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I. INTRODUCTION

.
a» - -

Ever since De Broplls, from %;aar&tieal,aa§ai§~
eratinneg, Tormulated the wave thesry of matter there bave

been aontinuons afforts to sindy Ite experimenial imp%i« .
sations. The first experiments giving dirsst verification
of ths De Br&giial hypothesis wers those of Davisson.
B@rm@rm and Thomson and Esiﬁg'ukﬂ demonatrated that elec.

+ g - o

1 L. de 3roglle, Phil. Map. 47, 446 (1924),
2 Cs J. Dovieson and L. H. ﬁarg&rf ¥atnre 119, B58

(1927} . : |
8 8, P, Thomamm and L. Rﬁiﬁ* gﬁ%m 133; ﬁ'gﬁ {lﬁgﬂﬁw

trong are scattored from crystal lattices Iin = msnmer that
ig bost oxplained as diffrasction of & "matier wave,™

| g geometricel sl&atxﬂﬂ optics éavelﬁﬁad it wes
realized thet it wonld he &&sira?lg to sttempt t¢~éag1§§§te
the classio experiments of Yomng, Fresnel end others upen
which the weve optioe of lighﬁ wan fﬁﬁﬁé&&t Eharg is one
fondementsl 41ffienlty that hempered the work. In order

te obisin %ﬁffi?i&ﬂt penetration and fresdom frawﬁg$ra§
megnetic fislds, elsctron opticsl studies are usunlly carried
out using slestron energies of abont &0 keve At this snergy
the weve meshanieasl ealenlstion yislds the valne .04865 A
for the wave lemgth of an electron. This extremely small
weve length mesns that all slits and "point” sources must

bs gaaled down by éAfastar of almost ene hundred thonsend
from those of visibls light. Moreover the interfarence
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patterns will be reduced in size by the same factor.
Despita ﬁhﬁﬁ_k&nﬁiiapiasma iﬁtag§atiﬂg and signifi«
ssnt work was dons by Beoerseh In 1940 when, by the use of the

> - - £

4 ¥. Boerech, ¥sturwiss 28, 711 {1940),

.ﬁaﬁly'&e?&zﬁyea electron misroscove, he stndfed the Erggnéi\
frinzes shout the edges of defoounsed Immzes of opsqne and

gami-opaqgue objiects, He uhgervaﬁ these fz;nges up %o nhout
the 20th order. Thig type of investisntion was orrried fur.
ther by Hillier end aamberg§ in 194%. They showed that the

A

g

; 5 J, Hilller snd ®. &. Remberg, J. fppl., Phys. 18, 456
(1947).

petterns sbout the edge of collodion filme could be fitted
rather well to Fresnel's Tormule If 1t were nesumed that
the eollodlon introdneed s ggﬁﬁwﬁif?ar@nga‘ﬁf one gﬂ&;tg§
of & wave length. This is not an wnressonable sssumption .
but 1t necessitates the introdunetion of an inver p@teaﬁial
of the order of ten velts., Iven with this sseumptiom end
allawiﬂ@ for the inaccurscies of maﬂsuriﬂv tha fseal pleﬁas
af/infinz*aly varisble megmetic lems, there are some unex-
plsined gystematic devistions f?gm'ﬁhearyi illier end N
Remberg's work wss dons with path differences of lesge then
five wave lensthg.

A% this point the work r§maiaa§ wmtil increased

regsolintion of the mioroscopes permmitted the sheervstion of
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s; - -
small seale phenomens when Eysaa and aawarkers, Pollowed
n - }

in slose gucaesgsion by 38@3 end by Hilller, observed still

3 = e sl

a T+ Mitsuishi, H. %agasaki and R. @?ﬁﬁ& Pyoa. Tapan
Lond. 27, BS (1951}.
! 7 4. L. . Boegs, Private aammuniga%isay o
8 J. Hilliter, ?rae. of W8S ¢ gasinm in Rlsetron Physice
{in pressl. .

other phenomens in miaregraphg}sf p1ata~1ika oryaiala.
Thess fringes, which they iﬂtariretga a8 srisiaz from interw
ference affgctg between displaced lattice planes in over.
lying erysisls, permitted no detailed analyeis eines they
oceurred only in some natural erystals ard permitfed no
sontrol of the geometry Involved.

?him type of iﬂvéstgggtiaﬁ~waﬁ_a&zr;aa fﬁr&hﬁr by

g -
«Rang  who In an Ingenious set of experiments investignted

1@52}§ O. Rangg Thesis Tech. ﬁ@ah&ch&le Darmatadl faﬁn@

éhs interference effsote in lesd mono-iodide {PbI). This
snbatancs has ths property of Torming biistars~w§an ?aﬁtea
and thsse'kiigtagzwtheg form interference pstterns ine
manner somewhat anslogons to Newton's rings. The geometry
of these blisters was measured by rotating them a%sﬁt'an axis
and viewing them In dark field 1lluminstion while recording
the sngles of maximum intensity. This process ylelds infor.
matisn on the derivstive of the blister profile. This deri-

vative wag integrated graphioslly to give the profile of the



4

bligtara. To within the sosursey of this process, some
15%, this profile sgreed with the one determined by the
frings psttern, baut more precise data wers unobtainshle
snd only low order interference could be studied.

In view of the @ﬂﬁtiﬁﬂi?ﬂ interest shown in the
detalled nature of these phenomens, it zpresred &@siragis
to try to construct an interferomeoter where all gha’gegmeﬁry
weg known and nraferably gontrollable. Apart from the meneral
Intersst of sach en {natrument 1t showld be of valume in
determining more exactly some of the important physiesl
constants, vrovids & means of axtending the lower limist of
1§§gth measuraments, be en sxiremely gangitive detsctor of
field gredients,snd find use ss sn Interferometer epeatro-
graph for eleotrons snd bats rays. Alihonrh no douht many
people inclinding Marton hed considered thie @taﬁl@&~f§r
many years s practiosl instrﬁmagt was nsver built antil

10
racently when a suggestion by Harton led to the work

10 L, Marton, Thys. Rev. BB, 1087 {1952).

described in this vpaper.
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TT. TRETRIMIENM DRIMTDT™S

I€ we exemine the grah;ea.af forming tnﬁ@ﬁ?ﬁfﬁﬂﬁa
;fringea mnder controllsd qonditions the dif?iguitiag |ppeay
enormong. The firat'g@thaﬁ;@hiﬁhvagpﬁais'baaaﬂss of its
spparent simplisity,is tho method of Young ueing o double B
g11t. ‘:§ i poagible by the uge of sompomnd demegnification
to obtain & seurce small enocugh to meke sueh an experiment
possible,sinoc 1t has besn shown that only the eussien
1@&@@ of the emitter need be conmidered in oslenlstions of

11 L N
eohersnce. Some preliminary sxpesriments casrried out in

o G e 3

11 . Gmbor, Proc. Physm. Soc. B 64, 462 (1951).,

e e —

the serly pheses of our work showsed thst, while diffionlt,
1t would be possible to obtain double slits of agggapriéte
sié& snd speoing. These velues must be less than sbout

200 A and BOOD A respectively in order for the ‘rasulting
fringes %o be r@sszreé by the elaetran miarﬁeaapaf The
tenkmigue trled was eveporstion eﬁ/heavy metel, gold~
mangenin or pslladimsm from two positisns whils the slits
were shadowed by = fine wire stretohed Iust sbove the
formvay eubstrate. It was also diseovered thet good natural
elits for this type of work sppear in relatively heavy folls
of gold-menganin slloy. These attempts were soon aiaﬁ?na |
tinned when the instrument as s whole wae gomsidsred in

more datail. In order to achievs any sizable number of
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fringes the dfsmater of ths source mast be of the order of

a Teow huyfirsd wavs }eﬂﬁ%ha and muet vemain Tized in sisze %ﬁ&
positism within this 1imit Por the @ﬁ?ira axnosare. To form
& virtasl sowres of %thiz size from s thermonic enthode wonld
resnire aagpﬂaaﬁ &emﬁgﬁifiﬁatiﬁa,&ﬁ?rgapﬁnéiﬁg to a high
~~:§é01§%19n, invertsd slsctron microgcops. The viewinz Instru.
ment wonld have to be another high‘rﬁﬁﬁlﬁ%iaﬁ ;&aﬁrnmgﬁt
wOTKIng §n the narmel monmar, Toth thgg& 3ﬁst?uman§g;:if
magnetie, would reqnire lens eurrents not verying to mors
than one pert In twenty thonsand during the gxnosure. Taten-
alty conalderantions lsed ta-&xpaaﬁyg timee in exceas of ten
m&ﬁéﬁes* The sxperience ﬁf‘?ﬂfﬁélg workinge with tgg d1¥frec-

tion mleroscepe of Gabor, | where a similar situstion pre-

12 ¥, %. Hailne, Privats commanication.
13 D. Gabor, Proe, Roy. S66. A 197, 454 (1949).

=

veils, Is thet existing tschniques of eleetronlie stabilization
are not equal to the task. Moreover the problem of sehleving

the neceseary mechenicel rizidity of the instrament fs sn

almost fmpossible haslk,

It wes by thie time clesrly epparent that only em
Ingtrument of the smplitude-splitting type offered chance of
sugcess.  Typlenl members of this family of interferomsters
S |

i 18
are the ¥lohelson and Mach.Zfehnder.

