35MeV 0+ level was possibly seen at 

a few angles but it was not made in.sufficient strength for an angular 

distribution to be measured. The peaks at 5.25 and 5.62 MeV are known to 

be doublets.
16 

TheY: are weakly,excited and because.of the poor statistics 
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Fig. 9. Austern and Blair f = 3 unnormalized angular distribution 
and states with similar experimental differential cross section. 
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Fig. 10. Austern and Blair £ = 5 unnormalized angular distribution 
and the 4.483-MeV level differential cross section. 
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Fig. 11. Austern and Blair £ = 2 unnormalized angular distribution 
and states with similar experimental differential cross sections. 
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Fig. 12. At'.stern and Bla.ir £ = 4 unnol~malized angular distribution 
and states with similar experimental differential cross section. 
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and background interferenc·e they ~.ppear to oscillate only feeply". Their 

phase corresponds to negative parity states. Corresponding peaks ·Here 
' ' 26 

seen in a 30 MeV inelastic scattering experiment and were respectively 

reported as a negative parity and a 4+ level. The 4+ assigmnent is sur­

prising since the gamma decay does not cascade through the 2+ level at 
14 

3.90 MeV, but occurs directly to the ground state. The 6.94-MeV peak 

appears to be a doublet from its angular distribution. This is discussed 

in the last part of this section. A level or group of levels is consist­

ently seen at 7.5 MeV but is too weak for further analysis. The 9-87-MeV 

doublet was identified only for purposes of energy scale calibration (see 

Sec. III-A). 
4o 

Since the octupole states dominate the Ca energy spectra at 
' 

most angles, .18° lab which corresponds to a minimu..rn in the angular dis-

tributions of octupole states and a maximu..rn for the other types of vibra­

tional excitation seen has'been selected for Fig. 4 .. Two points of inter­

est are the separation between the 3.73- arid 3. 90-MeV states vlhich in 

other scattering experiments at equally high energies have not been 

resolved, and the low· background up to 8 MeV exci tatio_n·; This latter 

is due mainly to the elimination of slit scattering (see Sec. I~-A). 

2. 

and 

Octupole Vibrations 
4o 

The 3·73-MeV level of Ca 

Pendlebury (see Sec. III-D) and 

is one of the examples picked by Lane 

so a direct comparison. of B(3 --7 0) / e2 

can be made~ Analyzing inelastic electron scattering data they obtain a' 

value of 2. 2 x 103 
f'
6 

for the reduced-octupole-transition probability. 

This is the same as the value obtained from the present experiment. The 

rest of the reduced-transition probabilities obtained here are found in 

Table II. 

The next apparent octupole vibration is the 5-90-MeV state. It 

is the only octupole state whose strength was found not to be enhanced. 

By. inelastic scattering experiments at M."I .T .• this level .was assigned a 

spin and paritY: of l-.
26 

After careful study of their data it se.ems that 

this assignment is based on one small-angle point and may be incorrect. 

... 

; 
:• 

• ! 
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Table II. Reduced-trarisi tion pr_qJ,;>.abili ties for· de-excitation of Ca 
40 

· ·. · ' ' energy levels. · · 

B(J-70) 
a 

t B~J -7 02a ifll 2 . 7T 
oJ 

. SJ2 
. -Q. value J f3J 2 2 

(MeV) e e 
. ( 2J) (fermis2J) (fermis) fermis 

3· 73 3- 0.85 0.19 2.2 X 103 . 02 1.9 X 1 11.4 . 
,. 

3-90 2+ 0.34 0.075 11. 12. 0.88 

4.48 
6 4 

.. 24. 5- 0.35',. 0.077 ·: 2.1 X 10 8.7 X 10 

5-90 3- 0.18 0.040 102 1.9 x 10
2 0.52 

6.28 3- 0.40 0.088 2 2 2.8 5.5 X 10 1.9 X 10 

6.58 0.069 4.2 x 102 2 2.2 3- 0.31 1.9 X 10 

6;94 2+ 0.:21 0.047 8.8 - 2 12. 2 ·~-·o. 74 
b 0.36. .0.078 3- 4.9 X 10 1.9 X 10 2.5 

7 ·9.2 4+ 0.29/ 0.064 1.4 x ·104 3. 7 x 103 3.8 

8.11 2+ 0.24 . . 0.052 9.8 12 • 0.82 

8.38 4+ 0.24 0.052 . 9-5 x io3 . 3 
3.7 X 10 · 2.'5 

8.59 2+ 0.19 0.041 7-7 12. 0.65 

t Using R 
0 

= 4.54f from electron scattering. 25 

a . 
Reference 2. 

b . 
Though less likely a 1- assignment cannot be ruled out by oUr analysis. 
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i 

Only a 3- assignment ~s consistent -with the Austern and Blair model; 
'•; .. 

compare Figs.i9 and 17. 

The next octupole state (at 6.28 MeV), is enhanced by a ,factor. 

of three. It has been seen by several other experimental groups and all 

agree that it is a 3- level.3,7,l6 , 26 

The state at 6. 58 MeV is enhanced a factor of 2 and agrees v1ell 

-with the Austern and Blair angular distribution for P 
26 group agrees -with this assignment. 

3. The M. I. T. 

There is one more state of probably octupole character, but it 

is a doublet and -will be discussed separately. 

3. Quadrupole Vibrations 

T-wo higher energy 2+ states are found at S.il MeVand 8.59 MeV. 

Neither is enhanced, and the·assignment of the one at 8.11 MeV agrees 

-with Ref. 26. The other has not been previously seen. It must be 

stressed that the spin and parity assignments of the levels above 8 MeV 

are only tentative for two reasons. First, these levels are experimentally 

more difficult to separate both from each other and background. This' 

causes the oscillations to be less pronounced and th~ distinctions bet-ween 

the t = 2 an·d t = 4 angular distributions to be less reliable. Secondly, 

at these high excitations there is less justification for ignoring double 

excitation. This is discussed in Sec. IV-A.l. 

4. The 6.94-MeV State 

The 6.94-MeV state is strongly excited and has been obser:ved·_;Ln 
. t 3, 7, 26,27, 28 Th . . d f . · t nQ~erous exper~men s. ere ~s -w~ e con us~on concern~ng i s 

spin and parity. It has variou$ly been reporteq as a 3-, 7 3- and 2+ 

d b . 3 28 26 ' . • 27 ou let, 2+;. 1-; and 2+ or poss~bly a 2+;3- doublet. Part of the 

confusion stems from the fact that there is also 'a state at 7.1 MeV -which 

is not resolved from the 6.94-MeV doublet in most of these experiments. 

Figure 13 compares the present experimental differential cross 

section-for the 6.94-MeV peak.-with Austern and Blair angular distributions 

for a 1-;2+ doublet in the upper curve, and a 3-;2+ doublet in the lo-wer 

curve.· The relative strength of the negative parity state to positive 
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Fig. 13. The ca40 6.94-MeV state experimental differential cross 
section compared with two Austern and Blair angular distribu­
tions for a doublet. The upper curve is a sum of ( 0+ -? 1-) and 
(0+ -?2+) in the ratio of 5 to 2. The lower curve is a sum of 
(0+ -7 3-) and (0+ -7 2+) in the ratio of 2 to 1. Except for a 
few small angle points the lower curve is more in phase with the 
experimental curve. 
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parity. state is about 2:1 in each case. Except for afew small-angle 

points a }-j2+ doublet seems more consistent with th~ experimental phase. 

This would indicate agreement .with the inelastic electron scattering 

work.3 The 7.1-MeV state is only weakly seen, and the differential cross 

section for its excitation was not obtained. 

B. Neon-20 

.1 .. ·General 

Considerable evidence for rotational band structure in Ne20 
has 

been obtained through a comprehensive set of experiments by the Chalk 

River group. 29 The energy levels will. be discussed one band at a time. 

2. Ground-State Rotational Band 

. The 2+ member .of this band is strongly excited at 1. 63 MeV. Its 

phase is close to t~a:t expected for single excitation; however, addition 

of a double excitation contribution improves the fit. The sign of the 

deformation can be determined in this way and is positive, correspGmding 

to a prolate shape as expected. The 4+ member of this band at ~-.25 MeV 

is excited more weakly by an order of magnitude. Its phase is shifted 

·noticeably frorrithat expected for single excitationwith an angular 

momentu.111. transfer of 4. The best fit is. obtained by a double excitation 

.to single excitation ratio of 2. This behavior of strongly exciting the 

2+ by a one-step process and the 4+ by primarily a two-step process is 

'analogous to multiple Coulomb excitation by s.uccessi ve E2' s. In fact 

··the magnitude of. the double excitation contribution agrees well with the 

value predicted from the strength of _the-'single excitation to the 2+.(see 

IJ?able .r;rr.,:.~ ['he':arigular.:.distributions :are· shown in Fig. 14. ,., ·. 

Negative-Parity Octti.pole Vibratiohal,Bands .. 
, .. 

The lowest band .of this nature has'K=2; its first member is t,he 

· 2- level at 4. 97 MeV. . It· is very weakly excited and no oscillations· are· 

observed in its differential cross section. 

:• . 
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Table III. Ground state rotational band single and double excitation 
.. Triforiria/t1!6n.·: .. 

-Q value 

1.63 MeV 

4.25 MeV 

2+ 

4+ 0.12 

0· 
I 

0.30 

0.25 

0.23 

0.23 

c
1

(I) and c2 (I) are extracted from the experimental cross sections by 

the Austern and Blair model as described in the text. oi = c
1 

(I) .J 2I+l 

is the deformation length. c2 '(I) is the double excitation matrix 

element calculated from the strength of the 0+ ~2+ quadrupole excitation 

by the relationship 

l 
= --;J47T. 

The ·agreement between c2 (I) and c2 '(I} is consistent with the rotational 

model. 
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Fig. 14. Ground state band 2+ and 4+ experimental and theoretical 
angular distributions in Ne20. 
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The 3- level at 5.63 MeV ... ~s the second member of the band and fit 

is enhanced 6 times over si.ngle :particle estimates, Its differential 

cross section indicates a single step £ = 3 excitation. · The other members 

of the band are not seen. This is in qualitative agreement with the idea 

that the band is based on an octu:pole vibration, since the·3- is the only 

member of the band which can be excited by a direct octu:pole excitation. 

The next band based on octu:pole vibration~ has a K-:projection of 

zero so only the odd members of the band are allowed. The 1- level at 

5.80 MeV is weakly excited, an order of magnitude weaker than the 3- level . 

at 7.17 MeV. The :phase of its angular distribution is consistent with 

a two-step :process analogous to Coulomb excitation by E3 to the 3- level 

followed by an E2 excitation down to the 1- level. The 3- level at 7-17 

MeV is enhancee approximately as much as the 3- in the K=2 band. Again, 

comparing_ the differential cross sections for exciting this state with 

the Austern and Blair £ = 3 angular distribtuion a single-step angular­

momentQ~ transfer of.thr~e is indicated. In this case, ho~ever, there is 

a slight shift in :phase of 1° to 2° relative to both the.3- at 5.63 MeV 

and the calculated angular distribution for angular momentum transfers Qf 

three. The differential cross sections for .·the two 3- states and the 1-

are compared with the corresponding single excitation angular distribu-

tions in Fig. 15. Reduced transition probabilities for states excited 

by single excitation are found in Table IV. 

4. Possible Higher-Energy Rotational Bands 

Two additional K=O bands have been suggested. The lower one con­

sists ·of a 0+ level at 6.71 MeV, a 2+ level at 7~43 MeV, and a 4+ level 

at 9.04 MeV. The differential cross section for excitation of the 0+ level 

is out of :phase with a direct monopole excitation and is approximately 

"the same strength as the second-order excitation of the ground-state rota­

tional band 4+ level. The 2+ level which under ordinary circQ~stances 

would be enhanced (especially if this band were based on a quadrupole 

vibration), is made slightly weaker than the 0+ level and its phase also 

corresponds 1to double excitation. 
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Fig. 15. Comparison of the 1- and 3- levels of the K=O and K=2 
bands in Ne20 with angular distribution expected for single 
excitation. 
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Table· IV. Reduced transition probabilities for de-excitation of Ne20 
0 0 energy levels. 

Jrr B~:J -7 0 iLane 
B(J -7 0) Lane 

1~1 2 -Q value 0 . . f3 J 
. SJ2. .. 0 • 

.J 2 2 
(MeV) e . 2J .. e 2J 

(fermis) (fermis) (ferrr;is ) (fermis ) 

1.63 2+ l. 72 .48 53- '5· 9 9-0 
4.25 4+ .36 .10 6.3 X 103 l.lx 103 5.6 
5-63 3- .. 84 .23 ·4.5 x 102 1.2 X 10 2 6.2 

7-17 3- .84 .23 4.5 X 10 2 • 0 2 
1.2 X 10 6.2 

......... ·· 



Only the 2+ lev~l at 7.85MeV of the remaining band based on the 

O+ level at 7.17 MeV'is excited. It is made as weakly as the 2+ level at 

7.43 MeV. However, this time it is in phase with the single excitation 

Austern and Blair £ ~ 2 angular distribution. 

V. AUSTERN AND BLAIR MODEL 

The Austern and Blair model and other adiabatic models are fully 

described in Ref. 5, only a brief s~~ary will be presented here. Special 

emphasis will be placed on the details of the calculation and.the computer 

code developed:to obtain the information inherent in elastic scattering 

and then used by the same code in calculating inelastic angular distri-

butions. 

A. Previous Models 

A brief review. of advantages and disadvantages of the earl1er' 

Fraunhofer model,5,30,3l,32 may be of use in understanding the new model. 

In the Fraunhofer model closed forms for the inelastic angular distribu­

tions are obtained. They_have the general characteristics of the obseryed 

experimental differential cross section; except that the envelope of the 

experimental differential cross sectionsis much steeper. In spite of the 

simplicity of this model the differenc·es in small-angle behavior of the 

angular distributions which distinguish excitations of different angular~ 

momentum transfer are already present. The main drawbacks in using it as 

a spectroscopic tool are that the reduced~transition probabilities obtained 

from this model depend on which maximl.i~ of the angular distribution is 
'. 

used in normalization, and its lack of any consideration of Coulomb effects, 

which limits its use for low-energy or heavy nuclei. 

Blair, Sharp, and Wilets33 next developed a smooth cut-off model 

for monopole and quadrupole excitation that gives the same envelope. as.· the 

experimental cross sections. There are also two drawbacks to this model • 

. It cannot be used for higher multipole excitations, and ·coulomb effects 

are still not treated. 

.. 

·, 
' 
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·B. The Au·stern and Blair Model 

These last two handicaps are removed in the Austern and Blair 

model.5 More sophisticated analyses can be obtained by DWBA or coupled­

channel calculations, but for spectroscopic purposes the Austern and· 

Blair model is easily used and appears to be ~ufficient when collective 

wave functions adequately describe the nuclear state. 

A description of this model must start with the extended optical __ 

model. Let us consider an extended optical potential including some dyna­

mic variables of the target nucleus, specifically internal dynamic vari­

ables closely related to the ordinary parameters of the elastic optical 

potential. This extended potential is an operator which connects the 

incident channel with reaction channelq. The transition matrix elements 

involving this operator, by suitable approximations, may be related to 

derivatives of elastic scattering matrix elements with respect to these 
. . . 

parameters. If h is one of the parameters in the elastic optical poten-

tial and we increase/it by o:; where 0: is an operator acting on the 

nuclear coordinates, then the extended optical potential is 

· U(h+a,rj = U(h,?) .+ 6U(h,a,?) (23) 

and 6U is responsible for transitions to other channels. The increment 

6U may be expanded in a Taylor series ·in a 

6U 

In this thesis h is defined as a sui tabl.e nuclear radius and a(n) is the 

displacement· corresponding to shape oscillations of the nuclear surface in 

the direction of the radius vector n = (e,~) in the space·fixed system. 

Expanded in multipoles 

a = I 
L,M 

~L M~*(n) 
' 

(24) 

The operators ~L Mare spin-independent.· The adiabatic transition amplitude 
' 



for inelastic· scattering from·.·initiE~.l nuclear. state I a) to final 

·nuclear state is to first order in a 

(25) 

The distorted 'Wave X:(+) is the exact solution for the scattering 'With· 

potential u and the boundary condition that at large radii the soluti.on 

approaches a 
0

plane 'Wave plus an outgoing spherical 'Wave. X(....;) is the 

time reversed solution related t.o X(+) by the equation 

( -) * ( :-? -)) X k;r 

These distorted 'Waves may be then expanded in spherical harrb.onics 
00 

(27) 

The Coulomb phase shifts crt· are given by 

argf(£ + l + i~) (28) 

'Where ~ is tlie Coulomb parameter 

~- == 

and v is the velocity of the incident particle. 

Equations .(26) and (27) assu.rne their particularly simple form due to 

the choice of coordinate system sho'Wn in Fig. 16 
'· 

.. 
' 
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Coordinate system chosen for the numerical calculation. 
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The z-'axis or axis of qua.J).tization is taken in the . i\,. direction 

and the x-axis is taken in_ the scattering or ~'~ plane. The angle 

between k:_ and ~- is e, the scattering angle in the center of mass 

system. 

The regular radial functions are normalized so that 

(29) 

·This can also be considered the·definition of TJ,e· By substitution of 

Eqs. (l) and (4) into Eq. (2) and by performing the angular integration, 

Eq. (3) results. Since ka equals ~ in the adiabatic approximation 

the subscripts have been dropped. 

4,. (2I+l)l/2 . \ .· ,e_,er l/2 i(cr,e+cr,er) 
= 

11 L i (2£ 1 +1) e . 
k2 ££! 

(30) 

X 

This equations has been specialized for a final state having angular momen-,. 

tu..'I'Jl I .and z-projection M1 and an initial state of zero angular.momen­

tu..'I'Jl. For this case the ·matrix element of cP can be written as 

When £-1·=£ the following relationship 40 is an identity 

iE .0Tl£ 
2k oh 

(31) 

I .. 
!' 
' 

I 

- I 



where 

Austern and Blair introduc~ the approximation: when £ 1/=£, 

1 = 
£+£1 

iE d71] 
= 2k dh (32) 

.2 
'Introducing:, this approximation in Eq. (3) the scattering ampli-

tude f is given by 
IMI;OO 

· Substituting from Eq. (30) : 

I · 2l 
/ · . -MI 71£ 

x < ;, _1 I, oo I £o) < £ 1 I, -M~I I £o) Y;, 1 ( e, o) 6h 

(33) 

Explicit ntlinerical calculation of the 71;, can largely be dispensed 

with when considering the elastic scattering.of strongly-absorbed particles. 

The parametetization 
. ('' 

' 2. (k . . . ' (. '• d€ . . ' Cl· €)'. 
71 n = € + B6 ~ n + i M ~ ·n + D.6 -· 

k Qk Ok d£2 

(34) 

. ( . (L~£)/6)-1 = 1 +. e . ... ·" ,• 

is adequate for. good fits to the elastic scattering data •. The parameters 
. . 

are ·determined by a_search program described in the Appendix. Fits to 

the ca40 
and Ne20 'elastic angular distributions-are shown in_Figs. 17 and 

18~ 

Two further assQ~ptions are ~eeded to relate the parameterized 71;, 

to the form derived for the scattering amplitude in. Eq. (33). ·Both are · 
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e c.m. 

MU-34826 

Fig. 17. Parametrized phase shift fit to ca40 elastic differen­
tial cross section ~ith the parameters; L = 16.7; 6 = 1.15; 
A = 0.66; B = 1.51; D = -1.92. The parameters are described 
in the text. 
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MU-35062 

Fig. 18. Parametrized phase shift fit to Ne20 elastic differen­
tial cross section with the parameters; L = 15.9; 6 = 1.61; 
A = 1.07; B = 1.05; D = -1.22. The parameters are described 
in the text. 
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best for strong absorption. First) we assQ~e that ~£ is a function 

only of the difference (£-£ )) where £ is the critical angular momen-
o . 0 

tQ~) an,d £ contains all the dependen:ce on h. The quantity £ can 
0 0. 

be defined somewhat arbitrarily by requiring that j ~£ I ·should equal 1/2. 

Associated with this £ is a 11cutoff radius R u thrgugh the relation-

ship 
a o 

E = 
ZZ'e2 

R 
0 

+ 
2!-ffi 2 

0 

'· (35) 

· The second assQ~ption is that R has the following simple 
0 

relationship to the optical potential radius parameter h 

In this case 
I 

dR 
_Q= 1 
dh 

and since at reasonably high ener:gies 

(36) 

(37) 

In the Austern and Blair paper the derivative of 11£ is actually 

taken with respect to 7 . which simply reverses the sign of the deri va­

tive. It follows that 
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(38) 

In Fig. 19 angular'distributions for angular momenttim transfers 

of zero through :five· are sho'Wn 'With the first regular oscillation. 

