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COMMERCIAL

Scattering theory provides a framework for understanding the scattering of waves

and particles. This book presents a simple physical picture of diffractive nuclear
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scattering in terms of semi-classical trajectories, illustrated throughout with

examples and case studies. Trajectories in a complex impact parameter plane are
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discussed, and it stresses the importance of the analytical properties of the phase ° °
shift function in this complex impact plane in the asymptotic limit. Several new D I ffra ct I o n T h <

rainbow phenomena are also discussed and illustrated. Written by Nobel Prize

and Nuclear
Scattering =
Roy J. Glauber and Per Osland

winner Roy Glauber, and Per Osland an expert in the field of particle physics,
it illustrates the transition from quantum to classical scattering, and provides
a valuable resource for researchers using scattering theory in nuclear, particle,

atomic and molecular physics.

Roy J. Glauber was Mallinckrodt Professor of Physics (Emeritus) at Harvard
University and Adjunct Professor of Optical Sciences at the University of Arizona.
In 2005 he received half the Nobel Prize in Physics for his contribution to “the
quantum theory of optical coherence”. He received many awards, including the
Albert A. Michelson Medal from the Franklin Institute (1985), the Max Born
Award from the Optical Society of America, (1985) and the Dannie Heinemann
Prize for Mathematical Physics from the American Physical Society (1966). He was
elected a Foreign Member of the Royal Society (1997), an Honorary Member of the
Optical Society of America (2008) and served on the Advisory Board of the Max
Plank Institute of Light.

Per Osland is Professor Emeritus at the Department of Physics and Technology,
University of Bergen, Norway. He is a member of the Royal Norwegian Society of
Sciences and Letters and a Fellow of the Swedish Collegium for Advanced study.
He has held research positions at CERN, Harvard, NORDITA and DESY, and
served as chair of the High Energy and Particle Physics Division Board of the
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Affiliations: 1952- Physics Harvard University, Cambridge, MA, United States

Area: quantum optics

Website: http://www.nobelprize.org/nobel_prizes/physics/laureates/2005/glauber-bio.html

Google: "Roy Glauber"

Bio:
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The Nobel Prize in Physics 2005 was divided, one half awarded to Roy J. Glauber "for his contribution to the quantum theory of optical
coherence", the other half jointly to John L. Hall and Theodor W. Hansch "for their contributions to the development of laser-based
precision spectroscopy, including the optical frequency comb technique".
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The Quantum Mechanical Theory of Collissions. 1954

I.,- In the present course we shall consider the quantum mechanical
treatment of problems of particle interactions in which at least one of

$he particles is unbound and therefore able to travel large distances

freely, In effect such particles are able to communicate the results of
E—

their interaction directly to macroscopic detection apparatus. The
interpretation of the resulting data is in general the most direct

way of forming conclusions about the interactions,

A considerable variety of physical phenomena involves unbound
particles. Among the simplest are scattering processes j in particular
the deflection of perticles from a collinated beam. More general
collision processes which induce rcactions of various sorts also lie
within the class we shall examine, Our chief concern will be with the
means of solving vproblems in which well-defined models have been

pestulated to desciibe the basie inleractions. We shall restrict

ourselves, in fact, to the trectment of fairly simple models, and

- - a - - - " e a - -
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HIGH-ENERGY COLLISION THEORY

R. J. Glauber
Department of Physics
Harvard University

Few trends are more striking nowadays than the increase of
attention being devoted to the collisions of particles accelerated to high
energies. The reasons for such studies lie basically in the information
they furnish about the interactions of the colliding particles, and about the
reaction products they generate., Both types of information may usually
be obtained more readily at high thanat low energies. The study of low-
energy collisions ordinarily tells us only a certain measure of the strength
of an interaction. At high energies, on the other hand, the shorter wave -
length of the incident particles makes them sensitive probes of the region
of interaction. When the wavelengths are sufficiently short, for example,
the angular distribution of elastically scattered particles becomes, in a
sense, a detailed map of the region of interaction, Inelastic collisions
are capable of furnishing much the same information too, and as particle
energies rise, the importance of such collisions grows and their variety
multiplies,

The type of problem we should like to treat, say the collision of
an incident particle with a nucleus consisting of many particles, is not an
easy one to formulate at any energy. But at high energies the complica-
tion of the problem as evidenced, for example, by the huge number of fi-
‘nal states available to the system, makes the prospect of reaching exact
solutions quite dim indeed. Fortunately, however, the physical conditions
which hold at high energies are in 2 number of ways well suited to the
introduction of approximation methods. The major part of these lectures
will be devoted to the development of such techniques,

The approximation methods we shall describe are quite elementary
in structure. They all bear a certain family resemblance to the approxi-
mations used in the diffraction theory of physical optics, That is not to
say that they are too familiar, however, since the situations encountered
in collision theory are usually quite different from those of optics, For
example, the target particles in a nucleus are free to move about in a
bound state while the obstacles of diffraction theory are always fixed. It
will be necessary, therefore, to develop mathematical methods for treat-
ing the quantum mechanical problem which are of much greater generality
than those of physical optics, But the mathematics required is very sim-

m-la o £

... collision of an incident
particle with a nucleus...
... at high energies...

