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We compare the efficacy of several approximate methods for dealing with multiple-scat-
tering processes by applying these methods to a simple, soluble model. The model consists
of the scattering of a particle by a pair of like particles with motion of all particles con-
strained to one dimension. Two cases are considered: (1) the target particles have a fixed
separation and (2) the target particles are in a deuteron-like bound state with each other.
The interaction of the incident particle with each target particle is the same and is chosen
to be a zero-range potential. The potential binding the two target particles in case 2 is
equal to this same zero-range interaction. The methods compared are the Born approxi-
mation for the 7' matrix, the impulse approximation for the 7 matrix, the WKB approxima-
tion, the Glauber approximation, second-order multiple-scattering theory for the 7 matrix,
Born approximation for the K matrix, impulse approximation for the K matrix, and second-
order multiple-scattering theory for the K matrix. For the fixed-separation case the K-
matrix formalisms work much better than the 7-matrix formalisms including Glauber theo-
ry. Second-order multiple-scattering theory is superior to Glauber theory for fixed sep-
aration. For case 2 the aforementioned approximate methods are used in conjunction with
the adiabatic approximation. Comparison of the calculated transmission probabilities with
the exact transmission probability shows the Glauber theory doing much better than any of
the other approximate methods. The success of the Glauber theory results from its sup-
pression of a second-order term in the multiple-scattering expansion which is inadequately
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damped by the adiabatic approximation.

I. INTRODUCTION

The Glauber theory® for the scattering of a high-
energy particle by a many-body target has proved
to be very successful in predicting high-energy
scattering cross sections. In order to gain some
added insight into the reasons for the success of
the Glauber theory we have applied it to a simple,
soluble one-dimensional scattering model. For
comparison we have applied other approximate
scattering theories to the same model.

The scattering model consists of a particle con-
strained to move along a straight line on which are
located two identical scattering centers separated
by a distance b. The interaction of the incident
particle with each scattering center (or target par-
ticle) is given by a zero-range potential. The
probabilities for transmission and reflection are
analogous to the differential cross sections for
forward and backward scattering in three dimen-
sions. Two cases are considered: (1) the target-
particle separation b is assumed to be fixed, and
(2) the target-particle separation b is assumed to
vary in time in accordance with an exponential
form factor. Case 2 corresponds to the two tar-
get particles being in a bound state created by a
zero-range potential interaction between them.

Approximate expressions for the transmission
and reflection probabilities are constructed by
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means of taking the Born approximation, the im-
pulse approximation, and the second-order mul-
tiple-scattering approximation for either the 7
matrix or the K matrix. In addition, the WKB
approximation and the Glauber approximation for
the T matrix are used.

For the case where the target-particle separa-
tion is held fixed we find that all the K-matrix
methods give results superior to all the 7-matrix
methods. Also the second-order multiple-scatter-
ing approximations do better than the others. The
Glauber theory does rather poorly. For this case
multiple scatterings involving one or more back-
ward scatterings play a non-negligible part. The
K-matrix methods seem to be very successful in
handling this kind of an effect.

For the case where the two target particles are
in a deuteron-like bound state the aforementioned
approximate methods are inserted into an adia-
batic-approximation treatment of the problem.
The approximate transmission probabilities are
compared to the exact result for this one-dimen-
sional three-body problem. The Glauber theory
proves to be superior to any of the other approxi-
mate methods. The reason for this result appears
to be the Glauber-theory neglect of a second-order
term in the multiple-scattering approximation
which is insufficiently damped in the adiabatic-
approximation treatment.
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In Sec. II we present the model and present a
version of formal scattering theory appropriate
to the peculiar geometry of the model. The der-
ivation of the formalism is contained in Appendix
A. The scattering by single and double zero- °
range potentials is described in Sec. III, and the
Born approximation is introduced. Section IV is
devoted to the WKB and Glauber approximations.
Then in Sec. V we present the Watson multiple-
scattering expansion which is derived in Appendix
B. From this we get the impulse approximation
in first order and the “second-order multiple-
scattering approximation” by retaining the first-
and second-order terms. In Sec. VI we show how
the previous results must be modified to account
for a time-varying target-particle separation.
The results of numerical calculations are pre-
sented in Sec. VII, and Sec. VIII is devoted to some
concluding remarks.

II. ONE-DIMENSIONAL SCATTERING THEORY

Suppose we have a particle constrained to move
along a straight line. This particle can move free-
ly except for its interaction with a finite-range
scatterer. The Schrddinger equation for this sys-
tem is

(di’;+w(x)+ k2>1p(x)=0, (1a)

w(x)=0 for | x|>c. (1b)

We require the asymptotic behavior of the wave
function to be appropriate to a scattering process.

b=e i fe®  (x<—c) (2a)

= e”‘"+ f+eikx (x> C) . (Zb)

Then the conservation of flux imposes the follow-
ing requirement on the scattering amplitudes:

[1+f, P+1f_12=1. ®3)

This model has been used by Kujawski? to test
Glauber theory.

The task of scattering theory is to provide ex-
pressions for the scattering amplitudes f, in terms
of the scattering potential w(x) and the energy k2.
These expressions are derived in Appendix A.
Their structure is somewhat different from what
we find in the three-dimensional case. We derive
two relations for f, —a 7T-matrix expression and a
K-matrix expression.

