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1 • INTRODUCTION 

Whereas the structure calculations usual ly solve the 
Schrodinger equation with a given model Hamiltonian using 
effective interactions in a given l imited model space "exactly'� 
this is not the case for most nuclear reaction calculations . 
'l.'!1e very successful DWBA, in form of one or two s tep calcula­
tions , treats the problem in a perturbative manner without 
verification of the convergence properties . 

F�r. the description of resonances , however , it  is desireable 
tc solve the Schrodinger equation up to all orders in a space 
consisting . of bound and unbound states . Some of such nuclear 
structure theories in the continuum are given in the following 
scheme : 

coupled channel continuum shell  model  Feshbach 
( r-representation ) ( energy-representation ) theory 

R-rnatrix
theory 

' 
_ J  

In contrast to the DWBA , where just the on-shell  T-matrix i s  
obtained , these theories also yield the off-shell  matrix ele­
ments , which is  equivalent to the knowledge of the scattering 
wave function in the interior region . This is important for 
the calculation of photonuclear reactions . One obvious question 
is : What is the price we have to pay for the "exact "  solution 
of the Schroding.er equation? We therefore ask for the numerical 
feas ibilit� and the physica l  limitations ( configuration , inter-
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action ) of the models .

The " coupled channel lt approach uses the deformed collective 
model or simple folding procedures to generate the relevant 
potentials . As it is formulated in coordinate space , the Pauli 

Principle i s  usually neglected . Bound s tate orbits below the 
Fermi surface can lead to spurious resonances 1 ) . A microscopic 
formulation including antisymmetrization leads to a numerically 
unpractical integrodif ferential equation2 ) . 

The fully antisymmetrized shell  model with one particle in the 
continuum can be applied numerically only in a very limited 
configuration space 3 > . There exist ,  however , some approximation 
schemes which reduce the numerical effort substantially4 > . As ! 
will discuss later , these methods are more sui table to descr:ib.e 
photonuclear reactions than elas tic or inelastic processes . 

The "Feshbach Theory " in the usual form5 ) (projection on open 
and closed channels ) makes the shell model practical if only 
one channel is open . The numerical effort , however ,  increases 
with increasing energy . 

Finally , the R-matrix theory appears on first sight as numeri ­
cally relatively easy to apply . Although it  is i n  principle 
exact ,  in practice difficulties occur with the convergence , and 
the results me 0• depend strongly on the choice of the channel 
radii G ) . 

It is the purpose of this ta lk to present a formalism which 
unifies the numerical features of the R-matrix and the physical 
picture of the shell  model . �s it  treats the bound states and 
the scattering states in the same basis we calculated both for 
the 1 2c + n system as a test case . I t  is found that the results 
resemble �he experimental data quite well , including for the 
first time the negative parity resonances . 

It is well known that single particle resonances cause major 
numerical difficulties for shell model calculations in the 
continuum . In the conventional approach7 > the continuum is dis� 
cretized by a mesh suitable for numerical integration . As the 
continuum is rapidly varying around the single particle reso­
nances , this procedure (CCT = conventional continuum treatment) 
demands a narrow discretization in this  region . Also , the con­
tinuum-continuum coupling is quite large at the resonances . 

In the R-Matrix approach there exists no true continuum-



continuum coupling , as the corresponding functions do not ex­
tend to the interaction region . The 
s ingle particle resonances are accounted 
for by the basis  set describing the in-

Shtll Modtl 
ill' 

� 

terior par t .  I n  this approach the bound­
continuum coupling is done by the sur­
face L-operator 8 ) , wh ich guaranties that  
the tota l wave function is  smooth at  the 
surface . I t  is , however , sometimes d i f­
f icul t  to establish convergence i ndepen­
dent from the channel radius . This stans 
from the fact that qui te a number of 
bas is states in the i nner region are 
necessary to a llow the matching at the 
boundary . As on the other hand the 
actual continuum ( scattering on a hard 
sphere)  is trivial , the calculation of 
the R-matrix represe�ts numerically no 
serious problem if convergence i s  
reached . 

