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For a particle beam propagating along the z-axis and assuming a simple

distribution in the z,p, projection of the six-dimensional phase-space volume in

(x,y,z,px,py,pz), the total beam can be represented by:1

Ntot = Ifj p(x,x',y,y‘) dxdx'dydy'

and the integrated partial density function is given by:

RELEASED FOR ANNOUNCEMENT

D(x,x') = j,[ p(x,x',y,y') dydy
IN NUCLEAR SCIENCE ABSTRACTS

Consequenlly,

— ) ]
N, ot -I D(x,x') dxdx',

For reasons which will become clear below, use is made here of x' = p,/p;
and y' = py/pz, instead of py and Py; this does not affect the validity of the

foregoing expressions,

The following beam phase-space distribution measurement methods will be
considered:
a) The two pairs of crossed slits method,
b) The two slit method,
c) The crossed slits plus photographic film method.

a) The Two Pairs of Crossed Slits Method

This method has been described in detail before,2 i.e, the emittance of a
750 keV proton beam was determined with its two-dimensional density distribution.
This was done wilh the object of matching this to the acceptance of the linac, for

*Submitted in part to the Intern. Conf., on High Energy Accelerators, Frascati,
(Italy), Sept. Y, 1965.
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which only the intercepts of the four-dimensional phase-space acceptance volume
with the x,x' plane (or y,y' plane) had been calculated. Therefore, only the
"specific partial density functions'

(x,x') o D

'
Dy=o,y'=o x=0,%'=0 (y>y")

were determined,
For completeness sake the essentials of the method are given here again.

Two crossed slits are used to sample the beam; their orientation define an
orthogonal coordinate system x,y. Beam propagates in the z-direction. The vertical
slit, after centering, is kept stationary at y=o. After a certain drift space, a
second pair of crossed slits is used, with the vertical slit again centered at y=o.
Therefore, the beam orbits to be examined are limited to the (x,z)y=o plane, For
a certain ppsition of X=Xy of the first horizontal slit, the angular spread of the
beam sample is determined by scanning vertically with the second horizontal slit.
The second set of slits is followed by a Faraday cup. For each value of x=x; a

current distribution I versus x' is obtained, i.e.: I(xy,x') The zero

y=o0,y'=o"
points of these functions define the angular extent of a beam sample as defined by
the first pair of crossed slits, The zero points of a set of these functions
define an emittance boundary in an x,x' diagram, representing the total beam

intensity., Cutting off the I(xj,x') distributions at current values # o,

y=0,y'=0
say, for example, at a value equal to 10% of the maximum current value (x=0,x"'=0)
results in a new emittance boundary, obtained from the x; and associated xl',xz'
values, as shown in Fig. 1. The so found fractional emittance area represents a

beam current value, Ig,., given by:

+ Xgy'!
l as J |I(x,x )y=°sy =odx'
Ler = Leor e | .
4o 4@
J dx J I(x,x') _ ., dx'
R A >" Jy=o,y'=o0

A family of emittance boundaries may be obtained in this fashion, each of which
would "enclose" a certain fraction of the total current providing thereby a density

distribution in two-dimensional phase space.

In the following, the limitations of the method are examined.
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Consider the four-dimensiona1 density function p(x,x',y,y"). Experimentally,

the number of particles passing:through the four slits is determined, therefore

_ *( |: |)
?(x,x,sYay') = 2§A:'XYAY' o )

'Using four slits, with identical slit width AS one obtains, see Fig, 2:

AS = Ax = py
IXZ-XII-EE < [x' < eg;i 'x2‘31| .
L L
. 1 ' 2A8 '
. Consequently: &' = Ay’ o= I
It follows then, that
. ) L 2 ,
p(x,x',y,y') = L A AN(x,x',y,y")
4(63)
+48 . A
with % L
Dy=o,y'=o(x’x.) =- l »{S p(x,x',y,y") dydy'
4 -85 .
2 L
one f£inds
‘D (x,x") =—l‘——z N(x,x',y,y') _
y=0,y'=0""? 2(4S) y=0,y =0

Further; ;N (the number of particles per unit time and per AE, where AE is the total

energy spread in the beam) is related to the current measured in the Faraday cup as

' ' - '
e AN(x,x',y,y )y=o,y7=o I(#’x )y=o,y'=o‘.
" Consequéntly:
Y = !
,Dy=°’y|=o(x:x ) = CI(x,x )y=o,y'=o
with
C= L .