The 7-matrix expression is

fi=—2l_kf de- dye“"T(x,y)ery, (4a)

T(x, ¥) = w(x)5(x — ) = w(x)G(x, )P w(y), (4b)

(d%;+w(x)+ kz)G(x, ) =5(x=9). (4c)

Here T(x,y) is the T matrix and G(x, y)™’ is the
“outgoing-wave” or “retarded” Green’s function.
The relationship between the scattering ampli-
tudes and the K matrix can be presented in the
form of a pair of linear algebraic equations.

fol =ik )+ f (-1=K,)=K, +iK,,, (5a)
(L4 Eog)+ fL(1= iKep)= Koo +iK,, (5b)
K, =%f dxf dy sinkx K(x,y) cosky, (5¢)
K, :%f dxf dy cos kx K(x,y) sinky , (5d)

K(x, y)=w(x)6(x =y) = w(x)G(x, y)Vw(y), (5e)

<;—;2+w(x)+k2> Glx, y)© = 5(x —7y). (56)

Here K(x, y) is the K matrix and G(x, y)® is the
“standing wave” or “principal value” Green’ s
function.

G™ and G© are solutions of the same differen-
tial equation but display different asymptotic be-
haviors. For the outgoing-wave Green’ s function
we require

G(x, y)*) ~e'** for x>y, c (62)
and

Glx, y)) ~e~t™ for x<y, —=c. (6b)
For the standing-wave Green’s function we require

G(x, )@ ~coskx for x>y, c (Ta)
and

Glx, »)© ~sinkx for x<y, —c. (Tb)

The Green’s functions are symmetric.

Glx, y)=G(y, x) . (®)

III. SCATTERING BY SINGLE AND DOUBLE
ZERO-RANGE POTENTIALS. EXACT
AMPLITUDES AND BORN-APPROXIMATION
AMPLITUDES

The Born approximation consists in neglecting
terms that are higher than first order in powers
of the interaction potential. Thus K(x, v)3= T(x,y)?
=w(x)8(x —y) is the Born-approximation K matrix
and 7 matrix.

Now let us consider the simple case where w is
a zero-range interaction; that is,

w, (%)= =vd(x - a) . (9a)

In this case it is easy to construct the solutions of
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the Schrodinger equation, Eq. (1), and show that
the scattering amplitudes are

fO =4, fO=pei, (9b)
A==iy/(1+iy), y=v/2k. (9¢)

Now if we use the Born approximation for the T
matrix we find

[ B=—iy, fIP=—iye™e, (10)

whereas. if we use the Born approximation for the
K matrix we find

f!.KB= A
* 1 -Asin2ka’

Aeizka

1KB .
f= 1 -iAsin2ka

. (11)
Note that for a=0 the Born approximation for the
K matrix matches the exact result.

Next let us address ourselves to the case of
scattering by two identical zero-range potentials.
We take the scattering potential to be

wy(x)= =v0(x = £b) = vO(x+ 3b) . (12a)

By constructing the solution to the Schrddinger
equation and examining its asymptotic form one
can find the following expressions for the scatter-
ing amplitudes:

P =@A+ A%+ 2B /(1 - A*B?), (12b)
F®=(AB™ + AB+2A?B)/(1 - A2B?), (12¢)
B=¢i® (124d)

The various terms in these expressions can be

A X >
A x >
A2 X x
A282 ” o X

2 A2 x
A (A°B°) x
A(A2B?) ” x

x

FIG. 1. Diagrams depicting terms in the multiple-
scattering series for transmission processes. This is
for a particle in one dimension scattering from two
fixed scattering centers. All processes up to through
third order are included.

interpreted on the basis of a very simple multiple-
scattering representation of the scattering process.
The factor A is contributed by each scattering
while the factor B is a phase factor contributed by
each additional length of path b traveled by the
scattered particle. In the numerator of the trans-
mission amplitude f(? we can identify four terms
corresponding to the four elementary single- and
double-scattering processes contributing to trans-
mission. Similarly, in the numerator of the ex-
pression for the reflection amplitude 72 there
are four terms that can be identified with four dis-
tinct single- and double-scattering processes lead-
ing to reflection. The denominator (1 — A2B?)"!
=) (A2B?)" produces a sequence of multiple-
scattering contributions from each of the four
single- and double-scattering terms. In Figs. 1
and 2 are displayed diagramatic representations
of all the terms of the multiple-scattering expan-
sion up through third order.

When we make the Born approximation for the
T matrix in the double zero-range potential case
we find

f3TB =2y, f2TB=w2iycoskb. (13)

The Born approximation for the K matrix yields
the following amplitudes:

2A + R + A% cos2kb
2KB _
S =T TR cos2kb (142)
2A coskb +2A%(cos kb — sin?kb)
2KB _
Ve 1- A2 cos2kb - ()
-1 ¥
AB .
X
AB -
2 P
A°B — X
2 x
A°B _— B
AB™'(A2B?) X x
2 52 — x
AB (A" BY) x -
> x

FIG. 2. Diagrams depicting terms in the multiple-
scattering series for reflection processes. This is for
a particle in one dimension scattering from two fixed
scattering centers. All processes up to through third
order are included.



