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A new technique is described for observing scattered particles in a scattering experiment. This involves a
measurement of the correlated counting rates of two detectors and is based on an idea proposed by Hanbury-
Brown and Twiss for astronomical observations. With this technique it is possible, for example, to explicitly

measure the phase of a scattering amplitude.

I. INTRODUCTION

UCH of the understanding of phenomena on a
microscopic scale is derived from an analysis of
scattering experiments. In most of these, however, the
wave properties of matter play little or no role. The
elaborate techniques of classical optics, capable in
principle of providing useful information, have received
little attention for x-ray and particle beams. This is
not related to the well-known fundamental limitations
on measurements of fields at different space-time points;
practical experimental methods are far from achieving
these limits. It is, of course, the very short de Broglie
wavelength of most particle beams which has prevented
straightforward application of conventional interfer-
ometric techniques of making correlated space-time
measurements. For the same reason the development of
extended coherent sources (other than radio frequency
and optical masers) has been slow.

We shall show that both of these difficulties associ-
ated with very short de Broglie wavelengths may, for a
class of interesting experiments, be avoided by a tech-
nique for measuring intensity correlations at different
space-time points. The fact that such measurements are
feasible and that they provide useful geometrical in-
formation was pointed out in a remarkable paper by
Hanbury-Brown and Twiss.!? They showed that ob-
servation of the intensity correlations of light (or radio
waves) from a star in separated receivers could be used
in place of the amplitude correlations of the classical
Michelson interferometric method to determine stellar
diameters. The technique is a passive one, utilizing the
radiation from a spontaneously radiating incoherent
source. The principal virtue of the method is that it
completely obviates the necessity for maintaining pre-
cise phase coherence between the two detectors. The
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most serious drawback to their technique is the require-
ment of rather intense illumination of the receivers.
For this reason, and probably also because of rather
widespread misunderstanding of the principles involved,
the range of applications was limited.

We shall discuss here an extension of the Brown-
Twiss idea to a new class of problems. The intensity
difficulties are circumvented in our application by
dealing with irradiated targets rather than with natural
emitters. (This is not feasible for the case considered by
Brown and Twiss.) Furthermore and most important,
their requirement of incoherence of the radiation from
the target will be shown to be unnecessary. [ This does
not imply, however, a need for the source (or sources)
which illuminate the target to be coherent, as we shall
see.] The essentially classical wave interference analysis
of Brown and Twiss will be replaced by a quantum
mechanical description of particle scattering. There are
two reasons for doing this: first, even when the classical
picture is valid (as it is for intense electromagnetic
radiation), the quantum-mechanical treatment is simpler
and completely unambiguous; and second, the same
techniques apply to the scattering of particles obeying
Fermi-Dirac statistics for which no classical wave
theory exists.

The possibility of applying interferometry to micro-
scopic systems is an exciting one. We suggest that one
of the more important applications of this new technique
will be to a solution of the so-called phase problem in
the analysis of crystalline and molecular structure by
x-ray scattering. Our treatment of the theory will be
quite general, but we shall discuss x-ray scattering in
the greatest detail.

The theoretical basis for the technique being pro-
posed will be briefly described in Sec. IT; the general
form of the intensity correlation for an oversimplified
situation is given and its relevance for the phase prob-
lem is indicated. The remainder of the paper is devoted
to obtaining again the results of Sec. IT using real
sources and detectors so that counting rates and back-
grounds may be evaluated. The kinematics of the ele-
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mentary scattering interaction is described in Sec. ITI
with attention to the construction of wave packets for
the beam particles. The characteristics of the detectors
are considered in Sec. IV. In Sec. V the theory of the
intensity correlation is developed in detail. The par-
ticularly interesting case of intensity correlations when
the particles scattered by the elementary scatterers in
the target are coherent is discussed in Sec. VI. This is
the intensity counterpart of the usual x-ray diffraction
experiment and is of greatest importance for the phase
problem. In Sec. VII an estimate is made of counting
rates and backgrounds. Finally, in Sec. VIII the par-
ticular problems posed by a crystalline target are
analyzed.

II. GENERAL DESCRIPTION OF INTENSITY
CORRELATION EXPERIMENTS

In a conventional scattering experiment a source .S
of beam particles is used to irradiate a target T, as in
Fig. 1. Those beam particles scattered through some
angle corresponding to a momentum transfer Ak are
detected by a detector D. From the counting rate,
source intensity and geometry, the differential scatter-
ing cross section ¢(Ak) may be determined. In terms
of the scaitering amplitude F(Ak), the cross section is

given by
a(Ak)=|F(AR)|2. 2.1)

It is generally believed that the determination of
F(Ak) would provide all meaningful information con-
cerning the interaction of a beam particle with one of
the target particles. Frequently one assumes that the
elementary scattering interaction is known and one is
interested in determining the geometrical structure of
the target. In either case it is F(Ak) rather than the
experimentally measured quantity |F(Ak)| that is
needed ; one must have the phase as well as the magni-
tude of §. This troublesome problem arises in many
contexts, ranging from chemistry to elementary particle
physics. One of the most acute of these is the deter-
mination of molecular structure (especially of large
organic molecules) by x-ray scattering, where the phase
problem has received much attention.?

In an Appendix we discuss briefly the x-ray phase

SOURCE

F16. 1. Conventional scattering
experiment.

DETECTOR

3 See, for example, the survey by Encyclopedia of Physics.
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F16. 2. Illumination of a target
with two sources. T

D

problem as one of analytic continuation of § as a func-
tion of complex Ak. It is shown that an integral equa-
tion may be written for, say, the real part of & which
has a finite number of discrete solutions rather than a
unique one. The classification of the ambiguities in-
herent in the phase problem in this way is interesting
and may even be useful in conjunction with other more
conventional approaches.? It doesn’t really solve the
problem, however.

Mathematical trickery or the elaborate computa-
tional schemes widely used in practical x-ray diffraction
structure analysis are no substitutes for a direct experi-
mehtal determination of the phase of the scattering
amplitude. Such a determination appears to be feasible
through the measurement of intensity correlations, as
we shall now show.

To get a feeling for what is involved, consider a
modification of the usual scattering experiment of
Fig. 1 in which the target 7 is irradiated by two sources
S« and S, (see Fig. 2). Particles from these sources
scattered by the target into the detector will have
undergone momentum transfers Ak, and Ak, respec-
tively. If it can be arranged that these scattered
particles interfere coherently in the detector, the
counting rate which is proportional to | F(Ak,)+F(Ak,) |2
has a term

F(Ak.)F* (Ako)+5* (Aka)F (Ak,). (2.2)

By varying the positions of the sources S., S. nde-
pendently, we can cause Ak, and Ak, to change inde-
pendently and thus measure the phase of F(Ak) to
within a constant phase factor (which can be deter-
mined from other considerations).

This experiment will, of course, work only if the
beam particles are coherently emitted by the two
sources. Under ordinary experimental circumstances,
particles emitted by two sources will have random
phases and the term in the counting rate containing the
interesting phase information, Eq. (2.2) will vanish.

By a simple modification of the experiment illustrated
in Fig. 2, the lost phase information may be recovered.
We replace the single detector D by two spatially sepa-
rated ones, D) and D;, as shown in Fig. 3. The in-
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Fi16. 3. Arrangement for
measuring the correlated re-
sponse of two detectors,
from a target illuminated
by two sources.

\ /
A ’,

\Q CORRELATOR

stantaneous counting rates of D; and D) are multiplied
together in a correlator which registers only if Dy and
D; count in coincidence.* Since particles from either
source may be scattered into either counter, there will
be four scattering amplitudes in the correlator counting
rate. We label these by the index pairs which designate
source and detector; F(\a), (,2), F(\a), and F(,a).
It is clear, and we shall see it in detail shortly, that the
correlator counting rate contains a term?® proportional to

®
F(\e)F*(1,0)F (1,a)5* (\,a)+complex conjugate. (2.3)

By moving the sources and detectors independently of
each other, the phase of the scattering amplitude § may
be determined.

The remarkable feature of this result is that thereis a
correlation yielding the phase information in spite of
the fact that the two sources So and S. are entirely inde-
pendent; they emit particles with completely random
phases. Similarly, there is no phase requirement on the
detectors. We imagine only that the detector voltage
outputs, proportional to the counting rates, are multi-
plied together in a correlator. The reason that the
random phases of the beam particle wave function do
not lead to a vanishing of the correlation expressed by
Eq. (2.3) is that each index, ), /, , and @ occurs twice—
once in an § and once in an F*.

The fundamental principle involved here is the
quantum mechanical indistinguishability of the two
possible ways of getting a coincidence in the two
counters. Needless to say, this is the basis of the original
Brown-Twiss effect as was so clearly explained by
Purcell.?

There are many possible variations of the experiment
just described. For example, the two sources may be
replaced by a single one; the two detectors replaced by
one biased to count only coincidences of two or more

4+ A “coincidence” is generally defined by the response-time
characteristics of the circuitry of the detectors, as is described in
Secs. IV and V.

5 All other terms in the correlator counting rate may be elimi-
nated by proper circuit design.
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particles at a time; more than two sources and/or
detectors may be used.

Let us consider the two source-two detector experi-
ment shown in Fig. 3 in more detail. We imagine that a
given observation is conducted for a time 7, during
which a large number, %, of beam particles are emitted
by both sources. The beam particles are each emitted
at a time 4;(j=1, 2, - - -, n) during the interval 7. The
wave function describing the scattering of the jth
particle is ¢;(x,t) where x(¢) is the space (time) co-
ordinate of the beam particle. A wave function |®) for
the entire scattering experiment is to be constructed
from a symmetrized (antisymmetrized) product of the
7 ¢;s when the beam particles satisfy Bose-Einstein
(Fermi-Dirac) statistics.

To characterize the counting rate, we introduce the
beam particle flux operator F(I) which describes the
number of particles per unit area, per unit time at
position 7 in detector D;. For a detector of unit area
which counts all of the particles striking it, the mean
counting rate, C1(1), is given by

Ci()=(@|F@)|2). (2.4)

This is the average counting rate if the observation
(repeated many times) is always over a time interval T,
with the system in the pure state |®). In practice, the
same state |®) is not appropriate for the separate
observations. A statistical average over the times of
emission, #;, phases, and numbers # of particles must be
performed. We designate this statistical average by a
subscript “av.” The mean counting rate for an actual
experiment will be written as

Ci()=(2|F(1)| D)av- (2.5)

If the counting rate at Dy is also measured, but not
multiplied in the correlator by the rate at D;, its mean
value will be

C1(2)=(®|F(2)|®). (2.6)

We have assumed that D, also has unit area and unit
efficiency.

If we now attach the correlator to read the instan-
taneous outputs of the two detectors, its counting rate
will be given by the average of the product of the two
flux operators,

CoQuD)=(@|FQ)F (1) | @)av. 2.7)

This is not necessarily equal to the product of C;(3)C1 (1)
and provides the basis for our proposed experiment. The
physical origin of the effect lies in the fact that the
average correlator reading represents the ensemble
average, designated by (®|--:|®)ay, of the instan-
taneous fluxes, while C1(2)C1(l) is the product of the
ensemble averages of the two fluxes. The manner in
which the ensemble averages are carried out is the
critical factor.

Next we express the various counting rates in terms
of the beam particle wave functions and ultimately in
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terms of the scattering amplitudes. The counting rates
Ci1(3) or Ci(1) involve the average of a one-particle
operator since F(I) is proportional to the density of
particles at [, 2;6(I—x;). For an appropriately sym-
metrized product state |®), C1(d) takes the form

C10)= (% (8P O)))er
=1 2.8)

=<§1 0187 ()5 D) ev

where v; is the group velocity of the wave packet
describing the jth particle, and (- - + ),v means that the
purely statistical ensemble average is to be carried out
as described above.

