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' ";measure the neutron neutron quas1 free scatterlng cross

7. t.U. ABSTRACT

An experlment is under way wh1ch_w111 attempt to

“sectlon 1n neutron deuteron break up to an accuracy of a few
fpercent, Th1s work is a theoret1ca1 study of the reactlon as
a meszs of determ1n1ﬁg the neutron-neutron effect1ve range.r‘
‘Both 1mpulse approx1mat1on and three body~models have beedf
‘used Some recommendat1ohs regardlng the experlmental ”‘
3fgeometry are made.eThe 1ngred1ents of a. proper theoretlcalr<
'-Terror analy51s are JdentlfIEd _ | . v;” » |
- The effect1ve range can be deduced from the ‘fff*ﬂﬂ@hn=
-{dexperlmental cross sectlon w1th a percentage uncerta1nty
'"cequal to that of the cross sectlon. A further theoret1¢al = .

error of 2% must be 1nc1uded
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The nonexlstence'“f?a free neutron target has always

made exper1menta1 1nvestlgatlon of the pure neutron neutron' o
(n ~n) 1nteractlon d1ff1cult. Detaals of the low energy n n

‘1nteractlon remaln much less clear than those of the "1“:'

o'

.neutron*protonwhnd~proton proton 1nteract1ons.;Though

i.:'lmportant in thelr own rlght such deta1ls could supply

ffpnotable tests of charge 1ndepehdence and charge symmetry N e

. One obyious place to attempt to observe the n- n o
»rnteractlon lS\1n the three nucleon system e1ther 1n the
‘Hbound statel(trlton) or in neutron deqperon (n—D)

-,_scatter1ng _The dliilculty here, as ;n any 1nteract1ng>

‘many-body system 1s that the off shell nature of the

'constltuent two-body 1nteract10ns hampers the obServat1on of

‘on shell two- body scatterlng behav1our o }‘, ;" B

o Chew (Ch48,50, 52) seems to have been the flrst to look. \~

for two nucleon 1nformat1on in the three nucleon system, 7 ‘

trylng to deduce the free n-n and n-p cross sectlons from

n- D 1nelast1c scatterlng results u51ng the 1mpulse -
approx1matlon Slnce then thls method has been w1dely used

and w1th reasonable success, to descrlbe n- ﬁ~elast1c '

dscatterlng (K065 and references thereln) Success with n- D

and p D 1nelast1c scatter1ng has been less (references in R -

uDu73) especially at low energ1es. It was not unt1l practlcal

]

formulatlons of the three body problem (Fa60 61 63, 65 e —

___________________ /’
.~ tThese had to awa1t a further breakthrough in h1gh speed
computlng ' : 4 , .

1



. ..’.‘

determ1nat1on of n- n scatterlng parameters became p0551ble.

L

‘53’n -n- f1na1 state 1nteract10n (FSI);exper1ments have been

»

found sen51t1ve to the n-n scatterlng length (an") wh1ch
. ’has been deterplned to an accuracy of about 3% (Ku76 W179

"8581) U51ng phase- equ1valent potent1alsT Haftel (Ha73) and

-mHarper (Hr72) have shown that the trlton b1nd1ng energy (E )

K

1S sen51t1ve to the of f- shell behaV1our of nucleon nucleon

e

‘t(N ~N) 1nteractzons. The Ph1111ps 11ne (Ph68) demonstrates g -

dlrect relat1onsh1p between B, and the n-D doublet elast1c,‘\

scatterlng length Brayshaw (Br74) has further asserted thatv

?here 1s essentlally no off- shell dependence of the
'*“*fhreE"nucI“_h systéﬁﬂbeyond that spec1f1ed by E‘. Thls-
'rather strong statement has seen con51derable debate-

“(Ha74 75, 76 Br75 St76 78).

Qua51 free scatterlng (QFS) in wh1ch one of the target
fﬂpartlcles rema1ns at rest ‘is partlcularly appeallng for K
1. studylng the n-n 1nteractlon Calculatlons and 1ntu1t10n‘
' jgboth suggest that this two body like process 1s almOSt
»entlrely 1nsen51t1ve to the off shell b&hav1our of the N N

1nteractlons. Moreover a strong sen51t1v1ty of the n-n QFS

Cross: sectlon to the‘n -n effectlve range (Pnn) has made th1s~

a popular plate to measure Pan- Determ1nat1ons of an (table*~-“

1) are typlcally much.less accurate than those of ann,lthe'

:l1m1t1ng factors belng exper1mental For thls reason, and

'because of the 4enerally low sen51t1v1ty of n-n QFS to otherf*”

————'-;——‘———_——— —— —

&potentlals tha‘y

ree on-shell but have-different off-shell -
behav1ours - o .o R =

e



A

'f‘errors has not ‘beén exten51ve. Comp*rlng a measured n- n f“n:

- .'Q;; :. .

)
g .

'"rsrequ1red before any meanlk'

ae e

- former but not the latter where only two nucleons

;veffectlwe range w1th the Coulomb corrected p p value_would

prov1de'a s1mple test of charge symmetry. The correct%d n p

(51nglet) value prov1des a 51m11ar test\gf charge

1ndependence.;Cursory 1nspect10n of table 1.1 however‘

f:,nreveals that con51derable/xmp5€vement in accuracy ;s

ful comparlsons can be made.
Experlments other tha_ n-n QFS are 1n ev1dence in table

I 1 but none appears to offer any advantages in accuracy

z

The results from FS& measurements are cons1§ered unre11able

due to an lnadequate model and the low sens1t1v1ty to an in

o

Wltsch et al (W180) wbo cla1m that the ratlo of n p to n n““

QFS cross sect1oﬁs can be measured more accurately and P“n B

deduced from 1t w1th less Eheoret1cal uncértalnty Whlle the"

flrst clalm'may be true, thelr exper1menta1 uncerta?hty of

- -‘ ._('ho‘v

8% leaves much room for betterment by conventlonal methods

(SsZB%ﬂ The second clalm is dlscussed in ch‘pter IV

.

The latest survey by Slaus (5978@81)_p01nts out:‘

systemmatlc dlscrepancy between effect1ve'range parameters

.,

N

' al (SsBZ) prdpose that a three nucleon force,‘lmplxcxt 1n o

the nature of the strong 1nteractlon, 1s present 1n"

- . oo v .
. . . l

Tln gart1cular hlgher partral waves off shell behav1our
(St76) and a,.., cJ g YL »v "

N .
Lo

.1‘

“ﬂ th1s reglon (Gu80) Of mof 1nterest is the report of von:ﬁ

dé@uced from n-n. QFS and (n ,7) experxments (on D). Slaus et,t

T
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Partlclpate.:One mlght therefore, regard the dlfference',f,f
*vﬁpx S between rnn measured from ‘tiwo- and three nucleon experlments
w -as-a measure of the presence a three nUCleo“ f°r°e° The |

.S- .

domlnant component of such a force would be a two]t‘"“\"

exchange term (Mk76) Slobodr1an (Sb82) malntains;that

Mh short of-collldlng neutron beams, the only rellable way to

study_the'n n’1nteractlon 1s via comparlson of "mlrror

processes" 1n wh1ch neuf ons and protons afe 1nterchanged -

v '

He c1te§/gross et al (Gr?O) who obtalned agreement w1th

e

'ﬂ;ﬁ',y) results u51ng ’He( He,‘He)Zp and'°H(°H 4He)2n The
' comparlson methOd has been cr1t1c1zed (Ss71) ",ﬁ“;‘ f- AR

| Sauer and Walllser (Sr77) have found that the process -
S AR
of maklng electromagnetlc correctlons'to p p data rs model '

.........

,l

- '1~ dependent They propose u51ng the assumpt1on of charge ,'

!

Asymmetry (1 e. eguallty of ni= n and corrected p p parameters)

'djfas a constralnt on the off shell behaV1our of the nuclear

| | potentlal The correctlon of n- p data does not appear to
'suffer from model dependence.‘: ; o

| Here at the Nuclear Research Centre an experlment is 4

currently in. progressT wh1ch w1ll attempt to measure - the u n .,

. A

QFS cross sectlon to w1th1n a few percent Th1s should

enabﬂe a determlnatlon of an to a 51m11ar (prev1ously

unattalned) degree of accuracy To ma1nta1n thls level of
“l'accuracy,.a ﬂore qomprehensive and detalled theoret1ca1
‘i?funderstandlng of the react1on is’ requ1red The purpose of

TDeta1ls of the experlmental setup can be found 1n sectlon

" TII.C andin Nuclear Research Centre Progress Reports
1979 82 - : : .

:v-,'
5 -



; thls work 1s to prov1de that understandlng Of course the

:relatlonshlp between Pnn and the QFS cross sect1on must be.f'?
\ \_‘l N

v,@ﬁnwell establlshed The sen51t1v1ty of the outcome to

, experlmental geometry and resolut1on must be explored

o Flnally the varlous\theoretlcal uncerta1nt1ei.that have

prev1ously been swamped by.. exper1mental error must be*elther-
ellmlnated or quantlfled The scale of the 1nvestlgat10n is
>d1ctated by the antlcrpated experamental uncertalnty
Such detalled analy51s 1s only p0551ble w1th the 1atest
'-three -body computer calculat1ons. We haVe used a code |
.supplled by Pal Doleschall (Do73) whlch we belleve 1s«the

best ‘available for the purpose The results of 1ts use are

presented 1n chapter IV Preceedlng these (1n chapter III)

'”Fiare the results of our own-"poor man' S" three bOdY

RN

'wcalculatlons u51ng therlmpulse approx1matlon Chapter II 1s

a review of ba51c three body theory, 1ntended malnly for

T
. perspectlve
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+1I. THREE-BODY THEORY

]'.

a. Notat1on e C o ' -,f,f~ﬁ:_7 fvjﬁ“fyk“'m--

R

f "r: In three body equatlons, the 1nteract1ng partlcles are”:'
,flabelled , 2 and 3 Quantltles def1ned on a palrw1se ba51s
*fare labelled by the 1ndex of, the non part1c1patlng partlcle
| Thus V, 1nd1cates the potent1al between partlcles 3 and k-
(1,3 k. cycl1c in th1s d15cu551on) |

‘ To 51mp11fy later express1ons,‘LovelaCe varlables
(L064) are used with all masses set’ equal to 1 Pa1rw1se‘
i‘relatlve momentum is denoted by the vector quantlty p,‘

N

pe=C1/2)(K,i~ky) Ty
where F- is the laboratory momentum of partlcle 1. Gy is.
proportlonal to the momentum of partlcle k relative to the

g

©(1,9) centre of mass:
Qe=/IKi#k -2k, 11

A free state is labelled by its'momenta and in the
three body case can be expressed in four dlfferent but

eqnlvalent ways:

1G> P> (=lqip > )=l kikaks> 1.3

=

for i=1,2,0r3. With Loyelace;variabies;thé*energy of this



. state ié_siﬁbli-expréssed:'
'_'E=D|2+Qf3 :‘.‘”-'v.,E:A”J ; II.4-

x.‘represents a bound state of (J k) in two- body space

vt

Accofdlngly,

.

\* 2

'|;>;ldi>{X{>“ T . II.5

'.:is the’samé:bound stété ih thnee;Boay spaéé

| The symbol T, 1nd1cates the t- matrlx for (j k)
'scétterlng, whlle the arguments supplled 1nd1cate whether it
1s a matrlxlelement or operator actlng in two- or three body

TN '

'-space In twor- body space

T,cp;,pr';g);égyjr;<5>yp4fg"“: R $ X
where £ is the two—bodyienérgy;”In'three*body space

\

Tl(piQirpi{Qf/fE)f<QKI<piJTl(E)1pi/>IQ(/>. " if.7-

where £ is now the total t'ree*bodyxenérgy;-Thus

=<qi|Ti(p,pi";E-q 2)|qy’> * 1I.8
6(q.-q{’)T}(p,§p.’;E—qu)L o

Ty(piQI'pl’QI';E

g : ;
B [

':  Clearly.then, thé behavjour of T.(E), in pértidulé: the -
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e

"_‘s1ngular1ty structure, depends on whether 1t is used in two—:‘

- or three body space The 1ncorporatlon of other two body

»operators 1nto three body space follows analogous l1nes.
o The complete potentlal actlng 1n the three body system
is assumed ‘to. be the sum of pa1rw1se potentlals B
V=§#Ve"',ji4 o o 11.9 -
although there'is no reason Why the'summation could not
flnclude a "three body potentlal"' ihvblviho all three
partlcles 51muItaneously (Fu57 PhGE 1chapter I).
In analogy to the two body case there is a GreenT

vfunctlon for the entlre process
G=(E-H)-1 . II.10
defined 'in terms of the full Hamiltonian

o HeHotv. RS ST

The channel Hamiltonians

'.’ H,=Ho+V| v . ‘ 11.12

- and associated_ Green functions,
______ ;_;_-_;__;_jﬁ

TThe termlnology of Jackson (Ja75) is adopted*here; Readi
"Gsfen s" if you are stubborn. S S :

~



e

"

+

'éolution. R

. G'%(Ev'.)»:(‘E—'H| )-1 - ) } : 11;13

descrlbe the palrw1se 1nteract1ons. The bound states;11>
(equatlon II 5) are. the elgenstates of H.. | |

In analogy to the two body t matrlx, there is assumed
‘to be a t- matrlx for 0»0 scatter1ng (0 denot1ng the state of .

three free partlcles)

|

"where Gb,describes7the»propagation,of the 0'state.

N 4

b. Limitations of Two-Bodf Theory

The Lippmann*Schulng r equation, I1.14 or-

e TeeY - e

V=6+Go Vi ) o 11,15

- - CoL N o L T o . . e
) . .- . - e d et ".)‘ -
= a .

belongs to the general class of Fredholm equatlons. V1ewed

~as an operator equatlon, certa1n.statements about 1ts
f; solutlon can be madeT prov1ded the kernel operator GOV 1s

'compact In numer1cal solutlons 15 is usually converted

to a set of matri x equat1ons for-which compactness

- guarantees a f1n1te number of equatlons. In practlcal terms,

therefore, compactness is elevated to a requlrement for

“

o



' FTSee Taylor (Ta72) for example.

11

“FigUre IT.1 Two- body scatterlng inftwo-body space is
'‘a connected process. _ : SN

o i o | ' n' o
- g ) g : T ' "Efiﬁfi

In the Hilbert space of quantum'mechanics} conpactness
is roughly equ1valent to square 1ntegrab111ty (bobndedness
in the Schmldt norm) ‘More 1ntu1t1vely, the kernel of II.15
-is compact for any Connected process in which no partlcle or
group of partlcles can be singled out as’ separate‘
(non1nteract1ng) from the rema1n1ng part1clesw_

Simple two body scatterlng, depicted in flgure I1.1, lS‘
clearly a connected process, for” wh1ch equat1on II. 15 is |
'soluble, as long as V satlsf1es certain ba51c .1
requ1rements + tr1ctly speaklng, the kernel GoV for ‘most

potentials is compact everywhere but at’ bound state energy

poles and on the rlght hand energy cut, Nevertheless the

..__._—_—_____—_-___
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C o

’

Figure II1.2 Two- body scatterlng in the presence of a,

| 'spectator particle is a dlsconnected process 1n‘
three- body ‘Space.

-

ﬁathematical tricks. These are reviewed by Lovelace (Lo64) .

‘The 51tuat1on in three body space is more forbidding.
_Even ‘the s1mplest process - two body scatterlng in the

,presence of*a spectator part1cle - is obv1ously dlsconnected

(flgure II. 2) Mathematlcally, wr1t1ng the two- body Green

rfunctlon in three- body space (follow1ng along the Yines of

equatlon II. 8) d B i

7

(S

'F‘<b,é,;|c.;o(‘5')|p.'q.'~">=~a(q;—_qi')<p.|»GO(E—q.2)|p.'> 11.16

.1ntroduces a- 6 functlon in the third coordlnate ’hlch leads,

)

upon 1ntegrat10n to a very awkward 1nf1n1ty

Jn more general fully- 1nteract1ng three body problems

‘the above dlvergence arlses aga1n and not jUSt as an
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o

‘isolated_factor. Decomposﬁng II1.14 using II.9 and iterating;U

T=z, Vitz, v GoT . _: | "t«- 11,17
—ZZ V +Z; ,V Gov +Z| ka GoV GoVk

reveals that there are dlsconnected terms (for i=j=...) at
each order of the expansion (flgure II 3). The 1nsolub111ty’
dof one such problem is dlscussed in more detall by Afnan and
| Thomas (A£77). One. is fo;ced to conclude that the | |
establ1shed mathematlcal formulatlon of two body scatterbng-
'1s unable to descrlbe three~body processes.,v o
c. Three;body'E§uations! ‘ |
o “Faddeev (Fa60,61,63, 65)-appfoached.tﬁe‘mathematicaid
problem of dlsconnectedness by prop051ng a dlfferent

decomp051tlon of the 0-0 t matrlx.

T2 T R I1.18
” =z, 123080 ,Vi4v, GV 0],
The T' are found to satlsfy "Faddeev type"‘coupled

equatlons.



'T.
+ I,
'V.a Go - !‘.’Vi-
+ I

Figure II.3 Expansion of the 0+0 t-matrix in simple
two-body interactions leads to an infin
disconnected terms. (equation II,17)
Zi.j=« = I -_Zl=j=k ‘

14
= I, . ,
. V l.
..‘ '
+ z{\f»;}-- - .\.

