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T. IXTBODnCTTW

Krw ainoe W fm thearetlesl

$y&Uw@,?armBlAte& the vave of Better there ^ave

been efforts to etMy its experimental impli-

%» first expsfi*eRts  giving atreet verlfioatioR 

of the De Broglie hypothesis were those of Davisson­
S - 8 '

Germer ana Thomson and Beta who <enonstrate& that else*

1 1. &e Broglie*  Ihil. Sag. 47/448 (1954). '
2 0*  1*  Davisson and D. 1» Germer» Tatars 119*  558 

(1927), ' '
S G» D. Thomson and A*  BeiS*  Batwe 119. @90 (1927% 

trona are soattereA from oryetal lattices in a manner that 

la best explained as aiffrætlon of a ^matter wave,'*

As geometrleel eleotrtm opttoo aevelopoA it was 

realised that it would be Awa Iraki e to attempt to duplicate 

the elassiQ experl%%kte of Yot^g^ yrosnel and others upon 

which the wave optics of light was fomâeâ» There is one 

fsnaemental difficulty that hampered the work. Tn order 

to obtain sufficient penetration and freedom from stray 

ma^atio fields^ eleotran optical studies are usually earriea 

out nsing electron energies of about 60 kev, At this energy 

the wave mechanical calculation ylelde the value *04885  A 

for the wave length of an electron. This extremely email 

wave length mesne that all slits and *po!nt*  sources must 

be scaled down by a factor of almost one hundred thousand 

from those of visible light. Moreover the interference
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p&tteme will be Mwet .in else by the sw factor# 

Despite this handicap some interesting and signifia 
4 - ' ' '

eant work was done by Bosrseh In 1940 when, by the we of the

4 S*  Boersoh*  Xatnrwlsa &8« Til (1940)# 
.. ..... ...............

newly &sT$lope& eleetron miorosoepe# he stnaiea the Presnel 

fringes abont the eagres of aofoensM l^&gres of opaqne «mA 

wwml^paqne objects. Be observea these fringes up to about 

the 20th orAer. This type of investigation was oarried fnr^
S

they by Hillier and Hamberg in 194T# 9%hey showed that the

S J# Hillier and @# Hamberg, 2» ^ppl# Phys. 18*  48 
(194T)#

patterns about the edge of collodion films could be fitted 

rather well to Fresnel*̂  formula if it were assumed that 

the eollodlon introduced a path difference of one quarter 

of a wave length*  This is not an unreasonable assumption 

but it neoessStates the introduction of an inner potential 

of the order of ten volts# Bren with this aesumptlw and 

allowing for the inaccuracies of measuring the focal planes 
an ,

of/infinitely variable magnetic lens# there are some unex­

plained systematic deviations from theory*  Hillier and 

Hamberg*  s work was done with path differences of less then 

five wave lengths.

At this point the work remained until increased 

resolution of the microscope permitted the observation of
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6 - *
amall seal*  phenomena shen Hye&a sna ao^oykera» f@llw»& 

7 8
in oloae sneoesslon by Bees and by Rillierobserved still

6 T*  Kitsufshl# R*  Ra^aeaki and R» TTyeda, ^roo. Tepen 
Ae&a#B?*M(1951%

■ 7 A. I» G» BaesPrivate oomann1sation»
8 J  Sillier# Pros» of BBS Sympo&inm In ^Isotron Physios 

(In press). .
*

other phenomena in micrographs of plate-like aryetAls.

These fringes*  which they interpreted as arising from inter- 

ferenoe effects between displaced lattice planes in over­

lying crystals# permitted no detailed analysis since they 

occurred only in some natural eryetais and permitted no 

control of th/» geometry involved»

This type of investigation was carried further by 
9 - . * - * ' -

tRang, who In on ingenious set of experiments Investigated

9 0. Rang# Thesis Tech  ^ooheohale BarBBatadt f Jane 
1953).

*

the interference effects in lead mono-lodlde (Bbl). This 

substance has the property of forming blisters when heated 

and these blisters them form interference patterns In a 

manner somewhat analogous to Hewton**  rings*  The geometry 

of these blisters was measured by rotating them about an axis 

and viewing them in dark field illumination while recording 

the angles of maximum intensity*  This process yields Infor­

mation on the derivative of the blister profile. This deri- 

vat Ive was integrated graphically to give the profile of the
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blisters*  To the ea&mrBey of this process& some

15%, this profile agr#$& with the one determined by the 

fringe pattern*  bat more precise data were unobtainable 

and only low order interference cenld be studied.

In view of the continuing interest shown in the 

detailed nature of these phenomena*  it appeared desirable 

to try to construct an interferometer where all the geometry 

was known and preferably controllable. Apart from the general 

interest of each an instrument it should be of value in 

determining more exactly some of the important physical 

constants*  provide a moans of extending the lower limit of 

length meas^pemants» be an extremely sensitive detoetor of 

field gradients »and find use as an interferometer wpeatro^ 

graph for electrons and beta rays. Although no doubt many 

people .including Barton ,had considered this problem for 

many years a practical instrument was never built until
10

recently ^hen a sw^wstlon by Marton led to the work

10 %, Marton*  Phys. Rev. 85*  1087 (1852).

described in this paper*
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TI. BfBVRmfrnr?

If w examine We proble of forming interference 

fringes tmâor oontroliea qonaitlone th# appear

■enormous» The first method,which appeals h-somme of its 

apparent simplicity, Is the method of Yo%g using a double 

slit. It is possible by the use of acmpotmd demegnlflsstlag 
'0 -- -

to obtain & scurce small enough to make such an experiment 

possible,since it has been shown that only the gauselan 

image of the emitter need be considered in oalenlatlons of 

coherence# Som# preliminary experiments carried out in

11 D. Sabor. Proc. Phys. Soo. 3 64. 463 (1951). 
r^nwifK. "'"* *' ...... n.ww.aiwi „ „„„..... ...........y,

the early phases of our work showed that* while diff ion It, 
v -

it would be possible to obtain double slits of appropriate 

else and spacing, These values must be less then about 

800 A and 5000 A respectively in order for the resulting 

fringes to be resolved by the electron microscope» The
• " a ’ ‘ '

technique tried was evaporation oÿheavy metal, gold» 

manganin or palladium fr<% two positions while the slits 

were shadowed by a fine wire stretched lust above the 

formvar substrate, It was also discovered that good natural 

elite for this type of work appear in relatively heavy folic 

of gold-manganin alloy, These attempts were soon dleçon» 

tinned when the instrument as a whole was cunei dared in 

more detail, Tn order to achieve any sizable nimber of
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fringes the of the source ba of the oNey of

a few hw4r*&  wave lenrrths and must rwaln fixed in sise '%&& 

position within this limit for the enttra expooare. To form 

a virtual aowroe of this sics from n thermonle cathode would 

require «empmmd demegR If lost Itm, owrAspemdlR^ to a high

14 A. A. Xioholwn* Phil. Mag. 13* 338 (1832).
'15 A good treatment of this instrument" appears In 

Kwh. 3RIB0TPESS Of PPTSTCAI OPTICS (Methu^* Widw. 1926). 
Chap* X*

/ resolution» inverted eleotrbn miorosooM*  The viewing Instm. 

went woold have to be another high résolut Ion Instrument 

wârtdng in the normal Rmmer# Hoth these Inetrwwnts» if 

magnetic, would require lens enrrente not mryln^ to more 

than one part in twenty thousand during the exposure. Tnten- 

city cons Ider nt l one lead to exooewye timar in excess of ten 
12 

minutes. The experience of % Ine working with the dlffr&o» 
23 '

tlon microscope of Gabor^ where a similar situation pre-

12 X. %# Saine» Private o<%K5untsatiôn.
IS D. @ahor» $roe« Roy. Sôo. A 297» 4M (1949).

vails*  ie that existing teohniques of electronic stabilisation 

are not e^ual to the task. Moreover the problem of achieving 

the necessary Mohanicd rigidity of the instrument la an 

almost impwsible task.

