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1 Calculable R-matrix methods

1.1 The Problem

We want to describe the cross sections for particles scattering on nuclei,
including any known resonances. With that description, we could then pre-
dict scattering at any energy, at any outgoing angle, in any of the described
channels.

The R-matrix method is the best method we know to describe reso-
nances, even the very many compound-nucleus resonances.

Total neutron cross section o, (barns)
S
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107
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Figure 1: Numerous compound-nucleus resonances can be seen in this plot of the
total cross section oo (E) for neutrons incident on 44Ca. At all energies, individual
resonances can be distinguished. Note that 4Ca is near a closed shell: most heavier
nuclei have resonances too numerous to be seen on a plot with this scale.

We begin by describing how to solve the one-channel Schrédinger equa-
tion with a new kind of expansion, and then introduce the R-matrix method.



1.2 One-channel case

For each partial wave L, we need to numerically solve the one-channel radial
Schrédinger equation

[T+ V(R) — E]x(R) =0, (1)
where the kinetic operator T is

T:_rﬂ ( d? L(L+1)> .

o2u \dR2  R?
We have scattering boundary conditions
x(0) = 0
x(a) = § [H(n,ka)—ScH] (n,ka)]
X'(a) = 3 [H (n,ka) = SLH['(n, ka)] (3)

for matching radius a. The derivatives H' are with respect to R, and the
H }f’(n, ka) are the Coulomb wave functions. The p is the reduced mass, F is
the center-of-mass energy, k is the wave number k? = 2uFE/h?, and 7 is the
Sommerfeld Coulomb parameter n = Z;Zse?u/(hk) for colliding particles
with charges Z; and Z,.

This equation (1) has a solution for all scattering energies F, giving the
wave function x(R) and the S-matrix element Sz. The last two boundary
conditions above may be combined, and solved to give Sy, in terms of the
ratio we call the R-matrix (see Appendix A),

x(a)
p— 4
P ax(a) @)
a dimensionless inverse logarithmic derivative. We end up with
_ Hp —aRpH o

S, =L _“RLL
P HP —aRH

(®)

The scattering cross sections are determined by the S-matrix element, a
complex number. In this one-channel case, the scattering phase shifts satisfy
S = exp(2idyr).

The cross section o () = | f()|> where the scattering amplitude is

£(0) = ﬁ LZO(QL+1)PL(COSQ)(SL ~ ). (6)



1.2.1 R-matrix expansions

The R-matrix method was proposed by Wigner and Eisenbud [1] and pro-
mulgated in detail by Lane and Thomas [2]. It uses an orthonormal basis
expansion in the interior of some ‘R-matrix radius’ a, employing eigenfunc-
tions of the diagonal parts of the Hamiltonian as basis states. With the
diagonalized interior wave functions it constructs the R matrix to join on to
the asymptotic Coulomb functions.

The plan to construct the scattering solution y(R) of Eq. (1) at general
energy E as the linear combination of N states wy,(R)

N
X(R) = ZAnwn(R) ) (7)
n=1
where the basis states satisfy w(0) = 0, and are solutions of
[T + V(R)} wa(R) = e, wn(R) (8)
for some eigen-energies €,, n = 1,2,...,. We assume that the V(R) is real.

Ideally, the states {wy} would an orthonormal set on [0, a]:
/ Wy (R)wm (R)AR = 0, 9)
0

so we may easily make the coefficients A, = [ wn(R)x(R)dR to satisfy
the scattering boundary conditions of Eq. (3). We expect to progressive
convergence as the basis size N increases.

Howewver, it is not that simple. First: the equation Eq. (8) has a scatter-
ing solution at any energy e,, not for discrete n. Secondly, those scattering
solutions are not orthonormal!

To see why, suppose wy,(R) and w,,(R) are two solutions of Eq. (8) with
eigenenergies €, # &,,. If we multiply the w, equation by w,,, and subtract
from the exchanged equation, we obtain

h2 "

—ﬂ[wmwg — wpwy| + (Em — en)Wpwy, = 0. (10)

Integrating this equation by parts! with limits R = 0 to a gives

—@[wm(a)w%(a)—wn(a)w;n(a)] + (em—€n) /Ownwde =0. (11)

1 / / ! ! 1" ! / 1" 17 1"
Or use %(wmwn—wnwm) = Wi, Wi, + Wi Wi — Wi Wiy — W Wiy, = Wi Wi — W Wiy -



Distinct eigenstates (g, # &) are only orthonormal ( foa wpwmdR = 0), if
the first term wy, (a)w!,(a)—wy(a)w!,(a) is zero! And that term is not zero

for ordinary scattering states like sin(kR).

That is, scattering wave functions over a finite range [0, a] are not or-
thogonal to each other, and they cannot be used as orthonormal basis states
for an eigenvalue expansion.