V.

ite number of



7tT‘=fﬁ+TpGo(T}+f?) ".v‘f'f R I1.19:
=TT GoT j#T 4GoT, |
+T.GeT, GOT +T GoT GoTk
+T.GoT kGoT T GOT GoT, |
-+

,

w1th connected kernels. Assoc1ated w1th these are Green'
' J.functlons :

G'=GoV .G . 11.20

which satisfy similar equations:

:Gf=‘GafGA)+GoTrJG¢+G”){ : - IT.21

11.20 suggests that G' (or T') descrlbes the process in

22

Wthh partlcles 3 and k 1nteract last ThlS process is-
clearly subd1v1ded by equatlon II 19 1nto connected and
, d1sconnected parts t For convenlence the completely

connected operators

Y1=TifTi . . ._ ‘. 11.22
are then defined, satisfying

T e

e - =

C 1 A . II. 23

~TRecall ‘the 8-function of equatzon II 8 which causes T, to e
be 51ngular - : \ . :

H . \
co L | | N
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I o .; . ? o L L U ‘ \ ‘. 16
) S . - - Yi =T iGOZ’j # AT j.;.Y j.).’ . S
Intu1t1ve1y, Faddeev has regrouped the mult1ple
scatterlng serles for the 0»0 1nberact10n such that tﬁe o

1nf1n1ty of dlsconnected terms 1n equatlon II 17 are all

collected into the flrst term (the‘two body t matr1c1es) of

equat1on 11, 19 (flgure II 4) . ‘9"7”?> ':p,‘zh{“f.if:”
- For most calculatlons the T'lare further decomposed
TisiMy o T
.=Z‘j (5. ,Vi—anVj ) ,)}f':‘ -
Yi=ZW, . S 11.25
) =ZI(MIJ—6‘jTi ). .' . ' "-;\“1

]

;From the elements w,, wh1ch descr1be the 6&nnected parts of

”the 0-0 process can be derlved (Fa61 Os71) the ampl1tudes

for the other p0551ble processes although ‘the connect1ons

are not.51mply made. C ,‘; G oo 'su_ "

To make the derlvatlon of amplltudes for the general

: :I(1 J)JT process more transparent Lovelace (Lo64) chose to

begln rather than;end with these amplltudes. Dependlngfon

the use of 1ncom1ng and outg01ng scatter1n9~wave functlons

in the der1vat1on, two operators are found : ‘<.

————_————--——__————}

'1Trefer to equatlon I1.5-

1 : L -.f';'

T -
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| Figure II.4 Paddeev has regrouped the muitiple =
~/-scattering.series so that disconnected terms are -

A




4

Lovelace showed that these satlsfy Faddeev type equatlons:
~”t3(the‘"Lovelace eqnatlons )w ' ‘
_ :j:vf+zh¢jU?kGOTk . L I1.27
. UTJ=Vika¢iTkGoU;j,; '
5 CaR g . el S
"whlch are, compact and soluble but do requ1re both potentlals
: and t- matr1c1es for the two body 1nteractlons. While
h;dlfferlng off shell both operators yzeld,the same t- matrlx »
for the on shell process |

Ta,=<tlUtg 1> - 11.28

L : : (

. as {rqu1red _

. The problem of off shell amb1gu1ty was addressed by

'lt Grassberger and Sandhas (A167) who deflned a single

type of operator ‘:‘j" S qr. ;,? T_ Fﬁhf; | 5
» U. j—6| JGJ+U|1 o (_6—,]-71-5,)) v' II.ZQ» -

n.-‘dporv'.

. .which" also descrlbes Ehe -OfT shéIL,Ebreé sady process"Tn

> rurﬂwﬁnmh b g

Ty s e addltnon to-beang moretsymmetrlc,

Faddeev type equatlons (the "AGS~equatqons )ewhlch.do ROt -

- : . o

- - Td T e B

fthese Opefators satrsfy*:*"*"'755“
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_ terms of the bound state tran51t10n operators.

E Ubj=Go—1+Za=1TQGonJ; . ' I;.31'

Osborn and Kowalskl (Os71) have demonstrated the
connectlon between Faddeev and AGS formulatlons of the

problem The relatlon

W?dzThGOU[JGOTJ ’ : 11.32

1dent1f1es W,; as the part of the full’ 040 t- matrlx in wh1ch

particles (3,k) 1nﬁeract flrst and partlcles (1 k) 1nteract

last Ui, then appears as thlS part strxpped of its 1nrt1al
and flnal two- body 1nteract10ns ‘

The 1mpulse approxlmatlon used 1n chapter III can be

' derlved as a 51mp11f1cat10n of the full three body solut1bn

by 1terat1ng equatlon II 31 Chooszng-partlcle 1 .as a.

-D-v'nnzf’--q LI

"TJ,L””profon 2 gnd” 3" as neutrons, the tran51tlon operator for

A e
" .

- PN

‘ neutron 1nduced breakup of the deuteron becomeswv
f SIS L ;'i;‘;.»:» N

cu e

'Ujiz GO+Zn:,UinGO . . lfn'f‘Iljjbd_

The three body breakup tran51t10n operator can be deflned 1n'3'

‘&

o -

Cm

2 B T,



o

tnotlng that any local potentlal can be approx1mated Wlth

Uo5=Go - ‘+Z T Gona_;“. ﬁ“- o .” II.33;-
G -‘+(T +T Gozkg1T Gon3)+(T +T Gozkng G Uk3)

. +T GOZR#BTk,GOUkJ ) .
szé-"1+T +T2 L. o . ‘ ) . A'l'g\

B Following equation 11,28, the t-matrix for the process is

H

To,3=<0|U03|3$r'» . &1.34

d. Separable Potential
- While three- body equations have been solved for a local

potent1al (0567 K171), the numerlcal problem 1s, in general

'very dlfflcult T Even after angular momentum decomp051t10n,
-whlch reduces the dlmen51ons from 51x to two, the remaining

‘1ntegral equatlons are coupled and infinite in number

Most calculatlons therefore, 1ntroduce separable

partlal wave two body potentlals (the partlal wave 1ndex is

.suppressed)

‘ ':;7‘Vi‘bek)=iy;Q]r(P)K:V§Qr?(p))- SR I1035.

lthough thls,may seem rather xestr1ct1ve, 1t 15 worth ﬁ?

R A T T
. - - -

>

:arbltrary accuracy by a “Sum. of separable terms In

e e e e - -

tThere are mathematlcally sound theories (e. g We64) but for
practical calculatlons 51mp11fy1ng assumptions are required:

‘(see Sc74)

i

. .o o : . . - -
N m . o - - - > q @ o 4 e e N - - PR
T o .



f{é{p
‘patticUlar the two-term R- type separable potentlal
'descrlbed in chapter IV has a level of agreement with -

| exper1mental N-N phase shlfts prev1ously avallable only with
" “non- separable potentlals such as the Reid soft-core (Re68)

. - In the presence of a separable potential, the two‘body

patt;al vave t-matrix 1tse}f becomes separable:v
T(p,p’,E)=§y;gy(p)fy%(é)g?(pf). ' - Itc36
JIn operatorpnotetion,
rf(ét:|g>;(E;<gj - | .11.3.7
where the conventions of section A'stitl epply, i.e.
TP(E{e]dq;ﬁldeéjgg?Tg(E-qkz)(gt]fq;| . II.38 
in.tnree-body'space To.51mp11fy notat1on the third
'variable will be omltted from equat1ons in three- body space

on the understandlng that a q, should be present for each

:subscrlpt ;, w:th three dlmen51onal integration over

' Lrepeated subscrlpts

In th1s notatlon " the "X4amplitude".for rearrangement

scatterlng 1s deflned

X1 =49, |Go (E)U, 1Go(E)|g)>. | ' 11.39
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" Inserting thé separable t-matfixroﬁ I1.37 into I1.30 and
taking matrix lements {gi IGO(E) GO(E)Ig > yields a set of'
- coupled integral equations in one continuous %Prlable~fo: =
the X|j: |
' Xi J(E)=g, ,-V,’,»(E)+Z“ ]Vi.k(E)Tk;.(E"qkz)kaj(E.),. II .40 »

Vi, is an energy-dependent "effective potential":

Vi (E)=<g,|Go(E)|g;>. . 114

By taking matrix elements <pbl. GO(E)[g > of equatlon

I1.31, analogous equatlons for: the breakup case are obtalned

_xé,;v%ﬁ(;o)}+z;vomi¢xk, Iil42

yhere
Xo;(é)é%ootug,cE)G;(é}ig;> - 11'4?'
v.v;,fEfégpalg,}; ‘ _Ai | 'Ii.44

After angular momentum decomp051t10n (Do73 A167)
Jequat1ons II. 40 become one- dlmen51onal 1ntegra1 equatlons

whlch can be solved by a varlety of methods (some of which

‘are-descglbed in section’F). The breakup amplitudes Xo, can -

tSee equation II.49, o - ’ e



then be calculated from these U51ng 11, 42 | ';, I

Although the t matrlx of’ equatlons IT1.36 and II 37

-acould be expressed in any basis, the ideal (We63 64 Sc74l
ba51s of bound State form factors is used to 51mpl1fy ."?f:"
_:calculatlons. In thls representat1on, each form factor for a’

pa1rw1se 1nteract1on can be related on shell to a boumd

'
-------

___state of the palr ;;iii f o '”:':jfzf”‘4?=”

P IGe EVIg 32 pi >y e L ixds

»

Thus a potentlal will typ1cally have one form factor for

'each bound state.

The relation IF: 45 can be uséd to attach some phys;cali;f;;ng

' tmean1ng to the mysterlous X ampl1tudes. From def1n1t10n -
S II. 39 it is clear that on shell Xij 1s%the amplltude for

\scatter1ng from a bound state of (i, k) to a bound state of

(3,k):
X‘|j‘=<X;'U|J,’XJ>. . ' : . 11.46
In other words, look1ng at equatlon II.28, X,,-T., on shell.

Slm1larly, Xoj is just, the matrlx element of Us; between

free and bound states:‘
KXo y=<po|Uo|x;>, R § Y

or XQJ'—'T.O ]_“On S}‘]ell.‘
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Of course,:lf a partlcle pa1r had more than one bound

state, X would have to be labelled accordlngly Por

_.51mp11c1ty and because Jthe deuteron has only one bound

state such labelllng has been omltted

Flnally

\._ ‘. .‘_’?-'-i L8

©

effectlve potentlal"-‘

L v.,-<g IGO(E)GO"(E)GO(E)lg,>'_" R

7 ”'\.

.SLmELarlyr

e

-—<X1'Go ‘(E)IXj
-(X ](E HO)IXj

. « - . Dot et e
LR TR AR - SAC AP LT YA ) AR, .3

B 2 - e T4 e W L

V01—<p° |gj PRI

f.—<po]Go 1(E)GO(E)|QJ
—<po|(ETHo)lXJ>
=0 on the energy shell.+t

. e. Analytic Structure of the'Equations'

I1.45 can help to clarlfy the descrlptlon of

o I1.48

I I

44;104§:h

| The f1rst step toward solv1ng 1ntegral equatlons IT. 40

is a Study of the 51ngular1ty structure of 1ts const1tuent

parts. Because many methods of solutlon 1nvolve analytlc

extengions of these parts into the complex plane, the

© foll7 w1ng br1ef account of 51ngu1ar1t1es will not he I

restrlcted to the real q ax1s.

,,_..—‘.;.'« sac 0w

tReCarl (po‘(E Ho}|x1> STQQ*QJ)<pu'(E HO)[XJ
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In general thevsolubility Of‘such an eguation depends
- on the behav1our of the kernel Vr (as discussed in section
'__Bl, and Of the solution X 1tself Of the two contrlbutions
to the kernel that due to the "bare} twoibody t- matrix T is-
g.the simplest In pure two- body scattering, r(E) has a 51mple_ﬂ
pole at each energy correspondlng_to a bound state ‘of-the
pa1r "In the three- body case,'f(E q2) Wlll therefore have a
:ipole on the real” q ‘axis for each E- q2 corresponding to a

] bound state energy. For three nucleons thlS means at most

one pole.

LRs

Singular1t1es in " the Veffective potential" V arise from“'””"

}both the three body propagator Go and the form factor

'Tl<g]p>—g(p) For Mot calculations Brayshaw (HEGB) has

argued that the latter source.may be 1gnored Since the o
h'separable potential defined through the form factors, is”“
lfonly approx1mate, any reasonable calculation'must be |
relatively 1nsen51t1ve to the exact form of g. If the
_51ngular1t1es in g were to play a part then this
frequirement would not be met. - |
o When the energy is hlgh enough that the propagation,of"
three free particles can occur, the free Green function
exhibits two palrs of branch p01nts of logarithmlc
51ngular1ty w1th-branch cuts between themT)Synce the
positions.of these singularities depend on both momentum ’
variablest, while'the integration is performed over only

one, this particular sourceApresents the'greatestgbarrier'to

AL

P



‘in"both the variable of
independent variable q.

integration 'g” and the
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Figure I1.5 Thé“intéérand-ofjlr,AQ has singulatitiés‘
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solutlon of equat1ons II 40 The locatlons of all

A 51ngu1ar1t1es in the kergal (except1ng those due to the form
T

factor) are 1llustrated in flgure I1.5 as a funct1on of both

momentum varlables.A e e s a

. B % N - RERTE P . . . . o
W e R o M

fi Srngularltles in. the amplltudes X,, themselves have-

been studied 1n deta1l by Brayshaw (Br68) who looked at

analytlc contlnuatlons 1nto the complex plane and the

ultlmateusolutlon-of equatlons 11ke II .40, The compl1cated

-structure of these ampl1tudes is cOntrlbuted by both the fA

"effective potentlal"‘term ana the 1n&egral term 1nclud1ng

, -~

_ those! s1ngulaf1t1es mentloned above wh1ch are 1ndependent of

the’ varlable of ‘integration. In partlcular Brayshaw has;
found the behav1our of the X.{ to be compat1ble w1th

solution by the-method of contour deformation.

f. Methods of'Solution

Follow1ng angular momentum decomp051t1on, equatlonsmf

,_.._u- .

I1.40 reduce to a set of uncoupled oneﬁdxmen51onal 1ntegral

o

‘equations of the form

,_r_.,n - R

qu q JE)= wq Q' ,E). n 50
+! q"2dq”V(q q" E)T(E q"Z)X(q",q¢ E)

&

< -
The challenge of the three body problem at present is to
~solve thls type of equat1on glven the 51ngular1ty structure

outlined in the previous sectlon.
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- The most common approach 1s to solve/II 50 for

1ntegrat10n along some’ contour in the comflex q" plane

Then Irom the solutlon for complex momenta, ‘the phy51cal P

' amplltude for real momenta, can be calculated The ., 51mplest

1w

contour" 1s deflned by rotat1on of the coordlnate plane

(Ca71) equ1valent to 1ntegrat10n along the llne q“e‘“. This

contour clearly av01ds the mov1ng s1ngular1t1es" in the

, some values of; q‘ -however, the br n

'kernel when they take the form 1nd1cated 1n flgure II 6 For

. -

cuts assume the more

compllcated form of figure IT. 7. In th's case, .the 51mple

'_rotatlon must be . supplemented by a detour around the - branch

point at A and evaluatlon of the integrand on the second

Riemann sheet (where the contour is represented by a broken

line). Brayshaw has shown that for small enough ¢, the;
method of contour rotat1on is compatlble wlth the

R 3 AL .

's1ngular1t1es contrlbuted by the X amplltude 1tself A

A dlffcrent contour has been used by Ebenhoh (Eb72) who.

was able to extract the amplltudes for real momenta

. "-Ah‘

e @ -
© v -

;_dlrectly Thrs av01ds the problem of ;ntegratzng over?dif

.s1ngular1t1es a second t1me in: computlng the amplltudes on.

the real axls from those 1n the complex plane

,u-—"“

The presence of "mov1ng 51ngular1t1es" in the kernel of
]

»equatlon II 50 prevents a stralghtfoward solution u51ng

numerlcal quadrature While the changlng nature of the

51ngular1t1es would requ1re a changlng 1ntegrat10n mesh

solutlon of the resultlng system of linear equatlons would

demand that the mesh remain constant throughout Doleschall

) C ke T . T
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(Do73) (and also Sohre and Zlegelmann (So71)) has developed

l"a modlfled Gau551an quadrature whlch g1ves exact solutlons

-for an N-1st degree polynomlal u51ng N mesh p01nt$m It

4shou1d be noted on surveylng these two popular technlques

that analytlcal 1ntegrat1on 1nev1tably requ1res that the

f_potent1al have a. su1tab1e analyt1cal form w1th a- well

;-behaved extens1on 1nto the complex plane. Numerlcal_-5

1ntegratlon, on the other hand places no, such restr1ct1ons

“ﬂon form allow1ng a w1der and perhaps more. reallstlc ch01ce

' 7of potentrals.f”ff

T A %ymber of calculatlons have been based on the

.Fredholm method of 1terat1ng equa;1on II -.50.. A~ problem

arlses from the fact that the multlple scatterlng serzeszso
generated does not always converge. K}bet and Tjon (K'Tl)
‘fnforced convergence by addlng a. mu}41p11er to the kernel
The tran51tlon amplltude, whlch was.derlved for a’ local
.potent1a1 was then approx1mated u51ng the Pade method

By sp11tt1ng the X amplltudes 1nto 51ngular and

non s1ngular parts and 1terat1ng once, Stu1Venberg (St76)

.effected a solutlon by analyt1cal 1ntegrat10n along the real

'faxls only.~_;
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- a. Justification L e T
Although the 1mpulse approxlmatlon was®” orlgrnally used L
to extract features Qf tﬁ% n- n 1nteractlon from n-D - | |
1nelast1c scatterlng (Ch50) 1ts quant1tat1ve accuracy has -;
"51nce been surpassgd,by,gull fledged three body methods For
3
hy51s, espec1ally in the

'1ts 51mp11c1%y, however, the 1mpulse approximaggon ls stlllwm

;]

a useful to&& of‘qualltat;ve ana
v1c1n1ty of qua51 free scatterlng We have used 1t to Eet a
feel for the sen51t1v1t1es of the D(n nn)p qua51—free ‘
scatterlng reactlon and to gulde us in the most eff1c1ent_
use of the lengthy and expen51ve three- body calculatlons‘
| K1nemat1cally, n-n quasi- free scatterlng can be def1ned
by a three body: flnal state where the proton has no recoil.
Experlmentally, thlS state is ev1denced by a peak 1n the
' breakﬂup cross sectlon. Except for the effect of the b1nd1ng
| energy, then, thls 1s two body n-n scatterlng with - the
proton as a spectator and sh0uld be well descrlbed by the
1mpulse apprdﬁ@ﬁatlon.‘_‘ ‘
As 1nc1dent energy'decreases the b1nd1ng energy piays
a greater: role and the reactlon adopts a more three body
character. Under these c1rcumstances, the QFS peak is less
pronounced broadened by the contrlbutlons of varlous
'fmultlple scatterlng terms. The energy of this study, 21, 5
Mev (14.3 MeV in the centre- of mass) is StIll hlgh enough

H’relatlve to the deuteron b1nd1ng energy that the impulse
’ '\ 'v. .
L .. .v e ) :, - :6.