It was by this time clearly apparent that only an 

instrument of the amplitude-splitting type offered ohanoe of 

wseees*  Typical mwbeys of this family of interferometers 
, 14 13

are the Michelson end Sachezehn&er*
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The InstrumentB hmrm the

eavsnt%ye thet the component parts^including the souroe 

neeâ not be a sige eegR^r&ble with the wave leaath of 

the lllwtnatloa*  nenee there is no need for extreme 

ponstsnoy of source. else or position en@ both the stability 

and rigidity requirements are greatly relaxed? The sitaa# 

tion is further improved by the redaction in exposer# time 

to be eahlevM by the ose of larger scwoee*

mrn: ,1» me:^w>^»r;.-J3Br arc iwx.-?r i -J t-vtmw—«j b»!. >r n-irw^ luwnvum »«<w—rw^MW—». 

work forty years ego* It is rather strange that no reference 

to these lengthy (although poorly organised and ebsourely 

worded) reports was found in the extensive literature of 

îïi^ 0 >
IT " 

Almost simultansouely with the Werton paper?
18 

Zrauehaar suggested the use of diffraotlua beam splitters

The lack of electron mirrors and more especially 

^half sHverea " alrrorc seems to doom any attempt to @m&- 

street a conventional amplitude-splitting instrument? 

Warten then aog^ssted the ose of diffraction fr^m crystals 

as » means of obtaining both the reonlr&a mirrors and the 

beam splitter*  The ose in light optics of dlffmetlon 

gratings es Interferometric bow splitters*  as found later, 
16 

is not new? Gari Baros used them in hl*  nom forgotten 
wwm *M^™****^^  .... .. ........ ............ ...... .

16 C# Baros, Oamegih Institute of #asMAgt#i Tobliea  
ties, Ho  149 (Washington, D  0?^ Part 1 1911? Part IT

*
* *
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Fig» 1 Mffreata on pat torn of 100 A goia single 
crystal taken with 60 kev electrons.



17 I  %artonl%C).  oit  '** * *
18 Xranehepr*  Opt*  Boe. 4^, 480 f 1950) * 

1A wln& tmmel work*  bat the ase of gratin## tfete## of 

fstrrore oeem# to be new*

From etmsMeretions of intensity ana ease of 

mechanical adjustment it an-peRred that diffraction from very 

thin a ingle crystals in transmission would be the most deeir- 

able arrangement*  If these cryetale are only » few hundred 

atoms thick, while many million atoms in transverse dimensions 

the diffraction pattern is that of a cross grating and not 

that of a Bragg three-dimensional array,since the stringency 

of each lane condition is in direct proportion to the number 

of atom planes Involved*  The energy of the first order is 

then ccnoentrsted in discrete spots instead of the ring of 

the Pebye-Sherrer pattern of a polycrystal, thus a much 

greater portion of the initial beam is available*

' That single crystals of suitable sise can be grown 

was demonstrated by the preparation of crystals giving trans» 

mission patterns as shown in Fig*  1*  Tt is not known whether 

these crystals are true single crystals orar their entire 

area*  micrographs show a mosaic structure that makes this 

improbable; If they are not*  the diffraction pattern shows 

that each element of the mosaic must be individually oriented 

and this suffices for our purpose*

The geometry adopted for the instrument is shown
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Simplified ray diagram of Marten electron 
Interferometer.■
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in Fig*  2, where for al&Mty only the first order of âlffrne 

tien is shown. Any ekstoh of the Instrument Is badly dis*  

torted sinae*  for electrons In the usual electron optlsal 

range of 50 kev^ the between the beams for most
*eB _ ,

motallie eryetals is about MLO radians*  The small else

of the angle limits the separation of the beams» for an 

instrument of reasonable else, to the order of one mm*  It 

will b@ seen the geometry is that of a highly skewed Xaeb*  

Bohnder instrument, but using diffraction instead of rafles 

tion at points 1*  3 and 4*
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HI» TMOBT OF TR7 OmCAÏ,

The ëotailea geometry of emplitnae^eplfttîng 

iKterferwieterg for the most gnrersl type of lllgmlRBtîw 

19 highly imrolvoa. The theory of the MBoh-Zehn&ar iretra- 

wrt vlth ron-*%ar811el  fllwaïn^tîcM h&s only reoently boon 
19 

^Iven by Bennett en& even In th!B rather lon^ &n4 
-     »-n.. „ L„. I .....T — -------- - --------------------------------------------- ---- --------------------------——— 

19 F. D, Bennett. J*  AppU Phye. 22. 1A4 f 19511e

oplt treatment h® wee forced to make % m%bmr of approx!^ 

metlone In order to dra^ nsefnl oonolu^ione» The barton 

inetrsment Is even more int^etohle*  In systems nstnar 

mirrors. snoh as the %#h~Zohnd#r. each ahB%0 of 31rootton 

aoaompliehsd by reflection obeys the simple and compact 

vector equation
Ô = -ÉlFj-rn^hj .

^fote that this equation involre^» beeidea the unit rooter 

of the incoming and outgoing reyo. K_| and F: » only the j j

unit normal of the mirror Th # In en instrument aging 

diffraction gratings at each change of direction the 

equations. some of which are dereloped in this Section*  

cannot be expressed in such a simple form elnoe they Involve 

not only the grating normal bot also a vector parallel to 

the rulings in complex trigonometric relationships#

In the case of interest to electron optica however.
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there le one important wMoh eMeee #B a

result of the very email angles of lllw&inatiSR and ohser^
" ' .**3  '

vot?<% that are used*  These envies mast be le^e than 10 
the / ' " , "

ra&lans to minimisa/hl#h ephor leal aherration of elestrwi 

lenoes*

^Ith this reetrlotlon on aportsro the important 

formulas ^Ivln^ the oharaateristios of amplita^e splitters 

are greatly simplified» In this oses the wave fronts of the 

two interfering beams may bo considered to be straight and 

to be viewed Blong a line almost normal to both wave fronts» 

The fringe spacing Y is then given by

Y = -J- , (3.1)

whei-e X is the wave length of the illumination emâ 2 

the an^le between the interfering wave fronts*  The @lre#~ 

tion of the fringes is parallel to the line of intersection 

of the wave fronts#

The theory of an instrument ns ing diffraction 

gratings, which we were forced to develop*  divides rather 

naturally into two parts; first*  the effect of instrument 

parameters upon the two wave fronts and second*  the resalting 

effect on fringes canoed by these changes in wave front 

direction*

In order to study the first of these parts one 

muet begin by defining e standard interferometer cwfîgnratton
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Definition of eonfi^nr%tion and,
instrument p&rametera.
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(fie# 3)# In&îoatînr fyom thl@ et&n&arà#

{Let the Instrument be placed so th^t the beam f^%%8

parallel to the Z axle ,w!th the two beams defining the 2Y 

plane, The angle of the dlffreotM with the. % axfa la

B, which in this oose is equal to the diffraction anurie 

The diffraction are GOnei&erM to be parallel to the

XT plane with their rulinga parallel to the X axle. The 

distanoe between the first end second shall be and that 

baleen the second and third gratin» . These diatanoes 

will be equal for standard oonflgwratl^n*̂

Deviations from stsMerd eonfi<pîretion will be 

designated as follows# If the plane of the nth grating 

does not coincide with the XT .plane the anvle between them 

shell be enlled y@„ * with the ewbBorlpt denoting the 

grating Involved# The angle «X is defined ne the angle 

between the rnlingp and the X axle if the gratings are 

rotated about the % axis, The difference between J0. and 

JL^ shall be called &1 »

The offerte of these ohangee OR the beams will be 

designated as follows. The rotation of the nth beam around 

the % axle shall be designated rotation of

the nth beam arotmd the Y axis shall be deelRnated as On .

Dars will be placed over the symbole If it Is 

necessary to dîetîrgeish the beam directions after hitting a 

grating from those before the grating*
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1?

The effects of A will be dealt with first. The 

first effect of b rotation /3 will be to introduce a 

difference at between Jt, and » The mgnitnde of 

thle distance will depend on the location of the axle of 

rotation. We shell consider the difference introduced In 

this manner to be oomblned with any other inequality of the 

Ji's » The second effect of the rotation ft will be to 

change the incident angle causing it to differ from the 

standard angle ® st « The equation satisfied at each grat*  

ing is the well known expression

Sjuw  7 + SiM. 7 = = Swv'î ,

wkore n is an integer (in this work always equal to %) and 

d is the grating constant. ? equals the angle between 

beam and grating normal.