2e(ps)>
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To determine now the "density" distribution in the two-dimensional phase-space
- intercept it is necessary to consider a fractional emittance area within the total

area, defined by the cut-off values of the functions D (x,x'), as indicated

=0,y'=0
in the foregoing. Integration over these density funcZio;Z, within the cut-off
values will yield the value of the number of particles (or I¢,) within the so
defined fractional emittance area, This is valid in the approximation that the
angular momentum around the z-axis of the particles, propagating in the z-direction,
is negligible, i.e., in the_abproximation Pg —~ O or even Pg << Pr, one has, with

the usual notation for the cylindrical coordinate system and axially symmetric beams:

(X,x') = (r,8), for positive

Dy=o,y'=o Dﬂ=o.9=o
values oﬁ x only, and with € = pr/Pz and | = pe/pz .

Furthar’, . Ntot - ‘[J\‘J-‘p(x’x| ,y’y')dA(h'dydy' =

- [fl] Pl(r’e’g’“)@::(‘%i ) ardedgan

= J]:]'pz(r’e,g,n) drdedgdm ; when;transforming in\;he usual
xl

. ’e’ g’
the transformation and pz.. eduals (le). Similarly, for the case where
will be defined by:

1
. way to the cylindrical coordinate system, Here J (: M ) is the Jacobian of

Pg << Py Or Py = O, N tot

N*tot = m p; (r,8,6),_ drdede = 2n_[ Dpco, gmg (Tr BIIFIE

Taking 6=0, and identifying x and x' withl r and g respectively, it!follows then,

that
o0

%
= , . '
.Nt"t B zns[‘L D)’=0,y'=o(x’x~) dxdx'
Because.of symmetry properties in an axial symmetric beam

'y = _ '
Dy=o,y'=o(x'x ) = Dy=o,y'=o( X,x') .
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Therefore,
4 @©
CI, ='N* =m j dx f D (x,x') dx' where
7 Ttot tot - Yy=o0,y'=0o?
-0 -0
L . .
C equals ™7 as in the foregoing .
2e(AS) ' f
_With this, »
© XZ' © le
: dx | D X,x') dx' 'I dx I I(x,x") _ . dx'
fr _ Tfr _ -1 = 1 .
T N* & @ +5 © 4o 5
tot tot J ' ' 4 ' '
dx J D X,x') dx J X I(x,x dx
Jax [ ppg yraatnt) J NS NN

as was used in Ref, 2,
As has been pointed out recently3, in cases where Pg = Py this method may

: ‘ N* N (y=o,y'=0)
lead to erroneous values of 1 1 because fr = £r
" fr/ tot N * Ntot(y=o,y'=o)

is not necessarily

tot
Nee s
equal to 3 I where y' is not limited as -AE <y' < A%. This is only so if the
tot i
L py/pz =0 :
relationship S < 1 is satisfied. This will be further examined below,

Referring now to the cylindrical coordinate system, there is no obvious reason,
when considering an ideal ion source plasma boundary, to assume a distribution in
Py different from the distribution in Pg> i.e. Ap, = Ape, where A refers to say,

the half maximum width of the p distribution,

However, in practical beam acceleration systems, for example, traversing
through a cylindrical optical system with aberrations one finds in general thét
Apy > Apg. More explicitly in practice, the emittance is not determined, in a first
approach; by the state of the plasma4 (ion and electron temperature, etc,) but‘ﬁore
by the aberrations in the system, which for an axial symmetric system, do effectively

enlarge the p,. distribution only.
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b) The Two Slit Method

To determine-the x,x' distribution, with two slits infinitely extended in the .
y direction and followed by a current measuring device, one obtains1 the ‘
integrated partial density functions D(x,x') directly, i.e., the integrations over
y and y' have been automatically carried out. Integration over x and x' yields the

total beam current

= = ) ' '
€ Lot = Veot Idxj D(x,x') dx' .

The determination of the density distribution is straightforward because:

,+‘m Xy,
‘ J dx 'J D(x,x') dx'
N -®»  x
fr fr 1'
= = : » where the values x.',x,'
tot Ntot +e + 1 2

I dx j D(x,x') dx'
-0 ‘-0
again define a fractional emittance area, similarly as was done under Section a).

