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Abstract.

We study the variation of the mean cross section with the density of the samples in the
quantum scattering of a particle by a disordered target. The target consists of a set of
pointlike scatterers, each having an equal probability of being anywhere inside a sphere
whose radius may be modified. We first prove that scattering by a pointlike scatterer
is characterized by a single phase shift 6 which takes on its values in 0, 7| and that
the scattering by N pointlike scatterers is described by a system of only N equations.
We then show with the help of numerical calculations that there are two stages in
the variation of the mean cross section as the density of the samples (the radius of
the target) increases (decreases). Depending on the value of §, the mean cross section
first either increases or decreases, each one of the two behaviours being originated by
double scattering; it decreases uniformly for any value of ¢ as the density increases
further on, a behaviour which results from multiple scattering and which follows that
of the cross section for diffusion by a hard sphere potential of decreasing radius. The
expression of the mean cross section is derived in the particular case of an unlimited
number of contributions of successive scatterings.
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1. Introduction

Many works (see, e.g., [1], [2], [3], [4], [5]) have been done concerning the description of
the quantum scattering of a particle in disordered systems (one usually prefers to speak
of "transport” rather than ”scattering” if the system is infinite or semi-infinite), but all
of them fail to preserve unitarity. The lack of unitarity has two different origins:

— the most evident origin lies in the fact that not all sequences of multiple
scattering are taken into account, but usually only those in which the particle is only
scattered once by each particular scatterer

— another origin for the lack of unitarity lies in the fact that the operator which
describes the scattering by a single scatterer is always replaced by its first-order Born
approximation.

The paper has two purposes, which are:

e to develop a formalism in which unitarity is preserved, which means 1) to use the full
operator describing the scattering by a single scatterer and 2) to take into account all
sequences of multiple scattering

e o to study scattering "by” (instead of "in”) disordered systems 1) of finite size (which
is still largely a new topic, see however [6]), and 2) consisting of individual scatterers,
the scattering by which is characterized by phase shifts (disordered systems are usually
modelled by a continuous random potential "landscape”), in order to find quantum
effects which cannot be seen in disordered systems of infinite size.

These two goals can be simultaneously achieved by modelling disordered systems
as a target with a random distribution of pointlike scatterers.

The paper is divided into six sections and has two appendices. Section 2 gives the
derivation of the infinite set of equations which describes the quantum scattering of a
particle by a target consisting of identical potential wells with spherical symmetry. In
Section 3 we prove that scattering by a pointlike scatterer is characterized by a single
phase shift which takes on its values in the interval |0, 7| and that the infinite set of
equations reduces to a system of only N equations if the target consists of N pointlike
scatterers. In Section 4 we show that the optical theorem holds for any number of
pointlike scatterers. In Section 5 we present and discuss the results of a numerical study
about the scattering by a disordered target consisting of pointlike scatterers, in which we
have examined the variation of the mean cross section with the density of the samples,
and so with the radius of the target, for different values of the phase shift. A summary
of the main results of the paper is given in Section 6. Each of the appendices is devoted
to the derivation of an expression of the mean cross section which has been used in the
interpretation of the numerical results, namely that in the approximation of single and
double scattering (Appendix A) and that for an unlimited number of contributions of
successive scatterings (Appendix B).



2. Formalism

Let us consider the scattering of a quantum particle by a target which consists of a set
of N stationary scatterers. Each scatterer is modelled by a potential well, the potential
function being chosen square integrable if the depth is not finite. The scatterers are so
arranged that no two neighbouring wells are close enough to overlap. The Hamiltonian
operator of the system is given by

N
H=ho+> 4, (2.1)
r=1
where hg is the kinetic energy operator and o, is the operator of multiplication by the
potential function of the rth scatterer. The particle, which has mass m, is assumed to
move with momentum Ak before scattering; it therefore has the energy E = h?k?/2m,
where k is the magnitude of the wave vector.
The operators which describe the scattering by a single scatterer and by the whole
set of scatterers are respectively given by [7]
R 1

P(B) = o, + 0, - b, r=1,.,N), (2.2
(B) (E +ie)] — ho — 1, ( A

and
N

T(®) = @) " @) <E+z'el>f - H@) 23)

These operators are integral operators in the momentum representation; each kernel is

bounded and (uniformly) continuous, as the corresponding potential function is square
integrable and has bounded support.
It is convenient to write the operator T'(F) as

N
T(E) = Y. T,(E), (2.4)
r=1
with
N N 1
T.(F) =0, + Uy —s. 2.5
(&) ; (E+ie)] — H (25)

An operator TT(E) may be considered as the transition operator corresponding to the
(hypothetical) scattering process in which the particle is always last scattered by the
rth scatterer. These operators are related by the set of equations [§]

1 A

t(E —

] =

T.(E) = t.(E) +

«(E)

1
r

w »

il

(s#7)

(r=1,.,N). (26)

Repeated substitution of each equation into the others shows that the particle can be
scattered any number of times by each particular scatterer; scattering by the target may
therefore be considered the result of multiple scattering among the scatterers [9].
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The probablhty amplitude f (k k:) for the particle to be scattered in the direction
of the wave vector k is proportional to the particular value T(k ko ; E) of the kernel of
the operator T(E) [10]. We have

2m)* Ty ZN:TT(/?', i E), (2.7)

FRSR) = —(2n) 5 TR FL B) = —(2m)° 13>

h2
where T,(k', k; E) is the value of the kernel of the operator 7,.(E) for the chosen wave
vectors. It follows from (2.6) that the kernels of these operators are related by the set
of equations

e Epy RGN T.(7 . §E
L0, & B) = 4:(7, 85 B) + -5 Z/d )ﬂziie :
s;ér
(r=1,...,N), (2.8)

where t,(77, € ; E) is the kernel of the operator #,(E) and & is the magnitude of the wave
vector K. In particular,
(kK ,”R:E)T, S(E,E;E)

k* — K% + e

= 2
T.(K, K. E) = t,(K F; E) + 7_:5 Z/dm
()
(r=1,...N). (2.9)
We shall assume that the scatterers are identical and restrict ourselves to potential

functions with spherical symmetry. The kernel of an operator £,(E) can then be written
in the form

1,07, & ) = e € D-Ery(i7 E: E) (r=1,..,N), (2.10)

where t(17, 5 ; E) is the function to which any such kernel would reduce if the centre of
the corresponding potential well were taken as the origin of coordinates and R, is the
vector from the chosen origin to the centre of the rth potential well.