We introduce a rotation by

? =6*  £
« 5-/b (M)

Sji^i ce*/»)  * svn.(§-^) = sytcT.

If the angles involved are small and the sines may be 

replaced by their angle it will be seen that ft has no 

effect on 6 since
6 + ë = gjWt f = .

"Mils is true to the order of V3 52 • .

The effect of the rotation of the gratings about
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the 2 axis îe mow 4 show an ortho­

graphia projeotîæi of the ge^àetty*  The notation is that 

jnet êesorlhed with bars denoting the angles after &if- 

fraction. From the &lsgrsm Fig*  4 one seee by inspection 

that _ .
t&VL «. = . -

cos<& x*/a(+-+)

: (3.3)

Bat SAmAfr-^ e son. 4> cos t - Cos 4 sin 4*

SM AOI 4 - JZqry & Ç,OS *k
(jun* 6Cm** ♦ oos^^

COS^ - - CO SO_________ (3.4)
(S^GCDS1^ *00^*0)^

so that to the approxlmtîon Y*  (which is true to some 

parts per thoananâ)

. _ SLwUSUvfyCJBSSc ♦Cos,-OY/^ 

. (3.3)

This becomes, as oC—r- o, ,

—C^»* 52^(9 ----- --«> (3.6)

This equation (3*6)  shows that for small the only 

motion of the «ee^lng beam Is In the BY plane# l.e. a rota­

tion about the ¥ axis*  The angle in the 33 plane is 0“ 

an& Ie given by



Fig*  B Detailed geometry at third crystal 
showing effects of axial displacement .
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cose asfe-v ( ’3

flat €03(6-1') = c»5S CtfS'P -► Sjvn 6^un,f'

and *p

eo that .

> (5,@j

vhloh for email angles beoomee
5^ =6ok . _

On# oan a## from #1#, 3 that if one aeanmee that - ... - - * 
the second crystal defines the TX plane then rotation of 

/ .
the first crystal a^ffeets only beam I and rotation of the 

third crystal affecté only beam IT»

The effect of inequality of grating spacing will 

he considered next. This inequality may be considered as 

arising either from a direct displacement of the first er * 

third grating from the standard configuration or from the 

rotation fin about some axis not coincident with the beam. 

Consider the difference in path between beam T and IT at 

P (Mg*  5) given by

△  - AP-BP . (5.9)

If one drops a perpendicular from B to A? intersecting AT 

at e*  then one has*  to terms of higher order*

A =A£ si»u6 &*i.  8 . (3.10)
2



from the diffraction equation one sees that

)

where d equals the grating spacing and A

length*

Then from the diagram

equals the wave

y (3.iiy

On « substitutes Into (3.10) aM

2 d (s.igy

The condition for a bright peint at

AA = n = H
where n la an integer*

Then, solving for y 4 one obtains

3 =2nd (L ,

P Is

(3.13)

%3 . 
In ”*The fringe spacing Y san be expressed

d .

me thus

(3.14)

Equation (3*14)  san be expressed in terms of the angle

between pl&nee of oonétant phase by

(3*15)

henoe»

$ n (3*16)
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The extremely small angle of illumination and viewing neoee*  

sitates that J be email if one is to receive both beams 

in the viewing instrument. 8 1@ small with usual wave

lengths and grating constants*

One is now in a position to find the effect of 

changes in the instrument parameters on the fringe spacing 

and fringe orientation*  To do this one must first write the 

equations of the two beams in standard form*  As we have 

defined our coordinate system in Pig*  3 these are 

Beam T

- % S4ÆV Or + & C05<Ç =0
a —a

Be%a n (3.m

"% S^TL % ♦ %
8 8 '—§—

R=(Sim?di + eos1^)^ j Ô ^^^2 %) .

Since these beams are normals to the wave fronts 

one may find the dihedral angle by forming the dot product 

between the beams. After simplification this gives

CosJ-(Si/ncç Svn<5r + cose^ aos^X Cos4^ ,„
x (3*18)

- C6s(%-c&)GM*r  »

One remembers that since we have assumed that each 

wave front is a plane the fringes run parallel to the line of 

intersection between those planes. One may obtain this inter­

section by eliminating % from equations! 3*1?) » The slope
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Fig*  6a and 6b Optleal analog and typloal 
fringe system obtained with it .
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of the fringes with the % axis is then given directly by

T»*uT  ■ X « ( fon,COSOj - Sozn. Qj ) fs.w)

Now substituting the emit angle epproxïmat I ans of equations 

(^♦8) aM (3*6)  In (3.19) one obtains for the fringe spacing 

and orientations in terms of instrumental parameters

TT = (Ô,o(| — A f3.SO)

Cosj? c cas f8,<x, —630(3)005 ( » ) . (3.21)

To apply these results it is desirable to have the 

derivatives of these expressions with respect to the third 

grating-rotation and with respect to change in spacing.

between gratings*  These are

e^6i<*/SMt(63«<3)-l^6 a —- (5.2%)

3 ol

and

• (3.23)

As an experimental check on these derivations a

small light optical instrument was constructed*  Fig. 6a 
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shows a picture of the instalment mounted on an optical 

bench*  The mounts for the three gratings, each of 9890 

lines per centimeter, may be seen readily*  Due to the 

enormous difference between the wave lengths of visible 

light and of electrons no attempt could be made to scale 

the instrument and its dimensions are merely a matter of 

convenience*  Therefore SL was taken equal to approximately 

16 cm. Pig*  6b is a photograph of a typical fringe system. 

The irregularities in the fringes arise from the inhomoge­

neities of the microscope slides upon which the replica 

^ratings were mounted and from ripples in the gratings 

themselves*

An accident to the mercury are light source first 

used in these experiments required the we of filtered white 

light and it was found that the instrument gave just as many 

clear fringes with the less pure spectral source. Tn fact 

it was found that one could remove the filter and use white 

light without loss of fringe contrast. Tn this latter ease 

the fringes were black superimposed on a field that showed 

the spectral variation from red to violet*  The lack of 

influence of the wave length of the illumination, it was 

realised later, is implicit in equation (3.14) which shows 

the fringe spacing to be independent of wave length. It was 
100 - -

also learned later that Barns had made the same observation
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1 a

3Y KM) ^^(CALC.)

,025"

,n%n*

" .005^

.0455”

.0505”

.023

j .010" ,010
- Al A*9 ARAAW♦ U JLM $ JDDvf

TABIB I b

w S ^3 y*
(CALC)

*015" .00142 *00582 0 3,1 3.5

.02" .001065 .00291 0 6.5 5+4

.0^ ,000718 .00145 0 15.2 8,8

*006" .003 .00436 1.44 1.66 1.?
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21 
elnae our expérimenta Sterrett an& ^rvîn in eentimdn#

22
the work of Kra mhaar have reported the same affect*

20 0# hems*  ep. eit*  '
21 J. R*  Sterrett anâ J# R. %rvtn. Teoh: Rote 2927 " 

(National Advisory Committee for Aerwaetioe*  Washington, 
P. 0.^ 1962). '

22 E  Kraashaar,. op» alt»*

The existence of high-order interference in non*  

monochromatic light posed problems of interpretation of the 

exact significance of the quantity appearing under the name 

cohérence*  This quantity, which plays a large part in 

writings on Interferometry*  is usually defined only by deno­

tation and hence remains a rather indefinite concept. It 

was honed that the Marton interferometer could be need to 

measure this quantity for electrons and hence a dlscueelon 

of this concept is given at some length in Appendix T»

Table T @ shows the test of equation (3.22) end 

Table,I b the tests of equation (3»23). The equations have 

been expressed in terms of fringe spacing for purposes of 

convenience. In these tests the 5480 A green line of mercury 

was used for a source of monochromatic light. The fringe 

spacing was measured by a steel scale calibrated to .01 in» 

which was held In the focal plane of the viewing magnifier. 