;éf



N apprnxgmatlonxshou&daglve a'reasonable account of the

R Rt
. . - P .Q”l -

i . g vy s e - . m .

T ek ? -

klnematlcs of ‘this. reactlon and ' an 1nd1cat10n of 1ts

*:?Tensu1taba11ty for measurrng the n~n effectlve ranée..
Furthermore, ~ the 1mpulse approx1mat10n has the added

'advantage that it 1ncludes, implicitly, all relatlve n-D
partlal waves in the 1nc1dent and scattered channels.
Stu1venberg (St76) has acknowledged the 1mportance of higher
partlal waves in thlS partlcular reactlon.'¢,

- - . . ~ - & IS o . o
e W e gk am 2 e T ‘. TN T e e S v

h. Model

The 1mpulse approx1mat10n model for the QFS reactlon is
Illustrated schematlcally in flgure III 1..The klnematlcs
are those _of 51mple n-n elastlc scatterlng modlfled by the

absorptlon of energy in the breakup of the ' deuteron {see

appendix A).

i : Yamagudhi*S—Wave-separqb%ewpotentials (Ya54a)
. ): : .’)(ar' 1:"‘34 / 3 .

ViKk,k')=g(K)Ag(k’) oIt

-

where'
glk)=1/(B2+k2) ~ iqppo

vare used for both n-n ‘and n-p interactions. The momentum

space proton wave function in the deuteron thus takes the_

-7

. - . - . P P : - . v . \
form - P - C . ) .

; T*\\f,} i
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Figure I1II.1 In the impulse approximation the - .
deuteron wave function (at ‘A) furnishes the momentum
distribution for neutrons scattered by the off-shell
n-n ‘interaction (at B). The proton acts as a
-.spectator. - . ~. - - o R ‘
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VIp)=N/[(a2+p2)(f2+p2)] T 1113

. . . . - BRI
'4\ - " e -

.whére" N 'is a normallzatxon constant It ;s the peaklng oﬁ

thls wave functlon _dt zéro momentum that is respon51ble for
the peak in the n- D cross sectlon at the QFS" geometry

For the separable potent1al ITr. 1t'the t-matrix for n-n

scatterlng is also separable (see equatlon JI 16)"‘“'77?“'*ffﬂ?f€“

- o «< - »
cd e e = LRI SR o

- » A - . A e » oM 6_',‘9_:_"?; 2 o» _0,’_“

-

tR, k' E)-g(k)r(E)g(k’) - I1i.4
For on- -shell (k2=h?2=F) S-wave scatterlng the effectlve
range expanded t matrix is’ used _ _ | :
t(k, k;k2)=(kcots—ik)=1 . o+ 1115
=(-1/atrK2/2-Pragas. - ik)-1 e
where a is the scatterlng léngth ris the effectlve range
and P is the shape’ parameter Equations I11.4 and III, 5 i
imply that the half-off-shell t-matrix at B in flgure I1T11.1

can be approximated by N

. % _ ‘ , L
t(k, k' k2)=g(k’)/g(K) 1 (~1/a+rk?/2-Pr3ke-jk)-1. 111.6 .

»

Here the off-shell effect of the potent1al on the behav1our

' @

of the -t-matrix can clearly be’ 91ngled out in the factor

g(k’)/glk).
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The complete:eXpression for the cross section is-

T

where the last factor is the k1nemat1c factor 1n the 11m1t

-,

of zero proton recoil (see appendlx A). Although

- approx1mate, 1t is con51dered to be in keeplng w1th the

A «ace"ar};c; Of ‘the- l'mmsg’;'p;roluﬁé«t;’a{"»aewfe;e;t’m tne°-l-=»'-“'c- et
v1c1n1ty of QFS geometry

The effectlve range parameters used in the above

-'...,.,,‘.. - e e P 4P.-4_-a e U

1nteract10ns are: S e
) n-n = 2 70fm Lo n—p. » n 2. 51fm p
,(spih sfngletj a=-17. Ofm (spln trlplet) a=723 7fm L

o Pee.017 -« - ... .o e e 5

c. Experlment _ - .
| As thls study is be1ngvcondu;1edb1n supportdof an
'experlment in progress at the Nuclear Research Centre, a few
.. words about the experlmental setupware ln'order. Note that.

all angles and energles (excegt relatlve energles) are
descrlbed in the 1aboratory frame of reference. o
Incident 21, 5:.3 MeV neutrons scatter off a D;0 target

into two banks of detectors arranged in four opp051ng palrs
at. +42° to the beam axis with 11° a21muthal spac1ng between
‘palrs. The detectors have an angular acceptance of 3° in the

¢ dlrectlon and 12° in the 6 direction. The latter value can

be subd1v1ded into two.or three equal- s1zed bins ‘if

Y



-
»
’
e,
P

o

‘bank is 11°., ..

- detectors

. -~ -
Se o ey L

PN

Figure III;2‘Schemath\diag%a
experiment. Detectors are arr
~ around a 42?7 cone. Azimuthal

-

Lo

m of the D(n,nn)p -
anged .in two banks
spacing within each-

»
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”Vifnecessary. The experlmental geometry }s flIustrated‘ ;}dé&;-

m;pschematlcally in: figure -FI11.2, “t'Aa*aﬂ¢~ ~n:s;...:
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H

A'n-n QES reactlon 1s ev1denced by c01nc1dent neutrons :

o

rexact QFS,.cannot be»detected, Neutron.laboratory energles»s-

from 2 to 19 Mev w1ll be measured w1th a resolutlon on the
¢

.order of 1 MeV. Symmetrlc QFS occurs at a neutron energy of

-9&54,MeV._The,goal is a‘measurement of-the.d1£ferent1al

“cross séatiéﬁ at'nen'QFS’éeométry,"to an acCuracy better -

- dt.Results

a

+in theory, at least . -

5

n~,than -5%,.-A. value for an can then "be dedﬂced by matchlng the'

measured cross section to the value predlcted by a

three body calculation.

-

For on- shell scatterlng, equatlon I1T.6 reduces to the

:s1mple effective range. expan51on for the t matrlx, since the

off-shell functign g(k’)/g(k) is un1ty This t-matrlx belng
defined by measureablet on- shell quantltles, should ?e
1ndependent of the,off-shell behav1our of the potent1a1

In the absence of a clear choice for the n-n potent1al

one should therefore seek out klnematlc reglons where

off- shell effects are minimized, if a rellable estrmate of

-

Pan is to be made. of course the_exact'QFS geometry is best
suited, but the experimental iimitatioﬁs on'resolution and
acceptable count rate demand an investigation‘of near-QFS

geometries as well. | ' ‘ |

—— g e o —— . — - —————— —
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From flgure III.1,othe~off~shell functrontgﬁk )/g%k)

depends ‘on the 1ncom1ng\v1rtual relatrve energy E(off) and
i the real out901ng energy E(On) Ck’2LE(oFF)"”k2‘E(On)) One ,

could therefore, regard the dlfference between. Eton) and

EEE »

o E(off) as an 1nd1cat10n of the model dependence of these
calculatlons For E(off) closer to E(on) the reactlon has

~more of a two-body character and should yleld a more

rellable value for r,.. Proton recoil energy, however is a

further test of two-body character and must be monltored as-
well, It, 1s also a measure*of the valldlty of thls

----- <

approx1matlon. e

In the experiment,,neutron coincidences are possible in
_detectors with 169°, -1568°, and "149° az;muthal spac1ng (£3°).
As the separatlon decreases from 180° the calculatlons
become more model dependent but not greatly so (figure
I11.3). At 180° the cross section is constant over the
a21muthal range of the detectors (3° each) 'For coincidences
in other ‘than opposed detectors, the proton can acqu1re
recoil energies comparable tO’those of the outg01ng neutrons
although this problem is alleviated by using energy windows
for the neutrons Flgure I11.4 shows the magnltude of proton-
recoil energies encountered for fixed neutron energles.

In the case of fixed neutron angles and varying
energies (figure III.5), model dependence increases awa;

from the QFS value of 9.64MeV while the constant on-shell

energy 1mp11es that the cross sect1on w1ll only be sen51t1ve

to the magnltude of the on- shell amplltude but not to its
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AK dependence ‘Over ‘the range of ~energy.-resolution {iMeV) '
model - dependence is constant but the peaking in CrOSS»
Asectlon is still dlscernable.

'In contrast to the above results. the‘two body nature
of the reactlon seems to per51st through varlatlons in the ’
detector elevat1on angle 6 relatlve to the_beam axis. For'
symmetrrc opposed neutron flight paths both onf and
off shell energles 1ncrease with angle (figure 111.6), theE'
net effect be1ngbthat the influence. of'off—shell.potential
behaviour is constant (flgure III. 7) This, and the
generally small proton energies é%countered (flgure III 8)
1nd1cate that- the 12” angular acceptance of  the detectors
should not pose a serious problem.

The cross sectlon however, is quite sensitive to 6 and
'peaks at an ang%; of 39°; somewhat smaller than the 41.7° at
'whlch the k1nemat1cally defined QFS occurs Thls is clearly
because of the on-shell t- matrix Wthh 1ncreases as 6 (and
hence E(on)) decreases, dlsplac1ng the peak from that due to
the deuteron wave function alone. The fact that the Cross
sectlon changes by a factor of two over the angular range of-
the detector w1ll have to be accounted for elther through an
- averageing processmor perhaps bett;r, through the binning
mentioned in-the‘previous section,

The suppression‘of off-shell effects over a range of
symmetric,‘non—QfS angles coupled w1th an almost llnear
relatlonshlp _between E(on) and ¢, suggests a-varlatlon in’

the a-ys. 6 relationship via the effective range term in the
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expanded on-shell t-matrix (equation IIIv5) "Figure III. 9
'demonstrates that this shape dependence is too small to be
of any use. ‘ ‘ _ |

.The'reietionship'betneen a'and'nnn‘is ronghly linear '
with a slope of‘;1 OVervthe‘oonceivable.renge otfﬁnn (fiqure
III.105; From this,,aédetermination,Of Pna toO within a few
percent seeme at least feasib;e. ¥

" As a éuide to identifying possrple sourees.of*error in
the. experiment, equatlon I1I. 7 can be 1nverted to yield r as

a funct1on of o, a, and P whence

(Aﬁ)z={(ah/aa)Aaléit(ah)aa)AQJi+[?én/ao)no1z 111.8
In the laét.term, the shépe paremeter'P has been‘
incorporated;into C¥P53. Comparison of common potentlals,
both théoretical'end empirical, suggests ‘that there is 'some
oorrelation between P and;ﬁ'which would permlt treating @ as
an independent parameterr? ~ |
| " For reasonable'choiqes of: the above uncertainties,_thev
normalization.of.the cross Section'arjées as. the largest’
source of errdr-for;ail'poesible'relatiVe’oUtgoing neutron’
energles (see flgure I1I. 11). Even at the reasonable leve1<
_of 5%. overall uncertalnty, the Cross - sectzon Stlll
v~contr1butes an error in P that is as large as some recently '
reported values (table I. 2) One must therefore hope either

RSN
for a s1gn1f1cant 1mprovement in. the measurement of detector

eff$c1ency or for a. noticeable sen51t1v1ty of the shape of

PN
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“the cross section to P. _ _

‘ » “f By way of comment- on the llberal use of -the effect1ve
range expanded t matrlx in this part, it is instructive to
consnder the expans1on'1n terms.of-the dimensionless
parameter'rk: — | | |

17

 keots=(1/r)(-r/a+(rk)2/2-P(rk)*+...),  111.8

‘For reasonably behaved coeff1c1ents, rk<1 should guarantee
,‘convergence of this serles, whereas the reactlon at hand
.YIEldS rk=1.2. While thlS does not preclude convergence, it
g

vlS true'that the thlrd term contrlbutes as much as 7%. in.

this partrcular.Case.



o ~ IV. THREE-BODY CALCULATIONS_
a. ModeL
Three-body calculations werercarriéd out witn the
computer code of P. Doleschall (Do73). Our version of the
the program package (which we call DOCODE) is wrltten in
. IBM compatible FORTRAN and runs on the Unlver51ty of

Alberta's AMDAHL 470/V6 computer. ;//

The program solves the AGS equations (11.30) for

separable N-N interactions-(II 35). The‘reducedvintegrai.
}equatlons (r1. 50) are 1ntegrated numerically’ by Gaussian
quadrature. Those parts.of the kernel which contain only-

51mp1e poles (from r) are dealt w1th in a stralghtforward
prlnc1pal value 1ntegral For the rema1n1ng more 51ngular
parts (conta1n1ng logarlthmlc 51ngular1t1es and cuts) a

spec1al quadrature is constructed based on the mesh used for
3 the simpler quadrature The method relies én some smoothness
“ in r. Spllttlng of the kernel 1nto "51ngu1ar and regular
parts is done in such a way that' the spec1al quadrature I's
1ndependent of energy and two-body 1nteract10ns

Integratlon y1elds a system of 11near algebraic

equatlons Wthh are solved by the Pade approx1mant method
(Ba71) using MacDonald s e algorlthm (Md64) . The total ;
interaction is' constructed as a sum of partlal wave ’
three body t matrlces -up to 19/2‘ total angular momentum and

parlty To speed up calculatlons orbital angular momentum

Awhlch would normally 1nciude states up to £= 11 is truncated

I
S



.at £=8 with no effect on results reported in the original.

-calculations'(Do73). Our calculatlons show a 2% difference

3

between n-n quasi-free scatterlng cross sectlons with
trug%atlon at £=7 and {¢=8, For part1al waves beyoad 7/2°,
quadrature is replaced by Sloan s E#ltary flﬂ‘%“é:ﬁe: o

approx1matloﬁ,(5169). This is a type of first-order

apprqx1matlon ‘to the multiple scatterlng serles w1th*““‘”»
. . . ‘!‘ V,>.

unitarity bu1lt;1n. our calculat1ons in the quas1~

' scattecing regionilndlcatelan effect.of ‘2% in the comblnggﬁ
‘9Y2* and 11/2‘»patt?al waves.and 04% in the combined 11/2-
and 13/2° partial waves, due to this substztutlonn
Except for the‘numerical treat;ent the d15t1ngu1sh1ng

feature of any three- body calculatlon ds the type of
. two- body 1nteractlons employed (see table Iv. 1).HFor most
Apractlcal purposes, the mathematlcal complex1ty of the
problem demands the use: of separable poténtials. L1m1ts-on
. sheer computlng power place further restr1ctlons on the rank
of potent1als, precludlng for example an- accurate series
approxlmatlon to a proven local potent1al, or even the
inclusion~of'an OPEP tail. 4 |

-Initial calculations‘n{thﬂDOCODE reported 'by Doleschall o
used rank one'Yamagachi;(separahle) potentials in S-, P- and ‘
D—ane interactions. Later the program was modified to
"accept generallzed Yamaguchi potentials whlch were designed
to 1mptove the descr1pt1on of the mixed- state deuteron and
to f1t the experimental phase shlfts in all paﬁklal waves.

~In partlculaiz the polynomxal form of the numerator enables

-



reference reéction potentials ' rank_partial
. ’ waves
(Aa65,66) ~ break-up, élastic . Yamaguchi 1§
(Ph66) ‘breakwup, élastic _ Yémaguéhi‘- T S,p,D
o P bound state . :
(M169) bound . state Yukawa? | 2.8
(S169) S elastic . YaﬂEguchi
(ca71) B “breék-up (FSI) - Yamaguchi 18
Tabakin '
"b}eak—Up'  Yukawa? 2 S
'breakfap _ Yamaguchi 1; S\
(Hr72) ' bound state ' Reid soft-core®® 2 §,T
(pi72)- . elastic - Yamaguchi 1 s
(Dolq,74,82) b:eék-up gen. Yamaguchi 2 s,T7,pP,D
| ' R-type -
(Du73).. break-up (QFS) - Yamaguchi 1 Ss,pP,D
o ' A ‘ Tabakin ’
(Ha73) ) bound state%r : Yukawa?? _'2 .S
~”'(Sk75) ) A ) ‘elastic ' Réid sc;'ft-co_re2 s,T,P,D
(Be76) . “elastic . de Tourreil? . S,T,P
" - : - and Sprung
(St76;7§) *-- break-up . gen. Yamaguchi®* 2 s
(Bn77) - . break-up Yamaguchi 1 s,T,p

— . -~

L

e

"including three- body force

zlocal potential '

*including phase- equ1valent transformations

,‘from G. Koopmans, internal report, Vrije Universiteit

~

/Table IV. 1 Survey of three- nucleon calculatlons. n-D
system with separable potentials unless otherw1se
noted T 1nd1cates tensor. force (°S,-3D,),

,
N
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reprodﬁction of nodes in the ‘SOT; ’S, and “Po phase shlfts
Currently the program accepts both generallzed Yamaguch1 and
R- type (recently developed by Doleschall) potent1als of any
‘rank in any partial wave. Coupling between partial daves, as

3

in the s, —’D tensor 1nteractlon,‘1s“also avallable.
= o
The generallzed Yamaguchrﬂpotentlal in the k- th _ v
partial wave, has the fo¥m factor
w&
g (p)=[p*ZT.oyip2' /(N5 B (148, p2)] CoIv.a1

with m no larger than 2 for the pbtentlals presently in use.

Thls form will hereafter be de51gnated as Y-type, as a

¥ -

remlnder that it is more general than the trad1t10nal
Yamaguchl potential (YaS54a,b) which 1nsp1red it. Of course
in the case of rank one S-wave form factors this distinction
.islpure formality. The R-type form factor, for which there

¥

is no pubiished_description, is very similar: I

g (p)=[p*/(1+Bp2)* |Z7. [y, /(1+Bp2) "] Iv.2
With some rearrangement, it can be seen that the R fofm
factorfis really a reduced form . f the Y, with Bo=0 and -
o P _
Bi=B. The smaller number of parameters in this form factor
- R :

(through its restricted form) allows its practical use for

larger values of r (up to 5 in our calculat ions).