The trick of the R-matrix method is to arbitrarily set some fixed energy-
independent and real logarithmic derivative at the R-matrix radius a for all
the basis states:

d

dR lnw(R)‘R:a = w(a)

= 8. (12)

In that case at R = a, for a fixed 8 for all eigenstates n,

/ /
w w
! [ A—
Wi Wy, —Wp W), = Wy W, [" — wm] = 0. (13)
n m

If we substitute this result in Eq. (11), we see that the R-matrix basis states
satisfying Eq. (12) are orthogonal for ¢,, # €,,. We scale the w,, basis states
to make them all normalized to unity, and then they do form a discrete
orthonormal set on the finite interval [0, a).

At present 8 and a are both free input parameters, and the same results
should be obtained on convergence for any value of 8, and for any matching
radius outside the potentials. A dimensionless boundary condition number
B = Ba may be defined equivalently to S.

Expansion of the scattering wave function

Unfortunately we can not simply match the wave functions and derivatives
of each side of Eq. (7), as might be expected from elementary quantum
theory. If we did do this, then, since all the w,, (R) have the same logarithmic
derivative (3, so will their sum on the right side of the equation. A scattering
wave function y(R) certainly does not have a fixed logarithmic derivative!
This discrepancy comes about from the manner of convergence of the sum
(7) as a function of N. The convergence is only with respect to the values of
the wave functions, and not their derivatives. Exactly how this convergence
proceeds will be illustrated in Fig. 2 below. The lack of convergence of
derivatives means that we must instead use an integral expression to find
the expansion coefficients.



If we repeat the integration by parts with now the pair of solutions wy, (R)
and x(R), then in place of Eq. (11) we have

2
o [x(a)l () (@) (@)] + (B—en) dn =0, (14
7
which gives
2
A = o @) -w, (@) (@)
2 wp(a), ,
~ 2@ - oxca)l (15)

If we use these expressions in Eq. (7) evaluated at R = a, we obtain useful
information about the logarithmic derivative of the unknown solution x(R).
We get

N B2 wa(a)
x(a) = Z ﬂe —E[X (a) — Bx(a)]wy(a), (16)
n=1 n
~ xl@) - R w0’
V@) on@) 2 2 B (17)

If B were zero here, the left side would be just x(a)/x’(a), which is exactly
the R matrix defined in Eq. (4). Because we now want freedom to choose
for other reasons, we now define a slightly different R matrix (from Eq. (110))
for a wave function as

1 X(R)
_ - S ke 18
ax'(R) — Bx(R) 18)
in which case the S matrix is now
- _ /__ —
S H aR(H'~—pH™) (19)

T Ht —aR(H*F—BH*)

This is the equation, therefore, into which we substitute the R-matrix

N
R? wy(a)?
R= O —— 20
7; 2ua en,—F (20)



We now define for each pole n the reduced width amplitudes

K2
M =\ 9g (@) (21)

in terms of which the R matrix has the familiar simple form

N
R =

n=1

V2
en—E°

(22)

The ~2 are called the reduced widths.
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Figure 2: Convergence of the one-channel scattering wave function with
varying numbers of basis states, for a = 8 fm and g = 0. We plot the real
part of p; /3 neutron scattering wave function on 4He at 5 MeV.

The scattering wave function in the same approximation is, using Eq. (3),

N2 wp(a)

Y — 71X (@) = Bx(a)]wa(R). (23)
n=1 n

X(R) =

The convergence with IV of this wave function is illustrated in Fig. 2. We see
that even though the function of (23) has 8 = 0 derivative at the matching
radius, it still converges closer and closer to the correct wave function with
non-zero derivative.



1.2.2 Interpretation for s-wave neutrons
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Figure 3: Background phase shifts ¢ (dashed line) and phase shifts § for 2
R-matrix poles (solid line).

Let us consider the simple case of neutrons scattering on a target in the
L = 0 partial wave (s-waves). Neutrons have no charge, so the Coulomb
functions are simply HzE(O7 ka) = cos(ka) £isin(ka) = e**¢. Let us choose
B =0 =7, so Eq. (24) becomes

H™ —aRH'™ e % 4qikRe % o 1+ aikR

S — == __ .
HT —aRH'*  eka_gikR eka ¢ 1_ aikR

(24)

If we define phase shifts ¢ and 6z by ¢ = —ka and tan ér = kaR respectively,
then S = exp(2id) = e2i<15€—2ic5R7 o

§ =¢+p (25)

If there are no R-matrix terms (R = 0) then we have phase shift just ¢ just
as a background like the dashed line in Figure 3.

