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I, ABSTRACT

In this lsboratory Cerl F. J. Overhage, and elsewhere other
experimenters, have found that the normal energy distribution of
photoelectrons from sodium does not agree with the Fowler~DuBridge
theory of surface photo-electric emission. A marked discrepandy occurs,
It has been suggested that gas contaminations may produce a cathode
Barrisr which varies in a complicated way over the surface, and tha£
due to this, and different work functions of various crystal faces,
cathode areas which are effective in producing emission vary with
incident radiation energies. It has been zlso suggested that the
normal energy distribution from a rough surface, i.e., surface elements
inclined at angles 1o the field, may be different From that predicted
by the Fowler-DuBridge theory,

An electron~-microscope has been constructed for observing the
photoelectric emission from 2 sodium surface. Electron pictures of
the emitting surface have been taken for a variety of incident light
energies. At the magnification used (10 diameters) no significant
difference was observed.

The Fowler theory for emission at 0%k has been adapted to the
case of a rough surface. This modified theory does not predict any
altered shape of the normal energy distribution curves when the
retarding fields are high although i1t does predict changes for low

fields and for very rough surfaces.



I, INTRCDUCTION

In 193? C.F.J. 0verhage(l) published results of measurements
he had taken/igis laboratory on the normal energy distribution of
photoelectrons from a sodium surface., His work showed that the ex-
perimental curves did not agree with the theoretical predictions of

(2'4) * '
theory. Figure 2.1 1is Overhage's plot

the Fowler-Dubridge
of the observed vs. the theoretical distribution at 300°K, the
temperature at which his experiments were carried out. Incidentally,
there is also plotted the same experimental curve vs. the theoretical
curve for 600°K. It will be seen that the f£it is better for the higher
temperature, but the significance of this is questionable, Other
experimenters have reported a similar discrepsncy. Hill and Dubridge(s)
noted its occurence in total energy distributions, as also did Brady

(6) (7)

and Jacobsmyer ‘. An investigation by Mann and Dubridge on absolute
photoelectric yield indiczted that here =z1so theory and experiment were
at variance. Henshaw(e), working with thin potassium films, found that
most of his experimental curves fit Fowler-Dubridege curves of lower
temperatures, Were all these discrepancies due 1o experimental
difficulties, or to an inadequacy of the Fowler-DuBridge theoryt?

The most commonly suggested(g-ll)

explanation for the difference
between observed and theoretical energy distributions is that gas
contaminations are responsible for the altered shapes of the curves.
Changes in emission curves with age have actually been observed(lz)
in experiments where the total cothode emission as a function of

frequency is measured in an accelerating field.

*

C-FQJQ Overhage thesis, Fig. 12, Pe 78
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It sounds reasonable that a contamination would have different
work function from that of pure sodium, and hence would have a
different (probably higher) photo-eleciric threshold, One would thus
expect that a larger cathode area would emit 2t higher illumination
frequency.

Furthermore, any non~cubic crystals of sodium will have
different work functions for the various crystal faces, and hence will
begin emigssion at different energiles.

The suggestion that short wave light penetrates through to the
backside of small lumps can be discounted. Measurements by Wood(lg)
show that sodium is transparent only below 2100 Angstroms,

Overhage (loc.cit.) felt that due to the retarding field joined
o the cathode potential barrier in his experiment, gas contaminations
witn their attendant alterations in cathode work functioﬁ should not

(14)

affect the transmission of electrons. Houston has shown that under
the conditions of Overhage's work, the trensmission cosfficient is
approximately independent of the shape of the cathode potenti;l barrier.

A final possibility was that the rough surface of an evanorated
sodium f£ilm behaved far differently from the ideally plane surface upon
thch all previous theoretical treatments had been based,

Houston (loc.cit.), zeneralizing on the work of Mitchell,(ls’le)
evolved a quantum-mechanlcal theory which could be made t0 tit Overhage's
results quite well. However, it 8till seemed worthwhile to investigate
the above possibilities.

With the recent developments in electron optics it appeared

that one could construct an apparatus to image by means of photo-slectirons




the emission from a2 sodium cathode; and %o actually study the pattern
of the emission and its changes with age and with frequency of incident
light.

Early in 1938, Dr. Houston began constructing a brass system
for preliminary experiments on cathode imaging; 2and was already busily
engaged in 1eakvhunting when in March of 1938 the writer appeared on
the scene. By August, fairly satisfactory images (approx. 20 diam
magnification) of the emission from an oxide patterm upon a nickel
ribbon filament were obtained.

The apparatus was not suitable, however, for photo-slsciric
studies; s0 in April 1939, a glass-metal apvaratus was constructed.
After seversl mutations, there resulted the form whichbwill be des-
cribed here. Meanwhile, under Dr. Houston's ministrastions, the

original apvaratus became an eleciron microscope.




III. ELECTRON OPTICS

3.1 Analogy to geometrical lizht optics

The teru electron optics refers to the study of the behavior
of electron beams in electrostatic or magnetic fields, especially when
the beams are used for the purpose of optical imaging; it is so
named in analogy to light optics.

The need of this study was first acutely felt, less than ten
years ago, in designing cathode ray tubes, although Sir William
Hamilton 2T "21) hag 1a1d its basis in a series of papers about 1830
with an elaborate analogy between the paths of light heams and charged

(22),, 1899, and Fleming'2®)

(24)

particles in a counservative field. Wiechart
in 1897 mentioned the focusing action of 2 magnetic coil. Braun
in 1897 used space charge focusing in the well known Braun tube. And
in 1908 Nestphall(zs) used the Wehnelt electrostatic cylinder lenses
to produce a focusing beam in his-oscilloescope., These experiments,
however, were done without realization of the strong analogy-between
light and electron beams; and the focusing action of fields was not
considered from a lens standpoint at all.

In electron optics as in 1light, one can apply geometrical
considerations without appealing to the wave nature of the beams.
All of the ordinary lens formulze of geometrical light optics can be

built up from the four laws:



1. Rectilinear propagation in free space

2, Law of refraction at a plane surface

3. Law of reflection at a plane surface

4, Indevpendence of the different rays of a beam of light,
The first we know to be true for electrons; and the fourth also, pro=
viding the current density is low., It is easy to show in a simple case

that the second and third also hold, Consider s plane interfsce

v | ¥

N

Fig. #.1

between two potential regions Vl and Vz as shown in Pigure 3.1, and

consider a beam of electrons of velocity v with energy

L ogve o= ev, B & )
- incident at an angle i. If V2 is greater than Vl the beam crosses
the interface, and proceeds with some velocity vy at some angle r.
The normal component of velocity is changed by the field at the interface

while the tangential component remains the same, Thus

v ‘V1Sini'v!3i_nr oooooo..oo(Z)
tan



which can be rewritten
sin i . Ve be

— B

Y o e ¢ o o e o o e s o« (3
the familiar Snell's law equation for index of refraction. We can
calculate the ratio pe/u, of the "indices of electron refraction"
of the two media in terms of the potentials Vl and Vz, since we have

(1) and its analogous equation for the region Vz:

v / v
’“_2 :—_2— = ——L L 4 . ) - . - L) - * -« (4
B Vi V,

It V2 is less than V1 the electron will be deflected back out
of the region Vz into V1 again, witnh tangential component unchanged
but normal component reversed. Hencs it will go off at an angle i!

equal to 1 obeying the ordinary optical law of reflection.

342, Anelogy in the genersal case of electrostatic and magnetostatic fields

The analogy between electron beams and light beams can be shown
in a much more general way by comparing the principle of least time
(Permat's principle) for light with the nrinclple of least action for
electrons.

The principle of least time states that a light ray in any
optical system follows the ﬁath which takes the shortest time . iiow
the velocity, v, of light in a medium is related to the index of re-

fraction by the equation



where ¢ is the velocity of light in vacuumjso that the time to go

from some point A to a point B is

tit"— f Mds ® @ & & & & ® o o o e o & o .(2}

And the usual statement of the variation princiﬁle is

6 Af uds = O e o ¢ ¢ 2 s e+ s = e e s e . 0(3]

The principle of lsast action® can be written

2 B .
- ’ 6 d = -2 » ® - L 2 L3 L - (
) K pds = C , or Y e s = QO (4)

where p is the scalar magnitude of the momentum and L is the Lagrang-
ian function, which for an electron moving nonrelativistically with

velocity v in electric and magneiic fields is®

L = ém\la_ 9,——— (\’ A) « v s & e € & o (‘E
where V is the electrostatic potential and AN the magnetic vector

votential, the le?t-slanting symbols always refering to vector

quantities., Hence by (4)

o ‘f (e = — (V Al ds = 0 . .'. e e o o o JiB

Comparing with (3), we see that the path of an electron moving with
velocity v through electric and magnetic fieids is analogous to the
path of a ray of light, providing we call the index of refraction for

the electron

e
b=k [mv - — (N.A)] R
Ve .

*
See for instance Webster, Dynamics, Chap.IV, eq'n (9) or
Lemb, Higher Mechanics p, 103.

* See for instance Max Born, Mechanics of the Atom, p. 208.




The first term, kv, represents the index of refraction of an
electron moving with velocity, v, in electrostatic fields; and
since %mv2 = Ve determines the velocity at every point, the index is
a functlon of position in the lens system and is constant over each
equipotential. V has no discontinuities; so the index of refraction
does not change abruptly as in ordinary optics; and it is as though one
had inhomogeneous: optical substances.

The second term, containing a scalar product of ¢ by A, is the
part of the index of refraction due to a magnetic field; and depends
on both the position and the direction of motion of the electron.

The index of refraction due to a megnetic field is thus that of en
inhomogeneous anistropic medium,

The analogy of electron beams to light beams implies that one
can construct electron lenses and mirrors of axially:symmetidcal fields.
There will be in an electron lens system no abrupt chsnges of refractive
index, rather the analogue of a multitude of ienses of varying indices,
with the lens surfaces, in an electrostatic systen, corresponding %o
equipotential surfacss. Fig. (3.2) shows equipotentials (which are
surfaces of constant u)for an electrostatic system of two cylinders as
used in cathode ray tubes.

In an ideal lens system it is assumed that rays leaving a point
object travel in straight lines until they strike the lens; then they
are bent in some manner or other until they leave the lens system and
travel again in straight lines to intersect at a point image. The

exact point convergence is an idealization; so one normally considers



as an approximation first order, or paraxial, imaging,.