The expectation value encountered in the evaluation
of C2(2,0), Eq. (2.7) is a familiar one, involving a two-
particle operator, essentially

S 60—x) L 8(1—x).

7=l

Writing this out in detail, with the understanding that
2 and [ are spatially distinct, we find for C2(3,1),

CaaD=( 2 (6F @6 657 (D)
=+ (¢]7F(D">¢z) (¢’L)F(Z)¢])}>&V
=( -;§=1 v0;{d* (0,0 (M) (1,)e:(L,1)

£¢* (M0 (M) (L) (1,D)}) -

We see that it is just by what is commonly referred to
as the exchange term that C2(3,2) and C1(2)C1(?) differ.

We may express the single counter rate C1(Q) or the
correlated rate C2(,1) in terms of the scattering ampli-
tudes & by remarking that the wave function ¢;(2,¢) is
proportional to

(e*P2/D\)F(\e) or (e*P2/D)F(\a),

where D, is the distance from target to detector A,
k is the wave number of the scattered particle, and « or
a is to be used depending upon the source. Evidently,
then, we see that C1(2) as given by Eq. (2.8) is pro-
portional to

(2.9)

[F(\e) >+ |5 ()2, (2.10)

for two sources of equal intensity. In a similar way we
see that the first, or so-called direct term in C2(3,0),
Eq. (2.9), is proportional to the product of the expres-
sion (2.10) and one just like it with 4 — 1. The exchange
term is seen to be proportional to
F\,2)F* (L) F(1,a)F*(\a)

+complex conjugate, (2.11)

which is just the expression (2.3).
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F1c. 4. The single scattering
experiment.

In order to use the information contained in Eq.
(2.11) we must study carefully the relative magnitude
of all contributions to C2(,2), to learn whether the
interesting one has a significant size. It is clear from the
second form of Eq. (2.9) that for A=1, the direct and
exchange terms become equal in magnitude. When
the detectors are moved apart, the exchange term
oscillates in amplitude (because of the phases of the
$’s), and this is what we want. In practice, the relative
magnitude of the direct and exchange terms will be
affected by the source and detector dimensions and by
the electronic circuitry of the detectors and correlator.

The remainder of the paper will be devoted to in-
vestigating all of these questions in a systematic way.

III. DESCRIPTION OF THE SCATTERING PROCESS

Before giving a detailed analysis of the intensity cor-
relation experiment, it is desirable to describe the funda-
mental scattering process more precisely. This may be
done very generally in terms of only the scattering
amplitude &, as introduced in the last section. Because
of the specific applications that we have in mind, how-
ever, we shall limit the generality of our discussion to
scattering by a “loosely bound” target [see the condi-
tions (3.3) and (3.4) below]. This simplification is
irrelevant for the observation of intensity correlations,
but is useful for describing applications.

As was assumed in the last section, the beam par-
ticles may satisfy either Bose-Einstein or Fermi-Dirac
statistics. They are emitted by a source .S (which may
be a composite system of several discrete sources).
They are scattered by the target T and counted by the
detector Dy, as in Fig. 4.° The target T is assumed to
consist of N mutually bound particles, not necessarily
identical. These bound particles are regarded as the
elementary scatterers of the beam particles; their
choice is largely a matter of convenience. For example,
they might be the atoms forming organic molecules,
which in turn are bound in a crystal lattice. (We defer
to the next section a discussion of the detectors.)

6 The second detector will be added later.
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Each beam particle is assumed to have a spin S and
an energy €, when its momentum is p. A typical plane-
wave function for a beam particle is written as X,
where “a’’ labels both the momentum and spin orienta-
tion. The N target particles are assigned spatial co-
ordinates and spin variables z, and s, (@=1, -+, N),
respectively. The wave function for the target sys-
tem, prior to the scattering, is written as go(zi,s1;
Zs,Se, * “ZN,Sy), Or more compactly as go(z,s). The
steady-state wave functions describing the scattering
of a single-beam particle by the (entire) target are
written in the conventional notation”? as ¢,t. (The
superscript ‘4’ implies that asymptotically the wave
function consists of the sum of the ‘“initial state,”
Xago(2,5), together with owuigoing scattered particles.)

GOLDBERGER, LEWIS,
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If the Hamiltonian for the system (beam particle plus
target) is H, Y4t satisfies the Schrédinger equation (with
the boundary conditions noted above),

By t=Ey.+, (3.1)
where

Ea= 5p+ WO y

with W, the energy of the target in the state go.

Since we shall ultimately be interested in exploring
the geometrical structure of the target, it is desirable
that the dynamics of the elementary scattering events
be as simple as possible. Therefore, we make two as-
sumptions concerning the scattering process. First, we
assume the condition of weak binding obtains. By this,
we mean that the ratio,

(3.2)

kinetic energy of a beam particle

>1. (3.3)

magnitude of average binding energy of a single target particle

This condition simplifies the description of the scatter-
ing interaction at the target.® It is ordinarily satisfied
with great accuracy by x-ray and electron scattering
from chemically bound targets. The second condition
that we require is that the ratio,

scattering mean free path within 7'
>1.

(3.4)
size of target 7'

This permits us to neglect multiple scattering of the
beam particles within the target. In the language of
ordinary x-ray theory, our condition (3.4) corresponds
to the neglect of both primary and secondary extinction.
This limitation is no more essential in principle for us
than is it in the standard case.

For the process of interest to us, namely the correla-
tion scattering experiment, it is important to consider
the times of emission, scattering, and arrival at the
detector of each beam particle. For this purpose we
must construct wave packet states from the y,* which
permit a spatiotemporal localization of the particles
(to within the limits, of course, set by the uncertainty
principle and the experimental conditions). Using a
symbol 7 (=1, 2, - - -) to designate an individual beam
particle, we have!

Ve ()= / Epe T (pWuit, (35

where 4;(p) is the amplitude (to be specified more
precisely below) corresponding to an initial momentum

( 7;\/[). Gell-Mann and M. L. Goldberger, Phys. Rev. 91, 398
1953).

8 M. L. Goldberger and K. M. Watson, Collision Theory (John
Wiley & Sons, Inc., New York, 1963), Chaps. III and V.

9 A thorough discussion of the weak binding condition is given
in Secs. 11.A and 11.B of Ref. 8.

10 See Ref. 8, Chap. III, for a detailed description of the scat-
tering of wave packets. See also E. Merzbacher, Quantum Me-
chanics (John Wiley & Son, Inc., New York, 1961).

p for the particle (recall that Eo=e,+ W), and ¢q ¢yt
is a particular steady state ¥+ for beam particle 7. The
amplitude 4;(p) is assumed to satisfy the normaliza-
tion condition,

/ 0] A;(p)|?=1. (3.6)

It is convenient to limit ourselves to wave packets of
particles of a rather well-defined energy e, and mo-
mentum %; (=1, 2, -+ ) in the sense that

A,—(p)QO, unless I P— K]|<<l Kj[ . (37)

Finally, we shall choose the phases of the ¥4t in such
a manner that if #; is the time at which the particle j
is emitted by the source, irrespective of the location on
the source,

4;(p)=eFidi(p),

where A7(p) is independent of {; and of the coordinates
of the emission point.

We require the wave function ¢3¢ in the vicinity
of the detectors, which in practice will evidently be
placed at a distance large compared to %/x; from the
target. Consequently, only the asymptotic form of
Ya(yt is needed for the evaluation of Eq. (3.5). This in
turn may be given explicitly under our assumptions of
weak binding, Eq. (3.3), and single scattering, Eq. (3.4).
We define (see Fig. 4)

Rje= R,+' Z,

(3.8)

(3.9)

as the vector from the source point d; of beam particle
7 to the coordinate z, of the scattering particle a. Also,
we define

DZ“E Dr— Za (3.10)
as the vector from the coordinate z, to a point I in the
detector D;. We may write, then, according to our
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assumptions,

Yoyt (0)
eipD @

N
= X T [ Di D) ()
i

a=1

=0a)t (Dgo(z,5).  (3.11)

Here the quantity f.(D;,p) represents the scattering
amplitude for scattering a beam particle by the target
particle &, the momentum of the beam particle being
parallel to $(D;®) before (after) the scattering. The
scattering amplitude f, is in general one column of the
scattering amplitude matrix in the spin space of the
beam particle and of particle @. The quantity,

Oa= IfaP:

where f. is a given matrix element of the scattering
amplitude,! is the differential scattering cross section
for scattering between pure spin states of the beam
particle on the target particle @. The cross section aver-
aged over spin states is

7a=S| fa]?, (3.12b)

where S represents a sum over final and an average
over initial spin states. The factor exp(ip-R;?) in Eq.
(3.11) appears as a result of our phase convention (3.8),
since this accounts for the “travel time” from d; to
Z.. The sum over a in Eq. (3.11) corresponds, of course,
to the adding of waves scattered from each of the target
particles. :

Strictly speaking, the expression we have written
for Ya(;* is correct only for what is called quasielastic
scattering. This is scattering under conditions such that
the momentum transfer to a target particle is not large
compared to the range of momenta which it has in the
initial state, go.* For larger momentum transfers we
may still use Eq. (3.11) if we interpret the coordinates
Z, in go to be “displaced coordinates” and appropriately
shift the momentum of the scattered particle in accord-
ance with energy conservation. For our eventual appli-
cations (to intensity measurements) we need not bother
to do this. The reason is that the corrections are re-
quired only when the scattering is inelastic, or inco-
herent, in which case there is no interference among the
scattered waves in Eq. (3.11). We shall see that this
lack of interference is taken care of, for our purposes,
automatically in Eq. (3.11).}* We may simply use it as

(3.122)

11 We use the same symbol for both the matrix f and a single
element of this matrix. The distinction will be clear from the con-
text in which f, is used.

12 See Secs. 11.A and 11.B of Ref. 5 for an extended discussion
of this point.

18 A kinematic correction is required, however. This amounts to
replacing Eq. (3.12) by the cross section for a free target particle a.
If we simply replace o in our final expressions by the cross section
for a free target particle, we need not worry about this point. See
Ref. 5, Sec, 11.B.
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it stands provided the weak binding and single-scatter-
ing conditions are obtained.

To give the scattered wave in Eq. (3.5) an explicit
form we introduce a wave packet amplitude G7(x)
defined by

Gi(x)= f &k A (K'4-x) [/ (20)92].  (3.13a)

We note that

/d3x| Gi(x)|2=1 (3.13Db)

according to Eq. (3.6), so that |G7(x)|? represents the
density of beam particle j at the point x. This function
G is so chosen that it is different from zero only in the
neighborhood of x=0. To see the significance of G a
little more clearly, consider the wave function of a free-
beam particle chosen to be located near a point R at
time ¢=¢; as it evolves in time in the absence of a
scatterer. Its wave function would be

V()= /

S=exp[ —ie(k)) (t—1,)+ix; (x—R)]

) 2 )
X [ Gt ) explik (= R =1))

43
2 imA"@) exp[—ie(p) (1— 1) +ip- (x—R)]

= exp[ —ie(x;) (I—1;)+1x;- (x—R)]
XG(x—R—v;(t—1)),

where v;=V,e,, is the group velocity (which for x rays
is just the velocity of light). We have neglected the
spreading of the wave packet here, which is legitimate
under most experimentally interesting conditions.!*

Using the fact that, in forming the wave packet state
described by Eq. (3.5), p=2%;+ (p—x;)-#;, together
with our phase condition (3.8), we find (for a point 1
not in the path of the incident beam)

N ei:c,'Dzd
Yan=2 et Ri®f (D1®, ;)
a=1 P

XGH{#t[ D —v;(t—1;) ]+ R;}

Xgoe™Fam ¢t | (3.14a)
where
Ei(j):: Wot+ €x;
and
Vi= ijesz fc‘jde,(j/dxj,

as above. We have again assumed that spreading of the
wave packet may be neglected and that the time ? is so

4 The neglect of wave packet spreading is irrelevant for our
final results, however.
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large that the asymptotic form (3.11) of the wave
packet may be used.

