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3 SCATTERING OF 50.9 MeV ALPHA PARTICLES FROMYNeEO;AND Cauo
Arthur Springer o

’

Department of Chemistry and Lawrence Radlatlon Laboratory
University of California
Berkeley, California

May 6, 1965

» ABSTRACT

i..More than a ddzen inelastic levels of botthegd and Cauq were
excited by inelastic-scattering of 50.9 MeV alpha particles. Differential
"cross sections for these excitations were measured, and by analysis with
the Austern and Blair model one-step and two~step excitation processes
were dlstlngulshed from 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
'Cauo, which is vibrational, and Nego which has rotational bands based on

both the ground state and octupole vibrations.
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. .v1brations have” previously been seen.

ale

| | 1:. : INTRODUCTION
ThlS thes1s is completely devoted to inelastic alpha scattering,

a direct surface: reaction which is currently receiv1ng con51derable:g

- attention. Most of the 1nterest is due to three. observations - 1) That

1nelastic alpha scattering primarily excites collective states, states

X which are best described in terms of the vibrational or rotational model‘

[2) That from thepphase and_small-angle behavior of the regular osc1lla- o

tions that characterize differential cross sections for alpha excitation,

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

is also possible to distinguish between‘one-step and twoestep excitation

processes; ,3) That the reduced transition probabilities-obtained from
inelastic alpha scattering are directly related to the corresponding
transition probabilities of gamma decay'and Coulomb excitation.

This impressive list must be tempered with one obvious limitation—'

--Lthe information can only be obtained if the energy. resolution of the

experlmental system/permits the observation of discrete states.'

" With these points in mind two nuclei were- chosen for investigation,>

i
Ne2O and Ca O. Neon-20 is the llghtest nucleus known to have- Well ~defined

rotatlonal bandsl and the combination of the facts that it is even- even

" and has comparatively few nucleons causes the exc1ted states. to be well

L
‘separated. Although Ca 0 has twice the number of nucleons, it also has'

well-separated states s1nce it is. doubly magic. Because of its spherical
'symmetry no rotational bands or enhanced quadrupole Vibrations are expected.

An enhanced octupole v1bration found throughout the nuclele_and higher

3

In order to extract the information obtainable from inelastic

t'alpha scattering mentioned earlier, a model is needed. Austern and lBlair,LL’5

proposed a simple adiabatlc model which has up to the present time rarely

~ been compared with experlmental data.6 This model is- based on & collective‘

plcture of the nucleus. - To first order- in- the nuclear deformation it

*;ldeals with one-step processes. ‘

‘Caleium-%0 was analyzed first Its one-phonon v1brational states

f'nare known o lie at about h MeV 7 and Since most of the states studied in

T
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this experlment are found below 8 MeV, contrlbutlons from double phonon
-excitation should Ye sllght In thlS case the model predicts that all
dlfferentlal cross sections involv1ng the same angular momentum trans?er
should_have the same shape. In the section on Cauoiresults, comparisons
of this type are made. Since as will be shown, the model works excel-
lently‘for Caho,‘it was next used to anelyze.the more complicated Negq

" data. | v . '

If the rotatlonal band assigﬁments in Ne2o are correct,l the three
lowest bands are a positive~parity K=0 band based on the O+ ground state
and two 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 fhe 5-‘levels of the two 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 in Secs.'IV-B.B'ahd,VI the similarities of inelastic scatteriﬁg
of alpha éarticles from Nego and multiple Coulomb excitation of U238 rare

pointed out.

CIT. - EXPERIMENTAL - ARRANGEMENT AND PROCEDURES
A. The Cyclotron and Beam Optics

Although the néw 88-inch spiral-ridge cyclotron is capable of
providing variable energy beams of all the light charged partlcles, in

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

beam optical system. is shown; in Fig. 1. In the radlal plane a guadrupole-

lens doublet created an 1mage of the effectlve source half~way to the
analyzing magnet which then deflected the beam 57° , producing a radial
image on the analyziﬁg slit. This elit was made By water- cooled.tantalum_
Jaws whose radial position and separatlon could be remotely controlled

| Under normal conditlons 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 radial focus at the target position in
. i ' ‘

1
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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
beam spot on the target was approximately 1/8 “in. wide by l/h -in. high.

In the vertical plane .the beam was roughly parallel. To mlnlmlze back=
ground due to slit scattering, no other beam collimation was used with

the calcium targef._.Special analysis of the data was performed to correct
for possible beam shifts, but no shifts corresponding to more than 0.1°

N

were noted.

- B. Scattering Equipment

The beém was measured by a magnetically protected Paraday cup and
dn integrating electromeﬁer. Typically fhe beam intensity was 0.5pA. The
energy of the beam was determined by méasuring the range of the particles
by a system‘of'two-remotely conﬁrolled 12~position foil wheels looated;
direotly in front of the Faraday cup. ‘The range was converted to'an _‘
equivélent energy by use of the range tables of Williamson  and Boujot.9

On the first run thé!energy at'the center of the target was calculated to
be 5Q.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’56—in. diameter'vacuum tank

with_é rotatable table on which the detector was placed. Theotable and
_ térget holder assembly could be moved by remote control. - The positioho
of the counter and térget wefe read on a digital volt meter. The counter
assembly intercepted the beam at 6° thus limiting the useful table posi-

_tions. The basic Faraday cup and scatterlng chamber have been described

10,11,12

before. The entlre system was evacuated,by a 6-in. water- cooled

oil~-diffusion pump backed by a Xinney mechanlcal pump
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_ . C. Detectors . )

From a practlcal standp01nt one detector 1s suff1c1ent to study
.inelast;c scattering-of alpha partlcles h;gher.ln energy. than the hlghest
energyAHe3 group. Thisdcorresponds to over 12 MeV of excitation in both
Caho and Nego._ Particles lighter than He5 are not.stopped in the detec—
tor and cannot lose sufficient energy- to overlap the energy range of .
interest. Particles heavier than alphas are not seen because of low cross
sectlons or high negative Q—values. In any case, the energy scale was
accurate enough to 1dent1fy particle groups by energy vibration with. angle.

The counters were 0.06-in. thick llthlum-drlfted silicon detectors

13

made hy a well descrlbed procedure. The starting material was p-type

VFsilicon.into which lithium waS‘thermally diffused. Then under a‘reverse
bias at 12500 the.lithium ions were drlfted to form a compensated.region
of 1ntr1ns1c resistivity. - In the counter assembly (Fig 2) contact was

vl made by a stainless- steel pressure contact on the lithium s1de and by a

81lver'r1ng to the gold surface—barrler side. The bias voltages applied
were 250 to 300 V,gthe leakage currents were 1 to'hnAband the overall,

- resolutions for alpha particles scattered from gold leaf were 7O to 80 keV.

" - D. Electronics

' ' The detector vas connected by a short length of low capa01ty cable
.to a charge sen51t1ve preampllflerlu and by a lOO-KQ re51stor to a blas
.'supply.» The preamplifier output’ s1gnals traveled to the countlng area
h through a 1250 cable termlnated at the input of the main ampllfler :
.system 1k In the main ampllfler the pulses were. dlfferentlated with.a
time constant of O. Susec, ampllfled and- then shaped to a 1 psec square
pulse suitable for the h096-channel Nuclear Data -pulse-height analyzer.
'-Energy spectra were stored in the first lO2h-channel group. . |
’ To. avoid difflcultles w1th plck—up of electrlcal noise from such
- sources as the cyclotron os01llator, grest care was taken to maintain a

one-point ground system and to ‘avoid loops. Thevinstallation was. very '

"vsuccessful in this respect..
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E. Targets
1. BSolid Targets
The calcium targets were prepared by rolling natural calciim

- metal turnings (97% Cah ) in an inert atmosphere of dry argon. - Applica-
tion of a small amount of carbon tetrachloride before rolling the calcium
generally reduced the tendency of the_thiﬁ calcium foil to stick to the
roller. All the steps of target preparation 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 hammered between two tantalum
sheets untll pleces thin enough to fit between the rollers were produced.
All pieces which showed signs of strain or tears were discarded. = One
. oftthe'remaining,pieces was thén rolled with painstaking care, increasing
“the roller pressure slightly with each pass. Each time the calecium foil
became longer than two inches iﬁ length it was cut iﬁ two. One piece
was saved and the other was rolled further. Eventually, the foil would
stick to the rollers and tear. If a plece of foil large encugh 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 thaﬁ 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
eompartment which was closed off and quickly evacuated. Thus, exposure
of the foll during the twenty minutes it took to pump down the scattering
chamber was avoided. Targets prepared in this way had a thickness of
0.6 to 0.7 mg/cmg. vCarbOnvand oxygen were the only appreciable impurities.
-and together: were % by weight of the total thicknessf The handicap of
having the impurity peaks obscure inelastlc caleium-peaks at certain
angles was partially compensated by the dsefulness of these impurity
reaks in the angle and energy scale ealibration described in Sec. III-A.
The target thickness was determined by a quantitative‘chemiCal'analysis
of the calcium in a piece of the target one square centimeter in area
}and centered on the spot dlscolored by the beam.

Figure > is a picture of :one of the bombarded calcium foils after

-exposure to the air: for severalahoursf -The region hit by the beam



ZN-4592

Figes Je Beam spot on partially oxidized calcium target-
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"remalned dark and metalllc while, the rest of the f01l reacted to form

transparent calcium carbonate. This glves ‘some 1nd1catlon of how llttle
the beam drifted and how well focused it was. The dlmenslonsbof the
metallic remnant was l/8-in; by l/8—in.'ThiShis of concern since in

Sec. II-A it was pointed out thaf no collimatcrs were used between the

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

- 2. Gas Target -

Neeowas contained in a gas holder 3-in. in diameter at a pressure
of sbout 10-cm Hg. The windows; of the gas cell were 0.0001-in. thick
Havar (fr@ntheHamlltalwatch Gmgmny) foil. The placement of the counter

"colllmators for a gas target can be seen in Flg. 2.. The resultlng solid

n'angle was 8.46 x 10 % sr. Pressure adjustment was accompllshed by a

mercury TBpler pump and the pressure was measured by a mercury.manometer.:

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

.neon.(98,l%'Ne20)~was obtained from the Mound Research Corporation.

F. Operating Procedure

" The counter and electronics‘were'tested before each cyclotron run

with ‘both a pulse generator ‘and known energy alpha partlcles from decay
228

~of Th™""., By suitable adjustment of the blas cut and post~amp11f1er gain,
pulses accepted by the pulse-height analyzer were made to correspond to
, alpha partlcles between 31 and 51 MeV.

The .zero positlon of the beam was determined before and after
each experiment by measuring the elastic differential cross section at a
series of points separated by 0.1° in the viecinity of 26.50 on each side
of the beam direction. At this angle a_O,lQ‘shift in angle causes a lO%'
change in differential cross section. ‘By'averaging the two digital volt-

meter readlngs on each side of the beam direction which gave the same

cross section, the digital. volt meter readlng corresponding to zero -

degrees was determlned w1th1n 0.1°. A reading of 26.5 was.spec1flcally

picked for Ca O. A slightly different angle was used for Nego. During
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fhe experiment_in.which the target shown in Fig. §'was bombar@ed, there
was less than a 0.1° change in beam position. The beam energy vas

measured before and after the experiment by a range measurenent described

o 1n 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 helght
of the known inelastic peaks at the first angle.. ‘At each subsequent
angle the elastic-peak pulse helght was converted to an equlvalent alpha-
particle energy by means of this scale and compared with the energy cal—
culated for elastic alpha particles at that angle. The computer code
used.for all kinematic calculatlone 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—he;ght analyzer was punched on a paper type. - The 1nformatlon
on the paper tape was transferred to magnetic tape by'an IBM- llOl 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 L
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 detere

mine the peak channel number and the number of counts in each peak both

for fully resolved and for overlapping peaks. As a practical considera-
tion the counting statistics and the ability to separate overlapping

beaks are related. Two peaks each contalning about a thousand counts can; . t
be unfolded if separated by more . than one half their full-widﬁh at half

max1mum, even theough at the minimum separation mentioned only one smooth

peak with no shoulders appears in the unresolved spectrum.
' . The separation was accomplished by expandlng each energy spec-.:
trum as a series of Gaussian curves. A chi-squared minimization'wae then - o

performed where ,

1
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where m is the number of channels, _ctsi- is thé number of counts in .

the ith channel, n is the number of peaks, Xj is the height of the.’

r‘jth peak, anj is the position of the jth peak and X2 +1 is the common

full width at half maximum of all the peaks. The minimization was per-

: 1
formed by a general minimization code written by Davidon 2 and modlfled

by the author. The rest of the code was written by the author with the

~help of Mr. Joseph Good and Mr Eric Beals The Fortran listing and &

brief descrlptlon of thls code appears in the Appendlx The (2n+l) ”
parameters con51st;ng of Xk,_k—l,E..., 2n+l were varied independentlyv
and afterwards relationships between the parameters due to calculable
peak p051t10ns of known energy levels were checked as external crlterla
of meaningful convergence. In no case where a hand calculatlon for a

single resolved peak was compared with the corresponding computer cal-

~-culation did the two differ by as much as 5. A typical spectrum and

computer fit is shown 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 between

‘the target and analy21ng sllt referred to 1n Secs. IT-A and II-E.l.

With the peak positions thus determlned an energy scale was set

up in the following manner. From a relativistic klnematlcs 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 thé reaction, beam’ energy and angle of the scattered particle. The

Q;Q—values for the inelastic alpha scattering are obtalned dlrectly from

16
the known energy levels.” . ' The Q-values for Ca (a HeB)Cau and other
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Fig. 6. The Cauo 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. A1l 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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reactione were found in AShby end,Catron's tables.l7u The beam energy
‘f(see'See{ lI—F) héd"previously been deternined A plot could therefore
- be made of energy versus channel for each known growp from the energy
‘spectra taken at each angle '

The functlonal form wae}fonnd'to be linear by thevfollowing,
rather devious method. The energy scale was'expanded in_aoseries of
polynomials with the channel number as a~ variable, starting.first with a
straight line and then successively adding higher terms up to Sthborder.
The.coeffieients were determined by:a standard linear least sduaree
‘ method~ However, - X2 did not deorease sufficiently with increased param--
-.eters to warrant u51ng any form beyond the linear one. - With the energy -
 scale determined to first order, second—order correctlons could be made
" by using dev1atlons in the points corresponding to carbon and oxygen
.impurities to correct the angles. This was not in fact necessaryAsince
the corrections were’foundito be‘less than'O.l? of a degree.

 In the case.’'of Caho there‘are‘two regions where the energy of
the levels are well known. Fromlinelestic proton scattering18 the ener- .
» gies of levels up to 6 MeV 1n exc1tatlon are known to better than lO keV.
From K59(p,y)Ca 0 the energles of levels from 9 MeV to 11 MeV are also
known to better than 10 keV. 19 Most of. the levels analyzed in thls '
| thesis lie between the two known regions. If even one level in the higher
'region could be'poeitively identified with one of the discretedgroups
excited in inelastic alpha. scattering an internal interpolation could be
performed which would make systematic errore highly unlikely. Finding
one such level was not easy, since the resolution of this experlment
(115 keV) was greater than most energy-level separatlons A dlstlnct
peak does appear at 9.87 MeV' whlch corresponds to a strong doublet at the;
same energy Even if this identiflcatlon had not been made, by use of
" the He5 groups corresponding to-the. CaLL ground state a. slightly less
1trustworthy 1nterpolatlon could still have ‘been made In Fig. 7 only"
peahs from the energy speotra at’ 50 5 35 , 4o 9, and h5 have been plotted

-tonincrease'visualfclarity. The levels: whose energy have been determlned

§

\

i.
v
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Fig. 7. Energy scale for energy spectra from Oq = 300 to
B1ap= 45°. Only Oq5p= 30°, 35°, L0O, and 450 are plotted. The
ordinate is the calculated energy assuming incildent 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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1by this method are not underllned To‘farther strengthen the energy

'assignment it can be .seen.from’ Flg 7.that the carbon~ and oxygen impurity

peaks fairly well cover ‘the reglon between known levels. This can be

v:fully apprec1ated if one tries to 1magine what tne plot would look llke

with Just the 16 angles between 50 and h5' plotted These arguments '
Justlfy the 10 keV uncertainty in the energy ass1gnments glven in Table I.
For Ne20 2 ‘much . s1mpler analysis was employed, since the energies

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

: plot of excitation energy versus channel was made for two ‘angles and 1t

- was observed that a smooth line was obtalned in each case.

“To conclude this section on energy scales,. 1t must be stressed

'that the extreme llnearlty of the total counter and electronlc system

described in Secs..II C and II D greatly s1mpllf1ed the analy51s and

decreased the margin of ‘energy uncertalnty

7 B. Differentisl Cross Sections - S

leferentlal cross sectlons were also calculated by the. VARMIT

computer code by the relatlonshlp

(g—g} = G,J(m‘coigts) o )
. S |
 vhere ' d cosQ
4 cosG :
‘ C M.

“and pc 1s the ‘total charge in u coulombs collected 1n the Faraday cup

at the glven angle.-

For a solid target

o = Ao 602x10 ““coul. 106 peoul 1027 Mb 05 mg (area

6 023X1025 nuclei - ;;g. xcbul B | cm‘ - o.8m,

’ZAsin® (5)
ole ‘ -

= 266><107(
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Table I. Q-values, spins., and parities .of Ca . energy .levels.

-Q‘value -Q valﬁe V Ref. o Jﬂ ’ Jm : Ref.
(MeV) - other o other
experiments . experiments
(MeV) Py :
3.7 3730 18 5~ 3- 5,7,16,19,
L | 26
3.90 - - . 3.900 18 D4 o+ . 3,7,16,19,
. - : o .26 '
L8 L 4483 18 5- e o 3,7,16,19,
. T N S | - 26
L 24 18 B
5:25 rar 7- 3mor 1 26
 , _' .606  . . i ‘i.- . v ) | .
5.62 2.621’._- 18 2 -_h+‘. . . 26
5.90 '5;901//.',. 18 3. 1- . 26
6.28 6.29° 26 3a - . 3,26
6.58 6.56 S26 . 3. 3- 26
.9k 6.0 o6 [ 2+and 24,3 3
‘ ? L (B=or '1=) 1- o ‘26
L T.92 7.91 26 ke ke 306
8.1 8.09 - - Y 26
- 8.38 83T 26 it 5= 3,06
8.59. -~ = e L
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? where R is the,dieﬁahce'from target»to counfer, “area" refers to the.
i ~ counter ccllimator5 Z is the charge of the progectlle, ‘A is the atomic
é < . weight of the'target,i- 1s the thlckness in mg/cm s and ® is the'tar-_
: | get angle. ) ' .
L For a gas target
f . ‘ : 2,
; . : : . : +2 ,Z i
e S aoop 66x10-7 76cm of Heg 82.05 atm cc'x10_5 (T 75)( ) ZAsing
| o : atm . g-mole CK - mg PN W1W2h2 l+.£l/22]
| . | ) - v (6)
; 1.66x10”°(T4273) (4, +4 )ez-‘nsi'ne | |
7 —
PN W1W2h2 (1+ 2 /
3i L : - where T is the gas target temperatureain degrees centigrade, . ﬂ and
£2‘ are the dlstances from the front colllmator to the gas target center
3 _ and from the front collimator to the rear colllmator, g . is the lab
? B ) scatterlng angle, ZA is the charge ‘of‘the projectile, .. P is the;
' v ' -gas pressure (cm Hg), Wl and W are the w1dths of the front and rear
sllts and h2 is the height of the 'rear :slit. All linear_dimensions are
j _ .measured in centimeters. N .is thevnumber of'target—elemenf atoms per
g - ' . molecule of the gas. ° | |
; C. Reduced Transition Probabilities .
: Collectlve vlbratlons are assoc1ated w1th an osc1llat1ng electric
B 20
; " multlpole moment
y : ‘~¢_M(Ex’”> T HW,ZGRO,QXu_.'I I (7).
o . ”v' " The normalizatlon has been chosen s0 that for & nucleus with ‘constant den-
ﬁ‘; _ :‘f L jsity and sharp- surface, the parameters ax“. would‘definevthe surface by
? ‘,-e‘i.-;,; L";f. - - S ﬂ”e‘ o : ) u¥ fv*f~,' - B
b T T .}1__;;;1‘*(9_) R (1+ % oz)\ Yx (Q)) e
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where £ = (0,¢) are the polar angles of the radius vector in a space fixed
coordinateisystem. For small oscillations the collective Hamiltonian is
approximately ‘ ‘

i

' 1
= 2 5 BK

2 ' .
H | . (9)
coll AL . .

At
corresponding to a set of independent harmonic oscillators, with energy
quanta ‘ A
C ! .
g A1/2 -
hw, = h(B ) . v . (10)
: .- ’ >\. i’
Vibrationalﬁexcitetions are characterized by enhanced electric
transition probabilities. For one phonon excitation the transition prob-

ability is given by

BEM 20) = (FzeR))T Py (12)

. A - o 2(B.C )1 2 ‘ ’

: ‘ N ,
since - ,
o , 2 A e
<>\'la>\plo>‘ - Q(B'C )l 2 , <l2)
for. a harmonic oscillator. The B(E

;A - 0) are defined eccording»toi-‘
| Ref.2.c |

A

If on the other hand the nucleus haq a permanent deformatlon and

an aSsoc1ated set of rotatlonal-levels,_then the nuclear surface is appro-

Ximately described by

e

o - g

. vhere ® = (6,¢') .and €' is the azimuthel angle measured from the.
5 symmetry'axis, see Fig. 8. The nuclear surface as veiwed from the direC-*>

tion @ = (8,0) of the fixed: coordlnate system, depends on the Eulerean . .

angles (QBy) correspondlng to a rotatlon of thls system into the dlrectlon*'

Sy et aens e oayn - - \\

e gt reoas =
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MU-35658
Fig. 8. Relationship between body centered and fixed coordinate

systems. The last Eulerean angle <y is not shown.
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, I
of the nuclear symmetry axis.
. : i

0 - m y
Yz.(w)_ = %Yﬂ (@) Dmo(ozay). | | (1)
Since in the fixed system the nuclear surface can still be represented by
R(e) = R (1+a,v," (2)) (15) .
it follows that

aﬂm - ﬂ mo(aay) . | Co (28)

Using the normalized ane-fﬁnctions'of a symmetbtric top

1/2‘“ o ' '
2 . N
MK = I’gl_ DMK(aay) - . (17
/. 8 : o
the métrix.élement/of the operator 'aIM ~can be evaluated as'followS‘
o gem 1/e /8
<IMK!a |000> —f / aBsind /dv % (c)e. DL (opY) ——1-—‘
A DMK T MO e 2
| - (18)
BI

.(21+1>l;? -
" - In the Austern and Blair modei (Seq; VjA);the_physically'mean—

ingfui quantities are and & _whicﬂ are the product of the “nuclear

£ v
™ ° I
radius" R and ap, . and B, respectively. Since the radius is not

1“l’he conventions for Euler ‘angles and rotation matrices are those of
Me331ah ' - - a '



determined in this type of analysis, to compare inelastic scattering
transition probabilities with other experiments the radius must be

L. o obtained separately. In the next section a method of obtaining suiuable

-radii_is discussed. ' A :
Sincé the inelastic cross section is proportional to'the square

of the matrix element of- and independent of the model assumed for

: . g

; . o ’7;. the collectlve motion, it igMconvenient to report the matrix element in -

2 {’terms of - the parameter 61 for yibrational as well as rotationaljeXCita-
tion. ' - v o

' From Egs. (22) and (18) the relationship between the two sets of .