Abbes! geometrical treatment, in terms of cardinal points,
of first order imaging by light optical lens systems applies re=-
gardless of what physical means are used for image formation, It
only requires that the light propagate rectilidearly ' outside the lens
system. Specification of the principal planes and focal planes of
any lens system completely determines its paraxial focusing action,

A geometrical treatment of electron lens systems in terms of
principal planes and focal planes is possible since electrons travel in
straight lines outside a lens; and it is frequently of value, although
in electrostatic systems the potentials and hence the indices of re-
fraction are different on the two sides of a lens., The treatment is
complicated since the nodal points no longer lie in the unit planes.
The focal planes F; and F, and the principal plenes H, and H, for

the system of Pig. (3.1) are indicated in Fig. (3.3).

3¢3. Motion of electrons in axially symmetric electrostatic fields

The calculation of iens equations requires a knowledge of the
electron trajectories. The differential equation governing these
trajectories is easily found, but its solution in general can only be
aporoximated. Consider rirst the electrostatic case of an axially
symaetric elsctrode system, the electrons being emitted with negli-
zible velocities into a region of zero potential, In any region of
varying potentisal, and hence nonw-zerce field, the tforce urging an

electron in any particular direction Eis given by the product of the
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electronic charge by the field in the ¢ direction. That is,

- oV .
ﬂ& 2 . eEE = e'?g’ siucs . . % . - K z {,t)

.d. = bl Vv [ . L @ 2 & 3 & (2)
The motion of an electron can be described by the cylindrical
coordinates 7,%,%; and the nonrelativistic® equations of motion

are

- E - e - e o o & e o o .
&= . e=onr (3)

where the dots represent differentiation with réspect to time,

There will be no ¢-component of motion, since there is no field

in tnat direction, and it is assumed that the electron starts with no
velocity.

A first integral is the energy equation

% (i'!-i- éi) = Ve * e ¢ * & & & = (4

but except in special cases the equations of motion can not be solved
further except by series. However they can be put in a somewhat
more useful form with time derivatives eliminated, the so-called

trajectory equation, which is obtained as follows$

*

Approximately velid up to 50 K.V, energy electirons.
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By calculus
Crolodny L dras
at®  dt ‘at dz dz dt
* » e s & o 0(5)
az® ‘at’ " dz at’®

dg 2
In order to eliminate the (dir)term, we rewrite the energy equation (4)
%m(—_) [1( )}gVe ’ly,"-o-oo({a)
Inserted into (5) this gives

a%r 4% 2Ve d®z dr

dtz dzz m[1+(g;)] + dt! E,z ® & & 4+ & & e @ (6)

Using the equations of motion (3), we have

e oV d'r __e 1 e 3V dr
— r— = —_— - — L2 . - o . . 3 -
Jr dz® 2vm dr. m oz dz (7)
1+(—)
) dz
and finally,
a* ro, 5V dr dr ., oV _
zvdz [1 (——7 ] — dZ {1‘*(dz) ] ar O - - . . » * - (8)

Note that this equation is independent of e and m, and is homogeneous
in V. Hence one can conclude that the foccal lengths énd aberrations
of electrostatic lenses are independent of the charged particles used,
and depend not on actual values, but only on the ratios of voltages
of elements of the lens. The equation is also homogeneous in r,z,

so that changing all dimensions by the same factor will not affect

the lens propertises,



The trajectory equation (8) can be further simplified if,
28 in optics, we consider first order imaging by paraxial rays;
and then any deviztions from paraxizl imaging will be abJerrations.
(Electron lenses suffer from the same aﬁ%éé%tions 25 light lenses,)

To do this we must expand the potential V (r,z) in a series of the

form
® n
V(r,z) = ”Eor ¥a (3) B )
Now V(r,z ) satisfies Laplace's equation in cylindrical

coordinates,

3%V 1 av 3%

+ — — F 30 ¢ s & 6 o s » s o 4
or? r ar oz" (10)

end a solution independent of 9 and valid on the axis can be
expressed in terms of Bessel's functions of zero order. These
functions expand in even powers of r. Hesnce (9) should contain

only even powers of r,

Now Y
—1’21 = 2Wy(z) + 41"W4(Z) + Sr.w‘(_z) * e
r or
2ty .
art = 2We(2) + 12r W.(2z) + BCr.,w.(z) A e . . (92)
B’V " " N
g;i B WO(Z) * I‘!W’(z) * r‘“‘(z) * see

where the primes represent differentistion with respect to z.

Substituting into Laplace's equation (10), end equating coefficients
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' > S
of equal powers of r %o zero we have Wy(2) = - FL K2 (2)

. 1 )
Walz) = - o Wa(z) = -7, 7 WiV(a)

By putting r = 0, we see Wo(z) = Vo(z), the potential on the axis,

So that

[ 3
r r i
V(r,2z) = Vo(z) -— V¥(2) *'—-V§v(z)\+ oo e e e o oo (11)
4 64 : .
Putting (11) into the trajectory equation (8), and throwing

away terms in r and its powers, we have the equation governing first

order imaging,

2

Loyl LY L | ~
I TI seeee e (12

d
'eVo (2
2Vo (2) ye
Except for a few specisl forms of V(3), tais'is as far as
one can go without recourse to approximate methods, such as are
(28) (27)
discussed in some detail by Maloff and Epstein y Or by Myers

in his very complete but untrustworthy volume.

3e4 Electrostatic thin lens

In a2 case of a thin lens, i.e., one in which the strong fields
are ccnfined to a small region along the axis compared with the focal
length, the focal length can be expressed in terms of an integral in
the following way:

Consider that during the passage of an electron through the

lens its distance r, off the axis remains substantially constant,
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Make the substitution

Wo dr &b /T 87y 1 dr (1)
ro dz’ dz ro dz° ro ¥V, 4z fer e
in the trajectory equation (12)., Then
p Vo
0 —_— i — o e & o 5 s e = ‘.2)

2
Dividing byl/g_e s and integrating over the lens gives

P'P 0-00000(3)

B

The principel ray, i.e., the ray which is moving parallel to the axis
in the object space, passes through the focal point of the image space.

dr
Before entering the lens, T = 0 , and hence Pg= 0 . Upon leaving

Z
dr r
the lens, r = r¢, and — = = by geometry, where f 1is the

iz £ Ve (B)

distance from the lens to the focal point. Hence Py= y &nd

f
f 4'|/V,(B)A ;/v,,(-,;)d
which can be integrated by parts to give
' B ] 2
1, _ 1 Wol2)l- 4, ., ... (5

f 8 Voi{d) I [Vo(2)]

To go farther, one needs to know vy (2).



3.5 Motion of electrons in combined electrostatic and magnetic
fields.

(28)

Gray has transformed the electrostatic equations of

motion 3.3 (3) into a seriss of ordinary differential equations by

means of velocity functions; and following Gray, Glaser(zg)

has done
the same thing for combined electrostatic and magnetic fields.
In a magnetic field the ¥ component of motion is no longer

zero, So we must write for the components of acceleration in

*
¢ylindrical coordinstes,

¢ 124 .9
= a8 - r - r
vr r | 0 4
VZ" 3 az. B . ) ® o o e e & e (1)
= p D A= 1 ..d—. (r’ " )
Vo= 19 o dt i

The force on an electron moving in a magnetic field is

given by
F=-e [vxH] (e and ¥\ in e.m.u.) e oo (2)

where the f£ield has a vector potential A , given by

- . @ (3)
N = curl N ; div A = 0
The components of the curl in cylindrical coordinates sre
1 94 T 3k, oA
= - = [—2 o —f H,= curlgA= [—=F - —2 ]
By curlJ\ ” £3¢ = | ® ) [33 e
1 3a(rdy) Ahp

= - — - P - . - . - 4
Hy= curl, A - o7 3 (

In case of axial symmetry, A has only a ¢~ component, so the

See for instance, Smythe, Static and Dynamic Electricity.
McGrow Hill, 1939, (1, 60)

* See for instance Page, Int. to Theor. Ph., - § 18.



7
equations become Hp = - —2—9
z

e = O R £

1 9
H - — — rA
zZ ar( @)
Hence from (2), the components of force are

-
Fr - efp;a—r (rAq))

X
. oy T3 ed
Fg=-elzL9 , = 2rirhg)]l = - F gg (rdg) . . . (8)

When electrostatic fields are also present, we must add 2v
or

t0 the right hand side of the first of these equations, and -a—;-{

to the right hand side of the second. Then the equations of motion,

using (1), are . .2 e _.0 ?
' - - - — —m— IlA - cmm——"
T L hﬂar( ‘P) ar]

. e . 9 ' v
P - —{rh . w— om— o o o ot
Z ﬂ {e '3-2( ¢) 32 ] (7)
— B g o rA
it T T T (Bhy)
The last equation integrates immediately to give
. e
r@ ';‘Aw *C « o & e » 0(8)

C can be taken equal to zero since Ay has an arbitroiy zero which
9 7

can be chosen at the object, where =0, Putting this into (7)

gives --___e___- .9 - _’d_Y
Fomo-o[eder 0 Slrdg) =
* e e e ® ® (9)
e o {v le A"]E e a8
m or e m 9 m or
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and

]
“
]
I
=
'

2 |

e 2, _
— 51 =2 2
- @] - ¢ o o + o » o (9)

where Q is an abbreviation for fhe terms in the bracket. These are the
equations of motion of an electron in combined electrostatic and magnetic
fields. Usually one is not interested in the 9=~component of motion, for
it merely rotates the beam. Note the formal similarity to the electro-
static equations of motion, 3.3 (3).

We will want to express Q as a series in powers of r. To do

this,we need the expansion 3.3 (9) for V,

&

Vo= Vo(z) --Z— Ve (z) &-2—4 vV(z) + ... 8.3.(9)

and a similar one for A?