Substituting this equation into (2.9) and writing each function 7,.(<, ks E) in the

form
— = N =1 —
T, (R ki E) = e FHRr " e Rl (R kK E) (r=1,..,N) (2.11)
u=1
n (2.7) and (2.9), we obtain
— m N N - oo o -
FESR) = —(2m) 13 >0 S e FI B T (), (212
r=1u=1

with

gl

2m X ﬂei’;'(é"_ﬁs)tk,%’;E Teu /%',E;E
LS e (F.F: ) Tulf 2 B)
k* — k° + i€

(2.13)
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The new set of equations can be transformed to another with no dependence upon
direction. This is done by expanding both sides of each equation in the basis {V},,} of
the spherical harmonics and comparing the two expansions term by term.

The expansion of the functions 7., (g, ko E) is given by

ol K 5
_47TZ Z Z Z l1(7:,11i 127712 K, k; E) llml(QE)Yizﬂ"bz(QE)

=0mi=—11 la=0mo=—I2

(rbu=1,...,N), (2.14)

where )z and ) are the directions of the wave vectors. Since the potential function is
invariant under rotation, the function ¢(k', & ; £) has the simpler expansion

(R E) = 4n S0 S b, B) Vi (Op) Yin95), (2.15)

=0 m=—1

where (3 is the considered direction of scattering. The functions e (Br—Fs) st also

be expanded to obtain the expanded form of the right-hand side of the equations. One
has [11]

R . [e%) l
eIl — Y7 N i Gi(KRy) Vi (%) Yim (Q5,)
=0 m=-—I
(r,s=1,.,N; s#r), (2.16)

where R,, and () 7, are the magnitude and direction of the vector ﬁsr = ﬁr — ﬁs from
the centre of the sth to that of the rth potential well and j;(z) is the spherical Bessel
function of order I.

Substitution of these expansions into (2.13) and use of the orthonormality relations
of the spherical harmonics leads to the infinite set of equations

7;1m1 lzmQ(k k; E) _tll(k k E 5Tu51112 mims

Am(2l3 +1)(20 + 1
- DO SID D SRR LI

I13=0m3=—I3 l4=0my=—I4 21 _'_1
<lgl400|ll ><l314m3m4\llm1>
(su) .
& ]M(KJRTS)th(k K3 E)IH l (K>kaE)
Ym / 2d 3m3a;t2ms2
><z:l““R”o,i k* — K? + e

()
(ryu=1,...,N)

(11, lo =0,1,...; mye) = —11(2), ey 11(2))7 (2-17)
where (l30,00(1;0) and (l314mg3my |l my) are Clebsch-Gordan coefficients [10] coming
from the integration over Qz. Since the coefficient (314,00 |;0) is equal to 0 when the

sum [; + I3 4 l4 is odd, the right-hand side of the equations includes only the terms for
which this sum is even.



The integral in (2.17) may be evaluated by contour integration. The result is

) / (R (k5 E) T (k3 E)
k? — K% +ie
B / h(l (KRys) ty, (k , K E) T (k3 E)
E? — k% + e
= —imk b (kR tiy (k k3 B) T (kK B)

(rys,u=1,...,N; s#r)
(I, 1o, 13,14 =0,1, ... ; ma) = —la3), ---712(3))7 (2.18)

where hl(l)(a:) is the spherical Hankel function of the first kind of order . The range of
integration could be extended over the whole line by using the relations

ty(k,—r; E) = (=)t (kK E) (2.19)
and
Tt e (—h K B) = (1) T8 (k& E), (2.20)

which follow from the rotational invariance of the potential function, and the fact that
the sum [; + I3 + 14 is even. The contribution of the complex part of the contour to the
integral is arbitrarily small, as can be shown by using the inequalities

It (k,Re{r} +iIm{r}; E)| < A e tImiila (2.21)
and

Re{x} +iIlm{k}, k; E)| < By, e Tmixta, (2.22)

| 13m3 lzmz(
where a is the radius of the potential wells (A;, and By, are constants), and the fact
that any distance R,, is greater than 2a.
Substituting (2.18) into (2.17), we obtain the set of equations which describes the
scattering of a particle by a target consisting of identical potential wells with spherical
symmetry. It is

T ek K3 ED)

1mi;lame

i (27)? hkthk:kEZ SR,

I13=0m3=—I3 l4=0my=—I4

47'(' 213 + 1)(214 + 1)
20 + 1

<lgl400|ll ><l314m3m4\llm1>

X Z h ers l4m4(QﬁT5)7;(su (k k; E)

3m3;lama
()
- tll(k 9 k 7 E) 57‘& 5l1l2 5m1m2

(r,u=1,...,N)
(I, 1o =0,1,... 5 migy = —lyz), ... i) (2.23)