The source point d; must clearly lie at that location
on the source for which

Rje=4;, (3.15)
since the “direction of travel” must be parallel to the

momentum vector of the particle. This permits us to
rewrite Eq. (3.14a) as

N eiijza

Yai =2
(€] D

a=1 1
X GH{#R;[Dy*+R;*—v;(t—1;) 1}

X goeiEal (=t

gixiRia fa ( D 2, Rja)

(3.14b)

This expression vanishes unless
i~ +1/v;(Di*+R;%),

which specifies the time of arrival of the wave packet
at the detector.

We have so far considered the scattering of only a
single-beam particle. In order to discuss any process
involving the interference of different beam particles,
we must take into account the scattering of many
particles. To do this we imagine that a given observa-
tion is carried out for a time interval T" (large compared
to the beam flight time from source to detector), during
which time there are #(>>1) beam particles emitted
by the source. We assume that any cumulative change
in the target (i.e., in the state go) due to previous scat-
terings may be neglected when we are studying any
given scattering. Such an experimental constraint seems
necessary if target structure is to be revealed by suc-
cessive scattering events.!s

In terms of the wave function ¢t introduced in
connection with Eq. (3.11) we may define a new time-
dependent wave packet, analogous to Eq. (3.5):

sy (r,0)= / d*pe=iEtA;(p) eyt (r).  (3.16)

Here the coordinate I has been replaced by the general
point r. In the asymptotic region we find from Eq.
(3.14b) [by simply striking out the factor go(z,s)]

N gikiDre

Bagy (1,0)= 21

eixiﬂjafa
D,
XGi(#[D,*+R;*—v;(t—1;)])

Xe i Fam =t (3.17)
We have again assumed that r does not lie in the path
of the unscattered beam.

15 We would not, for example, want the target to be melted or

vaporized or have even the lattice structure changed during the
course of the experiment.
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The symmetrized product wave function for the
scattering of the 7 beam particles is!®

B(r1, ray l)= 2 €e®aq) (rout)

()12 ¢

X®(-++) - Bamy(rent). (3.18)

Here Q represents a general permutation of the beam
particle coordinates (now including spin variables) r,
so that under the permutationQ, r;—rq,, - -+, r,— rq,.
The quantity eq has the values

eg=1 for Bose-Einstein statistics;
=—1if Q is an odd permutation of a
standard order,
=+1if Q is an even permutation of a
standard order, Fermi-Dirac.

(3.19)

The complete state vector describing the scattering
experiment is then

[q>>=/d3rnq)(r1:' * 5 t) I Iy,re- - r,,)go(z,s) ) (320)

where |r;:--r,) is a basis vector for the » beam
particles. The integral over the r’s is to be understood
as including a sum over spin variables.l”

IV. DESCRIPTION OF THE DETECTORS

In this section we shall construct a counting rate
operator for the detectors. It is clear that this must
involve essentially the flux operator at the detector,
but should properly take into account the geometric
efficiency of the detector as well as any time-delay
characteristics of its response. Since the detectors are
generally far from the target (i.e., many wavelengths
away) we are concerned only with the asymptotic
form of the scattering wave functions. Since such func-
tions may be represented as a superposition of plane-
wave states, it is natural to introduce a complete set of
such states X,(x) for the beam particles. The index s
labels both the momentum % and the spin orientation
of the particle. We introduce creation (annihilation)
operators a,t(a,) for these states satisfying the usual
commutation relations!®:

[as,aa"r]:i:= 63.8' ’
[as,001x=[ast,ast]=0.

In order to take into account the finite counter size,
geometric efficiency, and response time characteristics,
the simple flux operator introduced in Sec. IT which
was simply proportional to the particle density, Eq.

(4.1)

16 The notation here is that of Sec. 4.B of Ref. 8.

17 The use of space coordinates to represent asymptotic photon
wave functions is described in Sec. 9.B of Ref. 5.

18 Here [A,B].=AB=BA, where the plus (minus) sign is to
be used for Fermi-Dirac (Bose-Einstein) statistics.
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(2.5) must be generalized. This is most easily done in
terms of “field operators” constructed from the opera-
tors (4.1). These are

p(x)=2 v(k)aX,(x),
. 4.2)

o' (x)=(e(x)*.
If it were not for the presence of v(k), these would

be the usual configuration space second-quantization
operators satisfying the commutation relations

Le(x),0!(x) Ja=0(x—x),

such that operating on an n-particle state | Xi,Xs, + - Xu)

(4.2")

o' (%) (X)X, -+, Xan)

= ['an S(x—x)]| X1, -+, X0y, (4.2")

The reader who is unfamiliar with the techniques of
second quantization may retain his sanity (and under-
standing of the subsequent manipulations) by re-
membering Eq. (4.2).

The function v (k) will be chosen to take into account
the efficiency of the counter; it is related to the actual
counter efficiency T' (k) for particles of momentum % by

lv (&) [*=2(R)T (%) ,

where (k) is the velocity of a particle of momentum k.
If the counter were localized at x and had instantaneous
response characteristics, the counting rate operator
would be

(4.3)

Ro(x)= o1 (x) 0(x).

Were I'(k)=1, this would be just the flux operator of
Eq. (2.5).

Next we consider the bandwidth characteristics of
the counter. To do this we must introduce a time-de-
layed counting rate operator and a transfer function
which describes the manner in which instantaneous
signals are transformed into actual recorded ones after
a time delay inherent in the apparatus. The total
kinetic energy operator for the # beam particles is

(4.4)

K= K,.

y=1

(4.5)

Here K, is the kinetic energy operator for the »th beam
particle. If this particle has been absorbed, the corre-
sponding K, is taken to vanish; otherwise for the one-
particle plane-wave state X, (x),
ers= Ekxs ) (4.6)

where ¢, is the particle energy. We may now define the
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time-delayed counting rate operator R(x,7) by

R(x, —7)=¢"E"Ro(x)e'ET, 4.7
= qu(X, —T)¢(x: __T) ’
where
o(x, —1)=e"E7p(x)eE7=3", v (k) Ae'* X, (x), 48)

‘PT(X, _7)2 [(p(x, _T)]f‘

The operator R(x, —7) evidently introduces a delay =
in registering each particle counted. A counter with
finite bandwidth characteristics is then represented by
a counting rate operator

R(x)E/ drL(r)R(x, —7), (4.9)

where

* dw
L(T)=/ z—e""‘”B(w). (4.10)

The quantity B(w) gives the frequency characteristics
of the counter “behind the square law detector.”

Finally, the finite detector size may be taken into
account by supposing that Eq. (4.9) describes the
counting rate for an element of the counter (which
might be an atom or molecule or small area element
located at x=1). The complete counting rate operator
for the detector D; in Fig. 4 is obtained by summing
these “elements:”

Ri(®)=2_1R(D). (4.11)

The average counting rate Ci(l) introduced in Sec.
11, Eq. (2.5) becomes!®

C1(D)=(@| Ri()) | ®)av »

*© 4.12)
=Z/ drL(v)J' (L, t—1), (
L Jo

where
],(l) 1= T) = <¢[¢f(l) - T)d)(l; - T) ]@)av.

The state |®) was defined by Eq. (3.20).

The evaluation of J’, using Egs. (3.18) and (3.20) is
relatively straightforward. It is helpful to mentally
express the wave functions in |®) in terms of a sum
over the complete set of plane-wave states while carry-
ing out the manipulations. The result is almost self-
evident so we shall omit the details. We find, using
Eq. (4.3),

J'An= (é T'(k7)v5(g0,Pan T (1) Pag) (1,)g0) Jav.  (4.14)

(4.13)

The asymptotic form, Eq. (3.17), may be used for the

19 Tn doing this we make use of the ensemble average, denoted
by “av,” to introduce a phase randomization which will ensure
the orthogonality of the various ¢a()’s.
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scattering wave functions ¢ in Eq. (4.14) to give
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1 n
f’(l,i)=5—2 PIRNCHIA éﬂ {20, G'((RLDr*+R;*—v;(t—1;) NG™* (R Dif+ R —v;(1— 1) ])

1" \i=1

We have assumed that the target is small enough that
[D*D#1* may be replaced by D;2; it is trivial to
insert the exact factors at any time. Since the f,’s are
column (spin) matrices, we write fg'f, to indicate a
matrix product.

The simplest application of Eq. (4.15) is to the case
of incoherent scattering. To avoid any possible mis-
understanding, we remark that by incoherent scattering

T n
J'(l,t)=;; > 5a{<§1 {80, | GI(&LD1*+Ry*—; (1—1;) 1) | 280} Dav -

If the target is uniformly illuminated by the beam, we
may remove |G7|? from the wave function average and
then set (go,go)=1. Now the flux incident upon the
target Fr is given by

Fr=(% | GGLD e+ Ry —0;(t— )| Dae;  (417)

=1

this will be independent of time during the time interval
T if the beam intensity is held constant. The flux of
scattered beam particles at the detector, Fp, is given by

Fp=1/D2(Ze5:)Fr. (4.18)

The factor I' in Eq. (4.16) connects this flux with the
actual detector efficiency. The counting rate as defined
by Eq. (4.12) is®

T
Cl(l)=zl: —l;;(z zﬂ,)FT/ drL(r). (4.19)

If we choose to interpret I' as the efficiency per unit
active area of the detector, we may set Z;= /dZ(l)
where dZ(l) is an area element of the detector surface.
For a detector small enough that D; and &, are con-
stant over the surface, we have

C:()= (E)TB(0)Fp (4.20)

where (Z;) is the detector area and B(0) is the dc
bandpass characteristic of the circuitry [see Eq. (4.10)].

The normal situation considered in x-ray diffraction
theory is one in which the waves scattered from the
different elementary scattering centers in the target
are coherent. In this case, all of the terms in the sum
over a, 3 in Eq. (4.15) must be kept. To discuss this

2 We have supposed that in a practical experiment the response
time of the detector will be very short compared to the observa-
tion time T,

Xexp[ikj(D1*—Dif+R;*—R#) 1 f5' f ago}> . (4.15)

we mean that the waves scattered from two different
elementary scatterers do not interfere. Thus all terms
in the sum in Eq. (4.15) for which as£8 drop out. If
the energy spread of the beam is sufficiently narrow, the
counter efficiency, I'(x;), may be taken to be a constant;
I', and the differential cross-section G.=(f.tf.) [Eq.
(3.12b)7] removed from the sum over j. We find then
that J’ becomes

(4.16)

case, we again assume that we may set I'(x;)=T
=constant. We are led to consider the quantity ‘F’
defined by

F= (i: vGI((R[D1*+Ry*—v;(t—1;)])
XGH((#[DF+ R —2;(t—19)])

Xexp[ixj (Dza‘—Dzﬂ-l—Rj“—Rjﬁ):])av . (421)

This expression, which occurs in Eq. (4.15), reduces to
Fr when a=8.