In  the approach presented here (MCT = modified continuum treat­
ment j  che �ave f unction in the interaction region is expanded 
by a finite number of harmonic oscillator functions . The outer 
region is represented by modified scattering functions which 
are defined by the demand to be orthogonal to the harmonic 
o:;:::lll� l.v.1. Zuaccions . This  procedure dampens the scattering 
functions in the interior · region and removes all the s ingle 
particle resonances from the continuum . The bound-continuum 
coupling is done by a non-local one-body intera9tion operator 
v, which describes the decay of the harmonic oscillator states 
into the continuurn9 ) . In contrast to the R-ma ·= · � theory , the 
two sets of states are now overlapping in r-s�dce , which gives 
rise to a continuum-continuum coupling and a bound-continuum 
coupling via the residual two-body in teraction as well . In view 
of the smallness of the coupling within the modified continuum, 
one is inclined to treat it in a perturbative manner (PCT = 
perturbative c.ontinuum treatment ) . By this  procedure we shift 
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j ust  as much from the continuum into the space of harmonic 
oscillator functions so that the solution of  the Schrodinger 
equation becomes easy in both spaces . The essential demand of  
the  R-matrix theory , that the interior region has to  be repre­
sented by a complete set of  functions , is  not given in our ap­
proach . The remaining part is contained in the modified con­
tinuum . 

2 .  ENERGY REPRESENTATION 

Many nucl ear reaction calculations employ the coordinate rep­
resentation , whereas the she l l  model is formulated in energy 
space . In case part of thi s basis becomes continuous , singu­
lari�y problems arise  which do not occur in bound s tate calcu­
lations . To demonstrate thi s , we cons ider a simple single par­
ticle s tate . 

The Schrodi nger equation with a Saxon-Woods  potential has a 

discrete and a continuous spectrum , which may contain single 
particle resonances ( s . p . r . ) .  

Single Particle Spectrum 

(En - Ho ) I n> 0

( £. - Ho ) \ c > 0 

C':: b--0 0 t> E
n , n2 0. s .p. r.

The solution of  any modi fied single particle Schrod inger 
equation · (with an additional potential V)  can be expanded in  

. thi s  basis . 

The amplitudes an and a (6 )  can be viewed as a modified Fourier 
trans form . I f  the wave function \ l\'E..> is  bound in  coordinate 



space , the function a (� )  is regular and in mos t  cases it will 
be peaked around the s . p . r .  

Bound State 

Cf I '+E_> a (� )  

<n l ttE> = an

I 
E 

� � � 9 a
n, n21 0. s. p. r. 

HO-Aoor�ximation 

Taking a harmpnic oscillator basis , as many structure calcu­
lations do , the s . p . r .  is replaced by a bound state . 

I f  \ 'f E> is a scattering state , the function a �) will have 
singularities on the energy shell . The unperturbed ( or 
"ingoing" ) part of  the wave function \ y>0'). is a delta function 
in the energy representation , whereas the scattered (or 
" outgoing" )  part \ \.h.> has a pole s ingularity . 

< £ l {0E> = 6 ( E - £.. )

<.c. I �{.> = b (c ) / ( E - t:_ )
( 2 )  
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The amplitudes may have the form as given in the fol lowing 
figure . 

Scatter ing State 

_/ 

E 

In, 
l � ::...;> t> E
n2 s.p. r.

I 
As the potential V is generally in nuclear physics of short 
range , the state v \ �E.:> is bound in coordinate space and i ts 
representation in energy space is regular . 

v \ Lp>= ( E  - H
0

) 1 ��

<( E \ v I 'P >= ( E - £ ) a ( £ )  = b (L)

( 3 )

These are half  off-shell elements of the transition or reaction 
opera��L , depending on the boundary condition . To keep the main 
part of the calculation real , the principal value integral and 
hence the reaction operator is used in this s tudy . The on-shell 
element b (E ) constitutes then the K-matrix used for the calcu­
lation of the cross section . 