TStandard spectroscoplc notatlon (”"I ) is used.
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‘Note th; dlstlnctlon between the number of terms in a

form factor (m) and the rank of the potential (number of

o

'h.
Chaﬂﬂe]Sﬁquely most cases, form factors, indexed by y and z

in equation II1.35). This termlnology will be used
throughout. Eurthermore, tp streaml;ne thatlon, the ;ank of
aﬁ.s—wave potential may be indicated by é prefix oﬁlthe type
designatio;,«as in 1Y, ZR,'etc.

Both types of.potentials are'used in rank oﬁe and two
singlet S-wave forms this being” “the most 1mportant partial
vave. Triglet S-wave potent1als (1-p only) are rank one
eicept for a rank four tegior-interactionA(abbreviated 4T)
used with the 2R singlet interaction. P-wave interactions
are exclusively Y-type and include the 'P,, Py, P, and P,
partial waves,‘the latter represented by a rank two
potential. D-wave interactions are rank one R-type and
inciude the 'D, and °D, partial wpves:,The ?D,‘interaction
is only present when tensor forces, which are R—type,fare

‘included. All interactions allowed by the.generalized Pauli
'_excldsion-princip}ef(1+s+t odd) have been used. Traditional
J@YémagQChi and Y-type tensor interactions have been used by
Doleschall (Do74) but have proven\unéble to fit even the
two-body experimental data.

Parameters for all interactions were obtalned from a
weighted x2 fit to accepted low energy nucleon -nucleon data
(Mg69) 1nclud1n9051nglet and triplet S-wave scatterlng

length and effective range, Pd, Qs A./A, and p-p phase

shifts up to 460MeV. The latter were used to construct both

&
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_:n-p and n-n interactions by‘increasing.the assigned o
'}-Eiperimental uncertainties below 10MeV, theéreby diminishing
'jthe weights of the lower energy phase shifts;VIn this
respeCt,the calcuiations are charge independent In fact
wherever both n-n~and n- P 1nteract10ns are present in the
hlgher partlal waves they are identical. But 51nce the more
1mportant S- wave effectlve range parameters were allowed to -
differ between n- n and h-p interactions the calculatlons may.
be regarded«as charge dependent ‘
Interactlons obtalned from the same two-body 1nput data
are nomlnally con51dered on-shell equlvalent although there
" may be on- shell dlfferences due to dlfferences in overall

form. Effectlve range parameters’ used for S-wave potentlals

are summarlzed in table Iv.2. Table.IV.B-contalns a list of

~interaction ' a

r
'So nn . ‘ | cS17.00 B “g--gz:é4w'
'so,npaiA ] ) 2307 ‘xxfi2t51;
| 'S5 nn &4 - - =17.0° ;;:d
isgonp ; =237 PR
fs, o 5.4 éggfé} 1.77
IT4RA™ ™ i 5.4 9:; ) 1.74
4T4RA3 | 5.4 Cf .76
. "

Table 1V,2 Effectlve range - parameters for the S wave
two-body' interactions, (unlts of fm) f_‘ :




- .

'Tlncludlng hlgher part1a1 waves T
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. all partlal wave potent1als with the number of parameters :

avallable for f1tt1ng in_each form factor Thezactual values

L Gt

vof parameters can be found in appendlx C.

\
)

-

b. Results

The calculated n-n QFS crdss sectlons for - the various
two-body potentlals are shown" 1n table IV 4 6. In the

abbrev1ated notation for the potentlals the f1rst term f

n-n 1nteractLon the second is n- p. n-p cross sections are

-#

1ncluded to explore the results of von WltSCh et al (W180)
In/addltlon to the overall d1fferences in form between Y and
R potentlals we had avallable to us the choice. of rank (of
singlet Sswave potentlal) form oﬁ.trlplet 1nteract10n

presence; of P and D-waves and value of the n=n effective

r

range. Except for the last- quantlty, the effects of these

are treated as 1ndependent
. [ S

"The completeT 2R 1nteract10n is the most sophestlcated
we have Used both in terms of complexlty and fit to the
experimental two-body data. For this reason it is considered
to be the most reliable. Assumlng this, the most striking -

feature of table IV 4 is the failure of tyre 1R 1nteract10n

g

i

to produce the correct magnltude of cross section. ThlS 1s
believed to be due not to some pedullarlty in the 1R
1nteract1on but rather to the‘more general fact that
symmetric QFS is indeed off—shellbindependent but only if

rank two (or hlgher) 1nteract;ons are used. By the same

» .-,‘ .
_'__.__...._..._.......__...,__'.', .

.
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,jTable IV 4 Centre of—mass cross sectxons_for h-n and S
. .n=p QFS .at: neutron polar angles Of 41.7°,7:41.7°. '“;ffﬁ’_fq
o (umditsof mb/SPZMEV) ¢z-¢s 180.. Phase space factor‘ﬂﬁ“--
-?&not 1ncluded N ' B O e e -
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| ‘;él
ltoken, the remarkable accuracy of the 1Y potent1al 1s
regarded,as accidental although not entlrely unexpected.
~ug1ven 1ts unusually good agreement (for a potentlal with
only two free parameters) w1th hlgher energy phase shlfts
. i

(St76) Ignorlng the AR calculatlons, varlatlons in the

hm'-fcross sectlon predlcted by pure S wave calculat1ons are less

iothan 1g, T e S e o F

E
ci"

7  A somewhat stronger.result is the lack of any
bappr'ec:lable sen51t1v1‘y to the presence of a tensor force.,_
exh1bited by both 1R and 2R.calcu1athons. The fact that a
rank one tensor force was used in the former case wh11e a

'nrank four tensor force was*used 1n the latter case

_*relnforces the generallty of thlS result R ' N

o The\effect of addlng D wave terms is roughly double . o '<;

\..

";that of P wave terms but opp051te 1n d1rect1on. Sls\klnd of
‘jfflnterference between odd -and” even partlal waves

as been-
”aobiirvgs 1n other k‘.ematlc reglons of the three nucleon ‘ .
system (Ku81 Ke78) The comblned effect of addlng pP- and

. D- wave 1nteractlons is on the order of 1% (decrease in cross
N _ _ ) e

sectlon)

The one feature to wh1ch all calculatlons were~‘

{:sen51t1ve, and w1th con51derable con51stency, was the value

of Pnn.-For a decrease of 8 1% ALY symmetrlc QFS cross .5;}annw
sectlons incr ased by 8.3-9. 4% 7In determ1n1ng a value forlﬁ"‘
from a me sured cross sect1on, theréfore, percentage '1, ' =

»errors 1n the cross sectlon can be equated directly to those
: ln Pnn- I B N(‘.}"‘ RN - ‘



A sllght 1ncon51stency will be n ted 1n the use: of a 1Y.
n-p potentlal in“the nomlnally 2y calculat1on w1th
Pan=2. 61Fm. Thi’s. was done to 51mp11fy (i.e. cheapen)
ucalculatlons, assum1ng that this potentlal plays lzttle part,
in n-n QFS Our results show that 1ts effect even on n- p QFS:
is mlnlmal leen th!ﬁ and the agreement between 1Y andgﬁa
calculatlons anyway, theHSubstitution-should not prejudrce‘
results. LE;P. e | : )
) %he cross sect1on for symmetrlc n- p QFS is, in- fact
1nsen51t1ve tg,everythlng except the tr1plet 1nteracglon'
wh1ch all but‘unlquely determlnes the magnltude..
Consequently the ratlo of n~p to n-n QFS cross sections,

. used . by von Witsch et al., behaves very much 11ke the n-n

. QFS cross sectlon alone. For the 8,1% change in Pnn‘th1s

fy'ratlo fell by B 0 9.1%. lt is therefore no more sen51t1ve to
the value of Pnn than is the h-n QFS Cross sectlon nor is ‘:
its sen51t1v1ty any ‘ore con51stent from one calculatlon to E
-the‘next. » '>‘ | ‘
. The geometry of the von KQ:sch experiment was actually
»sllghtly asymmetrlc, close to that of table 1Vv.5. Q}l.of the
;premarks concernlng symmetrlc QFS however \can be applled to
thls case as well Thxs 1ncludes the theoretlcal result that‘
| the ratlo of n-p to n~n QFS croSs sectlons ‘is no more o
.',rellable ,an 1nd1cator of Pnﬁ than the n- n QFS cross sectlon ;‘-
.’1tself -

For radlcal departures from symmetry, as in table IV 6

\\ dlffere:%es due to. two bodyjﬁnput are. much clearer. The



)
hiﬁteraction‘ ' ) n-n o n—p.v ~ n-p/n-n
'SoY tS4Y °S,Y L2297 . .8056  3.552
'S3Y 'SeY °S,Y . 2490 o lsoiz .3.218° 4
27S0¥ 2'S,Y S,¥ L Lzam .8067 3.552
2183Y 1SoY 'S,y . .2857 -'.8026t o 3.267 !
i"Soh‘JSoR ’S4R 5 : .2115 ©.8011 3.788 .
'SoR‘fSGR’°S,R _T;gfj?;f ,2127; 47964 ;,,¢3f744' |
TS3R "SGR 'SR  R ";' Y2313 L7961 3,442
'SoR ﬂso 1T4RA j f;i: S il21a37 0 L79a7 3.708
2'S; R 2! S R =s R jf; L2206 .7985 3.478
2"So oR 2'SoR 4T4RA3 ?f' . -,2,2280 L7947 ,; 486
2'SoR 27SoR 4T4RA3 P 2332 .8057 s, 455~f"'
2'SoR 2'SoR 4T4RA3 P D ©.2313 =.8100 - . -‘53 502'H

“-

o

H.Table Iv. 5 Centre of-mass cross sectlons for ‘n-n and

. ‘n~p QFS. at neutron polar angles of 33.5°, 49,5°.
(units of mb/SPZMéV) ¢z-¢3 180°. Phase space factqr
not 1ncluded _ S L

[y
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, in'ly:leract;ioi.li S n-n C n-p ' ) _n—p/n‘-':n
1S0¥ 'sgz;Jszf“ . "',1734'-4?*; ,2518 . 4.;36“
(ssilrsoY‘fs}Y,f_ o o oe72 ‘;54j8’ e 3.96§.f
i?so§w2isdvl;§y¥_lﬁ.' o721 L7871 o 4.;33
21S5Y 'Se¥ *S,Y - 1850 27480 sl0a9
'50§ %85R‘1S;§> ' -1f' - .1685 - dlg.77415'g' ~ 4.594
| 'SoR 'SGR SR R 1708 17631 - 4476
'SSR 'SR *S,R. S L1825 L7eag ~4.191
'SoR 'SoR IT4RA | ‘-:f*f..1763  {&3§zn . 4,745
; ?gs;R,z?soR 'SR 831 7688 . a.176
m'"ﬁgisqn 2'$oR 4T4RAZ 1799 ;7675 4.266
'2!SQR12rSQR 4T43A3 é L L2177 7955 ”i**”ﬁgﬁié
| 2'ScR 2'ScR ATGRAI P D L2273 .8263  3.636

Tablev;v;s-Céntrefbftm655j$r§sswsections for n-n and
‘n-p. QFS at neutron polar-angles of 18.2°%, 61.3°, .
(units~of'mb/sn2MéV),¢gﬂ¢;;180°,;gha5e,SQace‘factor -

-not ‘included.:
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'effect of the tensor force 1s sllghtly enhanced but
;hnegllglble compared to the 1ncrease in; cross sectlon
n::produced by the add1t1on of P- and D—waves These now appear
:fxnd1spen51ble to the calculatlon espec1ally since in" this
k1nemat1c reg1on thelr ‘effects do:.not cancel Sen51t1v1ty to
E'Pnn”at these angles is slﬁghtly reduced but no more
| off- shell dependent

The propertles of the break up reactlon at symmetrlc
non- QFS neutron angles, as predlcted by the 1mpulse ‘ *
approxlmatlon, seemed interesting enough to warrant further
: study w;th the full three body calculat1ons Furthermore
?w1th the . large.angular acceptance of the detectors in the

’7present exper1ment, an accurate predlctlon of the cross

sectlon throughout thlS reglon mlght be useful This point

' | angle 5%%&v
'@htexaction" : 32,7 35.7 38.7 41.7 44.7 147.7.
"SlY “SoY a‘s' v T 3502 3'830 4.099 4u045 2.784 1.167
"soy TSeY SVt v 3.721 4.096 4.416.4.398 3.069 1.319
L 278y z'soY‘=s,x~ X 3. 476 3.801 4.067 4.017 2.755 1.145
2'SoR 2'S,R 4T4RA3 P '_3,347,3.708_4.031.4,036 2.803 1.189

| 2'SoR 2'SoR 4T4RA3 P D 3.367 3.708 4.001 3.976 2.745 1.158

Table 1V.7 Laboratory break up cross sections for
_symmetric geometries. . (un1ts of mb/sn2MQV) 92_93’_.:
93703=180°, Ea=E,. | |



1s‘dlscussed further in chapter V _

Table Iv.7 llStS the pred1ctlons of the varlous models #
for the break up cross sectlon with equal out901ng neutron
:iangles. The most promlnent feature of ‘the results when B
B v1ewed graphlcally (f1gure Iv. 1) is that Uhe crOss sectlon
peaks around 40 5° (correspond;ng to a proton reco1l energy
:op 7keV). This is, not as low.as the 1mpulse approx1mat10n
.predlcts but st111 51gn1f1cantly lower than the QFS angle of.
41. 7° ~This is. 1mportant 1n view, of the steep drop in cross',
“section above 42°, much steeper than that predlcted by the
,1mpulse approximation. |

" The. sens1t1v1ty to various aspects of the two- body

1nput 1s best 1llustrated by ratlos of cross sectlons

(flgure IV 2) Sens1t1v1ty to the rank of potentlal -,V >
represented by the ratlo of 1Y to 2Y cross sectlons, s .
fa1rly constant throughout the angular range .of lnterest o
The effect of D- wave 1nteract10ns measured by the ratio of
complete 2R calculatlons wlth and without D- wave components,
,1ncreases monotonlc;le w1th angle. From the results at L
.4(.79 1t can be assumed that the effect of P-wave "{_' ‘
1nteract10ns also 1ncreases with angle although smaller and fi

op9051te in s1gn to the D lecrepancy between the

predlctlons of the 2Y and complete 2R calculat1ons,_ d

4

4_.1nterpreted as the effect of the form (or off shell content)

Jof twotbody potentlal used, decreases monoton1cally w1th
,angle. Overall there seems to be no "preferred"'angle at )

wh1ch unde51reable sen51t1v1ty to. two- body input 1s
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minimized. |

Sensitivityftofﬁ;n,'calculated with the 1Y potential,
is significahtLy greater.than'the above sensitivities'and
rises steadily'with angle (figure’IV 3). For the 8.1% change
in r,, the. change 1n Ccross sect1on var1es between 6% and 12%
over the range of one detector.

Flnally, pred1ctlons of FSI calculatlons with the 2R

- interactions, detalled in our publlshed results (DoBZ)

1llum1nate the dlfferent character of thlS reglon and its .
unsu1tab111ty for a measurement of Pnn. Both n n and n- p FSI
cross Sectzons show 51gn1f1cant sen51t1v1t1esT to the ‘

presence of P and D*vave 1nteract10ns but not to the tensor

force.. “h m’:%:_.'

N
——_—..__._-._—__—__——

Tup to 30% compared w1th 1 5% for symmetrlc QFS
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T V. CONCLUSIONS

'Ideally'éhe presence of experimental and theoretical errors
" in the determ1nat1on of some guantity should be reflected in
f%a f1nal numerlcal uncertalnty in that quant1ty and-the
-experlment should be carried out in such a way as to
mlnlmlze this uncertalnty Wh1le thlS should be a gu1d1ng

. i RN
‘precept ‘in the’ present experlment we see in trylng to

extract this two- bedy parameter %rom its cloak of three body

1nteradt1ons that the 51tuat1on I's not. so clear cut. ?he
expe&1ment, from design through to analy51s, must be
de51gned not only around known theory but around sources of

theoretical uncertalnty as well.

‘a. Theoretical B : ' o K

Except for a.few instances whereﬁauantitative evldence
was available (see.section IV.A), we have‘zssumed'there to
be no errors in the numer1cal methods, approxlmatlons or
other aspects of the agtual three- body calculatxons. Whlle ;
this may not be true, and dlscrepanc1es between supposedly
similar calculatlons are routinely reported in the |
1“11terature, 1ts assessment is certarnly beyond the scope of
thls work. L1kew1se,'(although this polnt is seldom’
dlspuUed Sb82) the entlre formulat1on of three body
1nteract10ns is assumed to be correct (1 e. capable in
principle of reproduc1ng the experlmental data).
"Consequently the greatest 1dent1fyable source of theoref*cal

'uncerta1nty rests with the choice of two-body-;nput to the

.
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lproblem.

Sensitivity of the break- up cross: sectlon to hlgher (P

and D) partlal waves 1n the two- body 1nteract10n is smallest

_at symmetrlc QFS but sglll s1gn1f1cant at the level of

accuracy required in the present case. Thelr 1nclu51on, <

therefore, must .be v1ewed as essentlal although no error'*

due to thelr form etc..ls con51dered
o

The effect of the tensor force is 51m11arly smallﬁbut R

L4

notlceable. Its 1nclu51on however 1ntroduces a source of -
uncertalnty‘due not’ just to its off-shell behav1our but to a
certa1n 1gnorance of its correct on~shell behav1our.\In the
1mpulse approx1mat1on the break- ~up. cross sectlon is .
directly proportional to the square of the S- wave component -

of the deuteron wave functlon ThlS quant1ty 1n turn depends

on (though not necessarlLy in proportlon to) the overall

o

! normalizatjon of that component of the wave functlon.