Now we insert the Fourier representation for the
wave packet amplitudes G, as given by Eq. (3.13),
into Eq. (4.21),

Gi(x)= /

We obtain, on writing k= «;+ k' &;, p=«;+ k" &j,
Zn: a*k

‘F’ — s
=) () /

Xexplik(D:1*+R;*)] exp[i(ep—ex) (1—1;)]

dk . .
i(k’ ) pik! x
(21‘_)3/2/1 (k'4x;)eis - x,

s Ai(K)A#*(p)
2y ( (p

><exp[—ip<Dzﬂ+Rjﬂ>]> 422

In deriving this relation we have used the fact that the
Ai(k) are peaked around x; to replace (p—Fk)v; by
(ep—ex). It is convenient to introduce new wave packet
amplitudes by

ai(k)= / BADAIR)/ Qn)),  (4.23)
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in terms of which ‘F’ becomes

{3 v / dk / dpai (k)a™ (p)

=1

Xexp[ik (D14 R;*) ] exp[i(ep— ex) (t—1;) ]

><exp[—z'p<w+R,-ﬂ>]> N

As part of our agreement on the ensemble average,
we must imagine that the emission times, ¢;, will occur
randomly during the interval T, the time duration of
each observation in the ensemble. We may, therefore,

insert an average
1 T
Sy
T/

within the summation in Eq. (4.16). In general, one
will choose the observation time 7" to be such that ;T
is much greater than the jth packet. After all, we do
want to observe the entire scattering process. We may
consequently set

(4.25)

1,7 ] 2
——/ dt; exp[i(ep— ex)t; |=—0(ep—ex). (4.26)
TJo T

Since v;dp~de, [because of the packet a?(p)], we may
rewrite Eq. (4.24) as

(F’= Z

=1

2T
dk?| OIE exp[ikDaﬂ’]> . (4.27)
where
Deog’=Di*—DF+R;*—R,P.
Since we are considering an ensemble average, the
sum over j in Eq. (4.19) is equivalent to an integral

over the surface of the source and an integral over the
energy spectrum of the beam particles. The first of

FT T © N
f'(l,t)=—D2;/d2(]')/ dag(w){go, Zﬂ: f6' fo exp[ik(w) (D1*— DiP+R;*— R#) Jgo}av -
A s 0 a,f=1
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these may be written as

1
— / a2(j)
Zs

where Z; is the total source area, and d=() is an element
of surface in the neighborhood of the source point dj
(see Fig. 4). If the surface of the source emits particles
uniformly, we may introduce a normalized beam spec-
trumin the following way. A frequency w(k) is defined by

w(k)=e/h,

where ¢; is the beam particle energy. Now we use the
fact that Fr, the incident flux, in the present notation
becomes [setting Deag/=0 in (4.27)]

- / dw<§ / dka[w—w(k)][g;laf(k)|2]>w,

where in the second line we have simply inserted a
formal & function. This leads us to define the beam
spectral function g(w) according to

g(w)=<§ f dké[w—w(k)][z—; aﬁ)zbw (4.30)

which has the property /dwg(w)=1. [If the source is
not uniform, g(w) will be a function of the source
point d;.] In terms of g(w), ‘F’ Eq. (4.29) may be
written as

(4.29)

Fr ®
Fzz_/ a2(j) /0 dwg(w) exp[ik(w)Dag’], (4.31)

where we have inverted the é§-function restriction
w=w(k) to express k as a function of w.
On inserting (4.31) into Eq. (4.15), we obtain

(4.32a)

In many cases of practical interest the f, are independent of spin, or the spin dependence may be factored out of
f6'fa (as is usually done for x-ray scattering). Then we may write (see Fig. 4)

a2 (o [ a - ; 2
=i / () / g @8] £ fo explib(e) (D1 =Dt Ryr= R) i

Since this is independent of 7, the counting rate (4.12) is

00 FT
Cl(l)=/ drL(r) zl‘, Dov

(4.32b)

11 o
[ [ dap@gal £ o explibte) DDt Re—R)ogdur. (439
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For a small source, a small target, a small detector
and a nearly monochromatic beam [so k(w)=Fk, a
constant ] this reduces to

B(0)T'pFy
Cl(l)=——_

l

(4.34)

N
X{go| Z=1 fa explik(R;—D1) 2] |0} av-

Here we have absorbed the detector area in the con-
stant I'p. The quantity

N
| faexplik(Ri—D1) 2] |

a=1

is just the usual x-ray form factor. It is usually cus-
tomary in discussing x-ray scattering to rewrite the
average in Eq. (4.34) in the approximate form,

B)'pFr
C1(l)=‘Q‘I:"_

< _ X (4.35)
X| Z=:1 fol g0, exp[ik(Ri—D1) 2o ]go}av|?.

This form may be used if the scattering is elastic and
in some other cases.?

For later reference we note the commutation rela-
tions for the field operators (4.8),

Lo(x, =), o(xX, t—7)]x

=[o'(x, —=7), o' (¥, t—7)]1=0
Lo(x, =), o' (X, 1—7) ]2

=>" T (k)v(k)X:(x)X*(x') exp (iext) .

V. THE MEASUREMENT OF INTENSITY
CORRELATIONS

(4.36)

We are now ready to study in detail the correlated
counting rate for the two detectors D\ and D as
described in Sec. II. For simplicity, we assume that
the two counters are identical and that they are repre-
sented by the counting rate operators Ry and R;; these
are the operators introduced in Eq. (4.11). The ge-
ometry of the experiment of interest is shown in Fig. 5.
The source (which may be a composite of two or more
sources) and target are those described in Secs. III and
IV. The vectors X and [ designate arbitrary points in Dy
and D;. Vectors from the target point z, to X and I are

D)\“= D)\— Zq,
D;2=D;—za,
just as in Eq. (3.10). The vector R;* from source point

% We do not wish to go into this question further here. See,
for example, Ref. 8, Chap. XI, for a discussion of this point.

LEWIS, AND WATSON

Fi1G. 5. Scattering with
one source and two de-
tectors.

d; to the target point z, was introduced in Eq. (3.9).
We shall again assume, as in Sec. IV, that the target
is so small that

| Dye— D\ |<<Dx,

| Di#— D[ KDy,

although it is trivial to remove this restriction.

We shall imagine that the entire target is uniformly
illuminated by the source (or sources). This source (or
sources) is nothing special for our intensity correlation
experiment ; we cannot overemphasize this point. There
are no coherence requirements or anything else. It
need be only a conventional x-ray or other particle
beam source. The state vector |®) given by Eq. (3.20)
continues to be appropriate.

The outputs of the two detectors D, and D; are
multiplied together; the product is the measured signal.
We imagine that each observation is made for a time T
and that an ensemble average of many such observa-
tions is taken. This is the same instruction we gave
for the normal x-ray experiment in Sec. IV. The mean
correlated counting rate for the experiment is

Co=(((®| RAR:|®)))av

(5.1)

- N (5.2)
=>> / dT'/ A L(+" LT (N, t—7"5 1, t—1),
LR 0

where
Ta(, t—7'3 1 t—1)
=({(@|¢'(, — ), — )DL, =)L, — )| B)} Yav-
(5.3)

The expressions (5.2) and (5.3) describe the output
of a system in which the counting rate at each detector
is regarded as a classical quantity. If the treatment
were fully quantum mechanical through the correlator,
one might expect the operators in (5.3) to be “normally
ordered,” as in (5.7). The difference between these two
orderings (which will shortly be shown to be small)
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involves subtleties of the quantum-mechanical theory
of measurement in which we would prefer not to in-
volve ourselves here. The symbol (- - - ),y again denotes
spin, thermal, and ensemble averages over repeated
observations.

We find it convenient to rearrange Eq. (5.3) by
writing
()t (L) =L, 0" (1Y) Jteo! () o (07), (5.4)

where e=-+41(—1) for Bose-Einstein (Fermi-Dirac)
beam particles. The commutator in (5.4) is not an
operator; its value was given in Eq. (4.36). Using this
relation, we may write J, as follows:

Ta(d, t—1'5 Li—t)
= [q’)(l, '_T/)’ ¢(l> —"t,)]:l:le(m) = 7',; la t~t,)
L0 =15 L i—t), (5.5)
where
T O t—7'5 1, t—1)

:<{<q)[¢f(9": _T,)d)(ly —l’)l@)})av’ (5'6)

and
T\ t—1"5 0 8—1)
= <€{<<I) | ¢T(3'y - T,)¢T(l—t,)¢(3'3 - Tl)ql)(z; _t,) ]q>>}>av-
(5.7

Ta(ur; L= (X vl (k)T (k3){ g0, [daco’ (A7) dace) (0, 7)baci! (L) bac (1,1) 1go} av

i#]

and the exchange term, J., is

T L)= E<§. 0T (k)T (5){ 80, [bacoy! (Qs7)acey (L)baciy’ (L)baciy (X,7) 1o} av-
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The first term in Eq. (5.5) is entirely nonclassical;
it results from the fundamental quantum limitations
on one’s ability to make correlated measurements at
separated space time points—just what we have in
mind here. Were it not for the smearing in coordinate
space introduced by our nonuniform counter efficiency
as described by Eq. (4.21), the commutator in (5.4)
would be nonzero only on the light cone of the points
A, 7 and U ¢ ie., at (A—0)2—c2(7—1)*=0. We shall
find presently that the term involving J’ is generally
negligible in practice.

Following the arguments leading to the counting rate
for a single detector as described in Sec. IV, in par-
ticular Eq. (4.14), we see that the present J' may be
written as

J' (73 L1)
= (é ;T (k;) (0,930 * (M, 7)daci) (L) g0))av.  (5.8)

It is straightforward to see that J” may be put into
the form

J" Qs L) =Tu(ur; L) +T (275 10),  (5.9)

where the direct term, J,, is [as in Eq. (2.9)],
(5.10)
(5.11)

We make the earlier assumption that the target, 7', is a macroscopic distance from the two detectors, so that we
may use the now familiar asymptotic form for the ®z’s as given by Eq. (3.17). Furthermore we replace the factors

(D) by D;i! etc., in the wave functions.?

Carrying out the substitution of Egs. (3.17) for the wave functions, we obtain

DD\ (0,75 1) ={ Z": 05T (ko) T (k) % {20, G'(R[Dr*+ R —vi(r—1:) 1))}

i7#5=1 a,B,y,0=1

XGHRL D2+ R —vi(7—1:) NNGI(&;[ D1+ R;Y—v;(t— 1;) DG* (K[ DP+R P —v;(t— ) D f5' fo S8 f

X exp(ixi[Dx"‘— D4R 2— Ria:l) exp ('L.Kj[Dz'Y— D15+Rj7—Rjﬂ])go} )w ,

and

(5.12)

D12D)\2]¢(3~,T; l,l) = 6< Zﬂ: 230, (xi)I‘(xj)[exp—i(e,,.— é,“) (T—t)]

i#Zj=1

X % {80, G'(&[ D1*+ Ri*—v;(t—1;) DG ([ DN+ RSP —vi(r—1:) ])

a,B,y,6=1

X GI(kLD\+RY—v;(r—1;) DG* (%[ DP+R P —v;t—t;) D fs' fuf6' f+

Xexp @ik Di*— D+ R*— R.%]) exp(ix; [ D\*— Dif+R;j"— R;#]1)go} av-

(5.13)

22 Here and in Eq. (5.26) are the only uses made in this section of the condition (5.1); if it is not legitimate, the correct factors are

trivially provided, as described in Sec. IV.
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We shall first discuss these expressions for the rela-
tively simple case that the various waves scattered by
different target particles do not interfere. This is in-
coherent scattering, which for a single detector was
described by Eq. (4.19). It is worthwhile noting that
the strictly incoherent scattering in the conventional
case gives no information about the target structure
[see Eq. (4.19)7. Only the coherent scattering leads to
the intensity dependence on crystalline structure, etc.,
through the form factor of Eq. (4.34). This contrasts
sharply with the intensity correlation experiment, in
which the strictly incoherent radiation does give struc-
ture information—and, in fact in a somewhat more
useful form than that obtained from conventional
experiments. The intensity correlation experiment for
coherent scattering will be described in Sec. VI.