5 COMPARISON OF APPROXIMATE METHODS FOR MULTIPLE... 2091

IV. THE WKB APPROXIMATION AND
GLAUBER THEORY

The T matrix may be regarded as the product of
the interaction potential w(x) with the wave matrix
Q(x, ).

T(x, y) = w(x)Q(x, ¥), (15a)
Qx, y)=08(x=y) = G(x, v)Vw(y). (15b)

The wave matrix has the property that when it
operates on the incident wave ¢‘** the result is

the corresponding exact solution of the Schrddinger
equation, Eq. (1).

¢(x)=fdy Qx, y) et . (16) .

The wave-matrix concept is thus useful for gener-
ating an expression for the 7 matrix from an ap-
proximate wave function.

The high-energy limit [22 > w(x)] of the WKB ap-
proximation® for the wave function of our particle
moving in one dimension is

sz:e"k"exp(zZ—kf dyw(y)) . (17a)
Thus the wave matrix in the WKB approximation
is just ‘
N X
Q(x,y)'”:(i(x—y)exp(z—%f dz w(z)) , (1'o)

and the 7 matrix is

7053 = wlotr=)exp (3 [ dewte)) . are)

When this expression is used in Eq. (4) to cal-
culate the transition amplitudes for the single
zero-range potential case, Eq. (9), we find

fA=(e7tr =1), (18a)

FLTV= givka(e=iy _ 1), (18b)

Ordinarily, one would not expect the WKB approx-
imation to work very well for a singular potential,
but the result shown in Eq. (18) does not look too
bad. At any rate, in the high-energy limit it
agrees with the Born approximation.

Now let us repeat the WKB calculation for the
double zero-range potential case, Eq. (12). The
result is found to be

FATW=2r + T2, (19a)
f2TW= 9T coskb + Tet# | (19b)
T=e iV -1, (19¢)

We note that the quantity I' is just the WKB ap-
proximation for the interaction with one of the
scattering potentials. The exact expression for
the interaction with a single-scattering center is
just the quantity A given by Eq. (9¢). The Glauber
theory results from replacing the WKB single-
interaction expression by the exact single-inter-
action expression in the WKB expression for the
transition amplitude for the complex system. Thus
T is replaced by A in Eq. (19).

F2TC 29 1 A2, (20a)
f2T6=AB' +AB+A%B. (20b)

Comparison of the Glauber theory, Eq. (20),
with the exact result, Eq. (12), reveals that
Glauber theory contains the two first-order terms
of the multiple-scattering series and one of the
two second-order terms. The Glauber theory is
characterized by the neglect of all contributions
to the multiple-scattering series for the trans-
mission amplitude which contain any backscatter-
ings; for the reflection amplitude all terms of the
multiple-scattering series are dropped which con-
tain more than one backscattering.

V. THE SECOND -ORDER MULTIPLE-SCATTERING APPROXIMATION
AND THE IMPULSE APPROXIMATION

The multiple-scattering expansion for the double zero-range potential case is derived in Appendix B.
There it is shown that the 7 matrix and K matrix have the form

X(x, ) =[06(x = 55)5(y = 55)B, + 6(x + 3b)6(y + 30)B,

= 0(x+30)6(y — 20)B,2B, = 6(x = 30)6(y + %b)BlgBZ]f)o(gzﬁ,Bz)" , (21a)
ns
- 1 L ikxs ,=ikx<
&= Gy(30, zb),1 (21b) Gy(x, x')(+)=e sz (22)
Bl = _V[l - VG()(Eb, %b)] - ) (210)
d . . . = (0)
By= =11 = VG, (~1b, =58)]"". (214) and X is the K matrix if G,=G{” , where

X is the 7 matrix if G,=G§", where

coskx, sinkx,

Gol, /) = SOSEE SINEY, (23)
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Truncation of the multiple-scattering expansion
to include only terms first order in 8, the single-
scattering terms, constitutes the impulse approx-
imation. The transition amplitudes resulting from
the impulse approximation to the 7 matrix are

FiTi=2A, f2T'=AB™'+AB. (24)

The transition amplitudes resulting from the im-
pulse approximation to the K matrix are

2A +2A2 cos?kb

P = A coshy (252)
2A coskb +2A% coskd

f= 1 - A% cos?kb (25b)

If both single-scattering and double-scattering
terms are retained in the multiple-scattering ex-
pansion, the result is the second-order multiple-
scattering approximation. The transition ampli-
tudes that result from the second-order multiple~
scattering approximation to the 7 matrix are

FATH=2\ + A2+ 2B, (26a)

F2TH=2A coskb + 2/*B. (26b)

If the same approximation is made for the K ma-
trix, we find the transition amplitudes to be

oy 2A+A2+AZ—Q
L Y Uy P ol (272)
2A coskb +2A%B - @
2KM_.
r- T1-A2B*-A%sin’kb+ Q ’ (27b)
) 2A%sinkb
Q=TT AP+ AZsin’hb ° (27¢)

There is a third type of second-order multiple-
scattering approximation that is sometimes used.