14 . A, Michelson, Phil. Mes, 1%, P%6 {18827,
15 4 good troatment of this instrument Appesrs In ¥,
giﬁh, PRYINCIPLES OF PUYSTICLL OPTICE {Hethuen, Tondon, 1926).
ot Fi Xt




The smplitvde<aplitting instruments hove the
a@van%age that the aﬂmgﬂﬁagt g&r@gﬁia&lu&ing the gonree )
need not be S%Aa aize comparnble with tha wave lensth of
' the 11lmmination. ¥emee therc iz no nesd for extreme
::§uﬁgt&nay af‘&@afaa; size or poaition and both the a%ahi;it#‘
‘and rigldity requirements are grontly relexed. The sttusw
tion is farther improved by the rednction in exposnrs time
:ﬁgvbs sohieved by the use of 1&?@§§7aﬁnréag.

The lrok of electron mirrors snd more especislly ;
u’*hﬁlf’siiv@éaﬂ” mirrors gesme to doom sny otiampt to cone
gtynat B &Gﬁ?&ﬂti@ﬁ&lA&a@liﬁa&e«sﬁlittgﬁg Inetrument,
ﬁgxﬁgn then sugeested the use of diffraation Trom erysisls
as'a meang of obiaining hﬁ%k the resnirsd - mirrors and the
_ hesm splitter, The mse in light eptins of aiffraction

-

 gretings ae interferemetrlic besm splitters, ss found later,
18 T o
is not new, Carl Barus uesd them in hls now forzotien

- . . . 5 N - . . -

16 C. Baryuas, Carnspis Institnte of Washington Tublicse.
tion, Ho. 149 i%aahiﬁgﬁcﬁ,‘£§¢ﬂ,¥ Part I 1911, Pert IY 1922},

work forty yesrs age. I i rather strange thet no reference
%o theee lensthy {althoush poorly srpanized sng shsourely
ﬁéfﬁaﬁ} reporte mag found in the exteneive literstnre of
Interferomatry.
o 17 .
Almont simunltaneouwsly with the Yertom  paper,
13

Krsushaey ouggested the nse of diffraciion besm aplittere






17 L. M¥srton,lec, cit. :
18 R. Xreushesr, F. Opt. Soc. m, 40, 480 [1950).

in wind tmmnel work, but the use of gretings ingherd of
mirvors seeme Lo be new.

From gonsiderstions of Intennity and sage of
mechenieal sdjustment it apvesrsd that diffraction from very
thin eingle aryntels In tranemiselion would be the most desir-
able &rrﬁnq?ﬁent, I7 these orveials are only =2 feou hmndred _
éfpmg thick, while many million atoms 1&.trﬁns?er@a“&imansisﬂa,
the &1ff:astisa pattern is that of a8 erosg erating end not
thet of » Brage three.dimensionsl srray,since the s@rig#eaay
of eseh Lame comditlon j& in direct proportion to the number
of stom planes Invalved. The energy of the first order is
then gonoontretnd In disersls spods instaa% of the rinz of
the Debye-Sherrver pattern of a polyeryatel, thus & much
granter poartion of the Inttinl besm ig svailsble.

LY

That einple ory€els of aufteble size osn be prown
wag demonstrated by the prevaration of orystels siving trans.
migslon patierns ac shown in Fig. L. Tt iz net own whethey
these érystﬁls ere trus ginzle eryvsials ovar ﬁh@i§‘ﬁntir&
aren. Hiorogyaphs show ﬁ'm?&aia strneture that makes this
improbable; 1P they sre no%, the diffrsction pottern shows
that ench element of the wmacsic rmet be individnslly oriented

and this suffices Tor our purpose.

The geometry sdopted for the ingtrament is shown
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in Fig. 2,where Tor alarity only tha first orler of diffrac.
tion isg ahﬁwq. kny skoteh of the Instrument ig bedly dim.
tortsd =since, Tor eleatrons in the nsnal eleotyrsn optloenl
range of B0 kev, the snzle hetween the besme for most
metallle oryetsls is abont ﬁxlﬂsg re@isns. %he.aaalibeESQ
of the snzgle limits the 3§pa§§%§aa-nf the hesms, for an
instrument of resmconsbls size, %o the ordsr of one mm., T%
will bo ssen the zoometry is thet of 8 highly skewed Yache
Zehnder ingtrument, but nging d1ffreetion Instead éf rofiec~

$ion 8t pointe 1, 2, 3 and 4.



111, TYTORY OF TUT OPPICAYL AHALOGUR

The detailed gemmetyy of smplitnde~eplitiing
interferometerg for the most gomersl type of 1lluminstion
'is highly involved. The theory of the Mach-Zehnder instro.-
ment with nom.parallel $lluminetism hes only rvecently been

. 19
given by Bannett end sven in this rother lonz snd di1ff1-

- . 3

19 F. 7. Bormedt, J. 2ppl. Phys. 22, 174 {19B1}),

ewlt trestment ke was forced to make & nwmbsr of apvroxi-
mations in srder to drew nasfnl comelusione. The Harden
inetroment is evem more introeteble. In systeme naine
mirrﬂrs, such as the Mach-Zehnder, each gﬁgﬁgg af direction
soaomplishad by reflection obeys the simole and compsot
veator eguetion

7 = Vi —2(F F))A; -
Fote that this equetion Invelves, bewides the wnit vector
of the incoming end ontmoing ?EYEQ.;E-' gﬂﬁfFi . only the
unit normal of the mirror ;ij « In en instrament using
diffraction gratinge at esch change of directisn the
%ﬁu&tfﬁﬂﬁ; gome of which are developed In this Sectiom,
eennot be expressed in such n simple form since they involve
not enly the grstinz normel bat slss = veotor parellel to
the rulines in eomplex trigonomotric relationships.

In the case of interest fo electron grtice howsver,
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there 1z ome important sinplification which srises se a
regult of the v=ry sm2ll ansles of 11luminabtion ﬁ”3;§haeg_l
vation that sre used. These gnsles must be levs *hﬁﬁ‘1§fg
radiang to minimiﬁﬁ/%g;h ephierical aberretisn of electron
lsmaes.

#ith this regtriction on sparture the Imporitunt
formulas giving the charscterictics of smplitude splitters
ars greatly simplified. Tn this case the wave fromiz of the
two Interforing heams mey be considered te be streisht end
to be viewsd slong & 1ine almost normel %o both wave fronts.
The frines speeling :f' 18 then given by

Y= 4, s

where A 1z the weve lenath of the 11lwatnatisn ond ‘5
the snzls between the interfering weve fronts. The direcs
“$ion of the fyinges ig purallel to the line of Intersaciion
of the wave fronis. o

i The theory of an inshroment uging &iffr&@%ian
gratings, which we waras foreed §0 devalon, divides rather
natarelly inte two parte; first, the effect af:ﬁnatznmaﬂ%
paramclers uoon the two wave Trovte gnﬁ %%ﬁﬁﬁéy the rgﬁﬁltiﬁg
sffeot om fringes censed by these changes in wayve front
dirsction,

In order %o study the first of thege parts one

-

mugt begin by defining & stendard Interferometer aonfipnpation,
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.

{Fize 31, end then Indicabing devistians from fhis stendard.
Let the instrument he rieced so thet the Initiel beam F2lls
parallel to tha I sxlie,with $he *two bhesme defining %&m Y
plene. The angle of the &iffracted bheem with the Z sx&s ia

O, which in thisz nsge tg esonal o ‘the A1ffrantion 1 ’f’
The &iffraction zratings ere aﬁﬂsiéa&aﬁ ts be parsilel %o the
IY plsne with their »alings parallei to the X axis. A?ha
distance between the flret snd gecond shall be .2, end that
between the second smd third grotine ,2; . These distances
will bs egusl for stenderd con’iggratiing!

Devistions from standard confiemretion will be
designated g follows. TIF the vlene of the nth prating
does not aninaide wit% the Xf,gla&é the ﬁﬂ?ﬁ%fﬁgﬁ%ﬁﬁﬁ tham
ghell be enlled 43, , with the subseript denotine the
gpatine Involved., The angle dﬂ. ie defined ne the ensle
hetwaer thse ralivee and the ¥ exig 17 the grg%inga 2ye
rotated about the 7 sxis, The jifferenee hetween £, =na

L sh=ll be enlled 8L .

Tha affoats of thene chances on the ﬁﬁﬁ§$ wi;iﬂbn
dssimnated 8o ®ollovs. The rotatisn of the ﬁ%h~beﬁﬁ‘gfﬁﬂﬁﬁ
the X sxis shall bo dosimnated 2e ¢ . The rotstion of
the nih bBesm arownd the Y exls shell be desisnated se oOn .

Buyry will be rlaced svey the symbals 1f 1t 1w
neseggary to dlstirzuish the besm direcotlions after hittine s

grating from those bafore the grating,.
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of mignlizmments In
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The effects of 4  will be denlt with firet. The
first effect of = rotation ,3 will be to introduee =
aifference &Y between §, =mma £, . The magnitnde of
this dlstence will depend on the loestion of the sxis of
rotetion. We shall oonsider the differencs Introduced In
this menner to be ocombined with sny other inequality of the
P's . The secona effeat of the rotation B will be to
ghange the inaldent anzle a&mmg_ 14; to aiPfer from gha
stendard anzle Ogr o The squation satisfled at sach grate
ing 18 $he well ¥nown expression

Sam P +Sim 3 = '—d]-l =S Y ,
where N ig an integer(in this werk slways eqnal to 1)and,

d is the gratine constant. 3 squsls the anele between
beam and grating normel, ~

Ye Introdunce a rotation B by

? =0+np

3. 8-~p (5.2}

Sim (0+p) + sm (0-5)= Sum ¥ . |

I the angles involved ere small and the sines mny be
replaced by thelr anzle it will bs geen that /3 has no
affect on @ sgince

8 + 0 =sSmV¥= 93’_4"937 .
This 1s true to the order of 392 .