... approximation
methods ...
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plane wave

From the integral eq%

- E'F Zm ‘:kh“rll -/ | S =7
b(7)= et FF _2m je_ V (7)) (F) dF
IR TE

scattering

we obtain as ¢ —> o0

Ty v/ i - .
Y — e T-2m, e e TV b(r) dF



Asymptotic Diffraction Theory

1980

Experiments at
Los Alamos

Description:

“Po(p,p)
ELASTIC

800 MeV

10
1
107"
1077
..’
W O*S | | | | ‘ | | | | ‘ | | | |
0 10 20 o, 20

Gross Features:

1. exponentially falling envelope
2. periodic oscillations



Asymptotic Diffraction Theory

1980
10% e
tov L “*Pb(p,p)
[SH-= ELASTIC
S0 L 800 MeV
A E
10 &
: seven orders
- of magnitude
107 &
1072 i
= s
W O*S L | | | | ‘ | | | | ‘ | | | |
0 10 20 g, 30
Description:

flk k) = — /e‘“"b{l — eX(®)1 @2 Roy: “But what does it mean?”



Asymptotic Diffraction Theory

sin 6
Conventional two-slit diffraction: I x (

0 ) slit has sharp edges!
Oscillations with a power-law fall-off

Roy: consider a slit with diffuse edges:

General diffraction amplitude:  f(k', k) ~ /ei(k_k/)'b A(b) d?b

A straight slit with a diffuse edge: 5
1

Alr) = 7 12 + (52

5 —zqac
k' / :c2 e dz

y —1qx 1 1
polesat z = +i[3 NZ—m _Ooe q{x_w—erw}dx

X in scattering plane




Asymptotic Diffraction Theory

Let q be positive. Close contour in lower half-plane.
f(K', k) ~ e

Reminiscent of envelope of experimental data plot shown.

Consider two such (diffuse) slits:

Y 1 1
4@ = s\ Gt o)

Resulting Fraunhofer diffraction amplitude:
periodic oscillations,

/ —5
f(K' k) ~ e cos(cq)  gynonential damping

Scattering from the whole impact plane is summarized by the
contributions from two pole singularities located in the complex plane:

xr=dc—1f



Asymptotic Diffraction Theory

“Kirchhoff integral” for “Fraunhofer diffraction” (Roy’s terminology):

fK k)= — / e b L1 — eix(b)} g%

The “1” only contributes a delta-function in the forward direction

The rest can be evaluated approximately,
stationary phase at “large” values of ¢




Asymptotic Diffraction Theory

Classical considerations

Let particle at the position r = b+ Kz be subject to a potential V(b + Kz).
[t experiences a transverse force —V,V (b + Kkz).

The integral of this force over time is given by AV,x(b) since

1 0
x(b) = "/ V(b+Kkz)dz

That transverse impulse then must represent the transfer of momentum
to the scattered particle,

h(k' — k) = hq = hV,x(b).

which is precisely the condition of stationary phase!
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Stationary phase approximation

Transverse coordinates:

b—b():f]:v—l—ﬁy

Stationary phase conditions: 9
—X(baby) = g
8b$X s Yy
0
—X(bs,by) =0
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Stationary phase approximation

Phase of integrand:

x(b) —q-b=x(by) — q - by + —|—ozyy2

with Ay = %X”(‘bOxD
ay = X'(1box])/2[box| = q/2b0
Amplitude: Fay R igbotix(bo)
fo(K' k) = 5~ To(q)
To(q) = " - may introduce a convergence factor
(—agay)?

1
W|th ) . < _bO:c )5
X' (boz) X" (boz)




Asymptotic Diffraction Theory

Stationary phase approximation

Phase of integrand:

x(b) —q-b=x(by) — q - by + —|—ozyy2

Azimuthal symmetry:

T,Z()Zw ) ) e_iqu ac‘|’7:X(bO ac)
qax Ox

General result (no symmetry):
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Classical cross section

Consider particles impinging on the area

do = d*b
Scattered into a cone given by transverse momenta d2q
o(b
dzb _ ( ) d2q
d(q)
"\ 2 x 2 Jacobian determinant
d?q = k2 dQ
Classical
cross section Stationary-
phase

amplitude|?