3. Pointlike scatterers

The set has infinitely many equations because the expansion of the function t(E’, k i B)
has an unlimited number of terms. However, in the particular case in which t(]{?/, k;E)
does not depend on the directions of the wave vectors, which means that

t(k, ki E)=to(k,k;E), (3.1)
it turns out as a consequence of the invariance of the system under time reversal that
only the N? expansion coefficients 753’”30(/% k; E) are different from 0 and so the set has
only N? equations. The proof is as follows. Substitution of (3.1), which may be written
ti(k,k; FE)=ty(k,k;FE)dy, into (2.23) leads to the equality

7;1(7)11 l2m2 (k k E) 7?](()/r,‘lu2)m2 (k ? k 7 E) 5l10

(ryu=1,...,N)
(lla lo =0,1,...; mye) = —51(2)> e l1(2))- (3-2)

Time-reversal symmetry implies that

Fk k) = f(—k;—Fk). (33)
It follows that the functions Ty, (K, k; E) satisfy the relation
Trulk K E) = Ton(—k , —k: E) (rou=1,..,N), (3.4)
and so their expansion coefficients the relation
Tramtm (k5 B) = (=1)hmmidbmme gl - (ko k; B)
(r,u=1,...,N)

(L, lb=0,1,...; mya) = —l), -, lig)).  (3.5)
Alternate use of (3.2) and (3.5) then gives
Toimttom (kK5 B) = Togth, (kb )i

= (- )l2 " 7;2 —ma; ook k5 E) o

= 760?50(]? k5 ) 61,0 0150

= Tovwoo(k k5 E) 61,0 6150
(r,u=1,...,N)
(li,lb=0,1,...; mie) = —l),...ho), (3.6)

which completes the proof.
Substituting this equation into (2.23) and using the facts that (0000|00) = 1,

Yoo(Qp, ) = 1/v4m, and WY (kR,s) = —iei*Rrs/kR,. we obtain the set of equations
correspondmg to the case considered, which is

(ru) 2 mk N eikR” (sw)
Too.00(k, k; E) + (27) = to(k,k;E) Y R Tov.00(k , k5 E)
-1 s
(s2r)

=to(k,k;E) b
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The function t(lg’, k ; E) has no angular dependence if the scatterer is pointlike. A
pointlike scatterer can be modelled by any potential well of spherical symmetry whose
radius a is arbitrarily small. Scattering by such a scatterer is characterized by the sole
phase shift dg = ¢ because it is only for the wave function corresponding to [ = 0 that
the logarithmic derivative at r = a has a limit when a tends to 0. The relation for the
dependence of § on k is obtained as follows. Since the wave function outside the well is
proportional to sin(kr + J), its logarithmic derivative at r = a tends to kcosd/sind in
the limit. Setting this ratio equal to the value ¢ to which the logarithmic derivative of
the wave function inside the well tends in the limit, one finds

c
to = —. 3.8
co . (3.8)
The expression of the function t(]{?/, k; E) for a pointlike scatterer is
= 1 K
tk.k:E)=tyk,k; F)= ——— 0 3.9
( s vy ) 0( y vy ) (27‘(‘) mk sin e ( )

Since this expression remains invariant if one replaces d by 0+, the interval of variation
of the phase shift can be restricted to |0, 7[.
Substituting (3.9) into (3.7), we obtain

ikRys
T,k B) —singe® 3 (S ) Tl )
(s2r)

1 2
- ~ @) nfik sinde®6,, (rbu=1,...,N).  (3.10)
(ru)

This set of N* equations for the variables Tog.00(k , k5 E) can be reduced to a system of

only N equations for the dimensionless variables ©, defined by

o ik o iEFr ()
@T = —(27T) ?(COté — Z) Zel e 760 OO(k k E)
u=1
(r=1,..,N). (3.11)
The proof is as follows. Multiplying each equation by the factor eif-fru — gik.firs o ik R
and then adding the equations with the same value of the index r, we obtain the set of

N equations

N
> e T )
=1

N ikRrs TR N
—sinde® Z(l{:R ) Z_: ZkR“‘ 760880 k,k;E)
(s#r) -
_ L e (r=1,.,N).  (3.12)
= PISE mkl r=1,...,IN). .

Each of these equations can be expressed in terms of the new variables ©,. This leads
to the system of equations

s N Zers R
o 5 7 ik.Rys .= 1
O, —sinde E < TR ) e O
(Zn)
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(r=1,.,N), (3.13)

which completes the proof. The reduced set of equations is obviously better suited for
calculations than the original one.

Since the functions ﬁu(l?, k ; E) have no angular dependence, the expression of the
scattering amplitude is very simple for pointlike scatterers. Substituting 75&33(13 ki E)
for 7,.(K,k; E) in (2.12) and using the definition of the variables ©,, we find

1 VRN

FE k) = ksmde’éZe i(F=R)-Br g (3.14)

4. Cross section

The cross section oy for scattering by the target (the subscript is an abbreviation for
"tot(ality of the scatterers)”) is obtained by integrating |f(k; k)|? over Qz. We find

S Ulz ‘@ ‘2 X Z Z <Sln k’Rrs)> eiE.R‘rs @: @s]’ (4'1)
r=1 s=1 kRTS
(s#7)

where o = (47 /k?) sin?d is the cross section for scattering by an individual scatterer.
The optical theorem [10] is not only verified for a single pointlike scatterer, as one
has (k/47) o = Im{(1/k)sinde?}, but also for a set of any number of them. The proof
is as follows. Multiplication of each equation in (3.13) by O gives
0, —sinde” ZN: (eier-s> e 9r @, = 0
' S\ kR A
(s7#7)

(r=1,..,N). (4.2)

Adding all these equations and taking the real and the imaginary part of the resulting
equality, we obtain the two equalities

. N
Z 0,12 - sméz Z cos (kRys + 0) efir 970, = 3" Re{O,}
kR
r=1 s=1 rs r=1
SF#T)

(4.3)

and

oL N
smaz Z (W) eFFire 070, = 3 Im{0,}. (4.4)
r=1 s=1 TS r=1

(s7)
Multiplying the first and the second equality by sind and cosd respectively and adding,
we find

sméz |0,* + smcSZ Z

r=1 s=1
(s7)

= sind i Re{©,} + coso XN: Im{©,}. (4.5)

r=1 r=1

(sm (kR,s)

il;.ﬁrs *
VR ) e 07 O,
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Substitution of this new equality into (4.1) leads to

N N
Ll Otot = 1 sind | sind Z Re{©,} + cosd Z Im{0O,}
471' k r=1 r=1

=Im{f(k;k)}, (4.6)

which completes the proof.