5

This type of approximation results from using an
approximate form for G{) in the second-order
multiple-scattering approximation for the 7" ma-
trix. The unperturbed Green’s function G{" de-
fined in Eq. (22) may be written

eiq(x r~x)

1 o
1) ()= — —
Goli, #7) 271.[_,,,dq k®—g®+ie

..__1_ ° iqlx!-x) k2_q2
Tom f_mdqe ((k2 —q2) +¢?
_ i€
(k2 _q2)2+€2

1 i ?
=5- dq et _X)<k21—)q2 —iﬁé(kz—qz))

(e iac’-x)__ P cosk(x — x')
'2nque - 2k

(28)

where € is a positive infinitesimal and P denotes
principle value. The second term on the right-
hand side is called the “on-the-energy-shell part
of the Green’s function” which we denote by

cosk(x—x')
2ik
If G" is replaced by GZ*) in the second-order

multiple-scattering approximation for the 7’ ma-
trix, the transition amplitudes are found to be

F2TE=2A +2A% cos?kb, (30a)

G5 (%, x')*) = (29)

F2TE=2A coskb +2A% coskb . (30b)

For the cases we subjected to numerical evalua-
tion we found that |f27%+ 1|2 was very nearly
equal in value to |f27¥ +1|2.

VI. APPLICATION TO THE SYMMETRIC ONE-DIMENSIONAL THREE-BODY PROBLEM

Consider a system consisting of three identical, distinguishable particles constrained to move along a
straight line. Suppose the particles interact pairwise via a zero-range potential. Then the Schridinger
equation for the system is

n? [ o o2 02 ,
[E *537 (a'rf e +E§>+ Al6(7, = 7,) +8(2, = 75) + 6(7, = rl)J] (7, 75, 75)=0. (31)
Now introduce a new set of coordinates
x=(GW2r, = 3(ry + 7)], (32a)
y=G)"2(r =), (32b)
2= (F)M2(r + 1y + 7). (32¢)

Then Eq. (31) becomes

92 92 9% 2 2
K2+a—]zz—+5?;§ +5?+a[6(y)+§vg G(x—:;lvw>+31—/2- 6<x+3—¥,—2>] gzp(x,y,z)=0, (33a)-



K2=2ME/i?, (33p)
a=2MA/R%. (33¢c)

Henceforth we will ignore the center-of-mass co-
ordinate z.

Suppose particle 1 is incident on a bound state
of particles 2 and 3. Then the wave function for
the incident beam is

Yol ) = e ¥Laeall/2, (34a)
k2=K?+1a®. (34b)

This problem has been solved exactly by McGuire*
who finds that the transmission probability is
|1+ f,|% where

f+=4A/(2 - 1), (35a)
A=—iy/(i+ivy), (35b)
v=v/2k=a/k3'%. (35¢)

He finds there is no reflection and no breakup.
Those particles which are not transmitted partic-
ipate in a knock-out process in which the incident
particle exchanges roles with one of the bound
particles.

We will make an analysis of this problem based
on the adiabatic approximation. The adiabatic
approximation prescribes that one first solves the
problem as if the separation of the two bound par-
ticles were fixed. Thus we must solve the Schrd-
dinger equation

(kz +;722 +v[0(x = 3b)+6(x+ _:;—b)]) ¥(x)=0, (36a)

v=2a/32, (36b)
b=2y/31/2. (36c)

Then, according to the adiabatic approximation,

one averages the 7 matrix or K matrix over the

various possible values of the separation » using
the square of the bound-state wave function as a

weighting factor:

X‘s’(x,y)=34—uf dbe=Y4X@ (b, x,y),  (37a)
0

X=T or K. (3"b)

It might be said that this is the scattering from a
pair of fixed particles whose separation varies in
time in accordance with an exponential weight fac-
tor.

We have carried out the “smearing procedure”
indicated by Eq. (37) on the 7 matrices and K ma-
trices provided by the various methods described
in the previous sections of this article for the
double zero-range potential case. The resulting
transition amplitudes are identified by a super-
script S replacing the superscript 2. The transi-
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tion amplitudes that result from applying the adia-
batic approximation to the approximate 7 matrices
for the double zero-range potential problem are
presented in Table I. The adiabatic approximation
for the K matrix is presented in Table II. Table
III contains the elements of the K matrix for the
fixed scattering case.

VII. NUMERICAL COMPARISON

Although most of the quantities we have dis-
cussed can be presented in simple algebraic form,
it is still difficult to assess how well the approxi-

TABLE I. Transition amplitudes resulting from aver-
aging the T matrix over a variation in the separation in
the double zero-range potential with an exponential
weighting factor.

Born approximation
FETE = —2dy

FTB=2iyCy

Impulse approximation
fSTI=2
FSTI=2AC,

WKB approximation
FSTW=2r+T?
f8TW=21C, + T ’E,

Glauber approximation

FST6 =27+ A?

FSTG =2AC + A2E4

Second-order multiple-scattering approximation with G,
on the energy shell

FSTE=2A+ A2+ AZC,

FSTE=2AC, +2A%C,

Second-order multiple-scattering approximation

FSTH=2A + A’ + A’E,

FSTHM=2AC, +2A°E,

Exact T matrix

fS= Z)o [@A+A) AP By, + AP *2E,, o]
=

f§=52[M"“Eh_ruA+2A%A“Eh+u
2

A=—iy(1l+iy)!
v=v/2k=a/k3\?

