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An expression for the functional-derivative sensitivity density of the scattering matrix in parame-
ter space is derived. This expression can be used to assess the effect on scattering observables of
varying space-dependent quantities in the Hamiltonian (e.g., the interaction potential or the free-
target portion of the Hamiltonian). This work represents the most general formulation of elementa-
ry sensitivity analysis for quantum scattering problems, and its use is demonstrated by a few sample

calculations.

I. INTRODUCTION

Sensitivity analysis is a computational tool which yields
information about the dependence of a system of equa-
tions on a relevant set of parameters. It has been applied
to the study of quantum-mechanical scattering,' chemical
kinetics,” and reaction-diffusion problems’ as well as a
variety of engineering systems. A sensitivity analysis re-
quires the solution of a system of linear equations (i.e.,
differential, integral, algebraic, etc.) for the components of
the solution gradient in parameter space; the components
of the gradient are referred to as the sensitivity coeffi-
cients. This interpretation is valid for systems in which
the parameters are constant, i.e., do not vary with space or
time. If the parameters are, themselves, functions of
space and/or time, the components of the gradient become
functional derivatives and are referred to as sensitivity
densities.

A functional sensitivity analysis has been formulated
for reaction-diffusion equations.® In this paper we will
consider a similar treatment for scattering theory in which
the “parameters” are either the intermolecular potential,
the internal Hamiltonian, or portions of these operators.
By this approach it becomes possible to map out the
manner in which the Hamiltonian influences the scatter-
ing matrix. Knowledge of this mapping would immedi-
ately lead to an understanding of the way in which various
collision cross sections and other observables are related to
the structure within the Hamiltonian. Concerns such as
these arise under a number of circumstances in atomic
and molecular scattering. A common situation occurs
when the scattering potential is only approximately
known. Such potentials are often generated by a combina-
tion of ab initio and empirical information. Although cal-
culations based on such potentials may attempt to simu-
late a particular real system, the calculations should be
viewed strictly as a model. An immediate, serious question
arises concerning the sensitivity of the generated cross sec-
tions with respect to various features or parameters in the
underlying potential function. Thus, the simplest use of
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sensitivity techniques would be for the generation of an er-
ror analysis of the computed results. In this way one
could gain a quantitative measure for which cross sections
or observables are most reliable from the calculations. At
the other extreme there are situations where the potential
is believed to be known accurately and, again, a sensitivity
analysis could play a valuable role. In this situation the
sensitivities may be used as a means of physically analyz-
ing which aspects of the Hamiltonian are responsible for
particular cross sections or S-matrix elements. This usage
and interpretation can, of course, also be applied in the
former case where the potential is not firmly known but is
understood to be a model designed for analysis. These
various circumstances are depicted in Fig. 1 where a given
region on a potential surface is shown to map principally
onto certain scattering matrix elements. In addition to the
potential as a focus of sensitivity analysis, one may also be
interested in sensitivity with respect to structure or pa-
rameters (e.g., reduced masses) in the unperturbed target
portion of the Hamiltonian.

All the sensitivity issues raised in the previous para-
graph are addressed by what is sometimes referred to as
“elementary sensitivity coefficients.” This notation fol-
lows from the fact that these coefficients are the basic or
fundamental sensitivities generated by Hamiltonian varia-
tions. This paper concerns the theoretical formulation
needed to calculate elementary functional sensitivities of
this type. Beyond the elementary sensitivities one may
also calculate derived sensitivities*® which can be used to
address a variety of interesting physical questions. For
example, one could explore the interrelationship between
two different cross sections or perhaps the correlation be-
tween two regions on a potential surface in order to
preserve a given cross section. Questions such as these in-
volve an interchange of dependent and independent vari-
ables (i.e., cross sections for various parameters in the
Hamiltonian, etc.) and they may be calculated by ap-
propriate algebraic or functional manipulation of the ele-
mentary sensitivities. Another example would arise when
it is desired to understand which physical aspects in the
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FIG. 1. A schematic illustration showing how variations in a

region of the potential can map onto variations in the scattering
matrix.

Hamiltonian contribute to observable features in the cross
sections such as the location and amplitude of interference
extrema. These so-called feature sensitivities may again
be calculated by manipulating the elementary sensitivity
coefficients. In addition to these matters certain aspects
of sensitivity analysis may be useful for the design of ex-
periments and may aid in the understanding of inverse
scattering problems. The sensitivity coefficients of sig-
nificance here are essentially the inverse of the elementary
set; here, one would like to understand the sensitivity of
parameters describing features in the Hamiltonian with
respect to particular cross sections. The corresponding
gradients could again be generated by an interchange of
dependent and independent variables.