- parameters is

A T Co N

- L L o /2 T 21+l
" CE - o(B.Cc ).

' ' ' : o™

- The conneotion between.the electric reduced transition.probability ’

(19)

- and inelastic alpha scattering(is that‘COIlective inelastic scattering is
induced by the variations in the radins corresponding to'Shape oscilla—'
:  tioms. Specifically when the optical potential is expanded in powers of
é o S a(Q) = Z gzm P (Q), it is. the term BV/BR a(Q) which leads to single

exc1tation.

D. - Evaluation of Reduced Transition Probabilities

- In the last section relationships vere developed between Vibra-
4 . : : ‘tional model parameters and rotational model parameters.- In terms of-
: this relationship the reduced transition probability lS given by :

.2'
Bk~‘

2x+1 '(29?

B@ﬁxam'=xﬁzR>

‘assuming a uniform charge distribution

Lane and Pendelbury have obtained For non-uniform charge dis~

tributions



) I

B(E ;N »0) = . oL ONR2y 72
. - (oa) |-BE 1 B2 (21)
- LR 2 A
e 1/2 .
_and’ for a single particle transition
B (E;xn -0 N2 :
sp A >. _ ) (22)
. 62 : T g

where - (m'
[ B (r)ar
oA-2 0
(22 o 0
J/ rzp(r)dr
~0
and
| ) I‘-"Rl /2 1
A p(r) = fr+e =55/
where R. is the half aensity radius.

1/2

The quantity - SK

“is directly extracted from éxperimental-cross

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

Since. neither the "nuclear radius" RO‘

or the half density

‘radius 'Rl/2 is directly measurable they are both taken from electron

scattering data of Hofstadter with Ro corresponding to. his equivalent

‘uniform charge radius.



'Octupole.vibrational states are found widely throughout the nuclei.

’t’ ;é5é‘/”

Iv; RESULTS AND DISCUSSION .
AL Ca101um-h0
l General v
In the exc1tatlon of levels in CauO the states based on octupole

vibrations are dominant. Most of the strength resides in the.lowest’5-"

'level at 3.73 MeV which has been seen by many exper1mentsl6xand is known

‘-to be enhanced 11 times over single particle estlmates 2 Several other -

5= states are also enhanced and are dis cussed in the follow1ng sectlonl1
2,24,25

" Their excitation energy and strength are not closely related to shell

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

found at increasingly higher energies in the vicinity of closed shells

~and correspondingly are less enhanced.” In ca”O the lowest 2+ is found at

1

3.90 MeV and its reduced transition probability is indicative of a single
- particle excitation._ Three. other 2+ states are also ~seen, again without

“ehhanced exc1tatlon fCalc1um—h®:scmecf the few: nuclel, where a. one-phonon

25th pole v1brational state has been 1dentliled g Accordlng to the pres-
‘crlptlon used in this work for calculatlng.enhancements (sec.. III-D) ‘the
5- level:at 4.483 MeV is enhanced 2L times over s1ngle partlcle excitation.
No higher 5- states were seen in this experlment. A one~phonon EMth polev
excitation to a state at 7.9 MeV was first observed by inelastic electron

scattering. Thls has been also seen in the present work along with

u._another 2 th pole excitation at 8. 38 MeV Both are enhanced by 2 to k4

~time slngle-partlcle estlmates.

‘Angular dlstrlbutlons to 13 exc1ted states were measured The dif-

'”ferentlal Cross. sectlons are tesbulated in the Appendlx The levels are

‘the 3.73, 3.90, L.L8; 525,562 590 628 6.58, 69& 7.92, 8.11,

and 8.59 MeV states.
Angular distributions for t'=3,5, 2 and H are grouped\respec—
tively in Figs. 9-12. The known 3.35 MeV O+ level. was poss1bly seen at

a few angles but it was not made in suff1c1ent strength for an angular

.dlstrlbutlon to be measured The peaks at 5. 25 and D. 62 MeV are known to

be doublets.l6' They are weaklyiex01ted and because.of the poor statlstlcs
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Fig. 9. Austern and Blair £ = 3 unnormalized angular distribution

and states with similar experimental differential cross section.



-27-

00— T T T T —
Jol o E
g | ' i
0 _
£ |
g 'F 3
o - ]
~ - ]
b = i
o i -
Ol =
0.0l | | ! | | ! !
10 20 30 40 50 60
8 m. (deg)

MU.34825

Fig. 10. Austern and Blair £ = 5 unnormalized angular distribution
and the L4.483-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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Tig. 12. Avstern and Blair £ = 4 unncrmalized angular distribution
and states with similar experimental differential cross section.
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- and beckground interference they_%ppear to oscillate only feebly. Their
phase corresponds to negative parity states. Corresponding peeks were
seen in a 30 MeV inelastic scaftering experiment26 and were respeetively
reported as a negafive perity and a U+ level. The L+ assignment is sur-
prising‘since the gamma decay does not cascade through the 2+ level at
3.90 MeV, but occurs directly to the ground state.lLL The 6.94-MeV peak
appears to be a deublet from its angular,distfibution. This is discussed
in the last parf of this section. A level or group of ievels is consist-
ently seen at 7.5 MeV but is tbo.weak.for further analysis. The 9.87¥MeV
doublet was identified only for purposes of energy scale calibration (see
Sec. ITII-A).

Since the oetﬁpole_s%ates dominate the Caho energy spectra at -
most angles,,l8o 1lab which corresponds to a minimum in the angular dis-
tributions of octupole states and a maximum 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 5{75—zeﬁd 5.90-MeV states which in
other scattering eXperiments at'equally high energies have not been -

4 resolved, and the low" -~ background up to 8 MeV excitation: This latter

is due mainly to the elimination of slit scattering (see Sec.‘IIrA).

2. Octupole Vibrations

The 3.75-MeV level of Cauo is one of the examples picked by Lane
and Pendlebury (see Sec. III—D) and so a direct cemparison'of B(3 —0) /e2
can be made. 'Analyzing 1nelast1c electron scatterlng data they obtain a'
- value of 2.2 x lO3 6 for the reduced—octupole—trans1tlon probabllity.
This is the same as the value obtained. from the present experlment The
rest of the. reduced trans1t10n probabllltles obtained here are found in
‘Table II. ' _
' The next apparent octupole vibfatioh is the 5.90-MeV state. It
is the only octupole state>whose strength was found not'to be enhanced.
By inelastic scattering experlments at M. I T. this level was ass1gned a
-spin and parity of 1-. 26 After careful study of their data it seems that
this assignment is based on one small-angle peint aﬁd may be incorfect. |

4
\

P
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a, . L
Reference 2.

TableﬁII Reduced trans1tlon probablllties for de~ ex01tatlon of Caho
e ' energy levels, =~ --¢ ..
h B(J —0) &
- — -., o : |

-Qvalue I 8. B B =0l 2

(MeV) ' e e : -

' (fermis) ’(ferming) (ferming)

3.7 . 3= . 0.85 0.19 2.2 x 100 1.9 % 10° 114

3.90 . - 2+ 0.3h 0.075 11. 12. . 0.88

L.u8 5— 0.35, 0.077 @ 2.1 X 106 8.7 x 101L 2k,

5.90 3= 0.8 0.0k 107 1.9 % 10° 0.52
'6.28 3 0.b0 . 0.088 5.5 x 10° 1.9 x 10° 2.8

6.58" 3= 0.31 0.069 b2 % 10° 1.9 x 1o2 : 0.2

2+ 0.21 0.047 8.8 12, o L0.Th

bigh 32 0.3 0.078 - 4.9x 107 1.9x10° 2.5

7.9 et 0.29 , 0.06% 1.k x 10 3.7 %107 3.8

8.11 . 2+ 0.2k .-0.05%2 9.8 1200 0.82

8.38 b+ 0.24 0.052. 9.5 x 10°. 3.7 % 107 2.5

8.59 - 2+ 0.19  0.0k1 7.7 12. 0.65
oo . : 25

Using RO = L,54f from electron scatterlng..

b ' . ' -
Though less likely a 1~ assignment cannot be ruled out by our analysis.
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Only a 3~ assignment 1s consistent with the Austern and Blair model;

compare Figs. 19 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. 55 7’16 26 '

~ The state at 6.58 MeV is enhanced a factor of 2 and agrees well
w1th the Austern and Blair angular distribution for 4 = 3. The M.T.T.
group 26 agrees with this assignment. |

There is one more state of probablyvoctupole character, but it

- ig a doublet and will be discussed separately.

3. Quadrupole Vibrations
Two higher energy 2+ states are found at 8.11 MeV and 8.59 MeV.

Neither is enhanced, and the ‘assignment of the one at 8.llvMeV'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 the distinctions between

the £ =2 and £ = L angular distributions to be less reliable. Secondly,
at these high ex01tat1ons there is less Justification for 1gnoring 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 observed in

numerous experiments 5,7,26,27,28 There is wide confusion concerning.its
spin and parity. It6has Varlously been reported as a 35-, 7 3~ and 2+
. 28 2
»doublet,B 2+, 1-, and 2+ or p0551bly a 2+,3- doublet.27 Part of the

confusion sfems.from the fact that there is also a state at 7.1 MeV which -
1s not resolved from the 6.94-MeV doublet in most of these experiments.
Figure 13 compares the present experlmental dlfferentlal cross
section for the 6. 9k-MeV peak with Austern and Blalr angular dlstrlbutlons
~ for a l-,2f doublet in the upper curve, and a 3-,2+ doublet iIn the lower v

curve. The relative strength of the negative parity state to positive
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13. The a0 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+ —»3=) and (0+ - 2+) in the ratio of 2 to 1. Except for a
few small angle polnts the lower curve is more in phase with the
experimental curve.
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parlty state is about 2 1 in each case. Except for a few smali—angle

p01nts a 3-;2+ doublet seems more cons1stent with the exper1menta1 phase.

This would indicate agreementew1th the inelastic electron scatterlng T -
‘ work.3 The 7.1-MeV state is only weakly seen, and the differentiai cross

section for its excitation was not obtained. ..

B. Neon-20
1. General - o . » _
~ Consgiderable evidence forvrotational band structure in Neeofhas
been obtained through a comprehen51ve set of experlments by the Chalk

Rlver group. 29 The energy levels w1ll be dlscussed one band at a tlme.

: “t2. Ground~- State Rotatlonal Band

_The 2+ member of this band is strongly excited at 1.63 MeV. Its
?hase.ls close to that expected for single exc1tatlon,:however, addition )
of a.doﬁble excitatgon contribution improves the fit. The sign of the
vdeformation-can Be determined in this way'aﬁd is positive, correebonding
to a prolate shape as expected. - The 4+ member of this band at 4.25 MeV -
is excited more weakly by an order of magnitude. Its phese is shifted
.‘notieeablyvffbm'that expected‘for single excitation with an angular
momentum,traﬁsfer of L, eThe‘best.fit is obtained ty a double excitatien
. to single excitation‘ratio.ofeQ,_ This’behavior»ef strongly exciting the
7 2+ by a one-step process aﬁd the L+ by primarily a-two—step'brocess is
‘analogous to<muitiple Coulomb'excitation by successive E2's. in.fect R o
" the magnitude of-the‘double excitationvcontributioh agrees we11 with the - :,7‘.
value predlcted from the strength of the- 51ngle exc1tatlon to the 2+. (see t
Table IIT.: The' ~engular: dlstributlons are: shown in Fig. lh e -

3. Negatlve-Parlty Octupole Vibrational Bands SR NI
The 1owest band of this nature has K=2; its first member 1s the , R

’2- level at h 97 MeV. It is wvery. weakly ex01ted and no’ oscillatlons are’

observed in its dlfferentlal cross section. : ' o e S

t

!

T . +
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Table III. Ground state rotational band singlé and double'exéitation

Jiﬁf@fmaﬁiéﬂ;:“_ i
o . o _ S o

- ~Q value I e (@ B o _CQ(I) _ cg.(I).
1.63 MeV o+ 0{75 . 1.72 ” 0.30 0.23
4,25 MeV L+ . 0.12 0.36 0.25 ~.0.23

' Cl(I) and‘Ce(I) are extracted from the experimental cross sections by
"the Austern and Blair model as described in the»téxt, SI'= Cl(I)*JEI+l
is the deformation length. 02'(1) is the double excitation matrix
element calculated from the strength of the O+ -2+ quadrupole excitation
by the relationship ‘
o 2. 2.
= 2100 .
‘,02(1). T (21 .llzo> 3,
_ The agreement betweén CE(I> and Cé’(I) is consistent with the rotational -

model.
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Fig. 1k, Ground state band 2+ and 4+ experimental and theoretical
angular distributions in We<O,
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The 3~ level at 5.65jMeVlés‘the second member of the band and £it
is enhanced 6 times over single particle estimates, Its differeptia; f
cross section indicates a eingle step £ = 3 excitation. ' The other members
of the band are not seen. This is in gualitative agreement with the idea
that the band is based on an octubole vibration, since the-3- is the only
member of the band which can be excited by a dlrect octupole excitation.

The next band based on octupole vibrations has a K—proaectlon of

" Zero so only the odd members of the band are allowed. The l- 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 dlstrlbutlon is consistent with
a two step process analogous to Coulomb excitation by E3 to the 5~ level
followed by an E2 excitation down to the 1~ level. The 5-rlevel at T7.17
MeV is enhancee appfoximately as much as the 5; in the K=2 band. Again,
~comparing the differential cross sections for exciting‘this state with
the Austern and Blair £ =13 angular distribtuion a 51ngle step angular—
momentum transfer of. thrée is indicated.. In this case, hoyever, there is
a slight shift in phase_of.lo to 2° relative to both the,Be.at 5.63 MeV
and the calculated angular distribution for angular momentum transfers of
‘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.

L. Possible Higher-Energy Rotational Bands
Two addifional K=0 bands have been suggested. 'The lower one con-

sists of a O+ level atv6.7l MeV, a 2+ level at 7.43 MeV, and a 4+ level

at 9.04 MeV. - The differential cross sectioﬂ,for excitation of the O+ level
is out of phase with a directImonopole‘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 circumstances
would be enhanced (espeeialiy if this band were besed on a quadrupole
vibration), is made slightly weaker than phe O+ level and its phase also

.

~ corresponds ;to double excitation.
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Fig. 15. Comparison of the 1= and 3- levels of the K=0 and K=2
bands in Ne“- with angular distribution expected for single
excitation.



Table IV. Reduced transition

39~

probabilities for

ereérgy levels. '

de—eicitationfdf Ne

20

‘ : ,1 B(J —0) Iane

-q velue - J" 5 I'BJ' E&Q—gﬁll@ne ....__..E.._?.E [ng

(MeV) T T -
(fermis) (fermis) . (fer@ing) (fermis®™)

1.63 2+ . 1.72 W8 53, 5.9 9.0
L.25 b+ 36 .10 6.3 x 10° 1.1 x 100 5.6
5.63 3= W8h 23 L.5 % 10° 1.2 x 10° 6.2
7.17 - 3= .8k .23 2 1.2 % 10° 6.2

L.5 x 10
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Only the 2+ level at 7. 85.MeV of. the remaining band based on the
O+ level at 7. 17 MeV is excited. Xt is made as weakly as the 2+ level at
7.43 MeV. However, this time it is in phase with the 51ngle 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 summary w1ll be presented here. Specwal
emphasls will be placed on the details of the r'alculatlon and the computer
code developed sto obtain the information inherent in elastic scatterlng
and then used by the same code in calculatlng 1nelast1c angular distri-

butlons.

A. Previous Models.

A Dbrief revdew,of.advantages and disadvantages of the‘earlief
"Frsunhofer model, 5’50’51’32 may be of use in understanding the new model.
In the Fraunhofer model closed forms for the 1nelastlc angular distribu-~
tions are obtained. They, have the general characterlstlcs of the observed
experimental differential cross sectlonaexcept'that the envelope of the
experimental differential cross sectiongis much steeper. In spite of tne
simplicity of this model the.differences'in small-angle behavior of the
angular distributiocns which distinguish - excitations of different angularf
. momentum transfer are already present. The main drawbacks in u51ng 1t as
a spectroscoplc tool are that the reduced- transltlon probabilities obtalned
from this model depend on which maximum of the angular distribution is
_used in normallzatlon, and its lack of any cons1derat1on‘of Coulomb  effects,
' whlch limlts its use for low—energy or heavy nuclei. N
| Blalr, Sharp, and Wllets55 ‘next developed a smooth cut off model
- for monopole and quadrupole excitation that gives the same‘envelopetas~the
experimental cross sections. There are also two drawbacks to this model.
vlt cannot be used for higher: multlpole excitations, and Coulomb effects
are still not treated..

e atand
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"B. The Austern and Blair Model

- These last two handicaps are removed in the Austern and Blalr
model.5 More sophisticated analyses can be obtalned by DWBA or coupled—
channel calculations, but for spectroscopic purposes the Austern and -
Blair model is easily used and appears t o be sufficient 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 eptical potential including some dyna-
mic variables of the target nucleus; specifically interﬁal dynamic vari-
ables closely related to the ordinary parameters of the elastic optical
potential. This extended ?otential islan operator which connects the
incident channel with reaction channels. The transitioﬁ matrix elements
involving this‘operator, by suitable approximations, may be felated 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'byA ¢; where @ 1is an operator acting en'the

y -

nuclear coordinates, then the extended optical potential is
(i, ) = UM,E) + aUMh,e,F) (23)

and AU _is responsible for transitions_ta other'channele. The increment
N may be expanded in a Taylor series in O .
B BU 2 U
U o Y 21 04 > e
In this thesis h 1is deflned as a sultable nuclear radius and @(Q) is the
dlsplacement correspondlng to shape osc1llat10ns of the nuclear surface in’
the direction of the radius vector Q= (9,¢) in the space flxed system.'

Expanded in multipoles

Q= E: gL)MY%*(Q)' | (24)

L,M

The operators gL M are spin-independent;' The adiabatic transition,amplitude
J . . , .



__,)_"{_2 -

Tba for inelastic scatterlng from-initial nuclear state [a) to final

‘nuclear state (bl is to first order in o

t, = PO Fr ) e (25)

(+)

The distorted wave X
potential 1UO and the boundary chdltlon that at large radii the olutlon

()

is the exact solutlon for the scatt erlng w1th

approaches a pléne wave plus an outgoing‘spherical wave, is the

+
time reversed solution related to X by the equation

These distorted waves may be then ekpanded in spherical hafﬁonibs "

X (&

- T
af? LL_R Y Z el £yl)gle)  (26)

£

o + 4

“(kb,:?)— Z L 17 e e ) (6,083 (0)  (27)

CL'=0 m'=-4"

The Coulomb phase shifts Uzl aré_given by
o, = "arg:(£'+ 1 +in) - N (28)

where 17 is the Coulomb parameter

= v
and‘ v .is the velocity of the incident particle.

'Equations (26) and (27) assume their partlcularly simple form.due to

the ch01ce of coordlnate system shown in Fig. 16

L e e e

1 Py
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MU-35657

Fig. 16. Coordinate system chosen for the numerical calculation.
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The z-axis or axis of quantiiation is taken in the E; direction
arid the x-axis 1is taken in. the scattering or E;;E; plane. ‘Thg angle
between E; and E% is 6, the scattering angle in the center of mass
system.

The regular radial functions are normalized so that

*

. i '
Lin £y = 50, - ngty) . - (29)

=0
‘This can also be considered the:definition of ng+ By substitution of
(1) and (4) into Eq. (2) and by performing the angular integration,
Eq. (5) results. Since ka ~equals kb in the adiabatic approximation
the subscripts have been dropped.

T = i (21+1)l/2“21. ££'21(2£’+1)1/2 G£+dé’> (30)

IMI'SQO k2- YA
// ‘ : . _MI . ’
X <-£{I,001£,0><»@'I,—MI,MIM,O> Y, (6,0) -

” X C L (1) J[ fz,(kr) ah Z(kr)dr .

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

tum I and z-projection MI and an initial state of zero angular momen-

tum. TFor this case the matrix element of an can be written as
b(1,M) [0 a(00)) = ¢ (I) (@) (51)

When £'=£ the following relationshipuo is an'identity.

I

. évdr_y:_fié
5. Ty dh z ~ 2k oh °

B L

R T
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Austern and Blalr 1ntroduce the approximation: when ﬂ’%ﬂ,

' 5n~ _ o
' : ik L
» —-— - A2 2
JQ' z'ah ﬂdr J/- £ T nwm .(5“)
A A ' -
where £ = ﬁ; . ,
* ‘Introducing: this approximation in Eq. (3) the scattering ampli-
i b
tude‘ IMI, is glven‘_y
£ = - K T
IMI;OO - e ,IMI;OO :

- Substituting from Egq. (30):

lfIMI;QO. =u'2 '(21+1)l/2 . (I) 5;, A (ezr+1)l/2 l(d£+d£ )
o - (33)
S S , ) N |

Explicit numerical calculation of the n, can largely be dispensed
- with when considering the elastiC'scatteringadf strongly-abscrbed particles.

The parameterization . .

~

. , - n'.ﬁ=€+mgj+‘ ( 22+DABZ>
. | 34 o
o e B
Cem@e A

is adequate for- good fits to the elastlc scatterlng data. The parameters
. are determlned by a search program descrlbed 1n the Appendlx Fits to_

the Caho and Negq elastic anguler distrlbutlons are. shown 1n_Figs. 17 and

18. . _ _
Two further assumptions are peeded'to relate‘the:pérameterized ny

- to the form'derived for the 5cattering amplitude in_Eq. (33). -Both are
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Fig. 17. Parametrized phase shift fit to Cauo elastic differen-
tial cross section with the parameters; I. = 16.7; A = 1.15;

A = 0,66; B = 1.51; D = -1.92. The parameters are described
in the text.
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Fig. 18. Parametrized phase shift fit to I\Tego elastic differen-
tial cross section with the parameters; L = 15.9; A = 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. TFirst, we assume that Ny is a function
only of the difference (£~£o), where ﬂo is the critical angular momen-

tum, and ﬂ contains all the dependence on h. The quantlty ﬁ can

be defined somewhat arbitrarily by requiring that lnz | should equal 1/2.
~Associated with this ﬁo is a cutoff_radlus R " through the relation-
ship - '

2
ZZ’e2 n zo(£o+l)

E = . .  (35)
R - HROQ _ ,

- The second assumpinn is that RO has the following simple

relationship to the optical pqtential radius parameter h

Iﬁ this case'

S ’( g [on,(7- zo 1 dzo] -. :
- 5T - [ J[QR _, (36)

and since at reasonably high energies

at
| . @ Tk
- o
o (57)
- | . . - gﬁ-- =4 v. -+ k g——

In the Austern and-Blair paper the deri?atiﬁe of

nz' ‘is actua]ly
taken with respect to

ﬂ . which simply reverses the sign of the derlva-
tive. It follows that ' ' '



fmz00 T ';‘ _27“1 1/20 (1) gﬂ; (213'+1)l/2 e'i’(‘_dfdﬂ,,):‘ "
e {aww (38)
(4! LT 2 r o
(21, OOIﬂ§>< I MIMII 0)Y, ge ,0) = j

In Fig. 19 angular 'distributions for angular momentum transfers

oszero:thrOUgh1iivegare shown with the first regular oscillation. -

C. Double Excitation - _
- For some levels in Nego, for example the U+ level at L.2L8 MeV

which is a member of a rotational:band built on the O+'ground state, it
would not be expected that a model which is firstterder_in-the nuclear
deformation would even approximatelyIdescribe‘theetransitidn amplitude.