.Aq,aZrnGn(kz) e e o o o o « (10

Only odd powers will occur, since® A g is independent of ¢
and the solution to the differential equation for A can be expressed
in terms of J,(kr) ~ p2M+*ubsiituting the expansion into the

differential equation® for A

1 Ay 2% %A A
- B + 2“" -—lw'J'O *® & e * o & o (11)
r or or [} re -
and equating powers of r as in the electrostatic case, we get
-2
r T

A .—HZ - — H'z +..... e . » :
Q 2 ( ) 16 ( ) . e . [ (12)

Hence the expansion for Q is

* Cf. e.g. Smythe, Stat, znd Dyn, Elect. (Edward's Bros. 1935) eq.7,021
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e . e rt r’
< "-;(V(r,.z) -EMLASQ} = Qo‘(z) -é" C‘g(Z) "'”g‘ C‘(Z) ¥ eee e o o (13))

wherse ,
e e ., € e i e
Qo,=-;-Vo ;0 Qg '“EA(V' +1§ﬁﬂg) ;0 Qs "g;(vlv‘*fgéﬁﬂt) . «(14)

Q plays the same role in these equatlons 'that V played in the elet-
staticicases -
Now, :the.next step. will:be %o, define two velocity functions

ulr,s) and w(rmsubject to only the restrictions

ou ow 2 2

—_— - = u + W = .2 ¢« o & v e

=3~ 5t ; qQ (15
It will be seen that

u = ].:‘, W= é . e & o & o 0(16

satisfy the equations (9), for

.. 9u du du W 1 9, , R aQ
r=—u+ —%* —ut —w=-— —(u +¥)=_—
or 0z or or e ar or
.- 2% oW du 3w 1 8 , 2 * °9Q <o (17
2® g d —WNE gt i B = — (U 4 W ) ® e
or 32 3.2 9.2 e 0oz oz

We will express sqlutions of thevvelocity functions as power series in
r. U will be an 0dd function, and W an even function of r. Grey
explains this choice as follows: "The above powers of r are the ones
required in arsystem symnetrical about the % axis. In such a system

r reverses in sign with © and the u series is odd; .z does not reverse
sign with r and the y- series is even. Aside from such reasoning,

the choice of the two series is justified provided they lsad to sol~-
utions of the differential equation in a form suitable for the purposes

of electron-cptics.”
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It can readily be seen from (15) that u & W have opposite
parity. The above remarks regerding change in sign with r ( in
cylindrical coordinates) are not clear to Dr. Houston or the writer,

and they feel that some further justification is needed.

U = ru,(z) + rau,(z).+ .en Wom WolZ) ¢ Flwg(2) + wus

Putting (18) into (15), =nd using the expansion (13) for Q,

there results

u; - rzw,! ; U.; = 4“4, ; ‘ﬁ;:SW. e o e
. 2 o y ; o | J 10
Wo = /2Q¢ T Uy + ZWgWge f‘-ga' 1. KWoW, + ZUsUg + W, =3
This gives a series of ordinary differential equations for the
coefficients of the u-~series,
Vele ul + vl = - Q .« . ..
2
. 1 Uy
1
209 u; + 4‘13“3 '—;‘ Q‘ ""::" ¢« * o o
b <

e 3 e & ¢ & ¢ ® ¢ e & s & o 9

Thus the equations of motion are-reduced to a series of ordinary
differential equatiocns, the first of which (a Riccati equstion)
spplies to paraxial imaging, and the rest to higher order sherrations.

The instantaneous focal distance, SB fromvény part of the lens
can be easily calculated in terms of the coefficients in the above

series,

. « (18)

4
.

(19)

(20)

(21)

(22)
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Consider a beam which has left the axis at an angle o« at some
point P (Fig.3.5) and been deflected by the fields in some maaner or
other, so that at a plane, z = B beyond which the fields are sube
stantially zero it is travelling in the direction shown by the
dotted line. Call the distance SB the instantaneous focal distance
for an electrqn distant rp from the axis at the plane B. From the

geometry of the figure it is seen that

2 4
1 I"B - [} 1 - u;"' uarB + uarB + seeesencces
= T e - - e i 2 1 1 4 .
SB . Z‘B W !‘E 200 + 3!1;1’8 + ?uarB + s o0 s

where ré is the slope of the trsjectory at z = B, and u and w are

T aﬁd,~7;§”-ﬁ:-l\. Hence for paraxial rays,

1 _ _ u.l=p)
SE, VZUo (2p) T

.where u, is given by (21)



3+6, Thin lens of combined electrostatic and magnetic Pislds.

For paraxial rays 3.5 (23) becomes

Uy, = r’ (z)'VEQo(z P & B

r" r'Qs (r*)*
! =— P - ﬁQ ¢ o ¢ o ¢ o »
Mho VR rEG, T Ty VEGe | (2)

substituting into 3.5 (21) gives
[}

Q
" o+ —— ! 4+ —

2@0 230

I‘=O * o e & e ¢ o (3)

or

d ~— .,  Qer
VG_;._(;_Z-(I.' QO) + .‘ O e o & & e & ® o (4)

Then if we consider that the strong field extends only the

short distance from a point z, to a2 point zqs We can form the integral

r.vj.-*i',.;az N £

Since the lens is thin, r can be considered constant over the range

of integration, and hence can be taken outside the integral sign.

r' .1
Now = S « Hence
24
1 1. 12 — j _@g___g____iZ) dz (6)
So S1 2 V’-Q——e 2 Qoiz)
o .

If we consider the principal ray, i.e., the one which enters the lens

with r:, =0, then -:SL- is the reciprocal focal length, and the equation
1

for focal length of a thin lens is

Z- .
-1 ' Q,(2)
Qo(“i:j/ /Q"o('z) dz e o o & o e = 0(7)

2o

| 4
.

Inserting the defining equations 3.5 (14), for Qo and Q , we get
2



agreement with equation 3.4 (4) when H is zero, When the lens is
purely magnetic, i.e., V = constant, the focal length becomes

Z3a

—r U

F gnvV,
Zq

H%dz B €-)

3.7. Spherical Aberration of electron lenses.

Referring to fig. 3.5, the second order terms of 3.5 (23) give

V20 Tzg) + 3ui(zg)ry _ VEGo(zp)

us(zp) + us(zp) rg us(2g)

- Sprj éiE}B“;g - Usp V2Qop

d = SBG- SB'

~g r! [uSB - u;B ]

0000900‘1)

or
5 ¥ ui
Ar = [—B - ]
u;B 2 ¢ 'OB
where Ugp is the solution to 3.5 (22) at z = Zge We wish to find
Uygs Ugps and uiB to insert into this equation.
As in the previous section, let r(z) be defined by

r'(z)

u.(z) = TET 2@ (2) e o e s s o o« (2



Then 3.5 (22) becomes

. r_' 1 r?

ul! «+ 4“.—.8—-—&— - = [Qat+ 20— ]

TR T TV T, Ve, (Ot 2T
whose solution is

~g
‘ - e 1 . S L AP :
a z) = r‘J —_— e —— . Qg (— 2 2] “
ro .
28 can be seen by differentiating (4) to obtain (3) again. Hence

= -——L—— ﬁr_l!z}‘»
u’(zB) rB ~j. 5 vr—- 4Q°AV§5;£Q°* 6Qe(r ) 17 rr%ae

How by calling

ro_ n r' n' ré
Tg s S0 that T = ;;— , and._Fg = hé .

(4) can be rewritten with the aid of 3.5 (21)

S ® . .
mgBu;B + ﬂ;B B - QzB = O LI

since it is assumed that the fields ars zero at, and beyond, z = B.

We get

l 2
Q .
Ar = ) Uy pon. BT S nt*
Bt m* / TGy e e gt - VRt [

*

-

*

(8)

(4)

+’2V—0Bh'a 000000(6)

The term standing alone can be included in the integral if we integrste
to the image point 2qs instead of to zB: for since Q4 and Q2 are zero

beyond zgy the integrand is a constant equal to - 2Qo n'4, And since
Tz

the electron is travi}ing in a straight line beyond B, rf = . :
Z:—BB
%y -

s0 that Zp= htEBThus this extension of the integral just serves

to eliminate the term % VZQOBh g- With the abbreviations L, M, and N



one can then write

24
= Lh*+ 2Mh®h*%+ Nh'*) 4
or nme—/< * AT ) s )

where
=3V,

1 1 ze.

= —(V s — - — ' - iv e »
L= r—-%[%( ZH) — B -V ] . (8)
, . .
M= m R AL B o B™]

We can express (7) in terms of the numerical aperture @ , instead of
ry if we miltisly and divide by h;4 . Then ® = r§ = rgh'(zo)
and with the help of the equation for magnification,

- h'(ze) 1(:20-)
h'(z,)ﬂ_—}sz, N T,

we get the desired equation for radius of the spurious image dus to

spherical asberration of anzelectron lens,
“1

8
Ar & — (La*+ 2Mh2n'%+ Nb'*) dz N £ 1))
O = ‘B‘“ V(Ze') )

Zo
In case of pure magnetic focusing, (10) becomes
«®e

8 =
1é6mV

2,
f [.(—% B~ HE") h*+ 2H®h®n** -~—-Vn"] ds - . . . (11)
o eh , - ‘}
where h" = ey H*(2) and is zero at z and z
By partial integration of (11), using (12), one gets finally

Zg

- Ar a‘e;/f ce 4 2 .
6 e e B — H H' - HH. h d . - . . . . .
= " Geav (mV + 5 | ) zZ (13)

2o




as the size of the spurious image of a magnetic lens. H = H(z) is
the axial z-component of the magnetic field; and n{z) is the ray

thru h(zo) = 0 with slope h‘(zo) z 1.

3.8 Reduction of Spherical Aberration

The most serious limitation to the resolving power of electron
microscopes today lies in the spherical aberration of the magnetic
lenses. The usual procedure has been to form a highly concentrated
field, and to stop down the lens to a N.A. of approximately 1/100,.

It will be seen from 3.7 (13) that the spurious image varies as the
cube of the numerical aperture , . However, due to the wave prop-
erties of electron beams the ordinary equation for resolving power
holds:

A
Resolving power = —
2a

The balance of these two factors, aberration vs resolving
power, is according to Marton, about 10 8° in the present R.C.A.

electron microscope.

(30)

Scherzer showed that the spherical aberration of a space~

(31) later

charge free electron lens is all of one sign. Hebsch
showed that the aberration could be theoretically made as small as
desired by having the magnstic or eleciric fields very sitrong in

the neighborhood of the object., The length of the field must be made
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very small; for the length limits the perfection of the lens. By
investigating some magnetic and electric fields which approximated

aberration free lenses, Rebsch,(gl) and Scherzer(sz)

concluded that
the lower 1limit of aberration for any practical lens is of the order

et b et (33) .
of magnitude ©= Pt .v. Ardenne indicates that present
electron microscopes have lens error of at least ten times this value.

Glaser(zg)

points out that generalization upon these specific
fields may not be justified, since from the equation 3.7 (13) it
appears that one could construct a completely spherical aberration
free magnetic lens provided ne could obtain a focusing field

which satisfied the equation

ze

VH"I-EH'!-—H“H'O . -..-00..(1)

Bubstitute

v . .
y= B/Be ; x=32/1 ; 1=3 l/£2e ; where Ho ip the field .