>
Compar1son of the pure S- wave trlplet potentlals (Pd—O) used ’

~in the three body caloulatlons WIth the Reid soft core

potentlal (Py4=6.5%) shows a dlfference of 1-8% in peak .

r

values of the square of the wave functlon. A51de from the‘

i

obv1ous dlfference between tensor and pure S -wave '
1nteractlons, the actual amount ol D-state attr1butable to
the deuteron wave function is still an open questlon. It 1s:
currently placed at between 4% and 7% from w%1ch we could

place an upper limit of 1% on the error from this source t+
TThe obv1ous test of this is to perform two calculat1ons !
dlfferlng onIy in their values of the D-state probab111ty.~
As this quantity is input directly to the flttlng routlne,
the job ‘would not be d1ff1cult (only expen51ve) ‘

R



'In chapter IV 1t was stated that symmetrlc QFS 1s

1nsen51t1ve to the form of the two body potentlal used asff'fff§“

¢lnng as rank two or hlgher potentlals are used The f1rst:;._g;.

’ﬂ‘observatzon regardlng thls statement 1s that a survey of two
PR

'fr;rather sxmllar pOtentlaIS°COUld hardly be called

._Statlstzcally 51gn1f1cant Nevertheless we have some~fa1th _
_ﬂﬁn the complete~2R 1nteract10n partly because the 4T f’fﬁfﬁﬁ§

(R-type) tensor force succeeds where others have falled

seems natural toﬁuse the 2R potentlal;W1th thls tensor force .
B : k"\

glal naxvsfhave\the same form--

'“';Js that symmetrlc_QFS 1s




”d cross sectlons —v1n a

‘rfd1fferences of up to 10% in predlcf
-*_new context The calculatlons c1teq arevbased on\fénk one :jf;f'

,ipotentlals for wh1ch the 1dea of phase eqffvalence has

%

;fllmlted mean1ng Four of the s1x potentlais of.Brulnsma et
: (Bn74 Ku75) for 1nstance -were f1tted only to the
'[ﬁscatterlng length and effectlve range. Furthermore the
"i:'greatest dlsagreement w1th the Yamaguchl potentlal was _
;3;5fobserved w1th the»"llnear" and quadratlc" form factors, _
'erather arbltrary funct1ons whlch would §r§§1de no guarantee-i
f}.fof reasonable Jon- shell behav1our._;::fi;fﬂff‘g:t; | ‘

The questlon of rank or more generally total number of

rfparameters avallable for flttlng, 15 partlcularly lmportant

o

‘.1h the present case where 1t 1s wlshed to vary Pn; w1thout

5 f;VIOIatlng unltarlty or known on shell behav1our. The 1YL '”Ehn”L
’?Lnipotentlal w1th on1Y two free=parameters 1s capable of .

’;%xh’tvreproduc1ng only the scatterlng length and effectLve rangehklf
S 'exactly If one 1s changed Whlle the other 15 held constant-wt

',”theirema1n1ng two-bodyvbehav1our varles w1thout constralnt

:h:If more parameters were_presentLto "take up the slack"; Pnn

r‘fcould be changed w1thout such unde51reable consequences. And

f{;rf the off Shell behav1our 1s 1solated 1n’a Separate form




'f;f;_s_lii”"ftfff“f'yT;Eﬂffe"eﬂfj f i17i_ | tunfs"‘-
*;wé dolnot asslgn an error to this source but note that the
;-p p phase shlfts could be corrected by establlshed methodS» .
‘”,(D181). Assumlng the weaker hypothe51s of charge symmetry |
‘ffthls would produce better n n 1nteract10ns at least The a
:yfprlorl equatlon of n n and n- p phase shlfts should not ‘
.:prejudlce the ultlmate test of charge 1ndependence ava1lable‘
.9from the exper1mental value of P"n.ffl' SR A

o The above constltutes a; prescr1pt1on for accurate ,
ﬂl.three body calculatlons along w1th a feel for the l1m1ts of
hzthat accuracy. There 1s no such dlsc3551on relevant to the ff

'“Qg“lmpulse approx1mat10n as thlS method 1s 1nherently 1nexact

;;;;and has been used for qual1tat1ve analy51s only

v

“”b Exper1mental o - T |
The optlmum placement of detectors for a determlnatlon

of Pnn from the QFS oross sect1on 1s gu1ded by a number of
;?jjexperlmental and theoretzcal factors. Assumlng fixed |

‘;fa21muthal spac1ng, proton rec01l energy 1s m1n1mrzed by
:Tpcentrelng detectors at 6 41 71. Mov1ng outward from thlS
,fangle 1ncreases theoretlcal sen51t1v1ty to Fn"‘and decreases

uncerta;nty due td the form of two body 1nteract1on used

fCross sectlon, however, drops off rather qu1ckly beyond 42°"“
iy1eld1ng a reduc'd count'rate and less certalnty about the

"theoretlcal shap of the curvel Detectors w1th +6° angular

PR

'Tfacceptance would 1ncorporate,ai1arge chunk of th1s reglon 1f

u,‘jcentred at 41 7° F”vdf;A;




As1de from con51deratlons of count rate, large changes

51n cross sectid‘ﬁas a func€10n of geometry aré 1mportant 1n ;
7'terms of proper normallzatlon of data.‘To compare -
Aexperlmental po1nts, measured w1th f1n1te resolutlons, to a
*fhtheoretlcal dlfferentlal cross sectlon curve, the latter'h
“_must be 1ntegra¢ed over the approprlate reg1ons of phase _
“space. ThlS demands an accurate knowledge of the theoretlcal

y

'cross sectlon as a. funct10n of several parameters. When the

”cross sectlon 1s changlng rap1dly, as Wlth varlatlons 1n 9;§J
'-‘the rellab111ty of such 1ntegrals suffers. For thlS reason
notw1thstand1ng other theoretlcal arguments to the contrary,

1t may be better to centre the detectors at some angle less

2

'(b a few degrees) than 41 7°; Th1s was done .in a recent

experlment (Gu80) although no explanatlon was g1ven.

Experlmentally the "dlfferental" cross seqtlon can be

;obtalned by d1v1d1ng the total cross Sect1on for a small

’ reglon of phase space by the volume of that regl

“ﬁfeffectlvely 1dent1fy1ng the average cross sectlon over thez

- :'reglon w1th the d1fferental cross_shftiongatfthefcentrgid;

’“?Ungor a cross sectlon llnear in: all varlables thlS proced're

, BRI

-'J”underest1mat1on}of the d1fferent1al cross sectlon.st1 g the efx?

*ﬂ'smallest p0551b1e rew1on of phase spa e;(AEz~1MEV

J;e tlmated at up to

-,‘ s
*s has been shown to




o
K - | i | | '}-.[j R
'“translate dlrectly 1nto a comparable error on nnn, Wefsée.“
. dﬂﬁ”the 1mportance of comparlng apples wlth apples. |
‘ In pfactlce 1t may only be necessary to 1ntegrate over

':__.'the range of . Symmetrlc (eQual 9) geometnes.,The curve can i i‘
,‘;be obtalned from a f1t to the results of three body o
b.ffcalculatlons. From flgures III 3 and III 5 1t appears that

changes 1n the cross sect1on 1n other d1rect1ons are less

’Lbut a flrm statement about thls must awa1t further
S BTN NNE s S S LRI S
gsthree body calculatlons.r ;A_ﬂ [F:J'fjjﬂ” “;_\33;;q;u_

If the detectors are subd1v1ded three ways 1n the“e

"‘¢d1rectlon, the p0551b111ty arlses of observ1ng dlfferent ’
i . 4 .

p01nts on the"klnematlc locus of QES ‘For the correct

f: chozces of energy b1ns,,the two most asymmetrlc angle ﬂﬁ"ff‘

chomblnatlons w1ll be roughly centred on A p01nt along thls

L

hlocus. The rema1n1ng symmetrlc and sllghtly asymmetrtc

'comb1nat1on§ are def1n1tely off thlS locus but may

-_nonetheless be compared to the appropngate three body - L

rcalculatlons. The large angle symmetrlc comblnatlon w111 be‘-""

i

‘the least useful due to the aforement1oned steep drop 1n

h.';cross sectlo;‘_f‘y
| Events that are symmetr1c 1n ¢ may szmllarly be used

xalthough the1r enhanced three body character may cause

h.fgreater uncertalnty due to- dependence on off Shell

lproperties ofxthe‘twofbodYLinteraétion ‘The larger number of

fpermutat1éns avallable in the next tofsymmetrlc comblnatlon

0

’"f(169 ) means that coun& rates at th"

fgeometry should be

"fulcomparable to those at symmetrlc geometry




S

'C? Determinxng effect:ve range fi{; |

o F"n w111 ultlmately be determlned u51ng the |

"ifrelatlonshlp between Pnn and cross sectlon predlcted by
bthree body calculatlons. F1gure V 1 shows four p01nts on

‘::}th1s curve, calculated w1th the 1Y and 2Y potentlals T thﬂ'»:*;

"-_le1tted to these, by a mult1p11cat1ve constant only, 1s the

o’

:5'curve predlcted by the 1mpulse approx1matlon. As th1s
'wineglects rescatter1ng effects,'lt 1s expected to yleld a g o
sllghtly greater sen51t1v1ty of a to nnn.iAs can be seen the}i;
. opp051te 1s found 1nd1cat1ng that thé exper1menta1 cross

- sectlon 1s an even better measure of Pnn than shmple theory

vnsuggests.

' In the most 'xhaust1ve theoretlcal treatment allowed by

thlS study, theae remaln two sources of uncertalnty

:rDlscrepanc1es amfng cross sectxons predlcted by calculatlons
lrw1th dlfferlng forms of two- body 1nput are less than 1%.w\ '
¢ .

V‘Slnce only two forms were con51dered ‘we - 1ncrease thls error

'3~est1mate to A3 5% Gu1ded by the 1mpulse approx1matlon,:b,.'

'f;u;TFor purposes of - dlscu551on the d1fferent1a1'cross sectlon
Jo o is used, As, d1scussed above, for*actual.compar1sons;thls”
3 ;;must be 1ntegr ted,over certa

‘funcertalnty due to the dlS uted deuteron O—state probab111ty

rf;s placed at 1% Assumlng these add 1n;quadrature,,a,

"“"theoret1cal error of less than 2%fcan be cla1med

‘fiﬁmeasuremeni of cross sect1o.v1a§ symmetrlc QFS) w1th an;,

;;funcertaznty of about 3% By f1tt1ng po1nts from several

1nad1rectxons 1n phase’space.




"/

near QFS geometr1es th1s flgure may b

v‘reduced even furthernﬂ45"”

_,\_

'otherw1se reasonable level of 5% theoretzcal error analys1s

:r,

L

ff'ls p01nt1ess..
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ARPENDIXAKINEMATICS \

\-. . s - ~ ‘f’_r,

Th@ n D break up react1on, whether descrlbed by the .
1mpulse approx1mat1on or three*body methods, is governed by

overall consbrvatlon of momentum and energy Referrlng to

/'\\ : s

flgure III for -a’. neutron 1nc1dent along the z axls
o momentum conservatlon yleldsfthr%e equatlons :
qz-q1c056 +q:c0592+qSC0593 [N _‘”‘i, A
“V5;{_ffﬂ'_ q1Sln61COS¢1+Qz$1nezCOS¢z+0351n93COS¢3

| ‘ O-q,s:ne,srn¢1+q231n6zs:n¢2+qasln6331n¢3

' Energy conservatlon must 1nclude the b1nd1ng energy of the |
deuteron (Ed—2A22SMbV) whlch is absorbed in’ the break up.‘5,55

-

q "Ed-C71 2+q2 2+q3 .. ,: . . : \, A. 2\\'

. The factor M?/(2M). whlch relates the enefgy of a free _;
:hﬁpartfoIe to 1ts wave’ vector (or momentum expressed 1n fm)

'has‘been omltted For purposes of these calculat1ons, where

“the free momentum of a partlcle 1s seldom needed the q's.

\are\most convenlently expressed 1n unlts of M’ev"2 thereby'

.

avoiding thls factor. ‘f'h;“uij fj‘%;,> 'QQL f" "’“._7

' To use the effectlve range expanded t matrlx (1n the

-

1mpulse approxlmatlom)' one must compute relatlve neutron

M
i B

‘jgenergles. The usual deflnltlons of relatlve momentum K andv

reduced mass u



eskiRi)/2 0 wemamamkm =2t aLs

":yjeld'a relative energy
e R e R . - |
EsH2c2/2u=(K2/2m) |Ki-Kq|2/2 ALl

e
A

'-,jIn our chosen unlts,;therefore, we. have for the relatlve.w

"Hidffoutg01ng neutron energy (1n MéV) i7 /,nf

“KS;:&.

“Tandfsimilarly

CereeGea e s
H h ! '—T\"v o ‘ .

: L B . e T
- To express these in fm 2 fOr use w1th the conventlonal

effectlve range expans1on we need the factor Hz/m

'-41 47Merm2

\\.

‘,un' For a flxed 1nc1dent neutron\energy, equatlons A 1 andg,y’-
EA 2 constltute a. system of four equatlons in.nine unknowns,

hence the expre551on of the d1fferent1al cross sectlon as a
A

' ifunctlon of f1ve var;ables, usually the two out901ng neutron

”“.solld angles and one neutron energy Ch0051ng, as 1s done 1n;

Ty

the experlment the outgo1ng neutron angles leaves but one

free varlable whlch is often chosen to be the arc length

"~:\'along the curve- of p0551ble neutron energy palrs (the

e . : . . 'k
e oy o o - ———— i

'~;TWe assume a unlform nucleon mass of 939MéV



klnemaflc curve or. Iocus) D1fferent1a1 cross sect1on 1s »
?&reqUently descrlbed in terms of thlS energy varlable (arc
i"‘length pnojectlon) Select1ng a: p01nt on the k1nemat1c .
‘ curve, by measur1ng neutron energ1es, leaves no free i.
'varlables and hence a- results 1n,a klnematlcally complete
"-experlment Choos1ng, 1nstead the cond1t10ns of QFS ylelds
'a different locus Wthh deflnes palrs of. outgo1ng neutron
'i-polar angles and energles. As to the a21muthal angles,.the
requ1rement of zero proton rec01l flxes thelr dafference at

W180° (coplanar geometry) and the a21muthal symmetry of the

problem. makes the1r sum. 1rrelevant

»

The k1nemat1c factor used in the 1mpulse approx1mat10n

i ' N
'"”‘(equatlon III 7) comes from an, 1ntegratlon over the f1nal ‘
V;;state (out901ng) phase space. Follow1ng Taylor (Ta72 p 348)

"and recall;ng that 1n our un1ts fre% momenfum 1s expressed

- as V2mq,'we beg1n wlth tge general result (1n the laboratory

s
K}

frame)

.Jh U(QZ'anP € q27D)_ ' v.', .f-. "3> :tT. i :‘.‘A!7c

(2”)4(V2m)7/2qZ Idgzqzqu;dQ3Q3de36(E2_Ed"Ez'E3),tl
where D 1nd1cates the deuteron target p 1nd1cates the'
proton at rest 1n the final state (under the assumptlon of
zero proton rec011) E’ and E‘are the 1n1t1al and_flnal

W

state energres:" : - o ' . "‘ _ e



"'_’approprlate d1fferent1al‘phase space volume

oo BTREECEG L E=EtELtE,) Lo AL

‘“FQr purposes of the: 1ntegrat10n the“t&matrlx 15 assumed .

constant U51ng E=q2 dE-quq and d1v1d1ng by the

@
.

do/dﬂzdﬂngz-‘ ]
(27[)4(‘/2”7)7/2(]2 (Qz/z)J(Q3/2)dE 5(E2"Ed_E2"E )It'

fﬂ*"'-\\~- T :3. __:» ,‘ o 7 | vfr ,
_'nThe rema1n1ng 1ntegral sfrves only to determlne the second

out901ng neutron energy bz; wh1ch is- unlquely deﬁlned by the;

chosen condltlons Conséquently,.

do/09:02,0E 3= (27 ) WZ (V)7 (G2qs/q4) | £] 2. SN VO [ IR
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- APPENDIX B DOCODE MANUAL

-

a. General Features \\

The program analyzes a glven three body reactlon u51ng

.'_tﬂ; AGS form of the Faddeev equatlons. The two body

~ wave potentlals must be separable ‘ '

S (I -

LB VD, )Ty gy (PN e ()

‘ where summation 1s up to the rank of thg potent1a1
'factor g, has e1ther the generallzed Yamaguchl (or

S

g (p) [p Zm-ov.p2‘]/[n?:@(1+ﬁ;p2)]

- or the sofcailed-R?type”form

g (pI=p /(6P ) TET. Ly /( 14Bp2) ]

R - - . . "”} T
LA C o * o ’ ‘ﬂ,

partlal

-

The form_;:

Y type)

B.2 .

