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Various particles, such as aloha-particles, neutrons,

X-reys, etc. are oftenplnotons, electrons, gamma-rays,

tlrought of as possessing difftrent over—all patterns of

fly throu;h matter. The differ—
-, 1 “ ‘(" ’L. ' I‘

es ne yolvlClbokL.icxnizetion

ernses in these patterns are more frequently emphasized than

tfilc=ir common features. as rill be indicated in the follow-

irlgg sections, a very significsnt fraction of the total

)

3A>rlizstion caused by the initial gerticle is due to delta-

Delta-rays are the low tnergy (a few hundred volts

) electrons ejected by the initial particle from the

I11031.6:cules with which it collides.

When the initial particle traverses a medium with

Galenbgy equal to the ionization potential of the medium,

there is a finite probability that the particle will yield

alil its energy by an inelastic collision and an electron

v-‘ .
“LJJI be eJected from the target atom or molecule with

neisligible velocity. It is vastly more probable that the

a ‘ 1 “I

tRDEH or molecule is merely excited and later returns to its

{berlan state by radiation. The stem or molecule may also

ht . , .
C1V*3 its kinetic energy increased by tne collision.

.
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As the energy of the particle is increased, the prob-

ability of ionization (electron ejection, ion—fair iormation)

increases greatly. When the energy is increased to twice

the ionization potential it becomes possible for two ion—pairs

to be formed by the initial particle. The initial particle

is itself not necessarily involved in forming the second

icni- air, for the positive ion or more probably the electron

of‘ the first ion-pair may be ejected with sufficient energy

tc> cause ionization by collision. hence it is not only the

'beliavior in collision of the initial particle but also those

(if the positive and particularly of the slow electron or

Ch31.ta-ray which contributes to the observed collision phe—

As the energy of the incident ray or particle becomes

fossibilities for

no Illena .

lflruge enough to form many ion-pairs, the

tkha sequence in ionization become very numerous. Iowever

tENB total ionization can only be due to the ionization caused

by” fine components.

For an alpha-particle traversing air the ionization

— ‘0

Pfiuarromena must be due to the alpha-particle, ejected electrons,

‘0 . - g . o 'v

4~0533.tive ions, anu negative ions. The negative ion is formed

b\ r ,

J. Clttacnmcnt of an electron to a neutral molecule or atom.

S . . ‘7
illCle oxygen is electro-negative,20 the negative ions in

a _ - 1
15b ‘Woulo be 02, etc. For some target atoms and molecules

t1 .
1‘31N3 are further complicating effects such as the creation

Of ‘ .
‘

Y 'T ,— 3.

“Uiltlply charged ions of mercury, hg’, ng**, hg***, hg****,

e1; . . .
(3° which may be formed by relatively low energy colliSions.
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Ionization by electro-ncgutive rolecules, multiple ionization,

uissociation of the tar;ct molecule, etc. are effects of

seconuary inportance except in isolatca cases.

Lven in the abse1ce of the secondary effects mentinned

the collision phenomena remain conglex. Hence we Ligr ss

:from.the present account to she oh the {nTsical situation

, J- ,— , I, v , . - D ‘ 1 1n —, —. - ‘ J»— ‘w ‘ ' x ‘ .l '1 ‘9 1 t" ‘ fl ‘ ‘
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The Levin; track is ch r cheristic 0f the tith of a;

eliscztrorfixg startilnj'sith {filxflltrvj’alb v (J xrtror1\mvlts rqul

ethIlNg,xfluD.lfll® clx,ctlrn1 is IN) lorqy r cxg;walt><3f Inmmxucirn,

1911 pairs. The rznve of the electron, l, is taken as the

1.1

.0

r“ V ‘ ‘fi H ' " "V! _ ‘ ‘ — ‘ ”r. "17': ’3 ’ v't r. '7 I. .” '2‘. ' ,‘ u L a ‘

li11&~1*cistance bbtubpfl the onis oi the lies Oi the {loCbelo

:£‘\ . ‘. —-\ < — -‘~. -‘ - o'a‘x ~- ( 1' " 4‘1" ’ 'L-l " . ‘ - ' "'-'-‘

iwv total length of the LTan oi bun clccclon, s, is alciJS

e‘filu. 1~ A V,Lm - -u ,v—an n Ln, la.t- M. a
st]. to or pi'UU.t‘fi.L cuflfl Lin; 1 «.th6.) OJ. mm. L cc 1017.. lulu L.

i Q .-_. l ‘.:."-l,1 x .1. J.°.Pr. .‘ 0-. °
" C>f ecurse COHLLUUFleb statiStic l varia ion in

~ ~ ». - .A ,. “n. - ”a w n. —
for elections of a given enuipd. hence n ”nu s are

tii‘1“ -’ I‘ s ‘j‘ ‘ " ~ '~ *"u a -- ‘ r‘;« 1 x 'v t ‘- A 1“ -"~ 3 '- ' ,. L.‘ “y '(\ ‘ "

‘- v mic aVLLKKJ; r age .ari deikk}; track ltxr,ml For “law

-. *9'~;-F
b a _ ,V
l‘vctrons of the s;ue cnc VJ.
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Lxgerimentally it is mucn less eifficult to Measure 3

than to measure s for a particle of given energy. In

fact at the present state of anouleupc it goes not as 6??

yossible to measure s. however, in an indirect manner some

knowleeée of the behavior of s can be obtained:

Let I be the ion-hairs formed yer cm 01 the track of

the electron, ana let L be the total hunter of icn-

'1 ..1 1... C'- P'} _fi

1formed along the (. gnen on = l us, or lor a pflrticlc

of energy V electron volts EV =‘I I ds. The limits are

given in terms of the energy of the electron.

fhe yroblem.is to inte iwfin;‘fi is (Xpres ion for EV.

"i

,tnot ventrally be done because cl the unknown trackF
7
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of the electron. no GVwr the egUCLJlC ldfllmthQN I cun
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I = f(V)o Obviously some relation exists between s :nd the

- _-A . i “I , .7— ~ - .i \ —

energy anu ran;e of the electron. Let s - r(J) - '(

d8 can be Genoted: as = L'(V) JV 2 T'(1) QR. hence the

integral for KV carlln; stated in these forms:

'7
' W - .9 . 3- -- ‘ ~ ~. \ p. ‘ n -. " a, . , n :-

pair. rrom the first lhtuu‘hl aLQVe eflw a tflgnivd_b oi l(

' A’ ' ' - a “ - . - ~- '1‘- A "i 7 ~' 4.1-, ..—

V, anu ”V’ We ought to be able to menuCU L(V)o EUTbALP:

' 1. "’ -W ' ~ I -‘ /'\ "'~ ’ .‘ --' ~ ,2, ~ ‘ . _7) ‘ »" .1 '\ ‘\ v f 'n‘ ‘t‘ '. ‘1 I 'n

K7,]. bil ELCClll'e ka: ..AICEHII‘L'AMLI.LLB Oi pile, T« .11 (c , -L, ((11.3 d .L LANG b 1.3.. ; ~31-

the initial eneilg*(fi711n: electron, V; 3(3) Hwy b: deternlneJ
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C <Providing we write A

The coal of the eguiwmunt yhich is to be eescribeu is
.L

to measure both the ever: e enerby for the formation of en
V

ion-pair, E, and the range, R, as a function of the initial

energy of the electrons. The present work deals only with

the aspects of the first problem, the determination of the

energy for the formation of an ion-pair. The following

discussion returns to the more general case of the ionization

phenomena of a particle.
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The average energy, U, for the formation of an ion-pair

.|

has often been assumed to be a constant independent of the

energy of the incident particle. It is now known that this

condition holds only as long as the velocity of the particle

"renter than the velocity of orbital
g)

is comparable to or

_ 1
1 o o 1 I" 8 18

electrons. In the case of air, this is about o x 10 cm/sec

which corresponds to lOOev electrons, o.3 Lev protons, and

1 points out that the0.8 hev alpha-particles. fiilliamsé

constancy of U is implied in the theoretical result that the

relative numbers of excitation collisions and of light ion-

ization collisions (in w ich the energy losses are of the

order of the ionization potential) are practically independent

of the nature and velocity of the moving particle. The

frequency of more violent collisions will of course depend

upon the particle velocity, but this is relative y unimportant

as nearly all the energy is ultimfltely dissipated in light

ionizing collisions. Below the velocity of orbital electrons

there is no theoretical guide. however, experimental work

with electrons, protons and alpha-particles indicates that W

is not a constant but increases with decreasing energy.

hxperimentally the determination of W PCGUiPOS the

3

knowledge of the total energy dissipated by the moving

particle for the number of ions formed. The determinations

divide themselves into two groups. Absolute determinations
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“d*4éi ranvc of energies, as in th; CCLe of electrons where

m9fh3<eneréetic electrons of the desired en rqy can be for ed

letll considerable case.