The sffect of the rotatlion of the gratinse about
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‘the Z axis is more complioated and Fim. 4 shows an artho-
graphic projfention of the geometry. The :mta_tian is thet
“just desoribed with bers demoting the angles sfter 4if
Praction. ¥From the gisgrem Flg. 4 ome gesg by Inspsotion
that —
R = i A
cos b um ($-Y)
i (3.3}
Bt Sam(é-He Sim $Cosy-Cos d s ¢
and Sme = Sir. 8 CosS A
(SM*eCos* + cos'6) "2

Cos¢ = __ Coso . {2.4)
(swn*eCosix « Cost0) "2

go that to the approzimation @=¥ {which iz true %o some

perte per thonsand)

fam = Sima (Sim*9cos*x +cosz0) /2

costg(Cosec-1) + {3.5)
Phis hecomes, 28 K— 0, *
tam X =~co'ﬂé»zz<.. sectd —-oo (5.6)

This squation {5,6) shows thet for smsll oA the only )
motion of the emerging heam is in the ZY¥ yrlens, l.e. a rota-
tion abont the ¥ axis. The anele in ths X7 plsne s "cr'
end is given by
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Fig. B Detailed ;eemstrgr at third erystsal
gshowing effects of axisl dleplacement



e = Smé Sim (3em)
Cos8 Co5(8~Y) -
But Cos(0-Y¥) = Cos® Cos¥ + SamBsum ¥
ang =
a0 that .
tang =lan pdSens 3.8}

which for small ansles becomes
g =86 . )

One can see from Pig. 3 that If one assumes that ,
the second orystal defines the YI plane then rotation of
the ?irst orystal affests only beem T end retation of the
third erystal affsets only besm IT.

The effent of inezg.geli{%y of grating spacing will
be.congidered next. Thiez Inequality mey be considersd as
ariging sither from s direct displacement of the first or
third grftmg from the stsndard oonfiguration or from the
rotation rﬁ,,, sbout some sxis not solneident with the beam.
Jongidey the difference In path betwesn beam I and 17 at
P {Fig. 5} miven by
| A=AP-BP (3.9)

1f one drope a perpendiculer from B to AP interseoting AP

at 2, then one hse, %o terms of hicher order,

A=AC 380 sindlan b . (3.10)
2
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From the diffrsotion equstion ene sees that

Sim B= Sin + = %3 ,

where 4 equals the grating spseinz snd A  equals the wsve
lensthe.

Then from the disgrem

tand = = (3.11)
. = ‘
One sabatitutes into {3,10) =nd
2% 3 9 (3.12)

The conditien for a bricht peint at P is

a=n=21 8,
where n s an integer. Z
Then,selving for J , one obtains
y=2nd & (3.13)
L 3
The fringe spzaing Y oen be expressed as -S:':‘ and thus
Y = 22 d . (3.14)
(Y2 !
Eguation {5.14) ean be expressed in terms of the anrle
between planee of conetant phese by
A (5.15)

henae,

=55 5 (3.16)
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The extremely smsll engle of illuminstion and viewing neces-
sitates thet § be small 1f one is to receive both beams
in the viswing instrument, 8§ is small with ususl wave
lenaths and grating constanta,

One is now in & position to find the sffeet of
chenges in the instrument parsmeters on the fringe spacing
emd fringe orientation. To do this one must first writs the
equations of the two beems in S‘b%nﬁsr& form. As we hasve

defined our coordinate system in Fis, 3 thess sre

Beam T
- sSim. : ] zcosai =0
1——-—&
R A
TBaam 1T (%, 17}
-XSim o + 8 ¢, -+R COSOp -4
8 8 [2)

HE(SIM}GE + Cos‘d;)y" , B E(SM’G *Em'u‘ +Casaiy_/2 .
Since these beams are rormels to the wave fronts

nne mey find the dlhedrel angls by forming the dot prodnct
between the beams., After simplifiestion thie mives
Cos $=(Sundr Smcg + COSOT COSOX) COSdr (4 .0

- Cos(oy —az)Cosdr .

One remembsrs thet since we have assumed that esch

wave front is s plene the friﬁges rian perallel to the line of
interssction between these planes. One may obtain this if}f.er-

section by eliminating £ from kgquﬁtims{:@.?f?. The slope
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of the fringes with the x axls is then miven directly by

w.,7‘=—,- = (an oz oSOz — Sun oz ) 13,19)
%¢I * i
How subastituting the small angle approximations of equations
(3.8} and (3.8} In (3.19) one obtains for tho fringe spacing

and orientations in terms of insirumental parsmeters

Tan 7 =(6,%, €o5(8509) — O3 3) -{—Q %_ (5,20

'Cos § = Cos (0,4, —03“3)905 ( ) fé.ﬁl)

To epply these rssnlts 1% 1o desirable to have the
derivatives of these expressions with respect to the third
gratinz-rotation snd with respect to ehangzs in gpacing.

hotween cratines. These are

1410_2_; 461“ S‘Iﬂ«(aad3)‘”’}a3 -‘égi —di- {B.22)

and
M A
jgﬁ) :(@5(0.“,—93“3)3[&/0( %‘Q "&')] Ia' e {B.23)

Az sn experimental check on these derivations =

small 1lizht optienl Instrument was eongtrucied. Fig. Ba
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shows a pieture of the instrument mounted on sm optical
bench. The mounts for the three gratings, sach of 7890
lines per centimeter, may be seen readily. Due to the
ensrmous difference between the weve lengths of visible
1ight and of slectrons no attempt could be mede ?e sasle
the instrument and its dimensions are merely a matter of
sonvenience. Therefore 2 éaaltgg@n sqnal to approximately
10 em, PFig. é& ts 2 photosraph of 2 typlesl frings system.
The irrsgularitiss in the frinpes arise from tﬁe»inhﬂﬁyga-
neities of the microscope slidee upon whiech the replien
sratings were mounted sand from rivnles ;n the gratings
themsgelves,

An scoident %o the merenry arc licht source first
uged in these experiments reqnired the unze of Piltered whige
1ight end 1t wes fommd thet the instrament pave juet ne many
clear fringes with the less pure spesctral sonrce. Tn fzat
it was fomnd thet one conld remove the filter and use white
1ight withont loss of fringe contrast. Tn this latter case
the fringes were black superimposed on s fleld that showed
%ﬁ%,speaﬁral varistion from red to violet. The %aak of
influence of %@s wave_langth of the illﬂm!natién, 1t wes
realized later, is impllieit in equation (3,14) whieh shows
the fringe spseing to be Independent of wave lensth. Tt wag

20
also lesrned lstar that Barns bsad made the szme nhaerveiton
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o

end sinos our experiments Sterrett and Trwin  In oontinning
T Bg

the work of Xreunshasy  have reported thse seme sPfact.

o

20 C. Burus, op. i, :

21 J. He Storrett and J. Re Trwin, Tech: Wote 2827 °
Hationsl Advisory Committee for Zeromanties, Washington,
De C., 1952). )

22 R« Ersushesr, op. eit.

Phe existence of hiph-order iﬂtsrfarena@win NOTw
monochromatic 1ight posed problems of interpretation of the
exact slgnificance of the_qagﬁtity*apga§ri§g mier thf nome
eoherence, This qu&nti%g,:&hiéh plays a lores part in
writinze on intarf&r&metry, is nanslly definsd only by denos
tation and henee remaine a rather indefinite concept. It
mag hored that the Marton interfPerometor could be nsed to
meagure thie gquantity fﬁr-élagtraﬁs and henes n Aiscussion
of thig concept 1z given 2t some length in Apvendix 7,

Table I @ shows the tezt of equation (3,27} snd
Teble.I b the teste of equation (3.23}. The equatione have
been expressed in terms of fringe spacing for purposes of
eonvenience, In these teste the 5460 » graen line of meraury
was used for = sourge of monschromatic light, The fringce
spaaing was measuraed by & steel scale calibrated %o .01 in.
which was held in the foesl plame of the viewing magnifier,
The direction of the fringes was measured by visuslly
getting the fringes parallel to & protractor held next %o

the interferomater. The eatimatad error from bath these
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procednres ig probsbly mreater them 107,

The qualitative behavior is se vpredicted. "he
quantitative dissgreements may be explnined in larre pard
by the innceurscy of ?ha instrament which wes never desisgned
fer>qﬁéntiﬁative work, snd by the Influence of the gl&ﬁs
nﬁﬁﬁ'whieﬁ the renlicas are mounted. The effact of refraoce
tion 8% the interfsoez wass Tonnd %n be by no mesns negligible.
#11 attempte to nss unmounted replices failed dne to mneven
shrinkage of the unaupportad revlicss snd to thelr vibration
dne to mechanicsl esases or ehray alr eurrents. 3Both these
effocte orused the Princes to be wmeltendy =nd »f low aontrast.
The spparent systematic devietion in Table I b sugeeste that

o~ wss not atriotly equal to zero.
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IV. :PPLICATION OF THY TEYORY T0O TW® ELEOTROT INSTRIMENT

The fundamental zssumption wes made at the bemin.
ning that the theory Just derived was applicable %o electrons
withont any chsngs other than s changg of wave iangth and
the sabstitution of thin single orystals for the gratinga,
This latter substitntion initrodunced no change of importance
sinse 1t wae Intonded to mee = d1ffraction order where ome
of the Leuwe indlees iz zers, When one Laue index is gero
no lose of genernlity ig incurryed by trsstine the oross grat-
iﬁgﬁ ps simple gratings dne to the high resolntion dsrived
from the enormous numbar of erysisl planes invelved.