There are several possibilities for experimental ar-
rangements which will insure incoherent scattering. One
common method is to choose the beam energy and
scattering angle in such a way that there is sufficient
momentum transfer to the target to cause it to undergo
a transition to an excited state. In this case the various
scattered waves will not interfere with one another [as
was discussed in connection with the single detector
counting rate, Eq. (4.16)]. Consequently, we have for
the only nonvanishing terms in J, and J., Eqgs. (5.12)
and (5.13) the index pairings

a=§, B=vy (CaseN) (5.14a)
a=(, (Case E). (5.14b)

(The other possible pairings such as a=v, 8=4§ do not
contribute to the ensemble average—the phase factors
cannot match properly.) The Case N corresponds to
what might be called “normal pairing” in the sense
that the scattered waves from beam particle “¢” are
matched; similarly those for beam particle “;7” are
matched. The Case E describes “exchange pairing” in
which the scattered waves from two beam particles
interfere. In this situation both beam particles 7 and j
lead to equivalent excitations of target particles a and
v. The relative contributions of these two terms to the
correlated counting depends on the experimental
arrangements.

It may well be undesirable or not even feasible to
ensure inelastic scatterings only, as described above. A
particularly simple means of achieving incoherence, if
it is desired, involves the use of an extended, or perhaps

y=30
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multiple, source for the beam. Alternatively one might
imagine the source (S) to be moved during the course of
the experiment. It is clear that by effectively varying
the points of origin of the beam particles one may ar-
range that the ensemble average of the individual ob-
servations yields for the exponential factors in Eqgs.
(5.12) and (5.13)

(exp(iLki(Ri*— Ri%)+k;(R;"— R;#) ]))av
=08a,808,y. (5.15)

This then corresponds to the Case N, Eq. (5.14a). The
correlated counting rate in two small detectors is then
measured as a function of counter separation.

Another possible experiment involves the use of a
single large detector, so that D; and D) represent the
same counter; the counter must, of course, be biased to
count only the coincidence of two scattered particles.
(One could also use two large detectors.) In either case
we would want a well defined beam energy, so that
ki=k;=«, and a pair of small sources with variable
separation. The counting rate would be measured as a
function of this separation. In this situation it is the
variability of the target-to-detector distance that leads
in the case of J, [Eq. (5.12)] for the ensemble average
to the result

<exp(iK[D)\a—D)\8+DZY_DIB:|)>BV= 6(2,563,7 (5.16)
which is Case N. Similarly for J, [Eq. (5.13)] we have
(exp(iKI:qu_"Dlﬁ‘*‘D)\y_ D, aj»av: 5,,,‘557’5 y (517)

which is Case E.

There are evidently many possible experiments in-
volving combinations of the conditions considered
above. The symmetric role played by source and de-
tector positions in the correlated counting rate is seen
in Egs. (5.12) and (5.13).

We write out in detail the forms taken by J, and J.
for the two situations encountered in incoherent scat-
tering: normal pairing, Case N, exchange pairing, and
Case E.

For Case N [Eq. (5.14a)] we find for J , the result,

Jaldyr; L) =T"(0,7)J"(Lt), (Case N), (5.18)

where J’ is precisely the quantity (4.13) encountered
in the experiment with a single detector.?? (This con-
tribution to the correlated counting rate evidently
contains no information concerning the target struc-
ture.) Again for Case N, we obtain for J,

D2DAT (0,75 i) = ¢ i ) 2:0;T (k)T (k;) exp[—7(7—1) (ex;— €x;) ]

ik

X % {g0, G'(R[Dr*+ Ri*—v;(t— 1) DG (k[ Dx*+Ri#—vi(7—1:)])

a,f=1

X GIH(#;LDrP~+Rif—v;(r—1;) [)G™*(RLDP+ R —v;(t—1;) ])

X (fo' fo) (f6' 13) expiLki(D1*— Dr*)+k;(Dx8— D:#) 1) go} Yav-

(Case N) (5.19)

% Equation (5.18) involves an approximation in that we have replaced the average “(®| - - - |®)sy”’ by a product of such averages for
each J’ factor. Unless the target is so small that mutual excitations due to the two beam particles interfere at the time of scattering,

this is a valid approximation.
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If the experimental situation is such that Case E obtains, we find

DD o (0,75 Lt) = Xn: 2:0;T (k)T (x;5) g {20,Gi(#[Dr*+R*—v;(7—1:) NG* (R DAY+ R —vi(r—1:)])

i je=] a,y=1

X G Dy + Ry —v;(t—1;) NG* (L D1+ Ry*—v;(t—1;) 1)

Xexp(ix{ Dr*— Dy"+R;—R;7])| f+' f|2 exp(ix{ D' — Di*+R;"— R*1)g0} Jav »

and

(Case E) (5.20)

DyD3J (0,75 L) =€ Z": 20,1 (k)T (k;) exp[—2(7—1) (ex;— €xs) ]

i =1

X 5 {go GURIDE+ Rit—v(t—t) NGHR LD+ R —vs(r—1)])

a,y=1

X G D"+ R7—v;(r—1;) DGH*(#LD1*+ R*—v;(t— 1) D] fo' f|?

Xexp(i[ (ki—k;) (D12— D) ]) exp(i[ki(Ri®— R:")+x;(R;*— R;*) Dgo} Jav-

Let us now discuss the simpler Case N. We wish to
cast it into a more useful form which expresses explicitly
the target structure dependence of the correlated
counting rate. The ‘“normal term,” J,, given by Eq.
(5.18), is seen to lead to a contribution which is simply
proportional to the product of the counting rates of the
individual counters. It contains no structure information
and describes the result of an experiment done with
“classical” beam particles having no wave properties.
Thus J , leads to the rate C,,» [see Eq. (5.2)] given by

Con=>Y / dr’ / A'L(rYL@E)T n(X, t—7"5 1, t—1")
M 1Jo 0

(5.22)
=C (Z)Cl O\) ’

where C1(Z) and Ci(\) are defined by Eq. (4.19).

The simplification of J,, Eq. (5.19), may be carried
out following the arguments given in connection with
the single detector [Eq. (4.21)7]. We shall assume again
that I'(k;)=T, a constant, so that Eq. (5.19) contains
two factors like

“FP=(Y 0;Gi (%[ D\P+Rf—v;(r—1;)])

XG*(#[ D+ RP—v;(t—1;)])
s expli; (DxP— Di#)] expl —i(r—t)ee, uv- (5.23)

Actually, the terms corresponding to =4 which result
from the occurrence of two such “F”’ factors should
not be there; if the number of beam particles is large,
as it is in practice, this leads to negligible error. In-
serting the Fourier representation of the wave packets

(Case E) (5.21)

as we did in connection with Eq. (4.22), we obtain,
= [ [ pian(e)
=t ) (2m)*2) (2r)3/
Xexp(tk[Dy*+Rf—v;(—1;)])
Xexp(—ip[Df+RF —v;(—1;) 1)
Xexp(—i[esr—€pl]) av.

Introducing as part of the ensemble average, the aver-
age over the emission times #; as in Eq. (4.25), together
with the Fourier amplitude o/ defined by Eq. (4.18),
we are led to the result,

= [a D]

=1

Xexp(Lk(D\P—Df— ex(1—1) ) )av. (5.24)
In terms of our spectral function (4.30) and the vari-
ables w and k(w) used in Eq. (4.31), we obtain

00

::F);ZFT/ dwg(w)
0

Xexp(iLk(w)(D\F—Df)—w(r—5]). (5.25)

To complete the simplification of “F,” we use the
expansion of D)#=D;f based on the assumption that
the distance Ry (Fig. 5) is large compared to the
detector dimensions, namely

zg- (L—3%)
D)‘ﬂ——Dz’s: Y‘f“—‘“"‘_—’_'i“ T (5‘26)

0
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where ¥ is the value of Dyf—D;f when z5=0; the sub-
script L means the component of a vector perpendicular
to the direction Ry, from target to detector origin.
When the spectrum g(w) is reasonably narrow, we may
introduce the wave number % at the center of g in some
of the factors of “F.” Thus we set

k(w)z5~ (ll_ll)/RozEZf;' (l_l—?\.j,)/Ro, (5.27)
and “F” becomes
* z.l._ L *
an_:eXp[,ﬂEzii__l_)_leT/ dwg(w)
Ry 0
Xexp(@[k(w) - Y—w(r—5]). (5.28)

In this case our expression for J., Eq. (5.19) simplifies
t024

Jo(d,73 L0)
= (¢/Ro T2 [ 0G| n|?

2

X , (5.29)

/ dwg(w) expGLE (@)Y —w(r—1)7)

C2=; Z)‘: [I‘F%?T/jdr’/:dtl(r’)L(t'){ 14-¢|q|?

For sufficiently small detectors, the sums over ! and &
may be absorbed into the definition of T' as was done
in Eq. (4.34).

If the target is so large that the approximations
made in the exponential in Eq. (5.25), as expressed by
Egs. (5.26) and (5.27), are not valid, there is no diffi-
culty in modifying Eq. (5.31). The more complicated
resulting expression does not seem to yield additional
information.

LEWIS,

CrmeX ¥ [rFTZ“ ""'ﬂ /0 wdr’ /0 wdt’L(r’)L(t’)

R¢?

It is just the factor |4|2 which will ordinarily be desired
as a result of the experiment.

Experiments utilizing others of the conditions (5.14),
(5.16), and (5.17) are evidently feasible and may be
described in the same manner.

Before completing this section we shall discuss the
contribution to C; from the hitherto neglected term
involving J’ in Eq. (5.5). From its definition in Eq.

# We have written the “av” of the product f.*f.fstfs which
occurs in Eq. (5.19) as G.5s. This is valid when spin correlations
in the target are weak, or when all spin states are equally popu-
lated, etc. In general, the complete product may have to be
evaluated with more care.

AND WATSON
where 7 is
N e (L= 2y) N
7= (go, > Ga exp[zk(——————)]g0> (X 6a)-
a=1 Ry a=1

(5.30a)

In deriving Eq. (5.29) for J., we have used the assump-
tion stated in Sec. III, that we may average g inde-
pendently for different noninteracting beam particles.
In terms of a scattering density function 8(2) defined by

8(2)= (80, 22 0ad(2— 2:)80)/ (Z0a) ,

we may write 5 as
= / 38(z) expliFa- (L—3.)/Rq].  (5.30b)

It is clear that structure information is contained in
the quantity . Its precise relation to the standard x-ray
structure factor will be seen on comparison with Eq.
(4.35). The scattering amplitude in Eq. (4.35) is here
replaced by the scattering cross section.

We may now write the complete correlated counting
rate, Eq. (5.2), for Case N, [aside from the term in-
volving J’ in Eq. (5.5) which we take up shortly] in
the form

/ deog () expGLR() Y+ (r'—2)])

2}. (5.31)

In practice it will probably be desirable to filter out
the dc component of the output of each detector. This
corresponds to taking

]

/0 drL(r)= /_ +wdTL(T)=B(0)=o

£

[see Eq. (4.10)]. In this case Eq. (5.31) becomes
simply

/ doog () exp k(@) V-+oo(r'— 1))

2}W. (5.32)

(5.8) and in terms of the quantities used in Eq. (5.25)
we may write J' as

T (75 1Y)
Ga [©
=FFT—/ dwg(w)
RiJo

Xexp(—ilk(w) (Dr*—D®)+w(r'—1)]). (5.35)
Referring to the definition of the correlated counting
rate, Eq. (5.2), the expression for the commutator of
our operators ¢, ¢! given by Eq. (4.44), we find for
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8Cy=TFr ; ; / dr’ / d'L(")L(E){X v(R)T (k)X (M)Xs* () exp[—iex (¥’ —7') 1}

a=1

X % %/ dwg(w) exp{—i[k(w)(Dr*—Di*)+w(r'—¢)]} (5.34)

=TIFrY. ;;E Z [ dwB (w+e) B(—w—er)g (@)v (k)T (k)X (M)X," (1) explik(w) (Dy*—Di%) 1.