The cross section can also be written as a sum of terms each of which but the last
gives the contribution of an increasing number m of successive scatterings. This sum is
obtained by repeated substitution of the system of equations into (4.6). We find

Ot = No
Agr M ' N N N ikRpyr
+—7TZ(Sin5)mIm e™M NN Y ¢
k2 m=2 ri=1 ro=1 rm=1 kRT’lT’z

(7"2757"1) (Tm7é71mfl)
e ik:Rr2T3 eikRT'm—lrm iR
X|——/——]...| 77— e m
kRTZT’B kRT’m—lrm

Ar . N N N ik By,
+ﬁ(sin5)M+1Im{e’(M+l)5Z Sy (m )
=1 rira

ro=1 rv4+1=1
(ra7r1) (rM4+177TM)
ikR ikRpyr
e rliryry e MTM+1 -
ik. Ry,
X ( R ) e <1€Ri> e M @T’M+1}7 (4.7)
T2T3 TMTMA+1

where M is arbitrary. The contribution of a given number m of scatterings to the cross
section consists of the sum of those of N(N — 1)™~! different sequences of scatterings.
The first term in the expression provides the contribution of a single scattering, which
is given by the sum of the individual cross sections as the particle can be scattered by
any of the scatterers. The last term gives the expression of the difference between the
exact expression of the cross section and the sum of contributions corresponding to M
substitutions, and so that of the remainder in the approximation of the former by the
latter. In the simplest approximation the expression of the cross section reduces to the
contribution of a single scattering; this approximation is obviously more accurate the
larger the distance between the closest scatterers.

5. Numerical study

The fact that the set of equations to be solved in order to obtain one value of the cross
section is finite when the scatterers are pointlike makes this type of scatterer especially
suitable for numerical studies in which a large number of such values is needed. In this
section we present and discuss the results of a numerical study about the scattering by
a disordered target consisting of pointlike scatterers. The target has been modelled by
a set of N scatterers having each an equal probability of being at any position inside a
sphere whose radius R may be modified; samples fitting in the same volume have been
assigned the same value of the density p = 3N/47R3. We have studied the variation of
the normalized mean cross section (o )/No with the density p of the samples, and so
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with the radius R of the target, for different values of the phase shift. The value of the
cross section for a sample at a particular value of the phase shift has been obtained by
substituting the solution of (3.13) into (4.6), which gives an expression of o linear in
the variables. The value of the mean cross section corresponding to a particular value
of the density and of the phase shift has been obtained by calculating the mean of the
values of the cross section of 300 different samples with these values of the density and
the phase shift. The calculations have been done for N = 100 and with m =k =h = 1.
The values of the phase shift have been taken in the particular interval [7/2, [, the
reason being that the features of the mean cross section discussed in this paper do not
only exist for any value in this interval but also for any value in |0, 7/2[; for values of
the phase shift that belong to |0, 7/2[, the mean cross section has additional features,
which will be discussed in a separate paper. The results of the numerical study are
shown in the two figures below.

Figures 1 and 2 show the variation of the normalized mean cross section with the
density of the samples for two sets of values of the phase shift (the scale on both axes
is logarithmic in each figure).

=5 =T11/2
As=m-T/?
’6:n—n/3

<0>/No

0'1»\ L | Ll | L Lo

10° 10* 102 10° 10°

Figure 1. Variation of the normalized mean cross section (ot.)/No with the
density p of the samples for a set of values of the phase shift.

The obtained curves have a common feature, namely that the value of the normalized
mean cross section is close to 1 when the density is very small, and so the radius very
large. This is a consequence of the fact that the distance between the closest scatterers
is sufficiently large in a typical arrangement of very low density for the contribution of
a single scattering to be the largest one and so for the cross section to be almost equal
to No. The figures show also that the mean cross section first either decreases (Fig. 1)
or increases (in the two figures) as the density increases; moreover, it always decreases
uniformly as the density increases further on. The detailed explanation for each one of
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100 fmm === e e — -
'6=n—n/%
ss=m-mF
vo=m-n/?
o *S=m-mP
pd
A 10 -
bg
\Y]

19e

10° 10" 10? 10° 10° 10 10° 100 100 10%
p

Figure 2. Variation of the normalized mean cross section (otot)/No with the
density p of the samples for another set of values of the phase shift. The chosen
number of scatterers is shown by an horizontal dashed line.

these two, less expected features of the mean cross section is given in the remainder of
the section.

The decrease and the increase are both originated by double scattering; the reason
for which the mean cross section can first deviate from No in opposite ways is provided
by its expression in the approximation of single and double scattering. This expression
is derived in Appendix A. The result is
OIN(N —1)
CA(RR)S
(the subscript ”"tot” has been replaced by ”s+d”, which is an abbreviation for ”s(ingle)
and d(ouble scattering)”, in order to avoid any confusion with the exact cross section),
with

(0s1a) = No + sin(26) C(kR) + cos(26) S(kR)| o, (5.1)

(kR) cos(4kR) sin(4kR)  (kR)3
16 T 3

C(kR) = (5.2)

and
(kR)sin(4kR)  cos(4kR) (kR)* (kR)* 1
SkR) = 16 T T2 T8 e
When the radius is large enough, and so the density small enough, the contribution of
double scattering is dominated by its term of least power, which is the one in 1/(kR)?.
The normalized mean cross section is then well approximated by
cos(20)

(FR)?