Off-Shell Reaction OperatoL 

fn, l 
n2 

b (E ) =  <E = E I V l t+' > = K 

� .. � ::::» 
s. p. r.  t e · 

C> E



3 .  CONVENTIONAL CONTINUUM TREATMENT ( CCT ) 

The Schrodinger equation for the scattering state can be cast 
i.nt.o the Lippmann-Schwinger equation for V \ \yE>

( 1 - V Go ) v \tE> = V I  \f/> ( 4 )  

with ( E - H0 ) G0 = 1

( E - Ho ) l �h>= 0

In the energy representation , with the discrete part omi tted , 
thi s  becomes : 

f d e (t
1 l 1 - �> < Cl v l �  �

I (c:, ) 

<.E
I I V I c. = E � ( 5 )

Because of the propagator G0 
pole :  

- 1  ( E  - H0) the integrand has a 

The Integrand I (£ )  
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For the numerical solution of th is integral equation an inte-
gration method for singular integrand s is sought . C .  Bloch has 
described a procedure which is' based on subtracting the pole  
term from the integrand 3 , 7 > .  The remaining smooth function can 
be integrated numerically with the use of meshpoints (Ei ) and 
corresponding integration weight (� ) for regular integrals . 
After interpolating the res idue , the pole term can be calcu-
:ated analytically and modified integration weights for 
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s ingular in tegrals 

l
i,, f (E ) 

dE! d - E. 

with {"" 

are obtained � 
:t 

f C E )

E - c:!\ 

t< E) = O(i - ( E - [. i ) g i ( E ) 
o< j  

E - £_ .  
J 

and Lagrange interpolation weights  g i ( E ) . 

As the ratio 'ti ( E )  / C E  - ci ) stays fini te , no matter where E 
s tands with respect to the meshpoint c.i , 

m ( IL ) -�----1 i V-
0
( E ) ?;; lY. - tA:1.· 'E..b-E 

E -+� E c. 
= - ln E - e -- ( =F i 'tr ) 

i - i -=l'i Ei - 6 i ea 

( 6 )  

( 7 )  

the integration formula can b e  appl ied , even i f  the pole coin­
cides with one of the meshpoints . Wi th these wcigh:. .s the 
Lippmann-Schwinger equation becomes a linear sys tem of equa­
tions , which can be solved by matrix invers ion . 

- 1  

6 - /t \V\ � >]<l ·  I V l t �E >""'•"" \.'  M •n. J 
\j 

( 8 )  

I n  this method , which shall be cal led " convent ional continuum 
treatment " , a large number of meshpoints , particularly around 
the single particle resonance ( cf .  figures ) , are required . If  
we  have 40 meshpoints in  the single particle basis and allow 
only 1 0  configurations , the matrices to be inverted are al­
ready 400 x 400 . This is the limit where a large number of 
matrices can be inverted . 



�-�ODIFIED CONTINUUM 'l'REATMENT (MCT ) 

In order to reduce the dimension of  the matrices , the harmonic
oscillator approximation for v\ �

E> can be used ( cf . next
figure } 

( 9 ) 

In this  bas is the Lippmann-Sch'winger equation is cas t in the 
form: 

/ [ a ,.. �· - <:: r I I V G � ' ,r ">] r I I 

J .  Birkhol z't) has shown that the results for the photonuclear 
reaction are stabl e with only . a few bas is  states / p '> ("'4 ) . For 
the elastic and inelas tic  sca tter ing , however , we need the on­
shell K-matrix , whereas the solution of eq . ( 1 0 ) yields the 
reaction operator in the HO-bas is . As the expans ion 

k = < c � E I V I + '> � f  fr Ct: ) <r t V l lf' > 
( 1 1  ) 

is only slowly converging , the eq . ( 1 0 ) has yet to he solved 
wi th a large number of bas i s  s tates . In order to avoid this  ex­
pansion the Lippmann-Schwinger equation can be solved in a 
basis consis ting of HO- function and a modified continuum . The 
notion of this  "modified continuum treatment " -can be seen from 

* the following figure . Here some interaction ma trix elements ,
which enter into the integrand , are plotted . 