One question %o b= answered wss: Cen &n Instyrwnent
be cornstructed so that the imporisnmt psremeaters msy bhe sd-
Justed with alose encugh tolerances thet the fringes will
be large snougzh to be resolved? 1t wss plannad from the
annagertion of the ingtrument to nse 8 commound eleetiron
microscope s8 2 viewinz mammifier, Tt was thouzht that
mechenical d1ffionltles wonld probebly necessitate the nse
nf 8 longer fooal length sbj&eﬁiwa~%haﬁA§s nguel in glectraa
microscopy with tha conssquent rednetion of resointion, Tt
was estimated that the least resolived distence of the
mioroscone nged as propesed womld bha about 100 & instead
of the 20 & obtained In normal nse, A safaty'faetarﬂaf two
weg sdopbted end 81l esleunlstions assamed thet the lesst

rasolved distenas was twiee this valne., For wnrvoses of
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aalenlstion nominal values gf’ t‘h-:e !mpar%gnt eanstajfg_‘i;s were
need: the wave length was taeken ag 0B A, the distance be-
tween orystals 5 om and the angle between the beams was
taken to be egqnsl to the diffraction anels of L0P redisns.
Under these conditions equation {3.1) gives the
msximum permissible velue of the anzle betwesn the wave

fronte. Sinee

— - A £_ .05 .
? = Sm}r-? = -59;703 » {4.1)

we obisin é g 2.5 % 10~5 RAD
Eguation (3.2) lesds to the restrietion that mnat

be mot by the tilt of the crystals that

8% £ 2.5x10% or B £ .5 app. (4.2)
This is so wesk a restriction that no sdinstment was pro-
vided to correct it. )

4 regtrioction on either first or third erystsl
rotation is obteined frem squation (3.7). We have

Tan o= tan 0 SIMX = 8 £ 2.5 x5

(4.3)
or X £ 12 x103 RAD.

The restrietions on the equ%z};ity of crystsl spacinge
maey be obtsined from agustion (3.16). Sinee
A S0 4 -5
$ =33 L = =50 (2.4)

-3
we obtain 80 £ 12x/0 cm .



There is another possible restriction on this paras.

meter whioh srises from qgestiaa§ of the “eoherenss length”

of the sleotron snd considerable thonght was devoted to this
problem. It 1s discussed in some dgetail in Appendix T. TP
we deal with only the ﬁ&atrnetian of the fringes hy *inite
sanr«s engle snd sssume thet the fringas b@asme invisibla i
the path difference across them excesds @ﬁeaﬁaﬁth of a wave
length (8 rather saﬂsarvat575 figure} we gsn spply & formula

derived by Eennett " for the ﬁamke? of elesr fringss N .

N=2z ('&7%)/"1 ’ (4.5

wherse %l ie the allowsble path difference sorose ?he“

Ve hove

fringe and ‘l ig ghs gourse angls. One sess thet for a

sonree snole of 19“ radisns ons e;ﬁ axpect to see interfer-
gnce over path d4ifferencas of 2x10 weve lengths or approxi-
mately one misron. This een be tranalasted into iﬂaﬁ?ﬁﬁﬁﬂtﬁi‘

precision by equation (3,1}, .z

5:380 Sin Btam6-4800% 0P em (4.5

we obtein
SV £20 em .,

This Iz no regirictisn at all.
It sppeared possibla to mest all these require-

ments in the proposed instrument essily and thus conatruction



wag begm.

It should be noted that the comparatively lax
requirements on the precision of the ingtrument are a
result of two eirammetances., The first 1s thet the Instrn..
méat is very highly skewed dne to the smellness of the
diffraction angle invelved, snd the second 1s the use of
aiffraction for beam splitters and deflectors. The form
of the 4iffrsotion equation reduces the stringeney of the
restrictlon on orystal tilt. As mirrer instruments &c not
have this edventage, it wonld be extremely aiffioult to build

one Por electrons.
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7. INSTRUMENT DESIGR

Pig. 7 is = photograph of thg Xﬁsﬁrﬁmgnt'iﬁ its
Pinal form. All three orystel staces may be rotated,with
the second =nd third Titted with » fine ériva‘§gﬁﬁiaﬁﬁ& from
g tangent sorew. The maghaﬁi&m i somplionted, as are all
electron opticel deviees, by the necessity of veenum-wall
gealing while 8till parmitting wecheniosl dissssembly for
?é@air and replacement of perte. 2 schemntic of the fine
drive which may be set %o less than 0001 radisms le shown
in Figz., 8a. The control rod posses the vaenﬁg;gail throngh
8 ”Wilgsn” genl 'whish permits 1t to be rotated or translsted
sxially. The rotary motion, §hiah winés the @ﬁaéphar bronze
belt off snd on the two drume, 1s nsed for a soarse sontrol
and permits shout 120° of orystsl rotation. The fine sontrol
is sohleved by locking the rotation of the contrel rod by
use of & set sorew, and translating it axially by = micro-
metaor garsw, As czn be seen &yﬁ?ig; 8a this movement resulte
in 8 slow retstion of the stape, asm the belis tighten_ana
loosen on opposite gides of the siames, In order to &vaﬁé
any possibility of the gﬁaga rotating dne to thermal esxpan.
sion of the acontrol rod, back lash iz deliberetely introduced
into the aystem by allowing s smell emsmnt of glack in the
belt.

The rateﬁﬁng stages are mounted on berylllum osovnper

ball bearinegs with phosvhor bronze Priction membsrs that
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gerve both %o preload the beering snd o prevent aag‘aresp
fine to sxteynel vibrations,

The Tirst crystal 1s azlen fitted with & deviee
for movineg it parelliel to the optio sxie. This mechaniam
consiste of a control rod sesled %o the vecunm wall by
means of s metellic bellows %o ?érmit pxial iiepl&eemﬁﬁtﬁ<m
The rod satustes a roaker ngsembly to reverse the direction
of motion and to transfer it %o the orystal stage. The rod
is movad by mesne of a aiffarsﬂtiéiiagrew ghieﬁ gives the
state elther of two rates of travel, approximately .025 mm
or L0025 mm per revolution of the sontrol. Te maintaln
parsllelism the stege is aappurﬁé&zhg s double parsllielogrsm
of phosphor bronze members which deform elsstically during
the motion of the stags. The elastie deformation "slide™
holds ths assembly parallel to within aaaﬁm}aran in the
1 om of travel. It was found neceesary %o sdd damping to
this mechenism singe it Is essentially frictionless. This
dsmping was added by paralleling the bronze lesaves withﬂleaﬁ
mambers so proportioned that they enffer plastic deformetion.
The final asgeembly 1= aapabig»af’being get to 0005 sm end
in the pregenge of external vibration the instrument ifeelf
vibrates az s unit as far s2 oen be detected.

Below the second oyyeisl may be seen the varisble
sperturs which 1g¢ so srranged that 1%t may de pcsit}anﬁa and

ite sgize varisd by means of only two conirols coming thronsh
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the vecumnm wall on metallic bellows. Fig. 8b shows &
gketch of this mochanism. The movable vscuum sesl is
aghieved bg-meaﬁ§ of snother mot=llic bellows on eseh of
the two controls, which @iffer only in being diepleced
80% aronnd the sxie of the instroment. Fach contrel osn,
by_m&ﬁﬁﬁ of epproptisie aersési be translateld axially or
pivoted sbomt the knife edme fwlormm. The width of eamch
of the crossed sliss making up the aporture fs eontrolled
by the axisl motion which foraes the esnlesl tip of the rod
up %hrsﬁgh the apring 1@@&&@ ggws‘ef?ﬁhs ali$¢‘ The position
of the entire s1it semembly, jaws, epring eto., is controlled
by the pesition of the eonicel tip which iIn turn ie Pized by
the position of the sontrol rod ns it 1s rotsted sbont the
falerum. Eha aperture wes §ssignea ka gsrm;t alther of the
two hesma %o be blanked eut iIn aréerféhaﬁ interference
phenoment could be demonstratzd. The erystsls, sbont % mm
{1/8 in.) in dismeter, sro oarried In csrtridges in the
tﬁrée atagos,. The center of ench stspe 1g &:a@laaaa #lightly
off the optic oxle so that by rotsting the cartridges 90°
a 4ifferent sultsble spot on the‘ﬁrys%az is exposed to the
beam and henee the 1ife of the oryetels Inoressed fourfold.
The inastrnment remeined esaantiaily gﬁﬁhﬁﬁgaﬁ“
daring the course of the investigation exespt for redncing
the crystal spacings from B0 %o 34.9 mm snd the changes

necesgery to bring the last crystal clossr $o the objiective



%8

¥igs 9 View of the electron Interferometer
ingtslled in the slectron mieroscons.
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lens. These chsnges were made to decresnse soantter from thg
eart?iagé walle srd to Ineresee the reseolntion aveileble in
the plane of the third erystsl §y permit%iag'thﬁ use of 8
gshortsr foeel length objective. Shorter foeoal leggthfaleeﬁ
t:@n lenses snffer less from epherieal sberration in addl-
tion to permitting high initisl msgnifioation.

The vacuunm chember is in the form of e metallie
bell 3ar_whieh may ba 1ifted off for maintansnee of the
regembly, while the orvetsls may be shensed or removed
throuch snitsble perts withont disturbing eny sther slign.
ments. This vacuum chember supporte the sum and condenser
ssmembly end is orovided with s micrometer soraw sa/ggzt
111lmminating beam mey be offset the reguired smount bv the
distortion of 2 metellic bellowe.