This puts (1) in the form

yy" = 5y' + y* B £-)

where now the primés mean differentiztion with respect to x,

(3) can be rewritten

a4 y! 1
, dX'(y"? | y! » » [ ) - e - rY . - (4)

?
and upon multiplying by Jl; this integrates to

y

1]
(L;),'A——l__t - - . * @ L) . '3 . (
y 3y

For % = o, and hence x = 0, H ®= H so that y = 1. Therefore

w

)
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y
—_ dy
* 1/374’ y? veys » y*-1 . ... (8)

Putting
L e 3 .
o« = y Sysz + 1, 89 -v, 3y0' + 1 L . L - . ‘7)
and reinserting the transformations (2) we have
%o
/mV/2e da ~
= ] _—
z'(/ae o V3 o Vo -1 . e ... (8)
where ¢
¥ _
a = ao¥ii ‘ -N//am 1 1% o< 6 e « » (9)
o He EHO
The‘éimegx%ala(-a) can be evaluated in the form
2 = aO[G(“) - G(ao)] ¢« o 9 & o @ (10)

where G (@)can be expressed in terms of elliptic integrals.

Put .
1._2 = 1 .+ _V-?-)?O_S}i_:__l_ _’ A = ﬂ - k’sin’q;
o coap + 1 :
k2 * E-_:ﬁ- - Sin’750 e &« © & o & @ (11)
: 1 cosp -1 dg : -
—"_' - l/ ) * s e s ¢ @ 1
Glo) = 2V”- 2 j‘cosv +1 A (12)

The first term is an elliptic integral E of the first kind.

Multiplying the second term above and below by €08 ¢ — 1, we have

- | d .'
fcos¢ 1 4o _ _ ﬂ-,gm,g[_‘&’?—l e o« o o o« (18)
Egg;f*i A A A Agin’e

Partial integration gives

A sing A A
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Hence (12) becomes

1
G(a) = v/ 8 {at;an%- E +‘:(1-V73-“)FJ v e e e . . (15)

Rebsch(34) has shown that the fields which Glaser calculates will not
be strong enough to bring a divergent electron beam to focus; however it
is possible that there exists some other solution which will mzke the
integral 3.7 (13) zero and will be strong enough to focus electroh
beams, Une can for instance calculate other fields by partial integra-

tion of 3.7 (13) and setting the integrands equal to zero.

3.9 Determinztion of axisl potential distribution.

In general the form of V(Z), or H(Z), and the axial derivatives
can not easily be given analytically, so they are often experimentally
determined,

Electrostatic poténtials of axially syn§tric systems can be
measured with considerable accuracy in an electrolytic trough®, wherein
is placed an enlarged section model of the iLens system, just covered
with water., The portions of the lens are connected to a 500 cycle
voltage source to correspond to the desired potentials of the lens.
Then by means of a bridge and headphones or galvanometer, or & cathode
ray tube, the voltage on a probe just under the surface of the water

is measured; and by using a pantagraph the equipotentials can be plotted.

i

(27)

*

See for instance lMyers p. 129 ff,
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(38) (36)

Garbor and later Langmuir have constructed machines
to plot electron trajectories directly from an electrolytic trough
model, Since the radius of curvature of an electron trajectory is
given by
R - 2% R £1

E,
where E& is the field perpendicular to the path, if a small cart is
built and the steering wheel so controlled that it turns with this
radius, a scriber on the cart will trace out the actual eleciron
trajectory.

An aporoximate method of calculating potential distribution has
been worked out by Dr. Houston, following a paver by Shortley(37). In
it, one plots the cross-section of the electrode system on log scale,
with the axis corresponding to log O ®*=*, Then one divides the area
between elecirodes in the log plot by a number of equally spaced points
in the direction of both axes. If one assigns an arbitrary poteptial

to each point he can then prpgressively correct these potentials. Thus

a corrected potential for say the point in the 1 th column, 3 rd row is

14 o
v vl;* Vl:ﬂ. e ® (Vk‘ * vma)

1, 2(1 + e2Pa)

where pg refers to the ordinate in the log graph of the 3-row. One
then uses this value 1o correct an’ and so on. The entire process is
repeated until a stable situation is reached. The rapidity of convergence o

correction varies inversely with the number of points taken.
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Magneto;;ic fields are determined by analogy to the electro-
static fields for the same electrode configufation as the pole~pieces,
providing the magnetic fields are not so high that the pole pieces are
saturated. For fields of 1000 gauss or more one can use a bismuth
spiral. In any case, a jerk out coil attached to a ballistic galvan-
ometer will meazsure the integral of H; and by starting the coll at

various points along the axis within the field, H(2) can be plotted.

3.10 Wave nature of electron beams.

Thus far in section III it has not been necessary to mention
the fact that electrons do, under certain conditions, evidence wave

properties. The lens equations here developed would be valid if

eleciron beams showed no such properiies; they are in fact satiéfactory
only when one deals with objects large compared with the wave length.

The wave nature of electron bteams as shown by electron diffrace
tion experiments is too familiar to warrant discussion; but a calculation
of the wave lengths of the beams commonly used in electron optics will
not be out of place.

With a beam of eiectrons is associated the DeBroglie wave length,

A given by

h
AS—— oot‘ooooo.(l)

Bv



The enerzy equation of an electron in potential region V is

2yt =L (av)®
Ve = 3 v 52m(BW) R ¢

Hence

b

A - e e & & s o &
/2Ven (3)

which gives upon putting in the values of e, m, and h for elecirons,

150

A{Angstroms) 6?;;;;;}

e e e e (4)

Hence a 150 volt energy electron has a wave length of 1A9, i.e.,

about 3/10,000 that of visible light. Efficiency of fluorescent
viewing screens, and distance of penestration through matter, demand
the use of a kilovolt or more for most electron optical applications,

and hence a wave lengih of less than 0.4A°.

3.11 Advantages of electron beams as compared with light beams®

A 1ist of the more important differences between light and
electron beams will be of value in design of optical apparatus, and
1s herewith presented.

The most obvious advantage possessed by electron beams is

their short wave length; for the limit of resolution of an optical

* ' Thanks to F. Zwicky for bringing the writers attention to this
idea in a clear form.
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instrument 1s approximately equal to wave length of illumination used.

$f then one could construct wellewcorrected electron lenses, it should be
possible to resolve objects with less than an Angstrom separation,
Difficulties of construction may limit fesolution t0 a much higher figure,
but already electiron miscroscopes have pushed the lower limit of
"visibility" down to 5OAP, almost two orders of magnitude better than
attainable with 1light microscopes.

A second obvious difference betwsen light and slectron optics =«
and in experiments of the nature detalled in this paper, the electroas
have an incontrovertible advantage -- is in studying the emisgsion
from a surface. The electron emisslon gives some informstion con=-
cerning crystal orientations and surface contaminations which can not
bs detected by light.

Bruche and Johanson seem to have been the first to study the
recrystallization or a hot surface, both with a thin {fungsten sirip and
with a platinum=-rhodium strip, which were used as hot emitiing filaments,
Recently severpl articles have appeared in the Phys. Rev. and eisewhere on
investigation of small crystals by cold emission. The process of activ-
ation and poisoning of thoriated and oxide coated filaments has been

(40-43)

studied by Bruche and Johanson, and others, The crystal structure

of metal surfaces activeted with barium azide or with strontium carbon-
ate(éq) was investigated =3 early as 1933. In 211 these experiments it
was possible to see surface effects which would be very difficult or im-
possible to observe by ordinary optical methods.

Due to the tact that electron beams are focused by electric

and magnetic fields rather than by matter there is no partial absorpition



or reflection of energy by lenses, Hlectrostatic and magnétic fields

can be completely superimposed, so that one has two lenses simultaneously
in exactly the same place. A much greater range of refractive indices

is possible with electron lenses. Furthermore, the focal length of

a magnetic lens can be altered through wide ranges merely by changing the
magnet current, |

0f importance also is the possibility with electric circuits of
adding, subtracting, or multiplying the intensities of parts or the
whole of an image. Under this head comes the electron multiplier. Here
also would be considered a transformer-tfed video amplifier, which would
suppress the intense image of the sun, but leave its corona bright,

The low inertia and rapid response of electron beam derflecting
mechanisms is of importance in oscilloscopes; and Dr. Zwicky has
mentioned image stabilization of astronomical images by virtue of this
property.

Finally, the fact that electrons are scattered according to
the mass of matter passed through, rather than index of retfraction,

may be of service in electron microscope investigations.



IV. THE PHOTOsLECTRIC mkrEUT

(1) Theories of the photoslectric eftect.

One of the rirst requirements in establishing a theory of
photoelectric phenomena is the choice of a good metal model. 1In
1916, Millikan(ss) determined that the photoelectric process affects
the conduction slectrons, i.e., the "free" elecirons released when the
metal crystals are formed. That these slectrons formed an electron
gas, similar to ordlnary gases, had been postulated by H. A. Lorentz
who assumed that the electrons are in thermal equilibrium with the
lattice atoms, and that they have Maxwellian distribution. In order
to hold the selectrons within the metal it was necessary to postulate
a potentlal barier at the surface of the metal. Lorentz' model
predicted fairly nearly correct values for electrical conduction, and
thermionic emission; but it gave a value nearly two times too large for
specific heat of the metal,

With the application of quantum mechanics, the Maxwell distrib-
ution was altered to the Fermi distribution; and Sommerfeld, Pauli,
and others obtained very satisractory results for the above phenomena.
The potential inside the metal is considered to be a three-dimensional
array of potentisl minima, the minima corresponding to the crystal
atoms, Near the surface of the metal, the potential rises in the form
of a barier and becomes asymptotic to an arbitrary zero outside the
metal. Often the barrier is considered discoantinuous, as in fig.4.2a.
For most calculations the non-uniformity of the poteantial within the

metal can be ignored; and the electiron energies are distributed according



- 38 =

to the Fermi~-Dirac statistics. The number of electrons having velocity

components g q, ¢ in the range dgdndl is

.8
m
%

(e=u)/kT SRIRIRIEI S
' +1

N(Eng) dEdndl
e

where 2

e = T (e n® + Y,

a 2
h 3n
b= — (=)
em B8R
k is Boltzmann constant, and n is number of elscirons per

unit volume. At zero degrees Absolute, equation (1) becomes

m
h

3
ad{ch1d§

N(Z,ﬂrt)&idﬁdF d for & < e

= O for & > o
Thus at absolute zero the density or electron distribution in velocity
)
space is uniform with a snhere of radius ‘/fﬂf°'

[
The number or electrons having energy in the range :eto € +de

is given by
, ¥
gnv2 & 3 de
N(E,de hﬂ m E"Q/kT * » o e o o (8)
+ 1
at temperature T, and
sw’z ¥ %

N(e) de = h" m e’ de e e s s e s . (4)
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at absolute zero. The functions (1) and (2) are plotted in Fig. 4.1
and the electron energies in an idealized metal at OOK are shown in
Fig. 4.2-a, There are no electrons above We z pe ° fhe barpier 28ight
is Wa, approximately 2 to 6 volts energy higher than We . According
10 non=-quantum mechanical treatment, electrons can escape the metal
only by obtaining enocugzh energy to rise to the top of the barrier.
For instance when lignt ot energy B0V is incident upon the metal,
electrons will be excited, and some of them will escave from all
energy levels higner than “ = wo~d = Uo+hwWo | (see rig. 4.2-b)
By applying a retarding potential Vs, one can expect only those electrons
%o reach the anode which have energy higher than RV + Bo— Wg- Ve,
-and thus 1t should be possible to study the distribution of energy of
photoslectrons.