This paper will focus on the theoretical techniques
needed to calculate elementary functional sensitivity gra-
dients. The various interesting secondary sensitivity ques-
tions mentioned above are beyond the scope of this paper,
but the techniques discussed here should have immediate
use for those more refined questions of sensitivity concern.
In this regard it is worth noting that mathematically
parallel developments in chemical kinetics*® have already
considered many of the relevant secondary or derived sen-
sitivity questions, and some of the same techniques should
be immediately transferable to problems in quantum
mechanics. An important aspect of this work is that
functional sensitivity analysis is valuable even for those
cases in which the nominal values of the system parame-
ters are spatially constant. This is a significant point since
one may consider spatial variations around even constant
reference values; the previous formulations®? of scattering
sensitivity analysis did not allow for such consideration.

Sensitivity analysis of quantum scattering problems is
complicated by the appearance of parameters in the
asymptotic boundary condition of the wave function. Be-
cause of the functional form of this boundary condition,
the gradient of the wave function with respect to these pa-
rameters becomes arbitrarily large at large scattering
distances—a result which is not physically meaningful. In
previous work!® this problem was circumvented by cal-
culating gradients of the system “observables” (e.g., ele-
ments of the scattering matrix or the cross section) rather
than gradients of the wave function. A similar approach
will be taken here. We will apply the methods of func-
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tional sensitivity analysis® to the calculation of gradients
of the scattering matrix.

In Sec. II, we will outline the derivation of the function-
al derivative of the scattering matrix with respect to any
parameter in the Schrddinger equation. Section III gives
explicit expressions for this sensitivity density for two ex-
amples. In one example, the parameters to be varied are
found in the interaction potential; in the second example,
the parameters are in the internal part of the Hamiltonian.
An exactly soluble model system is used to demonstrate
the theory and the calculated sensitivity densities are dis-
cussed.

II. THEORY

We will consider the effect of space-dependent varia-
tions of the parameters in the time-independent
Schrodinger equation:

VY — 2 H (0 + VER)—E] [@(FR)=0, (1

where R is the scattering coordinate, T is the vector of
internal coordinates, H;,(T) is the part of the Hamiltoni-
an specifying the internal degrees of freedom, ¥V is the in-
teraction potential, E is the total energy, u is the reduced
mass, and & is the total wave function which is labeled by
i, a collective index for the incident internal state of the
scattering particles. For simplicity, only inelastic scatter-
ing will be treated here.

We assume that the total wave function @' can be writ-
ten as a linear combination of basis functions which are
eigenfunctions of the internal Hamiltonian:

<1>‘(?,ii)=%2¢,.(?,ﬁ)¢,,.ue) , (2a)
J
where
Him(?)¢j(?,ﬁ)=ej¢j(?,ﬁ) , (2b)
vig,(r =L Dy 20)

The scattering angles are O such that R=(R,Q) and
VQ is the angular part of the Laplacian. The ¢; are there-
fore products, or sums of products, of the internal wave
function and the angular part of the scattered wave func-
tion and are labeled by j, a collective index specifying the
internal and angular momentum states. The sum in Eq.
(2a) runs over a complete set of functions and the coeffi-

cients ¥;(R) satisfy the radial equation, given by

3‘12 Yk} U RI= S Uy Ry R (3a)
where
k}:z‘ﬁ%(E—e,.), (3b)
Uy(R)= 24 [ d7dd g0V (ER)— V316,70

(3c)
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Equation (3a) is therefore the coupled-channel formula-
tion of the scattering problem. A complete specification
of the solution to (3a) requires the asymptotic boundary
condition which is of the form

Rllm IIIJ,(R)= ——Sﬁk,-_l/ZCXp( —lk,R)

+kj_'/ zexp(iij)Sj,« R (4a)

where Sj; is an element of the scattering matrix. To sim-
plify notation in the following treatment we introduce the
functions (their asymptotic limit)

fF(R)=8;;k;"%exp(+ik;R) , (4b)
Jim g (R)=—fji (R) 3 Fik (RS (4c)
—> 0 k

We will derive an expression for the gradient of the matrix
S with respect to any parameter in the system. The first
step gives us an explicit expression for the scattering ma-
trix S in terms of Jost-type functions; these are Wronskian
matrices of f ¥ and the radial wave function.