The direction of the fringes was measured by visually 

setting the fringes parallel to a protractor held next to 

the interferometer» The estimated error from both these
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pfoaedures is probably groatw than 10^»

The qualitative behavior is as prMlote^. ^he 

qusuitît&tïve disagreements may be explained in large part 

by the Inaaeuraay of the inatmaent^vhloh was never designed 

for quantitative work, and by the influence of the glass 

upon which the replicas are mounted*  The effect of refract 

tion at the Interfaoee was found to be by no means negligible*  

ill attempts to use unmounted repllose failed due to uneven 

shrinkage of the nneopportea replicas end to their vibration 

due to mechanical causes or stray air currents*  Both these 

offnote sensed the fringes to be onsteady and of low contrast. 

The apparent systematic deviation in Table T b suggcete thmt

Or was not strictly equal to aero*
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TV. OF 19m TTCOBY TO TRV ^I^OTSOK ÜfSTRWW

The fondement al seæptlem was made at the be^in*  

ning that the theory just derived was applicable to electrons 

without any change other than a change of wave length and 

the substitution of thin single crystals for the gratings*  

This latter substitution introduced no change of importance 

since it was intended to use a diffraction order where one 

of the Laue indices is aero# When one Laue Index is zero 

no loss of generality Is incurred by treating the cross grat­

ings as simple gratings due to the high resolution derived 

from the enormous number of crystal planes involved#

One question to be answered was: Can an Instrument 

be constructed so that the important parameters may be ad­

justed with close enough tolerances that the fringes will 

be large enough to be resolved? It was planned from the 

conception of the instrument to use a compound electron 

microscope as a viewing magnifier*  It was thought that 

mechanical difficulties would probably necessitate the use 

of a longer focal length objective than Is usual In electron 

microscopy with the consequent reduction of resolution. Tt 

was estimated that the least resolved distance of the 

microscope used as proposed would be about 100 A instead 

of the SO A obtained in normal we# A safety factor of two 

was adopted and all calculations assumed that the least 

resolved distance was twice this value# For purposes of
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oæloul&Mon nominal wines of the important constants were 

used: the wave length was taken as *05  A. the distance be*  

tween crystals 6 cm and the angle between the beams was 

taken to be equal to the diffraction angle of *02  radians*

Wider these conditions equation (3*1)  gives the 

maximum permissible value of the angle between the wave 

fronts*  Since

f = s^f = = ^3 5 (4.1)

wob^în | 6 x /6_r M£>

Equation (3.21 leads to the restriction that must 

be met by the tilt of the crystals that

8% = Z.f x/o-f or 0 £ .f tAO' (4.2) 

This is so weak s restriction that no adjustment was pro*  

vided to correct it.

A restriction on either first or third crystal

rotation is obtained from equation (3*7).  We have

■fon, (T = tiuru 6 S4*L0<  % 0<X 2JXWf

or <*  = XZ x/O"* 3 »AD.
(4.5)

The restrictifs on the equality of crystal 

may be obtained from equation (3.16), Since 

spacings

(4.4)

St = tSx/o-3 cm .we obtain



There is another possible restriction on this para*  

meter which arises from questions of the *eoheren@e  length^ 

of the electron and considerable thought was devoted to this 

problem. It is discussed in some detail in Appendix I*  If 

we deal with only the destruction of the fringes by finite 

source angle and asetme that the fringes became Invisible If 

the path difference across them exceeds one-tenth of a wave 

length (a rather conservative figure) we can apply a formula 

derived by Bennett for the amber of clear fringes N •

23 1» D« Bennett  loe, sit.*

%'e have
N -5 •

(4.5)

where is the allowable path difference serose the

fringe and Is the source angle, One sees that for a 

source angle of 10 radians one can expect to see interfere 

ones over path differences of 2x10 wave lengths or apprex1- 

mutely one mieron. This can be translated into instrumental 

precision by equation (3»1M*  /. j

sa^£ Sun, 8 tom, 8 *̂8 18^= ^m. «.g)

we obtain
a -20 0%. ;

This Is no restriction at all.

It appeared possible to meet all these require­

ments in the proposed Instrument easily and thus construction 



was began.

It should be noted that the comparatively lax 

requirements on the precision of the instrument-ere a 

result of two circumstances*  The first is that the Instru* , 

ment is very highly skewed due to the smallness of the 

diffraction angle involved, and the second Is the use of 

diffraction for beam splitters and deflectors*  The form 

of the diffraction equation reduces the stringency of the 

restriction on crystal tilt*  As mirror instruments do net 

have this advantage, it would be extremely difficult to build 

one for electrons*
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Pig» 7 View of electron interferometer with 
vaGtima ease removed.
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Fig*  7 Is R photograph of the Instrument In Its 

final form*  All three crystal stages may be rotated.with 

the seosM and third fitted with a fine drive developed from 

a tangent screw*  The mechanism is complicated, as are all 

electron optical deviseg, by the necessity of vacuum-wall 

sealing while still permitting mechanical disassembly for 

repair and replacement of parte. schematic of the fine 

drive which may be set to less than .0001 radians is shown 

in Fig. 8a*  The control rod passes the vacuum wall through 

a "Wilson*  seal /Which permits it to be rotated or translated 

axially. The rotary motion, which winds the phosphor browse 

bolt off and on th< two drums, is used for a coarse control 

and permits about ISO® of crystal rotation. The fine control 

is achieved by locking the rotation of the control rod by 

use of a set screw, and translating it axially by a micro­

meter screw*  As can be sewn by Fig*  8s this movement results 

in a slow rotation of the stage, as the belts tighten and 

loosen on opposite sides of the stages# In order to avoid 

any possibility of the stage rotating due to thermal expan­

sion of the control rod, back lash is deliberately introduced 

into the system by allowing a small amount of slack in the 

belt.

The rotating stages are mounted on beryllium copper 

ball bearings with phosphor bronze friction members that
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serve both to preload the bearing and to prevent any creep 

due to external vibrations*

The first crystal is also fitted with a device 

for moving it parallel to the opt lo axim. This mechanism 

consists of a control rod sealed to the twww wall by 

means of a metallic bellows to permit axial displacement*  

The rod actnates a rocker assembly to revere the direction 

of motion and to transfer it to the crystal stage. The rod 

is moved by means of a differential screw which gives the 

state either of two rates of travel*  approximately .025 mm 

or .0025 see per revelation of the control# To maintain 

parallelism the stage is supported by a double parallelogram 

of phosphor bronze members which deform elastically daring 

the motion of the stage*  The elastic deformation "slide*  

holds the assembly parallel to within one micron in the 

1 mm of travel. It was found necessary to add damping to 

this mechanism since it is essentially frictionlegs*  This 

damning was added by paralleling the bronze leaves with lead 

members so proportioned that they coffer plastic deformation 

The final assembly is capable of being set to .0005 mm and 

in the presence of external vibration the instrument itself 

vibrates as a unit as far as can be detected*

Below the second crystal may be seen the variable 

aperture which is so arranged that it may be positioned and 

its site varied by means of only two contrôle eoming throngh 
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the vecmaa wall on setallie beliefs. Fig*  8b showa a 

eketoh ef thîe m^hanîem*  The movable va$«am $»&1 Is 

aehleved by means of another metslllo bellows on eeeh of 

the two aontrols# which differ only in bsi% aisplaoeA 

90^ around the axis of the Instrument*  Fash control can, 

by means of appropriate screws. be translated axially or 

pivoted abcAtt the knife edge fulcrum, The width of each 

of the crossed alls# making on the aperture is sent rolled 

by the axial motion which forces the con!cal tip of the rod 

up through the spring loaded jaws of the silt. The position 

of the entire slit assembly, jaws*  spring etc., is controlled 

by the position of the conical tip which in turn is fixed by 

the position of the control rod ns it is rotated about the 

fulcrum. The aperture was designed to permit either of the 

two beams to be blanked ent in order that interference 

phenomena could be demonstrated# The crystals*  about 3 mm 

(1/8 In.) in diameter, are carried in cartridges in the 

three stages. The center of each stage is displaced slightly 

off the optic axis so that by rotating the cartridges 90$ 

a different suitable spot on the crystal is exposed to the 

beam and hence the life of the crystals increased fourfold.