The modified continuum states I E > shpll be cho·sen that they
are orthogo11ul to the HO- states . In generalization of the pro­
cedure g iven by W . L .  Wang and C . M .  Shakin 1 0 > they ' can be ob­
tained from the original continuum states l e >  by :

"" _, 
1 £  '> =- I l' "'> d\·,.- > t  f{� [1 'tf ' '>-\ <j'J' I £ '> 

( 1 2 )

w �ih. 

t
=
� 

l i.. "> C::: h l \c1 , • l t '> <:'E I
C - C. "' 

-+ 
ti- c '  
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The Modi fied Continuum 

CCT 
I I -6-<) .,-� ...... "JIJilii(-1 ... ,rn. ,•,e.'C"•-r ·-'""''-'-'-" f_.S. • · •  . , .•.-:...M-..��( . .  "'-"· · • ,·:. .. �F • • : ·y"'s., ............ -r::C> 

ln 1 > l n 2>  s .p. r. I E i  >

H�....-------e6--l-- -----------C>
l µ 3 > 

---------

The main advantage of the new continuum states i s  that they 
show no resonance behaviour any more , and the !.ing l e  particle 

I E - >I 

resonance is  now replaced by the bound state Chere 1 {' 3 ""> ) • 

This allows a discretization of  the integral with only a few 
strongly weighted meshpoints . Thus the dimension of the matr lees 

to be inverted will  be drastically reduced . 

In  this new or thonormal set of  states l \ r '> \ l '> l the single
particle Hamiltonian is not d iagonal any more : The bound 
'
1 s . p . r . 11 couples to the modi fied continuum and decays : 

' _, 
< r ' u a \ r '> -=-� [ � t' ·· , �l � I r 

I ".::> ] • <r; \ ( >
r· \\ rr, 

( 1 3 ) 

This one-body "residual interaction " � has been neglected in 

earlier work 1 1 ) . In order to solve the Lippmann-Schwinger 
equation in the new basis  we have to replace l C i ""'>- by \ t. 1 '> 
in eq . ( 8 ) . In addition , the (unwri tten) bound state configura­
tions have to be extended by the single par ticle resonance . 
If we then add the one-body interaction to V ,  the solution or  



this equation ( MCT) should give the same results as the CCT . 
As the number o f  meshpoints can now be drastically reduced , 
this method is most  favourable from the numerical point of vie� 
In contrast to the HO ( Birkho l z ) method the on-shell K-matrix is 
obtained directly . 

5 .  PERTURBATIVE CONTINUUM TREATMENT (PCT ) 

As the continuum-continuum coupl ing is much reduced in the 
modified continuum , it might be a reasonable approximation to 
neglect i t .  Usi ng the projection operator technique the solu­
tion o f  the Lippmann-Schwinger equation then reads 

N E IV 1 ,.._ <:: l ) v \ � > = < E l vo CE - "oo - w00> 
- ov I r >

with W
QQ = VQP (E - PH0P ) VPQ

and o = z::. 'r'>- <r 'r P =fol c I r ::::,.  <� l

( H J

For the numerical solution o f  th is equation i t  is advisable to 
diagonalize the energy dependent matrix HOO - w00 

( E ) :

� � "V v.• ( T:J ,v 
l r Orr' - < r I V 'r I '>  + T <r \ V I C i '> �c' < Cl· � V 't I >  ( 1 5 )