' where k is the angular momentumh The latter type has been

,recently sugges4ed.by Doleschall as 1t prov1des a good f1t

to exper1mental data 1nclud1ng nodes 1n ther So,. S,

"y

and ’ngf

phase.. ShlftS. For thlS form Doleschall flnds m-5 to be

A

”Aadequate 1n the three nucleon calculat1on. leen the quantum

.‘reactlon the program can produce cross sectlons and

ﬂ“.numbers of the 1nteract1ng partlcles and the geometry of the

_polarlzatlons for elastlc scatter1ng and three partlcle

. 5
4

91



';'fbreakup The program can also be used ]USt to generate

- 92
Q
blnematlcs. Results are avallable 1n both the laboratory and
\c,m, frames. ‘mwm;_j_rﬂ
"5‘f A complete source llstlng is contalned in the flle
:DOCODE An 1ndex to the programs and subprograms in thlS
‘jllstlng 1s prov1ded at the end of thls manual Maln program'

%names carry the preflx PR _* FR ‘; 1f; g -

':b Outllne

The calculatlon 1s dlstrlbuted among varlous ma1n L

"fprograms wh1ch are rUn 1n the sequence 1nd1cated in flgure

'B}ir Global communlcatlons 1s carrled out v1a sequentlal

"flles a551gned to. I/O data sets 1 and 2 These are referred*"

v

' ’to as flles 1 and 2. In addltlon, certazn other flles,._

'descrlbed below; must be . preserved between steps of the

-
V,'

calculatlon.;

The GAUS program reads Gau551an mesh p01nts from data

T set. 2 (data flle GAOUAD 1ncluded in

e-pwsxam—pae%aeﬂ———%ﬂ

ussiahsquaa;afafeWMM;cc_

and prepares f11e 1 for use. by t e-G3
froutlne._51nce thls task is 1ndependent of - the spec1f1c'
'.iproblem be1ng programmed it need be run onlyﬁonce for the r ks
ilmplementatlon of this calculatlon on a partlcula: computer.'
"GAUS must be complled under *FORTX .. |
" The normal startlng po1nt of the calculatlon ;s QUAD
It separates the kernels¢1nto 51ngular and non 51ngu1ar‘g

parts and performs a spec1al Gauss1an quadrature for the

51ngular part Mesh p01nts for thlS quadrature are created



. o . o | oo . P RTINS S

¢

here and wrltten 1nto f1le 1

two body propagators and t matrlces.;

flle 2 for tuture use..a'ilf.f

and parlty. FAMA calculates the kernel*of” he;(reduced)

1ntegral equatlon u31ng the spec1al quadraturiiperformed by

- QUAD and the mesh p01 ts for the r gular quadrature,.aISO o
‘““'suppl1ed by QUAD PADE solves the r sultlng set of algebralc;. W

equat1ons u51ng the Pade approx1mani techn1que. The‘ ' d -
three body T matr1ces thus obtalned are placed in f1le 2 for

unllm1ted use by the followlng two programs. PADD is a-

double prec151on vAj fon of PADE
| ELAS computes:elaStlc scatterlng cross sectlons and
,ﬂd polarlzatlons wzth.oryw1thout ‘the lnClUSIOD of Rutherford
e —»L«scatterrngt BRUP computes breakup cross sectlons and
- polarlzatlons for a g1ven geometry QFS and FSI geometrzes
can be spec1f1cally selected _"'ldu'.' f"“ | |
F1nally, there 1s an aux1111ary program FITI thch'
takes exper1mental two- body data and produces by a 51mple
search technlque, the parameters of the two- boi

1nteract10ns in the form requ1red by KERE. As. thlS program

does not communlcate dlrectly w1th\RERE\M;a\the global flles
1 and 2 'the results of a FITI run must be transferred

: AR S
manually to KERE FITI does, however ,. retain resultsfon.data:-

%



94"

o
(]
|

(for each Jr)

Figure B;1~DOCODE~Coh$ists,of‘sevefél‘méin ﬁrograms
which are run in the sequence indicated by the heavy

lines. Programs communicate
sets 1 and 2, Other data set
control (5), diaghostics/res
intermediate results.

with each other via data
s are used for program
ults (6) and storing



'n ‘;’l. ‘ ‘.l > ) A. l ' . . ... . .
| set 2 for its own’ use and can be run repeatedly untll the
desxred covergence ‘in the search rout1ne 1s achleved h|51
L The bulk of the executlon of each ma1n program 15‘
carrled 0ut in. a subroutlne wh1ch has the name of the ma1n~‘
vprogram preflxed*ﬁy DO (e, g. DOGAUS DOQUAD etc. ) The main
. programs are used to read the TEST array and to 1n1t1a11ze |
'varlous parameters._S1nce some of these wlll change»'
accordzng to the problem be1ng con51dered or (1n the case off»
'FAMA and PADE) - the partlcular step 1n the calculat1on
_1ed1t1ng and recompllatlon of main- programs w1ll frequently

\- A}
i-‘of the calculatlon from the main programs

be necessary Thxs 1s the reason for d1vorc1ng the ma1n body i

‘Many of the varlables a551gned in the ma1n programs are
)Lhecked durlng the calculatlon, for con51stency among
themselves and w1th .the 1nput data. These var1ables are
llsted here along w1th the explanat1on of the 1nput If an
error is found the program s1gnals (v1a the output flle)
prov1d1ng the requ1red value of the varlable and stops.
Thus, when in doubt a qu1ck run. of ‘the program 1s~
sufffc1ent to establlsh the value of any such parameter.

Subroutlne HLBA 1s the un1versal error flagg1ng
_routine, It prlnts an error code number on the output file
.and stops the’ calculatlon The error code for an incorrectfai;
parameter as above is zero. | |

The complete program package conta1ns a number of main

programs and subroutlnes whlch are not needed for our-

purposes."Quest;Ons;about’these and about the package-in
. . . ~ - . .y ! ) - k ' L °



"ﬁ“general should be d1rected to 1ts author"

Dr.- P Doleschall
-Central Ressearch: In5t1tute for Phy51cs

:ﬁlmH 1525 Budapest ST . . . SR
o Box.49" _ _-vﬂ?; . S AR
Hungary | SR e

';jJ Svenne at the Unzver51ty of Manltoba also has a good

’»gﬂfunderstandlng of the program,,although hlS ver51on 1s not as;:x*‘

75recePt as the one deSCr¥bed here.

o Input quf.}fh -»i.ff.-*; o .'_ - :Q;'rf'

Input data are’ llsted here for each program -with brief

-

jfexplanatlons follow1ng Each 11ne _the form

VARIABLE LIST ' . (FORMAT)

. ,'; ) . B . . , .- . i . .
srepresents one llne or card of .input’. The format‘ls given in_,

FORTRAN Repeated llnes are 1ndented WIth the 1ncremented
' 1ndex varlable glVen in. FORTRAN DO loop style.‘
| The TEST array is used to choose var1ous program
optlons. Each element fust be glven the value 0 or 1

 The FORTRAN data set referencegnumber for input is 5

'Output 1s produced on data set 6 i - St

.\‘ N
..

Ma1n Program PRGAUS
' ' l : .
The only 1nput to. PRGUAS is flxed and contalned in f11e

- GAQUAD whxch must “be a551gned to data set 2

e
S
:




| »’.(MAss(i) 1—1,3) B S L S

- Main PrﬁgnamnPRQUAD' R )
TEST oo NS R {3(11,2%))
SR _ 6(1PE11,4,2X))

(SPIN(I),I=1,3) T - (17(12,2%),12)
(CHARGE(I) I=1,3) : : (1
-repeat for J=1,NTC . =~ - R ‘ s
C(TWQUI) 121 ,DTWQ) . DR : (17(12 2X),12)
(1f TEST1—0) SYM LLMAX N1,M2 NG1, NGZ NG3, K L', TLMM, TC1 TC2 .
: 94%12 2x) 3(13 2x) 3(12 2%}, 2(F6 4,2%)Y)

‘(1f TEST1—1) LLMAX N1 M2,NG1,NG2,NG3 ' (3(iZ, 2x) 3(13,2%))
TEST(1)=1" ONLY LLMAX N1 N1 NQ, NS MUST BE READ .
TEST(2)=1.'¢THE WEIGHTS OF SPECIAL QUADRATURES ARE‘WRITTEN ’

L ON THE LINEPRINTER.
,?TEST(B)ﬁ1@m THE INTEGRALS ARE WRITTEN OUT.

‘fNTC total number of ‘two- body channels,vtaklng 1nto ‘account

the ranks of the. separable potentlals (number of TWQ
‘- cardsi ot lines) -

"TWQ two-body quantum numbers" ‘
TWQ( 1, J) specifies interacting pair

7(12,2%),12)

TWQ(2 J) number of form factor in themseparable expan51on_ﬁ'”

'H(O £for a rank one -interaction, 1
.~ for.a rank N interaction) :
TWQ(3,J0 angular momentum of pair (X2)
TWQ(4,J) parity-of- palr wavefunction
TWQ(5,J) number of L,S pairs
TWQ(6,J3) ,TWQ(7,J)= L s (x2) : e
TWQ(8,J) yTWQ(9,J) second L,S pair (-1 if none)
~ If there are “identical part1cles identical interactions
need: not be dupllcated 1n TWQ, the program will generate
these. - L

reeesN

. .SYM——1 for 1dent1ca1 fermlons

for identical, bosons -

DN 0 for distinct partlcles o '
- LLMAX=max[L of pairl+[1 of" pair relatlve to thlrd partlcle]*
N1 number;of Gaussian mesh p01nts for P,D waves’

(6 for three nucleons) 4
M2 number of Gaussian mesh p01nts for S waves .

(9 for three nucleOns) -

TN1sM2 - . ' '
‘If numbers are. chosen whlch produce - d1sallowed
mesh points DSQ is. printed and the program stops.
NG1-3,K,L number of mesh polnts
'TLMM .average of two largest L' S B
TC1,TC2 specify a. transformatlon on the mesh p01nts to
' _smooth ‘out branch p01nts in the T matrle

o (LT
© o 1erct TRTCZ
y= (1—(¢ii) )



© DTWO

\____LELNFKI) I=1,7)

’Internally checked varlables ?H‘
WSD1 . _ - o

WSD?2 -

NTC * number of two body channels
number of columns in TWQ (=9)

TLMM . :

average of two largest 3oy s

. Main Pfogﬁam.PRKERE |

~ TEST . o
(if TEST1—0) NFE1,NFE2 « :
(if. TESTL;1 or TEST2-1) TC3,TC4,M

repeat for 1-1 NTC | :
(CIPA(T, 1) J 1,2
Q(5, I)

‘repeat - for g=1,
(BETA(K;J., 1), =" L)
(GAMMAtK J T),K -1 NZ @
=1,

(LAMBDA(J 1) J )"-
C

(LIM(3,1),1=1,NTC) - ‘
(NF(I) 1-1 NTC)

@ .

TEST(1)=1

(EBO(I) I=1,NTC) .

(F4 1%, 813.6, 2%, %, 4(F

(rows in TWQ)

NN

(
(

-A—tl\).bu

(1
(I
,2
1.

NH>¢N

)
X)
12
)

LN N

pxwd
N‘

(2(13 2x))

(5(E13 6, 2x))
(5(E13.6,2X))

(5(E13_6_2X))
4:1,2X),F5.1)
(6(E11.4,2%))

(17(12, 2X) I2)

THE FILE CH2 IS EMPTY AND THE: TWO- BODY AND

ENERGY . DEPENDENT PARAMETERS - MUST BE-READ,
'~ OTHERWISE..THE . NFE1. +NFE2 PARAMETERS MUST BE
READ- AND THE NEW' INFORMATION I8 WRITTEN

o \ . AFTER THE NFET, NFE2 POSITION.
~TEST(2)=1

TEST(3)=1

¢NFE1 'NFE2 - not generally used
TC3. TC4 are llke TC1, TC2 L
M

(line J of TWQ)) "
<0 if unbound

The target must be ‘bound:. EBO(EINF(1))>0

CIPA coulomb interaction parameters

see.TEST(l)

CIPA(1,1)=0. (coulomb optién does not work)
CIPA(Z I)=m where m>0 specifies a generallzed Yamaguch1

form factor BEPR

-AA B

g“(p)=[p 7 .ov,p2 1/[ﬂ¥:9(1+6;p2)117f
O _ " s

L h

NEW TWO-BODY AND ‘ENERGY DEPENDENT PARAMETERS
OTHERWISE ONLY THE ENERGY DEPENDENT PARAMETERS
" ‘MUST BE READ '

EBO(J) bound ‘state energy correspondlng to 1nteract10n J

v

98

THE, FORM' FACTORS. AND THE ,CFF . COEFFICIENT WILL };’3‘7‘
" BE WRITTEN ON THE LINEPRINTER, ;



p

,'_r

‘73'5hdfm<oysbecifie§:an thypé‘form‘factor‘

g <p)-[p /(1+Bp2)*12 ”=1{7 /(1+ﬁp2) ]
BETA GAMMA parameters of the form factors in thefsame'Order,ﬁ”
... as TWQ G . , SRR
£=TWQ(4+23,1) ‘ Lo ; o -;~‘l;;u"
L=4/2+m+ 1" 1f m>0 o Co LN AT
Ll Afm<o e T e e
N2=m+1 if. m20 - _f_éu, ‘-.h‘a-. s e e Ty
-~ o=-me if om0 B D R -
- LAMBDA" strength of. the potentlal
N1=DIM(I) -, S
'EINF, energy 1nformatlon 'J ' 7
~EINE{1) line :in TWQ of 1nc1dent channel )
EINF(2) three~body c.m. energy S
[m(target)/m(total)]E(lab)—E(blndlng) R
EINF(3) N1_max1mum_number of spec1al mesh - p01nts~~—~”“‘”'
~ofn .QUAD)
EINF(4) =N2 even number (The princ1pal value 1ntegral
"~ .requires an even’ number of p01nts around the

I “ .

. - : 51ngular1ty)
-EINF.(5)=N3
EINF(6)=N4¢ S '
EINF(7)=NFP o : ' :
LIM(3,I)=0 if thlrd momentum 1nterval extends to 1nf1n1tyl
NF(I) 6 or 9 B

number of spec1al ‘mesh p01nts 1n f;rst 1nterval
_ for. each ‘two- -body. channel ' .
it The NF(I) can.not all be ‘the same unless QUAD uses S
1dent1cal quantltles (program bug)u o ' ‘

:Internally checked variables . T o 'f‘n; ;ffl}ﬂQ[:f'

- NTC.. number of two- body channels: (rows 1n TWQ)
DTWQ number of columhs in TWQ (=9)". L
NLS  number of L-S: pairs: ' .

CCN- "number of coupled channels

NG. . : : S
BD1 max1mum number of B s 1n any. 1nteract10n_-be;
GD1 ° maximum number of 4's in any interaction-

. NFP 51ze of breakup propagator matr1x ,5“'719

Main- Program PRFAMA

TEST i 77'5-“_*" T (711,28))
NG, JT,PAR "~ SR ,f*fﬁ - (3(12, 2x)g
(if TEST3—1) (FFIND(I) 1-1 NTC) PRI (17(12 , 2X),12



L e

. LR . : : : : : = . A
. TEST(1)=1 PHE SUBMATRICES "AND THE INHOMOGENEOUS TERM

1S "PRI TED, -

| UPEST(2)=1 ' -THE COUBOMB. nESTORTED SUBMHTRICES ARE NOT .

..t - MULTIRLIBD BY THE CHANNEL COULOMB -PENETRATION

S TEST(6)=
| .TEST(7)=

_ NG numbet o?’Gau551an mesh poznts*
© JT total three= “body angular momentum (XZ)
7 PARCtotal three body parlty L .
L FFIND(I) welghtlng of 1nteract10n I

f{Internally checked varlables e RN
“NTC. % number’ of ‘two- body . channels (rows 1n TWQ)

THERWISE" THEY ARE" MULTIPLIED FROM LEFT.

.~ TEST(3)=1 - THE INTEGER ARRAY _FFIND(NTC) MUST BE, READ.

s . 7 i“THE FEIND(IJ=-2°ROWS AND COLUMNS AND THE
... FFIND(I)=-1 ROWS ARE. NOT CALCULATED, FROM

ek t::__lvaFIND(J)__q COLUMNS ONLY.'THE -ON<SHELL ELEMENTS |

¢OF 'THE  FFIND(I)=2 ROWS ARE CALCULATED. THE I,J
' .SUBMATRICES WITH FFINQ(I) ‘GE. 1. AND .FFIND(J). GE 1
. .OR WITH ' FFIND(1)=2 AND FFIND(J) 0 oR WITH THE
“ -REVERSE ARE - CALCULATED.. ;

) TTESTA4)-‘ ".-ONLY THE, _ONE-STEP ITERATION IS CALCULATED
meEST(S)*1. |

o

TWO PARADLEL CALCULATIONS :ARE PERFORMED'

. THE FIRST WITH THE COULOMB DISTORTION,

- THE" SECOND WITHOUT THE" COULOMB DISTORTION

' THE TABULATED FORM FACTORS ARE USED.

1 . THE EARLIER INTERRUPTED . CALCULATION WILL BE
CONTINUED (IN- THIS CASE THE DATA SETS -3 AND 8
MUST BE CATALOGED)

- e

g’ ot

.~ DTWQ- ‘number of '‘columns in TWQ (= 9)

nl'jGDIJ_“max1mum numbep of 7 s in- any 1nteract1qf

COR I
PRE T
[ .

- 'NLS' . number.of L,S pairs :
"CCN  number of. cqupled channels

©o

‘BD1' . maximuh. number of‘B s in anyr;nteractlon Lo

ONATL : SRR . RPN
SONT =EINF(3) L ,3- T e
, - =EINF{4) 1~ » — _ e
* =EINF(5).. G m e e E .
~ =EINF(6)" K T
'ﬂﬂ-N1+N2WN3+N4+1 e :,_;’ﬂ,-
‘Zs1ze of break~up propagator matrlx SRS

'%t{hﬁNAf ‘numher of open Outg01ng channelslr

- CRQDI T P o T A
CROD2 T ~“xmf?ﬂf:;" ‘@

put 1 1f no break Tup'- calculat1ons are to be made
'wsn1 S PR ~\..‘r, 4.~,1~ s
,gj;WSDZ : e S " R
" UNCH - number Qf three body channels (rows in:THQ) "
~FCDZ R SR R A
. DM ﬁﬁlmen51on of kernel ‘ RO BRI

SRR EQN “number .of three- body channels compatlble w1th 1nc1dent

_ channel #—*\\

N




" TEST(4

”TEST(sg

CDM | " ' D . o -f"- ) ‘ (.‘..

e R T w1

If necessary, make a short rpn tQ°eStabllsh NCH
a second run to’ establxsh DM EQN and NA

g.&

. "l

, Maln Ptograms PRPADE PRPADD |

.t;TEST S e “-‘_i o (7011, 2%))

1., TOL o ' . o *(I3,2%,E7.1)
H‘”(lf TEST2=1) FIDI - ‘ R, : - (12)
- ‘repeat for J=1,FIDI . S ‘ IR .

(TOFI(I J),1=1 ,NTC) R AR _-(17(12L2x);12)
';TEST( )= 1 THE RESULTS ARE PUNCHED L =
"TEST(2 )= * THE INTEGER .FIDI AND THE INTEGER ARRAY

TOFI (NTC, FIDI) MUST BE READ AND FIDI NUMBER OF

o »CALCULATIONS WILL BE PERFORMED WITH

(AFFIN(I)=TOFI(I, J),1=1,NTC) ;J=1, FIDI,
. THE -FULL SOLUTION WILL BE CALCULATED
“THE OFF-SHELL. T-MATRIX ELEMENTS. -

. FOR THE BREAK-UP ARE. CALCULATED.