These arguments apply to the method whereby the sequence of the two-slits is
followed by a Faraday cup or’current t;ansformer. An altérnative here is to use
at the first location a fixed set of parallel'slits and at the second location a
photographic film, By selecting the appropriate film material related to beam ]
intensity and particle energy, it is possible to obtain a usable blackness distribution
on the film which may be evaluated to obtain the phase-space density distribution, '
In this case, however, the density function D(x;,x') is found by integrating denéi—
tometer curves, which are obtained by scanning the film image parallel to the slit
direction for various values of x', This is illustrated in Fig. 3 Where a single
slit at the location x=xj is considered., With the density functions obtained in this
manner the foregoing arguments apply and the density‘distribution in two-dimensional

phase space may be found as indicated above,

c) The Crossed Slit Plus Photographic Film Method

This method3 makes use of crossed slits to define x and y and at a distance L
along the z-axis a photographic f£ilm is exposed, The density distribution on the
‘ , % .

film is determined (x',y' distribution), This method yields the four-dimensional

It is, of course, also possible to use crossed slits at the location of the film
followed by a Faraday cup and to map the distribution by scanning these slits,
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phase volume and its density distribution; it provides more complete information

on the phase-space distribution, however, it is rather elaborate because of the
necessity to determine the distribution in-k',y’ with a scanning densitometer,

From the four-dimensional vOiuﬁe'the'two-dimensional intercept in x,x' is determined
providing also the two-dimensional "density" distribution, similarly as was done

under Sections a) and b).

d) Comparison of the Methods

The following.approach is an attempt to correlate more closely the
density distribution results obtained with the methods under a) and b) and the

results from method c).

Consider the density function:
D(X,X',Y') =J p(X,X',Y:Y') dy

which is the Cartesian coordinate system equivalent (assuming cylindrical symmetry)
of the density function3 in cylindrical coordinates; D(R,R',t)e=e with t = Rg'.

Similarly, as before,

+4S
2
D _ (X,X',y') = p(x“,x ,¥,y') dy and
y=o s
2
T - ' 2 , ,
foeGuxyy) = L aNGoxysy')
(aS) W

2 : : . s
where W is the area exposed on the film, as a result of beam transmission through

a sample area (AS)Z.

Consequently: -~ o 9
: . 1 ' _ _I:'__ [ '
Dy=o(x’x ') = (As)wz MN(x,x',y,y )y=o.
"Further,r- ’
2 ,
SA%%— N = C_ i(x,x',y") ‘ where
W o y=0 .

i(x,x',y‘)y=°'is the densitometer sdaiéfréading (proportional to film grain density),
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2. ‘ '
(Aw) 1is densitometer spot size, C, is a scaling factor, which takes into account
film development, densitometer calibration, etc, From this,
2
L C

———_— 1(X x' Y ) .
(AS)(tuW)

Dy=o(x’x' ,Y') =
In an axial symmetric beam it is sufficient now to scan only the horizontal slit

at the flrst location, keeping the vertical slit stationary and centered at the

beam, Therefore, only the fraction Sé§l$§§l of the total beam intensity is being
. ™R

examined, Consequently, it follows that,

ﬂb KL .
cr =N _ = I dx II 1(x x' y ) dx dy'
tot tot ? ] ¢
° 208y (e’ @

With this, as before,

+ 2 4o
j dx i(x,x',y") dx'dy'
I N, - X - y=o
fr _ _fr _ 1 -
Itot Ntot e .+§ 1
I‘dx j J i(x,x',y ) dx'dy'
' - - -0
‘ 4o Ax2!+m

I dx I J D =o(x,x',y') dx'dy'
© X, =

o 4o 4
J dx J J Dy=o(x,x',y') dx' dy!
- - =-m
Referring now to the two-dimensional phase-space density distribution determination

method described under a) whereby the y' values were limited to |y| < ??, a

comparison is made with the above results where y' is not so limited, i,e, y' values

are present for which 'y" > é% or

P
N . Ll Y;p, -
AS
(x,x',y') function is given in Fig. 4 to illustrate the approach. When cutting