The interferometer ig mounted in plsmce of the
ohiect chamber of s mapnetic slesctron mizroscovs whgah
provides both the beam and the mernifiastiom nsecesssry for
viewing the fringes. Fig., 9 shows 1%t In vosition. The micro-
seape ig otherwise mwwmofdified sxcepnt for mimgr'girﬂugt
ghenges thet 8llow = higher gnﬁ filement tempsrature, st
the expense of filement 1i1fe, snd 8 poles plece of aonven
tional desion In the condenser lens to Insrease the corree-
%tion of this lene snd thus rednce the oross 3eatisﬁ of the
besm, The alectron gun wsg nsnslly operstad st o gaﬁaytisl

1 tfarsnce of 680 kv with galf-hiagcd aaturnted smission of
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B0C mioronmperes,

In order tn redunce the intensity of im}s;atiea‘ily
sosttered slectrons the objJective was fi’g}tad with &n sperture
g:‘f 7% microns while s mestching condenser aperture of 260
miéms weg {1&&-&‘ ?ha condsnser aperture fg'm’fméﬁ_ eri%iag}.
1llumination, thus achieving & éaximm ngsble intengity for

s minimom amount of thermal loesding on the eryatals,
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¥I. BXPRRIMYRTAL TROHRNIQURS

The orystals were produnced by oriented growth from
the vapor phase on & @f??t&liinﬁ‘sﬂhﬁﬁrﬁtﬁ‘at~QEQV&t$ﬂ tem.
perstures. This process, known as eplisxy, wag al:gaag'angar
stady in the Elsotron Physiocs Section of the Nationel Bureesn
of Standards for the prodnction of single erystels for
scgtgering experiments and 8 tentative theory had been worked

i ¥,

out. 2dditional studlies were mads to determine the hest

2% 0. G. Engel, J. of Chem. Physies 20, 1174 {1952) and
7 J« of Regesrch ¥at'l, RBnr. Stsndsrds
{in press).

materisls for applieation to the §ieatr§» iﬁ%arfergmaﬁer.

The epitaxial temperstures were afseﬁ?&rﬁé empirfeally by
experimenis made aroond the pre&ig%é& tsgyeg&tﬁraf ?ha*§§§a1
wes evaporated from wolfrsm filament or s melybdenum “bont,”
while ths freshly clesved rock eall gnbstrete was hested In
a resistance Tarnaes. )

This farnasce was in the f@ém of & poreslain tube
some 5 om in dlameter ond sbout 12 om long whieh~wéa wonnd
with #23 nichrome wire. It was designed to be msed with Its
axis verticsl snd st ite aiaﬁyaing wee snapended a nickel ~
ghelf or bulkhesd. This bulkhead, to which an irom constantan
thermoocouple wes eltached, served %o support the subeltrate
ggfigg evaporation. The metel wae seveporated upwards throngh

g series of 5 mm holes 4rilled in the nfakel pliats,. These
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holes were positioned so that five metellic disks are des
posited on esch of three (I emx 1 om x +1 em) cleaved
pileces of rock malt. When in nge the furnsce is sapported
on & small tripod stand showt iﬁ om shove the eveporating
filsment or "boat." fhe anﬁira set-up i within the bell
jer of n commercisl vseuum svapgfé%gr;m with thia gﬁgma%r?
the poseiblility of metal ”aplagﬁiﬁgéfﬁﬁ to the substrate is
minimized and the heat of ﬁ&a g#ap@égtiaa proness 4oes not
apprecisbly raise the subetrate %&m&ara%nr@;g This temperse
turs for most oormon metals Is between 100° and 400° ¢.
Sinae eontemination deposited hy the begg limited
the erystel 1ife to sbout twenty hﬁﬁra of operation,we ware
reetricted to metals which were @asiiy m?ﬁgeraﬁaé*‘~?hia )
requirement eliminated %he'piaﬁiﬁﬂﬁ‘?ﬁmily as well as sny of
t&a‘$xtr§me1§ high-melting point metsls. Some metals wh;aﬁ
3#%3 otherwise satisfactory conld not ba complately oriented
while others like silver oriented sufficiently but were
fall of small haigsg Among the metals tried anlg gold, o
nickel =2nd copper, in order of Incressing v;rtﬂe‘ wers fomd
vractieal. The thicknase of the oryetsls wae eelonlated
from the mass of metal eveporated and thgﬁeyayﬁr&tian ro0..

matry. after axpariments with & ?ﬁl&ﬂﬁkyﬁ intarfarometer

P4 S« Telgmeky, BOLTIPLE B“*E INTIRPROMETRY fﬁxfarﬁ
Univ. Esssa, iﬂﬂﬁﬂﬂ, 1948).,

'&s& shown thet this method was sceurate enoush for our needs



43

(about 25%). The degres of orientstion wes tested by tsking
g diffraction nattern of ome srgséal of &aeh.evapagatgan*

The mounting technigne consigted of floating the
erystal off the slesvege fece onto ﬁhevsarfaca of the water
end then “scooping™ the erystal‘aaz§§ a,s‘mm”ggﬁgtg Bven
with the noble metals this m§5£ ?éwasng ag sgoon se pogsible
after the arysials are grown, agfg;a foundt that otherwise the
erystals would nst float of? the reck gg1lt. Some batchea of
arystals would not float of? aﬁéﬁf'any sﬁaﬁi?iﬁaé, Very
1ittle is known abont the nature §f the epitoxinl bond and
only shout 25% of the orystels grown were usable, )

The monnts were ono gfyzws dasigns %xiag dnring the
gsourse of the experimentey %haxfirat gongleted of o 3 mm
digk of 20 mesh/om electromssh, the second of a 3 mm disk
of aopper with s 1 mm hole, This lstter consistsd of a vory
carefully polished copper disk sbont .5 mm thick with = hole
in its aentar;. Contrary to expsctstione it was Tound that
thegs aryataga, 80 thin as to be borely grey mder trang.
mitted llght, would support themeslves over this srem if the
sdoe of the hole wes very sharps A

Conzidérable atress ie applied to the argstéi by
the surfsce tenclon of the water =8 the surface betwsen the
megh wire or acrose the hole ruptures In the drving proceas.
Ettemplte to lowar the ga?faas ténsiﬁg by_&éﬁiti#&s to the
water or the use of liguids other than water failed either by

gomtanminating the erysials or by dissolving them, The lstter
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wes true of all organic solvents even when epecislly parified.
For eome resson not mnderstood the surface water thet had
been expagsed to the laborstory stmosphere for several waeks
was the best of =11,

Zhe arystsles =g Zrown seem ts ba In & st&tg of
strein as they tend %o ripple an,@ﬁafsurface nf th§4%ater¢
Attempts to Improve this sitﬁgﬁidﬁ by eveporating e hesvy
frome arommd@ the crystels only made thie rippling worse.

1% goems surprising thst the filme remained 81ﬁg1§ erystals
during the estrecs cf'maantimg.~'Y£ is thonzht thet the
srystals sre balow the thickness where orystnl dislocations
c¢an be supported, and the d1ffrastion patierns support this
belief, Great giffisulty was experiencsd in obtsining fﬁ;ms
of lesg than 150 2 that wonld survive ths momnting fechnigne
and the overs1l productivity of the prosess was sbout 1G£,
Thicker orystale were usoless dne to extensive besm shtenus.
tion and inelastic soattering. Yhen the erystals were on
the monnts they were nlaced In the cartridges snd were yeady
for use,

For slisrment purposes the inastrument was very

- 25
anrefully adinsted by the nsusl slectron microscope technignes

T o)

25 We B. Wyckeff, TLECTROR MIOROSC0PY {Interscience Prese,
Bew York, 1949).

se thet the geroth diffraction order of the firet orystal

f8l1 along the ontle sxie. The gscond erystal waw then inserted
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end the gun condenser assembly oFfeet the smownt eslenlsted
from the 4iffraction snesle snd the Iinterorystelline agsténaa
in use., This offset ameanteﬁ/ggewt +75 mm for copper,
when the arystalswere’ gpaced ﬁé*gimm apart. Under these gone
ditions as the firgtlcxyatﬁlﬂi&-rnﬁﬁﬁea the firet ordsr besm
will generate n right olirewlar cone with fts base in the plane
ﬁf‘%hﬁ geoond aéga@gi end 1te v@f?éx st the firet erystal.
The offeet is =0 chosen thet the ﬁ@tiq exis of the nisrossops
Intersecte the sons at itas have. ¥hen the beewm generating
%he eone pRSscE throuzh this interseatiaﬂ thers are enough
sleatrons inelsstienlly scattersd parallel to the optis exis
%o be detected. The sppesrsnce of thie weak besm was the
gritarian for the =dingtment ?f tke'fire% orystal. If the
second arystal 1o now rotated, at the position whenm its
oryetalline planeg ars parallsl to those of %gs Pirat ery$§31
the electrons will not only be secattered inelastieslly varallel
to the ontle axis,but slen diffracted In the seme dirsctlon,
The intensity of the emerging beam is thus greatly incressed
at this position. The ad Ingtment of the firet two orystals
conplints of maxinmizing this heam while ?he'affﬁst is carew
fully adiueted to place the besm in coincidenee with the oplic
exis. )

The third orystsl was now inserted snd rotated until
tts aryatalline nlsnes wers alisned with th@sg of the»saaan&
as evidenced by the appesrance of & second boam in close

proximity to the first. The %wo besme were then caused to
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overlap by fine sdjustments of the second twavafgétal rotaw
tisne and the height of the first orysial. To echieve the
highest engnlar resolution the microscope shiective wae
fosused az Far from the third orystsl as the svallable
inbangity pernitted. The condenger wes a&j&&t?& Por maxi.
mnm brightness of image snd the nroleatsr set at the desired
msgnifieatlon. This alismment procedare took about three
haura, ineluding the pnmp down times of thes ingtrument
oftsr ench orystal was ingaried, |

Ag additionel arys%aig wore inseried the intensity
af the Imsge fsll dresstically. With the third eryvets] in
nlinge an&;a mognificatisn of B0 x, the maximum Intensity )
evallable, using s tunpetoen cgothode with & Lifa of 10 hours,
gavs bonms th&% were just vigible 42 %the dsrk-adapied aye,.