TEST(3;

- TEST(5)=A'< TWO PARALLEL CALCULATIONS WILL BE PERFORMED

- THE FIRST WITH THE COULOMB DISTORTION,
“THE SECOND WITHOUT THE COULOMB DISTORTION
THE CONVERGENCE WILL BE CHECKED ONLY . ONCE

TEST(7)=1 !}_THE'BREAK ~UP TMATRICES ARE NOT PRINTED.

T max1mum number of 1terat10ns of Pade approx1matlon

=0dd number:

TOL tolerance. of approx1mat1on

- condition is' 2[P(n,n)-P(n+t n+1)]<TOL[P(n n)+P(n+1 n+1)]

For three nucleons the approx1mat10n ‘should cenverge in 24 °

iterations.

FIDI number of different calculatlons to be performed (with

different potential weightings)

TOFI(I,d)= FFIND(I). for ‘the Jth calculation

Internally checked varnables

U ITM sl ' ’ '
" INTC - number of two body channels (rows in TWQ) )
‘FIDI - see above'f=-% e . ~»uf’

NT:~

Ef{fhész _ vaff'r'f'

DI1.

~..~BQN  number of three-body“channels compatible-with<incident

: - . channel
. 'NCH  number of- three body. channels (rows in THQ)
NA“- ' ‘number of: open’ out901ng channels R , .-yg
~DM. - dimension’ of kernel - _ R s
BR2 = - =
" 'BR3 .
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B . . . . N Lol
. ) “ . o . : . . ) . B TR e L 5 i R ate
N ’: i: ::,“ ‘ . _A’.."_.‘“,_‘l' e 7“".' . . e . e ‘. W . . o ) . e “‘_'-\ 1. 2|

CEQN

SDM
. SEQN .-, - o -
BRI S : ' o
‘Main' Program PRELAS * © .- . S L |
R . .. ' V»A‘ . ." \ ?‘...' ’ :’ . .‘. . »
TEST . Y © o (6(11,2%))
- NFE1,NFE2 - : , _ (2(12,2X%)) -
LINM,LFIM,NRM . C o (3(12,2%))

< (if TEST3—1) I - RN (13)
(TIND(I), I=1,TDIM) = . 0 (17(12; 2X),12)

(CHARQE(I) I=1,3) IR (17(12_2x) 12)°

TEST(1) =1 THE DIFFERENTIAL CROSS SECTIONS AND THE
sy < POLARIZATIONS ARE CALCULATED.

- TEST(2)=1 . THE NFE1  NFE2. SET 1S CALCULATED, OTHERWISE

_ THE LAST SET.

TEST(3)=1 . ONLY A CERTAIN SET OF T- MATRICES IS INCLUDED

o ‘ . (TDIM AND TIND(TDIM) 'MUST BE GIVEN), OTHERWISE
ALL DIFFERENT T-MATRICES ARE INCLUDED (THE'FIRST
‘OF "THE.. T~MATRICES WITH IDENTICAL QUANTUM
NUMBERS) .

TEST(4)=1". THE T-MATRICES ARE NOT PRINTED. . |
TEST(5)=1  NEW. CHARGES MUST BE READ AND THE RUTHERFORD

IS ADDED 'ACCORDING TO THE NEW CHARGES.

’g;mEST(6)=1  THE ELASTIC OFF- DIAGONAL | T-MATRICES .ARE

"SYMMETRIZED

NFE1,NFE2=1 usually, see’ TEST(2) - :
LINMZmax1mum value of initial orbital angular momentum
of prOJectlle with respect to target

_LFIM2maximum value of final orbltal angular momentum

‘ of projectile with .respect. to target.
‘LRM humber of p01nts from zero .at which the Rutherfbrd
.Cross section is to be excluded- SR
I=TDIM number of matrices used ( ’ '
TIND(I) indicies of matrices used. (matrices are 1ndexed
"~ in the' order. that tgey are ¢alculated by PADE)
CHARGE(I) g & - -

Internally checked varlables
NTM:

TDIM number ofxmatrlces used

. NTC  number of two- “body channels (rows 1n TWQ)
DTWQ number of'columns in TWQ (=9) -

NLS number of L,S pairs

‘CCN number of coupled channels~‘ L
BD1.  maximum number.6f B's 1n‘an§ interaction

GD1.. mexlmum number of 7 S in:an

‘interaction
EQNM s o o - o
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NCHM _ : .
. , . - ~ )
_L%’ Main Program PRBRUP
TEST - 7 - o S e '(d0(11,2x))
CSPR, POPR S : ' (2(12,2%))
NFE1,NFE2 . _ SRR - o (2612;2x))
LINM,LFIM,SIG . ' U o {3(12,2x%))
- MA,NX,MJP,MLP,MPA .= . ST 5(12,28))
(if TEST3=1) TDIM . _ ‘ L : (13)
. + (TIND(I),I=1,TDIM) -~ (17(12,2%),12)
{if TEST8=1) repeat for J=1,Ma - S , :
O (SFKV(1,J),1=1,8) . N (6 (1PE11.4,2X))
(if~TEST6=Q) repeat for J=1,MA : e ‘

e ~ (ANGLES(I,J)51=1,4) - . (6(1PE11.4,2X)) -
{1f TEST6=1 and TEST8=0) (PAA(I),I=1,NX) . (6(1PE11.4,2X)) -
B . ' ' repeat ‘for J=1,MA . :

- -(ANGLES(I,J),1=1,4)(6(1PE11.4,2X)) °

8

.

Y . . . .

L o | _ :
TEST(1)=1" " THE "‘POLARIZATIONS ARE CALCULATED
'TEST(2)=1 THE NFE1,NFE2 SET IS CALCULATED, OTHERWISE

: THE LAST SET. - ) ,
TEST(3)=1  ONLY A CERTAIN SET OF T-MATRICES IS INCLUDED
I (TDIM AND TIND(TDIM) MUST BE GIVEN), OTHERWISE
- ALL DIFFERENT T-MATRICES ARE INCLUDED (THE FIRST
'OF . THE T-MATRICES WITH IDENTICAL -QUANTUM !
NUMBERS) . o o

X . |

+TEST(4)=1  THE T-MATRICES ARE NOT PRINTED.

TEST(5)=1  THE COULOMB EFFECTS ARE NOT INCLUDED.

TEST(6)=1 THE INPUT AND -THE RESULTS ARE GIVEN IN THE ’

. ~C.M. SYSTEM, OTHERWISE IN THE LABORATORY SYSTEM.

TEST(7)=1. THE TABULATED FORM FACTORS ARE USED, : - -

~TEST(8)=1 IN CASE OF TEST(6)=1 THE QUASI-FREE,SCATTERING .
o ~ OF THE PARTICLE MPA IS CALCULATED, OTHERWISE THE
LABORATORY CROSS .SECTIONS. THE .ARRAY SFKV(4,6MA)
~MUST BE GIVEN AND THE KINE*ATICS IS TAKEN
. - BETWEEN THESE LIMITS. . ,

TEST(9)=1  ONLY .THE KINEMATICS IS CALCULATED. :

"TEST(10)=1 THE ARCLENGTH- PROJECTION, OTHERWISE THE
_ EQUIDISTANCE STEP IS USED. A

CSPR number of cross section printouts required

- POPR-number, - of “polarization printouts. required

. NFE1,NFE2=1"usually.,, see TEST(2) E - E :
LINMzmaximum value*of initial orbital angular momentum

: of projectile with respect to target ‘ | o
LFIM2maximum-value of final orbital angular momentum- :
of projectile with respect to target ‘.

IG==1 no Coulomb. distortion factgqrs
\ number of angle pairs :
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NX number of p01nts on the klnematlc curve ' '
-odd number to put- quas1free geometry at centre of range
' 2SNX<80.
MJP,MLP indicies of detected partlcles
MPA . index of spectatbr particle
" TDIM number of matrlces used

TIND(I) -indicjies of matrices used .(matricies are 1ndexed 1n T

t order that they are calculated”by RADE)
‘SFKV kinematic limits
There are three possible kinematic loc1 (flgure ‘B.2). SFKV
specifies. two energy windows 'in terms of arc length along
the kinematic curve (MeV). The second w;ndow can be 1gnored
by ch0051ng an interval of (10-°°, 102 ) .in cases. A'and B or

- an interval of (a,a+*e) in case C. I'f in doubt, a preliminary

run with a large w1ndow can help to establlsh the type of -
curve and the requ1red 1ntervals._ . ' S

Internally checked varlables

NTM -
- MA number of-angle pa1rs .
NX ° ' number of p01nts on the k1nemat1c curve, see above

TDIM number of matrices used

NTC  number of two-hody channels (rows 1n TWQ)
DTWQ number of columns in TWQ (=9)

NLS . number of L,S pairs -

CCN_  .number. of coupled channels - o
BDt* maximum number of, B's: in any 1nteractlon _
GDt _maximum number of 7 s 1n any 1nteractlon e
N1 , :

NFP size of break up propagator matrlx

NT .

TMF"

Main Programs PRFITI, PRFITE

TEST - : B o S ' .(3(11 2X))

MASS . . L oo (3(Fe.1,28))
- CHARGE ~ T o - A3(12,2))
- 1,J,K,L,ICH, TOL n S o (S(Iz,zx),sarit

repeat for J 1,NTC

(TwQ(1,J), I=1 ,DTWQ) : : (17(12,2X%),12)
(EBO(1), I=1 NTC) : o (6 (1PE11.4,2X))
(NOO(I),I=1,NTC) . e : : (17(12,2%),12)
(ENERGY(I) =1,NT) - : o (6 (1PE11.4,2X))
(NOO(I),I=1,NTC) ’ S , | (16(13 2X)).
I o . o _ “(13)

- (FOFAX1,J),J=1,NFF) - o c (10(F6. 1 2x))
repeat for NV=1,NTC v : _ :

INP,ITM,NST,J,ICH, SR ‘ (5(12 2x))

SEPQ(1),SEPQ(2) N ' - (2(E10.3,2X))

, SEPQ(3),SEPQ(4),SEPQ(5) : (3(E10 3, zx))

repeat for J=1,2

K}



Es

.

// )

‘Figure -B.2 The enefgy locus hes|three possible
forms. o ’ ' '
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, (PHAS(I J) 1-1 NT) . - (6(1PE11.4,2%))
(1f TEST3= 0 .and M= 2).°(SDM(I),I=1,NT) - (6(1PE11,4,2X)) .
({f .TEST3=1 and M=1) (PHERR(I J),I=1,NT) (6 (1PET1. 4 2X))

“(if TESTB ] and M 2) repeat for J 1, 2 )
‘ o (PHERR (1, J) 1-1 NT)(6(1PE11 4, zx))

' (SDM(1),1= NT) (6(1PE11.4,2X))
» ‘ (MERR(I) 1=1 ,NT)  (6(1PE11.4,2X)).
‘(EVA(I),I=1, T) S ST y (172(12, 2x) 12)
‘ - (PTVA(I),I=1,3) EER S (6(1PE11 4, zx))
S . (wr(1),1=1,8) B S (6(TPE11.4,2X))
\ - (VOoP(1),I=1,NFP) _ . S (17(12, 2x) 12)
i . (STP(I),1=1,NFP) R o g (ﬁ(1PE11 4 zx)),
(LIM(I),I=1,2%NFP) « _ S ' (6(1pE11,4,2x))‘
(FMHP(K,J,NV) ,K=1,NPP) B o (6(E11.4,2X))
(FMF(K,J,NV) ,K=1, NPP) ) o o (6(E11.4,2X))
(FMPE(K,J ,NV),K=1 NPP) ~ . ., (6(E11.4,2X))
(BETA (K, J,NV),K=1,L) (5(E13.6,2X%))
-(GAMMA(K J.NV),K=1 NPM]) - (5(E13.6,2X))
(LAMBDA(J NV), J=1 NL) (KAPPA(J, NV) J—1 M) (5(E13.6,2X))
TEST(1)=1 THE FINAL PARAMETERS WILL BE PUNCHED.
TEST(2)=1 ~~THE BETA(O, ' )-,...-BETA(L , ).
TEST(3)=1 THE ERRORS MUST BE.READ AND THE USUAL CHI 2 IS
- CALCULATED.

" MASS 1n nucleon masses
:CHARGE ' ' '

- I=NTC number of two- body channels (rows in TWQ)
J=DTWQ number of columns in TWQ (=9)

-~ K=NT number of exper1menta1 energies
L=NG, .
ICH=1 if input (starting values) is from data set 2 -

(from a previous FITI run) '
TOL fitting tolerance (never used)
. TWQ two-body quantum numbers, see PRQUAD :
. EBO(J) bound state energy correspondlng to 1nteract10n J-
' "~ {line J'of TWQ)
<0 if unbound o _ : o
. NOO orthogonality indicies : o S C
s ENERGY experimental energies '
, NOO(I)=CIPA(2,I)=m for interaction I (row I of TWQ).

1=NFF number of points (energles) for f1tt1ng
FOFA energles _ , o :
INP index of 1ncom1ng particle. ' L
ITM maximum total number of steps in flt o
NST maximum number of steps for any one parameter o
J overrides TEST2

ICH as above . ‘

* SEPQ( 1) scattering length

SEPQ(2) effective range .

SEPQ{3) B-state probability

SEPQ(4) '‘quadrupole moment
2(5) asymptotic D/S



‘RApﬁA multipliesvthb”fbrm'fagtot”

'PHAS experimental phaséLéhiffs,, - AT BRI .
'PHERR errors in experimental phase shifts = . - - R

The error is used to determine the weight of-each phase

Shift in fitting to the experimental data. In order to fit

nh and np interactions with pp data, the low energy phase
shifts are given artificially large errors. .
SDM mixing *parameters > i

MERR- errors in mixing parameters

chi-squared , , _
. =0 otherwise R R ;L
PTVA(I)=0 phase shift turning values (not used)

EVA(I)=1 if the ‘data_for ENERGY(I) is to be. included in the .

- WF weight factors for fitting

WF(1) phase shifts

WF(2) mixing parameters
WE(3) D wave S
WF(4) scattering length
WF(5) effective range ‘
WF(6) D-state probability -
WF({7) quadrupole moment -
WF(8) asymptotic D/S = -

o

'VOP'order of parameter variation - -t

The indexing of}parameters,'using,thé notation B{Y', A,,;

(see equations B.1-3), is as follows: .

o2 34 5. 96 -7 8 9 10 11
R S LI ST CP T T e

If a numbef outside the'pOSSible»range is‘éncountered,,‘

-fitting returns to the first parameter. If a zero is

encountered the remaining parameters are ignored.

STP step size for parameter variation

- LIM limits of parameter variation, in'pairéi(upper lower)

. zero indicates no limit
FMFP arguments of the form factor

_FMF values of. the férm~factor . R

FMFE errors. in the form factors ”

. BETA, GAMMA, LAMBDA.-starting values of the potential

- parameters

5! Hormally

'f Lﬁféfhélly Eﬂgcked variables . . ' .
- "..NTC  number of two-body channels (rows. in TWQ): k

DTWQ number of columns .in TWD (=9)"

NT R - o o
NG . L - o o _ S v;ﬁﬁ
NLS numbéer of L,S padrs ' - '

CCN. . number of coupled channels’

‘BD1  maximum number of B's in any interaction
-GD1  -maximum number of y's in any interaction

NFF

)

 ]Q7r”.“
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-d ~Sample Runi- | |
- The follow1ng control flles demonstrate the n-D QFS-
'calCUlatlon denoted by 2'S R, 2 S R 4T4RA3 P D. This
‘calculatlon the most’ sophlstlcated we have presently
ava1lable,,uses rank two R type 51nglet S wave potentlals_
'w1th a rank four tensor force and higher part1a1 waves (p, D)
.dadded The ¢omplete&1nteractlon in the  order specified in
.‘the TWQ matr1§ could be descr1bed by

ZSORZPY P, Y, PY'DZR SRR

‘np 2‘SR PYZPY PY’P;Y DR DR’DR4T4RA3
The complete control flles are reproduced both to *A

1llustrate Qne convenlent method for edltlng and runnlng the‘

main’ programs and to provide the necessary“”

:1nternal program var1ables and array d1mens1ons.

| The procedure followed is to copy each main program ‘
from the master source f1le of main programs, DOMAST make
the necessary changes via the System ed1tor (st111 in batch
mode) and complle 1nto a temporary object deck In thlS way
the master f11e 1s never actually tampered w1th Note that
‘the batch output echoes the. or1g1nal flle, not the edlted
- ver51on. The subrout1nes, wh1ch never change, re51de in the
'(non 11brary) f11e DOLIBR, in object form.; ‘ i‘

The ﬂhree body T- matrlces are calculated up to 19/9+

three body angular momentum and parlty For th1s,.the usual

part1al wave 11m1t for three nucleons, several hours of t1me



‘on the AMDAHL are. requlred ngher sbates must be addEd Ln
-'palrs,‘ (18/2-,21/2°), (21/2* 23/2°), etc. Slmllarly,)l.f

desired the cutoff must. be reduced by palrs.._f

R

Up to 9/2‘; certaln parameters are: constantly ehanglng
- and’ JOBFAPA is used to run 1nd1v1dual 1teratlons of -
FAMA- PADE\\Beyond thls 11m1t Sloan s approxlmatlon is used
and,lnternal var1ables remaln constant allow1ng the

’remalnlng 1teratlons to be performed by JOBFAIT

/

The use of GAUS is not shown.,As 1s usually the case

i
R

_the preex1stence of file QUAD is assumed

T
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. o . . . o _ . A' T ' . . 126
‘e. Test Run
To check whether the program 1s runnlng correctly on
any g1ven system, Doleschall performs a 11m1ted calculatlon_
for n-D- scatter1ng u51ng rank ~one 51nglet R type potentlals

and’ a ran‘ one tensor force only "For. comparlson _he br1ngs

the;corr ct results from a calculat1on on his home computer

system.