(5.3)

(Oo1)/No =1+ g(N —1)

1 I7p \3
=14 (N~ 1)cos(25)(2N£3) . (5.4)
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This equation shows that if the phase shift takes on its values in |7/4,37/4[, the
contribution of double scattering is less than 0, which implies that the mean cross
section decreases as the density increases (Fig. 1); on the contrary, if the phase shift
takes on its values either in |0, 7/4[ or |37/4, 7], this contribution is greater than 0,
with the consequence that the mean cross section increases as the density increases (in
the two figures).

The fact that both the increase and the decrease are caused by double scattering
alone is illustrated by the next two figures, in which the variation of (o) is compared
to that of (o4, 4) for two different values of the phase shift, one belonging to the interval
|m/4,3m/4[ (Fig. 3) and the other to the interval |37/4,7[ (Fig. 4). One sees that
(04ot) has the same behaviour as (0g14), deviating from N by decreasing when § belongs
to |m/4,3n/4] and increasing when it belongs to |37 /4, [, in agreement with (5.4). In
addition, Fig. 4 shows that the mean cross section is not bounded in the approximation
of single and double scattering, which comes from the fact that the ratio C(kR)/(kR)®
diverges when the radius becomes arbitrarily small.

r =—a 5 =T11/2 1
——- <04g>/No

<o>/INo

\
\
\
\
1
\
i
|
1

0.1 |

10° 10* 102 10°

p

Figure 3. Comparison of the variations of (oyot)/No and (ogyq)/No with the
density p of the samples for a value of the phase shift belonging to the interval
|m/4,3m/4].

The uniform decrease of the mean cross section is caused by an unlimited number
of contributions of successive scatterings to the cross section, that is to say, by multiple
scattering. The expression of the mean cross section corresponding to an unlimited
number of contributions of successive scatterings is derived in detail in Appendix B.

We find
E2\ /N -1
(52) (5w
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100 f—-----==m—tommmm ool e mE T -

Y= - T[/% /
" ——- <0s¢>/No

<0>/No
=
o

T T T

10° 10 10* 10°

p

Figure 4. Comparison of the variations of (ot.)/No and (os1q)/No with the
density p of the samples for a value of the phase shift belonging to the interval
13w /4, 7.

:i(gl 1) Im{zl (KR) ji(kR) jiz1 (KR) — (kR) ji(KR) jiy1 (ER) ”
=0 (KR) R (kR) jiy1 (KR) — (kR) i(KR) A, (kR) | S
(5.5)
with
o J 1+ 2 5.

In Figures 5 and 6 the mean cross section is compared to the curve obtained from
the expression in (5.5), in which the sum has been truncated at [ = 150, for the values
of the phase shift that have been taken in the two previous figures.

Each figure shows that the expression in (5.5) reproduces well the mean cross section
except in the uninteresting range of values of the density in which the approximation
of single scattering is valid. This discrepancy reflects the fact that the contributions of
more and more partial waves have to be taken into account in the sum as the radius
increases, and so as the density decreases. One can therefore conclude that the uniform
decrease is caused by multiple scattering.

It is interesting to derive the expression to which (5.5) reduces when R tends to 0.
We find

47

. Im{ jo(kR) (KR) eikR} ~ 47R?. (5.7)

This means that when the value of the density becomes arbitrarily large, the mean cross

(Utot> ~

section tends towards the cross section for diffusion by a hard sphere whose radius is
the same as that of the target, a behaviour which is clearly observed in Figures 5 and 6.
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Figure 5. Comparison of the variations of the normalized mean cross section
and of the expression of (otot)/No given by (5.5), in which the sum has been
truncated at [ = 150 (dashed line), for a value of the phase shift belonging to
the interval |w/4,3n/4[. The full line gives the values of the normalized cross
section for diffusion by a hard sphere of radius R.

100 - == === oo o m e o —
r e 5= -T2 b
I --- <o /No T
i 4TR’ING 1
b
b
RH 10— —
s | :
V - .

A [ [ [ [ [

10° 10* 10° 10° 10° 10* 10°

p

Figure 6. Comparison of the variations of the normalized mean cross section
and of the expression of (oyot)/No given by (5.5), in which the sum has been
truncated at [ = 150 (dashed line), for a value of the phase shift belonging to
the interval |37/4,7[. The full line gives the values of the normalized cross
section for diffusion by a hard sphere of radius R.
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6. Summary

In this paper, we have developed a formalism which describes the quantum scattering
of a particle by a disordered target consisting of pointlike scatterers. The formalism has
the important feature of preserving unitary because it takes into account all sequences
of multiple scattering. We have used it in a numerical study about the scattering by
a disordered target modelled by a set of pointlike scatterers which have each an equal
probability of being at any position inside a sphere whose radius may be modified. We
have studied the variation of the mean cross section with the density of the samples,
and so with the radius of the target, for different values of the phase shift. The study
has shown that the mean cross section goes through successive stages as the density
increases, and so as the radius decreases. The mean cross section is nearly constant at
very low density, which reflects the fact that the particle is only scattered once before
leaving the target. Depending on the value of the phase shift, the mean cross section
either increases or decreases as the density increases, each one of the two behaviours
being originated by double scattering. As the density increases further on, the mean
cross section decreases uniformly whatever the value of the phase shift, a behaviour
which is caused by multiple scattering and which follows that of the cross section for
diffusion by a hard sphere potential of decreasing radius.