A hypothetical

D
y=o
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off this distribution at x' = —xi_ and x' = xé in order to define a fractional
two-dimensional emittance boundary, integration, to determine particle content within
the fractional boundaries, whereby either y' < wor y' < €§3 respectively, yields

the following relationships}

R :XZ ©
N j dx j dx' j Dy=o(x,x',y') dy'
fr . _ © 0 o
s N = R p o and
- tot |
: f dx J dx' j Dy=o(x,x',y') dy'
o 0
x 1
- R 2 )
dx dx' D (x,x',y') dy'
% . J. I J — ] sy y
N~fr _ o 0 o T °
< =
ﬁtot R < 4
J dx J dx' J Dy=o(x,x',y') dy'
° ) o
_-AS . ' ) . :
where =7 - Use is made here of (see the foregoing)
i dx J Dy=o,y'=o(x’X?) dx' J dx J dax' J Dy=o(x’x'fy‘) dy'
o : = o [e] o
R = - R © ) ‘
J dx J D, (x,x') dx' J dx J dx' J D (x,x',y") dy'
0. o YT¥Ee ' o 0o 5 Y°°
Also, for simplicity, the assumption has been made here that Ixi' = lxé“, which

for the present afgument means that the phase-space distribution at a beam waist is
being considered. As will become evident below xé is a fhnctiqn of x in general,

The equivalency of the phase-space density distribution methods described above may
be investigated now by defining
; ‘ ' Z N-fr*/ Nto¥

N
Cfr / Ntot

It has been shown in Appendix I that (in general) g = 1 if the following density -

function is used:
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_ x-2 ,X;Z XLZ

L)+ )+ .
Dy=o(x’x' ,yl) = do e [(R), (a) (b) ]
This is basically an empirical distribution (seg Fig. 4, Ref. 2),.but is consistent
with the Maxwell-Boltzman distribution in x',y},'typiqally at an ion source plasma’
boundary, and the experimentally observed result that the current dénsity‘distribution
in a particle beam is in general not homogeneous and may be approximated by a '

Gaussian (typically, see the'gxperimentai results, Ref, 5).
Because Dy=0(x,x‘,y') < 0,02 do for x = R, x' 2 a, y' 2 b, for practical purposes
the partial phase-space boundary consistent with this distribution is

2 a2 2 l
@+ E+E =1 with

] a ) .
-4 [(X)‘-+ (£; + (L')L] within this boundary, and
Dy=°(x,X',y'.) =d e 13 a b , ’

'D&=o£x’x"yl) =0 ’ outside this boundary. .

It is recognized here that in an axially symmetric system for x=o (and y=o0),
a should equal b,. To account for aberrations,b.is assumed to be of the form

2 2
bo=a (b+ € () +Cp (Ftre)

Actually, as also indicated in Appendix I, also in the case where -

x'2 zlz 2 . . 2
D - 4q G(xz) e-4 [(:;) + ( b) 7 with G(x") = o for x > R, and where G(x) is
y=0 o
a "well behaved", symmetric, but arbitraﬁy function of x, in the region of o<x<R,

it can be shown that g = 1,
2

However, for thé case where b = a (1+ C1 (%) + ...) but with C.>>1, i.e,

1
assuming appreciable aberrations, it has been further shown in Appendix I that o

is given by o=1+ % C1 + .. ~and may deviate significantly

from the value 1, consequently the -method described under Section a) would yield
different density distribution contours in this case as compared with the methods

described under Sections b) and c).
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Conclusion
It is evident from these results that even though in general it cannot be
shown that for any distribution Dy=o(x,x',y') the ratio ¢ = 1; for a partial

density function approaching practical cases ¢ equals or approximates the value 1,
as shown, As a consequence the‘space-space density distribution methods as .
described in the foregoing should in general yield similar two-dimensional phase-

space contours and density distributions independent of the particular method used.
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APPENDIX I

Evaluation of o

Consider the partial density function

D (X;X' ,y') =4d 3-4 [(i) +- I?) + (Lb-) ] .
yeml T e

For x§o??'5b;j'5§§'Dy;s(x}xf3y')'=f§o ..' -

- Referring now also to the-discussion in Section: a), - then taking a.value . .
1
Dy"o(x’xlsy') = fdo’ where f is a constant and o<f<l, .the cut-off values;x7 for- - ..

various:values of x are-determined by:

r

' - 'I 1 ) 2 , X' 2
Do XD al@ ). e

f =

‘"  Phis is further illustrated in Fig. 5 where Dy;a(x,k‘}y') is ‘plotted; for
_vardious.values of. x=x,.
This yields then as the upper limits of integration in the expfeséioﬁé'fbr

e o’ ,;? _.
Nfr (or Nfr)’

Xy = a ez - x? ~, for x <-.eR with
2 logef .
e = - 7 . For x > €R, x; equals zero.
SN . N
The integration of fr/N* and fr/N is then as follows:
tot tot T

x2 2 )
o 4 LR+ )+ )] 4y

(e}

€
[¢]
N%t—m ® ) %2 ' 2 ' 2 '
© f dx de.Jd @G+ Iy
o) o o
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" with ¢/b <<1, it follows

* - a - 4(§) - » -t .,

Nfr da? 5 l e R J e dtT dx .