In the second form of 6C; we have introduced the
Fourier representation of the L’s in terms of the fre-
quency response function of the detectors as defined by
Eq. (4.10). Now g(w) and T'(%) are expected to be non-
vanishing only for a range of frequencies near

w=beam particle energy/%. (5.35)

On the other hand, the low pass filter characteristic
of the detector, B(w), is presumedly chosen to be very
small at this high “carrier frequency,” (5.35). We con-
clude, therefore, that under almost any reasonable
circumstances, 8C2 as given by Eq. (5.34), will be
completely negligible.

VI. INTENSITY CORRELATIONS FOR
COHERENT SCATTERING

We turn now to an analysis of the intensity correla-
tion experiment for coherent scattering. The corre-
sponding result for conventional scattering was ob-
tained in Eq. (4.33) or Eq. (4.35). Coherent scattering
is generally of greater interest than incoherent scatter-
ing for target structure determination; waves scattered
from different parts of the target give quite direct
information of the target geometry. It is the unusual
characteristic of the intensity correlation experiment,
as we have noted earlier, that incoherent scattering
gives any geometric information. We shall find, how-
ever, it is the coherent scattering experiment that has
the real potential for a direct solution of the phase
determination problem.

We begin with the expressions (5.2) and (5.9) for the
correlator counting rate, repeated here for convenience,

C2=ZZ[ d‘r'/ ar'L(+")L(¢)
ML Jo 0

X[Tal, t—7"3 1, t—1)+T (X, i—7"; 1, t—8)];
6.1)

Jn and J, are given in Egs. (5.12) and (5.13). To sim-
plify the discussion, we now assume that the scattering
amplitudes, f, that appear there are either independent
of spin orientation, or (as in x-ray scattering) that the
spin dependence may be removed by averaging. It
will also be convenient to assume that the variation
with energy of the f, may be neglected, either because

the energy spectrum of the beam is rather narrow, or
because the f, are essentially constant, as in the usual
x-ray energy regime. Finally, we shall again take the
I'(k;) to be constant and equal to T for all beam energies.
Let us first consider J,[Eq. (5.12)]. It is seen to
contain two factors such as® [compare Eq. (4.21)],

Fo=(C v,G/(#[ Dy +R;j7—v;(Y' —1;)])
=1
XG#*(t;LDP+RF—v;(t'—1;)])
Xexp(ix,[D;"—DF+R;*—R# ))av.  (6.2)

On inserting the Fourier representation (3.13) for the
G¥s and using the definition (4.23), we obtain

o> o / dkdpai (B (p)

=1

Xexp(ik[Dy*+R;7]) exp(—ip[ Dif+ R#])
Xexp[i(c—,,— ek) (t,—‘tj)]> . (63)

The ensemble average (4.25) leads then to

F=<z; / dk[z—;laa‘(k)iz] exp[iknw,f]>w (6.4)

where
DyﬁjEDﬂ—Dlﬁ—I-Rﬂ—Rjﬂ .

Finally, the spectral function g(w) and the integral
over source area may be introduced, as in Egs. (4.30)
and (4.31), to give

Frp 0
P / ) / dog () explik(@)Dys].  (6.5)

The expression (5.12) is seen to contain two such factors.
A scattering amplitude for the target may be defined
as [see Fig. 5 for a description of the distances]

5043 0) =, F(expib@Dr—DrR=R). (60

25 We here ignore, as in Sec. V, the restriction ¢745 in the sum-
mations in Egs. (5.12) and (5.13).
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[This quantity will be recognized as that appearing in Eq. (4.32b).] The expression (5.12) contains four such
factors. Putting together the various factors, we obtain

Ja(7'; l’t’)=;j$j2[zis/d2(j)][i/d2(i):[lgo, Ii/:dwg(w)lﬁo(l,j;w)lz}[/;

It is important to note that J, is independent of 7/ and ¢, just as in the incoherent case.
The expression for J, [Eq. (5.13)] may be simplified in the same way. It is seen to contain two factors such as

00

do’'g (") | Fo(\7; o) 12]g0 }

av

(6.7)

Fe= (i‘,leGf(k,-[D;\H—Rﬁ—- (7' = 1) DG*@RLDP+RF—v;(v'—1;)])
=1
X exp(in[D)\'V— D1ﬁ+Rj7— Rjﬁ]) exp[ie,(,. (If'—— T')]) . (6.8)

On following the arguments leading to Eq. (6.5), we now find
F 00
Fc=§£/d2 (j)/ dwg(w) exp[k(w) (D\*+R;"— Df— R#)] exp[+iw(t' —7)]. (6.9)
s 0

The expression (5.13) contains also four scattering amplitudes, such as (6.6). Again putting together the pieces,
we obtain

T L) = ;i)[zi / dz@][g; f 0| / dog(e) / dut )

Xexp(iLk(w) (Dx—Dy)+w(t'—7)]) Xexp(—i[k(w’) (Dx—Dy)+w' (¢'—7)])
X (g0, Fo(\,7; @)Fo* (1,75 w)Fo(l,7; )Fo* (N7 w)go).  (6.10)

The correlator counting rate may now be obtained by inserting the expressions (6.7) and (6.10) into Eq. (6.1).

When feasible, it is ordinarily desirable to use a beam spectrum narrow enough that the w-dependence of the §’s
may be neglected as was assumed in obtaining Eq. (4.34). For a crystalline target which has a large number of unit
cells, this assumption is unwarranted. As is well known, in ordinary x-ray scattering, the frequency dependence of
F is important and must be considered explicitly; it gives rise to what is sometimes called a Lorentz factor. We
shall return to this case in Sec. VIII, but for the time being neglect the effect. Then,

Fo(l,7)=Fo(l,5; ), (6.11)
where @ is an appropriate mean frequency of the beam. Now Egs. (6.7) and (6.10) simplify considerably :

Ta@r'; L) = (D2F 2/ DD (1/2.) f az(j) [ a2 () (g, | 504, 7) || Fo(0) | 260) v (6.12)

.00t s L) = () (F2/ DED) (1/3.)° / a2 (j) / az (i) / deog () exp (A () VHoo (¢ — 7))

X (g0, FoN, 7)F* (1) Fo(,1)Fo* (\,0)g0)av.  (6.13)

Here Y'=D\—D, is the quantity introduced in Eq. (5.26). For an experiment performed with two small sources,
we see that Eq. (6.13) contains just the expression (2.3), multiplied by factors appropriate for determining the
actual counting rate.

It is often permissible,’® as was described in connection with Eq. (4.35), to replace the wave function average of
the product of §’s in Egs. (6.12) and (6.13) by a product of averages of each . In this case we may introduce the
amplitudes

N
5,7 ={go, Zl fr exp(ik(&)[Dy"—Di+R;"— R;]go}av (6.14)

into Egs. (6.12) and (6.13) and drop the explicit average indicated by (go," - - g0)ay. For the remaining discussion of
this section, we shall assume that this may be done.

26 When the scattering is predominantly elastic, for example, this may be done.
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The correlator counting rate (6.1) is now

Co=T2F23 3"
M 1 DED3Z 2

00

X

where B(0) is the dc bandpass characteristic, as deter-
mined from Eq. (4.10). This equation should be com-
pared with Eq. (5.31), obtained for incoherent scatter-
ing. (The geometric simplification of taking D;2Dx™*
= R has not been made here.) When the approxima-
tion described in connection with Eq. (6.14) cannot be
made, Fo’s must be inserted in place of §’s in Eq. (6.15)
and the entire right-hand side inserted within the
(go,* - - go)av average.

Equation (6.15) might have been derived directly in
terms of the target scattering amplitude without the
elaborate discussion given in Sec. IIT of scattering from
a composite system and without the introduction of the
restrictive assumptions (3.3) and (3.4).

To discuss a specific application of Eq. (6.15) let us
assume that the circuits in the detectors are so chosen
that B(0)=0. We shall also suppose that two ‘“small”
sources, S, and S, are used, as in Fig. 2 and that the
detectors are “small.” The assumption of ‘‘smallness”
is interpreted to imply that the variation of the &’s
over the surface of a given source of detector may be
neglected, an assumption made also in obtaining Eq.
(4.35). This must be reinvestigated for a large crystal-
line target. (See Sec. VIIL.) In this case, and using the
notation introduced in Egs. (2.3) and (4.35), we may
rewrite Eq. (6.15) in the form

Co=M[|F(\,0)1215(0) |2+ T (\a) 2 F () |
+F\e)F* (L) F(1,a8)5*(\a)
+5(\a)5*(,a)F (La)F*(\a)], (6.16)
where

I‘DzFT
fdr/ arL(+")L({)
Dzsz

2

/dwg(w) exp(i[k(@)Y+o('—)]D| . (6.17)

The factor M is evidently of importance in determining
the counting rate of the correlator. This will be de-
scribed in Sec. VII. It contains, among other things,
the important information about the requisite geometric
stability of sources and detectors. In terms of the filter
response time, Ar,, defined in Sec. VII, we require only
that ¥ <CAt,, which is of the order of feet. In the re-
mainder of this section we shall suppose that M has
been determined and that Cs has been measured for all
combinations of detector and source angles, and shall

INTENSITY CORRELATIONS

/ dwg(w) exp(@E[k(w)Y+w(r'—#)])
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2

sv(x,j)sf*<z,j>s(z,¢>s*<x,¢>}, (6.15)

discuss the use of this information for the determination
of the phases.
Let us first rewrite Eq. (6.14) in the form

F(1,@)={g, Z=1f7 exp[ik (&) (Ra—D1) 24 Jg0}av, (6.18)

with corresponding expressions for the other three
amplitudes appearing in Eq. (6.16). In obtaining Eq.
(6.18), we have assumed that the target dimensions are
small compared with R,, D;, etc. (see Fig. 3). Each
of the four scattering amplitudes in Eq. (6.16) is seen
to depend on the scattering geometry through its func-
tional dependence on one of the vectors

(6.19)

g)\a=sz—"-D)‘.

These vectors are not independent, but satisfy the
single relation

81a— 81a= Sra— Bha- (620)

Now, since the §’s are complex, we may write
5(ha)=15(,a) lexp[ie(g)],

etc., where the phases ¢ are evidently real. The magni-
tudes | F(/,a)| may be determined directly from a con-
ventional experiment (for example, by recording the
average counting rate of the detector D; with only the
source S, present). Assuming that the |F|’s are known,
we wish to determine the phases ¢.

Having measured the magnitudes |F| and the cor-
relator counting rate (6.16), we may deduce the quan-
tity cosT', where

T'=¢(g10)— ¢ (S1a)+ ¢ (Era) — 0(Era) .

To determine the individual functions ¢, we first re-
quire boundary conditions. A condition often assumed
in x-ray scattering is that

‘p(o)z ﬂo(gla) | zla=0=0

which requires in general that the f,’s in Eq. (6.18)
are real. In any event, we may always assume the con-
dition (6.23) and the correct the final result for ¢ by
adding to its deduced values the constant phase of
S =1 f4, for forward scattering. We may, in addition

(6.21)

(6.22)

(6.23)
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to the condition (6.23), assume that
¢’ (0)=0¢/8g1l g0=0=0, (6.24)

which merely specifies the origin of the coordinate
system in the target.?’