Us i�g the eigenstates I "-'> with energies Ee..> the on-shell  
reaction operator reads  s imply 

� ,...,, 1 rv 
K = t::-<E = E I V  l w  > E-E ( 1;' \  (ev I v I E = E �  

c.., w 
( 1 6 )

Hence,  in this approximation no matrix inversion is necessary . 
I t  is important to note that the above formula holds only i f  
the continuum f�?ctions are orthogonal to the bound state wave 
functions . 
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We note that the perturbative continuum treatment ,  particularly 
eq . ( 1 6 ) , is formally somewhat similar to the R-matrix approach . 

Mahaux and Weidenmiiller 1 2 ) already remarked that the more boun:i 
states exis t  in the continuum , the more the K-matrix parameters 
resemble the R-matrix parameters , if , no single particle reso­
nances occur and the continuum-continuum coupling is small .  All 
these conditions which are not satisfied in the conventional 
continuum shell model , are fulfil led �n our a�proach . Thi s pro­
cedure 1s therefore a connection of the numerical simple R­
matrix method with the more physical shell model basis, without 
using a channel radius . 

6 .  RESULTS FOR NEUTRON SCATTERING BY 1 2c 

To test the different methods , the 1 2c + n - system has been 
chosen becaµse of the existence of several structure calcula­
tions in the continuum for this system using di fferent theories . 
In the collective model employed , the particle-core-basis is 
used : i . e .  in addition to the single particle s tates , the core 
s tates \ t '>  are used to form the basis f1t 1('> , lrx '> }

I\, ,.., 

< 8
0 + 8core > 

1 £ ;:( '> = < c. + Ex > I r ;x. '> 

l \f "> = � �.x lr)C > -ri fc'l: O.r (C) 1 C
jt

'> ( 1 7 ) 

The unperturbed Hamiltonian ( H0 + H ) has the following
core 

kind of spectrum: 

• 0 0 
b +  po l e  '
t 

c:,. 
0. E + EXo 

-0 I 0 opole 

0. ' E + EX1

I 0 0 
oregu lor 

o. t 
E + EX : 2

E et c .  



For the interaction V we took a quadrupole-quadrupole and 
octupole-octupole particle-core 1nteraction 1 3 > . As the wave 
function shall have only an incoming wave in the elastic chan­
nel -:(0

, the function a
Xo 

(� ) has a 6 - and pole-singularity , 
whereas a

'X1
C �) has only a pole . The function ax2

( ( ) is regular
because x2 represents a closed channel and the corresponding 
wave function in coordina te space is bound . 

r-·· 111·� l""fl "oa .,, . . __ 
l.. 

.. ,·---
CCT 

L 
€}-

111·-- 111·---

I �=== l 111·---

L 
m· --

VJ"--- .,,. __ 
. ,,, .. __

j �'11® 
VJ'� 'Id--

r
"1·-- u w---

.... y l I i I ........ "'"' - Joo nw....... 11\,AI - t :n·--
.wr I IIT --- liT 

VJ" �,·-- w· 

j .. 
w·--

l-1
0 

,,,. __ vr-·-
1Q' ,q• 

I I
..... o ·•O 

,o·-- •r--
11r ,,,. 

The results of the full continuum calculation are summari zed 
in the figure above , where HOQ stands for the diagonali zation 
in the bound state space . As we treated the d31 2 -s ingle par­
ticle resonance as bound state in the MCT calculation , a few 
points were enough in dis�� atizing the continuum . In the CCT 
many more mesh points are necessary , so that for each channel 
spin and energy the matrix to be inverted was about 400 x 400 . 
The computer time was therefore ahout 1 00 times longer ; al­
though the results for the cross sections were practically the 
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same . This  was , however , only checked at some energy points , 
whereas the full CCT-curve given in  the figure was calculated 
with less ( not qui te sufficient)  mesh points . In the bound 
state calculation there is one 3 / 2+ -state less as compared to 
MCT . The addi tional 
3 / 2+ -resonance in 
the ful l continuum 
calculation stems 
from the s i ngle 
particle resonance 
in the continuum . 