C. Double Excitation 

For some levels in Ne20, for example the 4+ level at 4.248 MeV 

'Which is a member of a rotational· band built on the 0+ 'ground state, it 

'WOuld not be expected that a model 'Which is first order in the nuclear 

deformation 'Would even approximately describe the transition amplitude. 

It_is experimentally·observed that'the differential cross section for 

excitation of the 4+ level is out of phase 'With the calculated single 

phonon 2
4
th pole angular distribution. Austern and Blair have also 

extended their model to higher orders in the ,nuclear deformation.5 Only 

second order 'Will be considered here. A SQ~ary of the ne'W approximations 

introduced by them is now given. 

The exact expression for the double-excitation transition ampli­

tude in the~. extended optical model is 

Here G1 is the exact Green's function fo:t the problem with only the 

spherical potential u(i1~%.) ... G1 satisfies the differential equation 
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Fig. 19. Austern and Blair model angular
4
distributions calculated 

with parameters determined from the Ca 0 elastic differential 
cross section in Fig. 3. Transitions 0+ ~o+ through 5- are 
plotted with the first maximum of the regular oscillations 
indicated on each curve. From a spectroscopic standpoint this 
differentiates the different angular momentum transfers. 



[E = . ( 40) 

where K is the kinetic energ:y and H(~) is the nuclear collective 

Hamiltonian. 

The first approximation is to due the adiabatic Green's function 

in which H(~) is absent. 

The second approximation is to assu.rne that a(Il com.rnutes with 

this Green's function. 

From this Austern and Blair arrive at the relationship 

1 
2 

(41) 

Following the further simplifications of Sec. V-c,: the.equation for 

double excitation corresponding to Eq. (33) has c1 (I) CTJ_elc.e replac.ed 

by -c
2

(I) k/2 cTJ_e/c.e. · 

Thus the double excitation can be affected in two ways: 1) ' 
. . . . 2 2 

Through the second-order· term c U/ch in the expansion of the nuclear 

deformation. This is a direct two-ph?non (D2P) transition. 2) Through 

the first-order term cU/ch. acting twice. This corresponds to a multiple 

two-phonon (M2P) transition in which the alpha particle first excites 

the one-phonon 2+ level and subsequently excites a second quadrupole 

phonon. The ratio of D2P to M2P excitation is determined by the strength 

of the quadrupole phonon. If the two-phonon level is contaminated by.an 

. admixture with a single 24
th-pole phonon, then direct one-phonon excita­

tion (DlP) is possible •. The ratio.of c2 (I)/c
1

(I) determinesthe ratio 

of amplitudes (M2P + D2P)/D1P. 

In.the coupled-channel calculations of Buck34 the D2P and M2P 

excitations were also considered. However, the expe;rimental angular 
. 8 

distribution for excitation of the 4+ two-phonon level of Ni5 could not 

be matched without arbitrarily increasing the amplitude of the D2P 

excitation by a factor of 1.5 to allow for the possibility of some direct 



excitation through a single-phonon aQ~ixture in the wave f~~ction. (DIP. 

excitatio~). · 

The angular distributions calculated for (M2P + D2P) excitation 

alone have nearly .. the correct phase but their slope actually rises with 

angle in comparison to experimental data (see Fig. 20). At this point 

Professor Blair in a private communicat.ion suggested coherently mixing 

one- .and' two-phonon excitation) varying the R 
c 

the closest agreement with experiment. The results are not wholly satis-

factory) however) since it is not possible to obtain the best phase and 

the best slope with the same value of R . In fact the experimental 
c 0 . 

slope in the range of 10 to· 40 C.M. is halfway between the pure single 

phonon excitation.and the single-double phonon mixture which gives the 

best phase as shown in Fig. 14. However) it should be emphasized that 

while quantitative agreement does not seem possible) the results of this 

model do qualitatively agree with experiment. In the nickel. region the 

differential cross .section for excitation of the first 4.+ level has been 

studied as a function of energy. 35 It was found that at low energie's 

(33 MeV) the angular distribution corresponded to single-phonon excita­

tion and there was a gradual change of phase until at high energies (100 

MeV) double exci tati~:m appeared to completely dominate. This variation 

with energy follows natur?lly from the Austern and Blair form. The 

radial integral'is replaced.by 

iE 
2 

where the double phonon term has an extr~ factor of k) so its importance 

will increase with increasing, energy.· 
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Fig. 20. Neon-20 pure double excitation. 



VI. CONCLUSIONS 

At the present time inelastic alpha scattering remains most 

useful in investigating those nuclei which have relatively well separated. 

energy leve'ls. An energy gap after the ground state :is especially help­

ful since ela'stic scattering is so dominant that low-lying levels are 

often obscured by the tail of the elastic peak. It is this region where 

Coulomb excitation has provided the most information. On the other hand, 

in the lightest nuclei the pronounced regular oscillations of the scatter­

ing cross sections characteristic of surface reactions are no longer 

observed. For these reasons the even-even nuclei between mass number 20 

and 40 would seem to offer especially rewarding targets for simple analy­

sis of alpha-particle scattering. Neon-20 and calciu.rn-40 bracket this 

region both in mass and in properties •. Neon-20 appears to show a highly 

developed set of positive andnegative rotational bands reminiscent of 

u238 • Calciu.rn-40 is a.doubly-closed magic nucleus and quite resistant 

to quadrupole deformations. A softness to enhanced octupole vibrations 
. 4 5 

is, however, observed and to a lesser degree 2 - and 2 -pole vibrations. 

The doubly-closed shells besides providing an energy: gap of over 3 MeV 

also seem to be responsible for the success of single-phonon mode of. 

the Austern-Blair model for all levels investigated. 

Our investigation of Ne
20 

isconsistent with the rotation pic­

ture of Ne
20

, and the similarities of' Coulomb excitation on u238 and 
: . 20 

inelastic scattering on Ne are pointed.out in Fig. 21. 
40 

Our investigation of Ca is consistent with the vibrational 

model. The quadrupole vibrations are weakened arid raised in energy as 

would be expected in a doubly-magic nucleus, h~wever, the octupole and 

higher multipole vibrations are at their normal strength and excitation 

.energy. 

The Austern and Blair model proved to be·most useful for ca 40 

where quantitative agreement was found and reduced transition probabili­

ties were obtained that agree well with other measurements •. All experi­

mental differential cross sections corresponding to the same angular 

I· 

I 
i 
' i .. 
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Fig. 21. Comparison gf excitation of Ne20 by inelastic alpha 
scattering and u23 by Coulomb excitation. 



momentQ~ transfer have approximately the same shape as required by the 

model ·and can be seen in Figs. 9-12. Therefore) from a spectroscopic 

standpoint it does not appear that the more complicated calculations are 

worthwhile when. the single-phonon model is applicable. 

For th'e states in ·Ne20 which are reached by single-step processes 

quantitative agreement also was found and reduced-transition probabilities 
. 20 . 

were obtained. For those. states in Ne which are reached by two-step 

processes only qualitative agreement was found. However) just the infor­

mation that a process is primarily single or double excitation can be 

quite useful in testing the applicability of nuclear models e·.g.) ;:the 

rotational model in this:~ case. 

_· / 

,_. 
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APPENDIX 

A. Computer Codes-

l. LYCURGUS 

The relativistic kinematics program mentioned in Sec.III-A is based 

on the formalism of a standard text. 36 It generates tables of the follow­

ing_ two-body kinematic data; · energy of scattered particle and recoil) 

center-of-mass angle 'of the scattered particle) and lab angle of the 

recoil) and the jacobian dcose / dcose' . 

2. VARMIT 

Many problems of analysis in experimental physics ~an be reduced 

to finding the minimQ~ in a function of many linear. or non-linear variables. 

Extracting parameters from a model by comparison with data (Sec. 

V-B), unfolding of not fully resolved peaks in a spectrQ~ (Sec. III-A)) 

and generation of calibration curves (Sec. III-A) are examples which have 

occurred in this thesis. The problem is so important and so general that 

to devise the best nQ~erical method for these cases was worth the e~en­

diture of a considerable amount of time. For the construction of cali­

bration· curves (which is a linear least squares problem) any nQ~ber of 
t 

standard computer codes were acceptable. For the other two problems 

no fully acceptable or easy solution was found. 

'In the general non-lirtear many-variable case there are several 

conditions for acceptability of a solution. The most important require­

ment is that the mathematical minimum should correspond to the physically 

meaningful values •. For unfolding a spectrum) this means that the shape 

of the experimental peaks must closely correspond to the· mathematical 

form chosen for a·single peak. The requirements for a phase-shift analy­

sis are more complicated and are discussed in the next section. 

Secondly) one must be able to distinguish · the 11best 11 minimQ~ 

from the several :possible local minima; it will simply be the one with 

the lowest value of the function having physically reasonable parameters. 
~ 

t ' 
A code called MLR and written by Van Hoff was used. 
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This is the least satisfyJ;ng aspect of the general problem, for 

no method of determining all possible local minima was found and the prac­

tical compromise was to investigate all the minima within a small region. 

For unfolding Gaussian peaks this was seldom a concern. Usually it was 

relatively easy to start with a good enough guess so that the local mini­

muln was the "best" minimum. 

Next a method of finding a local mlnlmum is needed. A computer 
15 . 

code named VARMIT based closely on Davidson's method was developed for 

this purpose with the assistance of Mr. Eric Beals. With proper scaling 

this method rarely fails to converge rapidly. Similar codes have pre­

viously been found superior to several other methods by other investi­

gators. 37: 38 

The last aspect of the problem to be discussed is the criteria 

for convergence and the related problem of error limits on determination 

of the parameters. 

Since VARMIT does not necessarily take monotonically decreasing 

steps in finding a minimum, convergence criteria based on step size niay 
' 

possibly cause false .indications of convergence. This is especially sig­

nificant since intermediate values of the parameters along the minimiza­

tion path can be further from the final values of the parameters than the 

initial guess. 

The -cr_i:t~rion which was found to be most satisfactory was to look 

for inconsistencies caused by machine rounding errors. For a well scaled 

problem these inconsistencies tend to occur onlyin the neighborhood of 

·the minimum. The final check on the minimum is to choose a few new 

starting points obtained by moving from the minimQ~ a distance in each _..... . 

parameter corresponding to the standard deviation in that parameter, and 

after a new search-to compare the new and old values of the minimu.~. In 

all fairness it must be added that no criterion works in all cases and 

experience with the properties of ~ particular type of problem is inval­

uable. 

For the problem of analyzing spectra with Gaussian-shaped peaks 

a function subroutine w.i.th: ,many options· has.,been. codeQ.. One has the choice 
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of letting the height, pos~tion, .and width of each Gaussian vary or 

·restricting these parameters by any set of linear constants. Often the 

same width has been used for each peak either as a fixed or· variable· 

para~eter. Background can easily be subtracted. Often satisfactory 

results can only be obtained after this is done. Figure 6 shows a fit 

to part of the spectrQ~ in Fig. 4. From ten to seven counts of background 

were subtracted and one variable width for all peaks was used. The 

accuracy with which relative cross sections can be extracted by this 

method is limited by the presence of small peaks arising from maxima in 

the angular dis:tributions Qf elastic scattering from trace impuri:ties 

and even from collectively-excited states in carbon and oxygen which are 

usually present in substantial amounts. 

A listing of VARMIT and .subroutines for the spectrQ~ .resolving 

case follow. 

/ 

' / 
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3· PIERRE 

PIERRE is the name of a, program -which determines parameterized 

reflection coefficients ~£ from a least squares fit of elastic scatter­

ing data and then calculates inelastic angular distributions by means of 

the Austern an'd Blair model (Sec. V-A) B). The least squares fit is done 

by Davidson'sl5 method and is described in the section on VARMIT. 

Finding the "best" local minimu.rn in this case is far harder than 

the preceding case of resolving a. spectru.rn into Gaussian peaks. A 

parameterization suggested by Blair39 is physically easy to understand 

and is suggested by ~£ generated from optical-model parameters: 

= 

-where 

E = 

The parameter L · corresponds to the critical angular momentum 

semicl:assically related to the nuclear radius. As L increases) the 

period of oscillation of the angular distribution decreases. The param­

eter 6 corresponds to a diffuseness in the nuclear surface and as 6 

increases)the rate of decrease of the cross section -with angle increases. 

The final parameter A gives the strength of the imaginary part of ~£ 

-which interferes -with the Coulomb phase shift)so by varying A the depth 

of the minima changes. The parameters are reasonably uncorrelated and a 

least squares fit is straight forward. Unfortunately) three parameters 

does not give enough freedom and the fits are poor. To improve the fits 

a ne-w 5- parameter form for ~ £ -was chaser:.. 

2 
E + B dd·~ + i (A d~ + D d 2E ) • 

,(1 d,(l d£ 

· As expected) this form. gives much better fits; however) the properties of 

the parameters are no-w correlated and the original meaning of L) 6) and 

A is lost. No-w depending on the quality of the data and other factors. . . . 
several iocal minima can be found within ·the physical constrairit IT)£ 1

2 .:::; 1. 
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One ·finds small comfort in .. the fact that 'With the optical model 

the situation "is much "Worse since each local minimu.rn in can corres-

pond to a set of local minima in the optical-model parameters. No satis­

factory solution beyond the suggestions of the last section have been 

found. 

Assu.rning a best set of ~A's has finally been determined) PIERRE 

no'W calculates the inelastic angular distributions. Some care has been 

taken in making tpe computer code fast. All quantities used often have 

been stored in tables and s~rnetry considerations have been used to 

reduce the calculations. 

For the case of double excitation) single and double excitation 

are coherently mixed and the ratio is varied to reproduce the observed 

phase of the oscillations of the experimental differential cross section. 

/ 

.. 
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40 . 40 
Ca (a,cx') Ca 

Beam energy = 50.9·MeV 
Elastic 

I.'~ \ 

dO' Fractional dO' Fractional dO' Fractional 
e :.dD statistical e .~ statistical e . 

(§D statistical c.M. · c.M. C.M. error error error 

8.3 33,100. .002 . 26.4 
\ 

122. .003 44.8. 7.04 .008 
9-4 17,300. • 002 26.9··: ,. 109 . .003 45.4 7-39 .008 

10.5 8,050. .002 27.5 81.0 .003 45-9 8.31 .008 
11.0 4,330. .003 28.0 73.4 .004 46.4 7-96 .008 
11.6 3,120. .003 28.6, 39.4 .005 47.0 8.40 .007 
12.1 1,820. .005 29.1 32.8 .007 47-5 7.47 .008 
12.7 1,590. .oo6 29.6 14.9 .008 48.0 7-15 .008 
13.2 1,280. .oo6 30.2 8.4 .013 48.6 5.65 .009 
13.8 1,260. .006 30.7 1.5 .019 49.1 5.41 .009 
14.3 1,330. .006 .· -31.3 0.6 .• 015 50.2 3.47 .010 
14.9 1,340. .oo6 31.8 4.0 .015 51.2 1.89 '.015 
15.4 1,380. .oo6 32.4 6.5 .009 52.3 1.01 .018" 
16.0 .·.lJ399·o'. .oo6 32.9 15.1 .008 53.4 .85 .019 
16.5 1,340 •. .oo6 33-5 '20.1 .oo6 54.5 1.16 .• 016 
17.1 i,o8o. .004 34.0 28.0 .oo6 55.0 1.40 .015 
17.6 "&75. .003 34-5 28.0 .005 "55-5 ·1.59 .014 
18.2 ,_:939- .003 35.1 35-9: .• 005 56.1 . 1.69 .014 
18.7 ; 457. .003 35.6 37.4 .005 56.6 1.96 .013 
19-3 ~-.368. .oo4 36.2 36.4 .005 57.1 1.89 .. 013 
19.8 ~;J.:58o .004 36.7 30.4 .005 

/ . 57.6 2.14 .012 
20.9 ))8·~;0 ,.~007.'.- 37-3 39.6 . .OOQ 58.7 1.97 .013. 
~2.0 ., . .· .. · 34-.4 .008 37~8 23.2 .007 59.8 1.73 .013 

. 22.5 39-9 .006 38.3 21.2 .007 6o.8 1.26 .016 
23.1 80.0 .003 39.4 12.3 .009- 61.9 1.09 .017 
23.6 91.0 .004 40.5 5.8 .011 
24.2 125. .003 41.6 2.8 .015 
24.7 142. .003 42.7 2.8 .013 
25.3. 142. .003 43.7 4. 73 .010 
25.8 154. .003 44.3 '5.64 .009 
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· 4o 4o 
Ca (a)a' )ca . 

Beam ener.gy = · 50. 9 MeV' 
Q. = ·.::3~73 ' 

deY Fractional <Jcr Fractional 
e ~ statistical e <Jn statistical C.M. C .M. error error 

10.5. 27.0 .019 
11.6 . 36 .. 2 .017 42.8 1.22 .019 

.. '12. 7 35.4 .012 43.9 l. 71 .017 
13.8 32-9 .012 45.0 2.38 .015 
14.9 34.9 .012 47.1 2.84 .012 . 
16.0 29.4 .013 '48.2 2.38 .014 

. 17.1 20.2 .016 49.3 1.94 .015 
17-7 14.6 .024 50.4 1.54 .017 
18.2 11.0 .022 51.4 1.20 .019 
18.8 6.02 .020 52.5 . 98 .022 
19.3 4.87 

/ 

.024 53.6 .90 .018 
19.9 3.36 .020 . 54.6 ·99 .017 
21.0 5·19 .018 55-7 1.11 .017 
22.1 9.15 .015 56.8 1.24 .016 
23.2 12· •. 6 .012 57.8 1.24 .016 
24.3 15.0 .. 010 58.9 1.25 .016 
25.4 14~7: .010 60.0 1.16 '.016' 
26~5 12.0 .009 61.0 . 1.02 '.017 
27.6 8.80 . '.010 ' 62.1 .87 .019 
28.7 5-27 .012 
29.8 3.41 .016 
30.8 .2.31 .020 
31.9 2. 76. .018 
33.0 3·67 •. 015 
34.1 4. 72 '.013 
. 35.2 5.42 .013 . 

37.4 4~40 .014 ' 

38.5 3-07 .017 
39.6 1.93 .. 021 
4o.6 1.32 .022 
41.7 1.04 .024 
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ca4o ( ')c 4o . cx,cx a 
Beam energy;;, 50.9 MeV 

Q = -3.90 

dO" Fractional dO" Fractional 
e · en statistical e en statistical C.M. c .J:;1. error error 

10.5 9.20 .033 45.0 0.35 .037 
11.7 9.11 .034 49.3 0.19 .050 
12.7 6.43 .029 50.4 0.21 .047 
13.8 5.46 .040 51.4 0.20 .048 
17.7 2.24 .062 52.5 0.24 .044 
18.2 1.84 .054 53.6 0.20 .038 
18.8 3.20 .030 54.7 0.19 .041 
19.3 3.00 .030 55.7 0.15 .045 

. 19.9 3.80 .026 56.8 0.18 .051 
21.0 3.66 .022 57.8 0.09 .058 
22.1 2.72 .028 58.9 0.09 .058. 
23.2 1.70 . 032 60.0 0.07 . .068 
24'.3 0.90 .040 61.0 0.08 .061 
25.4 0.57 .050 62.1 0.08 .063 
26.5 0.53 .045 
~h .6 o. 73 .034 
28.7 . 1.04 .030 
30.8 . 1.19 .027 
31.9 1.06 .028 
33.0 0.79 .. 032 
34.1 0.52 .042 / 

35.2 0.31 .053 
36.3 0.32 .053 

- 38.5 o.4o .047 

39·~ 0.42 .045 
40.7 0.53 .033 
41.7 0.61 .031 
42.8 0.55 .028. 