2
. o
E, =C, +iS, == —

+n2
=%y

+ ian
a’+n?
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TABLE II. Elements of the K matrix resulting from
averaging the K matrix over a variation in the separa-
tion in the double zero-range potential with an exponen-
tial weighting factor.

Born approximation
X5F=-2y(1+Cy)
XgF=-2y(1-Cy

X5B=9
Impulse approximation
) n 2
ssf=—2v 5 > v
n=0m=0 m

X (CZn—Zm +'%'C2n—2m+1+'%'02n—2m-1)

& 2n
XSI=-2y ) 072"[m]
et

n=0

X (Con-2m=%Con_2m+1= % Con—tm-1)

&, & 2n
325y 85 [ ] oo

n=1m

[21::' =272 =5, ) (—~1)m+1(2n)1 /[m! (20 —m)!]

Second-order multiple-scattering approximation

) n 2
XH=—2y 33 2" [7::]

n=0 m=0

X (Cop—2m + % Con-tms1+ ¥ Contm-1)

55

1 1
X Son-2m+1+ 5 Stn-2m+2+ 7 S2m - 2m)

SH — SRR 2n 2n
X5 ‘_27227 m

n=0m=0
X Con-m =% Coptmi1= % Con=gm-1)
2 & 2n
+2'Y ,y2n+1< >
nEOmZ;O "

1 1
X (Szn -2m+1" '2'S2n+2m+2 - TSZn—Zm)

XSH=2% iyzn 2n Cop
cS n;m:() m n-—m

<2n:‘> =27I(_1)m+n (2 +1) 1 /[m | (20 +1 —m)!]

[¢] ion
n nolint ol

a=%y

mate transition probabilities conform to the exact
values. Therefore we have evaluated these quan-
tities numerically for a particular case. We have
chosen the strength v of the zero-range potential
to be such that two particles of mass 1 amu inter-
acting via such a potential would have a bound
state at —2.2 MeV. The masses of the particles
have all been set equal to 1 amu.

The transmission probability for the case of the
two zero-range scattering centers in one dimen-
sion having a separation of »=1.128 F is plotted
in Fig. 3. All the approximate transmission prob-
abilities converge to the correct value at suffi-
ciently large values of the energy. Below 100 MeV
the Born approximation for the 7 matrix is ex-
tremely bad. The impulse approximation for the
T matrix and the WKB approximation are poor at
low energies but become very good above 50 MeV.
The Glauber theory is fair below 100 MeV. The
Born approximation for the K matrix, the impulse
approximation for the K matrix, and the second-
order multiple-scattering approximation for the
T matrix are fair below 50 MeV and excellent
above that energy. The second-order multiple-
scattering approximation for the K matrix is the
only approximation that works well at all energies
for this case.

TABLE III. Elements of the K matrix for the double
zero-range potential scattering problem.

Born approximation
X2B=—2y(1+coskd)

X2B=~2y(1 - coskbd)/(1 —y? sin’kd)
X2 =2y?%sinkb/(1 —y? sin’kb)

Impulse approximation

X =—2y(1 +coskb)/(1 —y?sin’kd)
XM =-2y(1 - coskb) /(1 —v? sin’kb)
X =2y2sinkb/(1 —y? sin’kd)

Second-order multiple-scattering approximation
X2 = —2y(1+coskb) /(1 v sinkb)

X2M = —2 (1 — coskbd) /(1 +y sinkb)
X2M=2y2sinkb/(1 -y? sin’kb)

Exact
x® =—2y (1 +coskb) (1 —y? sin’kb)
“ (1= sink?) (1 — 2,2 sin%kb)
- 2 ain?
XO=_2y (1 — coskbd) (1 —v? sin’kb)
s (1 +y sinkb) (L — 2 v2 sin%b)

XD =22 sinkb/(1 -2+ sin2kb)
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FIG. 3. (Continued on following page)

It appears that for treating the scattering of a
particle from two fixed scattering centers the K-
matrix methods work better than the 7-matrix
methods. Among the various approximations used,
the second-order multiple-scattering approxima-
tion seems to work the best.

In Fig. 4 we plot the transmission probability
for a particle in one-dimension scattering from
two like particles in a bound state. The three
particles are distinguishable, have mass of 1 amu
each, and interact with each other via identical
zero-range potentials of strength such as to bind
a pair of the particles by —2.2 MeV. Plotted is
the exact transmission probability together with
transmission probabilities derived from inserting
into the adiabatic approximation the transmission
amplitude for scattering from two fixed scatterers.
For the fixed scatterer amplitude we tried the
Glauber approximation, the WKB approximation,
and the exact fixed scatterer amplitude. In addi-
tion we used the Born approximation, the impulse
approximation, and the second-order multiple-

scattering approximation for the K matrix and the
T matrix, respectively. The result of using the
exact fixed scatterer amplitude in the adiabatic
approximation is labeled “adiabatic.”

It is remarkable that the Glauber theory works
quite well even at very low energies. This is sur-
prising because (a) the Glauber approximation does
poorly for the fixed scatterer case and (b) the in-
sertion of the exact fixed scatterer amplitude into
the adiabatic approximation gives a poor result.