- It is experimentally observed that the differential cross section for
excitation of the i+ level is ouﬁ of phase with the calculated single .
phonon 2uth pole angulaf 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 summary of the new.approximations
. introduced by them is now glven. _ | -

The exact expression for the double ex01tatlon transition ampli=-

tude in the“extended optical model is

I '(_-)'_> 5.1 agU(rﬁ 2"
Ty (2) =<b(gl).l.'<x (k,,r1) ¢ 5 —E’T (zy5¢. )6( 2)8<gl £,)

au(r) , g () G (39)
+.—S;~ee-a(rl,§ )G (rl,rg,él,é )l—*gi;- a(?2,§2?>,“X(i;,£1)>{agg2)>

Here Gl 1s the exact Green s function for the problem with only the

'spherlcal potentlal U(rDRO} satlsfles the dlfferent;al equation

l
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Fig. 19. Austern and Blair model angular distributions calculated
with parameters determined from the Caho elastic differential
cross section in Fig. 3. Transitions O+ — O+ through 5= are
plotted with the first maximum of the r egular oscillations
indicated on each curve. From a spectroscoplc standpoint this
differentiates the different angular momentum transfers.



[E-K —u<rl,Ro> H(e) G, = 878l -t,) (k0)

where K is the kinetic energy and H(&) is the nuclear collective
Hamiltonian. ' ' '
The first approximation is to due the adiabatic Green's function

in which H(g) is absent.

The second approximation is to assume that af 53 commutes with

this Green s function.

- From this Austern and Blair arrive at the relationship

§2§ = %’ Ef?f? S § M 300 . ()

Following the further Simplificétions of Sec. v-C, ¥the“equation for
double excitation corresponding to Eq. (53) has C (I) onz/oﬂ replaced
by ~C (I) K/2 anﬂ/az '

Thus the double’ exc1tation cen be affected in two ways: l))
' Through the second-order term d° U/oh in the expansion of the nuclear
deformation. - This is a direct two-phonon (D2P) transition. 2) Through
the first-order term OU/dh . acting twice. This corresponds to a nultiple
tﬁo—phonon (MEP)‘transition in which the alphé particle first excites
the one-phonon 2+ level and subsequently excites a second guadrupole
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 EMth-pole phonon, then direct one-phonon excita-
tion (D1P) is possible.. The ratio of C (I)/C (I) determines. the ratio
of amplitudes (M2P + D2P)/DlP

In the coupled-channel calculatione of Buckah the D2P and M2P
'excitationsiwere'also considered; Howerer, the experimentalvengular
distribution for excitation of.the Lt two-phonon level o:f"I\Ti58 coulo not
. be matched without arbitrarily increasing the anplitude.of the D2P

excitation by a factor of 1.5 to allow'for thevaSSibility of "some direct



-

excitation through a single-phonon admixture in the wave‘function.(DlP'
excitation).’ | |

The angular distributions calculated for (M2P + D2P) excitation
alone have nearly the correct phase but their slope actually rises w1th
angle in comparison to experimental data (see Fig. 20). At this p01nt
Professor Blair in a prlvate communlcatlon suggested coherently mixing
one~" and two~phonon excitation, varying the R = CE(I)/Cl(I> to obtain
the closest agreement with experlment The results are not wholly satis-
factory, hovever, since it is not pos51ble to obtain the best phase and
the best slope with the same value of R « In fact the experimental
slope in the range of 10 to MO'C,M. is halfway between the pure single
phonon excitationvand.the single-double phonon mixture which gives'the
best phase as shoWn-in Fig. 1k. However, it should be emphasized that
‘whlle quantitative agreement does not seem poss1ble, the results of this
model do qualitatively agree with experiment. In the nlckel.regicn the
differential cross,Section for excitaticn of the first L+ level has'been
studied as a function of energy-55 It was found that at low energies -
(33 MeV) the angular distritution corresponded to single-phonon excita-
tion and there was a gradual change of phase-until at high energies (lOO_
MeV) double excitation appeared to chpletely dominate. This variation
with energy follows naturally from the Austern and Blair form. The

radial integral is replaced by

+ on | aen
iB <2 . -
7 a® 5 2 Co (1) 52

where the double phonon term has an extra{factcr of k, so its importance

-will increase with increasing energy.

e o S e
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Fig. 20,

Neon~20 pure double excitation.



, VI. CONCLUSIONS

At the present time inelastic alpha scattefing reﬁains most
useful in investigating those nuclei which have felatively well separated
energy levéis.} An energy gap after the ground state:is especially help-
ful since elastic scéttering is so dominant that low-lying leveis 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 hend,
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 sven-even nﬁclei between mass number 20
and 40 would seem to offer especially rewarding targets for simple analy-
sis of alpha—particlé scattering. Neon-20 and calcium—hO-braéketlthis '
region both in méss and in properties. Neon~20 appears to show a highly
developed set of positive and negative rotational bandé_reminiscent of
U258. Calcium-40 is a doubly-closed magic nucleus and quite resistant
to quadrupole deformations. A sofﬁness to enhanced octupole vibrétions
is, however, observed and to a lesser degreé QM- and 25~pole vibfations.
The doubly-closed shells besides_?roviding an energy;gapvéf over 3 MeV
also seem to be responsiblé for the success of single-phonon mode of
the Austern-Blair model for all levels. investigated. 4

Our investigatiohlof Nego is consistent with the rotation pic-
“ture of Nego; and the similarities of Coulomb excitation on U238 and
inelastié scatterihg on Neeo are poinﬁedAout in Fig. 21. |

Our investigation of Ca © is consistent with the,fibrétional  7
model. 'The quadrupole vibrations are weakened and raised in energy as
vwould be eﬁpedted in a doubly—magic nucleus, héweVer, the‘octupole and
higher multipole vibrations are at their normal strength and excitation

. .energy. _

The Aus@ern and Blair model pfoved to be most useful for Cauo
where quantitatiye agreement was found and reduced transitibn probébilie;
-i ties were obtained that agrée well with other.measurements._;All ex@eri-’

mental differential cross sections corresponding ﬁo the same angular

\

T ————
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Fig. 21. Comparlson T excitation of Ne 20 by inelastic alpha
scattering and U 25 by Coulomb excitation.
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momentum transfer havé approximately the same shape as required by‘the
model‘and'caﬁ be seen'in‘Figs. 9-i2. 'Therefore, from a spectroscopic
standpoint itldoes not appear that the more complicated calcﬁlations are
wdrthwhile when,the single-phonon model is applicable.

For the states in Nego-which are reached by single-step processes
quantitative agreement also was found and reduced—transition probabilities
were obtained. For those‘staﬁes in Nego whiﬁh are reached by two-step
processes.only qualitative agreement was found. However, Just the infof~
mation that a process is primarily single or double excitation can be
quite useful in testing the applicability of nuclear models e.g., :the

rotationdl_model in this:case.
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. APPENDIX
A, Computer Codes-

1. LYCURGUS

The relativistic kinematics‘program mentioned in Sec.III-A is baséd
on the formalism of a sténdard texf.56 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 Jjacobian 'dcos@/dcos@’.

2. VARMIT
4 Many probiemS'of anélysis in. experimental physics can be reduced
“to finding the minimum iﬁ avfunction bf many linear or non-linear variables.
| Extracting parameters from a model by comparison with data (sec.
V-B) ,,unfolding of not fully resolved pesks'in a spectrum (Sec. III-A),
~and generation of calibration curves (Sec. III—A) are examples which have
occurred in this thesis. 'Thelproblem is so important and so general that
to devise the best numerical method for these cases was worth.thefexpen-
diture of a considerable amount of time. For the construction of cali-
bration curves (which is a linear least squares problem) any number of
standard computer codes were acceptable.T For the.othef two problems
no fully acceptable or easy‘solution was found.

"In the general non-linear many-variable case there are several
conditions for acceptability of a sQlﬁtion. The moét impoftant require-
ment 1s that the mathematical minimum should correspond to the physically
meaningful values. . For unfolding a spectrum, this means thaf the shape
of the exﬁerimental peaks must closely corfespond to the mathematical
form chosen for a single peak. Thé rgquifements for a'phase-shift analy-
sis are more complicated and are discussed in the next section.

Secondly, one must be able to distinguish the ”best" minimum
from the - several possible local minima, 1t willl simply be the one with-

the lowest value of the function having physically-reasonable'paraméters.

¢

A code called MIR and written by Van Hoff was used.
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This is the least safisfying aspect of the general problem, for
no method of determining all possible local mini ima was found and the prac-
tical compromise was to investigate all the minima w1th1n a small_reg%on.
For unfoldirig Gaussian peaks this was seldom a concern.. Usually it was i
relatively easy to start w1th a good enough guess so that the local mini-

mum was the best minimum.

Next a method of finding a local minimum 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 pré-~
-viously been fodnd superior to several other methods by other investi-
gators.57’58
. The last aspect of tﬁe problem to be diseussed is the criteria

for convergence and the related problem of error limits on determination
of the parameters. , .

Since VARMIT does not necessarily take monotonically decreesing
steps in finding a minimum, convergence criteria based on step size maj )
possibly cause false indications of’convergedce. This is especially sig-
nificant since intermediate values of the parameters along the minimiza-
tion path can Dbe further from the-final values of the parameters than the
initial guess.

The cr1t6r10n~wh1ch was found to be most satlsfactory was to look
for inconsistencies caused by machlne rounding errors. For a well scaded
problem these inconsistencies tend to occur only in the nelghborhood of
~the minimum. The flnal check on the minimum 1s to - choose a few new
startlng points obtained by mov1ng from the minimum a dlstance in each
parameter corresponding to the standard deviation in that parameter, and
after a new‘search to compare the new and o0ld values of the mln;mum. In
all fairness it must be added_thet no criterion works in all cases and
experience with the properties of a particular type of problem is inval-
uable. _‘ ' »

For the problem of analyzing spectra‘with Gauesian-shaped peaks

a function subroutine with many options: has been-coded. One has the choiee
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of letting the height, position, and width Qf each Gaussian vary or
"restricting these parameters by any set of iinearAchstants. Often the
same width has been used for each peak either as a fixed oerariable'
parameter. Background can easily be subtracted. Often satisfactory
resuits can‘oﬂly be. obtained after this is done. Figure 6 shows a fit
to part of the spéctrum'in Fig. 4. From ten to-seven counts of backgrouﬁd
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 distributions of elastic scattering from trace impurities
and even from coliectively-excited states in carbon and oxygen which‘are
usvally present in-substantial amounts. _ '

A listing of VARMIT and subroutines for the spectrﬁm>résolving

case follow.
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3. PIERRE
PIERRE‘is the name of a-program which determines parameterizgd
reflection coefficients Ny from a least squares,fit of elastic scatter~
ing data and then calculates inelastic angular distributions by means of
the Austern and Blair model (Sec. V-A,B). The least squareé fit is done
by Davidson's15 method and.is described in the section on VARMIT.
Finding the "best" local minimum in this case 1s far narder than
the preceding ¢ase of resdlving a. ;pectrum into Gaussian peaks. A
9

parameterization suggested by Blair is physically easy to undersfand

and is suggested by Ny generated from dptical~model parameters:

. de
| Ny = €+ lAﬁsaz
- where ‘ o .
e = (1 + e(L—ﬂ)/Aﬁui

The parameter 'L ’corresponds to the critical angulaf momentum
semiclassically related‘to fhe nuclear radius. As L increases, the
period of oscillation of the angular distribution decreases. The param-
eter A corresponds to a diffuseness in the nuclear surface and as A
increases,the rate of decrease of the cross section with angle increases.
. The final parameter A glves the streﬁgth of the imaginary part of Ny
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 parametefs
does not give enough freédom and the fits are poor. To improve the fits

a new 5- parameter form for Ny was chosen

2
- de .ra - de d e
= ¢ + B == == RS TN
uy) € B al + 1i(A al + D dze ) .

«

- As expected, this form gives much better fits; however, the properties of
the parameters are now correlated and the original meaning of L, A, and
‘A is lost. Now depending on the quality of the data and other factors,

several local minima can be found within the physicalconstrajnt!%[2 < 1.
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One'finds small comforf in the fact that with the'optical model
- the situation is_much'wdrse since each local minimhm in n, can corres-
pond to a sét of local minima in the optical-model parameters. No satis-
Tactory solution beyond the suggesfions of the last s$ctioh have been
found. |
t - Assuming a best set of nﬁ's has finally been determined, PTERRE -
now calculates the inelastic angular distributions. Some care has been
taken in making the computer code fast. All quantities used often have
been stored in tables and symmétry considerations have been used to - ‘
reduce the calculations. . v
For the case of double excitation, single and double excitation
are coherently mixed and the ratio is varied to reproducé thé obsefved

phase of the oscillations of the experimental differential cross séction.

-
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- 10.5 8,050. . .002 27.5 ~ 81.0  .003 5.9 8.31 .008
11.0 k,330.  .003 28.0 R .00k ho.h o 7.96 .008
11.6 %,120. .003 . 28.6 ' 39.4 .005 k7.0 _8.40 . .007
12.1 1,820. .005 29.1 - 32.8 007 L7.5  7.47 .008
2.7  1,590.  .006 29.6  1k.9  .008 - L48.0  7.15  .008
13.2 1,280.  .006 30.2 8.k .013 48.6 . 5.65  .009
13.8 1,260. .006 30.7 1.5 .019 Lhg,1 5.k .009
143 1,330. .006 31.3. 0.6 .015 50.2  3.47. .010
1k.9 1,3k0. .006 31.8 L.o  .015 . 51.2 1.89 015
15.4 1,380.  .006 32.54 6.5 .009 5.3 1.01 .018
16.0 T133904. 006 32.9 15.1 .008 . 53,4 .85 .019
16.5 1,340, - .006 ~33.5  "20.1  .006 . 5h.5 1.16. .016
17.1 - 1,080, .00k 3k.0 28,0 .006 ' 55.0 1.%0 - ,015
17.6 ‘875, .003 54.5  28.0  .005 55.5 1.59 .01k
18.2 ©939. - .003 35.1  35.9: .,005 56.1  1.69 .01k
18.7 FU57. .003 35.6  37.h  .005 56.6  1.96  .013
19.3 - :568. .00k 36.2 364,005 S 57.1 1.89  .013
19.8 258, .00k ¢ 36,7 30.h 005 57.6 2.1k .012
20.9 53860 00T 37.3 50.6  .006 58.7  1.97  .013
-~ B2.0 hwe3blh L0080 37.8 - 23.2 .007 '59.8  1.73  .013
22.5 39.9  .006 38.3  2L.2  .007 60.8  1.26  .016
23.1 80.0 .003 39.h  12.3  .009- 61.9  1.09  .0L7
23.6 9.0 .00k - ho.5 5.8 .01l
2k.2 - 125, .003 L1.6 2.8 - .015
cehT o oake. 005 k27 2.8 L013
25.3° . . 12, .003 43.7 . k.73 010

25,8 15k, .00% 0 hh.3 5.6 .009
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Caho(a,a’)Ca
Beam energy = 50.9 MeV«

Lo

Q= =575
dq Frac_“cio1:1al .‘Bc Frac?ibl'.lal }
QC.M.' | S Sta:i-f-g;cal GC.M. vy stazii’gical
10.5. 27.0 .019 _
11.6 - - 36.2  .017 42.8 1.2 .019
2.7 35.4 .012 43.9 1.71 .017
15.8 32.9 .012 45.0 2.38 .015
1k.9 34.9. .012 Lr.1 - 2.84 .012
6.0 29.h .013 L8.2 2.38 -.0LL
- 17.1 20.2 .016 ho.3 1.94 .015
17.7 14.6 .02k 50. 4 1.50 .017
18.2 11.0 .022 5Lk 1.20 .019
18.8 6.02  .020 52.5 .98 .022
79.3 4.87 7 Lok 5%.6 .90 .018
19.9 3.36 .020 5h.6 .99 .017
21.0 5.19  .018 55.7 1,11 L017
22.1 9.15 <015 56.8 1.2k .016
23.2 126 .012" - 57.8 1.2k 016
24,3 15.0 -.010 58.9 . 1.25 .016
o5.4 T 1Li7 .010 60.0 1.16 016
26.5  12.0 .009 61.0°  1.02 . .017
27.6  8.80 w010 . 62.1 87 .019
28.7 5.27 012 ' '
29.8 3.4 .016
30.8° . 2.31 .020
31.9 2.76 .018
3%3.0 3.67 015
3h.1 h.72 ..013
35.2 5.L2 .013
37.4 L.ko .01k
38.5 3.07 017
39.6 1.9 021
S ko6 132 . 022
bi.7 1.0k .02k




_67-

. Caqo(a}aj)Cauo
Beam energy = 50.9 MeV

5o
3 Fré,c‘f:ior.lal ' dg Fraci.:ior.lé.l

QC.M. gy sta’;;iz;cal GC.M. Y st_a’;;rs"cc);cal .
10.5 9.20 .0%5% ' 45.0 0.35 L0537
11.7 9.11 .03k k9.3 0.19 .050
12.7 6.3 029 50.4 0.21 04T
15.8 5,146 .0kO 51.k4 0.20 .0L8
17.7 2.2k .062 52.5 0.2 .ol
18.2 1.8k o5 55 .6 0.20 .038

- 18.8 3.20 - .030 54.7 0.19 .ok
19.3 . 3.00 030 55.7 0.15 .0l5
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 .0%2 '4, - 60.0 0.07- .068
2l 3 0.0  .oko ‘ 61.0 0.08 .061
25,4 0.57 050 62.1 0.08 .063
26.5 0.5% .0h5 ‘
27.6 0.73 .03k
28.7 . 1.0k4 .030
30.8 11.19 .027
31.9 1.06  .028
33.0 0.79 - ' .0%2 :

34,1 0.52 . .oho g
35.2 0.31 .05%
36.3 0.32 .053
38.5 0.40 . Oh7

- 39.6 0.2 Lobs

~ Lo.7 0.5 - .033

Cohalt 0.61 .031
L2.8 ‘-0.55 - .028
h3.9 4o .035




ca

vCahQ(a,af)Cauo

Beam energy = 50.9 MeV -

Q =-k.483
So Fractional S Fraétional'
eC.M. S statistical eC.M. 5 statistical
erro: error
10.5 4.68 047 41.8 0.33 Lob3
11.6 © 2,93 .060 L2.8 0.34 037
12,7 2.57 .05 43.9 0.40 036
13.8 2.67 .028 45,0 0.46 .033
14,9 3.5% .039 6.1 R L0356
16.0 3.82 037 hr.2 0.35 .036
17.1 L4,L48 .03k 8.2 0.28 o'l
17.7 5.61 .039 49,3 0.25 Ol
18.2 kb3 .035 52.5 0.15 .058
18.8 5.42 .02% 53.6 - 0.13 .048
19.3 L,73 .02k 54,7 0.16 .0k5
19.9 4,98 .020 55.8 0.16 . oLk
21.0 kg ..019 56.8 . 0.17 .0k2
22.1 3.66 .02k 57.9 0.16 Loll
23.2 2.8% .025 58.9 0.6 - .obs
2h.3 1.9 0.27 - 60.0 . Wb .ok8
25,4 S 1.27 034 61.0 .1 .051
26.5. °  0.77 .038 62.1 ~.10 .056
27.6 . - 0.5L - .oko
28.7 0.59 .0kO
29.8 0.66 037
30.9 0.90 .033"
32.0 1.06 .029
33.1 1.11 .029
3.1 1.3 .027
35.2 0.94% . .031
36.3 0.75 0%k
37.4 - 0.56 .0ko
38.5 0.4 ol
39.6 0.40 .0L7




- o

ca"C(,01) ca

Beam energy = 50.9 MeV

Lo

.11

Q =-5.25
dg Fractional - do Fractional
GC.M. ST statistical QC.M.- -5-5 statistical
errpr o error
11.6 1.25 .091 S u7.2 11 .06
12.7 0.99 .072 48.3 .08 .073
13.8 0.96 .080 Lok .12 .06k
16.0 0.71 .085 50. 4 .09 .070
17.1 0.7h .087 51.5 .07 081
8.2  0.52 ~.100. 52.6 .06 ©.08%
19.4 0.3k .088 55.7 .07 06T
19.9 0.4k ~ .070 54,7 .08 Nos]
21.0 0.49 .060 57.9 - .07 .070
22.1 0.43 .070 59.0 .05 073
23.2 0.46 © .060. © 60.0 .05 .078
- 2h.3 0.k2 .058 61.1 .05 .076
25k 0.34 L066 62.2 Mol .090
26.5 0.31 .058 '
. 27.6 0.24 L060
- 28.6 0.2h ©.068
29.8 0.18 o070
30.9 0.20 .066
32.0 0.20 L 067
33.1 0.21 . .068
3h.2 0.21 067
35.3 0.18 .070
26,4 0.15 075
37,4 0.1k .080
38.5  0.09 .098
39.6 0.09 .100
40,7 0.10 - 0.77
41.8 .10 .075
ho.1 070




-T70-

Caéo(q,af)Cauo

' Beanm energy =.50.9 MeV

Q =-5.62
30 Fractional _ 3 Fractional’ ;
eC.M. ) statistical GC.M. X | statistical
: error ) - error
11.6 1.18 .09k ho.L 0.06. .088
C12.7 0.7kh .083 - 50.5 0.06 - .088
16.1 0.51 .100 515 0.07  .083
15.0 .0.58 .095 : 50.6 0.0k ~.100
17.2 10,10 .112 | 55.7 0.05 .087
18.3 0.48 .10k o BLh.T. 0.04 L0901
19.4 0.50 . .072 A 55.8 0.0k .091
22,1 0.43 .070 . 60.1 0.0% .105
25.2 0.38 065 6Ll 0.03 .106
2l.3 0.28 . .0T0 62.2 0.02 " .130
25.4 0_25,' .076
26.5 . . 0.19 072
27.6 0.20  .067
28.7 0.18 . .066
29.8 - 0.21 ©L065
30.9 0.18 LOTL
32,0 0.19 . .070
33.1 0.19 - .068
542 0.19 070
. 35.3 0 0.16 - Lok
36.4 0.14 - .080
375 0.13 .080
38.6 0.1l .088
39.6 0.11 .091
Lo.7 ~ 0.09 - .079 N
41.8 0.09 .08%
k2,9 0.09 ~.070
Ly o 0.11 . .069
br.2 0.08 072