Asymptotic Diffraction Theory

Region of validity

log(aR)
&
! L gk k
Asymptotic R 1
Diffraction Theory
o=

Usual Optical log(kR)

Diffraction Theory

Forward Direction




Asymptotic Diffraction Theory

Simple example #1: Coulomb scattering

Point-charge potential:

7 e?
Vir)= —
() 4rr
Phase-shift function:
b b2 - Z€2
x(b) = 2nlog (ﬁ) + O (R2) N = A Fio
N\ screening radius
Stationary-phase point: o
b ¢
T
Amplitude: Ik GR i
% 2% expd —2inlog &8 — 2
f(k' k) = 2 exp{ inlog = in + 2}
identical up to phase
. : 2nk (2nk) PP
Rutherford cross section: f(K E)]? = ) T k-



Asymptotic Diffraction Theory

Simple example #2: Paired trajectories

Real, symmetric phase-shift function

X)) (9

X'(b,)
Two solutions to stationary- ‘ fffff
phase condition:

Compare:




Asymptotic Diffraction Theory

Rainbow: ‘ e
‘ 9 <Ar

At rainbow point, two real solutions (real phase shift function) run together
1

Cross section diverges as  (gr — q) 2

Beyond rainbow point, two complex solutions,
only one of which is encountered along path of integration.

Complex b, plane
Im b,

N lex
L Re b,

=
o l Imb, <0 (sign convention)

Cross section falls off exponentially! Classically forbidden region.



Asymptotic Diffraction Theory

A less trivial example

Real gaussian X (by) = Agexp(—b3 /%) inside rainbow: 3 stat. points

outside rainbow: 2 stat. points

10*
A =10 (b)

Q “exact” numerical
>
O
L
~
O
£
(@
O
~
@)
°

1072

| ‘ | | | ‘

] 2
q [GeV/c]



Asymptotic Diffraction Theory

Coulomb scattering, extended charge distribution

1 1 2\ 2
pQ(T) - 773/263 1 _|_ %a <1 —I_ Oé—)e

Display ratio to Rutherford cross section:

Interference of two
amplitudes: oscillations

-4 -2 0

- 3 2" Al-

JW)[ Re b, [fm] o

2 a

Im b, [fm]

1072 ‘ \ ‘ \ ‘ \
0 0.5 1 1.5 2

a [GeV/c]




Asymptotic Diffraction Theory

A case with three rainbows:

X'(bs) = —(bs/ BY) Av exp(=bz/ B7) — (bz/B2) Az exp(—bz/53)

X'(b,)

A;=5,p =1fm 3 extrema>0




Asymptotic Diffraction Theory

Absorption (simple case: pure imaginary)

10"
o
~ ,
> exponential
O
3 1o
£
C
3, .
o 10 L 2 0 2
© oo | g RER ML
TN Im b, [fm] e
10_12 ! \ ! \ ! \ !
0 ' qcev/ea ?



Asymptotic Diffraction Theory

Absorption (simple case: X pure imaginary)

Typically two points of stationary phase

Symmetrically located with respect to imaginary axis

O
S
|

exponential

do/dQ Imb/(GeV/c)’]

AR TN
TN Im b, [fm] e
10_12 I \ I \ I \ I

0 b qicev/cl




Asymptotic Diffraction Theory

Technical note:

For simple functions X’(bx), may find explicit solutions for stationary points.

For “complicated” functions X’(bx), may draw a map in complex bx plane:

1. Distinguish regions where Re X’(bx) is positive vs negative
Possible solutions where Re X’(bx) > 0

2. Draw contours where Im X’(bx) = 0

Stationary points have to lie where Re X’(bx) > 0, Im X’(bx) =0
and Im bx non-positive



Asymptotic Diffraction Theory

Technical note:

Difference of two “Fermi” functions:

B Ap B Af
S w7z R e e 7

Im b, [fm]




Asymptotic Diffraction Theory

The lessons:

Scattering from the whole impact plane represented by
contributions from a few stationary points (often just two)

Slope and period will be determined by the location of the stationary points
Asymptotically, the stationary points will move towards singularities

References:
1. “Asymptotic Diffraction Theory”, Cambridge University Press
2. Bleszynski, Glauber and Osland, Phys. Lett. B, 1981

Precursor:

Hoffmann, Ray, Barlett et al, Phys. Rev. C, 1980
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Personal reminiscences

My overlaps with Roy:

1969: Hercegnovi lectures
1972: CERN

1976-1978: postdoc at Harvard
1981,1982: postdoc at Harvard

1991,1993: visits to Bergen

2009, 2010, 2012, 2013, 2014: met at CERN, NORDITA, Bergen, ICTP

2015, 2016: met in Cambridge
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Personal reminiscences

Garching 2009 D u— !
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CERN 2009




CERN 2009
talk on Los Alamos
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Personal reminiscences

Goran Faldt
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ICTP 2014

Luciano Bertocchi
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ICTP 2014
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ICTP 2014
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Personal reminiscences

Cambridge 2016
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Final comments

Roy had met all the famous people of his era

He had a fantastic memory!
and could tell detailed stories about most of them

There exist recordings of him telling about the Manhattan Project
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Thank you!