The Instrument remained essentially unchasged 

during the course of the investigation except for reducing 

the crystal spacings from; 50 to 34.9 mm and the changes 

necessary to bring the last crystal closer to the objective
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Fig» 9 View of tM electron interferometer 
installed in the electron microscope.
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lens. These were made to deoreaee scatter from the

eartriage walls and to increase the resolution available in 

the plane of the third crystal by permitting the use of a 

shorter focal length objective. Shorter focal length elec*  

tron lenses suffer less from spherical aberration in atdh 

tion to permitting high initial magnificatl^m.

The vacuum chamber is in the form of a metallic 

bell Jar which may be lifted off for maintenance of the 

assembly, while the crystals may be changed or removed 

through suitable ports without disturbing any other align­

ments. This vacuum chamber supports the gun and condenser 
that 

assembly and is provided with a micrometer screw so/the 

illuminating beam may be offset the required amount b*  the 

distortion of a metallic bellows*

The interferometer is mounted in place of the 

object chamber of a magnetic electron microscope which 

provides both the beam and the magnification necessary for 

viewing the fringes*  fig*  9 shows it in position*  The micro­

scope is otherwise unmodified except for minor circuit 

changes that allow a higher erm filament temperature» at 

the expense of filament life, and a pole piece of conven­

tional design in the condenser lens to increase the correct 

tion of this lens and thus reduce the cross section of the 

beam*  The electron gun woe usually operated at a potential 

difference of 60 tv with self-biased saturated emission of
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300 miaroomperee.

In ©Mer to reduoe the Intensity of inelsstleally 

so&ttered electrons the objective was fitted with an aperture 

of 75 mi crons white a matching condenser aperture of 260 

microns was need# The condenser aperture provided oritlost 

illumination, thus achieving a maximum usable intensity for 

a minimum amount of thermal loading on the crystals*
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VT*  SPRRWWAt

TM crystals were prMteel by er 1 en ted growth from 

the vapor phase on a crystalline mtbstrate at elevated tea. 

peratures* This process, known as epitaxy, was already under 

study in the "Electron Thyeles Section of the National Bureau 

of Standards for the production of single crystals for 

soattering expevlMents and a tentative theory had been worked 
88 

out# Additional studies were made to determine the best
"""""""" UM.».— .,,, rii i .... H 

0# G# %gel*  jr. of OM&+ Physios 80» 1174 (1^52) and 
3*  of Research Wat*l#  Bur# Standards 

( in press)•

materials for application to the electron Interferometer# 

The epitaxial temperatures were discovered empirically by 

experiments made around the predicted temperature. The metal 

was evaporated from wolfram filament or a molybdenum "boat,*  

whilw ths freshly cleaved rock salt substrate was heated in 

a resistance furnace#

This furnace was in the form of a porcelain tube 

some 5 cm in diameter and about 12 cm long which was wound 

with #23 nichrome wire# It was designed to be used with its 

axis vertical and at its mid*point  was suspended a nickel 

shelf or bulkhead# This bulkhead» to which an iron constantan 

thermocouple was attached, served to support the substrate 

during evaporation# The metal was evaporated upwards through

a series of 3 mm holes drilled in the nickel plate# These



holes were positioned so that five metallic dfske are de­

posited on each of three (1 am x l »1 w) sleeved 

pieces of rock salt» When in neo the furnace is snpported 

on a small tripod stand about 10 om above the evaporating 

filament or "boat**  The entire set-up is within the hell 

jar of a commercial vacuum evaporator. with this geometry 

the possibility of metal "splashing*  on to the substrate is 

minimi zed and the heat of the evaporation process does not 

appreolably raise the anbetrate temperature# This tempers*  

tors for most common metals is between 100*  and 400^ 8#

Since contamination deposited by the bem*  limited 

the erystal life to about twenty howra of operation,we were 

restricted to metals which were easily eveporeted*  This 

requirement eliminated the platinum family as well as any of 

the extremely high-melting point metals*  Some motels which 

were otherwise satisfactory could not be completely oriented 

while others like silver oriented sufficiently but were 

fall of small holes*  Among the metals tried only gold*  

nickel and copper*  In order of increasing virtue, were found 

practical*  The thickness of the crystals was calculated 

from the mass of metal evaporated and the evaporation geo- 
24 

metry, after experiments with a Tolansky interferometer

24 8» felansky; MlfTm 3%A8 (Oxford
Univ, Press, lendon*  1948)#

had shown that this method was accurate enough for ear needs
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( about sW). The degree of was tested by taking

a diffraction pattern of one crystal of each evaporation*

The mounting technique eonsistea of floating the 

crystal off the cleavage face onto the surface of the water 

and then "scooping*  the crystal on to a 3 mm mount*  ICven 

with the noble metals this must be done as soon as possible 
* it ' 

after the crystals are grown» a^ was found that otherwise the 

crystals would not float off the rack agit*  Some batches of 

crystals would not float off under any conditions. Tory 

little is known about the nature of the epitaxial bond and 

only about 85^ of the crystals grown were usable*

The mounts were one of two designs tried during the 

course of the experiments: the first consisted of a 3 mm 

disk of 20 mesh Am elactromesh*  the second of a 3 mm disk 

of copper with a 1 mm hole» This latter consisted of a very 

carefully polished copper disk about +8 mm thick with a hols 

in its center*  Contrary to expectations it was found that 

these crystals» so thin as to be barely grey under trans*  

mit ted light» would support themselves over this area If the 

edge of the hole was very sharp# 

aonsiddrable stress is applied to the crystal by 

the surface tension of the water as the surf see between the 

mesh wire or across the hole ruptures in the drying process*  

Attempts to lower the surface tension by additives to the 

water or the use of liquids other than water failed either by 

contaminating the crystals or by dissolving them*  The latter 



was true of all organic solventp even when specially purified. 

For some reason not understood the surface water that had 

been exposed to the laboratory atmosphere for several weeks 

was the best of all#

The crystals as arrown se@B tube in a state of 

strain as they tend to ripple on the surface of the water# 

Attempts to improve this situation by evaporating a heavy 

frame around the crystals only made this rippling worse# 

It seems surprising that the films remained single crystal 

dwing the stress of mounting# It is thought that the 

crystals are below the thickness where crystal dislocations 

can be supported# and the diffraction patterns support this 

belief# Crest difficulty was experienced in obtaining films 

of less than 150 A that would survive the mounting technique 

and the overall productivity of the process was about 10^# 

Thicker crystals were useless due to extensive beém atténua# 

tion and inelastic scattering# %en the crystals were on 

the mounts they were placed in the cartridges and were ready 

for use#

For alignment purposes the instrument was very 
25 

carefully adjusted by the usual electron microscope techniques

25 W*  G. Wyo Wf. B$38TH0W HÎOHQStolT f Tnt erec fens® Preae, 
ïw York, 1949).

e@ that the zeroth diffraction order of the flrat crystal

fell along the optic nxte. ?he second erystal were then inserted
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and the gw atmaenee*  assembly the amount ealsQlatea

from the diffraction amie and the inters ry stall Ine distance 
to *

in we. This offset amounted/about »75 mm for oo^per^

when the crystalewere' spe eed 34*9  m apart » Under these con­

ditions as the first crystal la rotated the first order beam 

will generate a right circular cone with its base in the plane 

of the second crystal and its vertex et the first crystal*  

The offset is so chosen that the optic axis of the microscope 

intersects the cone at its base. %hen the beam generating 

the sone passes through this intersection there are enough 

electrons inelastleally scattered parallel to the optic axis 

to be detected. The appearance of this weak beam was the 

criterion for the adjustment of the first crystal*  If the 

second crystal is now rotated, at the position when its 

crystalline planes are parallel to those of the first crystal 

the electrons will not only he scattered inalestlazily parallel 

to the optle axis,but also diffracted in the same direction. 

The intensity of the emerging beam is thus greatly increased 

at this position*  The adjustment of the first two crystals 

conslets of maximizing this beam while the offset is care*  

fully adjusted to place the beam in coincidence with the optic 

axle.