In the interaction of photons with the electrons of a metal,
simultaneous congervation of energy and momentum can not be achievea
with tree electrons. Thererore it is customery, following Tamm

and Schubin,(és)

1o consider two types of photoeclectric effects

taking place in different force fields. One, the so calied volume
eitect, occurs in the force field oY the Lattice atoms; the other is

the surface photoelectric eifect and occurs in the field of the potential
barrier. Calculations by Tamm and Schubin indicate that the volume
photoelectric effect is of negligible importance'in the range o0t usual
photoelectric experiments. Furthermore, no adequate theoretical treast-

ment of the volume effect is available. Theoretical discussion here: -

will be restricted to the surface photoelectric efrect.



-40-~

- | J%‘
~ ' T:OK,—é—
1”0
~1 .
Y : -
NI ;
BRI |
) /T:lfoo K.
NAEEEE
©o I 2 3 &4 s 6 7 95 10 s u

Fia, 4 1l FErRMi=-DIRAC DISTRIBUTION OF
VELOCITY cowpoueuts FOR T-O°
AND FOR T-1500 K.

Y ——
hp —efed

‘/Va-,w,-q

| R LA
s L e 7}77?}2
!

& //}t/al/ Cathode / ////

200 0 /
Fig. 4.2 a

Fig. 4.2 b

ElegtrOn energies in an Electron energies in photoelectric
idenl metal at PX emission (applied potentisl ecual
to contact potential difference)



- 4] -

The following ewerpt rrom *he article by Overhage(l)

states
very nicely the assumptions 02 the Fowler-Dubridge theory:
"(1) The energy hv of the photon is communicated to the

‘electron in such a way that only its momentum normal to

the surface is changed,

"(2) The probability that an electron will be put into a
state of higher energy by an incident quantum is
proportional to the electron's initial velocity normsl

10 the suriace.

"(3) The transmission coefficients at the boundary are

D(e,,y) = 0 when (ey + hv) < Wy

D(ew,v) = 1 when (€4 + hv) > W, .

From the first assumption one will infer that the normal énergy
of a photoelectrically emitted electron of initial energy g€, 1s
€n +*hv — Wg; this hos been supported by quantum mechanical der-
ivation For the ideal case of plane metal surfaces.

The second assumption has also besn shown valid quantum
mechanically, although its introduction into the present theory was
largely for esse of integration.

Under the above conditions Dubridge obtains the following ex-
pression for the current:

I = aAT? ¢(A) « s o s



where & is the proportionality constant of assumption,cg)

4rmek ®

‘A bl h’ * ¢ e & & v e (6)

the constant of Richardson's equation,vand ®(A) is Fowler's universal

function, 5 3
£X X
X e e
€ -7 + 2=+00‘QX‘SO
2 3
2 2 -2X
X R -X e
—-—+t— - e - 3! + . .« X220
< .

of the argument

By + ue - Wg - Ve
kT

Incase T = OOK this reduces to

Ie = 0 for hv < (W@+ Ve - ug)

Io = grmea [hv - Ve - Wg+ wol® for bv (¥g+ Ve -po) . . (7)
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V. "NORMAL" pnErGY DISTRIBUTION FRCM RCUGH SURFACES

As will be fully discussed in a later section (VI-4) the
sodium surfaces used by Overhage in his experimenis and by the
writer in the present experiments consisted of a visible deposit of
white matte appearance evaporated from very pure sodium unto a
nickel cathode. The largest of the globules in the matte surface
were a fraction of a millimeter in diameter, and hence constituted
quite a departure from the ideally plane surface postulated in all
previous theoretical treatments of the photo-electric effect.

In order to determine the effect of a rough surface on the
normal energy distribution of photoelectrons the following would
be idesl procedure:

Let there be a surface element of the cathode inclined
40 the anode, thfbugh the gross anode and cathode surfaces sre
parallel. Draw a plane perpendicular to this element and to the
anode, Let the x=-sxis be in this plane and perpendicular to the
cathode; and the y~axis lie in this plane and along the surface of
the cathode element. Call the perpendicular to the anode the normal
direction; and call the angle between the normal and the x-axis, ©

It is desired to calculate the minimum tangentisl component
velocity, Vys which will serve to glive an electron with energy %mv;
travelling outside the metal the necessary resultant normal velocity
{0 overcome a retarding potentizl Ve. Two dimensions are all that

are required; for the z-axis has no component in the normal direction,
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Having found this minimum tangential velocity Vymin® °0€ would
then need to integrate over 2ll Fermi velocities from V¥min to ®» , and
then over all Ve

Finally, one would assume some angular distribution of
emitting area, including shadws, and after taking into account the angle
of the electric vector of the illumination, integrate over the angle

. R
zero to —.
2
This seemed much too ambitious an undertaking, so it was decided

to try\;ﬁs calculations for absolute zero. The following quasi-geometrical

approach to the problem was suggested by Dr. Houston.

At 0°K, the density of

Y,

electron velocity distribution o

Y,
3 e NI

is uniform within a sphere of

Gio
radius — as shown in

X

m
Fig. S.la.
Zlectrons will be excited
V-smce
by incident photons of energy hv _if/a
and will attain increased x~ velo-
cities, but will not change their y - ~<
~
or z velocities., The excited elec- !
trons will lie in a figure like 5.1b. i
« o VX
The distribution will no longer be ;%? '
&
uniform, and the shape of the en- ®
~d -~ '
closing system will be distoried.
_y,—SEue



The dashed line represents the velocity
equivalent to an energy Wa. If there
is no retarding notential, electrons

t0 the right of the dashed line can

reach the anods. Their velocities

will all lie within the Figure 5.l.c. %—Qmee

If then a retarding potential

Ve = %MV; is apnrlied gt an angle
& to the x-azis as would be the case

34y

for an inclined surface element, only — V.

those elsctrons lying in the hatched por-

tlon between the plane, p, and the curved v,-space
surface cen contribute to the photoelectric AP 4

current,

It is desired to find the shape which the plane p acquires when
we transform v, - space back to v, = space. |
The transformations are?
y - velocity (momentum) is unchanged
z = velocity (momentum) is unchanged.,
An electron which in v, = space had velocity vxo given by;:QV;Q

has in vy~ space a velocity given by

FVxg = MV, ¢ By - W,
m n ¢ * & & s & s o
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S0 the transformation is

2 2hv ’E%& g . Y 3
vXa‘ (Kxb'* B m ) =~(Vx°- w)e
. . . ) 12 | : |
T A AL UL U S ©

Consider any plane lying perpendicular to the Vx3 Vyg ~ plane, distant P
from the origin, and making an angle & with the vy3 axis., The equation

of the plane 1is then

anGOSé * VySSiﬂé - P [ ] L4 - - - L 3 . (3]

Transforming to the unexicited distribution within the metial, the plane

will become a cylinder with generators perpendicular to tae on vyo - plane.

(v;of w') cosd + vyosinﬁ = P N Y

Drop the zero subscript; and write x, y for vx,vy.

T .
(x°= W°)? cosd + y sind = P B €3

We want the volume between this transformed plane and the sphere; Assume the
probability of excitation is proportional to vy with proportionality constant
@ « {Thanks again to Dr, Houston.)
There will be two cases to consider, depending upon whether the plane
in vy = space intersects the vy. - axis (i.e. the plane w in fig. 52) out-
side or inside the sphere, ifor no electrons can ever excape from the reglon

to the left of w,
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- space w hich is

Case I. Volume does no/t touch the plane w in v,
determined by the minimum velocity

of"escapable" electrons. (figure L
5.2), This is fohe case of most I

interest since it applies when sur-

I
faces are not too rough and when | %
retarding potentials are not !
eXxtremely small. ' “V“}%—Z‘f;"ﬂ’)
| . &2 .
M 3 4
1,:2/ dy/ axdxf dz e s o 2 s « o (8)
: ym Xm (] :
where
: 3
ZM = (alO y‘- X') e o » e & o o o (7)
XM - (aa— y!)'i' 3 o - - ] . . . (8)
e P®- ZPy sind + y sin®d + w'cos’d
x2 —L C e e e (9)
yy= P sind + cosd Va'- P- ¥* RN § 1)
ym= P ﬂiﬂé - 0086 va - Pt"' wﬁ e ® o o o .(11)
Hence

11 - fa [ay/x \/af!— y’-‘ x! dx ¢ o o & e+ 0(12)
y x ‘
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; ES
(-‘g-yt):
. . . . %. d Pz-EPy sin6+y'éin'6+w'cod’6"i
Is»= -5/ oa(la’-y - x) J Xm= T 1
/ Xy cos )

0‘ *® o & ¢ o e » .(12)

2 2 2 2 25 8

2 2 e Yy s8in & -2Py eind+P +w"cos O %

= 3“ ‘/(a - y - cgg’é ]’dy e & o 0(14)
y

'

8
" 2c08°6 .jf['yz* y{2Psind) + (w®cos®® +’a'cos’5-P3]16y . (15)

¥

By Pc. 166 and 161 this integrates to:

VX [-3"+ y(2Psind) - P*-(5P"+jw"-%a")cos”s]

26 y-Peinéd
3cos?®d 4

-y+Psind M.
) . . (18)

2. 2 2 _2. 2 4. . -2 i
- 2[af-w’-P 8 i
2l ] cos gin ((az-wa_Pg)acosé

where X is the terms in [ ] in the integrand

Putting in the limits, only ithe arc sin term remains, and

%9 |
I, -—Zcosé [a®- w%-p%}°® N F LI B



Now
2 % 2
azt e » w!. ""(wa‘hV) ; P" 43 * e e s+ e s+ @ (184)
m m »
& =angle between anode znd czthode elements
V =retarding voltage.
Theretore
an . : 4
I;' 4 0036 [“Q*hv‘*a—ve} —';f-): e seos o s s » .(19)
no
= ;_; 0036{u9+hv-wa'v312 *» * & ¢ e ¢ @ (20)
and the current becomes
3nemoacosd 2
a g COS& + —W -Ve . - - L'y - » - - 21
4‘&2!’2 {uo+hv a ] (21)
inemacosd "
= §__:_—————';‘ [“o“'hv"*a“ve}z '3 . - » . . . e (22)
4(2mue)s
Zﬂema ® o o e & e e o ({28)

- ——;;—‘ cos8d[po+hv-H,-Vel "

This is just the expression (4.7) which Dubridge obtains, multiplied
by a factor cos &

The photoelectric current from a rough surface at GOK thus
shows the seme dependence on fetarding potential and on incident energy
as that from a smooth surfasce, for not too rough surtaces, 2nd not oo

) )
égiz retarding potentials (i.e. in the nigh energy region).