Let us try a simple case of two poles, at ¢ = 1 and 2 MeV, with reduced
width amplitudes v = 0.1 and 0.2 respectively. This results in the phase
shifts of the solid lines in the figure. We see rapid increases of phase just
around the R-matrix poles, so each pole describes a resonance in the scat-
tering. From tandr = kay?/(e — E), using a later Eq. (65) for the width
of the resonances we find widths I' = 2y?ka. That is why we connect the v
values with the widths of those resonances.



1.3 Multi-channel R-matrix

Coupled equations, with radial coordinates R, are of the form

M
[Eo — Ho]$a(Ra) = > (dalH — Eldg) ¥5(Rg). (26)
B(F#a)

The method for multi-channel problems uses as basis states the eigen-
functions of the real part of the diagonal potential in each partial-wave
channel aw = 1..M. If the boundary condition of Eq. (12) is used, these form
an orthonormal basis set. In that way, diagonal real potentials within the
coupled-channels set are treated more accurately, while off-diagonal and all
imaginary potentials are treated via their matrix elements in this basis.

The basis functions are now written as wl(R,) for the n’th basis state
in channel . It is most convenient to take them as all the eigensolutions of
the diagonal real potential U, in each separate channel:

Tur(Re) + Un(Ra) — gm} w(Ra) = 0 (27)

for eigenenergies £, with the basis functions again all having fixed loga-
rithmic derivatives f = dlnw}(R,)/dRy at a.

The wave functions of the coupled problem (26) can now be solved com-
pletely over the interior range [0, a], by using the orthonormal basis set of
the {w?(Ry)} with coefficients to be determined. The coefficients are found
in two stages: first by finding all the eigensolutions gh(R,,) of the equations
(26) using the above orthonormal basis, and then expanding the scattering
wave functions in terms of these gh(Ry).

In the traditional R-matrix method, the diagonalization of the M-channel
Hamiltonian in equation (26) proceeds by finding the radial wave eigenfunc-
tions go(Re) in that basis. This is to solve

[TaL +Uq + 604] gOl(ROé) =+ Z Vaa’ go/(ROé’) =e€ goz(ROé)v (28)
a'#a

where V(m/ refers to all the off-diagonal couplings, local or non-local, since
the diagonal real potentials U, already appear, and the energies ¢, are the
core excitation energies in each channel. This yields P = N M eigenenergies
ep with corresponding multi-channel eigenstates

N
9h(Ra) =) c'wi(Ra)- (29)

n=1

9



Eigenstates here with e, < 0 are close to the bound states, while solutions
with e, > 0 contribute to the scattering solutions. Certain of the e, > 0
solutions may correspond to low-lying resonances if those are present, but
the majority of the positive eigenenergies have no simple physical interpre-
tation. These gh(R,) form another orthonormal basis in the interior region
if the Hamiltonian is Hermitian.

The coefficients ch" and energies e, in Eq. (29) satisfy matrix equations
(Ena + €a)cl" + Z<wg | Vaor | wardeh = epcy (30)
n'a’
for each eigenstate p. These are eigenvalue equations of the matrix form

Hc = ec. (31)

Because our coupled equations may have different reduced masses in
different transfer channels, we now define a third form of the R matrix by

1/ 0a(Ra) = a3 Raw (B) [¢s(Ra) — Btoar (Ra) |27 (32)

Here the factors t, = h?/2u, are placed to render the R matrix symmetric
even for transfer channels. The progressively more generalized R-matrix
definitions are summarized in Table A.

For scattering states at arbitrary energy F, the coupled solutions are then
expanded in terms of the multi-channel eigenstates as Yaa; = 3, AL gh.
The R matrix for this wave function, using Eq. (32), can be calculated [2, 3]
from the gh(a) eigenfunctions by the standard methods, which are similar
to that given in detail for the one-channel case leading to Eq. (17). We find

P b a p/ a /
Ruw(E) = \/Z 3 ol ﬁ . (33)
p=1 P

The reduced width amplitudes for each channel o and pole p,

Ypa = \/? gh(a) = \/E gh(a), (34)

in terms of which the R matrix has the familiar form

P

Yoo Vpa!
Roo (E) = %- (35)
p=1 P

10



Scattering S matrix and wave functions

For incoming partial waves «;, the multi-channel boundary conditions for
R, > R,, are

U7 (Re) = 5 | Hp, (s KaRs) Saa, = Hy (o ko) SZ27| . (36)

(67677 2

Using this equation with Eq. (32), and writing the Coulomb functions H*t
as diagonal matrices, the scattering S matrix is given in terms of R by

S =[t2H" — aR t2(HY—BHT)Lft2H™ —aR t2(H'—BH™)].  (37)

The scattering states at the arbitrary energy F and incoming wave in channel
o are linear combinations of the multi-channel eigenstates of Eq. (29):