Now, let us suppose that T' [Eq. (6.22)] has been
measured, modulo (27), for a complete array of values
for i, g1, etc. The discrete values of g will be
represented by the sets of numbers g;, ,®, -- -, etc.
Similarly, the values of g, will be written as g,®,
8@ . .« values of g\ ,as g3V, ;@ .. and values of
s as D, $,@ ... The condition (6.20) implies
that for any set v (v=1,2, ---),

8, =g,0— g, g, (6.25)

The measured values of I" may then be labeled as

I‘(gl(”)agz(ﬂygii(y))
=0(8:1)— o(£:)+ ¢(&P)— ¢ (8.). (6.26)
Let us next consider the difference of the I'’s for the

two neighboring sets of values g,V 8., g;¢) and
gl(r), gZ(V)’ g

AT (8:7,8:,8:)=T(g:",8:*,8:;*)
—T(8:9,8:2,8)=[e(&"™)— o(&")]
—[o(g0 48— 8,0 — (8,8 — 6:) ].

(6.27)

If 6T is now determined for an array of g’s, such that
81+ 83—, and g,V + ;) — g, are each held
constant, we may deduce the quantity,

e(&0)— o(8:1M)=b0(v),

to within a constant. This set of difference equations,
and the boundary conditions (6.23) and (6.24), permit
the determination of the phase ¢(g) as a function of g.28

(6.28)

VII. COUNTING RATE AND FLUCTUATIONS

We have given expressions for the mean correlator
counting rate in Secs. V and VI. The mean counting
rate will of course be obtained only in the limit of a
very long period of observation. For the practical
design of an experiment it is necessary to estimate the
fluctuations about the mean for an experiment of finite
duration.

Let us first express the correlator counting rate C,
[Egs. (6.16) and (6.17)] in terms of several parameters
characteristic of the experiment. The energy spread
of the incident beam will be written as #ZAwp, where

1
Z—E/dw[g(w)] . (7.1)

;]

27 That is, we may always add a constant vector y to all the
z,’s in Eq. (6.18), so chosen that condition (6.24) is valid.

28 For application to scattering by a crystal our discussion has
been somewhat schematic. We hope to return to a more detailed
description in a later publication.
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Similarly, the response time of the counters Ar, is
defined by

ZW/ATTE/deB(w) |2, (7.2)

where B(w) is defined by Eq. (4.10). We shall assume
that

ATTAw3>>1 (73)

(although it would be desirable, if feasible, to have
A7,Awp~1). Then, using the condition (7.3) and Eq.
(4.10), we have

/ wdr’ /0 wdt'L(‘r’)L(t')

X'/dwg(w) exp([kY 4w (r'—#)])

2

zfdpus(p)|2[dwlg<w>l‘z= (1.4)

T Awp

Therefore, according to Eq. (6.16), assuming ‘“small”
detector and sources,

2r T pFy?
Atr.Awp DED\?
+[5,a)|2[5C0) |*+ |5\ a) |2 F(e) |2].

To estimate the fluctuations in Cs, we shall continue
to suppose that

C2=

[F(,8)5*(\,0)F (N )F* (,a)+-c.c.

(7.5)

00

f drL(r)=0,

which resulted in the elimination of the J, term from
C,. We shall next drop the ensemble average, denoted
by “(- -+ )av” from Egs. (5.12) and (5.13). The'resulting
quantities,

(7.6)

a=Ta(7 s L s byt t
J ] (3»‘7" s b1 ) (77)
Jo=Tcr ;L 5 b1 tn3 1),

therefore depend parametrically on the number # of
detected particles and the emission times #;- - f,. If
the experiment is conducted for a time 7, the mean
counting rate for a pure state |®) is

1 T ] 0
Coltr tn; T)=— / di / dr' / d'L(v")L({)
TJo 0 0

X[Ta@ur'5 L5 tae + +ta; 1)
FT (07 LY b 83 )], (7.8)

where the effect on counter size will be assumed to be
absorbed in the factor T'p, as in Eq. (7.5). The mean
counting rate (7.5) is the ensemble average of (7.8),
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the average being made over the emission times ;- - +fa
and the number of counted particles 7.

The fluctuations in C; may be estimated from the
quantity

8CP=([Cs(t1- - “tn; T) Pav— (C2)?. (7.9)

Evaluation of this expression, assuming that the #;’s
(=1, 2, - - -n) are independent random variables uni-
formly distributed over the interval 0<¢ <7, is
straightforward but tedious. The leading term in (7.9)
is determined by the fluctuation in J,XJ,—that is,
the fluctuations getting past the dc filter [condition

(7.6)].
Keeping only the J,XJ, terms, then, we find

8C#= (M ){[1500) |*+5 ()]

XLIsNa) >+ 15 (a) 21}, (7.10)

where

T
D14D)‘4(M7,)2&I‘D42—/dw | B(w) | 4
T

<E= 1 f dkdldk’dl’[z—;r @i (k) lz][?g i) |2]

x[z?”w(k')|2][31’§1¢ia')|2]>w. (7.11)

In obtaining this expression we have used the condi-
tion (7.3).

To give (7.11) a simple qualitative interpretation we
shall replace

Gl falFmwr]),

1
—Fg?,
7

where 7 is the average number of particles counted
during the interval 7. Then the expression (7.11)

becomes
T rTp2Fp?
|: }/dwlB(w)l“. (7.12)

(M n)z =
2wl D2D)2
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Also, using Eq. (7.2), we set

/dwlB(w) |4~(2n/A7,), (7.13)

as an “order of magnitude” relation.

Finally, on combining Egs. (7.5), (7.10), (7.12), and
(7.13), we obtain the ‘“signal-to-noise” ratio for our
experiment as

(6CHM2/Co= (Awp/7) (T AT,)'2, (7.14)

ignoring the coefficients involving the scattering ampli-

tude factors. Since 7 is proportional to 7', the ratio
(7.14) decreases as T2, as might be expected.

VIII. DISCUSSION OF AN EXPERIMENT

In this section we make a preliminary, though rather
rudimentary effort to relate the formalism that has
been developed to the real word. To be more specific,
we direct our attention to crystalline substances. We
assume that we are dealing with an ideal crystal. Some
problems involved in extending the theory to mosaic
crystals have not been solved, though we hope to return
to them elsewhere. This limitation alone restricts our
proposed experiment to excellent laboratory crystals,
which will serve only to demonstrate feasibility of the
techniques. Further, we have ignored primary extinc-
tion; this is a particularly poor approximation for ideal
crystals since the absorption of the primary wave is
very great for any allowed scattering geometry. To
include the effect, we would have to superimpose on
our already rather involved analysis the full structure
of the dynamical theory of x-ray scattering. There
seem to be no difficulties in principle, but we choose
not to go into the matter here. Instead, we simulate the
effects of extinction by assuming that our crystal is
thin, and by adjusting its thickness to absorb the thick-
ness of the absorption layer due to extinction in the
crystal. Thus the angular and frequency width of the
scattered radiation will be about those to be expected
from honest extinction.

We turn to the experimental situation illustrated in
Fig. 3, with two sources and two detectors. The cor-
relator counting rate has been discussed in Sec. VI and
we refer in particular to Eq. (6.15) [with B(0)=0, to
cut out the uninteresting dc component]. Actually for
our present purpose, it is useful to restore the frequency
dependence of the scattering amplitudes, as in Eq.
(6.10), so that (6.15) becomes

Com g Y / 4z () / () /0 e /0 “WLILE) fo " dog(@) /0 il g(e)

A 1 D2DNZZ

Xexp(ik(w) V4iw(1'—1')) exp(—ik (") VY —iw’ (7' —))F(\, 7,0)F* (1, 1,0)F (1,3,0") F* (N 5,00")

8.1)

Y —— / az() f a2(j) / dg@) / "ty w)

Y 1 D2D2Z 2

Xexp(V[k(w)—k()])| B(w'—w) 1§ (N, ,0)5* (4, 7,0)F (41,0 )F* (N, 4,00

(8.2)
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The last expression follows from Eq. (4.10). We shall
not, at the moment, do the integrals over the sources;
it is, however, worth bearing in mind that we are think-
ing of two small sources and that these integrals must
be done. In contrast to the treatment described in Sec.
VI, we cannot, in the real crystalline problem, disregard
the very strong angular dependence of the §’s. Further,
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and «’ which contribute appreciably to C, in Eq. (8.2).
For the x-ray case, the most restrictive factor will be
| B(w'—w)|?, since it will be difficult to design a filter
network as broad as the width, even after Bragg re-
flection, of an x-ray line. If this is the case, we may
define a resolving time of the filter as in Eq. (7.2) by

it should be noted that the interesting phase informa- 2% °°
tion is obtained only when dZ(i) and dZ(j) are on —= / dv|B(»)|? (8.3)
different sources [as in the last two terms of Eq. (6.16)]. Arr Jo
Let us begin a discussion of the frequency ranges w and obtain
2wel?Fp? *
C2=_— Z Z az (i)/dz (])/ dw ! g(w) [25 O\’jaw)fy* (l)j7w)g(l)i7w)§* (>\7i7w) . (8'4)
Ar 22D N 1 0

We have also omitted from Eq. (7.4) the factor
exp(tY [k (w)—k(w')]). The resolving time 7o is unlikely
to be smaller than about 10~ sec so that the exponent
will be of the order of ¥V (8k/dw)/7o=Y /vro, where v is
the group velocity of the medium involved, in our case,
the velocity of light. If ¥ can be controlled to within a
few centimeters, which should not be difficult, the ex-
ponent can be made very small. As an incidental and
irrelevant consequence, we have set D;=D,; it is
trivial to remove this restriction.

It is in consideration of the scattering amplitudes &
that we encounter the problems associated with the
dynamical theory of scattering. The geometrical con-
straints implied by Eq. (8.4) are associated with the
fact that all four s must be nonvanishing at the same
frequency (at least to within the bandwidths of the
filters). It is easy to see that if the crystal were infinite
in extent, this would be essentially impossible, since
scattering would then occur only for changes in mo-
mentum precisely equal to a reciprocal lattice vector
of the crystal. For the first two amplitudes in Eq. (8.4)
corresponding to the source point j this is not a problem,
as is shown in Fig. 6. There k; is the incident photon
wave-number vector and we are required by the Bragg
condition to add it to a reciprocal lattice vector, so

F16. 6. Construc-
tion to illustrate the
illumination of two
Bragg reflections at
once.

SPHERE OF
REFLECTION

that the sum of the two has the same magnitude as k.
This is achieved by rotating the crystal (represented by
its reciprocal lattice) around the tip of ki, until the
terminus of the reciprocal lattice vector g; lies on the
sphere of reflection, as shown. This is, of course, the
standard Bragg construction. There is one further de-
gree of freedom to be exploited; namely a rotation of
the crystal about the axis represented by g;. In this
way, a second reciprocal lattice vector g, may also be
made to lie on the reflection sphere. Thus, unless the
g’s are too large, it is generally possible to achieve two
reflections at the same time, at any frequency. Needless
to say, the geometrical constraint is precise, and there-
fore unachievable. It is only to the extent that reflected
lines have a finite width, for a finite crystal, that the
experiment is possible.

There is no simple cure to this geometrical problem
analogous to the crystal rotation technique of ordinary
x-ray diffraction. To put any given lattice vector g;
on the sphere of reflection, it is customary to rotate the
crystal about some axis, allowing g; to pass through the
sphere from time to time. Each time it does, some
photons are scattered and the accumulation of these
produces the spot. The Lorentz factor measures, in
effect the rate at which the terminus of g; goes through
the sphere. Although in our case, also, g; and g, could
be made to go through the sphere by rotation, there is
no way to assure that they go through at the same time,
which is what we need for our experiment. There seems
to be no alternative to painstaking alignment. If the
angular width of the scattering from a good crystal is
a few seconds of arc (due to primary extinction), then
the alignment will have to be that good to achieve the
required conditions. A 0.1 mm collimator at 10 m repre-
sents 2 sec of arc.