43.9 .40 .035 
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Ca 
40 

(a,a, 1 )ca 
40 

Beam energy = 50.9 MeV 
" Q =..:4.483 

d() Fractional d() Fractional· 
e . statistical e statistical 

C.M. dD C.M. d.\2 error error 

10.5 4.68 . 047 41.8 0.33 .043 . 
11.6 2.93 .060 42.8 0.34 .037 
12.7 2.57 .045 43.9 0.40 .036 
13.8 2.67 .028 45.0 0.46 .033 
14.9 3·53 .039 46.1 0.41 .036 
16.0 3.82 .037 47.2 0.35 .036 
17.1 4.48 .034 48 .. 2 0.28 .041 

17.7 5.61 .039 . 49.3 0.25 .044 
18.2 4.43 .035 52.5 0.15 .058 
18.8 5.42 .023 53.6 0.13 .048 

19.3 4. 73 .. 024 54.7 0.16 .045 

19-9 4.98 .020 55.8 0.16 . .044' 
21.0 4.49 .. 019 56.8 0.17 .042 
.22.1 3.66 .024 57.9 0.16 .044 
23.2 2.83 .025 . 58.9 0.16 .045 
24.3 1.96 0.27 . 60.0 .. 14 .048 
25.4 1.27 .034 61.0 .12 .051 
26.5, .0.77 .038 62.1 .. 10 .056 
27.6 0.54 .040 
28.7 0.59 .040 
29.8 0.66 '.037 
30.9 0.90 .033· 
32.0 1.06 .029 

·:;,;.1 1.11 .029 

34.1 1.13 .027 
35.2 0.94 .031 
36.3 0.75 .034 
37.4 0.56 .040 
38.5 0.40 .047 
39.6 0.40 .047 
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4o · 4o 
ca (a)a' )Ca 

Beam energy ;, 50. 9 MEW 
Q =-5.25 

Clcr 
l<,ractional dO" Fractional· 

e d.Q. statistical e ·2ln statistical c.M. C.M. error error 

11.6 1.25 .091 47.2 .11 .064 
12.7 0.99 .072 48.3 .08 .073 
13.8 0.96 .080 49.4 .12 .064 
16.0 0.71 .085 50.4 .09 .070 
17.1 0.74 .087 51.5 .07 .081 
18.2 0.52 .. 100 52.6 .06 .. 083 
19.4 0.34 .088 53.7 .07 .067 
19.9 0.44 ' .070 54.7 .08 .041 
21.0 0.49 .060 57 ·9 . .07 .070 
22.1 0.43 .070 59.0 .05 .073· 
23.2 0.46 .060 6o.o .05 .. 078 
24.3 0.42 .058 61.1 .05 .076 
25.4 0.34 (.066 62.2 .04 .090 
26.5 0.31 .058 

. 27.6 0.24 .060 
28.6 0.24 '.068 
29.8 0.1.8 .070 
30.9 0.20 .066 
32.0 0.20 .. 067 
33.1 0.21 .068 
34.2 0.21 .067 

35-3 0.18 .070 
36.4 0.15 .075 
37.4 0.14 .p8o 
38.5 0.09 .098 
39.6 0.09 .100 
40.7 0.10 0.77 
41.8 .10 .075 
46.1 .11 .• 070 
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Ca 40(a,cx' )ca 40 

Beam energy ~-50. 9 MeV 
' Q =-5.62 · .. .. 

dO' Fractional dO' Fractional· 
e. dQ statistical e dQ statistical C.M. c.M. error error 

11.6 1.18 .094 49.4 0.06 .088 

12.7 o.74 .083 50.5 0.06 .088 

16.1 '0.51 .100 51.5 0.07 .083 
15.0 0.58 .095 52.6 0.04 .100 

17.2 . 0.40 .112 53-7 0.05 .087 

18.3 0.48 .104 54.7 0.04 .091 
19.4 0.50 .072 55.8 0.04 .091 
22.1 0.43 .070 60.1 0.03 '.10:5 
23.2 0.38 .065 61.1 0.03 .106 

-·. 
24.3 0.28 .070 62.2 0.02 .130 
25.4 0.25 .076 
'26.5 0.19 .072 
27.6 0.20 .067 
28.7 0.18 . .o66 

29.8 0.21 .065 

30.9 0.18 .071 
32.0 0.19 .070 

33-l 0.19 .068 
34.2 0.19 ·.070 

35-3 0.16 .074. 
36.4 0.14 .080 ~··· 

37·5 0.13 .080 
38.6 0.11 .088 
39.6 0.'11 .091 

40.7 0.09 .079 
41.8 0.09 .083 
42.9 0.09 .070 
44.0. 0.11 .069 
47.2 0.08 .072 

. 48.3 0.06 .085' 
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c 40 ( I) c 40 a a,cx a 
Beam energy = 50.9 MeV 

. '. Q ,;.:..5~90 

dO' Fractional dO' Fractional· 
e dn statistical e dst statistical 

C.M. C.M. error error 

12.7 0.94 .074 49.4 .11 .066 
15.0 0.99 .072 50.5 .12 .061 
16.1 0.89 .076 51.5 0.08 .072 
17.2 0.75 .089 52.6 0.11 .064 

18.3 0.51 .100 53-7 0.09 .057 
18.8 0.35 .091 54.8 0.09 .057 
19.4 0.23 .108 55.8 0.10 .054 

19-9 0.20 .055 56.9 0.10 .056' 
24_.j 0.52 .053 . 58.0 0.09 .058 
25.·4 0.58 / .050 61.2 0.07 .070 
26.5 0.47 .048 62.2 0.04 .085 
27.6 0.30 .054 . 
28_. 7 0.23 ' .o6o 
29.8 0.15 .078 

30-9 0.13 .083 
32.0 0.16. .075 
33.1 0.20 .068 
34.2 0.20 .071 
35-3 0.24 .061 
36.4 .0.18 .070 
37-5 0.19 .070 
38.6 0.14 .080 

39· 7 0.13 .088 
40.7 0.07 .091 
41.8 0.10 .078 
42.9 0.11 .064 
44.0 0.13 .064 
45.1 0.17 .054 
48.3. 0.15 .056 
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40 40 
Ca (o:,o:')Ca 

Beam energy; 50.9 MeV 
Q =-6.28 

dO" Fractional dO" Fractional . 
e dn statistical e dlt statistical 

C.M. C.M. 
error error 

9.4 8.26 .040 44.0 0.42 .034 
12.7 7.76 .·026 45.1 0.47 .032 

13.9 6.57 .028 46.2 0.51 .031 
15.0 6.48 .029 47 o3 0.53 .030 
16.1 5.14 .032 50.5 0.36 .045 
17.2 3.54 .039 51.6 0.29 .039 
17.7 3.02 .054 52.6 0.27 .040 
18.3 2.19 .049 53· 7 0:28 .032 
18.8 1.70 .041 54.8 0.27 .033 
19.4 1.52 .042 55-9 0.28 .033 
19.9 ;~..62 .035 56.9 o·.28 .033 
21.0 1.91 .030 58.0 0.29 .03~ 

. 22_.1 2.40 •030 · . 59.1 0.28 .033 
23.2 2.93 .024 60.1 0.28 .033 
24.3 3.30 .021 61.2 0.29 .033 
26.5 2.50 .022 
27.6 1.57 . .024 
28.7 0.94 .030 
29.8 0.71 .035 
30.9 0.67 .036 
32.0 0.77 .034 / 

33.1 0.97 .030 
34.2 1.15 .028 

35-3 l.l7 .028 

36.4. 1.07 " .029 

37-5 0.90 .031 
38.6 0.63 .040 

39-7 0.50 .043 
40.8 0.37 .040 
41.8 0.33· .044 
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. 40 . 40 
Ca (cx,cx' )ca 

Beam energy ; 50.9 MeV ' · 
Q =~6~58 .. 

Cla Fractional Cla Fractional· 
e 2ln statistical e 2ln statistical 

C.M. C.M. error error 

9.4 4.87 .051 41.9 0.20 .056 
10.5 5.94 .042 42.9 0.22 .048 

. 12.7 5.21 .031 44.0 0.23 .047 
13.9 4.81 .032 45.1 0~26 .044 
15.0 4.93 .032 46.2 0.28 .o44 
16.1 4.73 .033 47.3 0.30 .039 
17.2 2.67 .045 48.4 0.26 .043 
17.7 1.97 .066 51.6 0.16 .. 053 
18.3. 1.65 .056 52.7 0.15 .055 
18.8 1.20 .049 53.7 0.15 .o46 

/ 

19.4 1.oo· .052 54.8 0.16 .043. 
19-9 0.99 .052 55-9 0.15 .044 
21.0 1.17 .039 56.9 . 0.16 .045 
.22.1 1.61 .036 58.0 0.15 .045 
23.2 1.83 .031 59.1 0.16 .045 
24.3 1.92 .02,7 60.1 . .13 .048 
25.4 l. 72 .029 61.2 .12 .051 
28.7 0.65 .031 62.3 .11 .053 
29.8 0.52 .041 
30.9 0.46 .044 
32 .• 0 0.51 .041 
33.1 0.63 .. 037 
34.2 0.64 .038 
35·3 0.65 .037 

.• 36.4 0.61 .038 

37-5 0.61 .• 043 
38.6 0.35 .. 050 

39-7 0.26 .058 
40.8 0.20 .054· 
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4o 4o 
Ca (cx;a' )ca 

Beam energy ~ 50.9 MeV 
... Q =-7.92 

dO" Fractional ca Fractional . 
e ~ statistical e en statistical 

C.M. C.M. error error 

9.4 6.30 .046 44.1 0.28 .041 
10.6 5.06 .045 45.2 0.24 .045 

13.9 2.81 .045 46.3 0.22 .049 . 
15.0 2.72 .045 47.3 0.24 .044 
16.1 2.55 .045 . 48.4 0.25 .045 
17.2 2~88 .045 49.5 0.26 .045 
17.8 3.30 .051 50.6 0.26 .041 
18.3 2.44 .046 51.7 0.28 .040 
18.9. 2.71 .033 52.7 0.24 .043 
19.4 2.66 .031 53.8 . ·0.24 .035 
20.0 2.68 .030 57.0 0.17 .042 
21.1 2.32 .027 58.1 0.14 .o46 

' 22.2 1.94 .033 59.2 0.12 .050 
23.3 ·1.49 .033 60.2 0.13 .048 
24.4 1.00 .038 61.3 0.12 .050 
25.5 0.82 .041 62.3 0.12 .050 
26.6 0.95 .029 
27.7 1.07 .030 
28.8 1.20 .029 
29.9 1.13 .028 
31.0 1.46 .024 
33.2 0.61 .037 
34.3 0.51 .041 
36.5 0.29 . . 055 

38.7 0.38 .048' 

39· 7 0.43 .045 
40.8 0.40 .038 
41.9 0.37 ~040 

43.0 0.35 .036 
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4o 4o Ca (a,cx' )ca 
Beam ~nergy = 50.9 MeV 

Q =-8.11 

6o Fractional dCJ" Fractional-
e dD statistical e dD 

statistical C.M. C.M. error error 

9.4 5.27 .049 44.1 0.25 .045 
10.6 3.24 .058 45.2 0.19 .051 

ll. 7 3.34 .055 46.3 0.20 .050 

13.9 1.28 .060 47.4 0.18" .050 
I 

16.1 1.20 .067 48.4 0.20 .048 

17.2 1.07 .070 49.5 0.19 .050 
17.8 1.54 ·.075 50.6 0.21 .048 
18.3 ' 1.25 .065 51.7 0.21 .047 
18.8 1.42 .045 52.8 0.19 .049 
19.4 1.34 .045 53.8 '0.18 .041 
20.0 1.40 .040 54.9 o.J19 .040 
21.1 1.27 .037 58.1 0.14 .048 
22.2 ' 1.12 .044 59.2 0.13 .049 
23.3 0.90 .044 60.2 0.11 .051 
24.4 0.87 .o4l 61.3 0.12 .050 
25.5 o-~79 .o4o 62.4 0.11 .052 
26.6 0.63 .033 
27.7 0.66 .038 
28.8. 0.67 .037 
29.9 0.68 .036 
31.0 - 0.67 .037 ./ 

35.4 0.34 .050 
36.5 0.38 .044 
37.6 0.38 .049 

' 38.7 0.36 .050 

39.8 0.35 .050 
40.8 0.37 .o4o 
41.9 0.32 .043 
43.0 0.28 .041 

' ;: ~ ·;. ~· : ; : ' ' 
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40 . . 40 
Ca (ex; ex 1 

) Ca · 
· Beam energy = 50.9 MeV 

.Q == ..:8.38 '·. 

dcJ Fractional dcJ Fractional 
8c:M: .<§n statistical e dlt statistical C.M. ·error error 

9.4 4.41 . 054 41.9 . 0.26- .048 
10.6 2.40 .066 43.0 0.24 .043 
11.7 2.58 ;o63 44.1 0~18 .052. 

l:P. 9 1.92 .060 45.2 0.16 .• 058 

15.0 1.97 .061 46.3 0.14 ~059 

16.1 1.79- .053 47.4 0.14. .. 058 
17.2 1.85 .052 48.5 0.12 .062 
17.8 2.01 .065 49.5 0.12 .059 
18.3 1.60 .057 50.6 0~12 .061 
18.9 1.51 .043 51.7 0.11 .065 
19•4 1.36 ~045 52.8 0.12 .062 
20.0 1.20 .045 53.8 0.09 .057 
21.1 0.89 .044 54.9 0.09 .057 
22.2 0.69 .053 56.0 0.10 . 05lf 
23.3 0.53 . .058 59.2 0.07 .o68 
24.4 0.51 .053 60.3 0.06 .071 
25.5 0.69 .045 fS1.3 0.08 .063 
26.6 o. 79 .038 . 62.4 0.07 .068· 
27.7 0.80 .033 
·28.8 0.81 .034 

~ 

29.9 o. 71 .035 
31.0 0.58 .043 

.. 32.1 0.49 .043 
33.2 0.45 ."o44 

34.3 0.43 .045 
36.5 0.25 .058 

. 37.6 0.31 .052 
39.8 0.32 .044 
40.9 0.28 .045 
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Ca 
40 (d·/X1

) Ca 
40 

Beam energy~ 50.9 MeV 
Q = -8.59 

ccr Fractional ccr Fractional 
e dn statistical e cD statistical · 

C.M. c.M. error error 

9·5 4.45 .054 47.4 0.12 .063 
10.6 2.62 .066 48.5 0.10 .069 
11.7 2.01 .. 072 49.5 0.11 .067 
17.8 0.78 .105 50.6 0.11 .064 

18.3 0~79 .082 51.7 0.11 .065 
18.9 0.82 . 058 52.8' 0.11 .066 . 

19.4 0.80 .057 53-9 0.11 .058 
- 20.0 0.88 ~050 54.9 0.10 .058 

21.1 0.72 .049 56.0 0.09 .058 
22.2 0.76 .053 57.1 0.08 ·'.059 
23.3 0.55 .058 62.4 0.04 .085 
24.4 0.41 .058 
25.5 0.35 .o66 
26.6 0.33 .058 
27.7 0.47 .043 
28.8 0.42 .042 
29.9 0.50 .041 
31.0 0.38 ' .052 
32.1 0.31 .055 
33.2 0.26 .057 
34.3 0.22 .o64 
35.4 0.18 .070 
36.5 0.18 .o7q . 

. 38.7 0.30 .054 

40.9 0.21 .052 
43.0 0.19 .058 
44.1 0.17 .058 
45.2 0.15 .058 
46.3 0.12 .066 
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20(a ar )Ne20 Ne ) . 
Beam energy = 50.9 MeV 

Elastic Q = -1.63 Q = -4.25 
da Fractional da Fractional da. Fract;i.onal 

e dQ statistical e . 
dD statistical e dD statistical C.M. C.M. . C.M. error error error 

10.9 2290 .. .001 12.1 97-5 .01 12.1 4.18 .02 
12.0 . 792.0 .002 13-3 85.9 .01 13-3 4.28 .02 
13.2 220.0 .002 14.5 63.6 .009 14.5 4.35 .02 
14.4 46.6 . 004 15.7 39.2. .008 . 15.7 4.78 .02 
15.6 96.8 .005 16.9 17.8 .01 17.0 5.27 .02 
16.8 203. .004 18.1 6.04 .01 18.2 5.42 .02 
18.0 272. .003 19.3 ).52 .02 19.4 4.83 .02 
19.2 I 269. .003. .20.5 )).89 .02 20.6 4.62 .02 
20.4 235. - .003 21.7 17.9 .01 21.8 3·97 .03 
21.6 163. .003 22.9 25.6 .009 23.0 2.61 .03 
22.8 .89.9 .005 24.0 29.3 .009 . 24.2 1.80 .04 
24.0 33.4 .01 25.2 28.0 .01 25.4 1.15 .05 
25.2 7. 72 - .02 26.4 22.5 .01 26.6 0.87 .05 
26.3 ' . 2.60 .03 27.6 15.2 .. .01 27.8 0.85 .06 
27.5 12.3 .02 28.8 8.74 .02 29.0 1.05 .06 
28.7 25.7 .01 30.0 4.42 .02 30~2 1.17 .05 
29·9 36.1 .oo8 31.2 . 2.86 .02 31.4 1.26 .05 
31.1 4o.~ .007 32.4 3.83 .03 32.6 1.20 .05 
32.3 37·7 .008 33.6 6.13 ~02 33·7 1.06 .05 
33·5 31.0 .01 3lf. 7 e. 73 .02 34.9 0.78 .06 
34.6 22.1 .01 35~9 10.9 .02 36.1 0.64 .07 
35.8 15.0 .01 37.1 11.5· .01 37 ·3 0.48 .07 
37 .() 9-34 .01 38.3 10.7 .02 38.5 0.39 .06 
38.2 6.15 '.02 39·5 9-43 .02 39· 7 o. 1+7 .Q6 
39-3 5·73 .02 40.6 7-43 .02 40.8 0.59 .06 
40.5 6.61 0.02 41.8 5.62 .02 42.0 0.75 .06 
41.7 8.01 .02 43.0 4.30 .02 
42.8 9.57 .01 
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20 . 20 
Ne (o:)a 1 )Ne 

·. Beam energy = 50.9 MeV 

Q = -4.9J. . 2. = -2.6d Q - -5.80 
() -.!:' ractional dO' Fractional d(J' Fractional 

e . ~ statistical e 2ln statistical e 
2ln statistical C.M. C.M. . C.M. 

error error error 

17.0 0.55 .10 13.4 14.7 .02 15.8 1.91 .03 
18.2 0.46 .10 14.6 15.4 .02 17.0 1.85 .03 
19.4 0.39 .10 15.8 14.8 .01 18.2 1.39 .04 
20.6 0.40 .09 17.0 14.3• .01 19.4 1.1+5 .04 
21.8 0.44 .09 18.2 12.5 .02 20.6 1.17 .05 
23.0 0.43 .09 19.4 9-09 .02 21.9 0.98 .05 
24.2 0.31 .09 20.6 7.62 .02 23.1 1.06 .05 
25.4 0.35 .09 21.8 5.56 .. 02 24.3 1.20 .05 
26.6 0.32 .09 23.1 3.98 .03 25.5 1.36 .05 
27.8 0.32 .09 24.3 2.81 .03 26.7 1.01 .05. 
29.0 0.28 .10 25.5 2._44 .03 27.9 1.17 .. 07 
30.2 0.28 .10 26.7 2. 92 .03 29.1 . 0.64 ~08 

31.4 0.26 .10 27.9 3.17 .03 30.3 0.35 .09 
32.6 0.25 .10 29.1 3. 72 .03 31.5 0.29 .12 
33.8 0.23 .13 30.3 4.oy .03 33.8 0.27 .10 
35.0 0.17 .14 31.5 3.84 .03 35.1 0.35 .09 
36.2 0.18 .;14 32.7 3.05 .03 36.2 0.61 .09 
37.4 0.18 .14 33·9 2.84 .03 37.4 o. 78 .08 

. 38.5 0.15 .15 ~5.0 1.86 .03 38.6 0.76 .08 
----- . -- -·--~. ~--- --~----· - -- - -- ---~--...-----

39.7 0.13 .15 36.2 1.46 .04 39.8 0.81 .08 
40.9 0.09 .15 37.4 0.88 .04 41.0 0.79 .07 
42.1 0.08 .15 38.6 0.86 .04 42.2 0.79 .08 
43.3 0.06 .15 39· 7 0.79 .04 43.3 . 0. 70 .05 

41.0 : 0.86 .04. 
. 42.2 0.96 .04 

43.3 1.14 .04 
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20 20 
Ne (a"cx' )Ne 

· Beam energy ::: 50 . 9 MeV . 

Q = -6.72 Q = -7.17 Q = -7·~ 

dO' 
Fractional dO' Fractional dO' Fractional 

e dn statistical e . 
dD 

statistical e dn statistical 
C,~M. C.M. C.M. 

error error error 

17.1 0.92 .06 11.0 14.3 .02 17.1 1.02 .04 

18.3 0·77 .06 14.6 14.1 .02 18.3 1.14 .04 

19.5 0.46 . 06 15.9 12.4 . .02 19.5 1.08 .04 

20.7 0. 73 .06 17.1 10.5 .02 20.7 1.10 .04 

21.9 0.80 .06 18~3 8.31 .02 . 21.9 0.94 .04 

23.1 0.93 .07 19.5 5.28 .02 23.2 0.78 .04 

24.3 1.08 .07 20.7 3.79 .02 24.4 0.54 .04 

25.5 0.84 .07 21.9 . 2.67 .03 25.6 0.55 .04 

26.7 0.61 .07 23.1 2.08 .03 26.8 0.47 .03 

27.9 0.51 .07 24.4 2.04 .03 28.0 0.52 .03 . 