183 0.06 .085"

ooty TP e B———y P aruesatson e ttont
e A e e s A St A b NN e P
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Caho(oz,oz" )Ca

~Beam energy = 50.9 MeV

Lo

el
3¢ Fractional Y Fractional
QC.M. ) statistical GC.M. ) statistical
. erxror . error

12.7 0.94 - 07k ho.h 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 .06k
18.3 0.51 .100 55.7 0.09 .057
18.8 0.35 .091 54.8 0.09 .057
19.k 0.25 .  .108 55.8 0.10 .05k
19.9 0.20 .055 56.9 0.10 056
2k,3. 0.52 . .05% . 58.0 0.09 .058
254 ' 0.58 .050 61.2 0.07 .OT0
26.5 0.L47 .0k8 62.2 0.0k .085
27.6 0.30 LO5L '
28.7 0.23 " . 060

. 29.8 0.15 .078
30.9 - 0.13 . .083
32.0 0.16. ".075
3.1 0.20 068
3h.2 0.20 071
35.3 0.24 L061
36.4 .0.18 .070
37.5 0.19 .070
38.6 0.1k .080
39.7 0.13 .088

Lo.7 0.07 .091
41.8 0.10 .078
ho.9 0.1 .06
4.0 0.13 .06k
h5.1 0.17 .05h
18.3 0.15 .056




-To- '

Cauo(a,a')CauO

Beam energy-= 50.9 MeV

41.8

Q =-6.28
6 Frac’.cior.lal . 6‘& Fréc'"cioi?al .
.M. o StaZ;iZ;cal eC.M. -5-5- sta’g;:’z;cal
9.1 8.26 .00 4.0 0.4 .03k
12.7 7.76 026 45.1 0.47 .0%2
13.9 6.57 .028 L6.2 0.51 .031
15.0 6.48 .029 47,3 0.5% .030
16.1 5.1k .0%2 50.5 0.36 .ohs
17.2 3 .54 .0%39 51.6 0.29 .039
17.7 - 3.02 .054 52.6 0.27 .0ho
18.3 2.19  .0k9 55.7 028 - .032
18.8 1.70 ok 54.8 0.27 .033
19.4  1.52 .ok2 55.9 . 0.28 - .0%3%
19.9 1.62 .0%5 56.9 0.28 .0%3
21.0 - 1.91 .0%30 58.0 0.29 032
22,1 2.50 <030 59.1 0.28 .0%3
23.2 2.9% .02k 60.1 - 0.28 .0%3
24,3 3.30 .021 61.2 -~ 0.29 .033
26.5  2.50 .022 | |
27.6 1.57 : .02k
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  1.17 .028
36.L 1.07 ¢ .029
37.5 0.90 .031
38.6 0.63 04O
39.7 0.50 L0h%
4%0.8 0.37 .0kO
L 0.33 .0l




Cého(a;af)Ca v
Beam energy = 50.9 MeV * -

o

Lo.8

.20

N

SRR Vs R st
C.M. - o0 error c.M. 0 " error
9.4 4.87 .051 41.9 0.20 .056

10.5 5.94 .0l2 ho.9 0.22 .ok8
12.7 5.21 .0%1 LL.0 0.2% . ol
13.9 4.81 .032 45.1 0.26 LObk
15.0 h.93 - .032 h6.2 0.28 .okl
16.1 LT3 033 47.% 10.30 .039
17.2 2.67 . .045 8.k 0.26 .043
17.7 1.97 . 066 51.6 10.16 053
18.3.  1.65 .05 52.7 0.15 .05
18.8 1.20 Lohg’ 55,7 0.15 R I

. 19.4 1.000 .05 54.8 0.16 o3
19.9 0.99 .052 55.9 0.15 - .ok
21.0 1.17 .039 56.9 0.16 .045
22.1 1.61 036 58.0 0.15 .0L5
23,2 1.83 - .031 59.1 0.16 .0L5
oh.3 1.92 027 60.1 - .13 .048
25.4. 1.72 .029 61.2 - .12 L0551
28.7 - 0.65 .031 62.3 .11 .053
29.8 0.52 .ok1 '
30.9 0.h6 Relivi)

1 32.0 0.51 .0k
33.1 0.63 - .037
34,2 0.64 .038
35.5 0.65  .037
36,4 0.61 .038 .
37.5 0.61 L OL3
38.6 0.35 -.050
39.7 0.26 .058

0 .05k .




Cauo(a,a’)Ca

-Th- '
ho

Beam energy-= 50.9 MeV

y =-6:9l
801 Frécﬁional 86 Fraétionél“
GC.M. - statistical eC.M. ) statistical
error error |
9.k 9.7 .036 3.0 0.95 .0g2
10.5 6.19 Nolih Lh.o 1.00 .023
12.8 4.95 .033 45.1 1.09 022
13.9 4,98 .0%2 Lo, 2 1.00 .022
15.0  5.22 .032 7.3 0.9 .022
16.1 5.4% .0%1 48,4 0.88 022"
17.2 4.68 .okl 49.5 - 0.85 .02%
17.7 L.38 .033 50,5 0.87 .023.
18.3 3.57 .038 - 52.7 0.80 . 023
18.8 2.80 , .032 55.8 0.8 .019
2.1 5117 .026 5k.8 0.8k 019 -
23.3 3.59 .022  55.9 0.82 - .019
. eklh 3.80 020 57.0 0.80 .020
25.5 3.3 o021 58.0 0.7 .021
26.6 2.84 019 59.1. 0.67 .021
27.7 2.3 - .019 60.2 0.60 .022
28.8 2.01 .020 61.2 o.5u' .02L
29.9 1.86 .022 62,3 0.48 .025
31.0 1.61: .02k
2.1 1.64° '.025 o
- 33.1 1.65 | .023
3ha2 .67 .oe2
35.3 . 1.52 .023
36.4 1.39 .025
375 1.1L .027
38.6 0.9k L031
39.7 0.86 .032
40.8 0.83 .027
h1.9 0.86 027




P SO NV

_'75_

in Lk
Ca O(a,a')CavO

Beam energy = 50.9 MeV

R galate
: % e 6 B0 e
C.M. o e C.M. SO
9.k 6.30 .0L6 Ly, 1 0.28 .01
10.6 5.06 Nollt;] k5.2 o.eu' .045
13.9 2.81 .Oh5 - k6.3 0.22 .0kg
15.0 2,72 .Ok5 47.% 0.2k Ronn
16.1 2.55 .oh5 48k 0.25 .05
17.2 2.88 .ol5 49.5 - 0.26 .0l5
17.8 3.30 .051 50.6 0.26 .ok |
18.3 2.4k .06 517 0.28 RO
18.9. . 2.71 .0%3 52.7 0.2k .0b3
19.k 2.66 .031 53.8 0.2L .0%5
20.0  2.68 °  .030 57.0  0.17 .olk2’
21.1 2,32 027 - ' 58.1 0.1 .ok
L 22.2 1.9k 033 59.2. 0.12 . 050
23.3  1.h9 .0%3 60.2 0.13 .08
-l 1.00 .038 61.3 0.12 .050
25.5 . 0.82.  .okL 62.3 . 0.12 .050
- 26.6 - 0.95 .029 |
L 2T7.7 1.07 .030
28.8 1.20 .029
29.9 1.13 .028
31.0° 1.k6 - .02k -
33.2 0.61. L0377
34,3 0.51 .ok
36.5 - 0.29 - .055
38.7 0.38 Nolltch
39.7 0.h43 .05
%0.8 0.40 .038
1.9 0.37 .04
43,0 ©0.35 .036




_76_

L L
Ca O(a,a')Ca
Beam energy = 50.9 MeV

0

Q =-8.11
3 Frac?io?al " ‘ 36 Frac?iOgal'
QC.M. ) statistical GC.M. o statistical
. error error
9.4 5.27 .oué LL.1 0.25 .05
10.6 3.2k 1,058 " L5.2 0.19 .051
11.7 3.34 .055 L6.3 0.20 .050
13.9 . 1.28 .060 e 0.18" 050
16.1 1.20 L067. 8.4 0.20 .08
17.2 1.07 .070 49.5 0.19 -.050
17.8 1.5k 075 50.6 0.21 .0L8
18,3 - . 1.25 .065 51.7 - 0.21 Mol
18.8 1.hk2 .05 52.8 0.19 .ohg
19.k 1.34 .0L5 - 5%.8 0,18 .ohk1
20.0 1.%0 .00 54.9 0.19 .00
21.1 1.27 .037 58.1 0.1k - .ok8
22.2 - 1.12 LOlly 59.2 0.13 .0k9
23.3  0.90 onn 60.2  0.11 .051
2k b 0.87 .ol1 61.3  0.12 L050
25.5 0179 ©  .0kO 62.% 0,11 052
26.6 0.63 .0%3 '
27.7 0.66 .038
28.8. 0.67 037
29.9 0.68 .03%36 ,
31.0 - 0.67 . 037 -
35.4 0.3k .050
36.5 0.38 .olk
37.6 0.38 .0k
. 38.7 0.36 .050
39.8 0.35 .050
40.8 0.37 .0Lo
l1.g 0.32 .0L3
43,0 0.28 .okl

o e s



=TT

Caho(a,a.’)Ca :
-~ Beam energy = 50.9 MeV

40

.28 .

o g 5B
3o Fractiondl \ 30 Fractional
GCIMZ ) statistical GC.M. % sta#istical
error error
9.4 L4l ol hi.9. 0.26. .0L8
10.6 2.40 . 066 43,0 0.24 O3
11.7 2,58 .063 .1 0.18 .052 |
1%.9 1.92 .060 bs.2 0.16 -;058
15.0 1.97 .06 46,3 0.1L .059
16.1 1.79. .053 N 0.1k4 - -.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:l2 ,0611
18.9 1.51 . .oh3 51.7 0.11 .065
19.4  1.36 Joks 52.8 0.12° . 062
20.0 1.20 .ok 53.8  0.09 © - .057
2.1 0.89 - ..ok SK.9  0.09 .057
22.2 0.69  .053 56.0 0.10 .05k
25.3 0.5 .058 59.2 . 0.07  .068
2l 0.51 .053 60.% 0.06 LoT1
25.5 0.69 045 61.3 - 0.08 . 063
26.6 0.79 .038 C62.% 0,07 . 068:
27.7  0.80 .033 o |
28.8 0.81 L0534 :
29.9 0.71 035 ’
31.0 - 0.58 .0b3
32.1 Co.kg L Ob3.
33,2 0.45 .ol
353 0.3 LokS -
36,5 0.25 . .058
37.6  0.31 052
39.8 0.32 ol
40.9 0 RO}

H]




-8~ |

Cauo(d;af)Cau

Beam energy = 50,9'MeV

0

0.12

Q= -8.59
¢ Fractional : 3o Fractional
QC.M. % statistical GC.M. ) statistical  .
. error : error
9.5  L.ks .05k 7. 0.12 .063

10.6 2.62 . 066 48,5 0.10 - 069
11.7 2.01 - .072 19.5 0.11 067
17.8 0,78 .105 50.6  0.11 .06k
18.% 0.79 082 51,7 0.11 L065
18.9 0.82 .058 52.8 0.11 066
19.k 0.80 .057 5% .9 0.11 .058
20.0 0.88 050 5k, 9 1 0.10 .058
21.1  0.72 049 56.0 0,09 .058
22.2  0.76 .05% 57.1 . 0.08 1,059
23.3 0.55 058 62,1 0.0k 085
ol 0.1 .058 | |
25.5 0.35 .066

26,6 0.55 .058
27.7 0.47 .0U3
28.8 0.2 .oli2
29.9 0.50 .ol
31.0 0.38 .052
32.1 0.31 .055
33.2 0.26 .057
34,3 0.22 .06l
35.4  0.18 .070
36.5 0.18 .070

- 38.7 0.30 .05k
40.9 0.21 .052
43.0 0.19 .058
b1 0.17 .058 -
hs.2 0.15 .058
46,3 .066




~79-

' 20.
Ne”o (0,0 e

Beam energy = 50.9 MeV

Elastic - - Q= ~1.63 ' . Q= -k.25
3 Frac?iogal ‘ 3 Frac?iogal dg Frac?io?al
cuw. SEESHeRl Oy & vSté:;jzicél Fon. X Sta:;izical
10.9  2290.° .00l S12.1 0 97.5 .01 12.1  k4.18 .02
2.0 °7%2.0 .002 153  85.9 .01 15.3 k.28 .02
13.2 220.0  ,002 - 1u.5 63.6 .009 1k.5 4,35 .62
1h.b 46.6 .00k 15.7  39.2.  .008 15.7 418 .02
15.6 %.8  .005 16.9  17.8 .ol 17.0  5.27 .02
16.8 203%. .00k 18.; o 6.0h 01 18.2 5.42 .02
18.0 272, .00% 19.3 3.52 .02 19.4h k.83 .02
19.2 + 269.  .00% = 20.5 _9.89_".02 : 20.6 L.62 .02
20.L4 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 2h.2  1.80 .ok
2h.0 53.4 .01 S 25.2  28.0 .0l 5.4 1.5 .05
25.2 CT7.72 7 .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 8.7k .02 29.0  1.05 .06
28.7 . 25.7 .01 30.0 hhe o Loe 30,2 1.17 © .05
29.9  36.1  .008 3l.2 2,86 .02 . 3Lk 1.26 .05
31.1 4.3 .007 32.4 3.85 .03  32.6  1.20 .05
32.% 37.7  .008 33.6 6.13 .02 33.7  1.06 .05
33.5 3.0 .ol 3.7 8.73 .02 349 0.78 .06
3l 6 22,1 .01 . 35,9  10.9 02 T 36,1 - 0.6L .07
35.8 15.0 .01 37.1  11.5° .01 57,5 0.48 .07
37.0 9.34 .01 ©38.3 10,7 .02 38.5 0.39 .06
38.2 6.15 ..02 C39.5 9.43 .02 39.7  0.47 .06
39.3 5.73. .02 40.6 7.43 - Lo02 ‘uo.8 0.59 .06
Lo.s 6.61 ..02 41.8 5.62 .02 2,0 0.75 .06
417 8.01 .02 43.0 L.30 .02
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20, . 20
Ne (o, )Ne
» Beam energy = 50.9 MeV

= L, = -5.6 Q = -5.80
% tietions 6. X cteviestenl 6, 20 cievieviom
c.aM..  da STl C.M. X oo CaML N idosdito
17.0 0.55 .10 3.4 . 1h.7 .02 15.8 1.91 .03
18.2 = 0.L6 .10 14,6  15.k .02 17.0  1.85 .03
19.4  0.39 .10 5.8 1Lk.8 .01 18.2  1.39 .0k
20.6  0.140 .09 17.0 143 .01 19.5  1.h5 .o
21.8 0.4k .09 8.2 12.5 .02 20.6  1.17 .05
23.0  0.43 .09 19.k  9.09 .02 . 21.9 .0.98 .05
Coh.2 0.31 .09 20.6 7.62 .02 25.1  1.06 .05
25.4h  0.35 .09 21.8 5.56 .02 2kh,3 1.20 .05
26.6  0.32 .09 2%.1 3.98 .03 25.5  1.36 .05
27.8 0.32 .09 2.3 2.81 .03 26.7 1.01 .05
29.0  0.28 10 7 25,5 2.4k .03 27.9  1.17 .07
30.2  0.28 .10 26,7 2.2 .03 - 29.1 0.6k 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 L.03° .03 33.8  0.27 .10
35.0  0.17 AL 31.5 3.84 .03 35.1 0.35 .09
36.2 0.18 o1k 32.7 3.05 .03 36.2 0.61 .09
37.4  0.18 J1ho 3%.9 2.84 .03 37.4 . 0.78 .08
038.5 . 0.15 . .15 35.0 1.86 .03 38.6 0.7 .08
39.7 0.3 .15 -"T36T2" 1.6 .ob 39.8  0.81 .08
40.9  0.09 .15 37.k 0.88 .ok 51,0 0.79 .07
k2.1 0.08 .15 38.6 - 0.86 .0k ~b2.2 0.79 .08
h3.3 . 0.06 .15 39.7 0.79 .OLk . L3.3 . 0.70 .05
41.0  :0.86 .ok o
ko2 0.96 .04
k3.3 1.1 oLk ..




2
Nego(a,a')Ne

81~

0

- Beam enéréy = 50.9 MeV

Q= -7.4

Q = -6.72 Q= ~7.17 . =
dg Frac?iopal - do Frac?iogal 3o Frac?iogal
C;M. % St&z;iz;cal QC.M, 55 , staZ;iZ;cal GC'Mf S StaZ;izical
17.1 0.92 .06 11.0 - 1k.3 .02 7.1 1.02 .0k
18.3 0.77 .06 14.6 14,1 .02 18.3 1.1h .Ob
19.5 0.46 .06 15.9 2.k .02 19.5 1.08 .0k
20.7 0.73 .06 17.1 10.5 .02 - 20.7 1.10 .oh
21.9 0.80 .06 18.3 8.31 .02 21.9 0.94 Noll
23,1 0.9% .07 19.5 5.28 .02 23.2 0.78 .Ok
ok.3 1.08 .07 20.7 3.79 .02 ok, L 0.54 .Ok
25.5 0.8k .07 21.9 2.67 .03 25.6 0.55 .0k
26.7  0.61 . .07 2%,1 2.08 .03 . 26.8  0.47 .03
27.9 ° 0.51 - '..07- 2k 2,04 .03 28.0 0.52 .03
29.1 0.5% .07 25.6 " 2.34 .03 29.2 0.61 .0k
50.5‘ o7+ . .07 26.8 2.46 .03 30.4  0.65 ‘:ou
31.5  0.62 .07 28.0 .. 2.38 .03 31.6  0.75 .05
32.7  0.68 07 29.2 2.34 0% 32.8 . 0.60 .07
33.9 0.72 .07 230,k 1.98 .03 34,0 0.52 ,67
35.1. 0.69 .07 31.6 1.47. oL 35.2 - 0.43 .08
36,3 0.64 .07 32.8 . 1.10 .oL 36,4 0.4k .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 O;é7 .08 -
39.9 " 0.21 . .07 36,4 0.k9 ..05 ko0 . 0.29 .08
41.1 - 0.21 - .07 37.6 0 - 0.41 .05 bi1.2  0.25 .08
h2.3 - 0.17 .07 38 .7 0.45 .05 42,3  0.30 .08
B3.h . 0.25 .06 k0.0 0.52 .05 43.5 0.28 .08

b1.1° 0.56 .05

ho,3" ,.0.66J .05

43.5 0.64 .05
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20

20
Ne™ (o,0')Ne
Beam energy = 50.9 MeV

Q = ~-7.86 Q = —8.71 = -9,11 -

o 3 Gietieness o, X sainien o 2 oocHeml
C.M.~ 0 ’ ;rror ' C.M. o0 error QZMZ ‘_BQ- ;rror

1kt 2.85 . Ok 17.1  2.18 .03 - 15.9 3.3 .03
15.9  1.82 ol 8.4 2.35 .03 17.2  3.01 .03
17.1  1.18 .05 19.6  2.24 .03 8.k 2.75 .03
18.3 0.9% .05 . 20.8 2.36 Nol 19.6 = 2.60 .0%
19.5  0.66 .05 22.0 2.2h Nelt 20.8 2.72 .03
20.8 0.73 .06 23,2 1.89 .0b 22.0 2.66 .03
22.0  0.77 .06 24,5  1.51 .0k 23.3  2.47  .oh
23.2  0.81 .06 25.7  1.26  .ob 2k.5 2.0k .ok
2h.h 0.76 .06 ~ 26.9  1.19 .0k C25.7  1.95 .05
25.6  0.8L .06 28.1 1.1k .ok 26.9  1.58 .05
26.8 0.73 06 0 29.3  1.30 .0k 28.1  1.37 .05
6.0 0.67 .08 . 30.5 136 .0h 203 118 205
29.2 0.51 .09 31.7  1.k2  .ob - 30.5 1.03 .06
30.h  0.u1 .10 32,9 1.ho .ok 317 0.2 .06
3.6 0.235 .11 3h.1 1.h9 .05 32.9  0.79 .06
3.0 0.2k .11 35.3  1.29 . .05 3h.1 0.84 .06
35.2  0.20 12 56.5  1.31 .05 35.3  0.77 - .06
36.h 0.25 A0 0 37.7 0 1.15 05 36.5  0.92 .06
37.6  0.28° .09 38.9  0.97 .05 37.7  0.8% . .06

~ 38.8  0.25 .09 50,1 0.85 ..05  38.9  0.89 .06

4000 0.30 .08 b1.3 0.8 .05 k0.1 0.81 .06
b1.2  0.36 .08 k2.5  0.88 .05 M3 o.71. .06
ka.h 0.31 .07  b3.7 0.78 .05 k2.5  0.61 .07