This low intensity revulred thet the fringes be
gonght photegravhicelly. Exposure of aprroximatsly eix
minntas on Kodak Maodium Tanftern 21ides geve nusble images
aftor development In D 76 for five minutes. The search for
the exset sdjmetment of the two rotations, the Pirst orystel
height, and the corr=ot Ffoous proved %o be & time-consuming
and rather frustrating procedure. The Tringes were firat
reoosmized on the 1,23%1at exposure.

The plates,shen dry,wers examined wnder s hand lens
gnd those showine sresg of apparent interest werse enlargg&M )
optieslly 10 ta 18 =. '?ha Tringsg weys 3{FFionlt to reaomnize

dne %o the hizh levol of "melgs™ pansed by Inelestienlly
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-

soattered eleotrona, fanlte in the Na O1 olesvage planss and

bant aryaﬁalgénﬁa??ergaaaa af the type recently stndied dy

Heldenreich. & grest deal of éf?art was put into redrnoing

i - T

‘2§ B. D. Heldenreich, Bell Systom Teeh. ¥, 30, 867 {1981).

this "nolse.” Ths age?tara of %ﬁé;iﬁatgaQEﬁt wag g&gaﬂﬁe&ly
rednesd by the use o¥ sprroprists stops, the erystal holders
vars maﬁifi?a %av@ral timag in hg?és of redneing soatter ??ém
their walls; and the oleavege planea of the rﬁgk.gait were
orrefully selscted, For some resson not elanrly underatood
the peyfaction of these planes varied praatly from arysial %o
crystal,althongh 2ll wers of the hiphest aptieal gquality end
obtained from the same sonres. 'iﬁiwag honed that If ths
eryatals e@ulﬁSha mounted withont the saprorting mesh the
"noige” wonld ba greatly raﬁaaeaf ?ﬁfa&t&natai& when this
A aeaﬁmpliahe&*it wes formd that #&thnng& fewar elactrons
ware inelsstically seattered ,the bent arystel interferences
wars even more ngﬂ%ﬂgaﬁg

Qnae'tge elestron interference fringes were recoge
niged they were found on a number of sueceading plates.
Howerer d1ffioulty was experienged in m&intainimg them for =
series of six congesutive exposures. When sguch s series
was obisined 1% consiszted of singls besm exnoenres snd a
gst of ﬁ§uhle besm exvposures with gonirolled chenges of one

varisble, nsually the third crystal rotetion.
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Fig. 12 Sszme fleld of view as Fip, 10,but only
Besm II 1s present, fringes not vigidle,
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Tig 13 Tnlargement of ceniral field of
view with contrast incregged by multiple
printing, ’



Fig. 14 Densitometer treces showine the neces-
g1ty of both beame Tor the vrodnction of

interference,
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VIil. HPBULTS

The Piret unambisuocus fringes obtalned are shown
in Fige. 10, 11 and 12. Piz. 10 ghows the apwaaraﬁaa of the
whole field of view at a m&ani**aaﬁiwﬁ of about 6 000 418w
@e%e?s. The lerge sesle struature is the dark-field repra—
duetion of the rivples in ths aryatnl* the sharp lines rHn.
ning from lower left to upper right ere fanlds in the olsavage
planes of the roek salt upon whieh the govper crystel was
Qﬁﬁﬂﬁ¢ The fringas themsslves a§étgush smeller in sesle and
rin from upper left to lower right portion of the Tield.
Firs. 11 and 12 show the seme field of view with alternate
besme blocked off by the mﬂ?ﬂblefﬁparﬁﬁrag- The fringes are
éia&rly migeinr in elther heem. The gontrel ares of Fig. 10
fg shown enlerged and with the enntraet Ineress=d by muliiple
printing in Pig, 15,whers the fringee ars mors sssily seen.
Fiz. 14 shows the miorndensitometer trsaings between the
‘srrows on Fig. 10 with altarnate interferine hesms blanked
put snd with both basms present.

In the flold of view of the orisinal plate 154
fringes were counted with en sverapa svscinz of 1650A. The
direction of the fringas was avproximetely parallsl te %hg
plane of the Interfering besms. Dne to the roteiion intro.
duced by the magnetic objectlive snd proleotor lens this
srientstion conld not be determined with vrecision with %the

ingtrument as now consiruncted.
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Plate #5687 Teble II

orystals: ooprer 4 = 1.804 % |
beam voltage: B0 kav neaminsl AT 048
41ffraction angle: 0269 radisns

8¥/8% Calonloted ¥ Mezzured T~

Exposura Ancle of Tringe s§r
relntive 1o plate
5" a3° got a%n0r 3,58
4 75% 5o a%ar =.66 850 37 9n® 4+ 1no

5 s7° oov
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4 serisgs of exposnres was %aken roteting the ti’zirg
erystal in asporoximately two i@grée stepe and the orientation
of the fringes messured with respect to the aryeldsl fanli of
Fig. 10.

The results of this series of meansuremsmte =re
summarized in Table II.

To the nscurney with which we were =ble to determine
the fringe orientation the valne of ¥ calonleted from
eqnatien (3.18), assuming O _.—. 0 , 18 in sgresment with
obaervetion. In view of the strone ¥ depandence of
sqnation {3.18) eloser agreement _@gs not expected, Tt will
be noted in column {4) of Table 3"1’, %z:w&ver, that the derive-

tive %3‘(87&0()‘ iz negative as the theory vrediote,

Continning with the sssmmption that 0z =0 "
which ie In agresment with the observation that unless this
ad jnstment ie nmeds ?:‘E"%I:; grast ears the besme sre vastly
differont in intenszity, we can use squatione {3,14) and {3.9)
to ealonlate the wean peth 4ifferenas in the fringe gystem. e

obtain

D=0d6* =3.49 x/08 x /804 4 2
___i_ﬁ. = £804 4 (o02¢)*- 27754 .

-

The order of interferense, A/ A , 18 therefare
approximately 5800. This sets & lower vosalble Timit %o the
goherence length on the elsciron. 7This vslue greatly exeeeds

any previouns experimental determingtion.
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VIII. PUPURE DEVE

LOPHRRT

It wonld anvear to he weall worth the effort %o
eorry this work further. There are some Interesting gunesa
tions that may be snswered 1 new fechniques for the produca
tion snd mommting of orysfsls esm be perfected, so thet the
ingtrument beacomes more essgily lined wp snd the fringes more
clesrly resolved. It is believed thet 1f s tedhnique wevre
developed Tor momnting the orystsls withont the lsrrze saele
rivples in them, 1t wonldl be possible to inaresse grestly the
anguler sperture nand ns well as ﬁhe_int&ﬁsitgfgné ffinge"
contrast. The same affect conld be achlieved If the crystsl

. 27
thiokness were rsiufed eonsiderably below 100 A,

27 R. D. Heldenrsieh,lec, eit,

Phe dependence of fringe spasinz on seometricsl
conatents snd on heem composition wonld then be stndled in
detzil. This shonld be conpled with an sxtensive qrantum
mochenionl etudy of the phﬁﬂemsga>%rﬁaﬁe& elassieslly in
tppendix I. For this work the Instrumént shenld be reense
ineered to provide means for centerines zach eryetisl Individ.
aally end to permit mesenring of sngles of rotstion and chanmes
in cryetsl spscing, prefersbly by 11ght-iﬂterfermm%%ria-ma@hc&s.
The viewins instrument's resolntion shonld he fnrther imoroved.

Az 1% here now heen shown poesible to earry on
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interferometrie eslenlntions elessioslly with resulte of
v " a suecessful '
sufficlent ascuracy to permit/ instrument. to be gonstracted,

.

s further sttempt should be mede to consiruct sn Interferoe

metric speotrograph for “achersnoe™ messurements on slectrons,
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IX. CONCLISTIONS

The elesatron interferomster propesed by ggrtaﬁ isn
e realizebls inatrument which will form yreﬁiﬁgable aﬁﬁ”ean,
trolled fringee with path differences of thonsands of wave
lengthe, This ?artﬁsnlar ingtrument helongs to an wmised,
byt noat mmiknown, clags of instrunmernis which Torm hich order
fringses in "white” radliatlon., Unforitunstely 1t ean thue
throw 1ittle lisght én the problem of electron coherence.
This charasteristic rules out therefors any possible sprli-
gation of tha instrument =3 an interference spectromster for
the dstermination of bend gtructure of inner potentisl of
aéli&a we hed been suzgested. ~

The production of electron interference fringes
with eontrolled meometry, whose behavier may be rrediotad by
alasaicsl theory shows that the snalogy bostwesn photon snd
elestron optics extends much Turther thsn has generally been
asgumed, Tis validity in the fisld of interf@rame%ryﬂraises
questions as to the nltimete 1limit of the smalogy. In Appen-
dix I we will deal with & Purther step in the rttemnt %o push
thie anelogue to ite 1imif when we eonsider some sxperiments
which misrht throw aome lisht on the rather thorny gﬂbjegt of
the sisnificance of »n electron's phese veloelity. Terheps
the late B, J. Willlams was not exmetly correct when he thus
sngwaraed his own aunestion "Is the elsectiron a wave or s particle?