29.1 0.53 .07 25.6 . 2.34 .03 . 29.2 0.61 .04 

30.3 0.47 : .07 . 26.8 2.46 .03 30.4 0.65 :o4 

3L5 0.62 .07 28.0 . 2.38 .03 31.6 o: 73 .05 

32.7 0~68 .07 29.2 2.34 .03 32.8 0.60 .07 

33.9 0.72 .07 30~4 1.98 .. 03 34.0 0.52 .07 
35.1 0.69 .07 31.6 1.47. .-04 35.2 0.43. .08 

. 36.3 0.64 .07 32.8 . 1.10 .04 36.4 0.44 .08 

37 ·5 0.51 .07 34.0 0.77 .05 37.6 0.31 .08 
38.7 0.31 .07 .· -35-2 0.57 .05 38.8 0.27 .08 

39-9 0.21 .07 36.4 0.49 .· .05 4o.o 0.29 .08 
41.1 0.21 .07 '37 .6 . 0.41 .05 41.2. 

,/ 
0.25 .08 

42.3 0.17 .07 38.'7 ~0.45 .05 42.3 0.30 .08 
43.4. 0.25 .· .06 4o.o 0.52 .05 43.5 ·o.28 .08 

41.1 . 0.56 .05 
42.3' .o.66 .05 . 
43.5 0.64 .05 

. . . . . 



-82-

20 20 
Ne (a:,a' )Ne 

Beam energy= 50~9 MeV 

Q = -7.86 . Q = -8.71 Q.= -9.11 
d() Fractional <Jcr Fractional <Jcr · .. Fractional 

e <Jn statistical e <Jn 
statistical 8c.M. <Jn- statistical C.M. C.M. error error i·,.,' (l error 

. 14.7 2.85 • 04 17.1 2.18 .03 15.9 3·3 .03 
15.9 1.82 .04 18.4 2.35 .03 17.2 3.01 .03 
17.1 1.18 .05 19.6 2.24 .03 18.4 2.75 .03 
18.3 0.93 .05 20.8 2.36 .04 19.6 2.60 .03 
19-5 0.66 .05 22.0 2.24 .04 20.8 2. 72 .03 
20.8 0. 73 .06 23.2 1.89 .04 22.0 2.66 .03 
22.0 0.77 .06 24.5 1.51 .04 23.3 2.47 .04 
23.2 0.81 .06 25-7 1.26 ·~04 24.5 2.04 .04 
24.4 0.76 .06 26.9 1.19 .04 25.7 1.93 .05 
25.6 0.81 .06 28.1 1.14 .04 26.9 1.58 .05 
26.8 o. 73 .06 29-3 1.30 .04 28.1 1.37 .05 
28.0 0.67 .08 30.5 1.36 .04 29.3 1.18 ~05 

29.2 0.51 .09 31.7 -1.42 .04 30.5 1.03 .06 
30.4 0.41 .10 .. 32-9 1.40 .04 31.7 o. 92 .06 
31.6 0.23 .11 3)+.1 l.~-9 .05 32.9 0.79 .06 
34.0 -0.24 . :.11 35-3 1.29 .05 34.1 0.84 .06 
35.2 0.20 .12 36.5 1.31 .05 35-3 0.77 . - .06 
36.4 0.25 .10 37.7 1.15 .05 36.5 0.92 .06 
37.6 0.28 . .09 38.9 0.97 .05 37.7 0.84 .06 ·-- ·----- -·- ---- ~ 
38.8 0.25 .09 lfO,l 

----- -----~-- ---
0.89 .. 05 

----- ·-~---
38.9 0.89 .06 

4o·.o 0.30 .08 41.3 0.84 .05 40.1 0.81 .06 
41.2 0.36 .08 42.5 0~88· .05 41.3 o. 71. .06 
42.4 0.31 .07 . 43.7 0.78 .05 42.5 0.61 .07 
43.6 . 0.31 .07 43.7 0.54 .07 
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$10 465001,V ,10, SPRINGER 
$IBJOB 
$IBFTC FCN LIST,REF 

SUBROUTINE FCNIN,G,F,X,M1l 
c 
C SEE SPRINGER 5631 OR 5088 
C 9-21-64 CAL-COMP Of OATA,ELASTIC, 0+, AND I=l,IMAX 
C MAXIMUM VALUES OF INDICES ITMAX=85, LMAX=50, IMAX=8 
c 

COMMONICCPOOL/XMIN,XMAX,YMIN,YMAX,CCXMIN,CCXMAX,CCYMINrCCYMAX 
DIMENSION G(5),X(5),l0(5) 
DIMENSION Slll 85),SXL( 85l,SNL{ 85),1ML(51,CHARSill), 

!FINAl 85) ,FOA( 85l,FA( 85),F0( 85l,ETAAI100l,FCCC 851,FONt 85), 
2GSIG{ 85l,OSIGEX( 85J,PDI5),WEIGHTI 85),YLM(51, 851,PSt100l, 
3Yl0(52, 85),Y(6),XXI6l,SIGI51l,GEI100l ,SIGINI 85, 8), Tl99), 
4SIGEXC 85l,CC5l,SIGELI 85l,EflOOl,SIGRI 85),THf 851,S(5l,MW 151 1 

5AW(5),FNS(501,WWI 851,WWlf 85l,SQtlOOl,CE(50),FNNC 85l,ETTA(l001 
LOGICAL LOGIC,FLAGE 

REAL K,MA,MX,MB,MEV 
INTEGER PRINT 
COMPlEX FINA,FOA,FOO,FCC,FON,FNN,IML,IMO,PS,CLOG,CABS 
COMPLEX FIN,ZERO ,E,GE,IM,CEXP,FC,FN rEO,FNS,CE,FNSY,ZO,SQK,CSQ 
IF(Ml.NE.ll GO TO 36 
CCXMIN=O. 
CCXMAX=2000./1024. 
CCYMAX=l000./1024. 
CCYMIN=O. 
XMIN=O. 
XMAX=lOO. 
YMIN=O. 
YMAX=4. 
DATA RADIAN,MEV,HC,IBGN/.01745329,931.478,197.323,0/ 
DATA CCHARSfil,I=l,1ll/3H0.0,3Hl0.,3H20.,3H30.,3H40.,3H50.,3H60., 

13H70.,3H80.,3H90.,4HlOO.I 
OATACIMLIII,I=1,5)/(1.,Q.),(Q.,l.),(-l.,O.l,(0.,-1.),(l.,O.)/ 
DATA IM,PI,ZERO I (0.,1.),3.14159265 , 10.,0.) I 
DATAlTIIl,I=lr99l,ISIIJ,I=l,5l,( 

X MWtllri=l,5l,tAW(I),I=l,5)11HH,2HHE 
l,2HLI,2HBE,lHB,lHC 1 lHN,lHO,lHF,2HNE,2HNA,2HMG,2HAL,2HSI,1HP,lHS,2H 
2CL,2HAR,lHK,2HCA,2HSC,2HTI,lHV,2HCR,2HMN,2HFE,2HC0,2HNI,2HCU,2HZN, 
32HGA,2HGE,2HAS,2HSE,2H8R,2HKR,2HRB,2HSR,lHY,2HZR,2HNB,2HM0,2HTC,2H 
4RU,2HRH,2HPD,2HAG,2HCD,2HIN,2HSN,2HSB,2HTE,lHI,2HXE,2HCS,2HBA,2HLA 
5,2HCE,2HPR,2HND,2HPM,2HSM,2HEU,2HGD,2HT8,2HOY,2HH0,2HER,2HTM,2HYB, 
62HLU,2HHF,2HTA,lHW,2HRE,2HOS,2HIR,2HPT,2HAU,2HHG,2HTL,2HP8,2HBI,2H 
7P0,2HAT,2HRN,2HFR,2HRA,2HAC,2HTH,2HPA,lHU,2HNP,2HPU,2HAM,2HCM,2HBK 
8,2HCF,2HES,lHP,1HD,3HHE3,3HHE4,1HT,l,l,2t2tlt1•007825,2.014102,3.0 
91603,4.002604,3.0160491 

N=5 
READ(2,21l NZX,NA,NB,PRINT,ITMAX,LMIN,LMAX,IMAX,MM, MX 1 EA,ELL,DE 

1LTA,A,B,D 
21 FORMAT(I3,3Il,I3,4I2,3X,5F10.517Fl0.5) 

lf(-l.NE.MMl GO TO 606 
DO 51 IT=1,ITMAX 
READI2,131) SIGEX(IT),THIITJ 

131 FORMATI30X,2F10.5) 
DSIGEX(IT)=.l•SIGEXIIT, 
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51 CONTINUE 
606 CONTINUE 

IF!MM.EQ.7) REA0!2,31) AIT,BIT 
IFf!MM.EQ.7).0R.(-l.EQ.MMll GO TO 302 
READ !2,31) !SIGEX!ITJ,OSIGEX!ITJ,THCITl,IT=l,ITMAXl 
READ !2,3ll0THETA 

302 CONTINUE 
31 FORMATt6FI0.5t 

X I U=Ell 
Xl2l=DELTA 
X(3l=A 
Xf4l=B 
X!Sl=O 
GSIG!ll=ISIGEX(1l-SlGEX(2ll/tTHtl l-THC2ll 
ITMAXl= ITMAX-1 
00 32 IT=2,ITMAX1 

32 GSIG!ITJ= !SIGEX!IT+ll-SIGEXtll-1)l/tTH!IT+ll-THIIT-1)) 
GSIG!ITMAXl=tSIGEXIITMAXl-SIGEXtiTMAXll)/!THfiTMAXl-THfiTMAXlll 
l2MAX=2•LMAX 
ZA=MW(NAl 
Z=NZX 

MA=AWINAl 
MB=AWCNBl 

NUMX= MX+0.5 
NUMY=MA+MX-MB+.S 
NZY=NZX+MWtNAl-MW!NBl 
UMX=MX 
MX=MX•MEV 
MA=MA•MEV 
MB=MB*MEV 
SQPI=SQRTtPI) 
CtU=.5/SQPI 
Ct2l=SQRT(3.l•Cf1) 
Ct3l=SQRTI1.SJ•C(1) 
CC4l=SQRT!7.5l•Ctll 
Cl5l=SQRTC1.25l*Cill 
DO 29 ISQ:1,100 
UISQ=ISQ 
SQIISQl=SQRT!UISQ) 

29 CONTINUE 
DO 11 IT=l,ITMAX 
IF_!MM.NE.J) _GO_IQ_3_0_3 ---------------­
UIT=IT 
TH!ITl=AIT•UIT+BIT 

303 CONTINUE 
W=COSITH(lTl*RAOIANl 
Ww(ITl=W 
WWliiTl=SQRT{l.-W•Wl 

11 CONTINUE 
ETO=SQRTIMA /2./EAl/137.037•ZA•Z 
K=SQRT(2.•MA•EAJ•MX/IMA+MXl/HC 
WRITEI3,22l TINZX),NUMX,S!NAl,SINBl,TINZYl,NUMY,UMX,EA,ETO,K 

22 FORMATI1Hl///51X,A2,I3,1Ht,A3,1H,,A3,1Hl,A2,13//22X,llHTARGET MASS 
1F10.5, 3X,l1HBEAM ENERGY,Fl0.5,3X,3HETA,FlO.S,SX,1HK,Fl0.5//) 

WRITEI3,23) ITMAX,LMIN,LMAX,IMAX,X 
23 FORMAT!! X,5HITMAX,I4,7X,4HLMIN,I4, 9X,4HLMAX,I4,8X,4HIMAX,J4,6X, 
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llHL,F 7.3,3X,SHDELTAt F 7.3,5X,lHA,F 7.3,5X,lHB,F7.3,5X,lHD,F7.3 
2//) 

SIG( U=ATAN(ETO) 
0012 L=lrLMAX 
Ul=l 
L2L=2•L+l 
SIGtl~ll=SIG(L)+ATANlETO/(Ul+l.ll 
CElLI= CEXPt IM•SIG(lll 
FNSll l=SQ ll2l l•CElll•CElll 

12 CONTINUE 
DO 13 IT=ltiTMAX 
W=WW (IT l 
Wl=WWl( IT) 
YLO ( 1 tl Tl =W•C { 21 
Yl0(2,ITI=t3.•W•W-l.l•Ct5l 
FCC(ITl=-ETO•CEXPt-IM•ALOG((l.-Wl/2.l•ETOl/(K•tl.-Wll 
DO 13 L=l,LMAX 
Ul=l 
l2l=2•L+3 
Yl0(L+2,ITl=tW•SQ(l2L)*SQ(l2L+2l*YLO(L+l,ITl- (UL+l.l•SQ (l2l+2)/ 

lSQIL2L-2l•YLO(L,ITll/(Ul+2.l 
13 CONTINUE 

IF(MM.EQ.2l REA0(2,3l)(E(l2l,L2=2tl2MAX,2l 
36 CONTINUE 

Ell=Xtll 
OELTA=X(2) 
A=X(3) 
B=Xl41 
D=XtSl 
F=O. 
DO 33 J=l,S 
GCJl=O. 

3.3 CONTINUE 
EX=EXP(Ell/DELTAl 
EXE=EXPI-.~/DELTAl 
EXD=EXE•EXE 
EXS=EX 
FLAGE=. FALSE. 
00 2 L=l,LMAX 
l2=2•L 
EX=EX•EXD 
UL=L 
CURE=IELL-Ull/DELTA 
IF!tCURE.GT.88.l.OR.FLAGEIGO TO 54 
EX=EXP(CUREl 
FLAGE=. TRUE. 

54 CONTINUE 
ETA=l./(l.+EXl 
ET=ETA•tl.-ETAl 
ETT=ET •!l.-2.•ETAl 
ETTT=ET•tl.-6.•ETl 
E!l2l=CMPLXItETA+B•ETl,(A•ET+D•ETTll 
GE!L2l=CMPLXItET+B•ETTl,(A•ETT+D•ETTTll/DELTA 
ETAA(l2l=ET 
ETTAtl2l=ETT 

2 CONTINUE 



DO 1 IT=l y} TMAX 
W=WWtiTl 
DO 15 J=1,5 
ZO(J}=ZERO 

15 CONTINUE 
FN=CMPLX{C(1),0.) 
DO 7 L=1,LMAX 
UL=L 
L2=2•L 
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FNSV=FNStll•YLO(L,ITI 
FN=FN+FNSY•(1.-f(L2ll 
ZOfll=ZDt1l+FNSY•GEtl2) 
ZDt2l=ZDl2l+FNSY•GEll2l•tUL-Elll/DELTA 
Z0(4l=ZDt41-FNSY•ETAA(l2l 
Z0(5l=Z0(51-FNSY•ETTA(l2l•IM 

7 CONTINUE 
ZOt3l·=ZOI4l•IM 
SQK=IM•SQPI/K 
FN=FN•SQK 
FC=FCCtiTl 
CSQ=SQK•CONJG(FN+FCl 
FIT =REAL(tFN+FCl•CCNJG(FN+FCll•lO. 
WEIGHT(Ill=1./tOSIGEXtiTl••2+1GSIGIITl•OTHETAl••2l 
F=F+WEIGHTtiTl•tFIT-SIGEXliTil••2 
00 .34 J=1,5 
PD{Jl= REALICSQ•ZO(Jll•20. 
GIJI=GIJl+IFIT-SIGEXtiTll•PD{Jl•2.•WEIGHTI1Tl 

34 CONTINUE 
SIGEUITI=FIT 
SIGR(ITl=REALtFC•CONJGIFCll•10. 

1 CONTINUE 
1FIM1.NE.1l GO TO 445 
SCALEF=f 
WRITE 1.3, 4461 F 

446 FORMAT(8H SCALEF=Fl0.2l 
445 CONTINUE 

lf(M1.EQ.3) GO TO 444 
F=F/SCALEF 
DO 434 J=1 ,5 

434 G(Jl=G(J)/SCALEF 
_ !tA!t __ CONT.I NUE. __ _ 

IFtMM.GT.Ol Ml=3 
IF(Ml.NE.,lGO TO 35 
WRITED,441) F 

447 FORMATI3H F=Fl0.3l 
EX=EXS/EXE 
WRITEI3,25l 

25 FORMAT(lX,lHL,l4X, 
X 6HETAtll,llX,lOHDERlVITIVE,l3X,7HNUCLEAR,l3X,8HRELAT 
llVE,l4Xr9HSPHERICAL 
X /34Xr9HOF ETAtll,l2X,lOH PHASE tllX,7HCOULOMB/55X,9H SHIFT 
2 tllX,llHPHASE SHIFT,l2Xr8HHARMONIC//I 

DO 8 L=l,LMAX 
L2=2•L 
PSil2l=CLOGIE(l2ll/.017453.3/2./IM 

24~0RMAT (lX,I2 1 .3X,2FlO.S,lHI,2FlO.S,lHI,2FlO.S,lHI,3 



-87-

lX,Fl0.5,13X,Fl0.51 
WRITEt3r241 L,E(l2l,GEtl2),PStL2l,SIGtll 

EX=EX•EXD 
ETA=l./tl.+EX} 
ET=ETA•tl.-ETAI 
ETT=ET •ll.-2.•ETAl 
ETTT=ET•tl.-6.•Ell 
EtL2-ll=CMPLX({ETA+B•ETI,(A•ET+D•ETTll 
GEIL2-ll=CMPLX(IET+B•ETTI,IA•ETT+D•ETTTI)/0ELTA 

8 CONTINUE 
C ETA,K 1 Yl0 1 SIGMA L,FN, HAVE BEEN EVALUATED. GOOD PLACE TO DEBUG BY 
C WRITING 
c 

DO 17 IT=l,ITMAX 
SXLIITl=ALOGlOISIGEXIITil 
SLLtiTI=ALOGlO(SIGELtiTll 
FOO =ZERO 
DO 18 L=LMIN,LMAX 
l2=2•L 
FOO =FOO +FNStll•GEtl2l•YLO(L,ITl 

18 CONTINUE 
FOIITI= REAltFOO •CONJG(FOO ))•2.5 
SNLIITl=ALOGlOtFO(ITll 

17 CONTINUE 
IFtiBGN.EQ.Ol CALL CCBGN 
IFtiBGN.EQ.Ol GO TO 300 
CAll CCPLOTIO.,o.,ll 
CALL CCNEXT 

300 CONTINUE 
IBGN=l 
WRITE ( 99, 52 I 

52 FORMAT( 61H$ PUT ORIGIN ON INTERSECTION OF VERTICAL LINE AND BOTTO 
1M LINE I 

WRITE(99,53l 
53 FORMAT( lH= I 

WRITEI98,44lTCNZX),NUMX,S(NA),S(NBl,TtNZYI,NUMY, EA,ETO,K 
44 FORMAT( 51X,A2,13,1HI,A3 1 1H,,A3,1H),A2t13/ 22X,7HELASTIC 

1 13XrllHBEAM ENERGY,Fl0.5r3Xr3HETA,Fl0.5rSX,lHK,Fl0.5l 
WRITEI98t231ITMAX,LMIN,LMAX,IMAX,X 
CALL CCLTRIO.,l020./1024.,0,21 
DO 46 I X=l, 11 
UIX=IX 
UUI=200./1024.•(UIX-l.l 
CALL CCLTRIUUI,-20./1024.,0,2,CHARS(IXI,61 

46 CONTINUE 
CALL CCPLOT(TH,SLL,ITMAX,4HJOINI 
CALL CCPLOTITH,SXL,ITMAX,6HNOJOIN,l,ll 
1=0 
CALL CCPLOTtO.,O.,ll 
CALL CCNEXT 
WRITE ( 9 9, 53 l 
WRITEI98r43lTINZXI,NUMXrSlNA),SINBI,TtNZY),NUMY, ltEA,ETO,K 
WRITEl98,23)1TMAXrlMIN,LMAXriMAXrX 
CALl CCLTR(O.,l020./1024.,0,2l 
DO 48 IX=ltll 
UIX=IX 
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UUI=200./1024.•lUIX-l.) 
CALL CCLTRIUUI,-20./1024.,0,2,CHARSIIX),6) 

48 CONTINUE 
WRITE I 99,52 I 
CALL CCPLOTITH,SNL,ITMAX,l,ll 
LMIN2=2•LMIN 
lMAX2=2•LMAX 
DO 601 L=LMIN2,LMAX2 
AEL=REALICABSIEIL))) 
IFIAEL.GT •• 5) GO TO 603 

601 CONTINUE 
603 IL=L 

All=REALCCABStEliL-11)) 
RR=I.5-Alll/IAEL-A1Ll 
Ulll=Il-1 
ER=IUlll+RRl/2. 
WRITE (3,602) ER 

602 FORMATI4H ER=F20.51 
R=fETO+SQRTIETO•ETO+ER •IER +1.)))/K 
WRITE (3, 47 I R 

47 FORMATI/51X,2HR=,Fl0.5/) 
00 9 I=l,IMAX 
UI=I 
U21=2.•UI+l. 
DO 37 IT=l,ITMAX 
W=WW I IT I 
Wl=WWU IT) 
YLMil,ITl=-CI3l•Wl 
VLM(2,ITJ=-C(4l•W•Wl 
FAIIT)=O. 