- k36 -0.21 07 ' L3.7 0.5k .07
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$1D 465001,V 210y SPRINGER
$18J08
$IBFTC FCN LIST,REF
SUBROUTINE FCN(N,G,4F4 XML}
C
c SEE SPRINGER 5631 OR 5088
C 9-21-64 CAL-COMP OF DATALELASTIC, O+, AND I=1,IMAX
C MAXIMUM VALUES OF INDICES ITMAX=85, LMAX=50, IMAX=8
c
COMMON/CCPOOL/XMINyXMAXy YMIN, YMAX 3 CCXMIN, CCXMAX,CCYMIN, CCYMAX
DIMENSION G(5)9X{5),2D{(5}
DIMENSIGON SLL({ 85),SXL{ B5),SNL{ 85),IML{5},CHARS(11),
1FINAL 85) ,FOA( 85),FA{ 85),F0( 85),ETAA(100),FCC{ 85}),FON{ 85),
2GSIG{ BS) yDSIGEX{ 85),PD(5),WEIGHT( 85),YLM(51, 85)},P5{100),
3YLO(52, 85) Y16} 4XX{6)SIG{51)+GE(L100) ,SIGIN( 85, 8)y T{99),
4SIGEX{ 85)4C{5)+SIGEL{ 85),E{100),SIGR{ 85)sTH{ 85),S(5),MW (5),
SAW(S)sFNS{50) s WW{ 85) yWWL{ 85),SQ(100),CE{50)FNN( 85),ETTA(100)
LOGICAL LOGIC,FLAGE '
REAL KeMAMX,MB,MEV
INTEGER PRINT
COMPLEX FINA,FOA,FOOFCCyFONyFNNyIML, IMC,PS,CLOG,CABS
COMPLEX FIN,ZERO sE2GE ¢ IMeCEXPyFCoFN »EQ+FNS,CE,FNSY,ZD,SQK,CSQ
IF(Mi1.NE.1) GO TO 36
CCXMIN=0.
CCXMAX=2000./1024.
CCYMAX=1000./1024.
CCYMIN=0.
XMIN=0.
XMAX=100.
YMIN=G.
YMAX=4,
DATA RADIAN,MEV,HC,IBGN/.01745329,931.478,197.323,0/ :
DATA (CHARS{I)+I=1511)/3H0.043H10.:3H20493H30.53H40443H50.93H604,
13H70493H804 93H904 y4H100./
DATA(IML(I)1121’5)/(1¢'0o)1(0.'1.‘)!(’10'0.)1(0.’—10)'(1.'00)/
DATA IM,PI,ZERO / (Oe4la)93.14159265 {0.90.) /
DATA(T{I)sI=1399),{S{I)sI=145),{
X MW{I)9y1=195)y{AW(I),I=1,5)/1HH,2HHE
192HLT y2HBE+1HBy 1HC g 1HNy1HO 3 1HF y 2HNE » 2HNA,, 2HMG , 2HAL  2HS T4 1HP 4 1HS 4, 2H
2CL 9y 2HAR g 1 HK 9 2HCA 3 2HSC 9 2HTI 3 1HV 3 2HCR 9 2ZHMN 2HFE 9 2HC O 9 2HNT » 2HCU » 2HZN,
32HGA y 2HGE y 2HAS s 2HSE  2HBR y 2HKR y 2HRB 9 2HSR s 1 HY s 2HZR y 2HNB 4 2HMO, 2HTC , 2H
4RUy 2HRH y2HPD 9 2HAG y 2HCD 9 2ZHIN» 2HSNy 2HSBy 2ZHTE y 1M1, 2HXEy 2HCS, 2HBA, 2HLA
59 2HCE y2HPR 9 2HND ¢ 2HPM 3 2HSM, 2HEU s 2HG Dy 2HT 89 2HDY 9 2HHO » 2HER 4 2HTM, 2HYB
62HLUy 2HHF 4 2HTA s IHW 9 2HRE y 2HOS ¢ 2HIR ¢ 2HPT 4 2HAU 3 2HHG» 2HTL » 2HP B, 2HBI 4 2H
TPO4 2HAT ; 2HRN s 2HFR y 2HRA y 2HAC 9 2HTH y 2HPA, 1HU » 2HNP, 2HPU y 2HAM,y 2HCM, 2HBK
842HCF 4 2HES sy 1HP s 1HD ¢ 3HHE3 g 3HHE4y 1HT 31519292919 1.007825,2.014102,3.0
91603,4.002604,3.016049/
N=5.
READ(2921) NZXyNAyNBoPRINTITMAXy LMIN,LMAX, IMAXyMM, - MX,EA,ELL,DE
1LTALA,B,D :
21 FORMAT(I13,311413,412,3X45F10.5/7F10.5)
IF{-1.NE.MM) GO TC 606
DO 51 IT=1,ITMAX
READ{2,131) SIGEX{IT),TH{IT)
131 FORMAT(30X,2F10.5)
DSIGEX(IT)=.1+SIGEX(IT}
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51 CONTINUE
606 CONTINUE
IF(MM.EQ.7) READ(2,31) AIT,BIT
IF{(MM.EQ.7).0R.{~-1.EQ.MM}) GO TO 302
READ {2531) (SIGEX{IT),DSIGEX{IT},TH{IT),1T=1,1TMAX)
READ (2,31)DTHETA
302 CONTINUE
31 FORMAT(6F10.5)
X(1)=ELL
X(2)=DELTA
X{3)=A
X{4)=8
X{5)=0D :
GSIG(1)={SIGEX(1)-SIGEX(2)}/{TH{1 )-TH(2})
ITMAX1=]1TMAX-1 .
DO 32 IT=2,1TMAXL
32 GSIG(IT)= (SIGEX{IT+1)-SIGEX{IT-1))/{TH(IT#1)-TH{(IT-1))} v
GSIG(ITMAX)={SIGEX{ITMAX}-SIGEX{ITMAXL})/{THLITMAX)-TH{ITMAX]1))
L2MAX=2+#LMAX
ZA=MW{NA)
Z=NZX
MA=AW{NA)
MB=AW(NB)
NUMX= MX+0.5
NUMY=MA+MX—-MB+.5
NZY=NZIX+MW{NA)-MW(NB])
UMX=MX
MX=MX*MEV
MA=MA=MEV
MB=MB#MEV
SQPI=SQRT(PI)
C{1)=.5/5QP1
C1{2)=5QRT{(3.)=C(1)
C{3)=5QRT(1.5)*C(1)
Cl{4)=SQRT(T7.5)=C(1)
C(5)=5QRT{1.25)*C(1)
DO 29 1S5SQ=1,100
uIsQ=1sq
SQUISQI=SQRT(UISQ)
29 CONTINUE
DO 11 IT=1,1TMAX

ulT=17
THOIT)=ATT*UIT+BIT
303 CONTINUE
W=COS{TH{IT)*RADIAN)
WW{IT)I=W
WHW1(IT)=SQRT{1l.~-W=H)
11 CONTINUE
ETO=SQRT{MA /2./EA)}/137.037=ZA%2
K=SQRT(2.#MA%EA) #MX/ {MA+MX)/HC .
WRITE(3422) TINIX) NUMX9SINA)sSINB)+TINZY),NUMY,UMXsEA,ETO,K
22 FORMAT(1H1///51X4A2y13+1H{4A3)1Hy+A341H)+A2,13//722Xy11HTARGET MASS
1F10.5+ 3X,11HBEAM ENERGY,F10.5,3Xy3HETAsF10.545X41HK,F10.5//)
WRITE(3,23) ITMAX,LMIN,LMAX,IMAX,X
23 FORMATI(1 X SHITMAX,14,7Xy4HLMIN, 14, 9Xy4HLMAX » [498X 9 4HIMAX 149 6X,

IF(MM.NE.T7) GO _T0_303 .
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11HL,F 7.3,3X,5HDELTA, F 7e335Xs1HAsF T2345X91HByFT7.3,5X41HD,F7.3
277} .

SIG{1)=ATAN(ETO)

D012 L=1,LMAX

uL=1

L2L=2#L+]
SIG(L+1)=SIGIL)+ATAN(ETO/(UL+1.))
CE(L)= CEXP{ IM2SIG(L))

FNS{L 1=5Q (L2L )#CE(L)=CE(L)
12 CONTINUE
DO 13 IT7=1,1TMAX
W=WW{IT)
W1=WW1(IT)
YLO(LlyIT)=W=C{2)
YLO{2,IT)={3a#heW—-1.)%C(5])
FCCAIT)=—ETO#CEXP{~IM®ALOG{{1.-W)/2.)#ETO)/(K®{1la~NW))
DO 13 L=1,LMAX . :
UL=L ’
L2L=2%L+3
YLO(L42,IT)=(wWaSQ{L2L)»SQ(L2L+2)#YLO{L+1,1T)~ (UL+1.)#SQ {L2L+2)/
1SQUL2L-2)+YLOI(L,IT))/{UL+2.)
13 CONTINUE
IF{MM.EQe2) READ(2,31){E(L2),0L2=2,L2MAX»2])
36 CONTINUE
ELL=X{1}
DELTA=X{2)
A=X{(3)
B=X(4)
D=X{5)"
F=0.
DO 33 J=1,5
G(J)=0.
33 CONTINUE
EX=EXP{ELL/DELTA)
EXE=EXP(-.5/DELTA)
EXD=EXE+EXE
EXS=EX
DO 2 L=1,LMAX
L2=2+aL
EX=EX2E XD
ut=L
CURE=(ELL-UL)/DELTA
IF(({CURE.GT.88.)+0R.FLAGE)GO TU 54
EX=EXP{CURE)
FLAGE=. TRUE.
54 CONTINUE
ETA=1./11.+EX)
ET=ETA={1.-ETA}
ETT=ET #(1l.-2.#ETA)
ETTT=tT2{1l.-6.4ET}
E(L2)=CMPLX{{ETA+B=ET ), {A*ET+D=ETT )}
GE(L2)=CMPLX{{(ET+B=ETT), (A#ETT+D#ETTT ) )/DELTA
ETAA(L2)=ET
ETTA(L2)=ETY
2 CONTINUE
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DO 1 IT=1,1TMAX
W=WW(IT)
DO 15 J=1,5
~ ID(J)=ZERO
15 CONTINUE
FN=CMPLX{C(1),0.)
DO 7 L=1,LMAX
uL=L
2=2s1
FNSY=FNS{L)*YLO(L,IT)
FN=FN+FNSY*(1.-E(L2))
ZD(1)=2ZD(1)+FNSY*GE(L2)
ZD(2)=ID(2)+FNSY*GE(L2)# (UL-ELL)/DELTA
ZD(4)=2D(4)-FNSY#ETAA{L2)
ZD(5)=ZD(5)-FNSY*ETTA(L2)*IM
7 CONTINUE
ZD(3)=2D{4&4)*IM
SQK=IM#SQPI/K
FN=FN#SQK
FC=FCC(IT)
CSQ=SQK=CONJG(FN+FC)
FIT =REAL [ (FN+FC) #CCNJG (FN+FC))#10.
WEIGHT(IT)=1./{DSIGEX{IT)##24(GSIG(IT)#DTHETA)»#2)
F=F+WETGHT(IT) % (FIT-SIGEX{IT))xe2
DO 34 J=1,5
PD{J)=  REAL(CSQ#ID(J))=20.
GLJI=GUJ)+{FIT-SIGEX(IT))#PD(J)e2. «WEIGHT(IT)
34 CONTINUE
SIGEL{IT)=FIT
SIGR(IT)=REAL (FC=CONJG(FC))»10.
1 CONTINUE
IF(MI.NE.1) GO TQ 445
SCALEF=F
WRITE(3,446) F
446 FORMAT(8H SCALEF=F10.2)
445 CONTINUE
IF(M1.EQ.3) GO TO 444
F=F/SCALEF
DO 434 J=1,5
434 G(J)=G(J)/SCALEF

- 444 CONTINUE - -
IF(MM.GT.0) Ml= 3

IF{M1.NE.3)GO TO 35

WRITE{3,447) F
447 FORMATI3H F=F10.3)

EX=EXS/EXE
WRITE(3,25)
25 FORMAT(1X,1HL,14X,
X 6HETA(L),11Xy10HDERIVITlVEy13X THNUCLEAR, 13X, BHRELAT

1IVE, 14Xy9HSPHERICAL
X /34X,9H0OF ETA(L},12Xy10H PHASE +11X, THCOULOMB/55X+s9H SHIFTY
2 9v11X,11HPHASE SHIFT,12X,8HHARMONIC//)
DO 8 L=1,LMAX
2=2%L
PS(L2)=CLOG(E(L2))/.0174533/2./1M
24 FORMAT (1X91293X92F10.5,1H142F10.5,1H1,2F10.5,1H1,3
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17

300

52

53

44

46
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1XyF10.5913X4F10.5)

WRITE(3,24) L,E(L2)+GE(L2)+PS{L2),SIGIL)
EX=EX+EXD
ETA=1./1{1e+EX)
ET=ETA%#(1.-ETA)
ETT=ET #{1l.-2.*ETA)
ETTT=ET#(1l.-6.%ET)
E{L2-1)=CMPLX{{ETA+B#*ET) o (A%ET+D*ETT))
GE(L2-1)=CMPLX((ET+B2ETT), (ARETT+D+*ETTT))/DELTA
CONTINUE
ETA+K,YLO,SIGMA LsFN, HAVE BEEN EVALUATED. GOOD PLACE TO DEBUG BY
WRITING

DO 17 IT=1,1TMAX
SXL{IT)=ALOG1O(SIGEX{IT})
SLL(IT)=ALOGLO(SIGEL(IT))

FCO =ZERD

DO 18 L=LMIN,LMAX

L2=2=L

FOO =F00 +FNS{L)2GE(L2)#YLO{L,IT)
CONTINUE

FO{IMm= REAL{FOQ *CONJG(FOD }¥=2.5
SNL{IT)=ALOGL1O(FOLIT))

CONTINUE

IF{IBGN.EQ.O) CALL CCBGN

IF(IBGN.EQ.O0) GO TO 300

CALL CCPLOT(0.,0.,1)

CALL CCNEXT

CONTINUE

IBGN=1

WRITE {(99,52)

FORMAT( 61H$ PUT ORIGIN CON INTERSECTION OF VERTICAL LINE AND BOTYO
1M LINE)

WRITE(99,53)

FORMAT{ 1H=)

WRITE(98+44) TINIX) s NUMXoSINA) SINB),TINZY),NUMY, EALETO,K
FORMAT( S51X9A2,13,1H{9A3,1H,,A3,1H),A2,13/ 22Xy THELASTIC
1 13X, 11HBEAM ENERGY sF104593X+3HETA,F10.5+5Xy1HK9F10.5)
WRITE(98923) ITMAXeLMIN,LMAXy IMAX,X

CALL CCLTR(0491020./1024.+0+2)

DO 46 IX=1,11

UIX=1IX

UUI=200./1024.#{(UIX-1.)

CALL CCLTR(UUI~20./1024450524,CHARS{IX)+6)

CONTINUE

CALL CCPLOT(TH,SLL,ITMAX,4HJOIN)

CALL CCPLOT{THsSXLyITMAX,6HNOJOIN,141)

I=0

CALL CCPLOT{0.40.,1)

CALL CCNEXT

WRITE{(99,53} r
WRITE(98,43)TINZX) s NUMXyS{NA),S(NB),T{NZY),NUMY, I,EA,ETO,K
WRITE(98523) ITMAX LMINLMAXyIMAX,X

CALL CCLTR{04+1020.7/1024.:0,2)

DO 48 IX=1,11

UIX=1IX
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UUI=200./1024.#(UIX-1.)
CALL CCLTRIUUI»=204/10244,0,24CHARSIIX)6)
48 CONTINUE
WRITE (99,52)
CALL CCPLOT(THySNLyITMAXs1,1)
LMIN2=2#LMIN
LMAX2=2*LMAX
DO 601 L=LMIN2,LMAX2
AEL=REAL {CABSI{E{L)))
IF(AEL.GT..5) GO TO 603
601 CONTINUE
603 IL=L
AIL=REAL(CABS{E(IL=-1)))
RR=(.5-AIL)/(AEL-AIL)
UTLl=IL-1
ER={UIL1+RR} /2.
WRITE (3,602) ER
602 FORMAT(4H ER=F20.5)
R={ETO+SQRT{ETO*ETO+ER =#(ER +1.)))/K
WRITE{3,47) R
47 FORMAT(/51X,2HR=4F10.5/)
DO 9 I=1,IMAX
uI=1
U21=2.%Ul+1.
DO 37 IT=1,1TMAX
W=WW(IT)
WL=WWI{IT)
YLMUL,IT)==C(3)#W1
YLM(2,1T)=~C{4) #WeWl
FALIT)=0.
37 CONTINUE
DO 10 M=1,I
UM=M
M2=M+1
M2M=2%M+2
DO 3 IT=1,1TMAX
W=WW(IT)
W1=WWL{IT)
FOA(IT)=ZERO .
FINA{IT)=2ERQ
DO 3 L=M2,LMAX

c
c
c

UuL=L
L2L=2+%L+]
LMP=L+M+l
LMM=L-M+]
YLM{L+),IT)=WaSQIL2L)#SQ{L2L+2)/7({SQ(LMPI=*SQILMM) }=YLM(L,1IT)
1-SQ{LMP-1)#SQILMM=1)#SQ{L2L+2)/(SQILMP)»SQ{LMM}» SQ{L2L-2
2L~1,1IT7)
3 CONTINUE

YLMyFNsFC HAVE BEEN EVALUATE GCOD PLACE TO DEBUG BY WRITING

DO 6 L=LMIN,LMAX

LLMIN=L-~I
LLMIN=MAXO(LLMIN,LMIN)
LLMIN=LLMIN-MOD(LLMIN+L+I,2)

}Y)avLM{
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LLMAX=L+I

LLMAX=MINO (LLMAX,LMAX)

uL=L

L2L=2%L+1

DO 40 IT=1,1TMAX

FON{IT)=ZERO

FNN(IT)=ZERO

CONTINUE

DO 5 LL=LLMIN,LLMAX,2

LLL= LL4L

ULL=LL

XX(1)=UL

XX(2)=Ul

XX{3)=ULL

XX{4)=0.

XX(5)=0.

XX{6)=0.

CSH2=CLEB  (XX)

Y(1)=UL

Y (2)=Ul

Y {3)=ULL

Yi4)=—UM

Y(5)=UM

Y(6)=0.

CSH1=CLEB (Y)

MO=MOD{LL,4)+1

IMO=IML (MO)

DO 5 IT=1,1TMAX
FNN(IT)=FNN(IT)+CE(LL)*CSH1*CSH2*GE(LLL)*IMO
IF(M.NELI) GO TO 19
FON{IT)=FON(IT)+CE{LL)=CSH2#CSH2#GE(LLL)*IMO
CONTINUE

CONTINUE

MO=5-MODI{L +4)

IMO=IML (MO)

DO 41 I1T=1,1TMAX
FINAUCIT)=FINACIT)+FNN(IT)#CE(L) #YLM(L,IT)#SQ{L2L)*IMO
IF(M.NE.I) GO TO 49
FOA{IT)=FOA(IT)+FON(IT)#CE(L)*YLO(L,IT)#SQ{L2L)*IMO
CONTINUE

CONTINUE

CONTINUE

DO 10 1T=1,1TMAX

W1=WW1(IT)
FACIT)=FA{IT)+2.#REAL(FINA{IT)=CCNJG(FINACIT)))
YLM(M#2,IT  )=—W1#SQ(M2M+3)/SQIM2M ) *YLM(M¢1,IT )
YLM{M+1,IT  )=—W1%SQ(M2M+1)/SQIM2M JYLM(M,IT )
CONTINUE

DO 4 IT=1,1TMAX
FA{IT)=FA(IT)+REAL(FOA(IT)*CONJG(FOA(IT)))
SIGINIIT,I)=FA(IT)*2.5#U21
SNL(IT)=ALOGIO(SIGIN(IT,1))

CONTINUE

THE DIFFERENTIAL CROSS SECTION SIGCAL
HAS BEEN EVALUATED. GOOD PLACE 7O DEBUG BY WRITING
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CALL CCPLOT(0.+0.41)
CALL CCNEXT
WRITE(99,53)
WRITE(98943) TINIX) yNUMXyS{NA)SINB)»TINZY) NUMY, I,EA,ET0,K
43 FORMATI S1XsA2313,1H( A3 41He A3 91H)1A2,13/ 22X+ 10HFINAL SPIN
115, 8X911HBEAM ENERGY sF104543X,3HETA F10.595Xs L1HKsF10.5)
WRITE{(98y23) ITMAX,LMINsLMAX,IMAX,X
CALL CCLTR(0491020./102444042)
DO 45 IX=1,11
UIX=1IX
UUI=200./1024.%{(UIX-1.)
CALL CCLTR{UUTI 4-204/10244+0+2,CHARS{IX},6)
45 CONTINUE
WRITE (99,52)
CALL CCPLOT(TH,SNL,ITMAXs1,1)

9 CONTINUE
WRITE{3,30)
30 FORMAT(124H1THETA RUTHERFORD ELASTIC DATA I= 0 1
1 2 3 4 5 6 7
28 }

DO 16 IT=1,1TMAX
WRITE(3,26) TH{IT),SIGR{IT),SIGEL{IT), SIGEX{IT),
1 FOUIT) o (SIGIN(IT,1),1=1,1IMAX
2)
26 FORMAT{1XsF6e292F10.2,F8.299F10.2)
16 CONTINUE
35 CONTINUE
RETURN-
END
axs VEND-OF-FILE' CARD #=+«
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$IBFTC MAIN LIST,REF
DIMENSION H{U S5y 514X 5)3G{ 5)9S{ 5)4XPL 5}4GP( 5)y Tl 5),GB( 5)
DIMENSION V(3).,C( 5, 5)

COMMON F ’ FP " FB8 ’ 0 ’ X v xp
COMMON T v S v G ’ GS ’ GP ’ GSP
COMMON GB ' GSB ’ GSS ’ GTP ’ GTT r H
COMMON DELTA, N ’ M ’ L N M1 N MS
COMMON IT ’ £ ’ K ' P 0’ T0 . St
COMMON 2 ' Q v A y EL ’ v ’ c
COMMON /WRITE/ISHOT,IPERP,IMOVE,1LO0OP,IDRESS,y IWRITE,IFIN
I1D=40

1000 DO 99 I=1,3
39 V{I)=0.0
M§=0
CALL READIN
120 L=1
121 CALL READY
122 L=L
123 GO TO (1394159,133,126),1L ;
124 L=2
125 GO TO 121
126 CALL AIM
128 GO 7O (129+132,133,139),1L

127 L=L

129 CALL FIRE

130 L=L

131 GO TO {(135,132,+126,139),1L
132 L=1

133 CALL DRESS
GO TO (124,4139),L

135 L=3
GO 70 133
159 L=4
GO 7O 133
139 CALL RITEQT(2)
CALL STUFF
L=L

GO TO (120,142) L
142 CONTINUE

M1=3
CALL FCN(N,GoFyXyM1)
GO TO 1000

END
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$IBFTC READY LIST,REF

200

201
203

207

208

210
211

SUBROUTINE READY

DIMENSION H{ 55 5)9X{ 5)4G{ 5)5S{ 5}, XP{ 5),GP{ 5)y T{ 5),G68B(

DIMENSION V(3),C( 5, 5)

FB FC X

COMMON F * FP ’ ’ ’ )
COMMON T ’ S ’ G ’ GS ) GP v
COMMON 6B ’ GSB ? GSS ’ GTP ’ GTTY ’
COMMON DELTA, N ’ M ’ L I M1 ?
COMMON IT ’ E * K ’ P ’ T0 ’
COMMON  Z ’ Q ’ A v EL ’ v ’

COMMON /ERR/IERR,IPOS

COMMON /WRITE/ISHOT,1PERP,IMOVE,ILOOP s IDRESSy IWRITE,IFIN

L=L

GO TO (200,201),L

17T=1

HIGH=2.0

IERR=0

DOUBLE=1.0

CALL MATMPY{(NyNyHyG,S)
DC 203 I=1,N

S{I})=-S(1)

M=1

CALL MATMPY{(MyN;S+64+GS)
1F (GS .LE. 0.0) GO TQ 208
CALL ERROR(1)

GC TCO 201
EL=AMIN1{1.0,~-HIGH#F/GS)
St=—-GS

DO 211 I=1,N
XPLI)=X{1)+EL*S(I)

M1=2

CALL FCONIN.GP,FP,XPyM1}
CALL OVERFL(KOOOFX)

IF (KODOFX .NE. 1) GO TO 215
L=2

CALL ERROR(5)
IERR=JERR+1

IF (L .EQ. 1) RETURN
HIGH=HIGH/2.0

EL=EL/2.0

GO 70 210

215_CALL_MATMPY_ (M.4NyS+GP,GSP) - - ———

IERR=0
IF ((GSP LT+ 0.0) AND. (FP .LT. F)) GO TO 218

c GOES TO AIM

218

234

L=4
1SHOT=0

RETURN

FB=FP

DO 234 I=1,N

GB(I)=GP(1)

T(I)=XP (1)