VIII. DISCUSSION

We find that the Glauber approximation of ne-
glecting backscattering works relatively poorly
for the one-dimensional scattering from two fixed
scattering centers. However, when the Glauber
approximation for the one-dimensional fixed scat-
terer problem is inserted into the adiabatic ap-
proximation for scattering by a bound state of two
particles in one dimension one gets a very good
result for the transmission probability. The re-
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FIG. 3. Transmission probability for a particle in one dimension scattering from a pair of identical zero-range
potentials as a function of the kinetic energy in the lab frame. The strength of each zero-range potential is such as
to bind a particle of mass 0.5 amu with a binding energy of —2.2 MeV. The incident particle has a mass of 1 amu.
The approximate calculations used the Glauber theory, the WKB approximation, the Born approximation for the
K matrix and for the T matrix, and the second-order multiple-scattering approximation for the X matrix and the
T matrix, respectively.
sult is in fact superior to what is found if the amplitude is
faxact two-fixed-scatterir.lg-center. amr?litude is F@ =24+ A2+ A2B%+ 2A°B? +0O(A%)
inserted into the adiabatic approximation. sz -

Another numerical verification of the effective~- =(2A+ A%+ A’B?)/(1 - A’B?). (38)
ness of the Glauber theory is provided by Franchi- The Glauber approximation to this is

: 5 . . . :
otti and Osborn® who consider the scattering in F2TG_gp 4 A2, (39)

three dimensions of a particle from two fixed over-
lapping Yukawa potentials.

The remarkable efficacy of Glauber theory has
been discussed by Osborn,® Harrington,” and by
Queen.® These authors suggest that in neglecting
the second-order backscattering term Glauber
theory is in fact taking into account the contribu-
tions of the higher-order terms in the multiple-
scattering series which are neglected. Our re-
sults do not appear to be consistent with this view.
For the fixed scatterer system the transmission

The two differ in order A%, In our numerical tests
we have found that the Glauber theory gives a
rather poor result for the fixed scatterer case.
Thus we find nothing to support the idea that the
neglect of the second-order backscattering term
can be justified by taking into account contribu-
tions from higher-order terms in the multiple-
scattering series.

On the other hand, when we insert the Glauber
amplitude into the adiabatic approximation for
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scattering by a pair of particles in a bound state
we find the transmission amplitude to be

FSTC=(f2T6) =2/ + A? (40)
as compared to the exact transmission amplitude
F+=2A+ A2+ 1A% +O(AY). (41)

The difference now occurs only in third order in
A. In our numerical tests |f37¢|2 becomes quite
nearly equal to |f.|? above 20 MeV incident en-
ergy.

If the exact transmission amplitude for two fixed
scatterers is inserted into the adiabatic approxi-
mation for scattering by a pair of bound particles,
one finds

FS=(f®) =2A+A%+A’E,+0(A?)
=2A+A% =37 +0(AY). (42)

The discrepancy between this expression and the
exact result is somewhat greater than that for the
Glauber-theory expression: —-$A%+0(A%) as com-

pared to A% +0O(A*). In our numerical calculation
this increased discrepancy has a marked effect:

| F8|2 does not approach closely the value of | f, |?
until the incident energy reaches 100 MeV.

It appears from our results that the adiabatic
approximation is a much less effective procedure
than has been heretofore supposed. Neither is the
Glauber theory a very effective approach to the
fixed scattering center problem. But inserting the
Glauber approximation into the adiabatic approxi-
mation gives a very good result. There must be
a compensation of errors effect at work here.

From the multiple-scattering expansion for the
fixed-scatterer problem we have seen that each
backscattering picks up a phase factor B?= 2%
while no such factor is introduced for a forward
scattering. We can see that for a collection of
bound scatterers the backscattering contributions
must be considerably damped by destructive in-
terference as a result of the time variation of the
separations of the scatterers. The damping of
backscattering introduced by the adiabatic approx-
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FIG. 4. Transmission probability for a particle in one dimension scattering from two others in a bound state. The
three particles are distinguishable, have mass of 1 amu each, and interact with each other via identical zero-range
potentials of strength such as to bind a pair of the particles by —2.2 MeV. The approximate cross sections employ the
adiabatic approximation. The approximate calculations used the Glauber theory, the WKB approximation, the Born
approximation for the K matrix and for the T matrix, the impulse approximation for the X matrix and the 7 matrix,
and the second-order multiple-scattering approximation for the K matrix and the T matrix, respectively. The curve
labeled “adiabatic” is the result of inserting the exact fixed scatterer amplitude into the adiabatic approximation.

imation is plainly inadequate. The weakness of
the adiabatic approximation in damping the back-
scattering contributions is compensated for by us-
ing the Glauber approximation which neglects
backscattering entirely.
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APPENDIX A: FORMAL SCATTERING THEORY
IN ONE DIMENSION

Consider a particle free to move along a straight
line. Suppose there is some finite-range scatter-
ing potential w(x) located near the origin. The

Schrodinger equation for this system is

<§:—2 +w(x) + k2> (x)=0, (Ala)
w(x)=0, |x|>c. (A1b)

Let the asymptotic behavior of  be appropriate to
a scattering process:
(A2a)