It 15 of course s particle. The wave properties of the eleg-
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mtrsn are not propertiss of the slsctror, but proparties of

qusntum mechanies,”



80
APFREDIX T

In almost eny text in weve optics one of the first
" gtatements made when dealing with interfarence is that the
two eources muat be ocoherent, It is uguslly pointed ont thet
this means that thare mmst be a‘fix@a and unsmbignous phase
relotion between the two wave trains. With thiz statement no
fanlt cen he found. FHowever, the next toplc discnesed is the
aize of the monochromatie saﬂrea'tpat may be used t@vabtﬂig
n fringes in Young's donble slit éﬁpﬁ?iQEﬂtg 1% iz st this
point that & minor sonPusion srises since now %the concept is
transferred from one gonserning the intersction betwsen two
besme to the propertiess of a g&ﬂélé hesm arising from 8
single sourcs, Thess sre nsﬁaiiy referred to sz the eﬁhegenee
properties aff%ha aourae or mors sorreotly thefaehareﬂae of
the besm. Ths proverties of =2 besnm eerly &ttraateﬂ at%gntisﬁ
‘gines they are importent in the theory of mierosnore image
formaetion. The partissns of Ravlieich and Abbe publicly de-
baeted Por half s gentury diffsrent views on imngs formation.

28
Zernike Dbelieves he has put In the last word =znd essentislly

28 F. Zernike, Proc. Phys. Soec. 61, 147 {1948),

rationnlized the conflictine views on thie gnbjest, 1In
29 T
anather paper Zernike  treats the matisr of coherence in a

4

29 F. Zornike, Thysica B, 785 {123R),
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gimpler snd more siraichtforward manner then moet of the
other anthors who heve written at length on the mstter., A
short bibhllooraphy i attasched 2% the end of this seotion for
the Interested reader.

Zernike defines simgzy”tha ooherencs vroperties of
the beam in terms of the ability af any two pointe § end p* In

the wave fTield %o Interfers. Fe sdovts Hischelson®s visi.

- ‘“"g g . atrens o -y

30 A. ke Michelson, Phil. ﬁ&g. 31, 338 flﬁ?l]n

bility index X a8 2 measurs of thie aﬁi?ity, which 1o dafined

by E = (I mex - 1 !&iﬁ/ﬁ mex T min) . i {10.1)
K can tharefore vary hetween 1, complete soherence, and O,
that

complete incoherence. Zernike ghows this index bears s
simnle ralationshiv to ths oocherenss of the twgkp?znﬁst

The coherence thus defined depende on s number of
propertizs of the sonrse, one heing the angular aperture of
the gourcs when viewed from the volnts In question. This de-
pendence iz the bﬁsis ot Hichelsontsa s*eiiar "interfarometer,” 1

a2
Gabor extends the an&]gﬁia of thiz type of cohersnce to the

31 A, A, Mi&héiﬂaﬂ, Phil. %ﬁg. B0y 1 {1890},

P. Zernike, loc. ait.
33 :9: {}gbﬁr,, ?fﬁﬁv ?h?ﬁ »aﬁ-g g &é, 46? {1?51?:

enge of three-&igaﬂsianai sourass whieh are avgi@ea in mosgt
1ight spolicstions by the nse of apertnres. In sny event

aPPects depending on sonrce gaoomeltry will be onlled the
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geomatricsl aoherenee of the goures,

s -

The sesecond prineipal type of oocherence, whish we
shall e=ll chromstic echeranse, depends on the speatrsl pur-

1ty of the source., This type of ccherence iz not so generslly

for i1ts practloel applications. Thio quantity may be nsed to

detggmiae the spectral distribution of the source, 8s giagsl,
gon 414 in his pioneer work In hyperfine optiosl spectro-

, ) 3 . 7
s2opy¥s Although, ne Reylelzh  pointed ont, certalin sssommp-

L

33 i. Ae Hichelsén, Phil. Mag. %4, 280 (1892).
34 Lord Reyleigh, Phil. Mag. 34, 407 (1892),

-

tions must be made sbout the symmetry of lime shape, Michel.
gson'e method apreanrs : - an pitraptive one for arnlication to
electron &geétr&acapyt

There is howaver one se;iﬁns &ifﬁianltg'yith oy
disenssion so far, a d1fflenlty that exists throughout the
literatnres This 4iffienlty 1= that in order to measure K
we must have an !nﬁtrﬁﬁs&? of gome kind capsble of ﬁelaatiﬂg
the points p and p' and conusing radiation from them %o overs
1sp snd form interParence friﬁges,pi‘e. ﬁa'iﬂﬁgrfﬁrﬂmatar.
In brief we must have an onerational definition for the
‘aoneept of osherence of & besm. It‘ia at this yﬁiﬁt’where
confnsion arises In grest sbundsnce, for uﬁfﬂrtﬁnately ¥
then becomes 2 funoction of this instrument asnd of the wsy 1%
ie ueed to form the fringes.

Consider geometric coherence first. 2 finite monow
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chromatic gonrce will give fTew fringes with 2 ?rgsn&i mirroer
or biprism, will give more with Lloyd's mirror (= little
¥known faet) and an mlimited number with o ¥icheleon instru-
ment. Migheleon implicitly amssumed complete geometrie scher
ence in his sveetroscopic work giﬁéalthassumeﬁwE~to;be a

35
funotion of spectrsl pnrity slone. Bemnett  has recently

35 F. D. Bemmett, J. Appl. Phys. 22, 776 (1951).

worked out o specizl ssss of the more gensral conditlon whers
K is & combined funetion of geometriesl coherence and speotral
’aﬁharaaea. The number of fringes will bgrgreaﬁlynreéuee§ﬂif
the Hichelson ;ast;ggenﬁ iﬁwbeiagtaseg In the usnal Twyman-

-——

Greene ma&ifia&tian* with 2 aondensing iens and =z telescope

-2 T

%6 T. Twymen, Phil. Mag. 35, 49 (1918),

for viewing. The disonssion of %his’g%agamﬁﬁan iz extensively

given in the more comprehensive texds  on vhysleal optioce,.

- » - * =

27 ¢, Brahat, CORS A'OPTIQWE {Masson, Parts, 1938Y, Chap.
IV gs an sxample,

This spparsnt inoresge in X arises simply from %pe'faat g&at
smplitude~dividing Instruments wenally choose p and »' to bhe
very alope together.

The analegens behavior relstive to ehromatie echer-
ense is less widely known, probebly beesuse the Interferometsrs
in nse do not have this property. However, there sre st lenst

two distinet types of interferance fringes which szyre vigible
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to high order in non.monochromatie 1ight. The first of theese
has long besn knﬁwn,undar the nome "spee%r& a&nn&lle“ﬁgAeaa
arises essentinlly from a conventional Interferometer followed
by & gpestrosaope. ?ha seagga type iz the “achromstio”™

ffinges gtndied hy'ﬁayieigh" whigh srigse from & syeatxaaaa@e

£

5 38 See T. Bousfe snd Z. %a?rler&, INTERFRRENCRS Tﬁela.
grave, Paris, 1923}, Chsp. V.
' %9 Lovd anleigh Phils ﬁag; 28, f183?§.

—

feilewﬁé by &n inta:fe?@me%ar; B@%ﬁ thage arraﬁgsmanﬁa avoid
the usuel gradnel loss of friﬂgs contrast dne to the over.
If the interferomster aaﬁt&ins dlspersive e;améﬁﬁs
gnch as prisms or gretings bhoth these types of gheae&sna aan
ogour in the instrament itself. The previﬁﬁsiy ment ioned |
papers of Barus deseribe an extensivre ret of naﬁ-sys*ematig
gtudlas made of thies typs int&rﬁﬂram%t&rﬁ Both tyyﬂe_gf in..
gstruments zive visihili@g enrves whig&_&ﬁ not deapend on the
gpeetral pnrity of the source,but only on the resolntion afm
the ﬁlay&fﬁive slements in the inmsbrumente. Around the $urn
of the contury there was considershls controversy sbout the
significence of cohavence mnder this aggéiﬁian, This amire-

veray, which invelved among athgis Gony, Rayleigh, shast§r and

Poineare,is summarized by Wood. Unfortunately, before any

- o "y g

40 R. W. Wood, PUYSICAL OPTICS {Masmillan, New York,
1908), Chap, XXI.
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firm conclusions were arrived at, it evelved Ints & disenssion
of the mechanism of the emission, before guentwm mechanios,
end is thus not very igf@fmati?e;

The interferometsr used to maasure the asherence may
‘not only incresse the appgreﬁt sohersnoe of the ba@mrinfﬁhe_m
manner just disonased bunt, 1f ﬁhafiﬂztrumsﬁ% has galgriz&ﬁiaﬁ
properties or filter properties,; it may destroy the aah?reﬁaa
as in the polarization experimenta of Fresnel end Arage.
This is a case of destroyine the coherencs by redneing the
indeterminacy of the praoblem ap@m;wgsahﬁ in the grantnm view,
interference depends. It hew bheen aﬁggestaélﬁhﬁﬁ thia type
of destruction of coherenss,after the hesm has been divided,
‘ean beet be desnlt with In qusntum meschenieal lanemmge by
mesng of n density matrix fo deseribe the statss of the
particlie in the igtaffavaﬁgtgr@

There are some sdded diffieulties if the medium
thromzh which the radistion travels is sush that the eromp
veloaity gﬂ&mphase valoeity are nod equsl for all frequancies.
In this aaae,’where the medium ig dispersive ir tho ngual
optieal mense, & comnlex wave pselet spreads ont as i§ travels
through spacs. This conditlon is trus for waves spresding

41
over the snurface of watey shich have been snalyzed in detsil.