It :flr3uld.lx3 emnluasized.iflu t the i Iitiel :xxrticle.r$ st

136 totally absorbed 1? its iflitial enerpy is to be used as

t'1~ ~~’I O I I 1 K o -\ a
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I, - ~ " , J-.. -- ‘ . l , . ., WAV . ,. r ‘. .. .t , ,.2. ‘0 .-1,

f‘ total absorption does wst ocear, L)Jh HKHSUHBAQ b oi the



residual energy of the particle must be made to determine

the energy expended in ionization. The lrtter procedure

of course introduces error.
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In 1916 by photographing the tracks of alpha-particles

in hydrogen at a low pressure in a Iilson cloud chamber,

Bumstead6 becaie the firs t to obtain definite evidence of

electrons radiating from an alpha-particle track. Bumstead

estimated 2000ev to be the maximum enersy of these slow

electrons or delta-rays. Only a few exceptional electrons

had.sufficient velocity to emerge distinctly, but there

appeared to be large numbers of delta-rays with small veloc-

ities, which formed projections on the track ;ivin; it a

- r . 49
ragged edge. In 1998 C. T. R. Wilson “ studied the angular

GistIibution of delta-ray as a function of their energy.

In his eXperiments n'ilson estimated that the delta-ray of

maximum range had a velocity about twice that of the alpha-

Particle. It aereared; however, to be ejected nearly at

right angles to the direction of motion of the alpha-particle,

and not along the line of motion as the simple collision

theory would indicate. In 193 6 Chad and hmeleus8 p01inted

Out that the results obtained by Wilson were misleading since

the first 0.2 mm of delta-rsy track cannot be 002erved be-

cause of the ioni . ation surroundinc the alpha-particle track.

In hydrogen at normal temperature and pressure they point

Out that the most probable number of deflections through an

angle greater than forty five degrees in the first 0.2 mm

Of a 2 m delta-ray is 0.7 and in the first 0.5 mm of a 0.6 mm
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delta-ray, it is 5.4. hence the longer tracks should have

a fowwarg direction. This was observed. iince in air the

range of a delta—ray of a given enerQy is only one-fifth

tfliat in hydrogen; and the number of scattering electrons

arni the charge on the nucleus are rou;hly seven times as

grweat, the chances of deflection through a large angle are

sc> greatly increased that the delta-rays will emerge from

trre alpha-track at random. Chadwick and Lmeleus conclude

tireir study of alpha-tracks in hydrogen, ielium, air, and

armgon with this summary:

"is far as our observations 30, the results are in

accord with the View that the delta-ray arises from

the collision of the alpha—particle with an electron

in the atoms through thich it gasses. 3e assume that,

thefor the distances involved in these collisions,

alpha-particle and the electron behave as point charges,

and that the law of force between them is that of the

inverse Square."

1ience it has been established that delta-rays are formed in

a Eitraidht forward manner as the initial particle traverses

inatrter. However the ionization phenomenon of particles can-

Ik3t3 be preperly understood until the magnitude of the ioniza-

tJADIl due directly to the delta—ray electrons has been

estlablished. The following sections will deal with this

point.

There appears to be little question that a major portion

0:? the ionization caused by the incident particle is due to

tflle secondary ionization of the delta-ray. In an extensive

Series of eXperimental observations on the effects of radia-

&) .

tion on living cells Lea“5 reports the following importance
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Laublskvl'nu, I;LU.L\/-1LJ, .‘i_.U [Xi—11-1.. -14‘LJ&.LILJJ—‘.~4U

Llectron Energy *Iumber of Ions Produced by

Kev Delta-rays per Primary Ionization

0.5 0.295

1.5 0.504

500 .597

6.0 0.672

24.0 0.780

192.0 .891

b84.0 0.920

Alpha-particle hnergy

Lev

1.0 0.718

4.0 0.907

5.0 0.925

6.0 0.959

8.0 0.959

Proton Lnergy

ltev

1.0 0.905

2.0 0.956

5.0 0.978

4.0 0.981

000 10006

8.0 1.015

10.0 1.018

*Including tertiary electrons,

delta-rays produced by delta-

rays



of delta-ray ionisation. The column at the left of Table I

indicates the EQGTQJ of the incident particle. She column

at tliie right indie: tes the ratio of the ninilm‘ar of ion-pairs

formed by the delta-rays of greater than 100 ev energy compared

formed directly by the initial'UD the number of ion-pairs

pairticle. hence for a 5 Lev alpha-particle 0.925 as many

ioris are produced by delta-rays of energy exceeding 100 ev

as 'by the fllflha-pirticle. it the same time many delta-rays

arm; formed uith less than 100 ev energy. These low energy

Q~ .., _ " - _ O o ,‘ __o,, ,7 “ 0 ,.> ‘1 _ _r_-

Cus1_ta-rays and their iQijxdm.uiguxthcts increase the over-

; 0
,fi If.)

ifiLJ. number of ions created by delta-rays. . T. h. Hilson

Ci\fes the following eXperimtntel data for a reasonably fast

alpha—particle o

‘12::th II

1 I: . a-- 7g "“7 Ah _ ‘9 r j‘ 1"," ‘1 ‘ 1'" Zfiii‘f’f‘l - ‘. ‘H’

l—‘L‘.J_.‘~;(,l.‘$'4.‘.‘.\l.1. U7"? log-Cid pining Cbizlhillr- L
.
)

. n». u— A
.‘ - -. »‘ (a ‘f-r-l - -.‘ v“ A‘y .r‘ -r—--\ ~v- "\ ‘ 1’" F," ‘ . ' “

V:.nIUO.;; l'JLJlHLJLQLLQ Ui‘ .LUIkléJxLLLK/L: C
S

4 >4 Total

3

|'
--

’

[
\
3

(
fl

4‘30 ‘of Ion-Pairs in the Cluster

F1‘6qtmncy of Cluster of this Size .43 .92 ~12 010 .15 1°00

1 .V B‘-

[
‘Let us assume that ten is the average number of ioni

«I. .

b10113 in the group having more than four ionizations. This

(.1‘ ‘ 'D ’
1 I , - ,. .9 . .. . —‘

“*Ubuld be adequately large for even the fastest initial

T‘) f 3 _O , _ _ 4 .a _V. __. I s . ' _‘ . . ~ n . -* '\ - “a 1 n ‘. . .‘

”Cirtlcles because of the raiid decreaSe in the plODUbllltj

01‘ hi”h energy ionizatioqs. One can then approximate the

H
-

O :3 f
—
v
o

N ation yield of the various ion-clusters.
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TABLE ILI

i—ihLATIVL ION LIL-.14) OF CLUL-fi'ihs

E0. of Ion-Pairs in the Cluster 1 2 5 4 :>4

fkalative Ion Yield of this Cluster .43 .44 .3 .40 1.50

Since a lOOev electron can on the averag yield about

tknbee ion-pairs, approximately forty-two per cent of the

ioriization due to delta-rays is acconolished by delta-rays

Of‘ lOOev energy or less. ”his is probably a lower limit of

tflieair importance. One can tnen show that 1.535 ion—pairs

arm; formed by delta-rays for every ion—pair formed directly

bY' the alpha-particle. hence a little more than sixty per

CCIlt of the total ionization is due to delta-rays. For

PFC>tons of the same energy this percentage is apparently

Sonaewhat higher. Thus the ionization due to moving electrons

is .an.important fact in the total ionization of heavy

Particles.
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‘- great amount Of work has Lacet‘i unlit; bu" 1.1.111'13' ObSrr-.l"VLI‘Sé-

eozm>(1f the

,07

With_considerable uisaQreenent betncen them.

ti store are: J 1 'sgoou” ,
L)

1;; <
1

C
O

e

A - a o ‘ ‘

lei? SenhitzU ,‘
1

sent—'0, 1931; E‘reund ,

winv emyirical relation foranti Osgood proyosed the follo‘

” the number of ion-pairs formeu in air by an electron offi'.’

enfiilgy V electron volts.