Yx)=et* + f_e ™ (x<=c)

= f et (x>c). (A2b)

We seek the relationship between the transition
amplitudes f, and f_ and the scattering potential
w and the energy k2. The procedure we follow
will be that of the extended R-matrix theory.®
Let {¢,(x),n=1,2,...} be a complete, ortho-
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normal set of functions on the interval -c < x¥<¢,
where ¢>c.

i dx ¢,,(x)qu(x) = 5nm ’ (A3a)

©

Z‘ G ()¢, (¥)=0(x = ). (A3Db)

On that interval ¥(x) may be represented by an ex-
pansion in terms of the ¢,’s

zp(x):i; A, ¢, (x). (A4)

Using Eqs. (A1) and (A4) we find

jzdx(wdxz )

=f dxzp<k2+w(x)+ >¢,,

-3 A, [ axa, (e ),

20
m=1

d c
=|:ll)g“ ¢n—¢n_d_;d)]_g~ (A5)
It follows that
Y6 = 3 A ()
m=1

-3 3 (b -t et

m=1 n=1

x[ (k2 +w+D?)™] (A6a)

nm

where

S [k2+w+D?],, [(k2+w+D?)] =6, . (A6b)
m=1
This expression may be rewritten to read

P(x) = [zp(y) G(y, x) - G(y,x)d w(y)} c_,

(ATa)
where
Gy, )= 33 3 (MR +w+ D], b(x),
men (ATb)

and is valid for |x|<FE.

We choose the ¢,’s to satisfy homogeneous
boundary conditions at +¢. Then the Green’s func-
tion G(y, x) will be symmetric. By means of the
Green’s function we have established a relation-
ship between the asymptotic behavior of y and the
dynamics of the system in the interaction region.

Now we set x=+c and combine Egs. (A2) and

(A6). The result is two linear equations for f,
and f_.

fiZos+fZv=2,, (A8a)

fiZo +f 2. _=2_, (A8b)

Z,.=e'* — e”‘3<i - ik) G(~t, ¢) (A8c)
++ de ’ )

Z_,= e“=3<i - ik) G(~2, c) (A8d)
-t dE ) )

Z__=etk° — e‘k3<i -ik> G(~¢, -c) (A8e)
- da ) b

ikc a =
Z,_=—e <F —zk)G(c, -c), (A8f)
-ikc a ; =
z2,==Z,.+e <Zl% +zk>G(—c,c), (A8g)

. =( d -
Z_==Z,_=—g-ikc g g-ike <% +ik>G(—c, -0).

(A8h)

Equation (A8) is equivalent to the Peierls-Wigner
form of R-matrix theory.!® For our purposes it
proves convenient to modify these expressions
somewhat.

Define the unperturbed Green’s function to be

Goly, ¥)= 3 2 a2+ D)), 6. (x).  (A9)

m=1n=1

Then one can easily establish the relationship
G(y, x)= Gy(y, x) - f dzGy(y, 2)w(z)G(z, x),

(A10a)
which in operator notation reads
G=G, - GG . (A10b)
Another relation which can be derived is
G=G, - GuG,. (A10c)
Combining Egs. (A10b) and (A10c) gives
G =Gy = G, XG,, (Al1a)
X(x, v)=w(x)6(x = y) = w(x)G(x, y)w(y). (Allb)

We will substitute Eq. (A11) into Eq. (A8) and find
an expression for f, in terms of X rather than G.
The relationship given in Eq. (A8) relates f, to
the values and derivatives of G(x, y) for x and y
being in the asymptotic region. By expressing the
f.’s in terms of X instead of directly in terms G,
we end up being required to calculate an average
of G over the interaction region rather than the
value and derivative of G at ¢ and .

To carry out our program we need an explicit,
simple representation of G,. Actually, G and G,
depend on the boundary conditions satisfied by the
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¢,’s at x=+C, and these boundary conditions may
be chosen arbitrarily. We will consider only two
of the infinity of possibilities. One choice corre-
sponds to what are called “outgoing wave” or
“causal” boundary conditions:

ikxy ,-ikrg

Y= 2 )(+) =e__>_e____
Go(x, x')=Gylx, ') %% s (A12a)
X(x, ) =X (x, ¥ YD) = T(x, x'). (A12b)

For this choice we will call X*) = T the T matrix.
The other choice corresponds to what are called
“standing wave” or “principal value” boundary
conditions:

coskx, sinkx
x’)(o) = :k = ’
X(x, ") =X(x, x' YO =K (x, ") .

Gy(x, x') = Gy(x, (A13a)

(A13D)

For this choice we will call X(9 =K the K matrix.
Substitution of Eq. (A11) into Eq. (A8) using the
definitions of Eq. (A12) gives

S =2—Z,;f dxf dy e™ T (x,y) ™™,

T (x, )= w(x)3(x = y) = w(x)G(x, y) P w(y),

(Al4a)
(A14p)
G(x, )7 = Gy(x, ) = J: :deo(x,Z)‘*"W(Z)G(z, Y)Y
(Al4c)

On the other hand, if the definitions of Eq. (A13)
are used in Eqgs. (A8) and (A11), we find

f+(1=iK )+ f(-1=-K,)=K, +iK,,, (A15a)
f+(A+ K )+ f_(1=iK, ) =~-K, +iK,,, (A15b)
Kss=%j dxf dy sinkx K(x, y)sinky , (Al5¢)
ch=%J dxf dy coskx K(x, y)cosky , (A15d)
K(x,9)=w(x)8(x =) = w(x)G(x, y)Qw(y),  (Al5e)

G(x, 9) @ = Go(x, ¥) O = | dzGy(x, 2)wl(z)Glz, ) .