We now introduce a general solution to the Schrédinger
equation, which must be a linear combination of the in-
dependent solutions fJ,i

77, R)=3¢;(F, D) fc (Rlawg +fit (R)bs] . (52)
Jrk
Letting
(T, R)=3¢,(T,0)u;i(R) (5b)
j

as in Eq. (2a), we may identify

wji(R)= [ fix (R)ay; +fj7§(R)bk,-] . (5¢)
k

In order to arrive at an expression for S we first calcu-
late the matrices ¢ and b in (5) by forming the radial
Wronskian function:

ou a(f HT

+__ + —(FfE\ T = __
JE=WRIfHRpBRI=(HT o == . (6

The Wronskian function, as defined in (6), is independent

of R. Substituting (5c) into (6) and noting that
Wg [[i,£+]==0, we find
a=—2)7y+, (7a)
b=+2i)" Y. (7o)

Substituting this result into (5¢) we find
p(R)=—2)7'[f~(R)—fHRY~IN) "'+, (8

Comparing the asymptotic form of (8) with (4c) we con-
clude that

S=J-(")1, (9a)
p(R)=2)~"YR)+ . (9b)

The gradient of S can be found by applying a small per-
turbation to each of the parameters. We designate the sys-
tem parameters by a vector @ ={ay, . .., ay} where each
a; may be a function of one or more of the coordinates
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(T,R). The parameters should be considered as operators
since they come from the Hamiltonian or portions of it.
Designating the reference value of the parameter a; as @y,
we add a small perturbation to each parameter:

o (F,R)=a, (F,R) + 80 (7%) , (10a)

where 7 is a vector of the coordinates upon which day
depends and ¥ C { f’,ﬁ}. The reference value @; may not
depend on these coordinates but, for generality, we indi-
cate that @, may be a function of F,R. The perturbation
8ay induces a deviation in the scattering matrix from the
reference matrix, indicated by S:

S=S+8S . (10b)
Substituting (9a) into (10b) one can show
8S=(—S8J*+8J- NI ). (10c)

The deviations 8S and 8J* are actually total variationals
given by

M !’ ’ 8Q
52=2fd71'“d7mk8 =
k=1 a

PO Z TR

»Vmy)

Xsak(yll"-')Y;nk)) (11)

where 9=S8, J*,or J 7, Vi ={V1 -, Vm,}> and my is

the number of coordinates in the set {¥,R} upon which
Sa; depends. The quantities 8Q/8a; are functional
derivatives. Substituting (11) into (10c) we arrive at an ex-
pression for the sensitivity density of interest:

oS _l_s &+
8ok (Vi o oo Vimy) T8k (Yl Ymy)
&~ -
+ — - JHt,
8ai (V1 -+ s Vimy)
(12a)
where
8J - Su(R
W PR, — 2R
Sak(yb LR )Ymk) - aak(YD ey Ymk)
8f*(R)
+WR :[ . ’ﬁ(R)
Sak(¥Yy, ooy ¥m)
(12b)

We wish to express Eq. (12a) in terms of quantities
which are explicitly known. To do so, we return to the
Schrodinger equation and find expressions for the func-
tional derivatives of the wave functions which appear in
(12b).

First, let

G(FR) =2 [, () + V(5R)]+ V3,

7 (13a)
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€= 2p E. (13p)  since G is a function of the a. 'I.‘he deriv'ativ'e in Eq.
7 (14b) should be thought of as an ordinary derivative vary-

Then, the Schrédinger equation may be written as

ing that portion of G controlled by a; with the other pa-
rameters held fixed. Substituting (14a) and (14b) into

2gri - — 4
a?(f’,R _[G(FR)—F1F(TR), (13¢)

(13c) and equating terms of equal order in the variation 8

. — . ir = h y )
where 5‘” i(t,R)=R®T,R) or asymptotically 7'(T,R). we have, to zeroth order

We expand the Schrodinger equation around the reference

system, designated again by a bar: F! — .
= =i PR (T, R)= [G(T, R)— &l¥ (T,R), (15a)
FYTR)=F (T, R)+8F(T,R), (14a) oR
M -
GFER)=G(FR)+ 2 dG(T,R) ,
18k (Vs o Vmy) and to first order,
Xsak(YI’ DRI y;nk) ) (14b)
]
92 87T, R) I 8FUT,R) GER) =iz , ,
2 =[G(T,R)— & —— 2 FUE,R(y —71) - 8V, — ),
aR2 aak(yll’ Tt y;"k) [ ] Sak(YI’ . YMk) aak(Yb ey ymk) 71 1 M 7/mk

(15b)

where we have used Eq. (11) with @ =5". i, Finally, to obtain an expression for the functional derivative of the radial part
of the wave function we expand ¥ ' and 87 i in the complete set of basis functions ¢;(T, §), which are also
varied around their reference values ¢;(T, 0):

8F‘(f',R)=E$,~(?,Q)F,-,~(R) , (16a)

8FUT,R)= 2¢,(f’,ﬁ)8F,,(R)+28¢, Q)Fy(R), (16b)
J

where Fj; (R) may be either ¢/;(R), f ji (R), or uj;(R). Substituting (16a) and (16b) into (15a) and (15b), multiplying both
by ¢ T, 9), and integrating over 7,0 yields the following desired expressions:

3%*F;;(R) _ _
7=2?j'j(R)F}i(R)—$F}'i(R) ’ (172)
i
2 8F;;(R) 8F;(R)
’ 2 - —=217;;(R) -] — )
OR”* day(yy, ..., Vm, j dap(yy, - - - Ymk)

2 -—
— 3 |8%; [—a—ﬁg ‘ —Z ;1 (R)FF; |Fi(R)
Wi dR
o ma A 3G(F,R) - a4 = o ,
+§fdrdﬂ¢j‘(r,ﬂ) S _,y’nk)¢j(r,mF,-,~(R)8(y,—y1) (Y my,—Vm,) »
(17b)
where
Z,,R)= [dTdQ (T, 0)G(T,RIB(T,Q), (17¢)
and
1 P — S8H,(T) A
Hf = drdQ ¢ (T, Q) - —¢;(T,Q) . (17d)
! ef——el' f aak(ylx ceey 7mk) /
This derivation makes use of Eq. (25) presented later.
We may use Egs. (17) in evaluating the Wronskians in Eq. (12b). To do so, we first define
— Su(R)
FER =W |[F*R), AR (18a)
= = dak (Y, -5 ¥m,)

which is the first term of (12b). Taking the radial derivative d/3R of (18a) and using the definition of Wy [Eq. (6)], we
find
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+ 2 2( £ E\T
Lk _ (a2 v S e (180)
oR = R Bar(¥y s Vi) OR*  Bap(yl - s Vm)

The radial derivatives in (18b) are given by (17a) and (17b) where F'ﬁ =f ;,t and 8F; =8 ;. Integrating (18b) over R and
substituting the result into (12b) allows for the evaluation of (12a) after some algebraic simplifications (including the

symmetry assumption S;; =Sj; ):

5S;; 8fin(R) _ _ 8fin(R) _
R L] . L AT IR A . L L 0
aak('}/l’ IR Ymk) 2i n 8ak(ﬂ}/b L) Ymk) k Sak('}/l, ceey 7/mk)
PN 3G (T,R)
_ 7 . *(FQ >
X &5 ()T (RIS(Y1—11) "+ 8V, —Vim,) |- (19)

With Eq. (19) we now have an expression for the desired
sensitivity density 8S;;/8ay in terms of known quantities.
Implicit in Eq. (19) is the evaluation of all quantities at
large R, since the scattering matrix is only defined
asymptotically. = The functional derivatives Sf,%/
dak(y1, ..., ¥Ym,) may be evaluated directly at large

values of R since explicit analytical expressions for the f,-;fr
are known there. The upper limit on the integral term is
also evaluated at large R. It will be shown below that the
R dependence of the Wronskian terms cancels with the R
dependence of the integral term, leaving a sensitivity den-
sity that is independent of R.

Equation (19) has a simple relationship to the result of
Ref. 1(b). In that work, an expression for the sensitivity
coefficient aS;;/0ay, where ay is a constant, was derived.
An integration of Eq. (19) over the range of

Y- - y;,,k} reduces to the result of Ref. 1(b). We may
conclude, therefore, that

as;; 8S;;

—H (... [av' ---dv (20)
day f f & Y 8k (Vs - v s Vim,)

for the case in which @; is not a function of
{¥1...,Ym,}. Analogous expressions have been ob-

tained for chemical kinetic systems.

In Sec. III of this paper, we will evaluate Eq. (19) for
specific parameters a; and give quantitative results for a
particular model system. Before proceeding to this exam-
ple we consider a more general case involving variation of
the full interaction potential, i.e., V(T,R) as the parame-
ter. The first two terms of Eq. (19) are zero in this case.
The remaining integral term may be easily evaluated; the

result is
SS," e =+ — A
_—_»2__ . [¢ (Rl)¢ (?I,QI)]*

SV(?,’R,) th% iq q

X&(T,QPy(R"),  (2la)

where ET is the adjoint of the matrix Q Defining

W7 (TR )= [ (R), (T, Q]*
q

VT, R =38,(F",Q")y(R") , 21b)
s
we may express (21a) the following way:
8S;; - -
— B yfw RWEELR) . 2l

sV(¥,R") i

The right-hand side of Eq. (21¢) is analogous to the densi-
ty, but is generally not proportional to the density. Notice
that (21c) implies that uncertainties in the value of
V(7,R) in regions for which the wave-function product of
(21c) is small will have little effect on the outcome of a
scattering calculation (see Fig. 1). If V(F,R) is to be
varied in regions of space for which the wave-function
product of (21c) is large, the scattering matrix will be
more substantially changed. Quite naturally variations of
V at large values of R will have a substantial effect. In
many cases it can be more useful to consider the normal-
ized density 8S/8InV (or 8S/81Inay;) since this will
weight regions where the potential is important. The gen-
erally oscillatory nature of (21c) clearly indicates that a
specific variation in Sj; could be achieved by a wide
variety of potential alterations. This point has a direct
bearing on problems in inverse scattering theory.