K = 0.0225 (V - l7) BCOeV 5 V 5 1000ev

Ehe) accuracy of the ceterminution has probably of the order

0f 'ten per cent. in 1951 this relation was confirmed by

Thcnnson for 50 to 270 ev electrons, as well as for thh

81191753] electrons. Thomson changed the constant "0:

K = 0.0270 (V - l7)

anti uoon the assumption thet the linearity holus for electrons

of‘ all energies, 3 becomes:

5 evTill B 937 : 0/

(V-17) V 1-177V

1‘ o -\ o J_1 1” , . _’ J... > n .1 , . ~

Tsmése relations uisagree with the ObSUTVthOflS Oi breunu.

he: found the energy for the formation of an ion-pair to be

57 ‘3 - A 1.1, ‘ .0 _ _ J- ..8—3

ev for 10 ev electrons, howeVer there is reason to question

tfle valiuity of this result.

In 1955, Gerbcs, a student of hisl, preposed the

fOlloa-tin; engirical relation for h

i



Vi is the ionization gottnti l in Kev. Eerbes based tlis

relation upon the LOTK of -isl (9 to 00 Rev electrons)

msich he theoretically corrected for th‘ unusually l rqe

Collection potentials Lisl useu, and uton the tork of

fi;;9e16 nith 200 ev to 1000 ev electrnns in nitroLen.

ine: plus or minus 0.08 ev can harul; be the accuracy of

the: absolute me;nituue of J, for the individual determina-

L-Q _. - wow 0.. ~ 0 ,_ fi‘ _ 1 .1 ° - — ' -l~1-MLJLLS of n by hisl vary by HLOut five per cent. Further,

”L A ’ . vtg ‘ 1 fl 0 ... , _ _1 _

tun: conVerSion of xiqge's worn in nitro en to the enuivalent

in <3xy4en is subject to least some e110131f'not serious

ePIrar. The Gerbes' relation for U uoes not holu for

file observations of Ereunu. Ap;arently J has not yet

bCAirl uetermineu nith sufficient accuracy to uetermine a

Val;id.re1;tion between N and V.

‘Fhe xuark Lhascritmml in inth tntmkz"

Vfillle of W for 1000 ev electrons absorbed in air. fiith

'mlb Imany technical improvements siHCe 1035 anu the re-

POIVEs of earlier investigators as a guide, the

in53trunk-lot has been so constructed that ultim tel; in-

C11-Vi(’1ual oeterninations of U as a function of V may be

“Eflée with an accuracy of plus or minus one per cent. Th_s

““3CUracy will be sueduate to ascertain the valiuity of

tfle expressions thich have been auvnnceu by Gerbes and

r
—
l

enmann anu Osgood, for electrons thiXQ energies between

‘ZC'O all-ti 2090 3V0
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loio icymeo ed bMLub electrons t.s av»; rem QJ one collector.

“6 these measuremnnts comlq not be 2toe simultaneously, care

‘fliis taken to minimize the vari:tion in the numter of initial

Elfictions cuterinu the io;izution chambtr curing an observa-

t33.011 of K. ihe oetcrminetiow of K concisted of a congarison

‘39 two currents revisterec by a p'greonval tall galvanomtter.

To fiiulj the relation W = V/K to determine the average

©“er7” require; in the for ation of an ion-pair, two COHui-

tions must be sativfieo. Virst, the initial electrons must

suffer so many collisions mithin the was of the ionization
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chamber that the terminus of their track lies 2-'.'it1iv.in the

limits of the ;as in the chamber. This conuition, called

total absorption, must aggiy as well to the uelta-rays

fo*meu by the initial electrons. beconq the initial electrons

which enter the ionization chambzr through the orifice should

be identical, mono-energetic. The first conuition was satis-

fied mainly by adjusting he pressure in the ionization

chamber. The details of this mill be LlVUfl in a later

section. The second conuition cannot be satisfied exactly.

However, as will be seen later, it was possible to satisfy

'ood apgrrximation. The energy uistri-
V

this condition to a

bution of the initial electrons was determined by applying

retarding potentials to the Faraoay cage to prevent the

collection of electrons having an energy less than the

retaruing potential. Unfortunately these retaruing potentials

could not be applied with the gas in the ionization chanber

at the normal pressure for total absorption, for a gaseous

uischarge was formed in this case. This is a source of error

which ca not be removed from this method for the determination

of W. The present work has done much to reduce this error;

it is now believed not to be significant.
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DEQIGN COEcIueRATICIS

For the Ionization Ciember

The body of the ionization chamber illustrated in

Efiigure 2 was fabricated from three—eiths-inch boiler plate

811d the thirtveby‘forty-inch door from one-inch hot rolled

sizeel. It was designed to withstand an external pressure

OI? five atmosbheres with safety. A twelve-inch spherical

CKDlleCtOP used in preliminary work is shown in position in

F343ure 2.} The major dimensions of the ionization chamber

wears chosen to allow the tank to enter the laboratory with-

Ollt the removal of any walls. While it is desirable to have

tile tank as large as possible to reduce the pressure

0

ddafferential betWeen the ionizst on chamber and the gun

Cilamber, it did not apgear feasible, for reasons of eXpense,

tC) ”o beJond a volume of one hundred cubic feet. The use—
U

-fttl volume of this tank is about fifty times as great .

11843 been used in previous experiments. The Shape of the

iOI'lization chamber has chosen to approximate the envelope

()I\ ‘the furthest penetrations of the initial electrons.

(“fin

i‘11s CNVBlOpe has an axis of symmetry along the line of

ftL5§;ht of these electrons; its dimension should be greatest

111 the forward direction. For the large scattering angles

CJKLJQCted:th8 forward portion of the envelOPe would be

& ' v.“ o w o A

EJLWPOleately a MGWlSphereo
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Figure 2. A General View of the Equipment
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Cl tie large SHLEt metal Llutes useu to collect ions.

Vacuutlliwuxirements of the Ionization Chamber

To obtain a clean sea le of air on naich to Determine

fl} it is necessary that the ionization chamber first be evac-

uated to at least one-hundredth of the oger:tin¢ greusure of

fifty microns before the introuuction of tte eir. Ertssures

as low as 0.05 microns can be obtained Eitl‘iin twenty-four

hours pumoing tin“.