>

41 H. Lomb, BYDRODYNIMINS {Cambridee Univ. Press, Osme
bridge, 1924}, p. 373 ot sen.
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The result of this snalysis 1s that the longer the motion
&entinaes the more nearly monochromstic the groups besome,
and the mrester is the mumher of weves which succeed e=ch
otheyr with less than some zgsizned change in wave ‘im&“&m

PThig behavior wonld s@m | to tmnly %‘!;&?; &n imﬁerfam-t
meter operasting in e dlspersilve mﬁﬁinm would form & greater
namber of alesr fringes then the ssme Iinsirument in = nésml
ais§ersivavme&;ﬁgf That this may inﬁeﬁé be the cese for light
ssn be shovn in a falrly straightforwerd menner, The eslow.
lation is given in some detail begeause of 1te interesting
resulte 1f one tries to epply it to electroms.

Conzlidsr an interferometar aakmaxgga:in 8 mediom ot
refraotive index M , whers M is » funstion of wave length.
Tet 1t be forming perallsl fringes sush thet Y= b Z , where

Y i distance from zero fringe - Z  Is the d1fference
of two paths end P is sssumed to he » cv’maﬁmt,

The optiesl path d1fference at a point x is then
given by A = ( -‘é__) /_,
b {10.2)

The positions of the bright frinee is piven by the
golations for a1l integral ntg of
A/A = % % =N or
y e A Ab £10.5%)

e Y ig then 83/811 or

The width of the frir

Ab
Y = o {10.4)
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If the frings 18 %o be sharp, weo must have
Wy w1,
whore OY 1s the chenge In Y  due to & chenge A i
weve lengih - .
Eiff&raﬂﬁi@tiag aqﬁa?ien/f;ﬁ.33'wi%§ raspsct to

wevs length and substituting from equation (10.4) one shisins

ﬁ!:n.&l ( )SR

Y (10.5)
Reayranging egug%ian {10.5) one obtains
8Y = nda ( -A ‘S/“') - {10.8)

Y A A

If we introduce the group valnally defined by

U= <LUrV)
2k

ghere &k is the wava~ﬁumhes3'
SRTHU - 2T Vo
'kz X VvV ?

and whore V, i1s the free svece veloolty, one gate

TR ~A(RY) 49( ‘/a) SA (1037

Substituting into egnation f1ﬁ¢g§ onas oblising

Sy_ n8&A .Yz)

:g;- = E{:;;- T {10.8)
It ia interesting to ealenliste the ratio of frinme

visibility with and withont dlsveraison.

Without dispersion eguation flﬁgEB becomes



X =n.87\(_§,é).

Y aM {10.9)
Therefors
-n-— = U - "'q' .
Mo /a /\/" v {10.10)

‘ Before nttemnting to épp?tg: this snalysie to the
eloctron, we must look more closely at the wove mechenios
af the free electron. The usual treatment of eleetron optlesn
dsals ani:g with the Newtonisn mechanica of 2 bheam of charged
particles, or expressed in weve language, the behavier of a
monochromatic plane weve, To close the gap betwaen the viea
points 1t is only necessary %o introduce an index of rofrasc.
tion depending on the electron®s energy ¥ snd on its potentisl
enerpy in spmas F sush iz}';;at

Thereapon the entire straciure a-F mmetries? ~ntica ig

42
spplicable without shenge to electron bsams,

a

42 V. K. zwaryk‘in et al, FLECTRON OPTIZS AWD ™I ¥ 0w
THRON HIOROTCOTE { Jolm Wiley end Sons, Few York, 1945), Chap. Y.
or
Vs B. Cossléett, ITTEQDUOTION 7O TTECTRON OPTIOS
{0xford Univ. Press, London, }.%5), hepe T

© W, Blager, SEUEDLAGTH nm RIRETRONANODT TR fii‘priﬁger.
Yerlag, Viemms, 1952}, for s fruly exhenstive treciment.

-

In osur sege, where the importent thing ie the nature
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of each ia&i&i&u&i slectron, this snalysis i$'ENEﬂffiﬁiﬁnﬁ

aﬁ& one must return to more ¢nnagmentﬁ1 ﬁa@sideratians.
Y 8.1 N
These are given in éaﬁail by ﬁl&se? snd Thoemson  whose

]

43 ?&'t {;}.ﬁgﬁr, 439 @itu - ) .
8. P. Thomgon, THWAYY MTOFINIOL OF THE FRET WLFCa
‘tTRQW'fgﬁxrawgﬁill Beook Co., New Tork, 19%ﬁ}.

trestment we will fﬁllaw.rathar eiaaely*
If ons writes Tor %ha Wﬁ?& ﬁesevibinq 8 fres aleo-

tran, es given by De Broglle,

+ = asim 2 (¢ —ux)
(I-g5 )%=

(10,11}
whare ey -
v =‘ﬂ1<!//g6 .
one 8eey ﬂpﬂn,eamgarigﬁn with‘%he gtendard expression o
traveling wave,
$=2nv(t-x) ,
v {10.12)

that for an electron wave, the phage velocity V 1z given
by
ct.
V = AL .

-

For & genmersl wave, the group velocity s the relstiomship

(10.15)

between "X end € when the argument of the sine is en



, 7O

extreme Tor veriation of Trequency {for am slestron this
mosns the variation of W ),

Thue if one lets
2\-)
(I-fléa ) /é'==/3
c2
snd takes the derivative of the grgmeﬂ% afy f‘;}w;éiﬁeﬁiﬁ

equetion {10.11) end sets 1%t egqusl te zaro sne ghinins

t é_ﬂ_ - X 00@‘-'-) .
au Cc: Ju {10.14)

Therefore, the group veloelity equale

dn
Us? C du,

?
A *:Z {10.15)
bnt
dn _ Bu
Lu - C2-ur -
Henge we ¢biain ,
U=u ,

giving, =8 we exvacted, that the grouy velosity is egusl to

the partiele velogity. fffhasa resitlte eonld aigs have b§gm
schieved by consldering sn Interrupted stresm of elestrons,se
is done by Mottt asnd Yasgey.

44 H. Po Mottt mand Y. 5. W, Fasaay,, TET TERORY OF ATOMIOC
COLIISIONS {Oxford Univ. ?rasas, London, 1950}, Chsap. T.
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To show thet the electron waves are dlspersive in
the usuel opticsl sense we remember that for plene weves the

wave lenpth

2 -
v v muy mud (10.17)

If one eliminetes W  betwesn equations {10.17) end (10.13)

one obtains

V,z = ¢c? + 7\"-:11"6‘.4

%* ]

This sxpression shows t@a'nﬁrmal wove lengih

dependence aof the’@haaa velocity in & dlspersive medlium.

That dispersion reanlids In & vest spreading of the electron
, | . : i > ¥ “4E

wave pasket was demonstrated by & onleulation of Darwin

o . -

45 G, %, Dorwin, Prog. Boy. Sos. 117, 258 (1987).

Lo

meny years ag.. We gives as the wecertainty of the position

of =n eiee%ran»at a time % sbout as gﬂaiiimﬁ x &+ vt

ax ’-\[A xS - (zn::max,) .

This wneertainty is wenslly comstrasd to be the effestive
lenzth of the wave packetb.

To obtein an ides of the magnitude involved In



?2.

this spreading in s prastiesl cree we congider en elee?:r@
with an encrgy of 60 kev &+ §© ev, whileh Mrreapaﬁ&s to a
ApPrntlrx 1(3»*19_@ om/ses. Making use of thg Helgen
barg relationehip we obisin A Xy = 5.5 x 10  em.
From s knowlsdge of the velosity corresvonding te 50 kw
one ean csleulate the lensth of time for the particle to
pover 100 em. Then spplyinc ‘}Bsfxin*g formule ome finda that
the new uneertainty is 1.4 x 123*1;913, an inereace by s Tuolor
of 10 .
A éif‘?iegny arfeses 17 we use the mn«wl@;_vist;a
Sehrédinger equation instesd of the relstivistic approsch of

he Broglie. The fundemental equstion is

T
V“P + 81T Mo (E_F) ‘P 30,
g _.----——--_6 z ‘
{10.19)
where ¥ 1g the energy and F the poiential energy. In free
gpage where F =0

the equation for = one-dimenslionsl wave becomes

Yo B m. ( Vo mau*) ¥=0, (10,20)
a4x* +*

IFf this eguation ie golved by the neuel methods and comparad
with equation {10.12) one finds that the phase velscity is

given by |
(10.21)

vV = /U .
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If we compare squations (10.21) with (10.13) we
see that our two approecaches have ylelded different resulta.
However 1f we had introduced the rest energy of the elestron
into equation (10,19) we would have.arrived at a result
similar to equation (10,13). The group velocity remains une
changed by this substitution if the relativistic valus of the
particle veloclty 13 used,

The usual view of this conflict of values for
phase velocity is that given by iott and Massey: “However
the value of this constant" {(the roast energy of the slectron)

"does not affect any experimental results.”46

48 No Fo Mobt and He 3, e Masseye. ope ¢lte, ps 13

If we attempt uncritlcally to apply equation (10,10)
to the electron the results are not independsent of this constant.
it would appear interesting elther to snalyze in detall the
derivation leadlng to equation (10,10) from a gquantum mechani-
cal viewpoint and ascertain the exsct point where the analosy
between light and electrons breaks down, or alternstely, to
derive an equivalent equation for elsctrons, Elther procedure

is beyond the scope of this paper,
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E;egar&lms of the outooms of this enslysis };f; in
ghvimsqthaﬁi althouszh intultively caoherence ia an a‘btraﬁi’ye
eoncent, it te one that must be applied with greet csre. In
any working interferometer it is &’egmple:s funetion of ths

‘gource, the instrument and the medium.
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