Yoo, (R Z AP gh(R (38)
with expansion coeflicients for each eigenstate p and incoming channel «; of

p
(e27

EOILAL ) [daves (HL (ke @) = BHE (Fra)

2,ua ep —
- sa’ai (Hf/(ko/a) - 5Hzr(ka’a)) . (39)

11



2 R-matrix phenomenology

In the previous section, we saw how the R-matrix could be constructed from
a Hamiltonian and its potentials, using the wave functions of eigenstates in
the interior region R < a, the R-matrix radius. For scattering, the only
properties of the eigenstates used are their energies, and the values of their
wave functions at the R-matrix radius. The energies are the R-matrix pole
energies e, and the surface values of the wave functions gh(R) give the
reduced width amplitudes Ypo = +/ta/a gh(a) where to, = h?/2u,. The
R matrix is then easily constructed at any desired scattering energy F by
Eq. (35):

P
YpaVpa!
Roa(E) = Z ep _pE : (40)
p=1 7

From this R matrix, the scattering S matrix can be found by Eq. (37):

1 1
tzH™ —aRt2(H™'—gH™

S = ? a ?( CL most generally, (41a)
t2Ht — aRtz (Ht'—gHT)

H™ —aR(H'—BH")

= 5o R(HT—BHT) if t, are all equal, (41Db)
H- — aRH~"’
= H+7GRH+’ when also =0, (41c)
—a

and hence all the channel cross sections.

This suggests that, if our aim is not so much to start with a Hamilto-
nian, but to fit a set of reaction measurements over a range of channels,
energies and angles, then all we need to do is to find the reduced width
amplitudes 7, and the corresponding pole energies e,. These parameters
are sufficient to describe all asymptotic properties of the scattering wave
functions, and hence all cross sections that may be measured. After fitting
these parameters, it is comparatively easy to interpolate or extrapolate as
desired in energies and angles. This fitting programme is called R-matriz
phenomenology [2, 4, 5].

The methods of fitting data to find reduced widths and pole positions
will be described elsewhere. For now, we presume that this fitting has been
done, and in the present chapter discuss the interpretation of the results.

To facilitate the understanding of an R-matrix fit, it is useful to modify
the derivation in Eq. (41) of the S matrix so that approximations may be

12



made to give simpler formulae that can be more easily understood. These
reformulations will refer in particular to widths, either reduced, partial or
total, as well as to shift functions and penetrabilities. We will clarify the con-
nection between R matrix poles and resonances (which are S-matrix poles).
To begin with, we examine the one-channel R-matrix theory in more detail,
beginning with a simpler derivation of elastic phase shifts . Later we will
derive a level matrix formulation more suitable for multi-channel modeling.

2.1 Single-channel R matrix
2.1.1 Phase shifts from the one-channel R matrix

In the one-channel case, all the reduced masses in the ¢, in Eq. (41) are equal,
and matrices are only 1 x 1, so we find the S-matrix element according to
Eq. (24):

H~ —aR(H~ — BH™)

S = mrc aR(H*' — BH™)
_ 1—aR(HT'/H™ - p) H- (42)
~ 1—aR(HY/H* —3) H'
At a given scattering energy F, using the Wronskian FG - GF =1,
HY G +iFf  G+iF  FF+GG 1
— = = + ik . (43)
H+*  G+iF G +iF F? + G? F2 4+ G?
The derivatives F(p) are with respect to p = kR. Thus we can write
+/ H™
aH+:S+iP and aH_:S—iP, (44)
by defining a shift function
FF+ GG
and a penetrability
ka
PE)= —— 4
(B) = recr (46)

where the Coulomb functions F' and G are all evaluated for argument p = ka.
The wave number k£ and Sommerfeld parameter n have their usual relation
to the c.m. scattering energy FE.

13



The final factor in Eq. (42) can be rewritten
H- GIF _ 2.
H+ G +iF
F
where ¢ = —arctan el (48)

(47)

is called the hard-sphere phase shift since this would be the scattering phase
shift if the wave function were forced to go to zero at R = a.

In terms of the shift function S, penetrability P and hard-sphere phase
shift ¢, the S matrix is

~ 1-R(S—iP —ap) %1

S = TCRETiP-ap) ° (49)
_ 1-R(S—aB) +iRP
~ 1-R(S—aB) —iRP © (50)

From S = €2 we see the scattering phase shift is § = ¢ + dp, where the

R-matriz phase dg is

RP
1-R(S—aB)

dr = arctan (51)
For single-channel scattering, this is a practical formula to calculate the
phase shifts. Often we will abbreviate S = 8 — a8 = S — B, but not forget
that S, S° and P are all functions of the scattering energy FE.