Consider now the remaining two ’s in Eq. (8.4) and
ask whether they can be made nonvanishing with the
now fully determined geometry. The only free variable
is the direction of illumination from the second source,
ko. We require that it make two Bragg reflections which
will land on the detectors placed at the termini of
k1+ g1 and k1+ gz. Thus, both k1+ gl_ kz and k1
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+ 82—k, must be reciprocal lattice vectors, say g; and
g4. Since gi— g;= g1— ¢,, which by virtue of the group
property is itself a reciprocal lattice vector we see that
it is sufficient if either one fulfills the requirement. It
follows that ky—k; must also be a vector in the re-
ciprocal lattice of the crystal, in its given orientation.
Since k; must have the same magnitude as k;, and we
have just laboriously given k; its two Bragg reflections,
this can only mean that k; is either k;+g; or ki+ g..
In that case, one of the detectors lies in the forward
direction for the second source, and no real scattering
has occurred. It is not immediately clear that informa-
tion cannot be obtained from this configuration, but
the experimental problems are severe with a detector in
the direct beam. We abandon this arrangement for the
present.

The only other possibility is that k,—k; is a recipro-
cal lattice vector other than g; or g;, which in turn
implies that three Bragg reflections must be possible
for the first source. This does not in general happen
because we have exhausted all of our geometrical de-
grees of freedom in achieving two scatterings. However,
there remains one parameter, the frequency ~ | kq|.

If in Fig. 6, we consider the origin of g; and g,, the
termini of g; and g., and the terminus of some other
reciprocal lattice vector g; measured from the same
origin, these four points determine a possible sphere of
reflection. The vector k; from the center of the sphere
to the origin of gy, g2, and g;is a possible source direction
for the illumination of k;+ g, and ky+g2. By our con-
struction, ki g; will be a second, equally good, source
direction. Thus all of our experimental requirements are
fulfilled, but at the rather fearful price of having to
work with a small rigidly determined part of the con-
tinuous spectrum; the crystal itself serves as the
monochromator.

We shall not give a numerical estimate of the cor-
relator counting rate (8.4). Nor shall we discuss the
problem of experimental achievement of the required
remarkable conjunction of circumstances. These ques-
tions will be taken up in a separate publication.

There are evidently a large variety of possible appli-
cations of the general theory presented here. For ex-
ample, it may well be that electron scattering, rather
than x-ray scattering, will be a preferable technique.
The final calculations will have to be performed with a
specific experiment in mind and not being experts in
this field we may well be evaluating an experimentally
uninteresting case.

APPENDIX

The question was raised in Sec. IT of deducing the
scattering amplitude $(AKk) from a measurement of its
magnitude |F(Ak)|. Tt was remarked that by a process
of analytic continuation a discrete set of F(Ak)’s may
be obtained, all having the same magnitude.

We shall discuss this problem only for x-ray scatter-
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ing, limiting ourselves to the case that the scattering
amplitudes for all electrons are equal.?® Then the x-ray
form factor is [see Eq. (4.35)]

n(9)= / Prp(a)eier, (A1)

where the scattering amplitudes f, have been factored
out,

g=k(R,—D)), (A2)

and p(z) is the electron density in the target. [For the
case of scattering from a crystal, we interpret p(z) to
be the electron density within the unit cell.’]

Let us now write

g=gé,
u=z-¢ (A3)
z=y+éu.
Then, defining
k)= / Pyo(a); (A%)
we have
+w
7()= / duk (e, (45)

which (of course) depends parametrically on & We
may also suppose that

k(u)=0, except for 0<u<L, (A6)

and observe that the real function £(#) is bounded and
non-negative; that is,

k(u) >0. (A7)

Therefore, Eq. (AS) is equivalent to
o L
n(g)= / duk (u)eios— f du ke, (A8)
0 0

It is apparent from Eq. (A8) that 7(g) is analytic,
except for Im(g)=— «, in the entire complex g plane.
For Im(g) » — o,

In(g) [SO(eH™ @), (A9)
Thus, 5(g) is an integral function of order one.3
A coordinate translation
yx=u—L (A10)
permits us to define
0
m=citng= [ dk@e,  (AlD)

—o0

where &’'(x)=k(u), is an integral function of order one,
analytic except at Im(g)=-+ .

% This assumption is not essential for our argument, but simpli-
fies somewhat the discussion.

# See E. C. Titchmarsh, Theory of Functions (Oxford Uni-
versity Press, Oxford, 1939), 2nd ed., Chap. VIII.
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The conventional scattering experiment [see Eq.
(4.35)] provides a measurement of |5(g)| for real g.
To deduce the electron density p(z), one must know
n(g) (for real g) as a function of the parameter &. Dis-
persion relations for the real and imaginary parts of 7
may be deduced in various forms from Eq. (AS8). A
typical one of such relations is

© 2gP * dg'n.(¢)
ni\§)=— )
(g")—g

™ 0
where 7, and #; are the real and imaginary parts of
n(g) (for real g), respectively. One might contemplate
combining the measured value of

72(2)+1(g),

with Eq. (A12) to deduce 9, and ; separately as func-
tions of g. This would provide, then, a solution to the
“phase problem,” or the problem of deducing 7(g)
from |7(g)|. As we shall now show, the solutions so
obtained are unfortunately not unique.

Let us suppose that the zeros of n(g) [Eq. (A8)]
occur at the values of g1, go- -+ of g so 7(g.)=0 for
n=1,2, ---. Then 7(g) has the representation®

1(g)=cet JL[(1— (g/gn))e?’>],

(A12)

(A13)

where ¢ and @ are constants and the product extends
over all zeros g, of n. We first observe that

1(0)=c is real. (A14)
We see, next, that Eq. (A8) implies that
7*(—8*)=n(g). (A15)

From this relation and Eq. (A13) it follows that the
Zeros g, either lie on the imaginary axis so g,==1|g./,
or they are paired so that

gn=—g* (A16)

for a suitable pairing of indices # and 7. Equation
(A15) also implies that the constant a is pure imaginary,
so a=1d with d real

7(g)= ce'® [T [(1— (g/gn))e?/o]. (A17)

To study the uniqueness of 5(g), let us suppose that
N (g) is a second function, satisfying the conditions that

IN@)|=11(g)|, greal, (A18)
and that

L

N@)= / duK (weioe, (A19)
0

where K (#) >0 and is bounded. Evidently, if an N (g)

3 See Ref. 30, Chap. VIII.
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#n(g) can be found, the solution to the phase problem
(without other conditions) is not unique.

Let us suppose that the zeros of N (g) are at the points
g=G1, G, ---. Then N has the representation, analo-
gous to (A17),

N(g)= ceiPo IlI LA—=(g/Gere],  (A20)

where the condition (A18) implies that the constant ¢
in Egs. (A17) and (A20) is the same.
Consider now the ratio

U(Q)=e7@ =N (9)/n(e)
= @00 [T [(1— (¢/G)er' ™)/
IL[C— (g/g)er].  (A21)

It follows from Eq. (A18) that |U(g)|=1, or ¢(g) is
real, for real g. Therefore, the function

F(g)=U*(g")—U(g)

vanishes identically for g real. Since F(g)=0 on the
real g axis, we conclude that F(g)=0 everywhere
(except at the singularities of F) in the complex g
plane. From this we conclude that

U*(g)=1/U(g). (A22)
Substitution of (A21) into both sides of (A22) gives

I [<1_Gi>/] I Kl_gi)/]

= . (A23)

a[(-2] w2

Now, U(g) has zeros at all (and only at) G/’s and
poles at all (and only at) g.’s (except for those Gi's
which coincide with g’s).% Similarly, U*(g*) has zeros
(poles) at the Gi*(g»*). On the other hand, U~1(g) has
zeros [poles at g.(G7)]. It follows, then, from Eq. (A23)
that all g,’s and Gi’s may be paired and placed in either
of two classes:

Class I:  gn,=G (with appropriate pairing of indices)
Class IT: gn,=Gy* (with appropriate pairing of indices).
(A24)

Expressed in words, the functions N (g) and 5(g) may
differ only by a reflection of some of their zero’s with
respect to the real g axis. We shall see below that the
number of g,’s not on the real axis may be assumed to
be finite. Thus, the most general form of a function

2 As a practical matter, we may assume that no two g,’s, or
two G?’s, are equal. Were it otherwise, we could imagine a small,
unobservable change in k(u), or K (u), to shift the zeros apart.
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N (g), satisfying (A18), is
N(g)=e*n(g),

U(g)=eie® =TT (g4 )’
i (=g

(A25)

where the product runs over any given set of the zeros
gi of n. If K(u) and k(u) are both to be real, associated
pairs [Eq. (A16)] of zeros must be reflected together.

The inherent ambiguity in the phase problem is ex-
pressed by Egs. (A24) and (A25).% That is, there are
a finite, discrete set of functions N (g), satisfying the
condition that |N(g)|=|n(g)| for g real. These func-
tions differ by a reflection of zeros about the real g
axis.%

To give a more explicit discussion, let us suppose
that an attempt is made to represent k(u) by a finite
number of terms in a Fourier series

ny 2rnu 2rnu
E(u)=3_ |:a,, sin: 7 + b, cos :l, 0<u<L. (A26)
L

n=0

Then, from Eq. (A8), we have

n(g)=y(g)ler—1]/2, (A27)
where 0
V=¥ ——, A28)
¢ n=no g— (2zn/L) (
and
Q-n=0x",
Qn=bytia, (n>0), (A29)
Qo= bo.

Let the zero’s of ¥(g) be at g=gi, g2+ - - g» (p finite).
The remaining zeros of 7(g) lie on the real axis at
g=2mn/L, n an integer and |%| <no. The most general
form of U(g) [Eq. (A25)] is then

Le—&™)/ (¢—g 1 (et+gi)/ (g+&™)],

where product runs over a selected set of those g1+ - - g

(A30)

3Tt is hoped to return in a later publication to a discussion of
further conditions to be imposed on the ambiguity in 7.

3 The reality condition on k(x), expressed by Eq. (A16), im-
plies that the zeros must be reflected in pairs, except for those
which are purely imaginary.
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F16. 7. The contour used
in Eq. (A31).

IE

which are not on the real axis. [For any g; on the imagi-
nary axis, only one factor should appear in Eq. (A30).]
The function K (#) is [for 0<#<L]

1 [
Kw=—[ a¥@e
21

1
i dgU (g)y(g)e~io=.  (A31)

1J ¢

Here ¢ is a contour displaced slightly above the real
axis at the points g=2mn/L(|n| <no) and deformed in
such a manner that all poles of U(g) lie above the con-
tour, as illustrated in Fig. 7.

Evaluation of Eq. (A31) gives

no

2mn
K(u)= > %QnU<—L—>e_i2""“/L. (A32)

n=—no
On writing
UQ2mn/L)y=e""", ¢_n=—on, (A33)
and using Eq. (A29), we find
no
Kw)=Y [ansin(2rnu/L+ ¢,)
- +b, cos2mnu/ L+ )], (A34)

which should be compared with Eq. (A26).

The inherent ambiguity in the “phase problem” is
expressed by Egs. (A26) and (A34). It must be noted,
however, that the phases ¢, in Eq. (A34) are not
arbitrary, but are members of a discrete set of phases
which are uniquely determined by the function k(x).

)