Appendix A: Expression of the mean cross section in the approximation of
single and double scattering

This appendix is devoted to the derivation of the expression of the mean cross section
that includes only the contributions of single and double (m = 2) scattering. It follows
from (4.7) that the mean cross section is given in this particular approximation by

(05sa) = No + UIm{ 20 Z Z << k:) kR>} (A.1)

r=1 s=1
SFET

(the subscript is for ”s(ingle) and d(ouble scattering)”); finding its expression amounts
therefore to hardly more than finding that of the mean of (e?*%rs /kR,,) eF-firs

Since each scatterer has an equal probability of being at any position in the target
(whose center is taken as the origin of coordinates), we have

eiers E R, 1 Zers eiE-Rr's
iERrs | = d / T A —
<< kR, ) ¢ > V2 / R, | dE, KR

1 1 9 _ _ oikRrs oik.Rys
~ Ax 47 RS dRr/ dRy ——— A2
4 4m RS /\/ v kR,, (A.2)

where V and R are the volume and radius of the target. The integration is most easily

done working with the set of angular variables that consists of the azimuthal and polar
angles O, and @, of the vector R,,, the angle 6, between the vectors R, and R, and
the angle ¢, between the planes that are defined by the vectors R, and R, and by the
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vectors Ers and k (which is assumed to determine the direction of the third axis). The
expression of the product of volume elements for this choice of angular variables is

dR.dR, = R*dR, R*dR, sin®,,dO,,d®d,, sinb,,dd,, do,., (A.3)

where R, () is the magnitude of the vector ﬁr(s).

The expression of the mean of (e /kR,.,) o tF-Frs may be obtained by successive
averages over pairs of variables; the variables with respect to which the integration has
been done will be indicated in a subscript. The average over O, and ®,, gives

kRTS (®'rs,q>rs)

1 eiers
~ir ers

e}

-> e (A.4)

™ 2 .
sin®,.,dO,., / AP, e FlirscosOrs
0

It follows that

(eikRm)eM” S S <L (Y (A5)
kR, = (n+ 1) ") GresrsiRr R’ ‘

and so we need the expression of the mean of (kR,s)"! for any n to obtain that of the
mean of (e™*Frs /KR, ) etk-Frs,
The average of (kR,)" ! over the angles gives
((kRp)" ")
kn—l

e 2m n—
= / sin®,,d0, / dé,s (R + R* — 2R, R, cos HTS)Tl
4 Jo 0

(Ors,érs)

]{In_l r sn+1_ r Sn+1
- <(R +R,)"™!' = |R, — R,| ) (n=0,1,.). (A6)

The average of the obtained expression gives that of the mean of (kR,s)"~*. We find

<<kR7‘S)n_1>(0rsy¢rs§Rr'7Rs)

_ g1 (R, + R,)""' — |R, — R "™}
N 2(n+1) R, R, (Re.R)

Ry B [ R (R R R R
~ 72(2kR)"! )
~ (n+2)(n+3)(n+5) (n=0,1,..). (A7)

Substituting the expression of the mean of (kR,¢)" " into (A.5), we obtain

eihirs ik.R
()

72 i (4ikR)"™
QkRn — (n+1I(n+2)(n+3)(n+5)
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L VT P (4ikR)? B (4@'1{:R)3}
= [akR)? e 1 —4ikR 5 5

. 144 ; _ 4ikR)*  (4ikR)*  (4ikR)*
—I—z(4kR)6{e4kP‘—1—4zk‘R—( 2) _ 6) _{ 24)]. (A.8)

Substitution of the expression of the mean of (e /kR,,) ei*fr into (A.1) leads

to that of the mean cross section in the approximation of single and double scattering,

which is
() = No + % [Sin(25) C(KR) + cos(26) S(k;R)} o, (A.9)
with
_ (kR)cos(4kR)  sin(4kR) ~ (kR)?
C(kR) = SR S T (A.10)
and
S(ER) = (kR) sin(4kR) N cos(4kR) N (kR)'  (kR)* 1 (A11)

16 64 2 8 64
The functions C(kR) and S(kR) take on only positive values. It is to be noted that the

mean cross section is not bounded in the approximation of single and double scattering
because the function C(kR)/(kR)® behaves like 1/kR when R tends to 0.

Appendix B: Expression of the mean cross section for an unlimited number
of contributions of successive scatterings

This appendix is devoted to the derivation of the expression of the mean cross section
for an unlimited number of contributions of successive scatterings to the cross section.
The relevant expression for the cross section is obtained from (4.7) by discarding the
remainder term and letting the integer M become infinitely large. The formula giving
the mean cross section is then

<Ut0t> = NU
4 M ) N N N tkRy r
+—7TZ(sin5)mIm elm‘gz o> S
k2 m=2 ri=1 ro=1 rm=1 kRT’ﬂ“z

(ra#r1) (rm#rm—1)

y (eier2r3> - <e7/er7m1rm> eiﬁ.ﬁrlrm>}’ (B1>
ergrg kRT’m—lrm

where M is as large as desired. Since o = (47 /k?)sin?d, this formula may be written as

(Tror) = %N > (N 1™ (sing)™ Im{eiméMm(kR)}, (B.2)

with
M, (kR) =1 (B.3)
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and

1 N N N ek Rryrg
Mo(kR) = W[g 2 2 << k:Rm)

(T27’ér1) ('rrrﬁérmfl)
X <@> . <M> eiE'erf'le>‘|
kRTZTB kRT’mfﬂ“m
(m=2.3,.). (Bd4)

Since each scatterer has an equal probability of being at any position inside a sphere of
volume V and radius R (whose center is taken as the origin of coordinates), we have