In some special cases:

e For bound states at negative energies F, the penetrability is zero, but
the shift function can still be defined as the logarithmic derivative of
the Whittaker function.

e For neutrons and photons and ka < L, the penetrability may be found
using the low-p limit of the G function, namely P o k*/+1. For s-wave
neutrons, this simplifies to Pr—g = ka, with the shift function Sy = 0,
and the hard-sphere phase shift is ¢g = — arctanka in this partial
wave.

e For charged particles with ka < L, the penetrability is dominated
by the large value of the irregular function G for small ka. We find
Pp ~ (2L + 1)2(ka)?**1Cp(n)2. For s-wave scattering, this simplifies
to Py = 2mnka/(exp(2mn) — 1) = 2mnka exp(—27n) (noting that nk is
energy independent).

14



2.1.2 Interpretation for isolated poles

The simplest R-matrix fit is for a single pole in a one-channel problem.
Suppose that we have found a reduced width amplitude v and a pole energy
ep such that

R=1%/(e, — E) (52)

gives a suitable fit to some small range of experimental data. Can we tell
if there is a resonance or a bound state? What would be the width of the
resonance? Why is 72 called the reduced width?

From Eq. (49), the S matrix is now
1-— ’72(50 —iP)/(ep — E) 2i¢

1—12(S9+iP)/(e, — E)
2iv2 P 26

S

= |1- - 53
E— (e 50— 1P 3)
E —le, —7?8° +iy2P]
— [ep 72 5 + 172 ] e21¢ (54)
E — e, — 725 —iy2P]
which, at first glance, appears to be a resonance of Breit-Wigner form
- E—-E.—il'/2
S(E) =eXeeb) 1 — /=2 55
(E) =e E—E, +il/2 (55)
for a pole at £ = E, — il'/2 having parameters
El = ¢, —4%8"=¢, —2*(S —ap)
I/ = 24%P. (56)

These values are called the formal resonance position and width, hence the
superscripts f. We can see why 72 is called the ‘reduced width’, since it is
the result of removing (twice) the penetrability factor from I'. We can see
why S(E) is called a ‘shift function’, as it contributes to the shift from the

R-matrix pole at e, towards the S-matrix pole at Eff .

As SY = S — afB, we will see below that it might be useful to choose
B=S(E)/a (i.e. S = B) in advance in order to fix that S°(E) = 0 for some
predetermined energy E of interest. This is called the natural boundary
condition for 5. The R-matrix theory works for any set of 8 values for each
channel, as long as they are independent of energy.

15



These ‘formal’ values would be exact if the shifts S and penetrabilities P
were constants independent of energy, but they are not, so the true position
is more complicated. The true resonance position is taken as the complex
energy where the S matrix has a pole. That is, we should solve for complex
energy F the equation

E = e,—7*S"E)-iy*P(E)
or E,—if = e,—~’SY(E, —il'/2) —iv*P(E, —i%). (57)
If we are unwilling to directly evaluate these right-hand sides for complex F,
we may use Taylor series to extrapolate off the real axis as S°(E, —il'/2) =
S%(E,) —iS'(E.)T/2, etc. The Thomas approzimation [6] assumes that

the shift function is locally linear, and this appears to be generally quite
accurate. That is, we solve instead the linearized form

E,—iL = ¢, — ?[S°(E,)-iS(E,) 5] — W?[P(E,)-iP'(E,)5]. (58)
Equating the real and imaginary parts gives
E, = e, —7*S"(E,) - 3y’ TP(E,) (59)
and —TI' = ~S'(E,) — 2+*P(E,),
2v2P(E,
so T V" P(E) (60)

1+~25"(Ey)
_ V' P(E.)P'(Ey)
L+28'(Er)

and E, = e,—~*S°(E,) (61)
Usually the third term in the FE, expression is neglected, along with all
higher-order terms, and the solutions are now called the observed resonance
energy and width. These satisfy

B = ey S () (62)
292 P(Ep™)

Fobs )
T+ 725/ (57)

(63)
A further simplification, still in the spirit of the Thomas approximation, is
to evaluate S°(E) not at E°™ but at the R-matrix pole energy e,. The
Eq. (62) becomes now an explicit rather than an implicit equation for FE2Ps.
Because the penetrability is extremely dependent on energy, Eq. (63) must
still use E°P rather than ej,.

The ‘observed’ resonance energy E = E° on the real axis has the great
virtue that in Eq. (54) the first fraction Se”%¢ = —1, showing that the
R-matrix phase shift 6p = 7/2. Examples of dg plots are shown in Fig. 4.

16
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Figure 4: Examples of R-matrix phase shifts 0z for low-energy n—« scatter-
ing, along with the hard-sphere phase shifts ¢, in the s, p and d-waves that
have been subtracted. The resonance in the p; /5 channel is now much more
visible than in in a plot of § alone.