In  the next figure 
the effect of  the 
one-body operator 
v is studied . This 
coupling contributes  
most of the width to 
the resonances which 
have large components 
of the single  particle resonance . From this figure it is obrious 
that  v cannot be neglected as has been done before 1 1 ) . 

We have also found that the interes ting behaviour at the inelas­
tic threshold is sens itive to the posi tion of  the 5/ 2+ -reso­
nance around 4 . 8 MeV . This resonance is suppressed very much due 

6.0 

S.O

1. 0

30 0 

2 0 [  

1 0 , 

- inelast i c  channel open
........ 1nelasl 1c channel c l osed 

4 0  � C :'.n / MeV S 0 



to the strong coupl ing to the inela stic channel . I f  we remove 
the inelastic channel from the continuous par t of the basis , 
this resonance as well  as others appear much more pronounced 
than before . This is demons trated in the preceding figure . 

Finally ,  we want to compare our results with other calculations 
and with the experimental data . One of the first continuum cal­
cula tions for this sys tem is the work of Lovas 5 > , which is 
based on the Feshbach formalism .  However , due to t�e separation 
in open and closed channels , the calculation was restricted to 
energies be low the inelas tic threshold . Although the results 
describe some aspects of  the experiment fairly wel l ,  they are 
confl icting with the resu lts of Robson -and van Megen 1 4 ) , who 
repeated this calcula tion . Whereas Lovas employed the micro­
scopic intermediate coupl ing model , Robson and van Megen used 
this as well  as ·the rotational model . At the same time they 
compare the Feshbach formal ism with the R-matrix approach . 

A perfec t agreement with the experiment is reached by Reynold 
et . al .  1 > in their coupled channel calculation . One should note ,
however ,  that their Hami l tonian i s  completely pararneterized and 
some parameters used do not agree with the experiment .  For 
example , an unrealistic �-value was taken , which also depends 
on the configuration . I t  has been criticized 1 5 ) that in con­
trast to all  s tructure calculations , including ours , Reynold 
et . al . consider the first 5/2+ -resonance as a l 1 d512x2+ : 5/ 2+ "> 
configuration . They obtain this  result  by artificially lowering 
the energy of the 2+-core state for this configuration . We 
point ou t that in contrast to the energy representa�ion , the 
coupled channel forma lism completely neglects the Pauli­
principle ( a s  long as a integro-differential equation is 
avoided ) . This leads , at least virtually , to forbidden config­
urations ( bound states below the Fermi surface ) and to un­
phys ical resonances . Such antisymrnetrization effects are dis­
cussed in the coupled channel calculation of A. Mori and 
T . Terasawa 1 6 )

, using a microscopic form factor .

A . Mori also performed R-matrix calculations for the 1 2c t n
1 7 ) sys tem , where he found strong dependence on the channel 
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radius . Later R-matrix calculations investigate the conver­
gence properties applying different boundary conditions . 
R . J . Philpott and J .  George 1 8 > use basis functions wi th homo­
geneous boundaries , whereas S . S .  Aiuned , R . F .  Barrett and 
B . A .  Robson 6 > employ the so-called natural boundary conditions 
Both investigations use the same parameters as J . T .  Reynold 
et � al . and they reproduce the coupled-channel results . 

5 .  
sd 

4. Theory ( M CT )  

3. 

2. 

,. 
5. 

s,2· Exper imen t 
4 

3. 
c:" 
C> 2.

,. 
5.

s,2·
Purcel I /  Meder 

i..

2. 

1. 