If {EL .GE. 1.0) GO TO 223

C GOES TO DRESS 3 WHICH DOESN* MODIFY H

HIGH=2.0#HIGH
L=3

XpP
Gse
H
MS
St
c

5)
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ISHOT=1

RETURN
DELTA=(DOUBLE+1.0)=DELTA
TC=DOUBLE/SL
DOUBLE=DOUBLE+2.0

L=2

I1SHOT=2

RETURN

END



$IBFTC AIM LIST4REF

319

321

322

325

SUBROUTINE AIM

DIMENSION H{ 5, 5)eX{ 5)9G( 5)5S{ 5)eXP{ 5)4GP{ 5)y T{ 5)+GB( 5)

DIMENSIGON V{3),C( 5, 5)

COMMON F * FpP ’ FB ’ FC , X ' Xxp
COMMON T ’ S ) G ’ GS. ’ GP ' GSP
COMMON 6B ’ GS8B ’ GSS ’ GTP ’ GTT ’ H
COMMON DELTA, N » M ’ L » M1l ' MS
COMMON IT ’ £ ’ K , P ’ T0 * St
COMMON 2 ’ Q ’ EL * \ M C

A ’
COMMON /WRITE/ISHOT,IPERP, IMOVE,ILOOP, ICRESS, IWNRITE,IFIN
M=M
L=0
IPERP=0
GO 710 (301,313),M

301 Z=GS+GSP+3.0#{F-FP)/EL
TG=6s/1
Ti=GSP/2Z
Q=ABS{Z=SQRT{1.0-TO*TI))
A=(GSP+Q-Z1/{GSP-GS+Q+Q)
IF ((A «GTe. 0.0) +AND. {A .LT. 1.0)}} GO TO 305
L=4
RETURN
305 TO={EL*{(GSP+Z+Q+Q)#A*A)/3.0
FO=FP-TO
CALL MATMPY(NyNyHeGP,T)
CALL MATMPY{M,N,T,4S,SP)
CALL MATMPY{MyN45+5,5S)
TP1=SP/SS
DO 308 I=1,N
308 T{I)=-T{1)+TP1aS{1)
M=1
CALL MATMPY(MyNyT,GP,GTP)
TP1=F+GTP/2.0
IFU{TO-GTP/2.0 «LEs 0.0) .AND. (TPl .GE. 0.0})) GO TQ 318
312 CALL OVERFL{KOOOFX)
IF (KOOOFX +EQ. 1) CALL ERROR{15)
313 7TPl=1.0-A
DO 314 I=1,.N
314 T{I)=A=X{I)+TP1&XP(I)
L=1
e - € -~ GOES—TO—FIRE —_——— —
RETURN
318 DO 319 I=1,N

T =T{I)+XP(1)

M1=2

CALL FCN (N+sGBsFByTyM1)
CALL OVERFL{KOOOFX)

IF (KOOOFX .NE. 1) GO 7O 322
CALL ERROR(20)

GG TO 313

IF (FB .GE. FO) GO TO 312
IPERP=1

DO 325 I=1,4N
S{I)=T(I)=-X{1)
G{I)=GB{1)-G(1)

CONTINUE
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CALL MATMPY{MyNy¢SsGB,GTT)
GSS=GTT-EL*GS
IF (GSS .LE. 0.0) GO TO 335
SL=-GTP+EL*EL#SL
EL=1.0 :

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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$IBFTC FIRE LIST,REF
SUBROUTINE FIRE
DIMENSION H{ S5, 5)sX{ 5)4G( 5),S{ 5)¥eXP{ 5},4GPl 5)y T{ 5),GB( 5)
DIMENSION V(3),C( 5, 5) »

COMMON F ’ FpP ’ FB "’ FO ’ X ’ xpP
COMMON T ’ S ’ G ' GS " GP ’ GSp
COMMON GB N GS8 ’ GSS ’ GTP * GTT ’ H
COMMON DELTA, N ' M ' L ’ M1 N MS
COMMON IT N E ’ K N P ' 70 ’ SL

COMMON  Z y Q . A y EL +r V . c
COMMON /WRITE/ISHOT,IPERP, IMOVE, ILOOP IDRESS, INRITE,IFIN
COMMON /AAAAAA/LOOPF
1 M1=2 ,
CALL FCNINsGB,FByT, M1}
CALL OVERFL{KQOOFX)
IF (KOOOFX .NE. 1) GO TG 403
CALL ERROR(25)
M=2
C GOES TO AIM 2
L=3
RETURN
403 M=1
CALL MATMPY(M,N,S,G8,GSB)}
TP1=AMINL (F,FP)
ABAR=1.0-A
IF (TP1 .LT. FB) GO TO 418
LOOPF=0
IMOVE=0
406 TP1=A/ABAR
TP2=ABAR/A
TO=GSB* (TP1~TP2)
413 GSS=T0+Q+Q
g IF (GSS .LE. 0.0) GO TO 410
D0 415 I=1,N
415 G{I1)={GB(I)~G(I)}=TPL+{GP(I1}-GB(I))=TP2
L=2
C GOES TO DRESS 1
RETURN
410 L=1 ‘
"C  GDES TO DRESS 3 H I'S NOT MODIFIED
RETURN
418 ——CONTINUE————— ~ -~ ——— - i
L=4
RETURN
END
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$IBFTC DRESS LIST,REF
SUBROUTINE DRESS ’
DIMENSION H{ 5, 5)sX{ 512G 5)9S{ 5)4XP{ 5),GPl 5)y T{ 5),GB( 5)
DIMENSION VI(3),C( 5, 5) . .
xp

COMMON F » FP * F8 ’ FO ’ X '
COMMON T » S ¥ G " GS ' GP ’ GSp
COMMON GB ' GS8 * GSS * GT1P ’ GTT ' H
COMMON DELTA, N »’ M » L ’ M1 v MS
COMMON IT ’ E ’ K ' P ' T0 ' SL
COMMON 2 Q ’ A EL ’ v ’ C
COMMON /HRITE/ISHUT'IPERP IMOVE,ILUOP IDRESSy IWRITELIFIN

L=L

IDRESS=L

GO TO (500,525,5299510) 1
C CALCULATE LENGTH OF THE 2ND DERIVATIVE IN THE DIRECTION OF THE STEP
500 CALL MATMPY{N,NsyHsGsX)
M=1
CALL MATMPY{M,yN,X,G,T0)
505 DO 507 I=1,N
DO 507 J=1,N
S07 HI{T,J)=H{I,J)-X{I}*x{(4)/T0O
DELTA=DELTA#(EL#GSS/T0)
TO=EL/GSS
510 DO 512 I=1,4N
DO 512 J=1,N
- 512 H{1,J)=H(I,J)+T0#S{1)=50J)
529 CALL OVERFL{KOOOFX)
IF (KOOOFX <.EQ. 1) CALL ERROR(35)
519 F=FB
. DO 522 I=1,N
G(I)=GB{(I)
522 X{I)=T{1)
L=1
C SAME VALUE FOR F CHECK
IF (VI(3) .NE. F)} GO TO 523
L=2
RETURN
C GOES TO STUFF
564 CALL RITEOT(1)
IT=1T+1
C GOES TO READY FOR A NEW ITERATICN
RETURN
523 VI3)=v{2}
Vi2)=vi(l)
V{l}=F
ILOOP=0
525 GO TO 564
END
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$IBFTC STUFF

7120

7130

7140

SUBROUTINE STUFF

DIMENSION H( Sy 5)sXl 515G 5)yS{ 5)9XP{ 5)46P( 5)y T( 5),GB( 5)

DIMENSIGON VI3),C( 5, 5)

COMMON F ’ FP ’ FB ’ FO
COMMON T ’ S ’ G "’ GS
COMMON GB ’ GS8 ’ GSS * GTP
COMMON DELTA, N ) M ’ L
COMMON IT v E ) K » P
COMMON Z ’ Q ? A ) EL
L=2

IF (MS .GE. K) RETURN

MS=MS+1

WRITE (3,5) MS

FORMAT (19H-RANDOM STEP NUMBER,I%4)
M={(MS+1)})/2

DO 7120 I=1,N

M=MOD(1 4M)+MOD(MS,2)
T(1)=22MOD(M,2)~-1
T(1)=2%MOD (T{(I),y2)-1
CONTINUE

CALL MATMPY (NyNsH,T,S)
M=]

CALL MATMPY (MyNyS,T7,70)
EL=0.12P/SQRT{TO)

DO 7140 I=1,N
X{I¥=XUI)+EL#S(]I)
CONTINUE

Ml=2

CALL FCN (NyG,yFyXyM1)
L=1

1T=0

CALL RITEOQT(1l)

RETURN

END

w % @ @ @ @

X
GP
GTT
M1
10
v

- ® @® @ w »

Xxp
GSP
H
MS
SL
C




BFTC READIN LIST,REF

20

29
30

32

‘10

37

40

50

100

108

110

120
150

SUBROUTINE READIN

DIMENSION H{ 5, S)eX{ 5)5G{ 5)¢S{ 5)4XPL 5)4GPl 5),

DIMENSION V{3),C{ 5, 5)
COMMON F ’ FP
COMMON T ’ )
COMMON GB ) GSB
COMMON DELTA, N
COMMON  I7 ’ E
COMMON 2 ' Q

“ > w 0 % »

-99.-

FB
G
GSS
M

K

A

- v % » e

FC
GS
GTP
L

p
EL

“- w» % @ 9

X
GP
GTT
M1
10
v

T

5)468( 5)

xp
GSP
H
MS
SL
C

COMMON /WRITE/ISHOT,IPERP, IMOVE,ILOOP, ICRESS, IWRITE,IFIN

COMMCN /PUNCH/IPUNCH, ICLOCK

COMMON /IDENTY/IDENT
COMMON /READ/IREAD

READ (24+1) IREADIWRITE,K,ISIZE,ISTEP,

FORMAT (1615)
E=10.0%#(ISIZE-3)+1.E-8
P=10.0##]STEP

Mi=1

CALL FCN {(NyGyFsXyM1)

WRITE (3,20) (X{I),I=1,4N) )
FORMAT (17HLINITIAL GUESS IS/(1X,10E13.5))
IF {IREAD .GE. 0) GO TG 50

DO 30 I=1.N

DO 29 J=1sN
CtI,J1=0.0
H{I,J)=0.0
CONTINUE
H{I,1)=1.0
CONTINUE
DELTA=1.0

FORMAT (34H WHICH IS
WRITE (3,32)
NUMCON=-1READ

DO 40 I=1,NUMCCN

READ(2,10) (C{lI4J)9J=1,4N)

FORMAT (5El4.5)

WRITE (3,437) (ClIsJ)d=1,N)

FORMAT (10E£13.5)
CONTINUE

CALL CSTRANI{O)

GO 70 150
IREAD=IREAD+1]

GO T0O (100,200,300
STARTED AS IDENTITY
DC 110 I=1,N

DO 108 J=1,N
H{I,J)=0.0
CONTINUE
H{I,1)=1.0
CONTINUE

DELTA=1.0

WRITE {(3,120)

FORMAT (39HOH SET INITIALLY TO THE IDENTITY MATRIX)

Ml=2
CALL FCN (N,GyF4XeM1)

LINEARLY CONSTRAINED BY)}

)» IREAD

IPUNCH, ICK, IDENT, ICLOCK



160

165
168

170

-100-

CALL OVERFL{KOOOFX)

WRITE (3,160) Fy(G(I)sI=1,N)
FORMAT (24HOAT THE INITIAL GUESS F=,EL13.5/9H AND G IS/{10E13.5)})
IF {M1 .NE. 10} GO TO 168
DC 165 I=1,4N
G{I1=100.0=G({1)/F

CONTINUE

F=100.0

IF (ICK .EQ. 1) CALL DIFCK
WRITE (3,170)

FORMAT (1HO)

RETURN

READ IN DIAGCNAL ELEMENTS OF H

200

209
210

230
240

250

DO 210 I=14N

DO 209 J=14N

H{I,J)=0.0

CONTINUE

CONTINUE

READ (2510) (H{I,I)eI=1,N)

DELTA=1.0

DO 230 I=1,N

IF (H(I,1) «NE. 0.0) DELTA=DELTA#H{(I,1)
CONTINUE

WRITE (3,240) (H{IoI),I=1,N}

FORMAT (31HOTHE DIAGONAL ELEMENTS OF H ARE/(10El13.5))
WRITE {3,250) DELTA

FORMAT (24HOTHE DETERMINANT OF H 15,E13.5)
GO TO 150

READ IN H AND DELTA

300

310

READ (2410) {{H(1+J)eJd=1yN)sI=14N)
READ (2,10) DELTA

WRITE (3+310) ({H{14J)9sJ=1,N)sI=1,4N)
FORMAT (1HO,20X,1HH/{10E13.5}))

WRITE (3,250) DELTA

GC TO 150

END
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$IBFTC RITEQOT LIST,REF
SUBROUTINE RITECT{NN)

DIMENSION H{ 54 5)3X{ 514Gl 5)4S{ 5)4XP{ 5),GP{ 5),

DIMENSION Vv{3),C( 5, 5}

COMMON  F ' FpP y FB ’ FC
COMMON T sy S N 6 s .GS
COMMON GB ’ GS8 * GSS ’ GTP
COMMON DELTA, N ' M ’ L
COMMON IT ’ E , K ) P
CCMMON 2 N Q M A »’ EL

- w % w e

b 4

COMMON /WRITE/ISHOT,IPERP,IMOVE,ILOOP, IDRESSy IWRITE,,IFIN

COMMON /PUNCH/IPUNCH, ICLOCK
IF (((IT «NE. 11) +AND. (IT 4NE. 1) .AND.
#P .NE. 1)) .0OR. {ICLOCK .NE. 0}) GO 70 3
IF (ISETUP .EQ. 1) GO TC 2
IF (IT «NE. 1) GO TO 1
CALL CLOCKI(TIMEL)
GO 70 3
1 CALL CLOCKI(TIMEZ2)
TIME=(TIME1-TIME2)/FLOAT{IT-1)4+0.2
ISETUP=1
2 CALL CLOCKI(TIME3)
IF (TIME .LY. TIME3) GO TO 3
WRITE (3,1002)

{NN

1002 FORMAT {25HY/~/~/~/~/=/~/=/=/=/=/~/-/13H-RAN OVERTIME)

JEND=-1
GO 710 1003

3 IF {NN .EQ. 2) GO TO 1000
IF {(IT .EQ. ICLOCK) GO TO 900
IF (IWRITE .EQ. O) GO TC 35
WRITE (344) :

4 FORMAT (130H = -— — = = = = = = = = = = = = = = = = = = & — = =« - -

JWRITE=IWRITE+1
GO TO (354254154645:49

T( 5),GB{ 5)

X ’ Xp

GP ' GSP

GTT ’ H

M1 MS

T0 » SL

Y . c

«NEs 2) .AND. (ISETU
) 9 JWRITE

49 WRITE (3951) {XP(I)sI=1yN)o{GP{I)yI=19N)syGSPyFPs{S({I)eI=1sN}yEL

51 FORMAT (18HOXP GPGSPFP,S,EL/(10E13.5))
5 WRITE (3,50) ((H{I+d)4J=14yN)pI=1,N)
50 FORMAT (1HO0,20X,1HH/{10E13.5))
6 IF (ISHOT .EQ. 1)} WRITE (3,100)
IFf (ISHOT .EQ. 2) WRITE (3,110)
ISHOT=0
IF (IPERP .EQ. 1) WRITE (3,200)
IPERP=0
IF {IMOVE .GT. O) WRITE {3,300)
IF {IMOVE .LT. 0O) WRITE (3,310)
IMOVE=0
WRITE (3,500) IDRESS
IF (ILOOP .EQ. 1) WRITE (3,400}
WRITE {(3,40) GS,DELTA

40 FORMAT (59HOTHE COMPONENT OF THE GRADIENT IN THE DIRECTION OF THE

#STEPE14.5/THODELTA=,E14.5)
15 WRITE {3,30) {G{I),1=1,N)
30 FORMAT (1HO919X,1HG/(10E13.5))
25 WRITE {3,20) Fy(X{1)yI=1,N]
20 FORMAT (3HOF=,E14.5/1H0,19Xy1HX/{10E13.5})
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WRITE (3,10) IT,MS
10 FORMAT (17HOITERATICON NUMBER,I4416H OF STEP NUMBER, 14/130HO- - - -

35 IF (-1 .NE. JEND) RETURN
CALL EXIT
900 WRITE (3,1006)
1006 FORMAT {41HO  TERMINATED DUE TO TOO MANY ITERATIONS,//)
1000 WRITE {3,1001) MS
1001 FORMAT (2SH1/—/~/~/~/=/=/=/-/-/-/-/~/21H-FINAL VALUES OF STEP,I4)
1003 M1l=64
. CALL FCN(NyGoFeXyML)
IF (IPUNCH .GT. 0) WRITE{14,1005) (X(1),I=1,N)
IF (IPUNCH .EQe. 2) WRITE{14,1005) (H(1,1}sI=1,N)
IF (IPUNCH .NE. 3) GO TO 5
WRITE(14,1005) ((H{I,J)9d=1sN)yI=1,N)
WRITE(14,1005) DELTA
G0 TO 5
100 FORMAT (27HOUNDERSHOT  H NOT MODIFIED)
110 FORMAT (54HOUNDERSHOT  H MODIFIED SO AS TO DOUBLE LENGTH OF STEP)
200 FORMAT (9HORICICHET)
300 FORMAT {11HOMOVE RIGHT)
310 FORMAT (10HOMOVE LEFT)
400 FORMAT (43HOFOUR CONSECUTIVE VALUES OF F WERE THE SAME)
500 FORMAT {6HODRESS,13)
1005 FORMAT (5E14.5)
END
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$IBFTC ERROR LIST,REF
SUBROUTINE ERROR{KK}
DIMENSION H{ 55 5)9X{ 5)9G{ 5)sS{ 5)9XP{ 5)sGP( 5}y T( 5),GB{ 5)
DIMENSION V(3),C{ 5, 5},DIAG( 5)

COMMON F ) FP » FB * FG * X ’ xXp
COMMON T ) S ) G ' GS ’ GP ’ GSP
COMMON  GB » GSB ’ GSS ’ GTP "’ GTT * H
COMMON DELTA, N " M ' L ’ M1 ’ MS
COMMON IT N £ N K ’ p ’ T0 M SL

COMMON 2 , Q ’ A ’ &L ’ v ] Cc
COMMON /WRITE/ISHOT,IPERP,IMOVE,ILCOP, IDRESS,y IWRITE,IFIN
COMMON /ERR/IERR,IPOS
COMMON /AAAAAA/LOOPF
COMMON /IDENTY/IDENT
COMMON /READ/IREAD
KKK=1+KK/5
GO TO {100+200,4004400,400,600,400,800),KKK
100 WRITE (3,110) GS :
110 FORMAT{41HOH IS NO LONGER POSITIVE DEFINITE FOR GS=,£13.5)
IF (IDENT .GEe 2) WRITE {(34112) ((H{I,J)yJd=1sN),I=1,N)
112 FORMAT (27HOH SET TO IDENTITY. H WAS =/ {10E13.5))
DELTA=1.0
DO 120 I=1sN
DIAG(1)=ABS(HII,I))
DO 118 J=14N
H{JyI)=0.0
118 CONTINUE
H{I,1)=DIAGI(I)
IF ((IDENT .GE. 2) AND. (DIAG({I) .NE. 0.0)) H{I,1)=1.0
IF (H{(IsI) «NEe. 0.0) DELTA=DELTA#H(I, I}
120 CONTINUE
IF {IDENT .GE. 2) GO TO 117
WRITE (3,116)
116 FORMAT (67HODIAGONAL ELTS. OF H ARE SET PUOSITIVE ANC OFF DIAGONAL
*ELTS. ZERQED)
117 IF { IREAD .GE. 0) RETURN
CALL CSTRAN(1)
RETURN
200 WRITE (3,201) ’
201 FORMAT {58HOREADY OVERFLOW LENGTH OF STEP IS HALVED FOR ANOTHER

*#TRY)
IF (IERR .LT. 5) RETURN
L=1
IF ({MS .NE. 0O) .AND. (IT .EQ. 1)) STOP
RETURN '

400 WRITE (3,401)
401 FORMAT (13HOAIM OVERFLOW)
RETURN
600 WRITE {3,601}
601 FCRMAT (83HOFIRE OVERFLONW TRY POINT HALFWAY BETWEEN INTERPOLATED
« MINIMUM AND LOWER END POINT)
IF (FP .GT. F) A=A-1.0
IMOVE=ISIGN(1l,IFIX(A))
A={1.0+A) /2.0
RETURN
800 WRITE (3,801}

801 FORMAT (15HODRESS OVERFLOW)
STOP

o~
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$IBFTC DIFCK  LIST,REF

50

55

98
99
100

SUBROUTINE DIFCK

DIMENSION H(U 5, 5)eX{ 514G{ 5)14S( S)yXP{ 5),GP1 5), T{ 5),6B{ 5)
DIMENSION V{3),C{ 54 5)

DIMENSIGN GPL{5),GM(5)

COMMON F " FP v FB » FC ) X - ? Xp
CCMMON T ’ S y G " GS ) GP ’ GSP
COMMON GB 0 GSB ’ GSS * GTP ’ GTT N H
COMMON DELTA, N ? M ’ L " M1l ’ MS
COMMON IT N E v K ’ P ’ 10 ’ SL
COMMON 2 ’ Q N A N EL v v * C
IFAIL=0

M1=2

DO 100 I=1,N

DO 50 [TRY=1,5
TRY=AMAX1{AMINL1(1.0/ABS{G{1))+1.0)+ABSIX(I))#1.0E-4)/(10.0#([TRY~
*1)) :

X(I)=X{I})-TRY

CALL FCN {NyGMyaFM,X,M1)

X{I)=X{1)+2.0=TRY

CALL FCN (N,GPL,FPLyX,M1}

X{I)=X{I)-TRY

FN={GM(I)+4.0%G(1)+GPL(I))/3.0%TRY

IF (ABS{(FPL~FM-FN)/FN) .LE. 1.0E-4) GG TO 98

GN=(FPL-FM)/{2.0#TRY)

IF (ABSU(GN-G{I))/GN} .LE. 1.0E-3) GO TO 98

CONTINUE

WRITE (3,55) 13FPLFsFMeFNoGPLIT)oGUI)+GM{T)yGN,TRY

FORMAT {(4H-THE,14,82H-TH COMPONENT OF THE ANALYTICAL DERIVATIVE DO
$ESN'T AGREE TO WITHIN «1 OF 1 PERCENY/29HOFPLyF,FMyFNyGPL yGyG74GN
#ARE /10E13.5)

IFAIL=1

WRITE (3,99) I,1TRY

FORMAT (16H-SUCCESS FOR THEs144+20H-TH COMPONENT ON THEs14,4H TRY)
CONTINUE

- IF (IFAIL .EQ. 1) CALL EXIT

RETURN

END
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$IBFTC CSTRAN LIST,REF
SUBROUTINE CSTRAN (ITEST)
DIMENSION H{ 54 5)4X{ 5)3,G{ 5)+PERML 5)9XP{ 5),GP{ 5)4IPERM( 5),
1GB{ 5)4VI3)+C{ 5y 5)
INTEGER P,PERM