37 CONTINUE 
DO 10 M=l ,I 
UM=M 
M2=M+l 
M2M=2•M+2 
DO 3 IT=l,JTMAX 
W=WWI IT) 
Wl=WWltiTI 
FDA I IT) =ZERO 
FlNACITI=ZERO 
DO 3 L=M2,LMAX 

---- -----UL=l 

c 

l2L=2•L+l 
LMP=L+M+.l 
LMM=l-M+l 
VLMll+l,IT)=W•SQll2l)*SQIL2l+2)/(SQ(LMPl•SQ(LMMJt•YLM(L,tTI 

l-SQILMP-li•SQILMM-li•SQ(l2l+21/ISQILMPI•SQILMM)• SQIL2L-2 ll•YLM( 
2L-l,ITl 

3 CONTINUE 

C YLM,FN,FC 
c 

HAVE BEEN EVALUATE GOOD PLACE TO DEBUG BY WRITING 

DO 6 l=LMIN,LMAX 
LLMIN=l-1 
LLMIN=MAXO(llMIN,LMIN) 
llMIN=llMIN-MOOlLLMIN+l+I,21 



c 

LLMAX=l+l 
LLMAX=MINOCLLMAX,LMAXI 
Ul=l 
L2l=2*L+l 
DO 40 IT=l,ITMAX 
FONIIfl::ZERO 
FNN( IT)=ZERO 

40 CONTINUE 
DO 5 Ll=LLMIN,LLMAX,2 
Lll-= Ll+L 
Ull=Ll 
XX(l)=Ul 
XX(2)=UI 
XX(3)=Ull 
XX(4)=0. 
XXI5)=0. 
XX(6)-=0. 
C SH2=CLEB (XX I 
Ylli=Ul 
V (2)=UI 
Y 131=Ull 
Yl4l=-UM 
Y(5l=UM 
Yf6)=0. 
CSHl=ClEB ( Y I 
MO=MODtLL,41+1 
IMO=IMUMOI 
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DO 5 IT=l,ITMAX 
FNNIITI=FNNIITl+CEilli•CSHl•CSH2•GEillll•IMO 
IFIM.NE.II GO TO 19 
FONCITI=FONIIT)+CEllli•CSH2•CSH2•GEflll)*IMO 

19 CONTINUE 
5 CONTINUE 

M0=5-MOO(L,41 
IMO=IMLIMOJ 
DO 41 IT=l,ITMAX 
FINAIITI=FINAIIT)+FNNIITl•CEILI•YLMIL,ITI•SQ{L2LI•IMO 
IFIM.NE.II GO TO 49 
FOACITI=FOAIITI+FONIITl•CEILl•YLO(L,ITI•SQll2Ll•IMO 

49 CONTINUE 
41 CONTINUE 

6 CONTINUE 
DO 10 IT=l,ITMAX 
Wl=WWlt IT I 
FAIITI=FAIITI+2.•REALIFINA(ITI•CCNJG(FINAIITI II 
YLMIM+2,IT I=-Wl•SQCM2M+3)/SQfM2M I•YLM(M+l,IT 
YLMIM+l,IT I=-W1•SQ(M2M+li/SQIM2M I•YLM(M,IT I 

10 CONTINUE 
DO 4 IT=l,ITMAX 
FACITI=FAIITI+REALIFOAfiTI•CONJG(FOAIITIII 
SIGINIIT,Il=FAIITl•2.5•U21 
SNLIITI=ALOGlOISIGINfiT,Ill 

4 CONTINUE 

C THE DIFFERENTIAL CROSS SECTION SJGCAL 
C HAS BEEN EVALUATED. GOOD PLACE TO DEBUG BY WRITING 



c 
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CALL CCPLOT(O.,O.,l) 
CALL CCNEXT 
WRITEt99,531 
WRITE(98,431T(NZX),NUMX,S(NAI,StNB),TINZYI,NUMYt I,EA,ETO,K 

43 FORMAT( 51X,A2,13tlH(,A3,1H,,A3rlH),A2tl3/ 22X,lOHFINAl SPIN 
115, SX,llHBEAM ENERGY,Fl0.5,3X,3HETA,Fl0.5,5X,lHK,Fl0.5) 

WRITE(98,2311TMAX,LMIN,LMAX,IMAX,X 
CALL CCLTR(O.,l020./1024.,0,21 
DO 45 IX=l,ll 
UIX=IX 
UUI=200./1024.•lUIX-l.J 
CALL CCLTRfUUI,-20./1024.,0,2,CHARSfiX),6) 

45 CONTINUE 
WRITE ( 99,52) 
CAll CCPLOTfTH,SNL,ITMAXrlrll 

9 CONTINUE 
WRITEl3,30) 

30 FORMAT(l24H1THETA RUTHERFORD ELASTIC DATA I= 0 1 
1 2 3 4 5 6 7 
28 J 

DO 16 IT=l,ITMAX 
WRITEl3,261 THtiTl,SIGRliTI,SIGELtlTI, SIGEXtiTI, 

1 FO(ITI,(SIGINllltii,I=l,IMAX 
2) 

26 FORMATilX,F6.2,2Fl0.2,F8.2,9Fl0.2l 
16 CONTINUE 
35 CONTINUE 

RETURN 
END 

*** 'END-OF-FILE' CARD ••• 
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$IBFTC MAIN LIST,REF 
DIMENSION H( 5, 5),X( 5),G( 5),S( 5),XP( 5),GP( 5), Tl 5),GB( 5) 
DIMENSION Vl3),C( 5, 5) 
COMMON F FP , FB FO X XP 
COMMON T S , G , GS GP GSP 
COMMON GB , GSB GSS GTP GTT H 
COMMON DELTA, N , M L , M1 , MS 
COMMON IT , E , K t P t TO , Sl 
COMMON Z , Q , A , EL , V t C 
COMMON /WRITE/ISHOT,IPERP,IMOVE,ILOOP,IDRESS,IWRITE,IFIN 
10=40 

1000 00 99 1=1,3 
99 V(I)=O.O 

MS=O 
CAll READIN 

120 L=1 
121 CALL READY 
122 l=L 
123 GO TO (139,159,133,126),L 
124 L=2 
125 GO TO 121 
126 CALL AIM 
128 GO TO l129,132,133,1391,l 
127 L=L 
129 CAll FIRE 
130 l=L 
131 GO TO (135r132rl26,139t,L 
132 l=1 
133 CALL DRESS 

GO TO (124,1391,L 
135 L=3 

GO TO 133 
159 L=4 

GO TO 133 
139 CALL RITEOT(2) 

CAll STUFF 
L=l 
GO TO (120,142),L 

142 CONTINUE 
M1=3 
CALL FCN(N,G,F,X,M1) 
GO TO 1000 
END 



$IBFTC READY LIST,REF 
SUBROUTINE READY 
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DIMENSION Ht 5, 5),X( 5),G( 5),5( 5),XP( 5),GPC 5), Tt 5J,GB( 5) 

c 

c 

DIMENSION V{3),C( 5, 5) 
COMMON F FP 
COMMON T S 
COMMON GB , GSB 
COMMON DELTA, N 
COMMON IT E 
COMMON l , Q 
COMMDN /ERR/IERR,IPOS 

' 
f 

FB 
G 
GSS 
M 
K 
A 

' 
f 

FO 
GS 
GTP 
l 
p 
EL 

' 
' 
' 

X 
GP 
GTT 
Ml 
TO 
v 

' 

' 
, 

COMMON /WRITE/ISHOT,IPERP,IMOVE,IlOOP,IDRESS,IWRITE,IFIN 
l=L 
GO TO (200,20l),L 

200 IT=l 
HIGH=2.0 
IERR=O 
DOUBLE=1.0 

201 CALL MATMPY(N,N,H,G,S) 
DO 203 I=1tN 

203 SCil=-S(J) 
M=l 

207 CALL MATMPY(M,N,S,G,GSl 
IF (GS .LE. 0.0) GO TO 208 
CALL ERROR ( 11 
GO TO 201 

208 EL=AMINl(l.O,-HIGH•F/GS) 
SL=-GS 

210 DO 211 I=1,N 
211 XP(l)=X(I)+EL•S(I) 

M1=2 
CALL FCN(N,GP,FP,XP,M1) 
CALL OVERFLIKOOOFX) 
IF CKOOOFX .NE. 1) GO TO 215 
L=2 
CALL ERRORC5) 
IERR=IERR+l 
IF (l .EQ. 1) RETURN 
HIGH=HIGH/2.0 
El=El/2.0 

XP 
GSP 
H 
MS 
Sl 
c 

GO TO 210 
2~15-CAll-MA.TMR.:¥-C-M-t-NrS,GP-,-GS-P-)-- ---­

IERR=O 
-----------

IF ((GSP .LT. 0.0) .AND. (FP .LT. F)) GO TO 218 
GOES TO AIM 

L=4 
I SHOT=O 
RETURN 

218 FB=FP 
DO 234 I=ltN 
GB ( I ) =GP I I ) 

234 T(l)=XP(l) 
IF tEL .GE. 1.0) GO TO 223 

GOES TO DRESS 3 WHICH DOESN• MODIFY H 
HIGH=2.0•HIGH 
l=3 



ISHOT=l 
RETURN 
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22~ DELTA=(OOUBLE+l.O)•OELTA 
TO=DOUBLE/SL 
OOUBLE=DOUBLE+2.0 
l=2 
ISHOT=2 
RETURN 
END 
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$1BFTC AIM LIST,REF 
SUBROUTINE AIM 
DIMENSION Hl 5, Sl,Xt Sl,Gt 5l,S( 5l,XP( SJ,GPI 5), Tt 5),GB( 51 
DIMENSION Vl3l,Ct 5, 5l 
COMMON F , FP , FB , FC , X XP 
COMMON T , S . , G , GS , GP GSP 
COMMON GB , GSB GSS GTP GTT H 
COMMON DELTA, N M L t Ml , MS 
COMMON IT E K , P , TO , SL 
COMMON l , Q , A , El , V , C 
COMMON /WRITE/ISHOT,IPERPriMOVE,ILOOPriCRESSriWRITE,IFIN 
M=M 
l=O 
IPERP=O 
GO TO (301,313ltM 

301 Z=GS+GSP+3.0•(f-FPI/El 
TO=GS/Z 
TI=GSP/Z 
Q=ABSIZ•SQRTII.O-TO•Tlll 
A=lGSP+Q-Zl/lGSP-GS+Q+Q) 
IF llA .GT. O.Ol .AND. lA .LT. 1.0)) GO TO 305 
l=4 
RETURN 

305 TO=lEL•tGSP+Z+Q+Ql•A•Al/3.0 
FO=FP-TO 
CALL MATMPYIN,N,H,GP,Tl 
CAll MATMPY(M,N,T,S,SPJ 
CALL MATMPY(M,N,S,S,SSJ 
TP1=SP/SS 
DO 308 1=1rN 

308 Tlii=-T(l)+TP1•S(I) 
M=1 
CAll MATMPY(M,N,T,GP,GTP) 
TP1=F+GTP/2.0 
lf((TO-GTP/2.0 .lE. 0.01 .AND. (TP1 .GE. 0.0)) GO TO 318 

312 CALL OVERFl(KOOOFXl 
IF (KOOOFX .EQ. 11 CAll ERROR(15) 

313 TP1= 1.0-A 
DO 314 1=1rN 

314 T(I)=A•Xfll+TPl•XP(I) 
L=1 

C --- GOE S------1-8-f-1-R-E - ---
RETURN 

318 DO 319 I=l,N 
31 9 Tl I I = T( I I + XP ( I ) 

Ml=2 
321 CALL FCN (N,GB,FB,T,M11 

CALL OVERFL(KOOOFXI 
IF (KOOOFX .NE. 11 GO TO 322 
CALL ERROR(201 
GO TO 31.3 

322 IF lFB .GE. FO) GO TO 312 
IPERP=l 
DO 325 I=lrN 
St I l=Tl I)-?(( I l 
Glll=GB(I)-G(I) 

325 CONTINUE 
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CALL MATMPY(M,N,S,GB,GTT) 
GSS=GTT-EL•GS 
IF lGSS .LE. 0.0) GO TO 335 
SL=-GTP+EL•EL•SL 
EL=l.O 

C GOES TO DRESS 1 
L=2 
RETURN 

335 L=3 
C GOES TO DRESS 3 H IS NOT MODIFIED 

RETURN 
END 
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$1BFTC FIRE LIST,REF 
SUBROUTINE FIRE 
DIMENSION Ht 5, 5),Xf 5J,Gf 51,SC 5),XPC 5),GPC 5), T( 5l,G8( 5) 
DIMENSION V(3J,CC 5, 51 
COMMON F FP FB FO X XP 
COMMON T , S t G t GS , GP GSP 
COMMON GB , GSB GSS t GTP , GTT , H 
COMMON DELTA, N M l Ml t MS 
COMMON IT E t K P TO , Sl 
COMMON Z , Q , A t EL t V t C 
COMMON /WRITE/ISHOT,IPERP,IMOVE,ILOOP,IDRESS,IWRITE,IfiN 
COMMON /AAAAAA/lOOPF 

1 M1=2 
CALL FCNlN,GB,FB,T,MlJ 
CALL OVERFLCKOOOFXl 
IF (KOOOFX .NE. 11 GO TO 403 
CALL ERRORC25l 
M=2 

C GOES TO AIM 2 

c 

·c 

L=3 
RETURN 

403 M=l 
CALL MATMPY(M,N,S,GB,GSBJ 
TPl=AMINl(F,FPl 
ABAR=l.O-A 
IF CTP1 .LT. FBI GO TO 418 

LOOPF=O 
IMOVE=O 

406 TPl=A/ABAR 
TP2=ABAR/A 
TO=GSB•fTP1-TP2l 

413 GSS=TO+Q+Q 
IF (GSS .LE. 0.0) GO TO 410 
DO 415 1=1tN 

415 GCil=fGBCII-Gllll•TPl+CGPCIJ-GBflll•TP2 
l=2 

GOES TO DRESS 1 
RETURN 

410 L'=1 
GOES TO DRESS 3 H IS NOT MODIFIEb 

RETURN 
418 -~coNTINUE 

L=4 
RETURN 
END 
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SUBROUTINE DRESS 
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DIMENSION HI 5, Sl,X( 5J,G( 5),$( 5J,XPf 51,GP( 5), Tl 5J,GB( 51 
DIMENSION Vl31,C( 5, 51 
COMMON F , FP , FB , FO X XP 
COMMON T S G GS GP GSP 
COMMON GB , GSB , GSS , GTP GTT H 
COMMON DELTA, N , ~ t L , Ml , MS 
COMMON IT E K P TO , Sl 
COMMON l , Q , A t EL t V , C 
COMMON /WRITE/ISHOT,IPERP,IMOVE,ILOOP,IDRESS,IWRITE,IFIN 
L=L 
IDRESS=L 
GO TO (500,525,529,51Q),t 

C CALCULATE LENGTH OF THE 2ND DERIVATIVE IN THE DIRECTION OF THE STEP 
500 CALL MATMPY(N,N,H,G,XJ 

M=l 
CALL MATMPY(M,N,X,G,TOl 

505 DO 507 I=l,N 
DO .507 J=l ,N 

507 H(I,JJ=HCI,J)-X(IJ•X(Jl/TO 
DELTA=DELTA•IEL•GSS/TOI 
TO=EL/GSS 

510 00 512 I=1,N 
DO 512 J=l,N 

512 HCI,Jl=H(I,JI+TO•SCII•S(Jl 
529 CALL OVERFL{KOOOFXl 

IF (KOOOFX .EQ. 11 CALL ERROR(35l 
519 F=FB 

00 522 1=1,N 
G { I I =GB ( I I 

522 X(Il=HIJ 
l=l 

C SAME VALUE FOR F CHECK 
IF (V(3) .NE. Fl GO TO 523 
L=2 
RETURN 

C GOES TO STUFF 
564 CALL RITEOT(l) 

IT=IT+l 
C GOES TO READY FOR A NEW ITERATION 

RETURN 
523 Vl3l=VC2J 

V ( 2 I =V ( U 
V(l)=F 
ILOOP=O 

525 GO TO 564 
END 



$IBFTC STUFF 
SUBROUTINE STUFF 
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DIMENSION HI 5, 5l,XI 5J,GI 5),$( 5),XP( 
DIMENSION Vl3l,CI 5, 51 
COMMON F FP 
COMMON T , S 
COMMON GB , GSB 
COMMON DELTA, N 
COMMON IT , E 
COMMON l , Q 
L=2 
IF IMS .GE. K) RETURN 
MS=MS+l 
WRITE ( 3, 5) MS 

t 

' 

' 
' 

FB 
G 
GSS 
M 
K 
A 

t 

' 
' 
' 
' 

5 FORMAT (19H-RANDOM STEP NUMBER,l4) 
M=IMS+U/2 
DO 7120 1=1 ,N 
M=MODII,MI+MODIMS,21 
TIII=2•MODIMt21-1 
T(ll=Z•MOO (l(l),2)-1 

7120 CONTINUE 
CALL MATMPY (N,N,H,J,S) 
M=l 
CALL MATMPY IM,N,S,J,TOI 
EL=O.l•P/SQRTITOI 

7130 DO 7140 1=1,N 
X(J)=Xlii+EL•Slii 

7140 CONTINUE 
Ml=2 
CALL FCN (N,G,F,X,Mll 
L=l 
IT=O 
CALL R I TEOT( 1) 
RETURN 
END 

FO 
GS 
GTP 
l 
p 
EL 

5),GPI 5t, J( 5) t GB ( 5) 

X ' XP 

' GP ' GSP 

' GTT t H 
Ml ' MS 
TO SL 

' v ' c 
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SUBROUTINE READIN 
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DIMENSION H( 5, 5),X( 5J,G( 5),5( 5),XP( 5l,GP( 5), T( 5l,GB( 51 
DIMENSION V(3) ,C( 5, 5) 
COMMON F FP FB t FO , X ' COMMON T , S , G GS GP 
COMMON GB , GSB , GSS , GTP , GTT 
COMMON DELTA, N , M l , Ml 
COMMON IT , E K P , TO 
COMMON Z , Q , A , El , V , 
COMMON /WRITE/ISHOT,IPERP,IMOVE,ILOOP,IORESS,IWRITE,IFIN 
COMMON /PUNCH/IPUNCH,ICLOCK 
COMMON /IDENTY/IOENT 
COMMON /READ/IREAD 

XP 
GSP 
H 
MS 
Sl 
c 

READ (2,11 IREAD,IWRITE,K,ISIZE,ISTEP,IPUNCHriCK,IDENT,ICLOCK 
1 FORMAT (1615) 

E=lO.O••(ISIZE-3)+l.E-8 
P=lO.O••ISTEP 
Ml=1 
CALL FCN (N,G,F,X,Mll 
WRITE (3,201 (Xll),l=l,Nl 

20 FORMAT ll7H11NITIAL GUESS IS/11X,10El3.5ll 
IF liREAD .GE. 0) GO TO 50 
00 30 I=l,N 
DO 29 J=l,N 
C(I,Jl=O.O 
H(l,Jl=O.O 

29 CONTINUE 
H(l,l)=1.0 

30 CONTINUE 
DELTA=l.O 

32 FORMAT (34H WHICH IS LINEARLY CONSTRAINED BYl 
WRITE (3,32) 
NUMCON=-IREAD 
DO 40 1=1,NUMCON 
READl2,10l IC(I,Jl,J=1,Nl 