For these reasons, the ‘observed’ resonance position is often defined as
the energy where dp = 7/2. This implies from Eq. (51) that the ‘observed’
energy is in general where

R(E™)SO(ER™) =1, (64)

an expression which can be used with any number of R-matrix poles to
find one-channel resonance positions. The ‘observed’ width I'°P can in the
general case be obtained from

: d(SR -1
obs 2
I = [d ] ) T.’ (65)

using again the Thomas approximation. As definitions of a resonance energy,
however, the equations (62, 64) have residual dependence on the R-matrix
radius @ which enters into the evaluation of the hard sphere phase shift ¢.
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2.2 Multi-channel R matrix

To facilitate the understanding of a multi-channel R-matrix fit, it is again
useful to modify the derivation of Eq. (41) of the S matrix from the R matrix,
so various approximations allow simple formulae to be derived that may be
easier to understand.

2.3 Another derivation of the scattering S matrix

We start as before with the matrix expression of Eq. (37). We follow the
pattern of the derivation giving Eq. (42), but remember that these terms
are all matrices:

S = [tzHT —aR t2(H"—BHT) L [t2H™ — aR t2(H~'—BH™)]

= (t2H)"' [1-aR(H™'/H*—B)] '[1—aR(H™'/H™=B)|(tzH")  (66)
where for matrices A/B = AB™!. We have assumed that the asymptotic
Coulomb wave functions H have no off-diagonal terms when the diagonal
elements of t = h?/2u vary for different mass partitions, which is normally

the case. Following now the previous pattern of subsection 2.1.1, we now
define a ‘logarithmic’ matrix

1 1
L:H+’/H+—ﬁ:a(S—i—iP—aﬂ)E&(S—B—i—iP) (67)
where P, S are taken as matrices with diagonal elements
P, = kea/(F2+G2) (68)
and S, = (FoFy+ GaGg)Pa. (69)

Since H™//H™ = L* also, we have

S = (tzH")"![1 —aRL]"![1 — aRL*](t2H")

H™ 1 H™
= {/—r———[1—-aRL]7'[1 —aRL*]VtH HT{/ —
W iR R HT
1

= Q——[1-aRL]"'1 - aRL*]VtH HT Q 70
N L % (70)
where € is the matrix with diagonal elements el®> for hard-sphere phase
shifts tan ¢, = —F,/G4. The matrix product (tH™H™) is diagonal, with

elements
K2 koa B2 _ hwaa

HoHIt, = (F7 +G§)ﬁ =P o 2P
(e% [e3% (o3 «

(71)
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in terms of the penetrability defined above in Eq. (68), and channel velocities
v = hk/p.

The symmetric S matrix is constructed from the above S by S = v3 Sv_%,
using the same velocity factors put into a diagonal matrix v. This means
that we have the simpler form for

N 1
§ — viQ———[1 —aRL] ™[l — aRL*],/Lhva/P v~ 2
\/ 3hva/P

= QP2[1—aR L]}l —aR L*|P20). (72)

We now use the matrix identity

1 —RA™'[1-RB]=1+[1 - RA"'R(A - B) (73)
to find
S = QP21+ (1—aRL) 'R (L — L*)]P 20 (74)
= QP2[1+ (1 —aRL) 'aR 2iP/a]P"2Q (75)
— Q1 +2iP3(1 — aRL)"'RP2]Q. (76)

This is the main result: a derivation of the S matrix from the R matrix,
using the penetrabilities and shifts, with aL = S +iP = S—B + iP.

2.3.1 Two-channel one-level case

In the one-channel case, the Eq. (76) reduces to the equations of subsection
2.1.1. In the two-channel case, we can perform the matrix inversion by hand,
yielding the 2 x 2 S matrix

§11 = e2i¢1 [1 =+ 2iP1[R11 — aLQ(R11R22 - R%Q)]d_l] (77&)
§22 = e2i¢2[1 =+ 2iP2[R22 — aLl(Rll R22 - R%?)]d_l] (77b)
Sz = Sy = el 792)2i P 2R2, P}/2q 71, (77¢)

where the determinant is

d=(1—-aRy1L1)(1 —aRgoLo) — a®?L1R3,Ly. (77d)

19



These equations have a very simple form if there is one isolated level e,
as here Ry = YaYar/(ep — E) and hence Ri1Ro2 = R%,. In this one-pole
case all the elements have the general form

: it 2iPa " Yaver Pyl i
Sva = €9 |0ua+ e
(6p — E)(l — aR11L1 — CLR22L2)
1/2:41/2
. lra F / i
= &% |5, 4 - Q@ - el%’, (78)
Lo ep—E—~3S)—iy? Pi—~3S8—iv3 P

since the formal widths of Eq. (56) are I'y, = 272 P,. We have used the shifts
and penetrabilities defined in Eq. (67), with S° = S — a3 as before.