A potentially large source of laaKEQ? “95 b5 CITGCtGfi

along the one honored tWeuty inches of vacuum seal rebuirc

for the ionization chamber uoor. The Seal employed was

[Hiseu Lgxni recotiiuuultbvne Vblvr\lillngly {Rue _sL€i oy‘lwh-

F
"

(éirt one Laboratorg, buiVereity of C liforlia. A section

#
1
)

318 illjstrated in Fi;ure 4. A 00m§arison of Figures o and

iuqeicates that the seal cansists of two rubber gaskets mounted

ir1;iooves so machined into the uoor thet the maximum squeeze

affilied to the rubber gasket is limited. The major :ortion

Of’the ei¢htcen thousani found force exerted on the door

bH‘GtQOSgheric gr ssure is sugportgu bJ metal to metal con-

tact. Eumg-OJt holes A emu 3 allow the evacuation of the

VOlume between the two rubber Qeskets if desireu. ioe reason

0
v o o i. . e ., .’.-

ior the Emmy-out moles is two iolo; first, io twt CVde of

leaks the greesure miffereotisl across the inner Sufil COhld
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Figure 3. Interior Surface of the 20" by 30" Door
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in the location of emks i

of the gaskets may be located if the rekion between the

Qassets can be evacuateu eta the exhaust of the pumyiuds

analyzeu. Ziualuoor sesl iiszx> s tinfoctory'iflhytziolg one

gssxet is used anu the bu y-out holes Lave been sealed.

The rubber 3askets are formeu from sixty-uuroaeter round

quarter-inch Neo»rene rOue fij cutting the rose at a forty-
‘—k

m

0 ([17,

five degree angle ens vulcnriain; at the corners. ine

maximum squeeze on the "askgt was intenoeu to be ttenty

per cent of the diamete~ of the ‘8Skct, a factor of two

' aer cent s ueeze uhich is usuallygreater than tie ten

satisfactory for vacuum sesls. It is fortunate that a twenty

per cont squeeze was uses, for it the process of vulcan-

izing the gasket at the corners, the diameter was reluccd

by about ten per cent, leavin; ten per Cont for an auewuste

seal.

helos of the one hundred per cent penetration tjpe

ti tfiiiwjir41n311t tileC
L
)

Which are inoiceted in figure 4 were us

ionization chamber with excellent results. For a one

hundred per cent penetration weld, one or both of

in; pieces are ground to e ”V" edge and the weld

t0 both surfaces, thus greatly reducing the possibility

éDirice consiuerable heat is generated in the weluin; 09ers-

'tlon, it is frequently difficult to prevent the warping

017 pieces that are being jofned, particularly if their



C
7
7

thicknesses and hence their host carr;iv; capacities are

quite different. The fabricator can OVurcone warping to

a considerable extent by ueluin; at numerous Sgots to join

the two pieces with little heating and then proceeding with

the runlin; meld. Some WClUli; strains are inevitable but

the warring is usually not bothersome if the strains are

symmetrical to the meld. The desirner can do much to in-

(

crease the symmetry of weldin, strains.

The thnty-four bolts at live and a half-inch intervals

forced the door and the mating glate to yield to each other.

The door and its mating plate are duitc plane. However, in

the unbolted condition, there has a wedge between them of

about one-fourth inch at the greatest Hoint. This was due

to lack of alignment of the hinges of the door.

Vacuum ;;ecuirex';1ents of Gun Chamber

Upon the assumption that the dimensions of the small

'

orifice connectinb the gun chamber and the ionization

Chamber were small comynreu to the mean free path on either

Side of the orifice, one may calculate the net flow of gas

from the tank into the gun chamber. This assumgtion was

not strictly valid but could be relied upon to yield the

Order of magnitude of 'he effusive flow of gas. at fifty

microns the mean free path of an electron is of the order

of 1 mm. For a tank pressure of fifty microns cygosed by

tile gun chamber pressure of 0.05 microns on Opposite sides

of‘ an orifice 0.01 inches in radius, according to equations





developed by Dushmann, the ”conuuctence” of the orifice

was 20.1 emu/sec gwmilnnnne the effusive flow into the ;un

chamber was calculated to be 1.0 micron-liter per second.

(Whe choice of an orifice 0.01 iqches in radius hill be

uiscusse; later.)

To remove this 9&3 at a 131;” rate compared to one

micron-litcr per second a diffusion yump was cncsen with

pin; sgeee of fifteen micron-liters £6? second at89- 1

-lb '- o , o o o

10 mm. of mercury. A micron-liter is a unit proyortionel

to the nunber of gas molecules; one micron-liter e uals a

liter of 1&3 at a {reseure of one micron, or ten liters of
L)

385 at one—tenth micron, etc. The Distillation PrOuucts

Inc. VLF-£60 three-stage Oil uiffusion pump was chosen

because it had an aueguats sumainv sweed. The choice of

Burns is restricted to oil diffusion pumps because of the¢\

:5

Slow *umping speed of mercury uiffusion pumgs of compersble

00st.

The VHF-860 re uires a forepressure or exhaust pressure

..p q-..
Ck? one-tenth mm. of mercury or lower for satisiactoid Opera-

tion. The pumiing action stalls if the gresnure differential

T p-

0\7er the bump becomes too lFIQGo A Cence-Lypervnc-So :s U
)

“"- -‘ A b - M _O r ‘v, r“. r‘1..' ‘ 7' L .‘ I" T r». ‘ .,.--‘ HA .2 V-..

Cliosen for tnis tees. rue VLflCO-udwtrVnC-JO nab a :QHHLHQ

C
f

Liecu of Lbout t tnty-five uicren-litcrs per secnng at one-

tgrgth 1.11;" of 1'31‘31"(fi:‘.,l";;‘ .3511 1161108 it is capable of CI’CCVtil-QQ {1

Efllfficiently low forepresfiure for the VLF-3&0 uiffusion

lfiump. SullivanW (l? 3) gives a fine account of modern

\‘ ~ «.. . . L 1— -. V..-

luluujlnp tC:CL1le,luc;So
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Figure 5. Electron Gun Mounted on Endplate 
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conductor scen fastened to the endplpte in the sum: fivure

is en ei9ht-c016uctor cable delivering the electrical scr-

3&I“f fOI"UlQ kjhl. .ni<3ctwl_ sockad;:i3unlmnl froul
U

ViCcS neces '
r
n

the outside of the end late and en octsl alu; inineu to

the end of the eight—couuuctor cable allaacd convciient

connection and aismc WtCrLfifi o? th electricsl c-1VlLLo to

the ;un.

J-

hie electricl ”'IVlCc- mere passed nlouh the vacuum

wall on eihht co: er cuss wires which were insulated from

each other by a quarter-inch tisc oi uskelite. Holes snu;ly

fittin;;1fin:‘buss rjuxes were brillfimi'UlF0ugh the tnnmalite and

a ball of solder was placed on each of the buss Wires so that

the solder in contact gith the irkelite sn:;orted the thrust

of stucs heric gressure. The vacuum seal was made by melt-

ing Elicene to COVer the noints of contact of bekclite and

metal. Eekeli te was used rather than bctter insulators,

such as polystyrene, for polystgrene will not stand up

“tifactorily at the ten craturc needed for melting Plicene.

Enrther, in this experiment, ~olystyrcne showcd a tcndcncy

to dry in vacuum and devclOp a crackin; or craz in; of the

surface exposed to the vacuum. This was very troubleson

al ClCPEAlJS trporl tin: ccxwui.tior1(
1
‘

as the quality of a vacuum s

of the sur ace for sealing. The bskclite insulrtor has been

in Service for two years without si;1s of dutcrioretion.

As is shown in Fi ure 5, the glass enve10pe of the

1

cathode ray tube is hrogen at soozxt t11€ level of the



deflection plates. The remaining portion of the glass envelo;e

serves as a sugp01fi;fknfilM; vibe elements. inns electron gun

after removal of the QlLES enveloge could be returned to a

reasonable vacuum within five minutes. however, tubes which

were Open to the air of the laboratory for two weeks did not

appear to be apyreciably effected. hence there was little

reason to hurry the installation of a new tabe. The author's

J—WA

results are in agreement tith tnose of Bachhang.

The electronic circuits enhloyed to Operate the electron

gun are shown in Figures 6 and 7. a ne ative potential of

1000 v or less was stabilized in a straightforward way by a

series of voltage regulating tubes. A well regulated voltage

supply, capable of providing more than the necessary current

can be obtained in this manner if the VR tubes are chosen

carefully. About thirty per cent of new VR tubes are noisy;

that is, their conduction pattern and hence their operating

VOltflQGS change in a random manner. It seems that the dis-

charge moves about within the tube causirg the variation in

voltage. If the VR tubes have been used before, their be-

havior is further complicated by their past Operation. liis

difficulty can usually be avoided by Operating the tubes at

the desired level for a period of a meek or so. even new

tubes should be Operated at the desired level for several

days to see if they will develoy a stable mode of discharge.