10 FORMAT 15E14.5l 
WRITE (3,371 (C(I,J),J=l,NI 

37 FORMAT (10E13.5} 
40 CONTINUE 

CALL CSTRANIO) 
GO TO 150 

50 IREAD=IREAO+l 
GO TO (100,200,300 

H STARTED AS IDENTITY 
100 DO 110 I=l ,N 

00 108 J:1,N 
Hli,Jl=O.O 

108 CONTINUE 
H(l,ll=l.O 

110 CONTINUE 
DEL TA=1.0 
WRITE {3,120) 

),!READ 

120 FORMAT (39HOH SET INITIALLY TO THE IDENTITY MATRIX) 
150 Ml=2 

CALL FCN (N,G,F,X,MlJ 
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CALL OVERFL(KOOOFXJ 
WRITE (3,160) f,(Glll,I=1,Nl 

160 FORMAT (24HOAT THE INITIAL GUESS F=,El3.5/9H AND G IS/C10El3.5Jl 
IF (M1 .NE. 101 GO TO 168 
DO 165 1=1 ,N 
G(ll=lOO.O•GCil/F 

165 CONTINUE 
F=lOO.O 

168 IF liCK .EQ. ll CALL DIFCK 
WRITE (3,1701 

170 FORMAT llHOl 
RETURN 

C READ IN DIAGONAL ELEMENTS OF H 
200 DO 210 I=1,N 

DO 209 J=ltN 
H(I,Jl=O.O 

209 CONTINUE 
210 CONTINUE 

READ (2,101 CHII,Il,I=l,Nl 
DELTA=l.O 
00 230 I=l,N 
IF CHCI,IJ .NE. 0.01 DElTA=DELTA•HCI,It 

230 CONTINUE 
WRITE 13,2401 (H(I,Il,I=l,Nl 

240 FORMAT C31HOTHE DIAGONAl ELEMENTS OF H ARE/Cl0El3.5ll 
WRITE {3,250) DELTA 

250 FORMAT (24HOTHE DETERMINANT OF H IS,El3.5) 
GO TO 150 

C READ IN H AND DELTA 
300 READ (2,101 ((H(I,Jt,J=l,NI,I=ltNl 

READ (2,10) DELTA 
WRITE (3,3101 ((H(I,J),J=1,Nltl=ltN1 

310 FORMAT ClH0,20X,lHH/(10El3.5J) 
WRITE (3,250) DELTA 
GO TO 150 
END 
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SUBROUTINE RITEOT(NN) 
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DIMENSION H( 5, 5l,X( 5l,Gl 5),5( 5),XP( 5l,GP( 5), T( 5),GB( 5) 
DIMENSION V(3),C( 5, 51 
COMMON F FP FB FO X ' COMMON T S , G GS GP 
COMMON GB , GSB , GSS GTP t GTT 
COMMON DELTA, N M , L Ml 
COMMON IT E t K P TO , 
COMMON l , Q t A , El , V t 

COMMON /WRITE/ISHOT,IPERP,IMOVE,ILOOP,IDRESS,IWRITE,IFIN 
COMMON /PUNCH/IPUNCH,ICLOCK 

XP 
GSP 
H 
MS 
Sl 
c 

IF (((IT .NE. 11) .AND. liT .NE. 1) .AND. INN .NE. 21 .AND. (ISETU 
•P .NE. 111 .OR. (!CLOCK .NE. Oil GO TO 3 

IF (ISETUP .EQ. 11 GO TO 2 
IF tiT .NE. 11 GO TO 1 
CALL CLOCKIITIMEll 
GO TO 3 

1 CALL CLOCKI(TIME21 
TIME=ITIMEl-TIME2l/FLOAT(IT-ll+0.2 
ISETUP=l 

2 CALL CLOCKICTIME3l 
IF !TIME .LT. TIME3l GO TO 3 
WRITE (3,1002) 

1002 FORMAT {25Hl/-/-/-/-/-/-/-/-/-/-/-/-/13H-RAN OVERTIME) 
JEN0=-1 
GO TO 1003 

3 IF tNN .EQ. 2) GO TO 1000 
IF (IT .EQ. ICLOCK) GO TO 900 
IF IIWRITE .EQ. 01 GO TO 35 
WRITE (3,41 

4 FORMAT (130H---
* - - - - - - - -. - - - - -

JWRITE=IWRITE+l 
GO TO (35,25 1 15,6,5;49 ),JWRITE 

49 WRITE 13,51} tXP(ll,I=l,NJ,IGPIIJ,I=ltNl,GSP,FP,(S(lltl=l,Nl,El 
51 FORMAT (l8HOXP,GP,GSP,FP,S,El/(l0El3.5ll 

5 WRITE (3,501 ((H(I,JI,J=l,NJ,I=l,NI 
50 FORMAT llH0,20X,lHH/(10E13.5)) 

6 IF IISHOT .EQ. ll WRITE (3,100) 
IF IISHOT .EQ. 2) WRITE (3,1101 
ISHOT=O 
IF IIPERP .EQ. ll WRITE (3,2001 
IPERP=O 
IF IIMOVE .GT. 01 WRITE (3,300) 
IF tiMOVE .LT. 0) WRITE (3,3101 
IMOVE=O 
WRITE (3,500) IDRESS 
IF IILOOP .EQ. ll WRITE (3,4001 
WRITE (3,40) GS,DELTA 

40 FORMAT (59HOTHE COMPONENT OF THE GRADIENT IN THE DIRECTION OF THE 
•STEP,El4.5/7HODELTA=,El4.5J 

15 WRITE (3,301 (G!Il,I=l,Nl 
30 FORMAT (lHO,l9X,lHG/{10El3.5) l 
25 WRITE (3,201 F,IXIIJ,I=l,Nl 
20 FORMAT (3HOF=,El4.5/lH0,19XrlHX/IlOE13.5}) 
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WRITE (3,10) IT,MS 
10 FORMAT ll7HOITERATION NUMBER,I4,16H OF STEP NUMBER,I4/130HO- -

* -. - - - - - - - - - - - - - - - - - - - - - - - - - - - -
35 IF l-1 .NE. JENOI RETURN 

CALL EX IT 
900 WRITE (3,10061 

1006 FORMAT {41HO TERMINATED DUE TO TOO MANY ITERATIONS,//) 
1000 WRITE (3,1001) MS 
1001 FORMAT (25Hl/-/-/-/-/-/-/-/-/-/-/-/-/21H-FINAL VALUES OF STEP,I4l 
1003 M1=4 

CALl FCN(N,G,F,X,Mll 
IF liPUNCH .GT. Ol WRITEll4 1 1005l IXIII,I=l,NI 
IF liPUNCH .EQ. 21 WRITEll4,1005l (H(1 1 II,I=l,Nl 
IF (!PUNCH .NE. 3) GO TO 5 
WRITEll4,1005l llHli,JI,J=l,NI,I=l,N) 
WRITE(14,1005) DELTA 
GO TO 5 

100 FORMAT l27HOUNDERSHOT H NOT MODIFIED) 
110 FORMAT l54HOUNDERSHOT H MODIFIED SO AS TO DOUBLE LENGTH OF STEPl 
200 FORMAT l9HORICICHET) 
300 FORMAT tllHOMOVE RIGHT) 
310 FORMAT llOHOMOVE LEFT) 
400 FORMAT 143HOFOUR CONSECUTIVE VALUES OF F WERE THE SAME) 
500 FORMAT (6HOORESS,I3l 

1005 FORMAT (5El4.5l 
END 

- -" ---------- ---·--- --------



$lBFTC ERROR LIST,REF 
SUBROUTINE ERRORIKKl 
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DIMENSION HI 5, 51,X( 5l,G( 5),S( 5),XPI 5l,GPI 5), T( 5),GB( 5) 
DIMENSION Vl3l,CI 5, Sl,DIAG( 5) 
COMMON F FP FB , FO X 
COMMON T S G GS GP 
COMMON GB , GSB GSS GTP , GTT ' COMMON DELTA, N M l , M1 
COMMON IT E K P TO 
COMMON Z , Q , A , El , V , 
COMMON /WRITE/ISHOT,IPERP,IMOVE,ILOOP,IDRESS,IWRITE,IFIN 
COMMON /ERR/IERR,IPOS 
COMMON /AAAAAA/LOOPF 
COMMON /IDENTY/IDENT 
COMMON /READ/IREAD 
KKK=1+KK/5 
GO TO {100,200,400,400,400,600,400,800),KKK 

100 WRITE (3,1101 GS 

XP 
GSP 
H 
MS 
SL 
c 

110 FORMATl41HOH IS NO LONGER POSITIVE DEFINITE FOR GS=,E13.5) 
IF IIDENT .GE. 21 WRITE (3,112) ((H(l,Jl,J=l,Nl,I=lrNl 

112 FORMAT 127HOH SET TO IDENTITY. H WAS=/ llOE13.5ll 
DELTA=1.0 
DO 120 I=1rN 
DIAGIIl=ABSIHII,IIl 
DO 118 J=l,N 
H(J,Il=O.O 

118 CONTINUE 
H(I,Il=DIAGIIl 
IF ((lDENT .GE. 21 .AND. CDIAGIII .NE. O.Oll H(I,Il=1.0 
IF IHII,Il .NE. 0.01 DELTA=DELTA•HII,Il 

120 CONTINUE 
IF {!DENT .GE. 2) GO TO 117 
WRITE (3,116) 

116 FORMAT (67HODIAGONAL ELTS. OF H ARE SET POSITIVE AND OFF DIAGONAL 
•ELTS. ZEROED) 

117 IF ( IREAD .GE. 01 RETURN 
CALL CSTRAN(ll 
RETURN 

200 WRITE (3,201) 
201 FORMAT (58HOREADY OVERFLOW 

•TRYl 
IF IIERR .LT. 5) RETURN 
L=l 

LENGTH OF STEP IS HALVED FOR ANOTHER 

IF IIMS .NE. Ol .AND. liT .EQ. 1)J STOP 
RETURN 

400 WRITE (3,4011 
401 FORMAT 113HOAIM OVERFLOW) 

RETURN 
600 WRITE 13,6011 
601 FORMAT (83HOFIRE OVERFLOW TRY POINT HALFWAY BETWEEN INTERPOLATED 

• ~INIMUM AND LOWER END POINT) 
IF IFP .GT. Fl A=A-1.0 
IMOVE=ISIGNI1,IFIXIA)) 
A=tl.O+AI/2.0 
RETURN 

800 WRITE (3,801) 

801 FORMAT (15HODRESS OVERFLOW) 
STOP 
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$I BF TC OIFCK LIST,REF 
SUBROUTINE DIFCK 
DIMENSION HI 5, 5) r X ( 5J,GI 5l,S( 5J,XP( 5 l , GP I 5)' T( 5 l , GB ( 51 
DIMENSION VC31,CI 5, 5) 
DIMENSION GPL(5),GMI5l 
COMMON F FP FB ' FO X· ' XP 
COMMON T s t G GS GP ' GSP 
COMMON GB t GSB GSS ' GTP GTT H 
COMMON DELTA, N M l Ml MS 
COMMON IT E ' K p 

' TO Sl 
COMMON z Q A El ' v ' c 
IFAIL=O 
Ml=2 
DO 100 1=1,N 
DO 50 I TRY=l ,5 
TRY=AMAXl(AMIN1(1.0/ABSCG!Illrl.Ol,ABS(X(Ill•1.0E-4t/Cl0•0••CITRY-

*ll) 
X ( I l =X ( I l- TRY 
CAll FCN IN,GM 1 FM,X,M1l 
Xlll=XCIJ+2.0•TRY 
CALL FCN CN,GPlrFPL,X,Mll 
Xlll=X(ll-TRY 
FN=CGMCil+4.0•GCil+GPl!Ill/3.0•TRY 

IF CABSCCFPl-FM-FNl/FNl .LE. 1.0E-4l GO TO 98 
GN=IFPl-FMl/(2.0•lRYl 
IF CABSCIGN-Gtilt/GNl .LE. 1.0E-3l GO TO 98 

50 CONTINUE 
WRITE (3,551 IrFPL,F,FMrFN,GPLCit,GflltGM!Il,GN,TRY 

55 FORMAT (4H-THE,I4,82H-TH COMPONENT OF THE ANALYTICAL DERIVATIVE DO 
$ESN'T AGREE TO WITHIN .1 OF 1 PERCENT/29HOFPL,F,FM,FNrGPlrGrG7rGN 
•ARE /10El3.5l 

IFAIL=1 
98 WRITE (3,991 1 1 ITRY 
99 FORMAT (16H-SUCCESS FOR THEri4,20H-TH COMPONENT ON THEri4,4H TRY) 

100 CONTINUE 
IF CIFAIL .EQ. lt CALL EXIT 
RETURN 
END 

- ----------



$IBFTC CSTRAN LIST,REF 
SUBROUTINE CSTRAN (!TEST) 
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DIMENSION H( 5, SI,X( SJ,G( Sl,PERM( Sl,XP( 5),GP( 5l,IPERM( 5), 
1GB{ 5),V(3),C( 5, 51 

INTEGER P,PERM 
COMMON F , FP FB 
COMMON PERM , !PERM , G 
COMMON GB , GSB , GSS 
COMMON DELTA, N M 
COMMON IT E K 
COMMON Z , Q A 
COMMON /READ/IREAD 
OELTA=l.O 
IF (!TEST .NE. 0) GO TO 100 
NUMCON=-IREAO+l 
DO 5 I=l,N 
PERM(Il=I 
IPERM(I)=l 

5 CONTINUE 
P=l 
DO 50 J:1,N 
PIVOT=O.O 
DO 10 I=P,N 
II=PERMII} 
SAVE=ABS(C(II,Jil 
IF (SAVE .LE. PIVOT) GO TO 10 
PIVOT=SAVE 
IBIG=II 

10 CONTINUE 
IF !PIVOT .LE. 0.01 GO TO 50 
ISAVE=PERM(Pl 
PERM(Pl=J 
IP=IPERM(J) 
PERMliPl=ISAVE 
IPERM(Jl=P 
IPERMIISAVEI=IP 
P·=P+ 1 
PIVOT=CIIBIG,Jl 
DO 20 JJ=J,N 
SAVE=C(IBIG,JJI/PIVOT 
CliBIG,JJl=C(J,JJI 
C(J,JJ)=SAVE 

20 CONTINUE 
C(J,JI=l.O 
IF (P .GE. N) GO TO 100 
J1=J+l 
DO 30 I=P,N 
II=PERMIII 
DO 28 JJ=Jl,N 
C(II,JJI=CIII,JJJ-C(II,Jl•C(J,JJ) 

28 CONTINUE 
CIII,JI=O.O 

30 CONTINUE 
50 CONTINUE 

100 IF fC(N,Nl .EQ. 0.01 GO TO 105 
H(N,Nl=O.O 

FO X • XP 
GS GP t GSP 

' GTP t GTT ' H 

' L Ml MS 

' 
p TO Sl 

' El t v c 



GO TO 110 
105 DELTA=DELTA•HCN,N) 
110 DO 150 1=2,N 

II=N-I+1 
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IF CClii,JI) .NE. 0.0) GO TO 120 
DELTA=DELTA•HCII,II) 
GO TO 150 

120 HCII,II)=O.O 
11=11+1 
DO 140 J=Il,N 
00 130 JJ=Il,N 
HCII,J):H(II,Jl-CCII,JJ)•HCJJ,Jl 

130 CONTINUE 
140 CONTINUE 
150 CONTINUE 

DO 200 I=l,N 
DO 180 J=I,N 
SAVE=O.O 
00 170 JJ=J,N 
SAVE=SAVE+H(I,JJ)•HCJ,JJ) 

170 CONTINUE 
H(I,Jl=SAVE 

180 CONTINUE 
DO l90·J=ltl 
HCI,J)=H(J,I) 

190 CONTINUE 
200 CONTINUE 

RETURN 
END 

$IBFTC MATMPV LIST,REF 
SUBROUTINE MATMPYCM,N,H,G,S) 
DIMENSION HC s, 5),X( 5),G( 5),5( 5) 
IF CM-1) 705,705,702 

702 DO 703 I=l,M 
Stil=O.O 
DO 703 J=l,N 

703 SCIJ=HCI,Jl•G(J)+S(I) 
RETURN 

705 S(l)=O.O 
DO 706 I=l,N 

706 S(l)=HCJ,l)•Gfi)+Stl) 
RETURN 
END 
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$IBMAP CLB 
CLEB SAVE 1,2 

AXT 6,1 
~ AXT 0,2 

CLA 3,4 
ADD =6 
STA lOOP 

LOOP CLA **•1 
STO ARRAY,2 
TXI •+1,2,1 
TIX lOOP,l,1 

CL TSX EOt4 
TSX ARRAY 
RETURN CLEB 

EO CLA 1,4 
STA Ell 
lRA E620 

E3 STA El4 
SXD COMMON+7,2 
sxo COMMGN+8, l 
LXA E327,2 
LXA E423,1 

ElO CLA E424 
Ell UFA 0,2 

RQL 9 
LGL 8 

El4 STO Otl 
TXI El6t2tl TCH BOlA+ 

El6 TIX ElO,l,l IORP +019+8 
E17 LAC E45lt2 

CLA 0,2 
ADD 1,2 
ADD 2,2 
ADO E425 
STO COMMON+9 
ANA E426 
TNZ E324 
CLA COMMON+9 
SUB E427 
TPl E324 
CLA COMMON+9 
ARS 18 
ADO E433 
STA El76 
CLA 0,2 
ADD 1,2 
SUB 2,2 
TZE E43 
TMI E324 

E43 ARS 18 
STA El72 
STO E435 
CLA 2,2 
SUB 1,2 
ADD. 0,2 
TZE E53 
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TMI E324 
E53 ARS 18 

STA El73 
CLA 2,2 
ADO 1 '2 
SUB 0,2 
TZE E62 
TMI E324 

E62 ARS 18 
STA E174 
CLA 0,2 
SBM 3t2 
TMI E324 
CLA lt2 
SBM 4,2 
TMI E324 
CLA 2,2 
SBM 5,2 
TMI E324 
CLA 0,2 
ADD 3t2 
ADO E425 
STO COMMON+9 
ANA E426 
TNZ E324 
CLA COMMON+9 
ARS 18 
STA E216 
CLA 1 t2 
ADD 4,2 
ADD E425 
STO COMMON+9 
ANA E426 
TNZ E324 
CLA COMMON+9 
ARS 18 
STA E220 
STO E437 
CLA 2t2 
ADD 5,2 
ADD E425 
STO COMMON+9 
ANA E426 
TNZ E324 
CLA COMMON+9 
ARS 18 
STA E222 
CLA 3,2 
ADD 4,2 
SUB 5,2 
SSP 0 
SUB E430 
TPL E324 
sxo COMMON+11,4 
CLA 0,2 
ADD 4,2 
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SUB 2t2 
ARS 18 
STO COMMON+9 
CLA 1,2 
SUB 2t2 
SUB 3,2 
ARS 18 
lDQ COMMCN+9 
TSX E315tl 
STO E431 
ClA 0,2 
SUB 3,2 
ARS 18 
lDQ E437 
TSX E33ltl 
lDQ E435 
TSX E331,1 
STO E432 
CLA 2,2 
ARS 17 
STA E177 
ADD E433 
STA El75 
LXA E434tl 

El72 CLA 0,1 
El73 FAD o, 1 
El74 FAD o, 1 
El75 FAD 0,1 
El76 FSB 0,1 
E177 FSB 0,1 

STO E443 
CLA 0,2 
SUB 3,2 
ARS 18 
STA E217 
STO E436 
CLA 1,2 
SUB 4,2 
ARS 18 
STA E221 
CLA 2t2 
SUB 5,2 
ARS 18 
STA E223 

E216 CLA 0,1 
E217 FAD o,1 
E220 FAD 0,1 
E221 FAD Otl 
E222 FAD Otl 
E223 FAD 0,1 

FAD E443 
FDH E444 
STQ E443 
CLA 2t2 
SUB 1,2 
ADD 3,2 
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ARS 18 
STO E440 
CLA 2,2 
SUB 0,2 
SUB 4,2 
ARS 18 
STO E441 
CLM 0 
STO E447 

E243 CLM 0 
STO E442 
STO E445 
LXA E423,2 

E247 CLA E443,2 
TXH E253,2,3 IORT H03AB$ 
ADD E431 
TRA E254 

E253 SUB E431 
E254 STA E255 
E255 CLA o,I 

FAD E445 
STO E445 
TIX E247,2tl IORP +OlABP 
CLA E443 
FSB E445 
TSX E343,4,2 
HTR • 
STO CDMMON+lO 
CLA E431 
LBT 0 
TRA E275 
CLA E447 
FSB CDMMON+lO 
STO E447 
TRA E300 