- 5 =

tase 2, The volume has the planey w as one boundary.
We will treat this case by
subtracting from I, the part,

12 lying behind the plans w,

yM . X'M ZM
I,=2“/- dy axdx dz . .(24)
V' y °

where 2y X and ¥, are given as

before by (7), (9), (10). The new

upper limit on x is
z_'M = w ; e & o & (8&)
and T is given by the intersection of W and the transformed plane.
y'm - P/Siné * ¢ o * e o ® o e o @ (11&)

The results of the integration are not simple; hence they will be merely

indicated here.
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One obtains:

7~

I, . 2acosd
AR

w/i(':'P—r

sin &

P
48ind

~ if-Pa - —W + f—a')
P 2

3 2 .2 9 -16_;:E£EE§§_.-3
- 8 (& w P )Bin (ag-w!‘Pg)’) . o . L L] . . . @ (25)

" 3
t—g—zi‘zy(a’-w’-y’)’ + 3(a%-¥%) (a"-W"-y%) Py+3(a’-¥*)" min® 'yw‘]
. b a -

where 2 1
Eo)T
gin &

VX = cosd(a®-¥* -

T 3 6
ym B/ein
and

yg- Psind + cosé W/a!—P’—w’

The last term ot (25) does not become simpler upon »utting in the
Llimits,

When the transformed plane liss entirely behind w, we have the
cendition of no retarding field at all. As the transformed plane recedes
still farther, we have the case of accelerating tields; and we can con-
clude from our analysis that at least tor small fislds the current is
independent of the field. This is as it should be.

Let us investigste quantitatively under what circumstances Case 1

holds: it wilil be valid whenever the tr-nstormed plane strikes the c¢circle
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below where w does, i.e., whenever

P/sind > Psind + cosd Va'-Pi-w® e« « o « » o{(26)

Multiplying by sin § , transposing and putiing

then squaring, we get

P°cos”6 2 sin®d cos’s (a®-P*-w®) e e e e s . (27)
2 . 2 2 R 2
Canceling cos” & , transposing P” sin”§ , end calling gin%6 + cos?®d = 1
we have

P’Va (a -w") sin’s e o o o o o (28)

Putting in the values of P, a, and w from (18) we have finally that Case 1
is valid whenever
. 2
Ve ? 81h é (Ho"'hv‘*a) ¢« * ‘s o € @ (29)
i.e,

Ve > 8in”6 (hv-hvo) . e e e (30)

where VYo is the threshold frequency. rThe threshold o1 the sodium
used in Ovefhage‘s data® is approximately 6700 A% This represents a
work function ot 1.83 vqlts, which compares favorably witnh tne value 1.8
volts given by Mitlikan'%7), |

. . . o
Por = surface whose irregularities are as high as 45 , the

minimum retarding voltage is #(h Vv - 1.83). For the A‘o%l this is

* The author exvresses his thanks to J.%., Thomas tor caleoulating this

threshold.
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0.2 volt, so that all but perhaps the nighest two poinis falli under
Case 1. OCorresponding points on the normsl emission curves for shorter
wave lengths than 5461 4° were obtained by applying increased retarding
potentials of magnitude given by the difference in energy ot the

Mag1
and the shorter A's. That is

AVe = (hv-i
(Bv=bvg y61)

Hence any point which is valid on the 55&61 curve will be valid for

shorter wave-length curves.

Deviations from Uase 1 will be in the form of decrease in emitted
current, photoelectric saturation curves for rough surraces will be
rounded even at OOK. The top two points of Overhsge's published data
are below corresponding points of higher Irequency curves; but it is
questionable whether this is attributable to failure of Case 1 or to

approaching saturation.
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VI. THE EXPERIMuNTAL ARRANGEMENT

Several years before the present experimenis, imeges of cathodes
were obtained by thermionic and cold emission as well as from photo-
electric emitting surfaces. Thermionic cathodes expecially have been

extensively investigated. (Myers(27)

gives more than 40 references to

experiments between the years 1933 and 1940.) Some of these experiments
are briefly described in 3,11, and are of no interest here other than to
recall that they indicate cryétal structure of emitting surfaces due to

differences in work function over the surface. The design is essentially

different in photoelectric emission, due to the necessary space for
illumination; and considerable less work has becn done with this apparatus.
Since emission variss as the normal component of the electric vector, the
mmost efficient angle for 1llumination should be glancing incidence;
however, the intensity of the illumination falls off at low angles so that
the most efficient angle of illumination is approximately 3u5° from
tangential.. Room must be left tor a quartz window and a condensing
lens so the angle is usuélly made smaller. Hence it is not feasible %o
superimpose the electrostatic accelerating field and the field of the
magnetic lens, nor is it feaslble to use an electroststic immersion lens,
Furthermore, photoelectric emission current is at best exceedingly‘small
80 that in order to get sufficiently intense fluorescent images, fairly
high potentials must be used.

The first photoelectric cathode images seem to have been obtained
by Bruchs (48) in 1933 when he took fair quality pictures of a perforated
zinc plate. pon1 (49750) 4 1434 obtained quite good images of the

emission from aluminwn, copper and zinc surfaces. He drew very few



conclusions, noting merely that the 111umination was highly dependesnt
upon the purity of the surface and that such small contaminations as
the grease and acid from finger prints were sufficient to decresse the
emission from the touched portion. Pictures 6.1, e, £, and g. taken in
this laboratory during the course of some preliminary exper}ﬂ%nts in=-
dicate this etfect quite clearly.

In 1935 Manl snd Poni(o)

conducted some investigations on the
photoelectric emission from various minerals and noted that the
structure was quite clearly shown. Except for this last experiment,
all electron optical investigations of photoelectric emission seem to

have been purely to demonstrate the possibility of imaging photoelectric

surfaces.

6.1. Preliminary Experiments,

In this laboratory the first apparatus which was designed for
the study of photoelectric surfaces was much like that of Pohl. It was
a glass tube 1 3/4" in dlameter and 20" long. The inside of the tube was
painted with aquadag which served as a ground and/fight shield. One end of
thg tube held the anode. The anode shape was roughly parabolic, as de~

(28) for reduced aberration. A flat perforated asnode was

signed by Gray
also tried briefly but was discarded. A large (4 mm diameter) anode hole
was used to get high electron current .

Both flat and convex cathodes were tried and found equally good;

they consisted of brass surtaces with small hole which could contain either



a hot filament or a zinc plug. Cathode-anode distance was approximately
2 centimeters, The whole cathode end could be removed by means of a
ground glass joint which ordinarily was sealed with black wax, A side
tube inclined at approximately 15 degrees to the cathode surface had
waxed on its end a quertz window to allow illumination of the emitting
surface. The system was evacuated by means of a two-stage mercury vapor
pusp and a "Hy vac" rotary oil pump.

The voltzage supp}y was 10 KV from a voltage doubler circuit which
had been constructed for previous experiments. Focussing was accomplished
by means ot a shielded iron lens (see Figure 6.1a)of essentially the type

(52). its pole piece diameter

which was tirst described by Knoll and Ruska
was jJust sufficient to fit outside the glass. Pole spacing was approx~
imately 5 mm. This same magnetic lens has been used in all subsequent
experiments.

Images were viewed ffom the back side of a fluoresceﬁt screen which
closed the far end of the tube. The technique of forming fluorescent
screens will be discussed later. Images, although not very satisfactory ones,
were obtained from the hot filament. A cold mercury vapor discharge tube
(aporoximateiy 85% of illuminetion is in 2536 A° mercury line) showed some
photoelectric emission from the zinc surface. However, emission was so low
in intensity that it could not be visually focused znd certainly could not
be photographed.

This apparatus demonsirated that some means must be round to
eliminate light which scattered from the cathode and struck the Ffluorescent

screen. It also showed that the photoelectric intensity from the zinc

surface was not sufficisnt with 10 KV exciting potential and the existing
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illuminstion to enable one to focus by means of photoeleciric emission.
Hence in the next model the entire glass tube from anode to viewing
screen was curved with a radius of approximately 5 meters and was fitted
with several nickel apertures. The tube was oriented in a north-south direc-
tion so that the earth's field would bend the electron beam somewhat in the
curvature of the tube, and suxiliary deflecting coils were wound around the
tube for further bending the beam and for ralsing and lowering the image.

An electiron beam will be curved horizontally without distortion
by a2 uniform vertical magnetic Pfield, The required current density along
a eylinder, in order to produce a unlform magnetic £ield inside can be

easily calculated, (See section 7) and is given by

where 12(9) is the current density down one side and back the other along
the cylinder, expressed 2s a function of 8, the angle made by the radius
vector to the current element, B is the desired field.

Wires were laid along the tube to approximate the current dis-
tribution of (1); and served to bend the beam quite satisfactorily, the
only objection being the difficulty of removing them and replacing them
when the apparatus was baked out. The author recently discovered that
Mahl end Pohl(SI) had also fougd it necessary to curve their eleciron
beam to eliminate stray light, They accomplished it by bending the
beam sharply through aporoximately 30° with a Helmholtz coil near the

image end of the tubs.
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Provision was made for inserting the cold mercury arc directly
into the vacuum a few centimebers from the cathode; and the cathode was
made so that either the zinc surface ot the hot filament could be swung
into position for imaging .