3 = = —

Nfot RT [F(x)l x=eR] .

N
Similarly for £ it is found that
N
tot
N ‘ 2
fr _ 8 i = X
N = xn [F(x)l X=€.R] with b = a [1 + C, (R) + 0o

and taking here, for simplicity, C1 and higher order terms <<l.

Consequently, o = 1,

It is immediately obvious that o = 1 also for the more general case where

12, ' 2
. - X I
DY=o(x’x':Y') = do G(Xz) e 4L a) + ( b)] where G(x2) is a

2, '
"well behaved! but arbitrary, function of x in the region of o to x=R, and G(x2) ~ 0

for x > R.

In this case the integral given by F(x)l

x=¢R > 1.e.
€R bé_t;:;1 2 .
: j e Q(R) [J et dt] dx becomes
g
x=£(¢) VL + log G(x) 2 ‘

[7en T o).

o
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2
The upper limit x = f£(¢) follows from G(xz) =e he . The same result

) * "1 i =
LH(X)‘ X=f(e)]occurs both in Nfr and Nfr41ead1ng again to o = 1,
For the case where

X . . X X
b=al [l+ c; (R) +C, (i) + o..] with

02 and higher order terms <<1, but C1 < 1, the results are of the form:
1+3 ¢
= th
Ty ot G with
2
) A’ 2 x
. 4(5)2' N A U I
I e R X [ e dt ] dx
o R Y . :
Q(e) = 5= .
. 2 x :
2 ﬂ« (=
o - 4@ ) ~(R) e y
I e R [J e dt] dx
(o] l ‘ (o}
With the substituctions u = — t_m . and v = ;ﬁi one gets
’ 2 YJe -x .

>

. .29 22, .2 '

G2 eThe VT -4 € (1-v) Vl - v* dudv
22 ,22, 2 '

ot4eV -buTeT(lv )\/1 - v?  dudv

Q(e) =

0t—— ~|0t— =
0ty |0t
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In the range o<sl, it follows that Q(€) < e%. Limiting f to the range

0.1 < f < 0,9, which in practice is no restriction, the maximum value of 62 is
approximately 0.6, Consequently,
1 . ) 2 C o
o=1+ 8 C1 if C1 Q(e) < C,€ <1 or more explicitly
¢ Q(e) <<1.
Therefore, also in this case (but with the restriction that C; < 1) the value
of ¢ equals 1 to within of the order of 15%. It is evident however, that for the
case of appreciable aberration, i.e.,_C1 >> 1, o may deviate significantly from the

value 1.
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APPENDIX II

Some Comments on the Description of Particle Beams

Related to Phase Space Distribution

In the literature cited and in the "normal" beam treatment by Walsh,6
the notation and definitions for beam emittances, etc. vary. Therefore,
the following enumeration éhd relationships might be useful and could serve
as a suggestion in the direction of some more generally accepted usage.

Particle distribution in two (x,x') or four (x,x',y,y') dimensional -
phase space, where x and y are the transverse coordinates, and x' = px/pz,

'

y = py/gz=

E2 s two-dimensional beam emittance in x,x' space.

E4 ’ four-dimensional emittance in x,y,x',y' space.

ﬂEZ or A2,

(WZ/Z)E4 or V

two~-dimensional phase=-space area.

4’ four-dimensional phase=-space volume.

The above quantities refer to a fixed P, value (or simple distribution
around pz). To obtain emittance "invariants' one may normalize -the foregoing

expressions and obtain P, independent values:

BYA _
9 = _E_Z = BYEZ, two-dimensional momentum normalized emittance.

M
|

64 R S BTY E4, four-dimensional normalized emittance.

(Similarly, normalized emittance area, ByAz, and normalized emittance volumg,
Bzvzva.)