Next we will consider the case in which the internal
part of the Hamiltonian H,,(T) is to be varied. Varia-
tions in H;,,(T), or parameters characterizing H;,,(T), will
perturb the asymptotic form of the wave function. Conse-
quently, the first two terms of Eq. (19) will give a nonzero
contribution. They will be evaluated by explicitly taking
the functional derivative of f* with respect to H,(T).
The functional form of f * is known only for large R, but
that is sufficient for our purposes. The scattering matrix
is determined for large R and we will evaluate the sensi-
tivity density (19) at large R also.

Noting that

8fj(R) _dfj(R) 8k
8Hin(T)  Okj  8H, (")’

(22a)
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and using Eq. (46),
8fF(R)

= Ok;
— kYRR —L—
SH ne(T) e £

int\ T

=(+iR (22b)

reduces the determination of the functional derivative of
f % to that of k. Defining the matrix k as
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where
€;=8y€;
= [dTdQ ¢} (7,0 H,(Dg;(T,8) .

Taking the functional derivative of (23a) with respect to
H,; . (7"’) yields

(23c)

Eij=5ijki , (23a)
we may write Sk §¢.
172 ”_” =— #(;'” z ”_” , (24a)
E= zﬁ%(lE_E) , (23b) SHim(r ) i+ j) SHint(r )
|
where
8¢, I A 86, (F Q) _, A A (7,0) -
— 0 _ [araf ¢?(?,Q)Hint(?)—ﬁ——T +3 5T 0)8,(7,8)8%(r —r —¢'——— Hin(D)6,(T,8) (24b)
8Hint(?') Hint(r,) Iimt(r )
It can be shown, by following arguments similar to first-order perturbation theory, that
8¢,(T,0) oA
‘1,51 =3 X i$;(T,), (25)
Sak(yl’ e 7/mk) Jj#l

where 7 fj is given by Eq. (17d) and it is assumed that the eigenvalues ¢; are nondegenerate for simplicity. Substituting

(25) into (24b) we find that

% 0 forij (262)
————=0 for i+j . a
8H i (T)
For i =j, the first and third terms of (24b) cancel immediately [if H,, () is Hermitian], leaving
——ag!i—_fdw (7, Q)g;(77,Q) . (26b)
8H i (F") ’
Substituting this result into (24a) and then (22b), we arrive at
8fi (R) u L1, et Ay A A
= (+iR— 7k ;7)fi7(R) | dQ 5T, Q)p;(T",Q) . 27
SHin(T)) Ky PR [ 0.6 % 7
Equation (27) can be substituted into Eq. (19) which, after some simplification, yields
SSU R a¢ll a'/’l] 1 a‘vbtl - a¢'lj 3 F 03 (7.0
o~ S| E ek R T aeT R Wt zw., sr RVl | [T, Q)70
R AN — -— A — A —
_J;_z%fo dR'dQ P RS T(E, D) (T,0)0p;(R) . (28)

This result is more complicated than that of (21c) corre-
sponding to a variation of the potential. This is a reflec-
tion of the fact that H;,(T) affects the boundary condi-
tions as well as the scattering.

Equation (28) can be shown to be independent of R for
large values of R; a similar analysis can be done for Eq.
(21c). First, we evaluate the radial wave function and its
derivative at large R:

Rlim bi=>Suf i —duf i) » (29a)
—> 00 II

1 3 - - ~
—— L S Sy F i +8uf i)

lim — (29b)
R—wjk; OR 4

I
Substituting (29a) and (29b) into (28) and taking the
derivative of (28) with respect to R we find

85},

—41_ -0 (30)
8H jny(T")

9
3

as expected. This result is not restricted to the parameter
variation of H,,(T), but is rather a general result for the
variation of any parameter which perturbs the asymptotic
form of the wave functions [i.e.,, which appears in k; of
Eq. (23b)].

In Sec. III, we will consider a specific example which il-
lustrates the results of this section.
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III. AN EXACTLY SOLUBLE MODEL PROBLEM

The general formulation of Sec. II can be directly ap-
plied to complex close-coupling calculations. However,
since the theory is new, we choose to illustrate it with a
simple; exactly soluble model that has been examined be-
fore.* This model will be used to illustrate some basic
features of the sensitivity formulas in Sec. II. The Hamil-
tonian for this model includes an interaction potential that
is independent of the angular variables:

U()Vim(r), R <a

V(r,R)= (3D

0, R>a.