The third crystal was now inserted and rotated until 

its crystalline planes were aligned with those of the second 

as evidenced by the appearance of a second beam in close 

proximity to the first. The two beams wore then caused to 
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overlap by fine a&jaetmeate of the second two crystal rota*  

tiens and the height of the first crystal# To achieve the 

highest eagnlar resolution the microscope objective was 

foeased as far from the third crystal as the available 

intensity permitted*  The condenser was M^aateg for maxi*  

mum brightness of image and the protestor set at the desired 

magnification# This alignment procedure took aboat tln'ee 

hdre^ including the pnmp down times of the instrument 

^fter each crystal was inserted»

As emtlonai crystals were inserted the intensity 

of the image fell drastically# #ith the third eryetal In 

place and a magnification of 500 x*  the maximum intensity 

available, using a tungsten cathode with a life of 10 hours# 

gew beams that were just visible to the dark-adapted eye.

This low intensity required that the fringes be 

sought photographically# Exposure of approximately six 

minutes on Kodak Medium lantern Slides gave usable images 

after development in p 76 for five minutes. The search for 

the exact adjustment of the two rotations, the first orystel 

height*  and the correct focus proved to be a time-consuming 

and rather frustrating procedure*  The fringes were first 

rebegnlgad on the l,&S18t exposure.

The pl&tes,when dry,were examined wader a hand lens 

and those showing areas of apparent interest were enlarged 

optically 10 to 15 x*  The fringes were difficult to recognise 

due to the blah lev^l of "noise" nausea by inelaatloally
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scattered electrode*  faults in the He 01 planes and

bent aryetal tntarferen#»» of the type recently atn^îeO by
26 ' . . ~

Heidenreich» A great deal of effort was put into radioing

"R4 R. P. naldenfaioh*  Nil System Teoh^ SO^ @47

thia *nol»»+"  The apertwe of the Instrument was repeatedly 

reaneed by the use of appropriate stops, the crystal holders 

were modified esreral times In hope» of reducing scatter from 

their walla, and the cleavage planes of the rock salt were 

carefully eeleetsd# for same reason not clearly understood 

the perfection of these planes varied greatly from crystal to 

crystal,although all were of the highest optical ^^Bl^ty 

obtained fr<% the srnse source. It was hoped that if the 

crystals could be mounted without the supporting mesh the 

"noise" would be greatly reduced*  tWortunetaly when this 

was accomplished it was found that although fewer electrons 

were Inelaatically scattered ithe bent crystal Interferences 

were even more prcuMnent*

Once the electron interference fringes were recog*  

nlsed they were found on a number of succeeding plates» 

SoweveA difficulty was experienced in maintaining them for a 

series of six consecutive exposures*  %sn such a series 

was obtained It consisted of single beam exposures and a 

set of double beam exposures with controlled changes of one 

variable, usually the third crystal rotation.
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Fig. 10 Interferometer field of view with en* 
larged portion and densitometer path indl-^ 
oetede Both beams and fringes are viable

I
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Fige 11 Same field ôf view as Fie, 10^but only 
Beam I is present, fringes not visible.

j
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Fig. 12 Same field 6f view Fig. 10,but only 
Besaa TI le present, fringes not visible. ’
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I -

Fig 13 Enlargement of central field of 
view with contrast increased by multiple 
printing. ’
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Fig. Ï4 Densitometer treses showing the neoes- 
sity of both beems for the #ro&notion of 
interference.



VIT»

The first tmamblawme fringes obtained ere shown 

in Figs*  10, 11 and 12*  Fig*  10 shows the e^earsnee of the 

whole field of view at a magnification of about 6,000 dla- 

meters*  The large scale structure is the dark-field repro- 

daotion of the ripples in the orystel; the sharp lines nm- 

ning from lowNMP left to upper right are faults in the cleavage 

planes of the rock salt upon which ths couper crystal was 

grown*  The fringes themselves are muoh smaller in seals and 

run from upper left to lower right portion of the field*  

Figs*  11 and 12 show the same field of view with alternate 

beams blocked off by the movable aperture*  The fringes are 

clearly missing in either beam. The central area of Fig*  10 

is shown enlarged and with the contrast increased by multiple 

printing in Fig*  13,where the fringes are more easily seen*  

Fig*  14 shows the mlcrodensltometar tracings between the 

arrows on Fig*  10 with alternate interfering beams blanked 

out and with both beams present*

In the field of view of the original plate 154 

fringes were counted with an average spacing of 16501*  The 

direction of the fringes was approximately parallel to the 

plane of the interfering beams*  Due to the rotation intro­

duced by the magnet to objective and projector lens this 

orientation could not be determined with precision with the 

instrument as now constructed.
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Plat*  #68? Table IT

aryetale: sapper <1 « 1*804  t 
beam voltage: 80 k^v nominal = .048
diffractIon angle: *0289  radians

%poenr@ Angle of fringe rr Calculated V Measured F
relative to plate

3 ' 93e BO*  @%0*  3.56

4 75® 50*  8®50*  3.66 85® 37*  90®£ in®

5 67° 00*
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A series of exposures was taken rotating the third 

crystal in approximately two degree steps end the orientation 

of the fringes measured with respect to the crystal fault of 

Fig. 10.

The results of this séries of measurements are 

summarised in Table II.

To the aeoureoy with which we were able to determine 

the fringe orientation the reins of 7*  o&leuleted from 

equation (3.18), assuming <r$ = 0 » is in agreement with

Observation. In view of the strong V dependence of 

equation (3.18) slower agreement was not expected. It will 

be noted in column (4) of Table TT, however*  that the derive- 

tive yis negative as the theory predicts#

Continuing with the assumption that (T^r * O ♦ 

which is in agreement with the observation that unless this 

adjustment is made with great care the beams ere vastly 

different in intensity. we can use equations (3.14) and (3.8) 

to calculate the mean path difference in the fringe system. We 

obtain

4'4^ ms a .

The order of interference# Va  , is therefore 

approximately 5800. This oets a lower possible limit to the 

coherence length on the electron. This value greatly exceeds

any previous expef***Rtal  determination.
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Vin* FWQBt

It would appear to be well worth the effort to 

carry this work further. There are some interesting ques*  

tlona that may be answered If new techniques for the prodwo*  

tien and mounting of crystals can be perfected, so that the 

InetrmBont becomes more easily lined up and the fringes more 

clearly resolved# It is believed that if a technique were 

developed for mounting the crystals without the large seals 

ripples in them,it would be possible to inoreeee greatly the 

angular aperture used as well as the intensity and fringe 

contrast*  The same effect could be achieved if the crystal 

thickness were reduced considerably below 100 A. 
......

37 R*  D« Reidenreloh»lQ< sit#

The dependence of fringe spaaing un geometrical 

constants and on beam composition would then be studied In 

detail*  This should be coupled with an extensive quantum 

mechanical study of the phenomena treated classically In 

Appendix I*  For this work the instrument should be reeng*  

insured to provide mesne for centering each crystal Individ*  

ually and to permit measuring of angles of rotation and changes 

in crystal spec Ing» preferably by light-interferometric methods 

The viewing instrumentée resolution should ho further improved.

As it has now been shown possible to carry on
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interferometric calculations class?oally with reunite of 
à successful *

sufficient accuracy to permit/ instrument to be constructed, 

a further attempt should be made to construct an interfere*,  

metric spectrograph for "coherence" measurements on electrons#
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The electron interferometer proposed by Marton is 

a realisable instrument which will form predictable and eon» 

trolled fringes with path différantes of thousands of wave 

lengths*  This partIonian instrument belongs to an unused, 

but not unknown, class of instruments which form high order 

fringes In "white" radiation, Unfortunately it can thus 

throw little light on the problem of electron coherence» 

This characteristic rules out therefore any possible appli­

cation of the instrument as an interference spectrometer for 

the determination of band structure of inner potential of 

solids as had been suggested*

The production of electron interference fringes 

with controlled geometry whose behavior may be predicted by 

classical theory shows that the analogy between photon and 

electron optics extends much further than has generally been 

assumed*  Ite validity in the field of interferometry raises 

questions as to the ultimate limit of the analogy*  Tn Appen­

dix I we will deal with a further step in the attempt to push 

this analogue to its limit when we consider some experiments 

which might throw some light on the rather thorny subject of 

the significance of en electron's phase velocity, Perhaps 

the late % 3*  Williams was not exactly correct when he thus 

answered his own question "Is the electron a wave or a particle? 