Best results were obtained if the VR tubes are kcgt in

continuous operation.
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Figure 7.
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An excellent account of electronic volts e re4ulators

is éiven by hunt eiu iicknsn“ . For low current, hi“

\J

negative volts 6, constant loau the "nu" type regulation is

exceedingly goou. A ”mu” tgye reQul‘tor mus used in early

work with good success. Lowevcr, the method of voltage

measurement unich was used rebuireu currents of the oruer

of 5 me. The ”mu” tyge requlxtlsn cannot uelivcr Currents

of this oruer because of excessive re uircuunts on tubes.

The VR tube network shown nukes u semcwhet inferior VOltSQG

regulator but has the necessary currert cuwscity. Subse—

quent voltage mcusurcmcn s sho.lu be n;de iith e'uiumctt

of higher interuul iupcumuce, in giich case the ”mu” tyre

reQulstion may be used, for the current re~uirenunts of

the electron gun is of the orcer of ten microemgs.

Figure 7 illustrates tue reguleted low VOltUQG power

supply used for the deflection voltages. This eugloyeu the

gete-tyge regulwtion in w ich varying loses emu Varying line

voltage are re;ul'ted. The output impeuswce of the rower

suggly was three ohms at sixty CJClLS. Ehe output ingeurnce

is freyucncy dependent bccuusc of the presence of the con-

denser C4. a ser es of try cells were sometimes used as a

voltage supgly for the deflection plates to avoid sixty cycle

llUfilo ‘

The great stability re uircd in these two power su; lies

was necessary to obtain 8 sufficiently mono-encrqctic been

of constwnt mipuituue. Ine ecctlcrwtiu; volts e, of co.r:c,
V
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upon the position oi the stem )Lth rcs,ect to the small

carborlcxrifice. iflme gosifiitou of‘ Mao bosxxpuupends orxlxvth

the deflection voltage and the acceleration VOlCLQC. Ehe

ingortence of the accelerating voltage in maintaining a

constant initial electron current increases tith increasing

deflection voltsQe.

The deflection sensitivity of the SGEl at 1000 v ac-

celerating potential is abo t fort; volts per inch. The

n

deflection is electrostatic. I; the focus of the beem is

sharp (of the order of the dimensions of the smell orifice)

1_ ._

tilt) ‘30 S l. t[
..L

on of the beam may not var; b, LOLC thH

F. O

ent of the diameter of the small oriiice filthOdt a consid-

erable cimur}: in the nuggiitude oi‘iiie electutu1 stretm1<miter-

inf the ionization chamber. If on the other hand the focus

of the beam is 1 rue compared to the small carbon orifice

and if, as was found to be the case, the current density in

the electron beam is upyroximutely constmqt over the whole

cross section of the beam, the position of the beam is a much

t'cel fiuuytion of tin: currtru;(1f initial eflxxztronsI
»

less cr

wentering the ionization chumbtr. Finally, if the focus o the

beam could be made small compared to the dimensions of the

small orifice, the requirements on the position of the beam

would be less than in the case of a team having a focus

compereble to the dimensions of the orifiCt. The electrons

which were used were not capable of forming a focus small



Oomyalfifll'UD the uiilgistons of'iflrs oriifixn:. fhis cenlnrinly

was >artlj cue to the .uelit; of the electron ogticalL
.L

‘

ywstenl. Jiovn:veaé, i_t :liwtjin Lje ;L::~tirr1tt; truit cilaxfige (sorr-

ccntreflxbons COtfliille forwri;.in the Tmuun'wf the gnn1 such.tflrit

fon . focus small0r
“

0
3mutual repulsion woulu LrCVent the form t

compared to the orifice. .xuxiriin; to Enchnwna, the out-

ward rauial deflection of the outer electrons of a beam of

raoius rO cm accelerated by V volts enu carrginq a current

_, s n 4

I am eres alon; a uiS‘ance h cm is given by 0.70 X 10 I

V L r0 . ror 1000ev electrons, let I be 10 angeres,

let L be 20 cm, anu let r0 be 0.005 cm (one-fifth the radius

0 "t

of the small carbon oriiice), then the outward radial de—

flection of the outer electrons becomes 0.002 cm, which is

com,arable to r0. Therefore if a high quality electron

Opti'al system mere useu, for lOOOeV electrons, currents

less than 10"7 amgcres should be useu to greven masking of

the qualitv of the sttem.

If currents of the orccr of 10"9 amperes mere used,

at which mutual reyulsion wOild no lender be a factor, this

current must be read (for one per cent accuracy) to about

10'11 amperes. This in turn would re uire the insulation

used in the isolation of the current carrying netxzorks to

meet more stringent conuitioni. For exs441e in the F raczy

cage net ork, where as high as 1000 v is agglieu to nettrmine

the velocity distribution of the electron stream entering

the ionization chamber, a leakage current as Smull as 10"11

amp would re tire a correctton of the ObfimTVCl oats. fo



obtcin so 84911 a conouction current tho iagcdancc of all

(3r Eha cwliwuit cainm ifl;;1iotwoli{

A A.

must be 101* ohms. IQ the rc ion of 101* ohms, tht concgction

of moist air becoocs a factor, wood bccqmcs a conductor, even

r?l¢ SS crandiuzts {nircugvh_a1 sxunfncc:-?fls1<3f lyuieflxirc.
Q.)

'
1
4

‘
4
0

~~'..~-.— —. .- ‘2. ‘-- 7 ‘wr.1 ‘tv

f!) 1'“- L ’1' (,1. Illnwll ‘_‘LAL‘3._L t0!’or tfiuasc rctxxM1s, irmxtcag OJ

eilect1£m1<ipticcfl_ ijLtfllfilu ‘Kfiifllfl"lflkG vm113 strirkynrt in-

. , .0 _o ,- .9 _ .V .- . fl ,_. - so 7. , . -. W- , r, . i!

sulctlon fc;ulrbmthtb, a CanvLLLlon.l clcctron pun “cs hscd

i -9 ,

at currcats of scout C x lO ‘ amporcs. Tue gun was usually

Operatco aith a broxd iocus to Mid leC ocflcction rcmuirc-

incij;s.

‘

It oid.:M)t a;3£nir to in; lngIWIUX whethca"mic cloctnans

:xovexi ir1 sli.lxtlgr cornrargaxit Ol‘xxiNleWQRt ix th5321s blur; gauascc
\J

through the orifice. Jithout sgccial study of the problcm

it \thhl Sccultfiuit a all twig; convcixfnit bcaulzwnwlq tx:;yrcf-
’s.)

torinu from tnc walls of tho OIlllCQ :Wulu

Hi; i «yidcifl; clcxgtronxs: is lWhJiCOC,

1316 iig OIWRiLCE (if ifiic nl‘tuh].IFbfiflfilfllfillifif 1316 tflkatlTfils lyi-

cumc Qrcotcr. lortunrtnlg anochpr aficct tcfifls to 'arccl

4.3. ‘0 -° ‘ -W- -l V. -‘ - .1. .13. o . 0 ,r . r- _‘.,r‘ l

cll’ ulff .1-C~..;. 5 (um, ('i}\ kcti, uric; c0 Linn .‘;‘%1_c..:\.,l:3 ’).1. Lu“. upon;I

o'. a V

1_I,‘ H _O , ._ _. ,I' ‘o ‘. , LU": ,., . .0 .~ \‘ > .‘ U) ,. u. 1.- w . L‘ (.1 I H a -,.. J... :i‘l.’