0.0 1.0 2.0 3. 0 4.0 5. 0 6 0
En (c.m. ) / MeV 



The mos t  recent study in this field is the work of  J . E .  Purcell 
and M . R .  Meder 1 9 > . I t  is the extension of  their bound s tate 
calculation using the L-operator i . e .  R-matrix formalism . To 
deal with the continuum , however , they had to require certain 
changes in the model as compared to the bound state mod el . 
Their resul t  is �hown in  the preceed i ng figure , where we also 
plotted our calculated cross section and the experimental data2�) 

As for the pos itive par i ty resonances i t  is  obvious that their 
results are similar to ours , although they miss some of the 
width of the second 3/2 -resonance . On the other hand they ob-
tain neither the 5/2+ nor the 1 / 2- - resonance . They claim tha t

- + the 1 / 2 - state I 1 p1 1 2xo1. > can couple to the continuum only 
via the monopole interaction . In our model , however , i t  can de­
cay via the continuum-continuum interaction 

+ I � + "" + 
I 1 p1 1 2 x 04 '> � & p31 2 x 2 � ---b / l: p1 12 x oj, � 

There is no reason why this should not be the case in a R­
matrix calculation , provided the bas is i s  large enough . Howeve; 
as the continuum-continuum coupl ing is small  and the resonance 
state can only be excited ir- � two-step process , the calculated 
width of the r esonance is too s- �11 . 

We also calculated the elastic cross section using the pertur­
bative continuum treatment ( PCT ) . As in the PCT the continuum­
continuum coupling is neglected , the 1 / 2- -resonance did not 
appear in such a calculation . I t  is , however , interesting to 
note that  aside  from thi s  point ,  the PCT-results do not di ffer 
much from the MCT-results , but the computer time -was only half 
as  long . It is  obvious from the figure that using the MCT­
method with relatively l ittle numer ical effort ( as compared 
to the CCT) , a quite satisfactory agreement between theory 
and experiment can be achieved . 
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7 .  RESULTS FOR THE NEUTRON CAPTURE BY 28si 
The perturbative conti nuum treatment is  particularly useful 
for the description of more complex sys tems . Using this methcx:i, 
doorway s tructures in the radiative capture of neutrons by
28s i  can b e  success fully explained2 1 ) . The p 1 1 2 and f51 2

phase 
shifts b for the 
2 8s i  + n system are 
plotted in  the 
figure , and the ex­
is tence of single 
par ticle resonances 
is obviou s . We 
therefore removed 
these resonances 
from the continuum 
as desct ibed above 
and included tha� 
as bound states in 

O "-�.i.-�·
2.
-=:::i:;�-'-

4.�-'-�-'-5_�-'-�--J.a-.
�...1.----',o. the Q-space . This

E [ M eV ] modi fics the phase 
shifts , which now 
vary smooth with 

energy . In the particle core model for this  system we also 
included the giant dipole resonance of the core and an i so­
vector particle-core interaction . The results are summari zed 
in  the following figure . At  the bottom , the energies of the 
intermediate states \ w> are d isplayed .  They are mainly door­
way states ( i . e .  particle coupled to the first excited core 
state ) . These states , however , spl i t  due to the coupling to 
more complicated configurations . 

The different curves represent the d i f ferent contributions to 
the total capture cross section ( full line ) . The thin full 
l ine is  the direct capture , the dashed line marks the single 
particle decay of the resonance states , whereas the dot­
dashed line represents the collective decay . 
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8 .  CONCLUSION 

Starting from the continuum version of the shell  model we have 
derived a procedure which s implifies the continuum treatment 
significantly . The characteristics of this method ( no s ingle  
particle resonance in the continuum , small continuum-continuum 
coupling , many bound states embedded in the continuum) come 
close to those of the R-matrix approach which is also manifest 
in the formalism ( e . g .  eq . 1 6 ) . 