Mo(R) = — [ dF, [ dFt A (S
m( )_%/\/ 1/\/ 2/\/ m<k‘Rlz>
kRos kR 1m

(m=2.3,.). (B.5)

Introducing the reduced vectors
@ = R;/R (i=1,2,..), (B.6)

we may also write the expression of M,,(kR) as

gm eikR\ﬁz—ﬁﬂ
My, = u / TE U | 5=
(FR) = 1 [ai [ai... [ d < k;R|u2—u1|>

eikR|173—172‘ eikR|ﬁm—ﬂ'm71| e
> e —iRk.u1 esz.um
kR |tz — s kR |t — Up—1|

(m=2.3,.), (B

where each integration is over all points inside a sphere of radius 1. The mean of the
contribution of any number of successive scatterings may be written in the form

My (kR) = /01 du P, (u, kR) m=0,1,.) (BS)
with
Po(u, kR) = 342, (B.9)
P (u, kR) = 3u2—> / Qg e RET / d7, e ~RED (ﬂ) (B.10)
(47)? kRt — iy
and

3n eikR|172—171‘

2 — — —

ki)~ o [, fa..[an, (S0
Pu(u,kR) =3u (47r)n+1/d du;y [ diy du (kR‘ﬁ2_ﬁl‘>

o ikR|ii3—2| o iKR i —in 1| o
X e iRk.U1
kR|tis — | kR|tiy — U1
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ikR| G~ L
X e _ _ esz.u
kRt — iy
(m=2,3,.). (B.11)

The recursion formula for the quantities P, (u, kR) is then obtained by substituting the
expansions [11]

oo [e'9) l
™R =4r 3" N i ji(kR) Y (Q5) Yin (), (B.12)
=0 m=—1
where R and {15 are the magnitude and direction of the vector ﬁ, and
o ikR| s |
kR|i; — |
[e'e) l
=41y S ju(kRMin(u,, uy)) Y (FRMax(u,, u,)) Y

=0 m=—1 o
(s#7), (B.13)

are the magnitude and direction of the vector i, and where

(Qa,) Vi (Qa,)

where u, ;) and Qa‘r(s)

Min(u,, us) is the smaller and Max(u,, us) the larger of u, and us, into (B.11). Using
the notations Qz. = €. (r = 1,...,n), we obtain

Pulu, kR) = 342 (4m) 3 3" i ju(kR) Yo ()

=0 m=-1
oo U p oo l1 oo lo oo In
Do ) Yew () X X X X X D
I'=0m/=-l 11=0m1=—11 lo=0mo=—I2 In=0mp=—1Iy

1 1 1

></ 3u%du1/ 3u§du2.../ 3ulduy, ji, (KRMin(uy, uz))
0 0 0

x b (RRMax(u, u2)) ji, (WRMin (uz, u))

x hiY (kRMax(uy, ug)) . . . ji,_ (KRMin(uy_1,uy))

x b (KRMax(uy_1, un)) ji, (RRMin(uy, kr))

x WD (kRMax (uy, kr)) jir (kRus ) / 40 / a0,

X / Qs . .. / A0, Y7 (1) Vi ()
X ngg(gb) Yizﬂ"bz(Qi’») .- Yf (Qn—l) Yinﬂmnﬂ(Qn)

n—1Mn—1

X YE:mn (Qn> Yinmn (Q?) Yim(QF> Yi’m’(Qﬁ-

(B.14)
Use of the orthogonality relation for the spherical harmonics and of the identity [11]
Lo 20+ 1
> V() V() = = — (B.15)

m=—I

then leads to

Pa(u, kR) = 3u*" > (20 + 1) ji(kRu)
=0
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X /013ufdu1 /013u§du2 . .AIBUidunjl(kRMin(ul, us))
x h{" (kRMax (uy, us))j; (KRMin (us, us))
x i (kRMax (us, uz)) . . . ji(kRMin(uy_1, uy))
hY (KRMax (un_1, ty)) 5y (KRMin(uy, u))
x h{" (KRMax (un, u)) ji(kRus)
(n=2,3,..) (B.16)

and

Pi(u, kR) = 3ui (20 + 1) ji(kRu)
=0

1
X /0 3uduy jy(kRuy ) jo(kRMin(uy, w)) b (kRMax(u, )
(B.17)
We then decompose P, (u, kR) as

Pulu, kR) = u > (20 + 1) j;(kRu) PP (u, kR) (n=1,2,..). (B.18)
=0

We obtain
1 1 1
Prgl)(u, kR) = 3ui“/ 3u%du1/ 3u§duQ.../ 3u?duy, ji(kRuy)
0 0 0

x ji(KRMin(uy, us)) b (kRMax (ur, u2)) j,(KRMin(ug, us))
x h{" (kRMax (ug, u3)) . . . j;(KRMin (uy_1, un))

x h{" (KRMax(un_1, un)) ji(kRMin (ty, u))

x h{" (KRMax (uy, u))

U 1 1
=3ui" hl(l) (kRu) / 3 duy, 5 (uy) / 3ujduy / 3uyduy
0 0 0

1
... / 30 duy_y ji(kRup)jy(KRMin (uy, uz))
0

X h(l)(k‘RMaX(ul 2)) 71 (ERMin(us, us))

X h(l (kRMax(ug, u3z)) ... ji(kRMin(uy_o, uy_1))

X h(l (kRMax(ty—2, un—1)) 7 (KRMin(u,_1, uy))
h(l (kRMax(uy_1,uy))