It is of course a partiels*  The wave properties of the elec-



%

Tetron are not properties" of the electron but properties of 

quantum mechanics* ”*
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Appæmæ T

In almost any text in wave opt les one of the first 

statements ma&e when dealing with interference is that the 

two sources most he coherent» It is usually pointed out that 

this means that there most be a fixed and unambiguous phase 

relation between the two wave trains. With this statement no 

fault can be found# However*  the next topis discussed is the 

sl'as of the monochromatic source that may be need to obtain 

n fringes in Young's double slit experiment. It is at this 

point that a minor confusion arises since now the concept is 

transferred from one concerning the interaction between two 

teams to the properties of a single beam arising from a 

single source. Whose are usually referred to as the coherence 

properties of the source or more correctly the coherence of 

the beam. The properties of a beam early attracted attention 

since they are important in the theory of microscope image 

formation. The partisans of Rayleigh and Abbe publicly de­

bated for half a century different views on image formation. 
28

ZornIte believes he has put in the last word and essentially 
....    " ■ ■’■ """"' """" in.,,,-.

28 F. Zernlke, Proc. Phys. Soo. 61*  14? (1948).

rationalized the conflicting views on this subject. Tn 
29 ~

another paper Semite treats the matter of coherence in a

29 F. Zernlke, Physica 5*  788 (1938). 
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simpler and more etralghtforward manner than most of the 

other authors who have written at length as the matter*  A 

short bibliography is attached at the end of this section for 

the interested render*

Berniks defines simply the coherence properties of

the beam in terms of the ability of any two points p and p*  In 
» 30

the wave field to Interfere*  We adopts Michelson*s  visi- 
-.......... »■» ............. .... .

SO A. A. Michelson, Phil. Mag. 31, 338 (1891). 
- —- '■ "   .-W., " *.  a- .«■HOMW...W,

blllty Index Z as a meaenre of this ability, which Is deflt^d 
by % — (1 mx  * I mli^ max «r Ï mln) . ( 10*1)

% can therefore vary between 1$ complete coherence*  and 0*  
that 

complete Incoherence. Zernlke shows this index beers a 

simple relationship to the coherence of the two points»

The coherence thus defined depends on a number of 

properties of the source. one being the angular aperture of 

the source when viewed from the points in question*  This de*  
31 

pendens® is the basis of Michelson*  s stellar w interf©remet er**  
32 

Gabor extends the analysis of this type of coherence to the

31 A*  A*  Michelson*  Phil*  Mag*  30, 1 (1890)*  
W*  2emike*  loc- alt*  *

33 P*  Gabor*  Proc*  Phy*  Soo# B 64. 463 (1961)*

ease of three-dimensional sources which ere avoided In most 

light applications by the use of apertures*  In any event 

effects depending on source geometry will be called the
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geometrical coherence of the sonree*

The second principal type of coherence, which we 

shall call chromatic coherence, depends on the spectral pur­

ity of the source. This type of coherence is not so generally 

discussed as the geometrical one but is of greater interest 

for its practical applications*  This quantity may be used to 

determine the spectral distribution of the source» es Michel» 
33 

son did in his pioneer work in hyperfine optical spectre*  
. 34 .. * ..

seopy» Although*  as Rayleigh pointed out*  certain assump-

33 A*  A. Klchwlsdn*  rhil. Mag*  34*  280 (1892).
34 Lord Rayleigh. &M1. Msg. 34, 407 (1892). 

............... ........ . ........... . , „ ,.„■ 
tiens must be made about the symmetry of line shape, Michel­

son’s method appears - - an attractive one for application to 

electron spectroscopy.

There is however one serious difficulty with our 

discussion so far, s difficulty that exists throughout the 

literature*  This difficulty is that in order to measure K 

we must have an instrument of some kind capable of selecting 

the points p and p*  and causing radiation from them to over*  

lap and form interference fringes, i»e» an interferometer. 

In. brief we must have an operational definition for the 

concept of coherence of a beam. It is at this point where 

confusion arises in great abundance, for unfortunately M 

then becomes a function of this instrument and of the way it 

is used to form the fringes.

Consider geometric coherence first. A finite mono*
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ohromatic will give few fringes with a Fresnel mirror

or biprism, will give more with %loy&*@  mirror (a little 

known fact) ant an unlimited number with a Mlehelscn Instru*  

ment*  Kichelson Implicitly assumed complete geometric ooher*  

ence in hie spectroscopic work since he assumed K to be a
.......  35

function of spectral purity alone*  Bennett has recently

35 ?# Beimett*  Appl*  Phys*  776 (1951).

worked out a special case of the more general condition where 

X is a combined function of geometrical coherence and spectral 

coherence. The number of fringes will be greatly reduced if 

the Michelson instrument is being used in the usual Twyman- 

Greene modification with a condensing lens and a telescope

56 1. Twyman*  Phil. Xag. 35, 49 (1918).

for viewing. The discussion of this phenomenon is extensively 

given in the more comprehensive texts on physical optics.
....T,,...,..»..^...^..-...»...,.,.......................       .......... ..............................................      ........... - wynw. ...J.......

37 S. Brnhst, dOUB d'OPTT'W- fMaassn. Paris, 193K), Chap. 
IV as sn example.

This apparent increase in K arises simply from the fact that 

amplitude-dividing instruments usually choose p and p*  to be 

very close together.

The analogous behavior relative to chromatic coher­

ence is less widely known, probably because the Interferometers 

In use do not have this property*  However, there are at least 

two distinct types of interference fringes which are visible



to high order In la light. The first of these
- ' - " -- 88

has long been known tmler the name ^speetra cannelle*  ent

arises essentially from a eonventional Interferometer followed

by a epeotroscope. The second type is the ^achromatism
89 

fringes stadiod by BayleIgh which arise from a speotrosaope

38 Sea S» Bonsde and g. Oarrlere*  %B1TTR?^yG^S CDela^ 
graYs# Bari8^ 1923)*  Chap, VI» '

39 Lord Wltlgh*  Phil. Mag. 28» TV (1889)»

followed by an Interferometer*  Both these arrangements avoid 

the penal gradual loss of fringe contrast doe to the over­

lapping of the fringe systems formed by different wave lengths. 

If the Interferometer contains dispersive elements 

sash as prisms or gratings both these types of phenomena sen 

ooeor in the instrument itself. The previously mentioned 

papers of Baras describe an extensive set of non-systematio 

stadias made of this type^nterferometer*  Both typed of i#~\ 

straments give visibility corves which do not depend on the 

spectral parity of the scores,bat only on the resolution of 

the dispersive elements in the Instrumente. Armmd the turn 

of the century there was considerable controversy abont the 

signif loanee of coherence and er this condition. This contre- 

verey, which involved among others Go^r, Bayleigh. shnster end 

Poincare, is eamm&rlsed by Wood» Thrfortanatoly,before any
.. .M. ... NK,*».., , ». I, „ W» ' I ■—wniU ..... ..................................

40 B  W. wooa, mSTCAI, OPTICS (Macmlllafi, We  York, 
1905). Chap. XXI.

* *
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firm conclusions were arrived at, it evolved into a discussion 

of the mechanism of the emission*  before qaenttm meeMnlee# 

and le thus not very informative.

The Interferometer need to measure the coherence may 

not only increase the apparent soherenoe of the beam in the 

manner just discussed but# If the instrument has polarisation 

properties or filter properties,it may destroy the ooherençe 

as in the polarisation experiments of fresnel and Ara^o# 

This is a case of destroying the coherence by reducing the 

indeterminacy of the problem upon which# in the quantum view. 

Interference depends^ It has been suggested that this type 

of destruction of coherence, nfter the besm has been divided, 

can best be dealt with in quantœ mechanical language by 

means of a density matrix to describe the states of the ' 

particle in the Interferometer#

There are some added difficulties if the medium 

through which the radiation travels is such that the group 

velocity and phase velocity are nut equal for all frequencies. 