Fairly satisfactory images were obtained but screen fluorencense
was 8till so low that the time required for photographic exposures was
an hour or more. It appeared undesirable to iry to maintain powef supply
voltage, magnet current and deflecting ccil currents constant over so iong
a pgriod. 80 a camera was built whereby photographic plates could be
directly exposed to the electron beam.

To Mr. Clancy is due gzreat thanks for construction of the camera
and liquid air trap which were used. The camera consisted, as shown in
Figure 6.1b,0f a couble stop cock., The outer wall of the outer stop
cock A had 2 side tubes B, G, the tirst of which was sealed on to the
apparatus and the second at an angis pf 120° to B led to an auxiliary
vacuum pump. The inper wall of the outer stop cock had a hole,D, which
could be turned to seither side tube, thus allowing the electiron beam to
enter the cemera, or sutting the camera off from the vacuum system and
opening it to the auxiliary pumping system. In this latter position,
air could be let into the camera and the inner stop cock ¥ removed in
order to change photographic plates. The inner stop cock could be
turned to expose either a fluorescent screen or a photographic plate
to the electron beam, The liquid air flask F was made so that it allow-
ed free passage of the electron beam., The liquid eir was contained in
a do-nut shaped flask suspended by its neck from the top. The vacuum

system of the apparatus itself served as thermal insulation.
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With this apnaratus, good imazes were obtained of the emission
from zinc surfaces, with 5 to 20 seconds exposure, It was found that
freshly scraped zinc gave an image much like that seen optically by
illuminating at the same angle. Brﬁcne(37) had noted this ract.

Figure 6.,1c is the electron image at 10 diameters magnification of a pore
tion of a zinc surface which had besn freshly scraped with a knlife before
inserting it in the vacoun. After the electron picture was taken, the
zinc was removed and the same portion photographed oétically. Figure 6.14d
is this optical plcture magnified approximately 10 diameters. The
approximate portion which was photoelectricaly imaged is ringed with ink
in the optical picture. Unfortunately neither the portion nor the
illuminating angle was exactly the same ror electron and optical pictures,
50 that a similarity of form of emission is all that can be noted.

It was found that minute grease contaminations optically undetected
were sufficient to almost completely stop electron emission. Other
investigetors have noted this tact. Figures 6.le,f,g. illustrate the
spreading of & thin grease sireamer and the eiching of human finger
prints upon zinc. The first picture was taken immediately after putting
the prepared zinc surface in the microscope.la the second picture taken
1/2 hour later, it will be noticed how the grease has spread out over
the cathode and run down the minute scratches left by the cleaning knife,
It can also be seen that the finger print has etched in more deeply. In
the third picture taken 1/2 hour later with the vapor pumps oft in the
interim, the orocéss has continued still further, the grease streamer

spreading out more and ruanning down the scratch markes to a greater extent.



The original grease streamer was visible when it was put on the zinc
surface but the spreading was not visualliy apparent atter the zinc was
removed from the microscope, nor could the finger print be seen.

One run was made, heating a zinc surface overnight by means of a
Tungsten filament in order to see whether changes in image pattern were
~:.wére - detectable. Unfortunately, the vacuum rell off very badly
during the run. It was thought that some changes in the eléctr;n image
were visible, but no pictures were.taken, Finally, the vacuum was
repaired, the zinc surface cleaned, a sodium smpoule made folloﬁi#g

Overhage's technique, and some sodium was distilled on the zinc.

Only one photograph was obtalned with this sodium zinc surface.
Sodium spread so badly over the walls of the apparatus that leakage trom
cathode to ground occurred. The original cathode end of Overhage's
tube was available and had been designed for very high leakage.resistance
so it was installed.

In working with sodium, the fact that a vacuum of the quality
desired could not be maintained with the stop cock camera became
apparent,so‘although it made a difference of a factor of at least
50 in exposure timef the camera was removed and a permanent f£luor-
escent screen inserted. This time, however, ithe scresn was viewed
trom the front, thereby.increasing efficiency by a ractor of about 4.
Voltage éupply was increased to 40 KV; and with this arrangement,

images were obtained from sodium surfaces in as little as 2 seconds.
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6e2. Pinal Form of the Apparatus.

The final apparatus is shown in Figure 6.7Rand in some detail
in Figure 6.2b. The long large tube is Overhage's cathode assembly,
designed to furnish well insulested path rrom cathode to anode and ground,
The cathode plate itself was a disk, made in rour quadrants ¥rom nickel
sheet. This form of cathode was the last one used by Overhage; it
was so designed that it would do a minimum amount of buckling upoh
heating with an induction rurnace ror outgassing. For the purposes
of cathode imaging 1t was not extremely satisfactory, since the lack
of smoothness distorted the image. It will be noted that all pictures
of sodium here presentied are images of one quadrant, the other three
quadrants being out of the field of view. It was round necessary to
spin the edges of the cathode in order to avoid cold emission to the
wa'ls of the apparatus. BEven after spinning, some cold emission was
noticed; 1t built up charges on the glass which made the image position
unstable. The trouble was traced to a fine wire being used to fasten
part of the cathode mount. Hather than take the apparatus apart, the
glass tube in the vicinity of the wire was painted with aquadag, and
connected to the cathode potential. This worked very satistactorily.

By means of an external electromagnet the cathode could be
pulled back into position to apply sodium, (see Section 6.4) or up
into operating position approximately parallel to the anode and 3/4"
trom it. The inability to maintein tae cathode accurately centered

and parallel to the anode, or to return it twice to exactly the same



position, was one of the most serious objections +to this model of
the apparatus.

The anode is shown in Figure 6.2b. It was made of monel
turned guite thin, and carried an apertured supporting tube which
mzde spring fit inside the glass tube. The inside of the tube was
silvered except for the part near. the flourescent screen, to furnuish
good ground contact throughout, and wsas ritted with several 1/2"
apertures made of nickel sheet. The apertures were heid in place by
#10 nickel wire wound in the form of helices which made spring fit on
the tube. Apertures and helices served as trans to keeo any light at
the cathode from reaching the flourescent screen. The glass near tae
flourescent screen was painted very lightly with aquadag. The helix
nearest the anode carried s wire which was silver soldered on to the
anods, =nd borught out through the glass to the ground. 1t was Found
esssntial to maintain a véry good ground conneétion.

The fluorescent screen was set with its normal at an angle
of about 10° to the electron beam, and was contained in a tube about
24" in diameter, for photographing with an external camera. To
large tube was quite free from flaws, and could ﬁe satisfzctorily
photographed through.

A1l apertures were spotted with tluorescent powder to
Tacilitate locating the image; they could be seen through scratches
in the silvering. <he angle of the flourescent screen no doubt
contributed to the fact that imsges were not in uniform rocus over

their entire areas; but since the camera had to be used wide open
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to obtain sufficient speed, it was considered wise t6 incline the
screen so that it was nearly perpendicular to the camera rather than
to the beam, The depthof rocus of the electron image was considerably
more than that ox the camera.

The window Ior iiluminating the cathode proved quite a serious
problem. For iwo reasons ~~ it was undesirable t0 use a pyrex graded
seal. First, it was advantageous to use the quartz condensing lens as close
to the cathode as possible outside the vacuum. BSecond, no graded seal
was at hand, and seals are expensive. Quariz windows sealed to pyrex with
silver chloride were tried because silver chloride, melting at 4bu°C.,
could stand the temperature necessary in baking out the glass., However,
the glass cracked. Calculations on the strength of quartz indicated
that quartz bubbles blown very thin could be sealed directly into pyrex
tubes. Some bubbles were made and it secmed probable that this would
be satisfactory. This idea was discarded, however, becsuse of the
danger to the apparatus in case a2 bubble broke. Finally a special
glass window which transmitted more than 1U% ot the 2536 A° line and
could be sealed directly to pyrex was obtained from Corning Glass Works
and proved very satisfactorye.

The vacuum in the system was maintaeined by two mercury diffusion
pumps backed by a Hywvac rotary oil pump. Two liquid air traps were
inserted between the vapor pumps aﬁd the apparatus, and the vacuum was
measured with an ionization gauge. After two days baxing out at 40000,
and heating the cathode with an induction furnace, sodium was distitled

into the spparatus. Pictures were taken under conditons wnen the vacuum
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was better than 10-6mm.; over a period of 2 week the images showed no
decrease in intensity. Three runs were made. In order to have an

accurate check on intensity of imagzes, and in order to have all photo-
graphic negatives as nearly as possible of the same density, an exposure
meter was mode consisting of 2z pair of polaroid plates, behind which was
fixed a cold mercury arc flourescing a niece o Willemite for standard light.
One polaroid plate was rotated until the electron image and the standard
light seemed to be ot the same intensity. The angie of rotation was then

a measure of intensity of the slectron image.

6.3s The power Supnly.

The power supply used in these experimenﬁs was one which had been
built up for the large electron microscope. It consisted of a cascade
voltage doubler circuit in two sections, the upper section floating
always at 20 KV above ground. The voltage doubler circuit was of standard
variety using two kenetrons, a2nd hsving the positive side grounded.

Freedom Pfrom ripple was obtained mereiy by use of very large condensers,
and drawing very small loads., Thus far, no volitage regulator has been used
with the power supply. The output voltaze was hence approximately 40 KV,
but varied by at least the same percentage as the 110 V. primary power

supoly. In operation apnroximately lUU meg ohm resister was used in

series with the power supnly to avoid bresxing down from any possible
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gas discharges in the apparatus.

6.4. Preparation or Sodium.

The sodium used was prepared from a commercial product, after
the method devised by Overhage, in a separate pyrex distitlation
apparatus shown in Figure 6.2b. The sodium, normaily kept under
kerosene swes washed in dry petroleum ether and then pared free of
oxide. It was then put into the test tube A, (¥igure 6.2b.) which was
immediately closed by a cap and pumped by a gosd vacuum system. After
the whole system was evacuated the metal was fused in the bottom of the
tube just above B, by means of a Bunsen rlame. HIost of the impurities
remained behind in the test tube while the sodiun ran down. The test
tube was then pulled off at B by mesns of an oxygen fliame., An elwctric
furnace was placed around the sodium bulb =nd %he metai heated to 40u’C,
for about six hours, the vanor condensing in the section betwesn the top
of the turnace ¢, and the bend in the tube. At the end of six nours,
most or tne hydrogen and hydro-carbon vapors had been pumped out, where-
upon the metal was distilled into the receiver by a heater wire around
the condenser tube., When a surricient supply or sodium had been
accumulated in the receiver, the stili was sealed off at D, and removed
from the pumps at ¥. <+“he sodium sunply was then in an evacuated contsiner

ready to be attached to the photoelectric apparatus.