The potential V(r,R) is a square well with one-

dimensional internal structure given by Vi, (r). It will not
]

24Dy oy 1 g% iy 1 ¢
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be necessary to explicitly specify V;, () in the calculation;
only matrix elements of Vi, (7) will be needed.

Since V'(r,R) is independent of the angle (), we may ex-
pand the total wave function as

. 1
¢’(r,R)=EEX,-(r)P,(G)dJ},-(R) , (32)
il

where P;(0) are Legendre polynomials and X; is an eigen-
functign of the internal Hamiltonian [note that
(T, Q)=X;(r)P(6) where j'=(j,]) in the notation of
Sec. II]. The X; are defined by

Hin(NX;(r)=€;X;(r) . (33)

Substituting (31)—(33) into (28) we arrive at the following
expression for the desired sensitivity density:

8S;
8H1nt(r Tk [ 21ﬁ2k2

X _
—Ew_-;#ifo AR (R (X r P e (R)
k' 1

Both the radial wave function 1—/3,{,-(R) and the internal
basis functions X;(r) appear in this expression. We have
chosen a system for which both can be found analytically.
If we choose H;,(r) to be a square well describing the
molecular motion, the functions X;(r) can be found im-
mediately. Letting

&L <<k
dr?’ 2 T T2
H; (r)= L (35a)
o0, )r | > —2—
in units of ﬁ2/2,u=1, then
Ej :jzﬂz/LZ’ j:1527 v (35b)
and
172 .
T cos ]Lﬂ, jodd, |r|<L/2
Xi(r)= 2z . (35¢)
! A sin *%r, jeven, |r|<L/2
0, |r|>L/2.

The radial functions ¢’ can also be found analytlcally
as shown in Ref. 4. The resulting expression for 1/; can
then be used to evaluate the sensitivity density
8S /6H ,(r) in Eq. (34). We will consider a simple two-
channel scattering system in which the scattered waves are
s waves for simplicity (other partial waves may be similar-
ly treated). After some straightforward algebra (see the
Appendix for details) Eq. (34) reduces to

oR OR

—k,%R:YJi,-M,-

5s; 2 )
2 (r'Mj ,

SHoL(r) 2 (36)

where M,-j is a constant, complex matrix. Here we are
considering a system with just two open channels. The
sensitivity density 8S/8H;,(r') is a complex, symmetric
matrix. The real and imaginary parts of 8S;;/6H;,(r'),
8812 /8H,(r'), and 8S,, /8H (') are shown in Fig. 2 as
a function of r’. Here we are taking the total energy
E =S5, the potential range a =1, the internal Hamiltonian
range L =, the channel wave numbers k| =2, k, =1, and
the coupling matrix elements U, =U;,=U,; =1.

It is sometimes of use to decompose the scattering ma-
trix into a modulus and phase

Sij= 18| CXP(fﬂij) (37

where |S;; | =(S;;877)!/? is the magnitude of the scatter-
ing matrlx element and Nij _tan‘l[Im(S,j )/Re(S;;)] is the
phase of the matrix element. The functional derivative of
(37) yields the desired sensitivity densities of the magni-
tude and phase of the scattering matrix element:

OISl 5| IRe(s, Re=2S0_

8Hmt( ©SH i (7)
+ Im(ij)lmslfi—?; J (38a)

6;2:’( 5= 15| [Re(S)im %:(r)
— Im(S;; )Re—S};i(T) l (38b)

Figure 3 shows (38a) and (38b) on the same range of
values as in Fig. 2. By comparing Fig. 2 with Fig. 3 we
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FIG. 2. Real (6—®@) and imaginary (A—A) parts of the sen-
sitivity densities (a) 8S1;/8Hn(r), (b) 8S12/8H;n(r), and (c)
852, /8Hy(r) for the model system of Sec. III as a function of
the dimensionless length r /L.

can see that, for example, the high sensitivity of the mag-
nitude of S;; [Fig. 3(a)] accounts for the large real part of
58S, /8H,,(r) [Fig. 2(a)]. The correspondence between the
sensitivity of the phase of S|; and the imaginary part of
8S11/8H;,(r) is not as simple. A similar result is found
for the other diagonal term S, and for ;.