E275 CLA E447 
FAD COMMON+lO 
STO E447 

E300 CLA E432 
SUB E431 
TZE E307 
CLA E431 
ADO E433 
STO E431 
TRA E243 

E307 LXD COMMON+7,2 
lXD CDMMON+8,1 
LXD COMMON+llt4 
CLA E447 
TOV E314 

E314 TRA 2,4 
E315 TQP E317 

TMI E322 
E317 TLQ E323 

LLS 35 
TRA lrl 
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E322 CLM 0 
E323 TRA 1,1 
E324 LXO COMMON+7 ,2 

LXD COMMON+8,l 
TOV E327 

E327 PXD 0 
TRA 2,4 

E331 STO COMMON+l8 
CLA COMMON+l8 
TOP E335 
TMI E341 

E335 TLQ E337 
TRA ltl 

E337 LLS 35 
TRA 1,1 

E34l CLM 0 
TRA l,t 

E343 STO COMMON+2 
SSP 0 
LDQ E417 
TlQ E406 
lDQ E422 
SUB E42l 
TMI E.36l 
lRS 21 
STA E355 

E354 PXO 6 
E355 llS 0 

DVH E420 
ARS 8 
RQl 27 

E361 ADD E421 
STQ COMMON+3 
FAD E421 
STO COMMON+4 
SXD COMMON+5,4 
LXA E354,4 
CLA E410 

E370 LRS 35 
FMP COMMON+4 
FAD E417,4 
TIX E370,4tl IORP +OlJCY 
SUB COMMON+3 
STO COMMON+3 
CLA COMMON+2 
TMI E403 
ClA E416 
FDH COMMON+3 
STQ COMMON+3 

. E403 CLA COMMON+3 
LXO COMMON+5,4 
TRA 2,4 

E406 CLA COMMON+2 
TRA 1 '4 

E410 TXI 21335,6,28416 TCH COV G 
STR 28449,6,29956 IOCT 04W(J 

..... ~ .• 
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TXI 10409,7,31059 TCH NC KR 
STR 32319,1,32085 I OCT \IE y 

TXI 31511t7t32767 TCH • 
TNX 32744,7,511 IOSP 1 Q 

E4l6 TIX 0,0,768 IORP +'0000 
E417 TIX 13107,6,3938 IORP + KT'T 
E420 TIX 16320,1,25316 IORP F=M= 0 
E421 'TIX o,o,o IORP +00000 
E422 HTR 0 
E423 HTR 6 
E424 TIX o,o,8704 IORP 880000 
E425 HTR 1024 
E426 HTR 0,7 
E427 PZE 0,0,100 lOCO 01MOOO 
E430 HTR 6 
E431 HTR 0 
E432 HTR 0 
E433 HTR 1 
E434 HTR E452 
E435 HTR 0 
E436 HTR 0 
E437 HTR 0 
E440 HTR 0 
E44l HTR 0 
E442 HTR 0 
E443 HTR 0 
E444 TIX 0,0,1280 IORP +00000 
E445 HTR 0 

HTR E435 
E447 HTR 0 
E450 HTR COMMON+l8 
E451 HTR CLEB+439 
E452 PZE 0 

PZE 0 
TIX 4287,7,354 IORP +5KZ2 
rrx 17152,5,970 IORP + 0•'0 
TIX 10718,6,1430 IORP +FFSP 
TIX 6414,3,1842 IORP +lSIM 
TIX 18894,0,1957 IORP + N4P 
TIX 14461,6,2320 IORP +M+TJ 
TIX 25505,2,2387 IORP +NCF J 
TIX 8772,5,2457 IORP +01-94 
TIX 23911,2,2531 IORP +PLEVP 
TIX 9680,0,2840 IORP +•H2G+ 
TIX 11907,6,2879 IORP +• s 3 
TIX 22183,6,2920 IORP + QV+P 
TIX 15607,0,2963 IORP + C3TX 
TIX 3495,3,3006 IORP • HWP 
TIX 32705,5,3050 IORP + - 1 
TIX 10638,0,3340 IORP •u•zo 
TIX 10108,1,3363 IORP +ULO ( 
TIX 24660,5,3386 IORP +U 10 
TIX 15709,5,3410 IORP +VB$V 
TIX 10777,0,3435 IORP +VS2QI 
TIX 5098,6,3459 IORP +W3/ -
TIX 27107,6,3484 IORP +W)WPL 
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TIX 7295,2,3510 IORP +WWA/ 
TIX 7560,0,3536 IORP +X+1w8 
TIX 24540,0,3562 IORP +X-5 ) 

TIX 27566,1,3842 IORP +{2 
TIX 15459,4,3855 IORP +t l/l 
TIX 7380,0,3869 IORP +( lTD 
TIX 2082,5,3882 IORP +(-Q-K 
TIX 31167,2,3896 IORP +(YGO 
TIX 28006,1,3910 IORP + 6 vo 
TIX 24344,1,3924 IORP + 0 (H 
TIX 19218,2,3938 IORP + KD•B 
TIX 11718,4,3952 IORP + KX6 
TIX 990,7,3966 IORP + y 

TIX 18991,2,3981 IDRP + DQ 
TIX 32191,6,3995 IDRP + .xw 

E521 TIX 7088,4,4010 IORP + -J 
TIX 85.35 t 2 'ft025 lORP + ZB5G 
TIX 3103,1,4040 IORP + 88 
TIX 22942,0,4055 IORP + GSO 
TIX 1918,1,4070 IDRP + C8 
TIX 5001,2,4085 IORP + VA 9 
TIX 32207,1,4354 IORP A42 X 
TIX 7906,7,4361 IORP A49Z,K 
TIX 27640,4,4369 IORP A4AO Y 
TIX 25648,2,4377 IORP A41F+ 
TIX 1698,1,4385 IORP A4J8+K 
TIX 21113' 7,4392 IORP A4Q 9Z 
TIX 18135,6,4400 IORP A4 U.G 
TIX 25344,5,4408 IORP A4Y 1 0 
TIX 9767,5,4416 IORP A50-HP 
T I X . 3989,5,4424 IORP A58Q E 
TIX 7838,5,4432 IORP AS+R 
TIX 21128,5,4440 IORP ASH 08 
TIX 10931,6,4448 IORP AS-S-I 
TIX 9851,7,4456 IORP A5Q I, 
TIX 17736,0,4465 IORP A5/4E8 
TIX 1661,2,4473 IORP A5Z+I 
TIX 27027,3,4481 IORP A61 DC 
TIX 28143,5,4489 IORP A69 X 
TIX 4886,0,4498 IORP A6Bl'f 
TIX 22649,2,4506 IORP A6+EJZ 
TIX 15775,5,4514 IORP A6K$W 
TIX 16903,0,4523 IORP A6$487 
TIX 25915,3,4531 IORP A6T o, 
TIX 9930,7,4539 IORP A6, .o 
TIX 1599,3,4548 IORP A74HH 
TIX 807,7,4556 IORP A7 1 Y1 P 
TIX 74.55,3,4565 IORP A7EIU 
TIX 21438,7,4573 IORP A7 
TIX 9882,4,4582 IORP A70K++ 
TIX 5457,1,4591 IORP A7 9EA 
TIX 8074,6,4599 IORP A1XI 0 
TIX 25202,1,4864 IORP A1 0 95 
TIX 17023,4,4868 IORP A1 4M9 
TIX 12229_,7,4872 IORP A'8 5 
TIX 10774,2,4877 IORP A' BQF 
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TIX 12614,5,4881 IORP A1 A$56 
TIX 17713,0,4886 IORP A'f40/ 
TIX 26028,3,4890 IORP A'+ F• 
TIX 4752,7,4894 IORP A' ZO+ 
TIX 19385,2,4899 IORP A•LO l 
TIX 4351,6,4903 IORP A1 P/3 
TIX 25152,1,4908 IORP A'• 90 
TIX 16216,5,4912 tORP A' $ H 
TlX 10273,1,4917 IORP A'VO-J 
HX 7295,5,4921 IORP A1 ZR/ 
TIX 7245,1,4926 IORP A• 9/ 
TIX 10092,5,4930 IORP A 2- * 
TIX 15804,1,4935 IORP A 7=W( 
TIX 24350,5,4939 IORP A = ( 

TIX 2930,2,4944 IORP A ++ S 
TIX 17055t6t4948 IORP A DUO 
TIX 1156,3,4953 IORP A IH84 
TIX 20740,7,4957 IORP A 44 
TIX 10247,4,4962 IORP A KK-7 
TIX 2414,1,4967 IORP A P8N 
TIX 29984,5,4971 IORP A $ o-
T.l X 27394,2,4976 -IORP A F•2 

E620 ClA E17 
COM 0 
STA E434 
ClA E450 
TRA E3 

COMMON DUP 1,18 
PZE 0 
OUP 1,5 
PZE 0 

ARRAY PZE 0 
END 

*** 'END-OF-filE' CARD *** 
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$1D 46500lrLYCURGUS,5,SPRINGER 
$18J08 LOGIC 
$l8FTC LYCURG LIST,REF 
C LYCURGUS NUCLEAR REACTICNS RELATIVISTIC KINEMATICS PROGRAM 0010 

c 
c 

DIMENSION ELI991,SI5l,MW(5J,T(99l,EBS (361,21,THETAS(36li,LCI3611 2 
l 1 AW15l,THETCS (361,21,EYSI361,2),THETYS(361,2l tRJ(36ll,HI2l 0030 
2rRAI5l 

LOGICAL LAB,LABR 
REAL MX,MEV,LC 
DOUBLE PRECISION UM,UMB,QS ,AY,PA,E,EC,G,W,R,PBC,PAC,RY,C,CO,Sio 

lBtDoftEB,EY,COT,AB,THETAC,V,THETAY,A,OCOS,OSIN,OATAN,OSQRT,UMY,UMA 
2,AUM88,RAOIAN,P,PI 
DATAIT(ll,I=l,99),1SIII,I=l,51,( 

X MWilltl=lr5),(AW(llr1=1,51/lHH,2HHE 
1,2HLI,2HBE,lHB,1HC,lHN,lHO,lHF,2HNE,2HNA,2HMG,2HAL,2HSI,lHP,1HS,2H 
2CL,2HAR,lHK,2HCAr2HSC,2HTl,lHV,2HCR,2HMN,2HFE,2HC0,2HNJ,2HCU,2HZN, 
32HGA,2HGE,2HAS,2HSE,2HBR,2HKRr2HRB,2HSR,lHY,2HZR,2HNBr2HM0,2HTC,2H 
4RU,2HRH,ZHP0,2HAG,2HC0,2HIN,2HSN,2HSB,2HTE,lHI,2HXE,2HCSt2HBA,2HLA 
5,2HCE 1 2HPR 1 2HN0,2HPM,2HSM,2HEU,2HG0,2HTB,2HDY,2HH0,2HER,2HTM,2HYB, 
62HLU,2HHF,2HTA,1HW,2HRE,2HOS,2HIR,2HPT,2HAU,2HHG,2HTL,2HPB,2HBI,2H 
7P0,2HAT,2HRN,2HFR,2HRA,2HAC,2HTH,2HPA,lHU,2HNP,2HPU,2HAM,2HCM,2HBK 
B,2HCF,2HES,lHP,lH0,3HHE3,3HHE4,1HT,ltlt2t2olt1•007825,2.014102,3.0 
91603,4.002604,3.016049/ 

DATA MEV,RADIA~,PI/931.478,1.74532925199430-2,3.1415926536/ 
DATA HC/197.323/ 
RAill=O. 
DO 1 J=2,5 
RAIJI~1.2 

1 CONTINUE 
Hlll=1.0 0100 
Hl21=-1.0 0110 

2 CONTINUE 
READ 12,10INZX,NA,NB,K,M,DELTA, UMX, Q,EA,RI, IELIJI,J= 

1l,Kl 0130 
DELTA=DELTA•RADIAN 
UMA=AW(NAI•MEV 
UMB=AW(NBI•MEV 
NUMX=UMX+0.5 
NUMY=AWINAI+UMX-AWINBI+.5 
NZY=NZX+MWINAI-MWINBl 
RI=RI•UMX••Il.0/3.01+RA(NAI 
MX=UMX 
UMX=UMX•MEV 

C BEGIN CALCULATION 
c 

UM=UMA+UMX 
PA~DSQRT((EA 1••2+2.•UMA•EA 
E=UM+EA 
EC=DSQRT(2.•UMX•E+UMA••2-UMX••21 
G=E/EC 
PAC=G•PA/E•UMX 
DO 7 J=ltK 
QS=Q-ELIJI 
UMY=UM-UMB-QS 



c 
c 
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+UMB••2-UMY ••2 
AV=UM••2+2.0•UMX•EA +UMY••2-UMB••2 
D=A•E 
RY=PA•AY/E/DSQRT(AY••2-4.•EC••2•UMY••2) 
W= DSQRTCA••2-4.0•EC••2•UMB••2) 
R=PA•A/E/W 
LAB=DABSCR-l.l.LE.l.D-7 
LABR=R.lT.l •• OR.LAB 
PBC=W/2.0/EC 
C=G•(l.O-R••2l 
THETA=O. 
DO S L=l,M 
IS=l 
THETA=THETA+OELTA 
THETASlLJ=THETA/RADIAN 
CO=OCOS(THETA) 
SI=OSINtTHETAt 
COT=CO/SI 
P=PA•CO 
B=E••2-P••2 
AUMBB=A••2-4.•UMB••2•B 
IFCAUMBB.LT.O.) GO TO 6 
LS=L 
F=P•DSQRTIAUMBBI 

3 CONTINUE 

C ENERGY OF SCATTERED PARTICLE AND RECOil 
c 

c 
c 

EB=(O+F•Hfi$))/2.0/B 
EBS (L,ISJ=tEB-UMBl 
EV =E-EB 
EYS(L,IS)=(EY-U~Y) 

C CENTER OF MASS ANGLES 
c 
c 
c 
C FOR THE SPECIAL CASE IN WHICH RHO EQUALS ONE 
c 

c 
c 

IF( LAB) 
lTHETAC=OATAN(2.•G•COT/lCOT••2-G••2)) 

lf(LABl GO TO 4 

C FOR THE GENERAL CASE OF RHO NOT EQUAl TO ONE 
c 

c 
c 

V=R•OSQRTfG•C+COT••2J 
THETAC=DATAN(C/{COT-V•HliS))) 

4 CONTINUE 
IF(THETAC.LT.O.l THETAC=THETAC+PI 
THETCS(L,ISl=THETAC/RADIAN 

C RELATIVISTIC JACOBIAN 



c 

c 
c 

IFIIS.EQ.ll 
1RJILl=G•Il.+R•DCOSITHETAC 
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ll•ISI/DSINITHETAC 11••3 

C ANGULAR MOMENTU~ TRANSFERRED IN SCATTERING 
c 

c 
c 

ULC=DSQRTIPBC••2+PAC••2-2.•PBC•PAC•DCOSITHETACII•RI 
LCill=ULC/HC 

C RECOIL LAB ANGLE 
c 

THETAY=DATANIIR+DCOSITHETACll/COT/IRY-CCOSITHETAClll 
IFITHETAY.LT.O.l THETAY=THETAY+PI 
THETYSIL,ISI=THETAY/RADIAN 
IFIIS.EQ.2.0R. LABRIGO TO 5 
15=2 
GO TO 3 

5 CONTINUE 
6 CONTINUE 

lFILABRl 
OWRITE 13, 8lTINZXI,NUMX,SINAl,SINBl,TINZYI,NUMY, 
1 QS,ELIJI,RI, MX,G, EA,R,(JHETASillt RJ!Ll, T 
2HETCSIL,11,EBSIL,ll,EYS(L,ll,THETYSIL,lltlC(LI, L=1, 0970 
3LSl 

IFI.NOT.LABRI 
OWRITE 13, 91TINZXI,NU~X,SINAl,SINBl,TI~ZYI,NUMY, 
1 QS,ELIJI, MX,G, EA,RtiTHETASILit RJ(Llt T 
2HETCSIL,ll,THETCSIL,2l,EBS(L,1l,EBSILt2ltEYSILtli,EYSIL,2l,THETYSI 1020 
3L,ll,THETYSILo2l,l=l,LSI 

7 CONTINUE 
8 FORMAT11H1///51X,A2,I3,1H(,A3,1H,,A3,1HltA2,13// 

l1Xr7HQ VALUEF8.3rl5X,12HENERGY LEVELF7.3,15Xt6HRADIUSF6.2 1060 
2 //9X,llHTARGET MASS,F10.6,5X,5HGAMMA,Fl0.6, 1070 
3 9X,l1HBEAM ENERGY,Fl0.4,7X,3HRHO,F10.7//// 1080 
49H PARTICLE 9 13X,318HPARTICLE,2Xl,1X,216HRECOIL 0 4Xl 1090 
5 ,7HMAXIMUM/ 3Xt3HLAB,14Xo12 1100 
6HRELATIVISTIC,2X,4HC.M.,6X,3(3HLAB,7Xl,3HANG 1110 
7 /2X,5HANGLE,15X,8HJACCBIAN,3X,5HANGLE,5X,2C6HE 1120 
8NERGY,4Xl,5HANGLE,4X,8HMOMENTUM 1130 
9 ////(F6.1,14X,5f10.4,3Xt F5.2ll 

9 FORMATI1H1///51X,A2,13 0 1H(,A3,1H,,A3,1Hl,A2,13// 
1 37H Q VALUE F8. 3r27H 1160 
2 ENERGY LEVEL F7.3//9X,11HTARGET MASS,F10.6,5X,5HGAMMA,F10.6, 1170 
3 9X,l1HBEAM ENERGY,Fl0.4,7X,3HRHO,F10.7//// 1180 
49H PARTICLE,l3X,518HPARTICLE,2Xl,1X,416HREC01Lr4Xl/3X,3HLAB,1~X,12 1190 
5HRELATIVISTIC,2X,2 1200 
614HC.M.,6Xl,613HLAB,7Xl/2Xr5HANGLE,l5Xr8HJACOBIAN,3X,215HANGLE,5Xl 1210 
7,4(6HENERGY,4X 1220 
8),215HANGLE,5Xl////(F6.1,14X,9F10.41l 1230 

10 FORMAT II3,2Il,I2ri3,1Fl0.9,F10.7, 2F10.7,Fl0.8/I8Fl0.8ll 
GO TO 2 
END 

*** DATA 'END-OF-FILE' CARD ••• 
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$IBFTC FCN LIST,REF 
SUBROUTINE FCNIN, G, F, X, M1l 
DIMENSION BACKI1024l,BGI20l,CHBGI20l 

DIMENSION GI40),XI40ltPD140l,A(5) ,SIGMA(40l,SIGVARI40) 
DIMENSION Tl1024l ,VI1024l,W(l024l,SI1024l,VVI10241,REMARKI111 
DIMENSION RAI20I,RCI201 1 FITSI10241,Efl40l,EXI401 
IF!Ml-11 60,40,60 

40 CONTINUE 
READI2 1 9061 NBG 1 1CHBGIII,BGIIl,I=l,NBGI 
WRITEI3,9271NBG,(J,CHBGIIl,BGIIIti:1,NBGl 
READ 12,3161liRUN,NSTR,NFIN 

READ 12 1 103lN 1 M1 lCAM,MAXJ,IS,IW,DIV 
WRITE (3,l031N,M,ICAM,MAXJ,IS,IW,DIV 

M=NFIN-NSTR+l 
WRITE l3tl50)N 
WRITE (3, 15llM 

WRITE (3, 1611 ICAM 
IFIN-401665,665,29204 

29204 WRITE 13,10251 
665 CONTINUE 

READ (2,102411 Xlllti=l,NI 
WRITE (3,102611 XIII,I=l,NI 

NBG=NBG-1 
DO 16~ K=l,MBG 
XU=CHBG ( K+ 11 
XL=CHBGIKI 
IL=Xl 
IU=XU 
DO 160 I=Il,IU 
XI= I 
BACKIII=BGIKl+IXI-XLI•IBGIK+li-BG(K))/(XU-XL) 

160 CONTINUE 
165 CONTINUE 

IFIIRUN-NRUNI 3162,3165,3162 
3162 READ 115 1 3163lNRUN 1 NCHANLoREMARK 

WRITE 13,31821NRUN,NCHANL,REMARK 
READ 115,3164IIV llltl=l,NCHANLl 
IFI IRUN-NRUNBl62,3165 ,3162 

3165 CONHNUE 
WRITE I3,102611VIII,I=NSTR,NFIN) 
TA=O.O 
DO 26423 l=NSTR,NFIN 
TA=TA+VIII-BACKIII 

26423 CONTINUE 
DO 26424 I=NSTR,NFIN 
~IIIIII=l.O 

IF! V III )656,654 1 656 
656 CONTINUE 

W!Il=l.O/V III 
654 CONTINUE 

Tlll=I 
26424 CONTINUE 

Cl=-2.773 
TAA=TA *• 93944 
NA=N/3 
TDD=O. 