In this ease# where the medium is dispersive in the usual 

optical sense# s complex wave packet spreads out as it travois 

through space. This condition is true for waves spreading 
~ 41

over the surface of wato^ which have been analysed in detail. 
.,» ,. ,   in»,!».! <1. wyuawmlij i .|'n *■  ' iwinmu *W H Mini i>wl» HIMWIIII! IIHMMI. Ml.ll.>t.lf,iyi..i.il.i..|f.i> i   —1

41 F. SMb, FTDRWa^TOS f tester 1&R» Hinlv, Press, tea- 
briags, 1984), v. STS et sen.
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The result of this analysis is that the longer the motion 

continues the more nearly monoohromstlo the groups becomee 

and the greater is the number of waves which sueoeM each 

Other with less them some assigned change In wave length*

This behavior would seem to imply that an interfere 

meter operating in a dispersive medium would form a greater 

number of clear fringes than the same instrument in a non*  

dispersive medium. That this may indeed he the case for light 

can be shown in a fairly straightforward manner*  The eel eu. 

latian is given in some detail because of its interesting 

results if one tries to apply it to electrons.

Consider an interferometer submerged in a medium of 

refractive index yU , where is a function of wave length*  

let it be forming parallel fringes such that y - b t , where 

y is distance from aero fringe ' & is the difference 

of two paths and b is assumed to be a constant*

The optical path difference at a point x is then 

gtwn * £ " ( .
b (10.2)

The positions of the bright fringe is given by the 

solutions for all integral n*s  of 

4/a - % % • n or 

q e n A b fiû.s)

The width of the fringe 1 is then 8 VS H or

(10.4)
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If the fringe is to be sharp» we meet have

sVx«1 . .
where 8 3 Is the ehange in y âne te a ehenge 8 A in 

wave length

Differentiating agnation (10.3) with respect to 

wave length and substituting from equation (10*4)  one obtains 

«2 - n il - n.^) Sa .
V f 10.51

Rearranging equation (10*5)  xme obtalne

- 21^1 (>/- A . - fio.6)
£ A cy A '

If we IntrMeee the group velocity &eflnea by
(J .

a.*.  
where k is the wave nu^er^

A ♦ A v
and whore V@ is the free apses velocity, one gets

Vo _ Ve&jt s A_ A UL
u WW (/a )

3whetltuting into equation (10*6)  one obtetne

Sy = n Sa f
" Â/F V U • (10.8)

It is interesting to aalenlata the ratio of fringe 

visibility with and without 'dispersion*

Without dispersion equation (10*8)  becomes



* x y ' (16.95

Therefore

Before att^gotlKg to apply this analysis to the 

electron# we smst look more closely at the wave mechanics 

of the free electron. The asaal treatment of electron option 

deals only with the Xewtculan mechanics of a beam of charged 

particles# or expressed in wave language# the behavior of a 

mona@hFomatl& plane wave. To close the gap between the view*  

pointe it is only necessary to introduce an index of re frac*  

tion depending on the electron**  energy # and on its potential 

energy in space f such that - -
/<*  = ][Ç^

Thereupon the entire structure of geometrical orties to 
; 42

applicable without change to electron beams#

40 X# Zworykin et al^ XiKCTRW OPTION APP 
TSOS ^TCROSCOi?^ (John Wiley and Sons*  Rew York# 1945)& Chap# X# 

' or
V# %, Cossiatt, WROBHaTTO*  ?0 'WCTBOX CMOS 

(Oxford Wiv*  Press, London# 1946)*  Chap. I# 
' or "

' V# Ol&ter# 9% ^XTROX^OP^TX ( Springer*
Verlag# Vlannn# 1952), for a truly exhaustIve treatment#

Tn our case, where the important thing fs the nature



of eaoh oieotroM» thîe enalyela i@ îneoffloient

and one must return to more fundamental cons ideratlone»
. - / " '"43 :.
These are riven In detail by flaser and Thomson whose

43 W» Glaser, ep; olt.
G« 2*  Thomson, TBT'WAV? OF TRT W#

TBOB fXeGrew^lll 3kK>*r  Co. , Raw York, 1930).

treatment we will follow rather olosely.

If one writes for the wave describing a free eleo-

tron*.  as given by De Broglie*

( 10.11)

where ,

one sees npon comparison with the standard expression a 

traveling wave.

- ZnV(t -X) ,
y (10.12)

that for an electron wave, the phase velocity V is given

by

(10,13)

For a general wave*  the gronp velocity Is the relationship 

between % and "t when the argument of the sine is an
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extreme for variation of frequency (for an electron this 

means the variation of U. Y»

Thus if one late

and takev the derivative of the argument of the sine in - - •- • ' * JW t
-equation ( 10*11)  end sets it equal to aero one Obtains

t ^5. - 2k = p 

A 4L C4 eg 4L

Therefore, the group velocity equal*

f10.14)

U - X- - c* 3^ 

A 1-^5 
<#a.

bnt 
tt 

‘ •

Eonae ve obtain 
. U = u 

giving*  as %e expaoted# that the group velocity is equal to 

the partiale velooity# These results ooùld alee have bean 

achieved by oonei&erinR an interrupted stream of electrons, as 
. ' 44 /

is done by Kott and Kassey#

44 W. y. Bott ana 5. S. w; «assay; W! W^ORy OF ATOMIC 
COMTSTOSe (Oxford Dniv. Press, London, 1950). Chap. I.

(10.15)



To show that the eleetrea waves are dispersive la

the usual optical sens® we remember that for plane waves the

wave length

(10.17)

If one eliminates U- betweer equations (10.17) and (10.1R) 

one obtains

V1 = c? + (10.18)

This expression shows the normal wave length 

Oepenamoe of the phase velocity In a dispersive medl%g*  

That disperslm results in a vast spreading of the electron 
-45 

wave packet was demonstrated by a calculâtion of Darwin

46 8. 9. Darsin, Pros. Hoy. Sas. 117, 858 (1987).

msrQp years agf,l So gives as the uncertainty of the position 

of an electron st a time t about a position x * vt

This uncertainty la usually construed to be the effective 

length of the wave packet*

To obtain an idea of the magnitude involved in 



this spreading in a practical esse we consider an electron 

with an energy of 50 kev * 6 ev. which correspond § to a

harg relationship we obtain 21 « 5*5  % 10 cm*

From a knowledge of the velocity oorres pond Ing to 50 kev 

one caw calculate the length of time for the particle to 

cover 100 am*  Then applying Darwln^s formula one finds that 

the new uncertainty 18 l^d x 10 cm, an increase by a factor 

of 10

k difficulty arises If we use the non-relativistic

SohrMlnger squat l<m instead of the relativistic approach of 

Be Broglie*  The fundamental equation la

v'f + (F-F) f =0 ,

f 10.19)

where % is the energy and F the potential energy*  In free 

space where F O

the aquation for a one-d imenst on al wove becomes

3^ + Sirjno / yz m.u'J . 
Æoft -**•

(10.^0)

If this equation is solved by the usnol methods and compared 

with equation (10*12)  one finds that the phase velocity is 

given by
(10*21)
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If we compare equations (10.21) with (10.13) we 

see that our two approaches have yielded different results. 

However if we had introduced the rest energy of the electron 

into equation (10*19)  we would have arrived at a result 

similar to equation (10*13).  The group velocity remains un*  

changed by this substitution if the relativistic value of the 

particle velocity is used*

The usual view of this conflict of values for 

phase velocity is that given by Mott and Masseys "However 

the value of this constant" (the rest energy of the electron) 
4-6 "does not affect any experimental results.”

46 N*  Fe Mott and H. S. .</*  Massey*  op. alt., p# 13.

If we attempt uncritically to apply equation (10*10)  

to the electron the results are not independent of this constant» 

It would appear interesting either to analyze in detail the 

derivation leading to equation (10*10)  from a quantum mechani­

cal viewpoint and ascertain the exact point where the analogy 

between light and electrons breaks down, or alternately, to 

derive an equivalent equation for electrons*  Either procedure 

is beyond the scope of this paper*



Regar&leea of the ontaome of this analysis It I® 

obTlotts that*  although intuitively adherence is an attractive 

concent*  It is one that must be applied with great oare*  % 

any working interferometer it is a complex function of the 

source*  the instrument and the medium*
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