Whereas in the conventional shell model  the difficulty lies in 
the continuum , the problem of the R-matrix theory is the complete 
description of the interior region . The method proposed here is a 
compromise , which leads to a formalism which is numerically 
simple although it uses the usual shell model basis . This basis 
allows us to take care of the Pauli principle  and to treat 1he 
bound state and continuum calculation exactly on the same foot­
ing . 
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In the 1 2c + n calculation it  was possible to reproduce the pos­
itive parity as well  as the ne�ative parity r esonances . We also 
demonstrated that in order to get the full  width it is not j us t­
ified to neglect the one-body bound-continuum interaction . The 
results indicate that the continuum-continuum coupling within 
the modified continuum can be neglected . The resulting pertur­
bative continuum treatment allows calculations for more compli­
cated systems . By this  method , doorway s tructures in the rad ia­
tive capture of neutrons by 28s1 could be suc�ess fully repro­
duc�d . 

As the proposed formal ism employs the usual shel l  model basis  
without the need for a channel radius and is  nevertheless easy 
to reali ze numerically , we think that it is  an interesting 
alternative to the L-operator ( i . e .  R-matrix)  approach . 
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DISCUSSION 

D.R.  Thompson : What happens when you go to energies above 
the first reaction threshold? Do you see " spurious" resonan­
ces due to the omission of reaction channels ?  

M .  Micklinghoff : As we have seen in the comparison of the
results including or excluding the inelastic channel , " spuri­
ous" resonances can occure easily. The calculated width of a 
resonance , which couples strongly to open reaction channels 
not included in 'iihe model space , will be far too small . 

R .J .  Philpott : In your calculations you are using a macro­
scopic c·ollective model . When you use a microscopic model , it
is necessary to antisymmetrize the intrinsic states .  It is · 
then convenient to reduce as much as possible the amplitude 
of the continuum functions within the interior region. This 
can be accomplished ( see Ref • . 39 of previous · paper) by using
a weight function of finite range when projecting out the 
oscillator functions . By this means , the amplitude in the 
interior can be made very small with only a few oscillator 
functions . Channel-channel coupling can now be truly negle­
cted and antisymmetrization can be implemented much more easil7.

M. Micklinghoff : The macroscopic model was used to allow 
the applicati_on of the conventional as well as the modified 
continuum treatment numerically. I think a weight function 
in the projection procedure demands more oscillator !unetions

?? 
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in order to assure completeness . As on the other hand in the
approach I am using more continuum functions are needed, 
the methods are probably eq�ivalent with respect to the nu­
merical expenditure .  I also believe that the antisymmetriza­
tion in a microscopic model presents no difficulty for the 
MOT, because there is  no overlap of the continuum with the
harmonic oscillator space .  

B. Horiuchi : I think, in microscopic treatments of composite
particle scattering, they adopt various kinds of basis wave 
functions to describe the behaviour in the interaction region
like the translated Gaussian functions in GCM and harmonic
oscillator function with different width paramete�s in RGM. 
Is there any special reason in choosing the harmonic oscil­
lator basis? I understand in Dr. Philpott ' s talk he needed 
the Moshinsky coefficients to handle the recoil problem. 
How does it �ook in your case? Especially I am interested in
the number of basis functions which concerns the convergence
of the calculation. 

M .  Micklinghoff : There is no need to choose harmonic oscil­
lator functions in my approach. The basis states, however, 
should be orthogonal to each other ( and to the continuum ) , 
and should at the same time describe the single particle 
resonances and the bound single particle states . The number
of basis states for the PCT is then the same as needed for 
bound shell model calculations . For the MCT you have to add
about seven continuum states for each channel . 

R .J .  Philpott : I comment on the question by H. Horiuchi about
oscillator functions and the center-o!-mass problem. 

The model used by Dr. Mickl�nghoff is essentially a macro­
scopic one . Recoil effects are presumably treated correctly 
in the model itself.  Once the model has been determined, 
oscillator functions are introduced into each channel merely
as a device to aid the calculations. Thus the center- of-mass
coordinate never apprears in the problem and no recoil error
is introduced. 