+ 3ui" ji(kRu) /Bu dumh(1 (un) /3u dul/ 3u2du2

X / 3u?_ duy_1 ji(kRuy) ji(kRMin(uy, us))
0

x hy') (RRMax(u1, uz)) jo(KRMin (us, us))

x hiY (KRMax(usg, uz)) . .. ji(FRMin(uy_s, 1))
x i (RR Max(tuy 2, tp 1)) jo (KR Min(un 1, un))
x hiY (kR Max(

Un—1, un))
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— 3iun (kRu) / “ds s ji(kRs) PY, (s, kR)
0

+ 3w ji(kRu) / "as s BV (kRs) P (s, kR)
’ (h=2,3,.) (B.19)
and
Pl(l) (u, kR) = 3iu/013 uiduy ji(kR up)ji (kR Min(uy, u))
x h{" (kR max(uy, u))
— 3iuh) (kRu) /0 "3 52ds ji(kRs) ju(s)

. . 1 2 (1) .
+ 30 wji(kRu) / 3 52ds h" (kRs) ji(s)
— 3iu ) (kRu) / “ds s ji(kRs) PV (s, kR)
0

1
+ 34w ji(kRu) / ds s hY (kRs) PV (s, kR), (B.20)
with
PV (s, kR) = 35 5i(kR s). (B.21)

This definition of P(gl)(u, kR) is compatible with that of Py(u,kR) as given in (B.9)
because of the identity

(e}

>0+ 1) 57 (u) = 1. (B.22)

1=0
Each function PW (u, kR) satisfies a differential equation which is obtained by deriving
the recursion relation twice with respect to the variable u. Using the facts that [11]

d d 1

B () = W (@) ile) =

e (1=0,1,..) (B.23)

52
and

j—;fl(z)ﬂLgdiZfl(z)ﬂL<1—l(l;1)>fl(z)20 (1=0,1,..) (B.24)

for both 7;(z) and hl(l)(z), we obtain
> _W+1)

2

&2 3
TPV (u kR) = —E{Pﬂl(u, kR) — <(k;R)

” )P}P (u, kR)

(n #0)

(1=0,1,..) (B.25)
and

d? I(1+1
- é”(u,kR>=—<<kR>2— (u2 )>730(l)(u,kR)

(1=0,1,..). (B.26)

Comparison between these last two equations shows that

PY) (u, kR) = 0 (1=0,1,.). (B27)
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We now introduce the generating function

GO(x,u,kR) = anP u, kR) (B.28)
It follows from (B.25) and (B.26) that the generating function satisfies the equation

02 3z I(l+1)

8u2G )z, u, kR) = ((k‘R) R 2 )G (x,u, kR)

(1=0,1,..). (B.29)

The mean cross section can be calculated with the help of the generating function.
Substituting (B.18) into (B. 8) and then (B.8) into (B.2), we obtain

4
(O0r) = k2NZ (20 + 1) (o), (B.30)
1=0
with
<Ut0t>(l)
ol Mot L\ D
= Im{sinéel‘s/ duw ji(kRu) Y ((N — 1) sin (5625) P (u, l{;R)}
0 n=0
(B.31)
Taking M to be infinitely large and using (B.28), we find
<Ut0t>(l)
ool )
= Im{sinée";/ duu j;(kRu) GY <z = (N —1)sinde®, uk:R) }
0
(B.32)
The regular solution of (B.29) is
3
GO (z,u, kR) = A(x) ujl< (kR)2 + é“) (1=0,1,.). (B.33)

The function A;(x) is found as follows. It follows from (B.19) that
1
PO = 1,kR) = 3i h{" (kR) /0 ds s j(kRs) P (s, kR),
(1=0,1,..). (B.34)
This implies that

Z 2" PY(u = 1,kR)

—32h(1 (kR) / ds s ji(kRs) Zz 2 (s, kR),

n=1

(1=0,1,..). (B.35)
and so
GW(z,u=1kR) — PP (u=1EkR)
=3ix hl(l)(k:R) /Olds s ji(kRs) GY(z, s, kR).
(1=0,1,..). (B.36)
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Substituting (B.33) in the case u = 1 as well as in the general case and (B.21) in the
case s = 1 into this equation, we obtain

Al<x>jl< (kR)? +2—R) ~ 3ji(kR)

(1) ! 3z
= 3i 2 h" (kR) A(z) / ds s? (kR s) o[ 1/ (kR)? + 2Z s
0 kR

Using the fact that
Lo, : 3
Z,(z, kR) :/ dss® ji(kRs) 5| 1/ (kR)2 + e
0

ER

= SR | R 2 hm) a2+ 22 )

kR ER
- 0 i R+ 1) a0

(1=0,1,..), (B.38)

we obtain
(K
Ay(z) = 39’51)R> (1=0,1,..), (B.39)
J(kR) — 3i 2 B (kR) Ty(x, kR)
where we have used the notation ¥R = ,/(kR)?+ 2. Substituting this equation

into (B.33), we obtain the expression of the generating function, which is

3uji(kR) ji(kRu)
J(kR) = 3iz BV (kR) Ty(z, kR)
Substituting this equation into (B.32), we find

(Utot> ®

GY(z,u, kR) = (1=0,1,..). (B.40)

{ 3sinde® j;(kR) Zj(x = (N — 1) sin e, kR) }
Ji(kR) — 3i (N — 1) sin de® AV (kR) Zy(z = (N — 1) sinde®® kR) J
(B.41)

Using (B.38) in this equation and then using (B.30), we obtain the expression of the
mean cross section for an unlimited number of contributions of successive scatterings.

e

>+ 1)1 { [ (KR) ji(kR) jis1(KR) — (kR) ji(KR) jis1 (KR) ”
(KR) hl(l (kR) jis1(KR) — (kR) 5i(KR) hl—i-l(kR)

(B.42)



with

—1)sinoe®

IC:k;JlJrB(N

(FR)?
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(B.43)
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