The sensitivity of the scattering matrix to the interac-
tion potential is given by Eqgs. (21a)—(21c). For this exam-
ple, the interaction potential is specified in Eq. (31) and
the wave functions in Eq. (35c) and the Appendix. Ele-
ments of the sensitivity density matrix are shown in Fig. 4
and are given by

58S, ., 2 2
20 ___ B S e (RGNS (R) . (39)

SV(V,R) l‘hz k=1 I=1
The diagonal term S,, shows the highest sensitivity to
perturbations of ¥ and this sensitivity is largest in the re-
gion R > a [see Figs. 4(e) and 4(f)]. It is also largest in the
places where X,(r)? is a maximum. Perturbing ¥ (7,R) in
a region of r,R space where the second channel has a large
density will have a large effect on S,,. The other diagonal
term S; shows a similar effect but the sensitivity of .Sy, is
highest near R =a. Again, a perturbation of V(r,R) in a
region of »,R space where the first channel has a large
density will result in a significant deviation of S;;. The
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FIG. 3. The sensitivity of the magnitude 8|S | /8Hn(r),
(e—e®), and the phase 87,;;/6H(7), (A—A), given by Egs.
(38a) and (38b) for the densities of Fig. 2. [(a), (b), and (c) as in
Fig. 2.]

imaginary parts of both S;; and S,, are about twice as
sensitive to a perturbation of ¥ as are their respective real
parts.

The off-diagonal terms of the scattering matrix show a
more complicated sensitivity. The real part of S, will in-
crease in response to a perturbation of ¥ (r,R), while the
same perturbation will induce a decrease in the imaginary
part of S;,. The matrix S is symmetric, as is the sensitivi-
ty density matrix, so these same observations apply to S;;
as well. Qualitatively, the sensitivity of S;, is highest
where the second channel has a large density. Some
dependence on the density of the first channel is expected,
but this dependence appears to be quite weak. In addition,
the sensitivity of S, is highest in the region R >a as it is
for S 22

Some general comments can be made about the sensi-
tivity densities 8S /8H,, (r) and 8S /8V (r,R) for the sim-
ple problem studied here; these comments will also apply
to other cases. First, the sensitivity densities tend to be
large where the wave function has large amplitude.
Second, the densities will be oscillatory, again reflecting
the nature of the wave function. This latter aspect intro-
duces the possibility of altering the potential in a local re-
gion around a point (¥",R’) in such a way as to compen-
sate for the effects (on S) of a change in the potential
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FIG. 4. The real and imaginary parts of the sensitivity densi-
ties 8S;;/8V(r,R) for the model system of Sec. III. (a)
Re(8S1,/8V(r,R)), (b) Im(8Sy/8V(rR)), (c) Re(dSi,/
8V(r,R)), (d) Im(8S,/8V(r,R)), (e) Re(8Sy/8V(r,R)),
and (f) Im(8S5,/8V(#,R)). All surfaces are plotted with the
same scaling; the maximum plotted value is 1.7 units and the
minimum plotted value is —0.3 units. The » and R axes are in-
dicated in Fig. 4(a) and the ranges of values are
—0.5<r/L <+40.5, 0<R <2.0. All sensitivity densities are
zero for {r=—0.5,r =+0.5,all R} and for {R =0, all r}.
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around another point (T,R). The best way to investigate
this matter is through the derived sensitivity density
SV( f’,l_i)/ 8V (r’,R’)s which is a measure of the correlation
between points in coordinate space that preserve S or some
of the matrix elements of S. Derived densities similar to
this have been considered previously in chemical kinetics.?
It remains for further research to explore these matters in
collision dynamics.

IV. CONCLUSIONS

The formulation presented in this paper represents the
first step in the derivation of a comprehensive sensitivity
theory for scattering. The discussion at the end of Sec. III
hinted at the broader aspects of sensitivity analysis, such
as the matter of derived densities. In practice, an entire
family of sensitivity densities (including the derived densi-
ties) exist; these are useful for addressing a variety of
physical questions about the scattering process. In a
manner similar to that used in chemical kinetics,> the crit-
ical input to the calculation of these densities will be the
elementary densities discussed in this paper. Ultimately, a
complete map describing interrelationships between the
Hamiltonian and system observables may be generated. A
more complete theory and further illustrations, all based
on the work in this paper, will be reported later.
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APPENDIX

With the expansion of the wave function given in Eq.
(32) we find the following radial equation:

@ 2 1U+1)

!
aR2 J RZ !/)]‘(R)

VoS Uj¥ii(R), R <a
——] j'

0, R>a (A1)
where k; is defined in Eq. (3b) and
U= Eﬁfj— [ dr X3 Wi (PX (7). (A2)
The asymptotic boundary conditions on Eq. (A1) are
dim ¢ (R) =~k expl —i (kiR —Im/2)]
+k; ' exp(k;R —1m/2)S); . (A3)

For open channels, i.e., E > ¢;, the appropriate outer solu-
tion (for R > a) is then

V(R =8,k "*k;Rh{*'(k;R)+k; ' *Skk;Rh{V(K;R)
(A4)

where h{!"?) are spherical Hankel functions.’