Lnfltb l5, .Lfli'lxiwcl (muoivj Jdlciuulic Clfll,b103c»c«:L3npl cl

" ' - “‘a" . V ‘ ' 1'1‘ . n ‘ “ ‘6 ‘ ‘0" 1' \‘ '03" ‘. I ‘. 0 ‘q T: 1' A-""n\ J“ . "

ill/Edwina; (2 lb lIU\_;\.J._Ll bu. fOI LOLA]. c1boOlr tlxhl OJ- LL L. {IL-4.“; Links.)
"I

in turn allows the mac of a lrrqcr orifice COlnchiHQ tub

J‘_ 7

'.' ‘ '. r'fW". -‘ a ‘(3 ‘1‘\' a". I “"' "“ u-I'ow'j’ :‘ V',."":4 " ‘ '. ‘» - ..;. r3," ‘

iIDI’l] (J'L‘t [1.333).]. (ullfi'f.;!.uJC'lj ’.-':1‘-L hil‘j VHF] (JJ.|.1_.C:‘.[_)(_vI. h. .1. (1.10 ”4 L _L [IL/l (‘a k’_L.—1 L): [L

ciiusivc flow begonfi tolcrzblo limits.
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The heater voltsQe for the electron gun was snpulied

-.« :1‘-~ ~~ .\ .- -. 3 __~, r

'05- ;L‘zt: K’Oltm‘lqg’I S til/--.s_li.;f._;lf::~H
e

by two Luison cell b“ttcr

' ') ,J. . _ .' 2-1. F . ‘ v, ,. ” 9- , av“- .. ,, ,\( . .-t . ,

111 1...; V SL.<;"J{:. “loll c. 11.0 0 :al rut-tutu.) (”$le l'e.~.,i§.lti..act: fOl‘

aejustment within these stews. nuisoq cells retain their

charge for s conriocr file length of time with the low current

urein requirei 1* the electron gun (0.6 amps). A good

quelity leuu storage cell woulu maintain a more constant

VOltage. She constanc; of the heater voltage ’s important,

for any variation in emission of the filament till cause a

.-. r» -7 . .3

current ousslnl
4. \J

corresponuin; varietion in thv electron

thrmxrgi the small orifice.

The controls for the electron ;un were centralized on

a board illustrated in FiQure 8. The functions controlled

fronlthis board include fine and coerse vertical anu hori-

zohiel deflection voltages, control grid hiss for the gun,

etml. ““ ZGPI cathode ray tube shown in Figure 8 was

el<Betrically in parallel rith the unit mounted within

Cull ch fiber. Its purpose was to singlify the pfOblGfl of

or the stream of electrons on the swell orificepoffiition

CC3I1giec3ti41; 'thr; Qidfl (flittd)er* arml tile :iorrizzrticni cfliuifi3c1*. ZEt

“its particularly useful to indicate she focus of the gun

Oiflirutin; tithin the gun chqnber. fhis conuitivn was ac-

ccfiuglished by placing the orifice in th~ gun chamber at thb

pC’Sition formerly occupied by the fluorescent screen of the

Ccrthoce re" tube. Lhile the commercial cathoue rev tubes
J .1

vgirv‘slightly in operating conuitions, they ere amez n91H
o

“
<
1

lL‘l‘czntical, and one is never fer from a sharp focus condition



 

 

PanelThe ControlFigure 8.
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or1 {are ~ url lIl tin: wun CgA..u:LI‘ i 1416 .ITllliflllfljlb; tLUJc :isU

3;. l= f .uesi o 1 ~ Kw Lt; p r we. r. »
SAA'--.Ip J OCLAUCU. O $-53 ORV LA LL" L'LAL/ fOCUtJ ()l1 L.‘..U ULJI]. in Lfle

J_‘i
‘1 1 r $y‘-\ '5 'n.u‘ ', 4 -1 . {fi- -‘-.’ .. I. ~ ‘1. .

ciui Cfl;uuuCI \HJS 1.219c1 enur1 LUL)\311J.lCC, a filfirrfitlf focnls

:
,
_
_
J
.

could be accouglieheu by m nimisin* the eeflection voltage
K.)

n

reguilwnl fOL'ifiJe elxxztron innan to :nw;cp tine orilitma. The

l 'I

Fareuuy cage or the collection plate was useu as a detector.

the monitorin; tube furnishes a visual account of the

1

deflections applieu to the 'un; this aided in locating tne

beam on the orifice. Once the orifice is located for a

5
‘

ourticuler gun inserted in the
A

‘{n chamber, the location

of the image formed on the monitoring tube was iseu to return

the electron beam to the orifice es lon; as the Q.un had

not changed or been uisturbeu. Io cvmyensete for the ne-

terioration of the emission of tne gun in the gun chamber

without burning tne fluorescent screen of the monitorin

tube, the monitoring tube was su3;lied by an independent

filament suygly consisting of 6.6 V transformer LhOSG pri-

mary voltage was controlled by a variuc. The emission of

the monitorinQ tube was set to COTFBSgOnd to that of the

gun in the Qun chamber.

The use of the monitoring tube grovideu a means of

visualizing the Operation of the gun in the gun chwmber

WithOth the need Of more COMi:'rlJC‘L-!tbd measures which might

be taken to View the Operation of the gun uirectly. It

was more satisfactory then a bank of meters indicating tne

voltages or currents uelivered to the gun. The monitoring

tube was placed in a location convenient for continual

observation.
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Figure 9. The Faraday Cage 8: Carbon Orifice 
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DETAIL OF VACUUM INTERFACE

Figure IO.



 

An Ian CollectorFigure ll.
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£15 an electric;l coon ctiwn to the sghrrc. This SphcriCul

(Bollector was usefgl if migntei conctfi

Spherical snsle of th; lJQlZUCLdn 'hmmher. one couli then

<3£lcul te to a ooh Aggroxin t on the electric fielus ex-w-

111 gnqy £«31%,ior1 of“ tin- i Miizv tirui cfi1si33ez“. Tins

collector’illustrsted in Fivurt 11 has a consid,rably

JJE'SCP surfsCe eras. It was inuul tee from the ionization

cfliamber“ gall in.aigibaoe apPIOPflJmfitbly HOthJ_’UD the

Qirtction of flight of the incident electrons

The collection of the ions formeo in the ionization

Chamber must be at such a rate that none ere lost by recom—

)

'binetion (an electron recombining with a pOSitiV“ ion); enc

Eit the ssme time the ions must not be removed vitfl such

high electric fielos that they are capable of forming more

j-Ons by collision with the ~es molecules within the ioniza-
bl

r." (v)

tlion chamber. J. J. Zhnmsonuu discovered that the strongest

Ella weakest fielcs that satisfy both these conditions differed

irl magnituoe by a most a factor of one hunered. Lessurchsnts

idith the spherical collector inuiceted that recombination

libsses became ne¢ligihle for electrons at electric fields

{firester then 0.01 v per mean free path. This is calcul ted

OII the a sumption that at 0.3 microns the mean fret path

01? a loooev electron is twenty five centimeters. The prosuct

1.1,‘A .,- ‘ ‘ ‘ . ~ ‘ .- . L5 . _... .,,, _-.._. _9 h u , .- o__fl_;,, s-

C31? blib hlcénrl Iire:e waitii ciifli LiiL? liltp; Stilt; _LC» .pgiiru): 1,4w-btilv
.L'



constant, increasing sli htlfi';iflii fins cner;y of the electron.

The Mean free path of an electron is aggroximatcl; 4f? tines

tflist of an ion.

At a field of one volt per warn free path, s detectable

rhinbcr of ion-pairs were forged h, the charge migr ting to

tkm:colltctor. Lince int fields develOpcd in the ionization

cflfembtr were nCch u;iform, the voltages anglicd to the

(Bollector could not be vsried by n factor of one hundred

eind still collect all and only all the ions being formed.

1318 electric fields evurjwhere in the ionization chamber
 

nuist fall between 0.01 v and 1.0 v her moon free path.