This formula suggests we define a total formal width
Piot = 291 P + 275 Py = Tt + Iy, (79)

in terms of which the two-channel one-pole S matrix begins to look like an
isolated Breit-Wigner resonance:

1 e

ga’a :ei¢a 5&’04 - 2 Q0 2 Q0 :
E —(ep —175] —7359) +iltot/2

el (80)

with formal resonance energy Ej = ep —12S) — 7359, We see that the shift
contributions from the individual channels are added together to produce
the shift for the coupled-channels resonance.

2.3.2 Cross sections

The non-elastic cross section contribution from a specific coupled-channels
set J{; to the cross section for scattering to channel a from o; is

7r ~
Oaa: (Jiot) = 72 GJor |Saa¢|2

T
s Loy,

= 75 Y9J
k277N E — BL — iTyor /22
T Fara-

= 75 YJi : 5 81
k(B - B2+ T2, /4 =y

which is exactly the form of an isolated Breit-Wigner resonance with a strong
peak at F =~ E,f and fwhm of I't,;. Here we use the spin weighting factor

Jtot
2Jt0t + 1

(21, +1) (21 +1)

9ot (82)
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The individual I', are called the partial widths, because they are (h
times) the decay rates of a resonance through specific exit channels. The
total (formal) width I'yor = ), I'o is the sum of all the partial widths, and
describes the resonance’s overall decay rate. Note that, by time-reversal
invariance, the same width applies to the entrance channel as to the exit
channels, and hence I',, measures also the rate at which a resonance could
be populated from a given initial scattering configuration «;.

This summation of partial widths and shifts has been proved for the
two-channel one-pole case. To see how partial widths add together in the
multi-channel case, we first need to present the level-matrix formulation of
R-matrix theory.

2.3.3 Interpretation for multiple poles

For isolated poles, if we know the energy of the peak E°*, we can easily
generalized the ‘observed’ R-matrix parameters of Eq. (63) to give, for each
channel «,

obs _ 2'73]3& (EObS)
T Y RS (B

(83)

This formula can be readily inverted to give the 7, in terms of the I'9"s.

For multiple poles, however, solving for each Egbs equations like Eq. (62),
Ep™ =) =Y 1pa(Sal(Ey™) = B), (84)
«

does not give the correct peak positions. Several proposals have been made
to get physically better results.

1. The code SAMMY allows fits to be made with the boundary condition
number B not constant in each channel, but varying with energy and
channel according to B (E) = So(F). Using this B=S approxima-
tion everywhere means that Eq. (84) is then simply E;,’bs = ep: the
R-matrix poles e, are now ezactly the resonance positions! Very con-
venient. If only the B=S approximation were properly based on some
R-matrix theory as in Section 1.

2. Brune [7] suggest that Eq. (84) should be generalized to eigenvalue
matrix equations in the number of poles P. He constructs the P x P
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matrix

Epg = €pdpg — Z’Ypoc’an(Sa(E) — Ba) (85)

and then solves for Ep the eigenvalue equation

fa, = Eya, e, Y Epgtgy = Epayy . (86)
q

Since £ depends on energy E via the shift function S, (FE), this eigen-
value problem has to be solved iteratively for each p using £ = Ep
from each successive solution. Still, this method does work. Brune
also shows how to reverse the process: to obtain the e, from the Ep
once the boundary conditions B, are specified for each channel (inde-
pendently of energy).

In numerical tests with two fits of the same data, Brune’s Ep are found close
to the pole energies fitted in the B=S approximation, but the calculated R-
matrix cross sections between resonances are not identical.

3 Level-matrix formulation

All the matrix operations so far in this chapter involve inversion of a matrix
with the dimensionality M of the number of partial-wave channels in a
coupled-channels set for a specific overall spin and parity Ji ;. Sometimes,
however, it is more convenient to reformulate the theory so that the inversion
is only needed of a matrix with dimensions P of the number of levels e,. In
R-matrix phenomenology, this is often a smaller number. So we now show
how to construct a PxP symmetric level matrix A with elements A, for
level indices p, ¢, such that the S matrix depends on calculating the inverse

AL
3.1 Derivation of level matrix

To simplify the derivation of A, we write the previous theory as much as
possible in matrix form. We write the initial M xM R matrix of Eq. (40) as

R=+"Fy (87)
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where v is the PxM rectangular matrix with elements 7,,, and F' is the
matrix of diagonal reciprocals 1/(e, — E). From the previous matrix form

Eq. (76), we have

S = Q1 +2iP2 (1 — /T F(S° +iP)) 4T Fy] P2 Q.