COMMON F * FP ’ FB ’ FC r X ’ xp
COMMCN PERM , - IPERM , G ' GS * GP ’ GSP
COMMON  GB » GSB ’ GSS ’ GTP ’ GTT ’ H
COMMON DELTA, N ' M , L ’ M1 ’ MS
COMMON IT ' E ' K » p N T0 ’ St
COMMON 2 ’ Q ’ A ’ EL ’ v ' C

COMMON /READ/IREAD
DELTA=1.0
IF (ITEST .NE. 0) GC TO 100
NUMCCN=~IREAD+1
DG 5 I=1,N
PERM{TI)=1
IPERM(I) =1
5 CONTINUE

P=1 .
DG 50 J=1,N
PIVOT=0.0
DO 10 I=PsN
I1=PERMI(I)
SAVE=ABSI{CI(II,J))
IF {SAVE .LE. PIVOT) GO TO 10
PIVOT=SAVE -
IBIG=I1

10 CONTINUE
IF (PIVOT .LE. 0.0) GO TO 50
ISAVE=PERM{P)
PERM(P)=J
IP=IPERM{J)
PERM{IP)=1ISAVE
IPERM(J)=P
IPERM({ISAVE)=1IP
P=P+1
PIVOT=C({IBIG,J)
DO 20 JJ=JsN
SAVE=C(IBIG,JJ)/PIVOT
C{IBIG,JJ4I=Cl{I,ydJ)
C(JyJJ)=SAVE

20 CONTINUE
ClJsJ)=1.0
IF (P .GE. N) GO TO 100
Jil=J+1
DG 30 I=PsN
I1=PERMI{])}
DO 28 JJ=J1,N
C{Il43J1=C(II,d)-C(II,d)%C{JydJ)

28 CCONTINUE
C{Il,4J1=0.0

30 CONTINUE

50 CONTINUE

100 IF (CI(NyN)} .EQ. 0.0} GO TG 105
H{NyN)=0.0



-106-

GO 70 110
105 DELTA=DELTA#HIN,N)
110 DO 150 I=2,N
II=N-1+1
IF (C{II,11) .NE. 0.0} GO TO 120
DELTA=DELTA=H{II,I1)
GO TO 150
120 H{I1,11)=0.0
I11=11+1
DO 140 J=I1,N
DO 130 JJ=I1,N
HETI9Jd)=H{I1,,J)-C{IIeJJ)H{JIJ,yJ)
130 CONTINUE
140 CONTINUE
150 CONTINUE
00 200 I=1,N
DO 180 J=1,N
SAVE=0.0
DO 170 JJ=J.N
SAVE=SAVE+H{I,JJ)*H{J,JJ)
170 CONTINUE
H{1,J)=SAVE
180 CONTINUE
DO 190-J=1,I1
H{lsJ)=H{J»1)
190 CONTINUE
200 CONTINUE
RETURN
END

$IBFTC MATMPY LIST,REF
SUBROUTINE MATMPY{MyNyHsG,S)
DIMENSIGON H( S5y S5)aX{ 5}4G( 5),S{ 5)
IF (M-1) 705,705,702
702 D0 703 I=14M
S{1)=0.0
DO 703 J=1,4N
703 S(I)=H(1,d)2G{J)+S5(1)
RETURN
705 S{1)=0.0
DO 706 I=1,N
706 S{1)i=H{I,1)=*G{I1)+S(1)
RETURN
END



$1BMAP CLB
CLEB SAVE
AXT
AXT
CLA
ADD
STA
CLA
sT0
TXI
TIX
TSX
TSX
RETURN
CLA
STA
TRA
STA
SXD
SXD
LXA
LXA
CLA
UFA
ROL
LGL
STO
X1
TIX
LAC
CLA
ADD
ADD
ADD
sTO
ANA
TNZ
cLA
sus
TPL
CLA
ARS
ADD
STA
CLA
ADD
suB
TZE
™I
ARS
STA
sTO
CLA
sus
ADD"
TZE

LOgoP

cL
E0
£3
ElO
E11
E14

Elé
E17

E43
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142
641
042
344
=6
LooP
ney ]
ARRAY 2
#+142,1
L00P,1,1
EO0+4
ARRAY
CLESB
ly4

€11

E620

El4

COMMON+7,2

COMMCN+8,1

E327,2

E423,1

E424

0,2

9

8

0,1

E1642,41

E10,1,1
£451,2

0,2

1,2

242

E425

COMMON+9

€426

€324

COMMON+9

E427

E324

COMMON+9

18

£433

E176

02

1,2

242

E43

£324

18

El72

E435

242

192

0,2

ES3

TCH
10RP

801A+
+019+8



E53

E62

M1
ARS
STA
CLA
ADD
sue
T12E
™I
ARS
STA
CLA
SBM
™I
CLA
SBM
™I
CLA
SBM
TMI
CLA
ADD
ADD
SYO
ANA
TNZ
CLA
ARS
STA

cLA.

ADD
ADD
sT0
ANA
TNZ
CLA
ARS
STA
STO
CLA
ADD
ADD
STO
ANA
TNZ
cLa
ARS
STA
CLA
ADD
SuB
SSP
sus
TPL
SXD
CLA
ADD

~-108-

E324

18

E173

2+2

142

0,2

E62

€324

18

El74

042

3,2

E324

1,2

442

E324

242

592

€324

0,2

342

£425
COMMON+9
E426
£324
COMMON+9
18 .

E216

1,2

442

E425
COMMON+9
E426
E324
COMMON+9
18

E220
E437

242

542

E425
COMMQON+9
E426
E324
COMMON+9
18

E222

3,2

442

542

]

E430
E324
COMMON+11,4
0+2

442



E172
E173
E174
E175
E176
EL1TY

£216
E217
£220
E221
£222
E223

sus
ARS
ST0
cLA
sus
SuB
ARS
£DQ
TSX
ST0
CLA
sus
ARS
L0Q
TSX
LDQ
TSX
STO
CLA
ARS
STA
ADD
STA
LXA
CLA
FAD
FAD
FAD
FSB
FSB
ST0
cLA
suB
ARS
STA
STO
CLA
suB
ARS
STA
cLA
sus
ARS
STA
CLA
FAD
FAD
FAD
FAD
FAD
FAD
FDH
sTQ
CLA
sus
ADD

292

18
COMMON+9
142

242

362

18
COMMCN+9
E315,1
E431

0,2

3,2

18

E437

" E331,1

E435
E331,1
E432
242
17
ELT77
E433
E175
€434,1
0,1
0yl
0,1
0,1
0,1
0,1
E443
0y2
342
18
E217
E436
1,2
442
18
E221
242
592
18
£223
0,1
0,1
0,1
0,1
0»1
Os1
E443
E444
E443
242
1,2
3,2

-109-



£E243

£247

€253
€254
E255

E275

£300

E307

E314
E315

E317

ARS
ST0
CLA
sus
susB
ARS
ST0
CLM
5710
CLM
sSTO
S7T0
LXA
cLA
TXH
ADD
TRA
sus
STA
CLA
FAD
STO
TIX
CLA
FSB
TSX
HTR
ST0
CLA
LBy
TRA
CLA
FSB
STO
TRA
CLa
FAD
ST0
CLA
sus
TZE
CLA
ADD
STO
TRA
LXD
LXD
LXD
cta
Tov
TRA
TQP
TMI
TLQ
LLS
TRA
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18

E440

242

0,2

442

18

E441

0

E447

0

E442

E445

E423,2

€E443,2

E253,243 IORT HO3ABS

E431

E254

E431

£255

0,1

£445

E445

E247,2,1 IORP +01A8P

E443

E445

E34344,2
»

COMMON+1C
E431

0

£E275

E447
COMMON+10
E447

E300

E447
COMMON+10
E447

£E432

E431

E307

£431

E433

E431

£243
COMMON+7,2
COMMON+841
COMMON+11 44
E447

E31l4

244

£317

€322

€323

35

1,1



E322
E323
E324

E327

£331

E335
E337
£341

E343

E354
E355

E361

£370

E403

E406
E410

CLM
TRA
LXD
LXD
10V
PXD
TRA
STO
CLA
TQP
TMI
TLQ
TRA
LLsS
TRA
CLM
TRA
STO
SSP
LDQ
TLQ
LDQ
suB
™I
LRS
STA
PXD
LLs
DVH
ARS
RQL
ADD
STQ
FAD
STO
SXD
LXA
CLA
LRS
FMP
FAD
TIX
SUB
STO
CLA
™I
CLA
FOH
STQ
CLA
LXD
TRA
CLA
TRA
TXI
STR

2111~

0

1.1
COMMON+7,2
COMMON+8,1
E327

8]

244
COMMCON+18
COMMON+18
E335
E341
E337
1.1
35
1.1
0
I,1
COMMON+2
0
E4l17
E406
E422
E421
E361
27
£355
6
0
E420
8
27
E421
COMMON+3
E421
COMMON+4
COMMUON+5,4
E354,4
E4l10
35
COMMON+4
E4l17.4
E37044,1
COMMON+3
COMMCN+3
COMMON+2
E403
E416
COMMON+3
COMMON+3
COMMON+3
COMMON+5,4
234
COMMON+2
194 .
21335,6,28416 TCH
2844996929956 I0CT

10RP

+01JCY

{OV G
DaWlJ




E416
E417
E420
E421
E422
E423
E424
E425
E426
E427
£430
E431
£E432
E433
E434
E435
E436
E437
E44C
E441
E442
E443
E444
E445

E44T
£450
E451
£452

TX1
STR
TX1
TNX
TIX
TIX
TIX
TIX
HTR
HTR
TIX
HTR
HTR
PZE
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
TIX
HTR
HTR
HTR
HTR
HTR
PZE
PLE
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
71X
TIX
TIX
TIX

10409,7,31059
3231941,32085
31517,7,32767
32744,7,511
0,0,768
13107,6,3938
16320,1,25316
0,0,0

0

6

0+0,+,8704

1024

0,7

0,0,100

H
1
N

oo COMr—=OOO

0,0,1280
0
E435
0
COMMON+18
CLEB+439
0
o
4287574354
17152,5,970
107184641430
6414,3,1842
18894,0,1957
14461,6,2320

255054242387

87729592457

23911,2,2531
9680,0,2840

119074+6,2879
221834642920
15607,0,2963
3495,3,3006

32705,45,3050
10638,0,3340
10108,1,3363
24660,5,3386
15709,5,3410
107774043435
50984643459

27107,6,3484

-112-

TCH

10CT
TCH

10spP
10RP
I0RP
I0RP
IORP

I0RP

10CD

IORP

I0RP
I0RP
I0RP
I0RP
I0RP
IORP
I10RP
10RP
IORP
I10RP
I0RP
I10RP
I0RP
I1CRP
10RP
10RP
I0RP
10RP
10RP
I0RP
I0ORP
10RP

NC KR
VE Y
*

7 Q

+40000
+ KT'T
F=M= 0
+00000

B8COOO

01M000C

+D0000

+5K22
+ 0#%Q
+FFSP
+)SIM
+ N4P
+M+TJ
+NCF J
+01-94
+PLEVP
+#H2G+
+# S 3
+ QV+P
+ C37X
+ HWP
+ - 1
+U*20
+ULO |
+U 10
+VBs$V
+V$2Q1
+W3/ -
+WINWPL



E521

TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX

T1X

TIX
TIiX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX

TIX

TIX
TIX
TIX
TIX
TIX
TIX
TIiX
TIX
TIX

- TIX

TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
T1X
TIX
TIX
TIX
TIX
TIX

729545243510

7560,0,3536

2454Q'013562
27566491,3842
154594443855
7380,0,3869

2082+5,3882

3116745243896
2800641,3910
24344,41,3924
19218,2,3938
117185443952
5904793966

18991,2,3981
32191,6,3995
70884444010
85354244025

3103,1,4040

229424044055
1918,1,4070
5001,2,+4085

32207,1,4354
790697,4361

276404444369
256484244377
1698,14+4385

21113,7,4392
18135,6,4400
25344 45,4408
97674514416
3989,5,4424
78384554432
211284544440
10931,6,4448
98514794456
177365054465
1661,2,4473

270273344481
28143,5,4489
4886,0,4498
22649,244506
15775,544514
16903,0,4523
259154344531
9930,794539
1599,3,4548

807474556

7455+3:4565
21438,7,4573
98824,4,4582
5457,1,4591

80749644599
25202,41,4864
17023,4,4868
12229,7,4872
1077452,4877
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10RP
10RP
10RP
I0RP
10RP
10RP
10RP
IORP
10RP
ICRP
I10RP
ICRP
I10RP
JORP
ICRP
10RP
ICRP
I10RP
I0RP
I0RP
I0RP
10RP
10RP
ICORP
I0ORP
IORP
ICRP
I0RP
10RP
I0RP
I1CRP
IORP
10RP
I0ORP
10RP
I0ORP
I0RP
10RP
10RP
IORP
I0RP
I0RP
I0RP
I0ORP
I0RP
IORP
10RP
ICRP
10RP
10RP
10RP
I0RP
I0RP
I0RP
I10RP
10RP

P RN

+WWA/

+X+1W8
+X-5 )
+{2

+{ L/L

+(

iTb

+{-Q-K
+{YGO

+
+

+*

+

6 VO
0 (H
KD#B
KX6
Y
cQ
«XW
-J
IB5G
88
GSO0
C8
VA 9

A42 X

A492 4K
A4AC Y
A4IF+

A4 JB8+K
A4G 92
A4 U.G
A4Y 'O
AS50—-HP
A58¢ E
AS+R

AS5H 08
A5-5-T
AS5¢ 1,
A5/4E8
AS5Z+1

A6l OC
A69 X
A6BL1'F
A6+EJZ
AGKSW
A6 $487
A6T O,
A6,y 0
AT4HH
ATtY?'P
A7TETU

A7

AT0K++
A7 SEA
A7TX/ O
A*'0 95
At4M9
A*'8 5

Al

BQF



E620

COMMON

ARRAY

TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
TIX
CLA
COM
STA
CLA
TRA
DUP
PZE
DUP
PZE
PZE
END

12614,5,4881
17713,0,4886
2602843,4890
47524744894
193854214899
43514654903
251524194908
1621645,4912
10273,1,4917
7295,+54,4921
72455144926
10092,5,+4930
15804,1+4935
24350,5,4939
2930, 294944
170554644948
115693,4953
20740,7,4957
10247 ,4,4962
2414,1,4967
29984,5,4971
2739442,4976
E17
0
E434
E450
£3

1,18

C

1,5

0

0
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I0RP
I0RP
I10RP
{0RP
10RP
I0RP
I10RP
10RP
IORP
I0RP
iORP
I10RP
IORP
I10RP
I10RP
I10RP
I0RP
10RP
I10RP
I0RP
10RP

-10RP

A® A3S6
AYF40D/
At+ F=n
AY 20+
A'LD Z
A'P/3
A's 90
A' $ H
A'VG-J
A'2R/
At 9/
2— *
=Wl
= {
++ S
cuo
IHB4
44
KK-7
P8N
$ D-
. Fa2

PP I>D>DD D>

sas 'END-OF-FILE®' CARD =ss
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4650019 LYCURGUS 454 SPRINGER

$18408 LOGIC ‘
$IBFTC LYCURG LIST,REF i

c

aAOCO

2

LYCURGUS NUCLEAR REACTICNS RELATIVISTIC KINEMATICS PROGRAM
DIMENSION EL{99)3S(5) ¢ MH{5),T1{99),EBS (361,2),THETAS{361),1LC(361)
1sAW(S) , THETCS (36142),EYS(361,2),THETYS{361,2) +RIL361),H{2)
2:RA(5)

LOGICAL LAB,LABR

REAL MXsMEV,LC

DOUBLE PRECISION UMyUMB,GS 2AY PA,ELECyGoyWsRPBCyPACIRY,,C4C0OsSIy-
1ByDsF+EBEY COT AB THETAC,V,THETAY A, DCOS,DSIN,DATAN,DSQRT, UMY, UMA
2+AUMBB,RADIAN,P,PI

DATA(T(I)e1=1499)2(S{I)sI=1,5),({

X MHN(I}eI=1s5),(AN{I),1I=1,5)/1HH,2HHE
1,2HL 1 42HBEs1HB+1HC y 1HNy1HO, 1HF 4 2HNE 2HNAy 2HMG, 2HAL » 2HS1, 1 HP, 1HS, 2H
2CLs2HAR 3 1HK 3 2HCA 3 2HSC 9 2HTI s IHV 3 2HC Ry 2HMN g 2HFE» 2HCO 9 2HNI 5 2HCU» 2HIN,
32HGA  2HGE ¢y 2HAS y 2HSE 4 2HBR 9 2ZHKR s 2HRB 9 2HSRy 1HY 4 2HZR 4 2HNB § 2HMO, 2HTC » 2H
4RU 9 2HRH 9 2HPD s 2HAG ¢ 2ZHCD s 2HINy 2HSNy 2HS B 2HTE 4y LHI  2HXEy 2HC Sy 2HBA 4 2HL A
59 2HCE 3 2HPRy2HND » 2HPM 4 2HSM 4 2HEU 4 2HG D, 2HTB » 2HDY y 2HHO » 2HER 4 2HTM, 2HYB,
62HLU ¢ 2HHF 4 2HTA 9 1HW y 2HRE y 2HOS s 2HIR 9 2HPT 3 2HAU 9 2HHG 4 2HTL 9 2HP By 2HB1 4 2H
TPOy2HAT 2HRN 9 2HFR y2HRA 2HAC  2HTH,,2HP A, 1HU » 2HNP, 2HP Uy 2HAM,y 2HCM, 2HBK
892HCF,2HESy1HP 4 1HD y3HHE3 ¢ 3HHE4 9 1HT 319 1+42¢2,5,1,1.00782542.014102,3.0
9160344.0026044+3.016049/

DATA MEV,RADIAN,PI/931.47841.74532925199430~-2,3.1415926536/

DATA HC/197.323/

RA(1)=0.

DO 1 J=2,5

RA(J)I=1.2

CONTINUE

H{l1)=1.0

H(2)=-1.0

CONTINUE

READ (2410)NZX NASNB,KyM,DELTA, UMX, QsEA,RI, (EL(J)yd=
11,K)

DELTA=DELTA#RADIAN

UMA=AW{NA)*MEV

UMB=AW{NB)=MEV

NUMX=UMX+0.5

NUMY=AW(NA)+UMX-AW(NB}+.5

NZY=NZX+MW(NA)-MW{NB)}

RI=RI#UMX»#(1.0/3.0)+RA{NA}

MX=UMX

UMX=UMX#MEV

BEGIN CALCULATION

UM=UMA+UMX

PA=DSQRT((EA )u%242,8UMAREA )
E=UM+EA

EC=DSQRT(2.#UMX#E+UMA##2-UMXn=2)

G=E/EC

PAC=G*PA/E*UMX
i]8) 7 J=14+K
QS=Q-EL (J)

UMY=UM-UMB-QS

0010
0030

0100
0110

0130
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A=UM=#2+2 ., 0#UMX«EA +UMB2«2-UMY =82
AY=UM#%2+2,0#UMX#EA +UMY*#2-UMB##2
D=AsE

RY=PAsAY/E/DSQRT{AY#%2—-4 ,#EC#222yMY#22)
W= DSQRT{A##2-4,G#EC*#24UMB##2)
R=PA#A/E/¥W

LAB=DABS(R-1.)elLE.1l.D~-7
LABR=R<LTeleOR.LAB
PBC=W/2.0/EC
C=G#{l.0-R#=»2)

THETA=0.

DO 5 L=1,M

Is=1

THETA=THETA+DELTA
THETAS({L)=THETA/RADIAN
CO=DCOS(THETA)
SI=DSIN(THETA)
CO0T=CO0/S1

P=PA*CO

B=Ex%2-Paxn2
AUMBB=A##2~4 .2 UMB=*22B
IF(AUMBB.LT.0.) GO TO &
LS=L

F=P+DSQRT({AUMBB)
CGNTINUE

ENERGY OF SCATTERED PARTICLE AND RECOIL

EB={D+F#®H{]S5))/2.0/B
EBS {L,IS)={EB-UMB)
EY =E-EB
EYS(L,IS)=(EY-UNMY)

CENTER OF MASS ANGLES

FOR THE SPECIAL CASE IN WHICH RHO EQUALS ONE

IF(LAB)
1THETAC=DATAN{2.#G2COT/{COT»#2-Gx#%2))
IF(LAB) GO 1O 4

FOR THE GENERAL CASE GOF RHO NOT EQUAL TO ONE

V=R2DSQRT(G*#C+C0T=»2)
THETAC=DATAN{C/{COT-V#H{IS)))
CONTINUE _
IF{THETAC.LT.0.) THETAC=THETAC+PI
THETCS(L,IS)=THETAC/RADIAN

RELATIVISTIC JACOBIAN
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IF(15.EQ.1) o
1RJ(L)=G*(1.+R«DCOS ( THETAC ))#(ST/DSIN(THETAC ))#»3

ANGULAR MOMENTUM TRANSFERRED IN SCATTERING

ULC=DSQRT{PBC##2+PAC#e2-2.,%PBC*PAC*DCOSITHETAC) ) #R1]
LC(L}=ULC/HC

RECOIL LAB ANGLE

THETAY=DATAN{ (R+DCOS{THETAC))/COT/{RY-DCOS{THETAC)))
IF(THETAY.LT.0.) THETAY=THETAY+PI
THETYS(L,IS)=THETAY/RADIAN
IF(IS.EQ.2.0R. LABR)GO TO 5
15=2
GO 70 3

5 CONTINUE

6 CONTINUE

IF(LABR)
OWRITE {3, B)TUINZX)¢NUMX,S{NA),SINB},TINZY},NUMY,
1 QS»EL(J) 4RIy  MXyGy EA4Ry (THETAS(L)y RJI(L), T
2HETCS(Ls1)9EBS{Ly1) oEYS{Ly1) s THETYS{L,y1)4LC(L ), L=1,
3LS)
IF{.NOT.LABR) ’
OWRITE (3, 9)TINZX) NUMX,SINA}S{NB),TINZY),NUMY,
1 QS+EL(J}, MX3Goe EA Ry (THETASIL}y RJI(L), T
2HETCS(L 1) 4y THETCS(L92) oEBS({Ls1),EBS(Ls2)sEYS(L, L) EYS{L,2)y THETYS(
3Ly 1) 2 THETYS(L,2)4L=1,LS)
7 CONTINUE
8 FORMAT(1HL///51X9A2,1341H{1A351Hy9yA3,1H)4A2,13//
11Xy 7HQ VALUEF8.3,15X,12HENERGY LEVELF743415X,6HRADIUSF6.2

2 /79Xy 11HTARGET MASS+F10.645Xy SHGAMMA,F10.6,
3 9X,11HBEAM ENERGY,F10.4,7X+3HRHO,F10.7///7

49H PARTICLE,13X,3{8HPARTICLE.2X)41Xy2(6HRECOIL,4X)