Actually, it would seem preferable to normalize with the factor
pi = (mocB'Y)2 or p, = (mocBY) in order to obtain an "absoiute" value of beam
quality or emittance in four-dimensional transverse coordinate and conjugate
momentum phase space, or its intercept with the (x,px) or (y,py) planes,
respectively, leading to the two-dimensional emittance (moc) 62 and four=-
dimensional emittance (moc)zea. queQer, the foregoing expressions for
62 and 84 have been more generally-used and in effect the assumption is made

that m ¢ = 1.
¢ =
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A partial description of the particle density in phase space is given by:

d2 = ;%— = Kl‘, "density" in two-diménsional (x,x') space.
2 2 . e
YR T : : -
52 =By = me normalized "density! in two-dimensional phase space.
Short of a specification of particle density distribution in six- .

dimensional phase space, a practical expression, if a simple distribution
in z, P, (or E,t) is assumed, is the particle density in the four-dimensional.

phase-space projection, as follows:

B4 = %— = *—E—l-—-, density in four-dimensional (x,y,x',y') space.
& (/2)E, ' ’
B, b, L,
(or » ~momentum normalized den51ty in four-

8 YZV e,

dlmen31onal phase space,

Here, I is the total beam current, the subscript 4 in B4 andaz‘seeme redundant,
however a more complete description of particle beams in accelerators would
include the (z,p ) distributions as well and specify six-dimensional emittance

.(6 ) and partlcle density in six-dimensional phase space ( 66)

Regarding two and four-dimensional space only it is assumed now that the
particles in an axially_symmetricvbeam, propagating along the z-axis collectively,
} have zero angular momentum around the z-axis. In this case, the two-dimensional
emittance area in (x,x'), i.e. the intercept of the y=o,y'=o plane with the
four-dimensional volume in (x,y,x',y') is equal to the projection of the four-
‘dimensjonal volume on the y=0, y'=0 plane. Then it follows for a "normal' beam,

i.e. identical two-dimensional phase-space ellipses in both transverse planes,

"that:®
2 %
E, = (EZ) and
_Loa 2
Vp =3 (&)
Consequently:
: 2
64 = (e2)
2
B, = Z(dz) = L = 2 1 and
BT @tmEyt ap?
2
{B _ 2(8,) _ I
4 it

(" /2) (e,

In practlce one mlght have to use the more general relatlonshlp

(E, ) < By )
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The usefulness of these expressions stems from the fact that in general the
maximum beam intensity transport in an accelerator subcomponent is determined
by Baz(ofgﬁa) of the preceding source, whereas in practice normally the two-

dimensional emittance E2‘or AZ/U has been measured.
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' AP?ENDIX III

Comparison of Notation Used in the Literature

For the sake of completeness the present notation is related to that

used in Ref. 6:

€, = !
(moc) 5 E
9
€ =
(moc) 4 E
It relates as follows to that used in Ref. 3:
_EZZ f"E
V4 =V
A2 = F
62 = U = v
€ = 2 *
4 = Y
%4 = N
6 = 6
2
It ‘relates as follows to the notation I used so far:
E, = E

b
N

S
— .

J F(x,o, ) dxder

€ = v

2
o) = 0
2
d2 = d
% —IZB**
=

* )
The factor of 2 enters because the four-dimensional volume has been divided

by TT2/2 to obtain E4 (see Ref., 6).

K
Again the factor of ‘2 enters for the same reason as under (*). In effect

I am redefining here "source brightness'", as I used this term before, as

I . , 1
instead of > 2

/2) (s, » 2y

(note €, = v) ,

in order to be consistent with the four~dimensional treatment,
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Current Distribution I=f(x') for-A8<y<AS and =-A48<y'<AS
' Xy T2 2 T L

Fig. 1

— —

::L1§:;;g‘7432:’ --
== W__ - -
AN
AS *1
y
L

Slit Arrangement (the vertical slits are not shown).

Fig. 2
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. "“'“-n— densitometer
y ' q spot size Ly
| .
i * d(y), i,
l J
* l : .
—_———— e T
single 1t (xmx, Y 2 L]
image on fllmt .
|
|
| i - —————— =
A
l —
T ft~ I __
1]
l || ' X 3
(] |
}
. l!l I
1y - ‘
D(xi,x ) | : !
i ( |
| ; : g
: \ 1 . .
PR ‘ e = )
] T ! C Jd(}’)xy:X.’dy D(Xl’x)
D(x,,x! | | o
i’7] } |
| : 1
| |
| Lo
Lo\
:
x! —_
]

"Evaluation of D(xi,x') for a fixed set of pafallel slits at the first location

and a photographic film at the second location. ‘(Absingle glit image is shown).

Fig. 3
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/ . / y
y' Fig. 4

|
x<eR N x> &R
’ —
| Lo
I ’D
]
’
_—— - -———— e = -
X' — ;.
,xé=o

Determination of X,

Fig. 5