.A usable collector is one ghich does not form fields in the

;ionizstion chamber wnich differ in magnitude by a factor

{EPCater than fifty and hence allows a factor of two varia-

‘tion in the collector potential. The sphere in Figure 2

IRDrmed fields differin; by a factor of about thirty, the

Stainless steel sheet collector illustrated in Figure 11

Ikbrmed fields differing by the some factor, mainly due to

(
Decnqe effects. To reduce thes edge effects, the edges of

tile sheet were rolled over three-eighths-inch steel rods.

3318 performance of these collectors till he described in

the section on operation.

The measureMents of the currents from the Firsday cage

Erna the ion collector were made with J'Arsonval well galvsnom-

.,.. 1 -, o o _o 1, D "g .

Erter. ihe Sslvsnomttcr use a sensitiVLtj Oi 10 amp, a full

. g - 6 - .‘ ‘ ‘ 7".

S<lele (35 cm) deflection for 10 amp read to g mm. ihe

e’lectricsl system used is indicated schematically in Figure 12,
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TO COLLECTOR— r-TO FARADAY CAGE

  J.

\

 

 

  
 

 
.._.I llllllF—J  

CURRENT MEASURING NETWORK

Figure l2.



The collector or Faraday ea"e and the 9a1Vunoneter oyersted

at the smnx>lwotentiel. jig; insuluijxni vroblesmsrmnme singler‘

(
i
t

with this ELI‘l'HLIQCIM-filt than with the gate; ial applied only

to the collector or Faraday cage. howevtr, the letter more

conventional orieitation was tried in order to verify that

no unusual effects exist due to the hi;h potential of the

galvanometer. both yositive end ne;utive potentials could

be aiglied for the collection of either electrons anfi nega—

tive ions or positive ions. Letardin; totentials could also

g
obe , wlied to the Farnuwy cm 0.‘r‘ ~r

L- a_
A. L

11
To extend the sensitivit? of the galvanometer to 10-

amps, a DC anglifier was used. The circuit for the amplifier

is shown in Figure 13. A series of five amplicstion scales,

each differing o, a factor of ten, permitted measurement of

currents of a tide range. The scales vere consistent with

each other to one—half per cent. The calibration of the

“
b

amplifier has sccomgli Led b; determining the deflection O

(
r

the galvanometer as a function of the volto;o arplied to

the grid of the first triode of the CEEV. rrom this and

the known frid resistances fil—6 the current generating a
U

Particular grid voltape and the accompanying galvanometer

deflection, the gain of the amplifier was calculated. :e-

CEuise of the line ritr of the res onse of the tube over’

‘Uie ligited region of operation, small Qrid leakage currents

 

Caused no difficulty. Since 111 this e:»;m_.ri;;1cnt there [
.
1
0

S

‘
J

irite-rest orflv';Li the-initio of‘iflr; Firheff. che cu1imnfi: t
U

m

tEiCB iorl colhlecytiori Cltfl%dlt ifiie :ECCLLrsc;r<of :huplio.icn ti n1
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Figure l3.
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hold refriQeretion unit. A trap for tne iOHlZUtiOH chamber

pasting line caulu be served b5 the sage refrigeration

unit. -



O O

k.’\/‘

1

‘ 7‘“ A w‘.‘ ' ’~‘, ‘ x;vv g“ - ~ - | .'~ ' , ~ (\ ‘ N v"« ' -\ ‘ 7» ~ Q —

‘LU “LiCd;J VA or can of CDHTQL by chOqu ud intro-

. ‘. ' I‘ - V'A" (‘4 - -/‘ .' A " ‘ « “a A’ ' ‘- V f“ ‘ “ ‘” ‘ ‘1‘

uuCLnU a “L; 100 J,4 ;Cctono, 01 a liqui4 air trap into tue

-. \ u ». ‘ ‘ ‘ ,‘ .. y— ' - 7' -' L) ~. "' I‘ ’ l- 1 > -. ." " ' ' .'I 1 " ' , ‘ \ ’ p ~.- ‘ --_- ‘s ‘ ‘v.

lljkss coymezh;au LAA,;Wch¢gL\JAqu aunt the :tyst o; kih» Subtfiuh

Ix q .. ‘. 1‘ 3 r 7 p L N‘. l ‘-‘ =1. :7 I 4- r 3 ~. " - . I 1' :3 r v; . v. \ ~ -' "- ‘wfi‘ .r- ~

11 caxkuL _. 3.1 L L' . »-.1 u. up -. V.._-_ L-a .1-;1i-'i O‘ ' JCL J 1. CA .L l I“ VUKL L; ND

«‘ l ('\ ', . 1," "‘2 r‘“‘ "a" c“ " r "3". ‘ . ‘ 'fi” ‘. H“. " v" -“ ”‘- ‘ ‘ '

of ludioon;klx; cwiicth’Libfi 1 NA) LLL \_M1 on muMiP itSLJJé to

’ - - 2 “' ' J "‘ , ~ *‘ “ - v I .n ‘ '. (W ‘-. v ‘ j -(‘I '. ~~ t” ‘_ v v r‘ - "L- 1 . ’

‘ayiulg lQMDVb Luv chOio CVOleu :104 tJu Halls of bid

f-. ‘N‘ V

Clitluuui‘o

~" 1-, 4‘5 "‘ ... “ ‘ "" (‘V ‘4‘: " “w“. 1‘ 3" '~ ‘-\ ‘1 1‘“ "' ' ’. 7“!

.LJLlC L'O 11gb _LOMU Lu'.‘ ngl; C, L-O Luci Cl}; U. K! Oi , ullbl‘b 118:8

‘\ ,. ‘ ‘. ‘ I ~ . ‘I'W n ". ' f‘ ;‘- "‘ "a ‘ ' '1" ‘-“ 7- 'g “ Z; Y" ‘ ‘6 . "J

until some _ 1.;ri-1v'-1._~;.-;1LL30. 01 mm 0A,]. CVPJ’ ~. in uiiLa “all 8 0.: C115

.,- M I":W , V

0 rumovc puLb from

) u

y
.

J I h 1
.
.

t {
x
V

| ,‘
-

,.
..

b

O .
3

O r-

’
3

.
_

.
.

'
\ r
'

\

_
r a
}

o "
.
1

yum 0:- .‘.-L,-L..1‘ Jim any

‘3 . fl -9‘. 1‘ -

{HILL 1‘]. 71545;; ll’l(
.
.
.
.
.
.H..- m -- a. . . -. ~ ,. 4-: ~. 1,7. *m -.~. W~»‘

LILLU VuLClJ‘jylill {)Léi ,L -.LQ; .é , LILAL,;. : _Lx') Llikl Lib :JCJ. 112‘ L’ ‘ L

"“‘ “~‘~ "\ "' ’ ' ~W '. -‘ ‘1' A“ I '5 '. ‘ ‘ "‘h- '1‘ ,1 {1“ A ‘ v I“ "'1 .’_’ _ "

tnc L.L-.;-1;p1‘ LL: :LC.,L,C«L ~-»..Il-Lt.l‘. ”'le um, «.LJOVL alpdtnulus Ewe

a Va;or pw‘thlvc _ng.uig “L196 hwch nwLe SL”SLLiVC ”h a

the Iflnrii qwnée ijmxlfl he “swmlfgvzmfinitox'iiy; vmyOI*:a1tugtiorn

uvtx;ipc L-dgc (flrvi91u3.?u1]ixxgs, 511a :43 culrnwlt ‘;;gliiiicr

usca to cxtanu t}; FNWQC of tha leVtflOngtpP has thvsc gorits:

ifl;e z;g_lif?g r 3;; Ligq l; Luwf slaflgigkj: fOIfiflir: i11 “:valgr.yng

construction, {flu it” CEM‘Lt¥Wt hmfigliig 3181QS accurate

rcuultng. Jh‘ :ui;lifltr‘j;5?jd Io stV“s pvwwr to ogcqwdna but

is ratgor Lilhmlfigmgitfllo 40uCVL13 gfi1fl1 SIQKFlGWCe tub

aggliflvr 1b reliablp. pom? ogtlem det1 u coalitijxs

m J 1c H fucfior of tufi fr\1 tfle uysigu ‘CtuhilJ mung. O‘D

‘ 1' ' "‘ «A . z" ’ ‘ ‘L"" I“ - F ”« .W a ‘ ‘L‘ " ‘3“ ‘.‘ 3 i C" o“ +‘ |'~.': -~ ' ~ ~ I" ,\"'d 0-) I" . 1 ~