FCN10030 

FCNl 

FCN10140 
FCN10150 

FCN10260 
FCN10270 
FCN10290 

FCN10300 
FCN10310 
FCN10320 
FCN 10340 
FCN10390 
FCN10350 
FCN10420 
FCN10430 

FCN10440 
FCN10450 
FCN10460 

FCN10480 

FCN10650 

FCN10680 

FCN10730 

FCN10750 

FCN10770 

FCN10800 
TABL0150 

TABLOl90 



DO 12 J=l,NA 
NBJ=2•NA+J 

12 TDD=TDD+XIJI•XINBJI 
TC =TAA/TDD 
TG =5.546•TC 

60 CONTINUE 
F=O.O 

DO 4 I= l, N 
PDIIl =0.0 
Gill= 0.0 

4 CONTINUE 
IFIMl-21350,349,350 

350 CONTINUE 
WRITE (3,3511 
DO 5103 J=1,N 

5103 SIGMAIJI=O.O 
349 CONTINUE 

AC=O.O 
005 I= NSTR,NFIN 

WI =Wti l 
TB=O.O 
TH=O.Q 
DO 11 J=l ,NA 
NAJ=NA+J 

NBJ=2•NA+J 
Tl=l.O/XINBJl 

56 EFIJ)= ITIIl-XINAJll•TL 
EXIJI= EXPI C1•EFIJI••2 
TI=XIJI•EXIJI 
TB=TB+TI 

PDINAJJ=TG•TI•EFIJJ•TL 
PDINBJl=PDINAJl•EFIJl 
PDIJl=TC•I EXIJI l 

11 CONTINUE 
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IFIMl.EQ.3l CALL STDEVIPO,SIGMA,WI,NJ 
FIT=TC•TB +BACKIIl . 
TD=FIT-VI I I 
TE=TD•WI 
F=F+TE•TD 
DO 1 J=1, N 
GIJJ=GIJl+2.0•TE•POIJl 

7 CONTINUE 
IFIMl-21 15,14,15 

15 CONTINUE 
FITA=V II I-FIT 
FITB=F 
FITC= Tl I l 
WRITE 13,346lV II ltFIT,FITA,FITB,FITC ,WI 

F1TS( I I=FIT 
9 AC=FIT+AC-BACKIIl 

14 CONTINUE 
5 CONTINUE 

IFIMl-2) 683,682,684 
683 SCALEF=F 

WRITEI3,1014l SCALEF 
682 CONTINUE 

.,- .. · . 

. . / 

TA8L0210 
TABL0220 

FCNl0610 
FCN10830 
FCN10640 

.· FCN10850 
- FCN10860 

FCN10870 

FCN10890 
FCN10900 
FCN10910 
FCN10920 · 
FCN10930 
FCN11020 

TABL0280 
TABL0290 
TABL0300 
TABL0310 
TABL0320 

TABL0360 

TABL0740 

TABLOBOO 

FCN11210 
FCN11240 
FCN11250 
FCN11260 

FCN11290 

FCN11330 

FCN11380 
.FCN11390 



F=F/SCALEF 
DD 703 J=1tN 
G(Jl=GIJl/SCALEF 

703 CONTINUE 
GO TO 5105 

684 CONTINUE 
1020 RSC=XIl> 
2020 TC=TC•RSC 

TQ=O.O 
3020 DO 4020 J=1,NA 

NBJ=2•NA+J 
4020 TQ=TQ+XIJl•XINBJl 

120 DO 520 J=1,NA 
220 NAJ=NA+J 

NBJ=2+NA+J 
320 RCIJl=XINAJI 

RAIJl=XIJl•XINBJl/TQ+AC 
520 X(Jl=X(Jl/RSC 

DO 5107 J=1,N 
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5107 SIGMAIJl=SQRTI SIGMAIJl I I SCALEF 
F=F/SCALEF 
CAll SDVARIM,N,SIGVARl 

F=F+SCAlEF 
WRITE 13,10011 
DO 4462 l=l,N 
WRITE (3,10021I,XIII,SIGVAR(II,SIGMAIII 

4462 CONTINUE 
1 WRITE (3,3lXINl ,F,TC 

WRITE f3,811RCIJI,RACJI,X (JI,J=1,NAI 
WRITE (3,18lTA,AC 
CALL LYCURIRA,RCI 
WRITE (3,3168IIRUN,NSTR,NFIN 
WRITE 13,31691 
DO 2830 I=NSTR,NFIN 
LFYZ=FITSIII/DIV+.5 
LVYZ=VIII/OIV+.5 
CALL GRAPH (lfYZ,44tOl 
CALL GRAPH (LVYZ,16,-1) 

2830 WRITE (3,28311TIIl 
WRITE (3,3171) 

CONTINUE .5105 

100 
101 
102 

103 
150 
151 

RETURN 
FORMATI7110l 
FORMATC7F10.5l 
FORMA TI5El4. 5 l 

FORMAT (6110rF5.2rl31 
FORMATI36H THE NUMBER Of FITTING PARAMETERS =16) 
FORMATI29H THE NUMBER OF DATA POINTS =16/l 

161 FORMATI45H FCN FORCES RETURN TO NEXT RANDOM STEP AFTERI6, 
1 11H ITERATIONS) 

346 
351 

FORMATI1H 6F20.6) 
FORMATI118HO Y OBSERVED 

1 YCAL IYOBS-YCALl/YCAl 
906 FORMATI4X,I1,5X,l4F5.01 

Y CAlCUlATED 
X OBSERVED 

YOBS -
WEIGHTS 

FCN11830 
FCN11840 
FCN11850 
FCN11860 

FCNJ1880 
FCNll890 

FCN11900 

FCN11920 
FCN11930 

FCN11950 

FCN11960 
FCN11970 
fCNll980 
FCN11990 
FCN12000 
FCN12010 
FCN12020 

FCN12040 
FCN12050 

FCN12070 
FCN12080 
FCN12090 
FCN12l00 

FCN12120 
FCN12130 
FCN12160 
FCN12170 
FCN12180 
FCN12190 
FCN12200 
FCN12240 
FCN12250 
FCN12330 
FCN12340 
FCN12350 
FCN12380 

lFCN12390 

927 FORMATI2X,Il,42H BACKGROUND PTS POINT 
*ll,5X,F5.0,5X,F5.0ll 

CHANNEl LEVEl 1(21Xt 
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1001 FORMATI54HO I XIII SIGVARII) SIGMAIII IFCN12440 
1002 FORMATII6,7El6.8l 
1014 FORMATI9H SCAlEF=F20.51 
1024 FORMATI16F5.21 FCN12500 
1025 FORMAT(54HO M OR IW EXCEEDS 999, OR N EXCEEDS 40 SO EXIT CAllEOIFCN12510 
1026 FORMAT!lOE13.51 FCN12520 

3 FORMAT!lHlr FCN12530 
1 l6X,20HTHE AVERAGE WIDTH IS,F10.2,3X,6HCHI IS,Fl5.8,3X,25HTFCN12540 
2HE HEIGHT OF PEAK ONE IS,Fl0.2l FCN12550 

8 FORMAT (38X,7HCHANNElrl3X,6HCOUNTS,14Xo5HRATI0/!34X,Fl0.3rlOX,FlO.FCN12560 
11,10XrF10.3ll FCN12570 

18 FORMAT(// FCN12580 
1 34H THE EXPERIMENTAl TOTAl COUNTS ARE,FlO.lrlOX,31HTHE CAlCFCN12590 
2ULATED TOTAl COUNTS ARE,FlO.ll FCN12600 

2831 FORMAT11H+,F4.01 FCN12610 
3168 FORMAT!1X rlOHRUN NUMBER,I5rl2HFROM CHANNElol5, 2HTO,I5l FCN12620 
3169 FORMAT!6Hl•OVF•l FCN12640 
3171 FORMATI6Hl•OVN•l FCN12650 
3161 FORMAT( 3.15"1 FCN12660 
3163 FORMATI216,11A61 FCN12670 
3164 FORMATC16F8.0l FCN12680 
3182 FORMATClXr 216rllA6l 

END FCN12700 
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$IBFTC STOEV LIST,REF 
SUBROUTINE STOEVlPD,SIGMA,WI,N) 

C STOEV IS NOT CORRECT FOR ANYTHING EXCEPl' LINEAR LEAST 'SQUARE 
C SUM!B~T NOT PRODUCT,EXP,LOG) OF GAUSSIANS IS GAUSSIAN 
C SEE SOVAR FOR A COMPLETELY DIFFERENT APPROACH 

DIMENSION POI4Ql, SIGMA!40l 
DIMENSION H(40,40lrX!40),G(40),S(401tXP{40),GP(401, T(40),GB(40) 

74 
73 
3 

1 

DIMENSION V!31,CI40,401 
COMMON F , FP 
COMMON T S 
COMMON GB , GSB 
COMMON DELTA, N 
COMMON IT , E 
COMMON Z 7 Q 
DO 1 I= 1, N 
TA=O. 
DO 3 J=l,N 
Fl=l 
FJ=J 
FIRST=l. 
IFCFIRSTI73,74,73 
CONTINUE 
CONTINUE 
TA=TA+H([,Jl•PO(J) 

• 
' 

' 
7 

FB 
G 
GSS 
M 
K 
A 

TA=TA•2. 
SIGMA(Il=SIGMA(I)+TA••2•AaS (WI) 
CONTINUE 
FIRST=l. 
RETURN 

1001 FORMAT(7El6.3J 
END 

$IBFTC SDVAR LIST,REF 
SUBROUTINE SDVAR!M,N,SIGVAR) 

, 
• 

, 
• 

FG 
GS 
GTP 
l 
p 

El 

• 
' 
, 
• 
t 

C SIGVAR WOULD RESULT IN F INCREASE Of .S~F/(M-N-1) 
DIMENSION SIGVAR(40) 

X 
GP 
GTT 
Ml 
TO 
v 

DIMENSION H(40,40),X!40),G(40),$(40),XPI40),GP(40)j 

2 

1 
4 

3 

DIMENSION V(3),C(40,40l 
COMMON F , FP 
COMMON T S 
COMMON GB , GSB 
COMMON DELTA, N 
COMMON IT E 
COMMON Z Q 
FREE-=M-N-1 

IFIFREEl2,2,1 
FREE=O. 
GOTO 4 
FREE=l./FREE 
CONTINUE 
DO 3 J=lrN 

TEMP=H(J,J) 

• 

FB 
G 
GSS 
M 
K 
A 

SIGVAR(Jl=SQRT ( FREE•F•TEMP ) 
CONTINUE 
RETURN 

END 

' 

' 
' 

FO 
GS 
GTP 
L 
p 

El 

t 

' t , 
' 

X 
GP 
GTT 
Ml 
TO 
v 

' 
t 

XP 
GSP 
H 
MS 
Sl 
c 

T( 4Q ),G~C 40 J 

• 
' 

' 

XP 
GSP 
H 
MS 
Sl 
c 
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SlBFTC LYCUR LIST,REF 
SUBROUTINE LYCURIAREA,CHI 

c 
c 

DIMENSION IARI201 LYC40040 
DIMENSION ~li201 1 SI51 1 MWI5l,TI99l,EBSI201 1 THETASI201rULCI201 

l 1 AWI51,THETCSI20lrTHETYSI20I,RJI20l 
2 1 SDI201 ,AREAI20I,CHI20I,DCSI20l 

LOGICAL LAB,LABR 
REAL MXrMEV 
DOUBLE PRECISION U~oUMB,QS ,AY,PA,E,EC,G,w,R,PBC,PAC,RY,C,CO,SI, 

lB 1 D,F,EB,EY,COT,AB,THETAC,VrTHETAY,A,DCOS,DSIN,DATAN,OSQRT,UMY,UMA 
2 1 AUMBB 1 RADIAN 1 P 1 PI,THETA 
OATAITIIIrl=lr991,1SIIIri=lo51rl 

X MWIIl,I=l,Sl,(AWIIl,I=lr51/lHH,2HHE 
lo2Hllr2HBE,1HSrlHC,1HN,lHOrlHF,2HNE,2HNAo2HMG,2HALo2HSI,lHP,lHS,2H 
2CL,2HAR,lHK,2HCAo2HSC,2HTitlHV,2HCR,2HMN,2HFE,2HC0,2HNit2HCU,2HZN, 
32HGA 1 2HGE 1 2HAS 1 2HSE 1 2HBR,2HKR,2HRB,2HSR,lHY,2HZR,2HNB,2HM0,2HTC,2H 
4RU 1 2HRH 1 2HP0 1 2HAG 1 2HCD,2HIN 1 2HSN 1 2HSB,2HTE,lHI,2HXE,2HCS,2HBA,2HLA 
5 1 2HCEr2HPR 1 2HND 1 2HPMr2HSM,2HEU,2HGD 1 2HTB,2HDY,2HH0,2HER,2HTM,2HYB, 
62HLU,2HHF ,2HTA, 1HW,2HRE, 2HOS r2HIR,_2HPT ,2HAU,2HHG, 2HTL, 2HPB, 2HBI ,2H 
7P0,2HAT,2HRN,2HFR 1 2HRA,2HAC 1 2HTH 1 2HPA 1 1HU,2HNP,2HPU,2HAMt2HCM,2HBK 
Bt2HCF,2HESolHP,lH0,3HHE3,3HHE4,lHT,ltlo2o2oltl•007825,2.014102,3.0 
91603,4.002604,3.016049/ 

DATA MEVrRADIAN,PI/931.478,1.745329251q943D-2,3.1415926536/ 
DATA HC/197.323/ 
READ 12 1 3 INZX 1 NA 1 NB,K,M,DELTA, UMX, Q,EA, IELIJl,J= 

llrKI 0130 
READ 12,4 lTHETA,UC,GEOM 
DELTA=DELTA•RADIAN 
UMA=AW(NAl•MEV 
UMB=AWINBl•MEV 
NUMX=UMX+O.S 
NUMY=AWINAl+UMX-AWCNBI+.5 
NZY=NZX+MWIN~I-MWINBI 
MX=UMX 
UMX=UMX•MEV 

C BEGIN CALCULATION 
c 

UM=UMA+UMX 
PA=DSQRTIIEA l••2+2.•UMA•EA 
E=UM+EA 
EC=DSQRTI2.•UMX*E+UMA••2-UMX••21 
G=E/EC 
PAC=G•PA/E•UMX 
DO 1 L=l,K 
QS=Q-EUU 
UMY=UM-UMB-QS 
A=UM••2+2.0•UMX•EA +UMB••2-UMY ••2 
AY=UM••2+2.0•UMX•EA +UMY••2-UMB••2 
D=A•E 
RY=PA•AY/E/OSQRTIAY••2-4.•EC••2•UMY••21 
W= DSQRTIA••2-4.0•EC••2•UMB••21 
R=PA•A/E/W 
LAB=DABSIR-l.I.LE.l.0-7 
LABR=R.LT.l •• OR.LAB 



c 
c 

PBC=W/2.0/EC. 
C=G•Il.O-R••21 
THETASILJ=THETA/RADIAN 
CO=DCOSITHETAl 
SI =DSIN !THETA I 
COT=CO/SI 
P=PA•CO 
B=E••2-P••2 
AUMBB=A••2-4.•UMB••2•B 
F=P•DSQRTlAUMBB} 
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C ENERGY OF SCATTERED PARTICLE AND RECOIL 
c 

c 
c 

EB=ID+F 
EBS Ill 

l /2. 0/B 
=CEB-UMB) 

C CENTER OF MASS ANGLES 
c 
c 
c 
C FOR THE SPECIAL CASE IN WHICH RHO EQUALS ONE 
c 

c 
c 

IFCLABl 
1THETAC=DATAN(2.•G•COT/CCOT••2-G••2l) 

IFILABl GO TO 2 

C FOR THE GENERAL CASE OF RHO NOT EQUAL TO ONE 
c 

c 
c 

V=R•DSQRTlG•C+COT••2l 
THETAC=DATANCC/ICOT-V II 

2 CONTINUE 
IFCTHETAC.LT.O.l THETAC=THETAC+PI 
THETCSILI =THETAC/RAOIAN 

C RELATIVISTIC JACOBIAN 
c 

c 
c 

RJILI=G•(l.+R•OCDSITHETAC li•CSI/DSlNCTHETAC 11••3 

C ANGULAR MOMENTUM TRANSFERRED IN SCATTERING 
c 

ULC(LI=DSQRTCPBC••2+PAC••2-2.•PAC•PBC•OCJSITHETACil/HC 
1 CONTINUE 

WRITE {3, 5lT!NZXJ,NUMX,S(NAJ,SCNBI,TCNZYitNUMY, 
1 QS, UMX,G, EA,R 

WRITE (3,6 )THETA,UC,GEOM 
WRITE(3,7) 
DCSlll=GEOM•AREAILI•RJIL)/UC 
IFIM .NE.Ol DCSILI=DCSCLI•SI 
WRITE (3,8 IELILI,CH(L),OCSfLI.THETCS(L) 
IARILI=AREA(LJ+.5 
WRITE 114,9 liARILI,THETA,UC,CHtli,El(l),EBS(L), THETCS(ll 
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ltDCSIL),ULCILl,SOill 
3 FORMAT CI3,2Il,I2ti3,1Fl0.9,Fl0.7, 2Fl0.7,Fl0.8/(8Fl0.8)) 
4 FORMAT(7Fl0.5l 
5 FORMATC1Hl///51XrA2,I3,1H(,A3,1H,,A3,1H),A2,13// 

11X,7HQ VALUEF8.3 
2 //9X,llHTARGET MASS,Fl0.6,5X,SHGAMMA,Fl0.6, LYC43340 
3 9X,llHBEAM ENERGY 1 Fl0.4,7X,3HRHQ,Fl0.7////l LYC43350 

6 FORMATI11X 1 9HLAB ANGLEF10.3,22X,6HCHARGEF10.3,13X,l8HGEOMETRICAL F 
1ACTORF10.3//J LYC43480 

1 FORMAT (12X,6HENERGYt24Xt7HCHANNElt22Xtl2HOIFFERENTIAL,22X,4HC.M./ 
112X,SHLEVELt25X,6HNUMBER,22X,l3HCROSS SECT10N,21X,5HANGLE/l LYC43500 

8 FORMAJ(8X 1 Fl0.3 1 20X,Fl0.3,20X 0 Fl0.3,20X,Fl0.3l LYC43510 
9 FORMATClX 1 16 1 lX 1 F,.l,lX 1 F7.1 1 lX 1 F7.2 1 1X,F6.3,1X,F6.3,lX,FS.l,Fll.4 

• 1 1X 1 F4.3 1 F8.6l 
52 RETURN LYC43520 

END 
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$lBMAP GRAF 
ENTRY GRAPH 

GRAPH SAVE 1,2,4 
CLA• 3,4 
TZE •+8 
TMI ADDl 
SUB =100 
TZE ADDl 
TMI AOD1 
CLA =100 
TRA •+3 

AOOl ADO =100 
TMI •-1 
ADD =18 
LRS 35 
DVH =6 R IN AC. Q INMQ. 
XCA Z IN AC. R IN MQ 
ALS 18 
STD TEST1 WORDS TO BLANK 
MPY =6 
XCA 
STA SHIFT 
AXT 1 t 1 
AXT 0,2 
CAL =H 

TESTl TXH •+4tlt** 

• 

SHIFT 

• 

l 
FORMAT 
NW 
y 

SLW Z,2 
TXI •+1,2,-1 
TXI •-3, 1 tl 

CAL• 
us 
ORA 
XCL 
CAL 
LGR 
STQ 
SXA 

CAL 
ALS 
ARS 
STO 
CLA• 
TZE 
TMI 
CAL 
TRA 
CAL 
TRA 
CAL 
DRS 
CALL 
CALL 
TSX 
RETURN 
BSS 
BCI 
BSS 
BC I 
END 

4,4 
30 
=HO 

=H 
•• 

l 
6 
6 
l 
5,4 
•+6 
•+3 
i::HOOOOOO 
•+4 
=H+OOOOO 
•+2 
aH 00000 

PLACE M IN PROPER POSITION FOR WRITING 

PLOT AL 

l 
.FWRO.(.UN03.,FORMA~J 
.FSLO.CZ,NW) 
.FFIL. ,4 
GRAPH 
20 
lti20A6) 
4 
1, xxxxx 

••• 'END-OF-FILE' CARD ••• 
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