The test run 1s carrled .out 1n full by the control file
JOBTEST which: has the form of the JOB- files in the previous
~'séct10n Output from these is copled into the permanent
flles QUADOUT KEREOUT FAMAOUT and’ PADEOUT and to. *PRINT*
The run 1s restricted to one 1terat10n of FAMA/PADE
(for J,m=1/2*) with no concludlng breakup or-elastlc
scattering calculatlons Because it is a, ‘test run, a larger \'~

amount of output is Called for ‘than is normally requlred o
. . ?

. f.>-Permarent ":F‘i}lés . v
'~ . There are a number of permanent flles malntalned inw
AR

‘ connectlon w1th the runnlng of thls program Table B 1 llStS

those whlch have beenrstored on tape.sdata set refers to the

s"

"ﬂ FORTRAN data set reference number »lf any,_w1th whlcﬁ!thev
flle 1s assoc1ated durlng executlon ;, _“t':_j -

| In addltlon to ‘the ba51c f11es of the program package,'
there are several flles Whlch relate spec1f1cally to the
D(n nn)p react1on. Flles preflxed by JOBS- executeqa
51mp11f1ed form of the program us1ng mesh p01nts from SQUAD

' and a’ rank ‘one Yamaguchi potentlal cherwxse they resemble



NAME

DOCODE

'DOLIBR

DOMAST

_GAQUAD
JOBBRUP -

JOBELAS

" JOBFAIT
. JOBFAPA

JOBFITS
JOBKERE
JOBNNFSI
JOBNNQFS
JOBNPFSI
JOBNPQFS
JOBQUAD
JOBSCRE
JOBTEST

MANUAL ; _

NDRES® -
QUAD

SQUAD

SRES?

- SSRES 1

SSRES?2 ¢
SSRES3*
STRES'

"S2SRES

YYRES

YYRES25. -
. "YYRES 33
Y2YRES - -

e

descr

fption
S

complete source listing

. subprograms in object form
source listing
‘raw data for GAUS

‘szz

427

data

'

of main programs . .

BRUP control file,»fixéd_angles

FITY
KERE
BRUP

‘BRUP -

BRUP
BRUP
QUAD
BRUP

test

this

T-mat

" T-mat

T-mat

T-mat
" T-mat

T-mat
T-mat

- T-mat

control
control
control
control
control

control.
control

control
run con
manual

“T4matrices,_2'S°R,4T4RA3,P,D 4interaction
processed Gaussian.quadrature data -
simplified version of  QUAD R
T-matrices, 'S,Y,°S,Y interaction

-T-mat

rices,
rices,
rices,
rices,
rices,
rices,
rices,
rices,
rices,-*

&

'ELAS control file
FAMA+PADE control
FAMA+PADE control file,

file, 9/2*-19/2*
1/2*-9/2-
file o
file ” _
file, n-n FSI
file, n-n
file, n
file,.
file -
file, SCRE'

geometry
trol file -

'SoR} *S,R: interaction
'SoR,*SR interaction
'SoR,*S,R interactioh -
'SoR, 1T4RA interaction
2'SoR,*S R interaction
'SOY,JS,Y’inte:action
'SoY,°S,Y interaction
2'S,¥,'S,Y,%S,Y .
2'S,Y,°S,Y interaction

/*i'r-

N

NNRONROR NN RN == N

‘Symr’ne&:*i‘é Constant ‘Relativeg Energy%
| 'specidl structure' (see text) .
- ’simplified quadrature (using SQUAD)
‘modified n-p effective range -
*modified n-n effective range .

-

Table B.1 Permanent filés;

set

7

T
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the JQB flles of sectlon .o S '.%_ N ,ﬂ~:fufe et
. v o .r',‘ " c e e N . PR @ e w .
FlleS~ denOtEd by "RES‘g Contva],n three bOdY T-—matrlces’ L
'rThese are assoc1ated w1th f11e 2 of sectlon b They
< o

;:_represent the result of calculat1ons up to ;he end of the

'nflnal FAMA PADE 1terat1on(19/2* 1n all cases) For the more

‘fcompllcated potentlals th1s 1nvolves a con51derable amount S

“of computatlon maklng these flles well worth reta1n1ng

: Preflxes and sufflxes 1nd1cate the potentlai used

NDRES contalns three sets of T matrlces for each ,//”

¢ T e

?dthree body angular momentum and parlty the flrst for the

“2'S R 4T4RA3 P D 1nteractlon the second Omlttlng D waves,A'

l7§qu the - thlrd omlttlng both P~~and D- waves. Thns waﬁﬁﬁ

"conStructed by def1n1ng the full potentlal 1n QUAD and KERE

,‘and runnlng PADE w1th TEST(Z) T, FIDI %/(three

':fcalculatlons) The potentlal welghts fTOFI) were chosen so’

'that P and D waves were om1tted as néqu1red The matdlces

: are 1nterleaved because FAMA and PADE/lteratlons must be run

'1n order of 1ncrea51ng angular momentum (JT)

v I

. Phy51cal results are produced from RES- flles 51mply

.;'. .

" by- runn1ng BRUP or ELAS with the de51red f11e on d%ta set 2./ 4*"

TNDRES must be used w1th TEST(3)—1 TIND 1 4 7,... for_the

".-for the second set, etc;

flrst set of T- matrlces (full calculat1on) TIND=2,S;8;..;.

1,/' :



PRPADE

9. .DOCODE Contents -~ = _ T
o Lime - . L program -
S . ! ° 1- o L8 'v A - - PRQAU‘S - j“_‘
Y S L SUBROUEINEaDREGAU
2000 L s ..SUBROUTINE QREGAU
e 156 o SUBROUTINE“Hrgg;‘j;;‘
163 " SUBRBUTINE TERMIN |
176 .= .. - . SUBROUTINE MOVE
215 I 'SUBROUTINE'GQPW.-
228 ' INTEGER FUNCTION IEVEN - .
234 -SUBROUTINEnQLIRINy‘~-ﬁ
252 _ ' SUBROUTINE OLIRVA - -
’ - 27% <+ % ¥ 'SUBROUTINE' OLIRCO - .
- - 290 : COMPLEX'FUNCTION COMDET, -
337’ e LOGLCAL FUNCTLON,HALIRE &
'+ 28 R & PROUAD.
479 By §U§‘R@E}TI NE;"DOQUAD .
776 'SUBROUTINE DSQPRO"*
814" 'SUBROUTINE WSQPRO
1180 ' ... - SUBROUTINE MATPRO
1200’ DOUBLE PRECISION FUNCTION. QFOINT
1239 - SUBRQUTINE. .LEG .= .-
.. 1258 ‘SUBROUTINE LEGDER
1283 SUBROUTINE;QFUNS
1372+ DOUBLE - PRECISION FUNCTION DYDZ
1380 DOUBLE PRECISION FUNCTION YTRZ.
1388 DOUBLE PRECISION FUNCTION ZTRY
1406 . SUBROUTINE HAUELI
1439 - SUBROUTINE HAUSOL
1469 ' . PRKERE
1576 SUBROUTINE DOKERE
- 2132 SUBROUTINE HSPRE
2190 0 ‘SUBROUTINE PARAM
oe2317 0 REAL FUNCTION FMF
© 2369 SUBRQUTINE HI5C
2649 SUBROUTINE_SLERPQ
2896 - .LOGICAL CTION DOLEIG:
3331 'LOGICAL FUNCTION HAINRE -
3421 REAL FUNCTION VMV
c 3431 ~ SUBROUTINE. MATMUL
S 3442 o " PRFAMA
\\ 3655 - .. SUBROUTINE DOFAMA
4146 " SUBROUTINE BVNPRO
\4207 . SUBROUTINE INGPGW
4218 * SUBROUTINE MAICIK®
.. 4543 SUBROUTINE KERNEL -
o 4997 . SUBROUTINE KERTAU ’
5347 . LOGICAL FUNCTION FCOM
5463 ' REAL FUNCTION VCCO
- 5487 REAL FUNCTION SJS
5557 A

fLu

O

7_‘-\\»»' E R T



@v" e
5740 . - .. S SUBROUTINE-DOPADE"

- 6066 - ..~ . LOGICAL 'FUNCTION PADEFI
6363 REALUFUNCT;QN EAPADE =

- 6453 = I S PRPADD .,

AT e SUBROUTINE DOPADD

6875 - LOGICAL FUNCTION PADEFD .

130T "-PRCOGR - -+ =

tL7415 U ' SUBROUTINE.DQCOGR:
J648 . . . LOGICAL ~FUNCTION :COGRAD
. 7800 : : ' SUBROUTINE CONMAT
7835 - SUBROUTINE MAVEMU
7896 _ o PRCODP
8009 SUBROUTINE DOCODP
8247 LOGICAL - FUNCTION COGRDP
8414 - - SUBROUTINE MAVMDP
8477 DOUBLE PRECISION FUNCTION DREAL .
8482 DOUBLE PRECISION FUNCTION DIMAG

. 8487, L .. PRELAS .

- BOERG * m v SUBROUTTNE DOELAS™""+
9089 . - ‘ SUBROUTINE ELATTM
9213 SUBROUTINE ELAPOL
9662 SUBROUTINE POCSIR .
9672 7 , SUBROUTINE ANAPOW

9727 REAL FUNCTION AZIANG
9749, . ' SUBROUTINE CURV
9797 . COMPLEX FUNCTION DFUN
9863 / .- -+ = “REAL FUNCTION ALP

9897 . REAL FUNCTION VCC = .
9961 , L - "PRBRUP
10149 : - SUBROUTINE DOBRUP-

10801 ' SUBROUTINE BRUPTM -

11437 . LOGICAL FUNCTION KINEMA

118583, LOGICAL FUNCTION ARLEKI. . -
11874 o i SSUBROUTINE "ARCLEN
11855 = . % "'SUBROUTINE OUTRES
12009 - SUBROUTINE.: ALPFUN

- 12039 -~ © . REAL FUNCTION CSTRCO

*12069 . ' . SUBROUTINE NXTRAN"
12091 - SUBROUTINE POLARI
12323 , "SUBROUTINE BRANPO

12392 : COMPLEX FUNCTION INTERP

12404 - SUBROUTINE VARTRA.

12547 : SUBROUTINE DECPOL
12569 S - PRBOPA

. 12695 y . " SUBROUTINE DOBOPA - -
13131 o ' SUBROUTINE BOPARA

13197 . ' SUBROUTINE IDSE

13267 REAL FUNCTION BOFMF
13314 . : ' 'SUBROUTINE BOHISGC

13477 - ' 'SUBROUTINE BOMATR
13748 .. SUBROUTINE BOKERN
13960 = LOGICAL FUNCTION‘PADEHOv
14140 o ' ~ PRBOPD

“14265 S SUBROUTINE

]

‘DOBOPD



h a7

14701 .

14881

+ 14997
. 15514
15726

16153

. 16381 . ..

16495

. 16547
16559

16662

16779 .

17311

17663

17739
17772

18023.

18242

. 38256 *
. 18294

18332
18370

18446

18481
18491
18533
18604

19512

18572

"19686

19913
20278
20498

20620

A gt @

RO

* LOGICAL ‘FUNCTION

SUBROUTINE
LOGICAL FUNCTION
REAL FUNCTION
SUBROUTINE

'SUBROUTINE

-REAL FUNCTION
REAL FUNCTION
LOGICAL "FUNCTION

- '-SUBROUTINE.

REAL FUNCTION
' SUBROUTINE
REAL ‘FUNCTION
' %PBROUTINE

. SUBROUTINE
SUBROUTINE

SUBROUTINE

SUBROUTINE

SUBROUTINE
SUBROUTINE
SUBROUTINE
SUBROUTINE

- COMPLEX FUNCTION

pADEHD e

T R

.31

PRFITI
DOFITI

FIT

FGV : -
FISEPQ . . S
PROP- ~* o

FORMF
ARCTG

HALICO
PRFITE
DOFITE
FGVT

MLEIGV
HAUDET
FTSEPQ
PRCONV

MARK ...« | e .-

CAFOIN
CAFORE -
CAFOCO.
PRMESH
PRDORE

" PRINIT © 0
 PRFACO
'PRCDC

SOLAF1I

'NMESRCH: PROC opTIONs(MAIN)

PRGEBO
DOGEBO'
GEMATR
GEKERN
BSFUNC
GEFMF



_APPENDIX C PARAMETERS or-rﬁs‘wwo—aoby INTEhACTIONs

_Refer to table IV.2 for effective range paraméfers
(S-wave only). | | ' . |

The separable potentia& in- thewk S(Spin) partlal wave J?
“has the form_ fi;fu.‘il.?fflf -fqd.”,. - B
W VE(pyp? =L, 2g8 " (DN, 105 (p7) - ca

’

; where the summatlon 1sgup te.bhe rank. of the»poteptna} “),3;05*f“ .

woﬂ”!‘—w’ags— Iome e
n e R » ) ﬁe. .

is diagonal. for all potentlals except the 4T4RA3

°

Y-type i g"‘(p)=[p"2;=o7;p2']/[ﬂ '5'( 1+ ,pz)] '
partial ‘m ’5' . . v ‘,_” R p _
wave oo o e R B i
nn 'S, 0 1 1.890 -2 1.0 ~1.585 -1
nno'S; .0 1615 -2 1.0 ~1.476 -1,
| | Y T w
nn 2'S, 0 1.887 -2 1.0 . ~1.584 -1
1.+ 2,923 -3 1.0 . - 1.293 ~1
' 2.481 -3 -1.852 -2 .
nn 2'S; 0 t1.614 -2 1.0. . ~1.476 -1 .
1 3.641 -3 - . 1.0 . 1,128 -1
3.097 -3 =1.967 -2 | o

132



partia1, i m- .. B

wave, R B :

np 'Sy 0 . 1.542

B T AL T TN -t e

np s, 0 " S 1,286 %
np Py 2L 5,000

Py 2

P, 1 1.186

f}f,ﬁgoﬂ]:¢_..'_
- =1.619 =2

19.907 -4

.,.1‘.4.v0.. .

1.0

=1.752 -2 .

-

1.0 . ..
5.406- -3

e 5. 7:613,1' -3

“~.

.

@ A
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e el
e v »’ﬂ -

,'._ (e _“-_,.A.“.',.:‘.-‘J»_'.'.‘ - e ”'.‘V L v'.j"—‘~‘ ‘.. “’-—5 108 - ’ ‘. “,". e V._A. - )’".’ .

en sy 5 - ~';?5Lé45f:3f*}¢*51;4.ooof52am5usgn;sszooa—41.

S, monn"”S\° 5 .. .4.605 -3 o _1.885 -1 -2.788200 -1
5 ©1.409 -2 ' —3:749 -1 11.275000 -1

=

o np ‘s, 5 >~-5;345wf3;'w.gw'mq.goo'iﬂ_hj,,—1,69360q -1

S O T S S R
o il IS 812 41
5.750 .

‘

np 'Sy S 5.171 =3  6.200 -2  -1.744200 -1

1 o 908 + 1_.:;
~1.760 +1



. - . EERE N
S N - : . R .
e gl _ Sz
. . - N ~ E v~ - .-
- o> -~ = - e & - I
. o~ - . - > - . - -
T S o~ o RS . e @ o 3 - - 135

3
v
3

. . B
> - - L
e . oG8 v s a» AP e e W T e T e e .

I 4 92353 -2 AR PR 206300 11
o -8 801, . -

np S, 5 .+ 4,473 -3 4.770 -1 " }—2.349877—1.

e 2.300 _._.'pf._

o rTIm'Dyr code T 627753 ©- 7. 3,198 -3,232000 -5 -

- -
- @ - -

np °D, 4 .8.625 -3 2,562  -1.427000 -4

5.850.'”"."‘1' .;' e
np D, 4 9.988 -3 1.542 +1 ~1.053000 -6
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'The potent1al for coupl1ng between k S and m t pért%ai

" vave states has the general form.i.r,fﬁheﬁut o, T

- .
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" Thus the tensor 1nteract1on .has” two form: factors ( Sa. ana

.-:"D ) for each channel

partial- m g T 4 L A
wave ‘ SR , ' o

1T4RA - 5 4.860 -3 ~ 4.710000 -1 -2.034986 -1
. . ~ -8.185000 - . o o
38, 2,146000 +1
-1.747000 +1
| - : - . 4.724000 L e
e e .o o - ev- 4,988--3 . . 7.633816 -1 -2,034986 -1
e s e T T 4581094, -2 -
Dy ' 2.661634 -2 " -
0.0 R
0.0

~{fif?}ff <p kS}le,'mt>—£yzgy (pikyzgt‘rp Y R
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Ghannel ekclusyvely--

part1alw
wave

4T4RA3

moL

LR

5

W

860 -3

1g,

.988 -3

3D,

.868 -3

. 06'2 —'3 s

JD{

.483 jg”

Js"

9.960 -3

’D,

.243 -3

S

).430 -3

3D.l

,iS,

K

LA
o

R

-4
8

4

7.633816 -1

-4,
2.
0.
0.

2.

-4
4.
-1
5.
=3,

-5,
-2.
0.
8.,

-2

2.
-5.100000
-1.088496

5.548746 *

‘-

. 710000

The 1x1+3x3 form of : A. 1n ~the 4T4RA3 1nteract10n

_1

185000 -

. 1460090. .

747000
724000

591094
661634
0

o

293000

88000Q
947873 -
544604
049303

136605
0

472000~
.396000

~ 2,

928000

+1

-2
-2

979000 -
.688000"
-1.396000

307000 .

-1.101823

-4

2

.560621
0. |
.388000

0

-1.295000

-3.
~',.—I|
0.
6.

3.

-2.175946

045000
798000 -

0 -

263965

418646

4.105694

0.

-

0
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fac111tates flgtlng the: deuteron propertles to the fxrst

" next page



S - , k‘y z'v - . b. — ..“;_ 3 — .»». Tl yi' ° o ' } - o
Ll R A 3 g
1 -2.034986.-1 = 0.0 0.

P2 o 0007 T 2,982 51 0 4,838 ~2- <1952 -2
zo- ' ' - T e ST
3 0.0 XV834 =27 6.277 -2 6.a98 -3

4. 0.0 -1.952 -2°  6.498 -3 -3.532 -2
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