To uncouple the equations in the interior region (R <a)
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we first define the wave-vector matrix k: as in Eq. (23a)

and let P be a matrix which diagonalizes k 2_y,U:
d*=PT(k*—V,U)P, (A5)

where d? is a diagonal matrix. We next transform to a
new set of wave functions

¥'=PTy . (A6)
Then, the Schrodinger equation inside (R <a) is
9? 2 1U+1) |5
aRZ—f—dj——'R—z— l/lﬁ(R):O, (A7)

where d jz is a diagonal element of d 2. The open-channel
solutions inside (for E > ¢;, R <a) are then

Cld;Rj)(d;R), d}>0
CLfiRi(f;R), d}=—f]<0

¥ 5(R)= (A8)

where j; is a spherical Bessel function and i; a modified
spherical Bessel function of the first kind.> The matrix C !
is obtained by matching the inside and outside forms oJf

¢(R)=£l(R)[l(a)]—1}_)T[I_{(1)([_{(1)4_H(l)’)—l(ﬂ(Z)'__I_{
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the wave function [(A4) and (A8)] and its radial derivative
at R =a.

In matching the wave function and its derivative at
R =a it is convenient to introduce the following notation:

HM P =8, k;ah{""(k;a) (A9)
8;d;aji(d;a), djf>0
8,f;ai(fia), dj=—f]<0

where we drop the ! subscript for convenience of notation.
The continuity equations at R =a are then

ﬂ(Z)k—1/2+H(1)k—1/ZST=PI cT ,
H® =124 g —-128T_p'CT

(A11)
(A12)

where a prime indicates the radial derivative of the Hank-
el or Bessel function evaluated at R =a. Equations (A11)
and (A12) comprise two simultaneous equations for the
matrices S and C and, hence, can be solved for both. Do-
ing so, substituting the result in (A8) and transforming
back to the original wave function we find the following
result for R < a:

(2)4)_],}_](2)]&—1/2’ (A13)

where A=P L’(a)[!(a)]_II_’T and I(R) in Eq. (A13) is evaluated at an arbitrary R value rather than at R =a.
With (A13) we now have analytical expressions for all the quantities in Eq. (34). Substituting (A13) into (34) we arrive

at Eq. (36) where M,'Jc is given by

k - z z 1 1 2
Mij=—.—2y_2_ 2 E [PkaknCiijn( _aIr’nIrlz + TIr’nIn +71m1r't —klgaImIn —2kk'fmn )] ’ (A14)
2itki m=1n=1
with
Li=IL8;, I;i=I;;,
(A15)
and
- .
sin[(d,, —d,)a] sin[(d,, +d,)a] ) )
- ’ m 0’ y n
2d,, —d,) 2d, +d,) >0 >0 dnzd
1 .
———2(d2 ) { —fmsin(da)[exp( —fra)+exp(—f,a)]—d,,cos(d,,a) exp( — fr,a)—exp(—fra)l},
m n
dy, >0, di <0
1 1
'/mnzé Z m{exp[(fm+fn)a]_exp[_(fm+fn)a]} (A16)
+f—i_f_{exp[_(fm—fn)a]_exp[(fm—fn)a]} ’ dr%x<0’ dr%<0, dmidn
dpa—+sin(2d,,a)], di>0, di>0, dn=d,
% —exp(2dya) —exp(—2dpa)—a |, d} <0, d7 <0, dy=d, .
k m

In (A14)—(A16) we have considered only / =0 terms as explained in the text.
If we consider also only two-channel systems, the matrices P and C can be written explicitly. Using the following no-

tation:
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(A17)

and Eq. (A6), we see that the columns of P are simply the eigenvectors of k 2— V,U. For a 22 matrix the eigenvectors

are easily computed and we find

U U
[U+ (ki —U =A% [UP+ (kT —U;—1y)%]2
P= K—U, -, K—U,—1, ’ (A18)
[U2+ (kT —U;—A]V? [UP+(k]—U;—2y)%]"2

where A;,A, are the eigenvalues of k >— V,U and are given explicitly by

Ma=5ki—U +k3—U)+5[(k}—U, —k3+U,)*+4U%"/2 . (A19)
The matrix C is also a 2 X2 matrix which is found in the course of solving (A11) and (A12) to be

C=k~'"[H?+(HY _HP4) HV4—H)"'HD]P . (A20)
This expression involves the inverse of matrix

Q=HYA-H" . (A21)
Since Q is 2 X2, its inverse is simply

Q—1=; 0» —Qn (A22)

= det(Q) [—Qz 2n |’
where

Q= —ie"" kﬁ Pyedycot(dya )Py —ik;dy; ] (A23)

=1

and

det(@)=e" 1" P | [Py d cot(d1a)Py; + Prydscot(d,a)Pay ][ Payd cot(d )Py +Payd cot(d,a)P, ]

2 2
- kl;]:l m2=lPkmdm cot(d,, a )Py, —iky ] . (A24)
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