-0

(A15f)

APPENDIX B: THE MULTIPLE-SCATTERING
EXPANSION

To derive the multiple-scattering expansion we
will employ an operator notation. Let us repre-
sent Eqs. (4b) and (5e) by

X(x, ) =w(x,9) = [ax' [ dyutx, 36y, Yl 5),

(Bla)

where X is either the T matrix or the K matrix de-

pending on whether G is G or G‘?). The quantity
w(x, ) is just w(x)5(x — y). Our operator notation
will consist in writing an equation like Eq. (Bla)
in the form

X=w -uwGw . (B1b)

From the definition of G, Eqs. (4c) and (5f), we
can write

G(x, y) = (6 (x - y):Tzz +w(x, y)+ %6 (x - y)> -

(B2a)
or
G=(D*+w +£?)"1. (B2b)
Now define the unperturbed Green’s function.
Go=(D2+F2)"1, (B3)
Note that
Gy '=G -w (B4a)

so that by operating on both sides of Eq. (B4a) with
G, and G we find

G =G, =GouG . (B4b)
Substituting Eq. (B4b) into Eq. (Blb) gives
X=w-uG, X
=(1+wGy)~ w . (B5)

For our two-potential case we can write
wlx, ¥) = wy(x, y) + w,(x, y)
= =8 (x = 3b)0(x = y) = v6(x +35)6 (x — y).
(B6)

We make a corresponding decomposition of the X
matrix.

X=X +X,, (B7a)
X;=w; = w,Go(X; +X,) . (B'b)

Equation (B7b) may be rearranged in the following
manner:

1+ w,Go)X,;=w; — w,Go(X - X ) (B8)
or

X;=x,-%,G(X-X)), (B9a)

x;=(1+ w,Gy) " w;
=W, — W;GoX, . (B9b)

The quantity x; may be recognized as the X ma-
trix for the case where all the terms on the right-
hand side of Eq. (B6) vanish except w,. Thus x, is
the exact solution of the one-potential problem.
The Watson multiple-scattering formalism'! for
our two-potential problem may be summarized
now as follows:
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X=X, +X,, (B10a) X(x,y)=0(x=3b)0(y —35)B,(1 —gB,gB,) "
X, =%, = %,GX,, (B10b) +0(x+3b)6(y +3b)B,(1 - gB,gB,) "
XZ SXp = xZG()Xl . (B].OC) - 6(x+ %b)d(y - %b)ﬁzgﬁj,(l - gﬁzgﬁy_)-l

Successive iteration yields the multiple-scattering
expansion,

X =%+ %5 = %G Xy = X,G %1 + %G X5 G Xy
+%,Go X GoXp + ¢ . (B11)

The zero-range interaction we use may be writ-
ten in the form

wy(x,y)=-vd(x - a,)5(y —a,). (B12)

From this form it is easy to verify that the solu-
tion to Eq. (B9b) is

xj(x, y)=5(x—a,-)3,~5(y—aj), (B13a)
B;=-v/[1-vGy(a,, a;)]. (B13b)

Substitution of Eq. (B13) into Eq. (B11) allows us
to sum the multiple-scattering expansion.

- G(x— %b)ﬁ(;v "‘%b)ﬁlgﬁz(l - gﬁl gﬁz)-l )

(B14a)
& = Gy(3b, —3b) = Go(~3b, 3b), (B14b)
B, ==V[1 = vG,(3b, 1b)]7*, (Bl4c)
B,==v[1=vGy(-1b, =30)] " . (B14d)

To evaluate these expressions explicitly we need

G,. For the X =T case we have
eikx> e-ikx<

Golx, x")*) = 53F (B15a)
while for the X =K case we have
Gy, £)(© = coskx, sinkx ' (B15b)

~F

Substituting these expressions into Eq. (15) gives

T(x, y)=[6(x = 5b)6(y — 3b) + 6(x+ 3b)8(y + 2b)] 2ikA(1 = B2AZ)™2

~[6(x+50)6(y = 5b) + 6(x = $5)6(y + 5b)|2ikA2B(1 — B2A%)™! (B16a)

K(x,y)= (é(x— 2b)8(y = 3b)  S(x+ %b)é(y+§b)) (=2Ey)(1 = 22 sinkb)
»¥1= 1+ysinkb 1 -y sinkb 1—9%sin’kb
22 sinkb)(1 — 2% sin®kb

— [80x-+0)6(y = £b) + 6(x = 36)6(y + 1)) 2L S“;_lﬁsingzbsm ), (B16b)
y=v/2k, (B16c)
A==iy/(1+iy), (B16d).
B=ei® (B16e)

Substitution of Eq. (B16a) into Eq. (4a) and the substitution of Eq. (B16b) into Egs. (5a)-(5d) both produce

the exact result of Eq. (12).
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