When it was desired to deposit sodium unon the cathode, the
breakable tip or the sodium container was cracked orf with a glasse
covered magnetic hammer and the rurnace was put around the sodium
container as shown in the figure. A visible deposit of matte white
appearance rormed upon the cathode during two hours neating with the
furnace. Lhe cathode was moved back and rorth occassionally to enable

the sodium to cover all parts of the surface.

6. 5, Source of Illumination.

Illunination was obtained both rrom hot and from cold quartz
mercury arcs focused by means of a quartz lens- upon the cathode, The
cold mercury arc was supposed to radiate more than 85% of its energy
in the 2536 A° line, and gave no visible image intensity when filtered
by Eastman 184 (3650 APD filter or Vitaglass (transmitting down to
below 3000&) The hot mercury arc produced about 20 times as intense
photoelectric current from sodium a8 did the cold arc, and had
considerable intensity from 2536 AP through visible wave lengths.

The filters used were
18A -- transmits little except the 3650 A° line

850 ~= transmits little excent 4050 A° and 4360 A° blue lines
71 == transmits only 5460 AP line, green

Vitaglass -- transmits below 3000 A° (45% of 3000 A°, end
none of 2538)

Aindowglass -- transmits down to 3100 A° (transmits aporox-
imately 30% of 3300, none below 3100},
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6.6, TFluerescent Screens,

Considerable work has been done both on the theory and practical
problems concerned with flourescent screen making by workers in television.*
The problem here was the same as in much television work, namely that of
producing a fine-grained screen which would have nigh phnotographic intensity.
In the preliminary experiments, it was also desirable to have the screen
thin and homogeneous so that it could be viewed from the rear. Zinc
sulphide and synthetic Willimite (zinc orthosilicate) obtained from the
electrical engineering depariment were laid down approximately to the

directions given by Leverenz(sz)

using a very fine suspension ot the
material in a beaker of distilled water. After 12 hours, most of the phos=
phor nad settled on the bottom of the beaker and the water was decanted
off by allowing it to run slowly through a capillary tube in the bottom
of the beaxer. 1t was not found necessary to use anything more pure
than ordinary distilled water. The oniy cifficuliy with this method
was in obtaining a sufriclently fine suspension of the phosphor; it
was ground in a quartz mortar and the suSpénsion was allowed to stand
for about 10 minutes to settle the heavy parts before pouring it over
the blank. In preparing screens for front viewing, no care was re-
guired to see that the proper thickness was acaieved, so a fair smount

of powder wes mixed with distiiled water. After drying, screens so

mede would stand washing with a gentle stresm of water without harm.

* Bee e.g. V.K. Zworykin and G.A. Morton, Television, Wiley & sons 1940



6.7. Coil for Deflecting Electron Besm,

The problem here was to find the form of current 12(9) for a
deflecting coll to £it arcund the ftube and to supplement the earth's
fisld, i.e. to give uniform vertical field inside the tube. The current
was to go down one side of the tube and back the other., By Smythe
(loc cit. Article 7.10) we can form the general expression for the vector
potential Az due to current distribution along an infinite circular shell

of radius a.

i, = 2 ¢y cos na N & )

n

o r
Ay = 4% 8 Colne + Zna ? % (;) C, cos n6 c e e s s s e (2)
It is desired here that
B = Br $iﬂg - BG CoB eO . * & e =2 e e (3)

where B can be written as the curl of A from 3.5 (4) of this thesis.

1 9°4; 2me ) rn
B = | Z ¢c.81n ﬂe - s @ s o + & o
r of T n (a) (4)
B.* Efz = guaz €, COS nO(r)n
e ar r n a * . - * - * * * (5)

We want n equal to 1 in order that the current will go down one side

and back the other; then from (4), (5), and (3),



Bp = = ZRcysinéG e ¢ o s s o o s o

Bg = - Z2Rc,c086 c e s e e s e s .

cy = B/2n | « e e s e s e e e
Therefore

i, = 5%—0039 e s o o & v s o

This is the desired current distribution, where B is the required field
and ® is the angle in cylindrical coordinates. It was approximated
experimentally by laying wires along the tube spaced zccording to a
cosine distribution. A single strand of wire was used by stretching it down
one side of the tube, wrapping it around, and bringing it back the o ther;
then around and down agsin, and so on. vertical deflection for centering
the image was accomplished by a similar coil rotated throughx900. .The
writer used eight turns of wire and found that the beam was quite uniformly
deflected,

As mentioned earlier in this work, there was difficulfy in removing
and replacing these coils when the apparatus was baked out; hence, in
the final apparatus, a new design was tried consisting of two flat coils
of 75 turns each wound on wood forms 2 1/2" wide and 12" long, and laid
above and below the tube. Vertical defiection was accomplished merely
by twisting the two colls slightly out of horizontal position., This

defitecting mechanism was setisfactory.

.(8)
- (7)
. (8]

.(9)
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VII. RESULTS

Plates 7.1 snd 7.2 are vhoioelectric pictures of 2 sodium denosit
on nickel undsr different frequeacies of iliumination Irom 2536 Ao, to
4uTs Ao, and at different =ges From seven hours through B0 hours. Pictures
were taken during this run at Less than 7 nours, bul exposurse times snd
focusing current had not yet been standardized and were suffi01entiy
difrerant from the above that & comparison could not be made. <‘he megni-
Tication was LU ¢ 2 dlamebers eleciron optically, photographically
enlarged 2 times, giving a total magnification ot 20 diameters. Photogrannic
exposures were adjusted between the Limits of 2 énd 20 seconds, atfé.b
with superpan press rilm, so that negatives all had approximately the
same density; 2nd developing times were carefully controlied. The plates
7Y.L and 7.2 arse one guadrant of the cathode, 1llumination coming rrom the
upper right hand corner of the photograph. All show matte emnission, and
the image is much like that due to iliumination by iLight at a low angle;
the importance of theoreticel treatment ot photoelectric emission from a
rough surface is thus definitely indicated.

Viewed with a hand magnifier, the sodium surface looked built up
of smooth, polished, round lumps of different sizes forming an almost
completely opaque coat over the cathode. The lumps varied in size from
approximately 1/10 mm dismeter down to smalier than could be seen. No
crystaliine structure was visible with the hand lens although sodium is
gnown to crystaliize in cubic rorm. The electron optical nictures indicate

much the same shape as seen with the hand lens.



@

Plate 7.1
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7.1 fffect of age on emission

It was thought possible that one would find changes inf;mitting
area with age of the surface since in photoelectric experiments with
sodium the threshold usually shifts during the experiment. Plates 7.1,
s - e, are photographs taken over a period of 73 hours beginning with
T=hour old sodium of a cathode illiuminated by a mercury arc through a
élear plate glass filter. Unly a very weak image appeared from liéht
passed by an Eastman 50 blue £ilter; so that plate glass represented almost
entirely emission by 1ight of 3650 A% to 407s A°. This range was chosen
because 1t gave a high enough emission to photograph while at the same
time it was of long enough wave length to probably be above the threshold
of any contaminatiéns such as mercury, grease, oxides, or hydroxides.

Any gross changes due to contamination should have evidenced themseives
by the appearsnce of new dark spots or by changes in the shape of the
existing pattern. <The zbove photographs were checked by superimposing
the negatives and by careful comparison with a sterioptican viewer. No
difference was séen which could be traced to chapges in the emitting
surface, although there was a definite difference between the early
images and the last ones. <The difference in focus probably was sufficient
to cause this veriation, *he same highlights and shadows could be traced
throughout the entire set. Pictures 7.1 a and b, the 7-hour and the 13-
hour surfaces, which are nearest to the same focus, show no conclusive
ditferences.

Similar sets of pictures were taken over the same 72-hour period
using an Sastman 184 filter and using a Vitaglass filter. The pictures

were no more conclusive than the ones shown here.
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Image intensities, as measured by the exposure meter and checked
by photographic exposure, did not vary over a period of 6 days; neverthe-
less, soms changes in the sodium surface probably took place although they
were small compared with the variations in the focus of the pictures.
lore reproducible electron accelerating voltage and focal current might
show these changes; higher magnitication and resolution might be necessary,
Tor the variations may be microscopic. Variations may even be uniform
over large areas of suriace and hence very dirficult to detect; this
is conceivably possible since sodium has the viscosity ot soft wax and
surtace tension frorces may be very high.

Due to the previousiy mentioned factors (the quadrant form or the
cathods, its lack of smoothneés, lack of alignment, and turning oF the
fluorescent screen) the images were in focus over only a small portion
of their area. This ares was different for difrerent photographs because
ot variations in accelerating voltages and focusing currents. lowever,
it seems certain that no changes by factors of 1L pari in 4, or probably
even 1 part in 10, occured during the experiment in which the photographs

were taken.

o2 Mttect of illumination frequency on emission

The photographs 7.2 a-f are a seriss taken in as rapid a sequence
a2s possible to determine the effect of varying incident wave length of

iliuwmination. 7.2 a was taken without filter using the hot mercury arc;
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of emitting area was apparent when the cathbde was illuminated by shorter
wave lengths although emis .ion was Aincreased 6U% by-inclusion of energies
below 3200 Ao. By using & truly f£lszt and scribe-marked cathode, it was
possible in this run to obtain images in good focus over a larger area
than in the previous runs. Lack ot alignment of the.cethode, and +tilt

of the flourescent screen still made it impossible to have the entire field
of view in focus at one time.

a. was teken with no filter, =nd b. with plate glass filter, one
half hour after deposition of the sodium surface.

e, £, g, h, wefe taken in rapid succession one hour after beginning
the run. They ore, respectively, no filter, plate glass, plate glass, no
filter. <Yhe mutual consistency of the images is much better than +that of
plates 7.2. Neither age nor frequency noticeably affected the emission
pattern. <Yhe run ended after an howr because the magnet develoned a short
circuit.

¢ and d were taken without filter at two different angles éf illumin=-
ation, ¢ at approximately 100 to tangential, d at approximately 30U, in
order that they mignt be viewed to give a pseudo-stersoscopic efiect
showing the scribe marks snd sodium lumps. With this in mind they have
been trimmed sna mounted so that they represent light incident horizontally

rather than from the upper corner as in tne upper piates.
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