We now try to find a matrix A so that this can be rewritten
S = Q[1 + 2iPzyTAyP2]Q,
for which we need to satisfy the identity
(1 =" Fy(8° +iP) "y Fy =" Ay,
which is
Y'Yy = (1-~"Fy(S° +iP)y Ay
Y Ay =T Fy(S° +iP)Y Ay,

or AT [F—A-— Fr(S° + iP)’yTA] v =0.

This condition will always be satisfied if we can choose A such that

F—A—Fy(S°+iPyTA =0
or A7l =F1 8% T _iyPAT,

(88)

(91)

(92)
(93)

This last equation is the defining equation we are looking for. If we construct

diagonal and symmetric off-diagonal shift and width level matrices as

A~

Apg = (“YSO’VT)pq:Z’YpaSSﬁqa
«

and qu = 2(7P7T)pq = 2Z%ozpa7qaa
(0%

then the defining equation for the symmetric level matrix A is

(Ail)pq = Opglep — E) — qu - %qu

or — (A_l)pq = Ebpg — (epdpg — qu - %qu)~

(94)

(95)

(96)
(97)

The qu and qu are generalized shifts and widths that now have off-diagonal
as well as diagonal effects on the levels. Their signs are now important, and
reflect the interference between levels, as they enter into the matrix inversion

E—e + A+ iy Arp+ 4T
A=— Agi + 519 E —e3+ Agy+ 50
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remembering the symmetry of the I’ and A matrices. From Eq. (89), the
full multi-channel multi-level S matrix is constructed in terms of this matrix
inverse A as

ga’a = Q4 [da/a + iz F(ll/)?A)\)\’Fyi/ Qu, (99)
AN

where we define F(lx/f = Ya >\(2Poé)1/ 2 to preserve the signs of the yu..

3.2 One-level case

The coupled-channels case with just one level p = ¢ = 1 is now particularly
easy, as the level matrix A is then a number. Using

A => 1.5 (100)
(0%
and Tyt = I3 = ZQ’Y%aPa = ZI‘Q, (101)
o o
the A is now
~A'=F—(e1 — A1 — iT4t) = E — E,, (102)

where B, = e — Ay — %Ftot is the complex resonance pole position. Thus
the matrix of scattering from this isolated pole is

21/21/2
. iry T
SO&’O& - ro 60&’0& - ﬁ Qa/ . (103)

Elastic scattering: The contributing part to an elastic cross section (o =
o) is therefore identical to Eq. (53),

= o2l ila
Soa =02 [1 E_Ep]. (104)

A function of S which appears in the elastic amplitude f(0) is =

- . i el
. ) ie
Soa — 1 = 2ie? [smqﬁ— SE gp]

(105)

using Q, = e%?. The scattering arising from the first term sin ¢ is some-
times called in R-matrix theory the ‘potential scattering’, and that from
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the I'/(E — E,) term the ‘resonance scattering’, and there will also be an
interference term. However, the ‘potential’ under discussion here is just the
‘hard sphere’ at radius R = a, and should not be mistaken for the attractive
optical-potential well, more commonly called the scattering potential.

Non-elastic reactions: The contributing part to a inelastic cross section
(a # ') is analogously

| N
(E —e1 + A11)2 + F%Ot/ll

e ™
O'oaom'(‘]tot) = ? 9Jiot (106)

which is a Breit-Wigner form that is similar to Eq. (81), but now established
for any number of partial-wave channels. The total (formal) width Ty =
Yo a is again the sum over all the partial widths for each coupled channel.
Because, strictly, the shifts and widths are energy dependent:

Lo(E) o, (E)
(E - e1+ A11(E))? + Dot (E)2/4

(107)

T
Taa; (Jior; ) = 72 9Jior
T

the observed and true resonance widths will be as usual slightly different
from the formal value I'io.

A Progressively more flexible definitions of the R
matrix

For partial wave L, the simplest definition of Eq. (4) at radius a defines the
matrix element

_ 1xi(a)
Ri= axy(a)

(108)

For a matrix of coupled-channels solutions, this comes to require a matrix
inversion

R= %Y(a) Y/ (a)] L. (109)

For one channel, with logarithmic boundary condition /3, Eq. (18) we choose
instead the more general matrix element

R_l x@

ax'(a) — Bx(a)’ (110)
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For coupled transfer channels, with 8 # 0 and variable reduced masses piq,
Eq. (32) leads us to define the matrix R, by

t4/%a(a) = @) Raw [ (0) = B (0) |1, (111)

using to = h%/241q. In matrix form with t as a matrix of diagonal elements
la,
t2 Y(a) = a R [Y'(a) — BY(a)] t2, (112)

SO

=

R=-1t2Y(a)t 2 [Y(a) — BY(a)] " (113)

SHE
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