5 » THMAXIMUM/ 3X93HLAB, 14Xy 12
6HRELATIVISTIC+2Xy4HCoML 96X y3(3HLAB,7X)»3HANG

7 /2Xs SHANGLE 15Xy 8HUACCBIAN,3X s SHANGLE » 5X 9 2( 6HE

BNERGY y4X)  SHANGLE y4 X BHMOMENTUM
9 1/777{F6.1914X%45F10.443Xy F5.2))
9 FORMAT(1H1///51%XeA25,1341H{+A341HyoA3,1H)A2,13//

1 37H Q VALUE F8.3,27H
2 ENERGY LEVEL F7.3//9X,11HTARGET MASSyF10.695Xy5SHGAMMA,F10.69
3 9Xs11HBEAM ENERGY,F10.4,7X+3HRHCsF10.7/777

49H PARTICLE,13X,5{8HPARTICLE$2X) s1Xy4{6HRECOIL,4X)/3Xs3HLABy14X,12
SHRELATIVISTIC,2X,2

6{4HC Mo 9 6X) 96 (3HLAB,TX)/2X15SHANGLE +15X98HJACOBIANy 3X4 2({ SHANGLE, 5X)
Ts4{6HENERGY 4 X

8)92{5HANGLES5X)////(F6.1414X49F10.4))

10 FORMAT (I13,211+12513,1F10.94F10.7, 2F10.7,F10.8/(8F10.8))

GO 10 2
END
222 DATA 'END-OF-FILE®' CARD ##»

0970

1020

1060
1070
1080
1090
1100
1110
1120
1130

1160
1170
1180
1190
1200
1210
1220
1230



$IBFTC FCN

40

29204
665

160
165

3162

3165

26423

656
654

26424

SUBROUTI
DIMENSIO
DIMENSI
DIMENSIO
DIMENSIO
[F{M1-1)
CONTINUE
READ(249
WRITE(3,
READ (2
READ {
WRITE |
M=NFIN-N
WRITE (3
WRITE (3
WRITE (
IF(N-40
WRITE (
CONTINU
READ |
WRITE |
NBG=NBG—
DO 165 K
XU=CHBG (
XL=CHBG{
IL=XL
IU=Xu
D0 160 1
Xi=1
BACK{I)=
CONTINUE
CONTINUE
ITF(IRUN-
READ (1
WRITE (3
READ (1
IF{IRUN-
CONTINUE
WRITE (
TA=0.0
00 2642
TA=TA+V
CONTIN
DO 2642
Wwilj=l1.
IFt v (
CONTINU
Will=1l.
CONTINU
T(1)=1
CONTINU
Cl=—2.7
TAA=TA
NA=N/3
TDD=0.
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LIST,REF
NE FCN(Ny, Gy Fy X, M1)
N BACK{1024),BG(20),CHBG(20)
ON G(40),X(40)+PD{40)4A(5) ,SIGMA(40},SIGVAR{40)
N T(1024) ,L,V(1024),W(1024),5(1024),VV(1024),REMARK(11)
N RA{20),yRC(20),FITS(1024),EF(40),EX(40)
60,40,60

06) NBG,{CHBG(I),BG{I),I=1,NBG}
F2TINBG {1 +CHBG(I) ¢BG{I)oI=14NBG)
13161 ) IRUN,NSTRyNFIN

2+103)NyMy ICAMyMAXJs1S,1W,DIV
39103)NsMyICAMsMAXIISyINWeDIV
STR+1

+150)N

2151 )M

3,161)1CAM

166549665,29204

3,1025)

€

291024)( X{I)sI=14N)

3,1026)1 X{(I1)2I=1,N)

1

=]14MBG

K+1)

K)

=JLyIU
BG(K)+{XI-XL)*(BG(K+1)-BG(K))/{XU-XL)
NRUN) 3162,3165,3162

593163 ) NRUN,NCHANL yREMARK

»3182) NRUN y NCHANL ¢ REMARK

5431643 (V (I)s1=1,NCHANL)
NRUNI3162,43165,3162

3,1026) (VI1),1=NSTRyNFIN)

3 I=NSTR,NFIN

{1)-BACK(I)
UE

4 I=NSTR,NFIN
0

1) )656,654,656
E

o/v (I}

E

3

73

£.93944

FCN10030
FCN1

FCN10140
FCN10150

FCN10260
FCN10270
FCN10290

FCN10300
FCN10310
FCN10320
FCN10340
FCN10390
FCN10350

FCN10420
FCN10430

FCN10440
FCN10450
FCN10460

FCN10430
FCN10650

FCN10680
FCN10730
FCN10750
FCN10770

FCN10800
TABLO1l50

TABLO190



60

35

- 51
34

56

11

15

14

12

0

03
9

683

682

DO 12 J=1,NA
NBJ=2#NA+J
TOD=TDD+X(J)#X{NBJ)
TC =TAA/TDD
TG =5.546+TC

CONTINUE

F=0.0
DO 4 I=1y N
PD(I) =0.0
G(I)= 0.0
CONTINUE
1F(M1-2)350,349,350

CONTINUE

WRITE (3,4351)

DO 5103 J=14N

SIGMA(J)=0.0

CONTINUE
AC=0.0
DG5S I= NSTR,NFIN

Wl =W{l )

T8=0.0

TH=0.0

DO 11 J=1,NA

NAJ=NA+J
NBJ=2=NA+J
TL=1.0/X{NBJ)

19-

EF(J)= (TII)-X{NAJ)})+TL
EX{J)= EXP({ Cl#EF{J)#«2 )

TI=X{J)#EX{J)
TB=TB+71]

PDINAJ)=TG*TI=EF{J)=TL
PD(NBJ) =PD(NAJI#EF(J)

PD{J)=TCx{ EX{J) )
‘CONTINUE

IFIML.EQ.3) CALL STDEV(PD.SIGMA WIsND.

FIT=TC=+TB +BACKI(I)
TO=FIT-vi(I }
TE=TD#W]

F=F+TE#TD

DO 7 J=14 N

GlJ)=G(J)+2. O'TE*PD(J)

CONTINUE

IF(M1-2) 15114'15
CONTINUE :
FITA=V (I )~FIT
FI17B=F
FITC= T(I1) :
WRITE (34346)V (1
FITS(I )=FIT

-AC=FIT+AC~-BACKI{I)
CONTINUE

CONTINUE

IF(M1-2) 683,682,684
SCALEF=F
WRITE({3,41014) SCALEF
CONTINUE

VoFIT,FITALFITB,FITC Wl

TA3LO0210
TABLO220

FCN10810
FCN10830

"FCN10840
. FCN10850
- 'FCN10860

FCN108TO

FCN10890

"FCN10900

FCN10910

"~ FCN10920°

FCN10930
FCN11020

TABLO280O
TABLO0290
TABLO30O
TABLO310
TABLO320

‘TABLO360

. TABLO740

TABL(0800

FCN11210

. FCN11240

FCN11250

 FCN11260

FCN11290

FCN11330

- FCN11380
FCN11390



703
684
1020
2020
3020
4020
120
220
320
520

5107

4462

2830
5105

100
101
1c2
103
150
151
161

346
351

906
927
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F=F/SCALEF
DO 703 J=1,N
G{J)=G(J)}/SCALEF
CONTINUE
GO 7O 5105
CONTINUE
RSC=X{(1)
TC=TC#*RSC
7Q=0.0
DO 4020 J=1,NA
NBJ=2#NA+J
TQ=TQ+X(JI1#X{NBJ)
DO 520 J=1,NA
NAJ=NA+J
NBJ=2#NA+J
RC(J)=X{NAS)
RA(J)=X(J)#X(NBJ)/TQ=AC
X{J)=X{J)/RSC
DO 5107 J=1,4N
SIGMA{J)=SQRT( SIGMA(J) } / SCALEF
F=F/SCALEF
CALL SDVAR{(MyN,SIGVAR)
F=F#*SCALEF
WRITE (3,1001)
DO 4462 1=1,4N
WRITE (3,1002)1,X{1),SIGVAR{I),SIGMA(])
CONTINUE
WRITE (333)X{N),F,TC
WRITE (3,8)(RCUJIIHRATIIX {J)eJd=1yNA)
WRITE (3,18)TA,AC
CALL LYCUR{RA,RC)
WRITE (3,3168)IRUNNSTR,NFIN
WRITE (3,3169)
DO 2830 I=NSTR,NFIN
LFYZ=FITS{I)/DIV+.5
LVYZ=V{I1)/DIV+.5
CALL GRAPH (LFYZy44,0)
CALL GRAPH {(LVYZ,16,—1)
WRITE (3,2831)T{(I)
WRITE (3,3171)
CONTINUE
RETURN
FORMAT(T7I10)
FORMAT(7F10.5)
FORMAT(5E14.5)
FORMAT (61104F5.2,13)

FORMAT(36H THE NUMBER OF FITTING PARAMETERS =16)
FORMAT(29H THE NUMBER OF DATA POINTS =16/)

FORMAT (45H FCN FORCES RETURN TO NEXT RANDOM STEP AFTERIG6,
1 11H ITERATIONS)

FORMAT(1H 6F20.6)

FORMAT(118HO Y OBSERVED Y CALCULATED
1 YCAL (YOBS-YCAL)/YCAL X OBSERVED

FORMAT(4XsI1,5Xs14F5.0)
FORMAT{2X,11442H BACKGROUND PTS POINT

#11+5X4F5.045XyF5.0))

FCN11830
FCN11840
FCN11850
FCN11860

FCN11880
FCN11890

FCN11500

FCN11920
FCN11930

FCN11950

FCN11960
FCN11970
FCN11980
FCN1199%0
FCN12000
FCN12010
FCN12020

FCN12040
FCN12050

FCN12070
FCN12080
FCN12090
FCN12100

FCN12120
FCN12130
FCN12160
FCN12170
FCN12180
FCN12190
FCN12200
FCN12240
FCN12250
FCN12330
FCN12340
FCN12350
YOBS - FCN12380

WEIGHTS JFCN12390

/421Xy



1001
1002
1014
1024
1025
1026
3

8

18

2831
3168
3169
3171
3161
3163
3164
3182
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FORMAT {54H0 1 X{r) SIGVARL{D) SIGMALT) - JFCN12440 .
FORMAT(16,7E16.8) : .
FORMAT(9H SCALEF=F20.5)

FORMAT(16F5.2) ) FCN12500
FORMAT(54H0 M OR IW EXCEEDS 999, OR N EXCEEDS 40 SO EXIT CALLED)FCN12510
FORMAT(10E13.5) FCN12520
FORMAT({ 1H1, FCN12530
16X420HTHE AVERAGE WIDTH ISyF10.243Xs6HCH]I I1SsF15.8y3Xe25HTFCN12540
2HE HEIGHT OF PEAK ONE 1S,F10.2) FCN12550
FORMAT (38Xs THCHANNEL 13X, 6HCOUNTS 914Xy SHRATIO/(34X,F10.3,10X,F10.FCN12560
11,10XyF10.3)) FCN12570
FORMAT(// FCN12580
34H THE EXPERIMENTAL TOTAL COUNTS AREsF10.1,10Xy31HTHE CALCFCN12590
2ULATED TOTAL COUNTS ARE.F10.1) FCN12600
FORMAT{1H+4F4.0) FCN12610
FORMAT{1X »10HRUN NUMBER,[5412HFROM CHANNEL,I5, 2HTO,15) FCN12620
FORMAT(6H1#0VF#) FCN12640
FORMAT(6H1*0VN+) FCN12650
FORMAT(31S5) FCN12660
FORMAT(216,11A6) FCN12670
FORMAT(16F8.0) ) FCN12680
FORMAT(1X, 216491106}

END ) FCN12700
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$IBFTC STDEV LIST,REF _
SUBROUTINE STDEV(PD,SIGMA,WI,N) :
C STDEV IS NOT CORRECT FOR ANYTHING EXCEPT LINEAR LEAST SQUARE
C SUM(BUT NOT PRODUCT.EXP,L0G) OF GAUSSIANS IS GAUSSIAN
C SEE SDVAR FOR A COMPLETELY DIFFERENT APPROACH
DIMENSION PD(40), SIGMA(40)
DIMENSION H{40,40),X{40),6(40),S{40)+XP{40)+6P(40), T{40D)
DIMENSIGON V{3),Cl40,40)

COMMON F ’ FP ' FB ’ FC . X *
COMMON T ) S ’ G ’ GS v GP »
COMMON GB Ty GSB ’ GSS ’ GTP N GTY ’
COMMCON DELTA, N ’ M ' L ’ M1l [}
COMMON IT ’ E * K ’ P * 10 )
COMMON 2 N Q . A ’ EL ' v ’
DO 1 I=14N
TA=0.
0O 3 J=1,yN
Fi=1
Fd=J
FIRST=1.
IF(FIRST) 73,474,173

14 CONTINUE

13 CONTINUE

3 TA=TA+H(],J)*PD(J)
TA=TA®2.
SIGMA(I)=SIGMA(I)+TA=#2#ABS (WI)

1 CONTINUE
FIRST=1.
RETURN

1001 FORMAT(T7EL16.3)
END

$IBFTC SDVAR LIST,REF
SUBROUTINE SDVAR(M,N,SIGVAR)

C SIGVAR WOULD RESULT IN F INCREASE OF .5#F/{M-N-1)
DIMENSION SIGVAR{40) :
DIMENSION H(40,40)4X{40)96{40)+S(40)sXP{40),GP(40),s T(40)
DIMENSION V(3),C(40,40) ‘

COMMON F * FP * FB y FO ’ X 1
COMMON T ’ S ’ G * GS * GP ’
COMMON 6B ’ GSB ’ GSS * GTP . GTT ’
COMMON  DELTA, N ’ M ’ L * Ml ’
COMMON IT ’ E ’ K ’ P ' T0 ’
COMMON 2 " Q ) A ' EL ' v ]
FREE=M-N-1
IF(FREE) 24241
2 FREE=0.
GOTO 4
1 FREE=1./FREE
4 CONTINUE
DO 3 J=1,N

TEMP=H{J,J)

SIGVAR{J)=SQRT ( FREE®F&*TEMP )
3 CONTINUE

RETURN

END

168{40)

xp
Gsp
H
MS
St
C

1GB(40)

XP
Gsp
K
Ms
St
C
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$IBFTC LYCUR LIST,REF

OO0

SUBROUTINE LYCURIAREA,CH)

DIMENSION TAR{20} LYC40040

DIMENSION EL(20)+4S{5) ¢MW(5),T(99),EBS{20),THETAS(20),ULC(20)
1sAW(5), THETCS(20) , THETYS{20),RJ{20)
2+5D(20) yAREA{20),CH(20),DCS(20)

LOGICAL LAB,LABR

REAL MXsMEV

DOUBLE PRECISICN UMJUMB,QS sAY,PAJELECeGsWyRyPBCoPAC,RY,CyC0O,S51,
1BeDeFyEBEYCOTyAB, THETAC,VyTHETAY Ay DCOS,DSIN. DATAN,DSQRT, UMY, UMA
2yAUMBB,RADIAN,P,PI,THETA

DATA(T(I)sI=1+499) 4 (S(I)sI=1:5)s(
X . MW{I)sI=1,5)s (AW{T ), I=1,5)/1HH,2HHE
192HLI 2HBE 3 1HB s LHC s 1HN s 1HO 9 1HF s 2HNE s 2HNA 9 2HMG 9 2HAL y 2HS 1,4 1 HP, 1HS, 2H
2CL s 2HAR s 1HK ¢ 2HCA y2HSC ¢ 2HTT 9 1HV 4 2HCRy 2HMN» 2HFE 9 2HC Oy 2HNT 9 2HCU, 2HZN,
32HGA y2HGE ¢y 2HAS ¢ 2HSE ¢ 2HBR 9 2HKR ¢ 2HRB ¢ 2HSR 9 LHY g 2HZR ¢y 2HNB y 2HMOy 2HTC 4 2H
4RUy2HRH ¢ 2HPD 3 2HAG 9 2ZHCD 3 2HINy 2HSN g 2HSB 4 2HTEy LHI y 2HXE» 2HC S 2HBA, 2HL A
59 2HCE 3 2HPR y 2HND » 2HPMy 2HSM 2HEU  2HGD , 2HT B 5 2HDY » 2HHO 4 2HER 4 2HTM, 2HYB,
62HLU ¢ 2HHF y 2HTA y 1HW » 2HRE» 2HOS y2HIR 4 2HPT y 2HAU » 2HHGy 2HTL » 2HPB, 2HBI 4 2H
TPOy 2HAT ; 2HRNy 2HFR 9 2HRA 3y 2HAC ; 2HTH 4 2HPA 4 1HU 3 2HNP 9 2HPU 3 2HAMy 2HCM, 2HBK
89 2HCF ¢ 2HES 3 1HP 3y 1HD ¢ 3HHE3 9 3HHEG ) 1HT 3191425 25,191.00782542.014102,3.0
9160344.002604,53.016049/ ’

DATA MEV,RADIAN,PI/931.478,17453292519943D-2,3.1415926536/

DATA HC/197.323/ )

READ (243 INZXyNA,NB+KyM,DELTA, UMX, QeEA, (EL{J) 2 d=
11,4K)

READ {24 )THETA,UC,GEOM

DELTA=DELTA#RADIAN

UMA=AW{NA)*MEV

UMB=AW(NB)*MEV

NUMX=UMX+0.5

NUMY=AW{NAI+UMX=-AW{NB) +.5

NZY=NZX+MW{NA)-MW{NB)

MX=UMX

UMX=UMX#MEV

BEGIN CALCULATICN

UM=UMA+UMX

PA=DSQRT{(EA ) 2242 .2 JMASEA )
E=UM+EA ’ )
EC=DSQRT(2.%#UMXSE+UMA®%2-UMX822)

G=E/EC

PAC=G*PA/E®UMX

DO 1 L=1,K

QS$=Q-EL(L) _

UMY=UM-UMB-QS

A=UM##242 . 0%UMXSEA +UMB##2-UMY =22
AY=UM»®%242 , 04 UMX*EA +UMYRR2-UMB a2
D=A+E
RY=PA*AY/E/DSQRT(AY##2-4 , #ECH#22MY242)

W= DSQRT{An#2-4 _ OsECe#x2+UMNBue2)
R=PA®A/E/W -
LAB=DABS{R-14)eLEelsD~-7
LABR=R.{Ts1lee0OR.LAB

0130
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PBC=W/2.0/EC
C=G#(1l.0-Ree2)
THETAS(L) =THETA/RADI AN
CO=DCOS{THETA)
SI=DSIN(THETA)
CGT=C0/SI

P=PA®CO

B=Ex#2-Pas2
AUMBB=A##2-4,%UMB¥#2#B
F=P+DSQRT{AUMBB)

ENERGY OF SCATTERED PARTICLE AND RECOIL

EB=(D+F )/2.0/8
EBS (L)  =(EB-UMB)

CENTER OF MASS ANGLES

FOR THE SPECIAL CASE IN WHICH RHO EQUALS ONE

IF(LAB)
1THETAC=DATAN(2.%#G6#COT/ (COT#%2-Gn22))
IF(LAB) GO TO 2

FOR THE GENERAL CASE OF RHO NOT EQUAL TO ONE

V=ReDSQRT(G#C+L0T##2)
THETAC=DATAN(C/(COT-V ))
CONTINUE

IF(THETAC.LT.0.) THETAC=THETAC+PI
THETCS{L) =THETAC/RADIAN

RELATIVISTIC JACOBIAN

RIILI=G#*(1.+R*DCOS(THETAC J)I#{(SI/DSIN{THETAC ))=%3

ANGULAR MOMENTUM TRANSFERRED IN SCATTERING

ULC(L)=DSQRT(PBC*‘Z*PAC"Z—Z-*PAC‘PBC‘DCJS(THETAC’)/HC
CCONTINUE

WRITE (39 S)ITINZIX) NUMXeS{NA)»SINB),TINZY) NUMY,
1 QS UMX Gy EA4R

WRIYE (3,6 )THETA,UC,GEQOM

WRITE(3,7)

DCS{L)=GEQM=AREA{L)=RJ(L)/UC

IF(M .NE.OQO) DCSIL)=DCS(L)#S]

WRITE (3,8 JEL(L)CH{L)DCS{L);THETCS(L)
TIAR{L)=AREA(L)}+.5

WRITE (1449 )IAR(L)THETALUC,CHI{L) ,EL{L),EBSI(L), THETCS(L)
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14DCSIL)Y sULCIL) »SDIL)
3 FORMAT (13,211,12,13,1F10.9,F10.7, 2F10.79F10.8/{8F10.8})
4 FORMAT(7F10.5)

S FORMAT(1H1//751XsA2+13,1H{+A3,1Hs+A341H},A2,13//

11X,7HQ VALUEF8.3 '

2 /79X 9 11HTARGET MASS,F10.695Xs 5SHGAMMA,F10.64 LYC4334Q

3 9Xy11HBEAM ENERGY,F10.447X,3HRHOsF10.7//7/7) LYC43350
6 FORMAT{11X,9HLAB ANGLEF10.3,422Xy6HCHARGEF10.3,13X, 18HGEOMETRICAL F

1ACTORF10.3/77) LYC43480
7 FORMAT {(12X,6HENERGY 924Xs THCHANNEL 22Xy 12HDIFFERENTIAL ¢ 22Xy4HC M/

112X SHLEVEL 925Xy 6HNUMBER 3 22Xy 13HCROSS SECTION,21X,SHANGLE/) LYC43500
8 FORMAT(8XsF10.3520X,F10.3,20X,F10.3420X,F10.3) . LYC43510

9 FORMAT(IX9I691XsFSe¢l gl XsFTalglXsFT7e291X9F6351XsF62341XysF5.1,F11.4
#y1XyF4.34F8.6)
52 RETURN LYC43520
END
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$I1BMAP GRAF
ENTRY  GRAPH
GRAPH SAVE 1124

CLA+ 3,4
T2 =248
™I ADD1
sus =100
TLE ADD1
T™MI ADD1
CLA =100
TRA #+43
ADD1 ADD =100
™I -1
ADD =18
LRS 35
DVH =6 R IN AC. Q INMQC.
XCA i Z IN ACe R IN MQ
ALS 18 ’
STD TEST1 WORDS TO BLANK -
MPY =6
XCA
STA SHIFT
AXT 191
AXT 042
CAL =H
TEST1 TXH #444] 0
SLW 1,2
XI w4+]l,2,-1
X1 #=3,1,1
* PLACE M IN PROPER POSITION FOR WRITING
CALs 494
ALS 30
ORA =HO
xXCL
CAL =
SHIFT LGR *e
STQ L+2
SXA NHy1l
* PLOT AL
CAL z
ALS 6
ARS 6
sSTO F4
CLA» 544
TZE s+6
™I 43
CAL =H000000
TRA »4+4
CAL =H+00000
TRA *+2
CAL =H 00000
ORS y 4

CALL «FWRD.{.UNO3.,FORMAT)
CALL «FSLO. (ZyNW)

TSX oFFILa 4
RETURN GRAPH
y 4 BSS 20
FORMAT BCI 1,(20A6)
NwW BSS 4 ‘
Y 8C1 1y XXXXX
END .

#4» 'END-OF-FILE' CARD #s#»
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