150,-; Of L§L1LJ1.L~".'JKJ\LA bit-)3, :JLL‘1‘L§(<CLJK}.L _Lf LILC'L? k U D‘-L4 l’-..‘)n' K)-J\»J. ‘.I.“.‘ Q

_ - .‘ , ‘ 4-» 9 v‘ _ u ~ ' .7 J. .- ._\ n g. . \W 7’ p 0 j,

lCVCl dos;11wu. CQL‘L‘:_--L.;l LNLL, O' f -L.v}.-\!,s rH mic- -_J‘-L.\_-I-fi,1‘

- - - - - .o :- _. .» j.” .7 . I, _

CC!) 32.3%.? l". '1‘ "VLLE -l'—"3"..\.1‘J~L‘ .1. La up _'"MLV ,xuvw I,» L) _.. L)
9'-



13.,‘lfiP3gwu lwwwv'' _ - .' -1. L L L.) —- - ‘J ‘ "‘

DLVQ, 13“;

the use 01

A

9.

‘yrcmnum on thv

‘ ._. ., .. no . -— v. .

{pLJg vyLflCL“le
K.) .



I ‘«’\ . .‘ * I " 1

(LU. _Lx.)ll" “U. ’ i i
J.

3 4— . . .A 7'. LN. ._ - 3 , ° . .
.1. LI ' L 1 ‘ 1.! 'X'x. l 'J-LL». t; L, K kl .‘ ' {)1 ) ls .l-

4‘ U U

o J. .- . - r- - - . -..

I; L1,; (.11 rectuux: o» x w ',1 (”up :u l

71‘ J ‘ ' :.~‘ (‘ L 1 ‘ r L« . ' n

“_‘ £7 7 l _ 01' | L\“ k u b0 CJ‘M ‘ K, I k -._L ‘4 -'

,1,“ n- i, ' 4 “1 ._O.- H 1 ‘ a ‘ - 7' . .1

my. . 1k 1 ( 1p .‘.'k 1. .1. u]- f) » . t. ”h: ‘ lu L4,! ..CLA
. adv

‘ a __ {. 1_1_ 1. r o y ‘ .i _ '1 I. " .

.I‘ .- LL “1'? O ‘.J; 'L. »-_|_C. '~.a(-/ 1.1L) . be 4. 11"
U L U .h

.1 . ‘ . \ V‘ "‘ ’ ‘. '~ t ‘ 1 A r‘ f / a ‘ '3 _fi

I _;t );.L _L Sn L) ' L’ ._J; o _. I”)? 1 . S. Li . ).; 1“”)g; ’ t~1kl:_ -1 ‘”)J
V

. ‘ , ‘ A “ I" - ‘ . “-, ,7 ‘- - r- 1-“, , .. -..‘ ~.4 . . 1-

$01fkfil ;rld i'!ltuxf I 1_ i : ‘,‘~ (H H" LN: b

‘,.,1,41 -1 y

1-1U_Jbllbkg tui'.

(“fl.

/\ -v- -\ v» 7- w— \ W _. ’-

‘J‘- ..a' -_ ~.l_ . X‘ .../l --J-.- - l +-—J 74 x _ it.)

1 .-. 1. - , J- J v

‘ 'Ji‘ , L' 1 Cj‘\:)\: .(21165J ‘ LL.

A , n , n 1 x _ . u- ' I _

' ‘.I v, 4 3‘ \n ‘ “l l P. ’1] 0.1 K I

1 _ V _ , v r. J-‘

1” \r- ,l v ' ' ' ’ , ,M " “V“
A X I ‘2‘ I DO ~ L

(\fim _- , nJ—‘u ‘ t I

J lKA‘ I \Jv L :l-\ L, bl. 3 ..CI LIZ“; in. ._.! 3,. '.
. u

l u

‘\ _f"

D n

t .

'.

(A

l k



J.

r:t

L).

X.

E“-

1.).

v'.

r‘;

{o

r‘

(—1.

/“\

\./

ll

1'.

lo

f‘sl

'-—\A:- *'*r
. .

ZIHLL_ --L-52L ..‘2 g

.
-\ o O .

".' ‘ , ‘ . ;'r "' M" ”9-1..“ ' . . - —.~, .-_. .(_/~..2 l J-’ J . _ . .. - A- J. ./L¥ A) ._- 2L, _, J. _“_I

T 1A ° 7 w A~ (I T .1  ‘

k' —L . l ’ .2. OJ 1 - . -..- -1. L’ U k ' - L4 1.1L; , J-'. ‘k?’ . ’ .. (‘l .

"l" ‘ ’l ‘. “' )r . A «2 Ar\

..2 (111' l, V. .. . lbileL‘C/(J J-’ ‘ ¥‘(/ ]_;I’,).

\ 3o! . ’H' I ‘ ( 5 fl ' J‘ .I "

“MLLLL, J. u. a LJLL U bbw giLCleW

;' 1- 2 . 0 3 , w 0 j J. _ 1. -. '1 ,2 ._

..-. by . L‘!r; L‘l A), ‘-i C'L.‘ 1. k.‘: ' 2.; LJ‘: LJU U‘r)1J-K/k-"(l ’

. . r? r- - . -. .

lLLVLp, o ;L :be.

"a- 'i. it. ‘ . “3 .. '1... ,. “my” . -

«AC: L." 1-; ._.. ‘ UKI (_'. L62 J-L’.f“l'~..) {£311.11 \7.’);;

1

f0 ‘. .1;

f‘\

" , \J

.1».
'7" "- ‘ '" 1LLLLL (2;; uliCLL~)1'{./*1 V)fl ‘LJ'w ;-'\.2 o -..").L. .‘..'

. ,- g /‘\y\ .

l2"- 0 l!\/"-':.;kji—r".

'. 1.. ~ .. A 1.1 ,- ,3... 1..., . ~fa ' ,,

-_V," '_|~ L'\ \J ’ 2 O --. \J'l [1:1 ..II IU;1-L-(('2- [J Lj) 1 \DJ ..1 1:3

7 ’2- ~ ‘ . ,. ~ - :7 r x

in 1‘). ;Lb\/., C2 (1l\:,) i) '.I1i_2-/,,}C‘.

U A. —~

- 1 r- '7'“_ ,3 O n . ' . . j-

UlOLUJ , ‘20 . o LLLSK .._; o J. o Ingllfi \(ZS.C'}_L1;1L -mb

.. , 4 ‘ -~. 1 ‘ V ' 'v!‘ ”v . l—(‘l- _.

Lwhd’ 2bflOQ xis&uba , u VL»J1 “Ctbcub

. . g - , “1.--“ r) r3 ‘ f‘\ \' r ,_ r1 " W" .

will. ..Liiubi 0, L12 (1-2‘31, LIL... (L:1"/~ ' 0

r11- . o 11,. .. -r A: ' “W ,.- .L1 .

Hluwlbk, J} Ekuu-;. Jo LJblUdb Ofl.Lmk2 5

'V_ ‘ T ' _ .0 . ( O .’ O ‘. ‘4_' 31— fl.“ ‘1 .' ‘7‘1'_‘..

L20; “ -; ‘I‘JLJ (,le 1.1 Lf.;Lipgp '-."..252L.C)o 1;-

m{\ {I \ w. (.2

l (15' J J ) ’ AJ‘-’ 0 l-l-xl 0

.'1‘ i“ 2| ‘. n] r " ’7' "1 " p \' . ’\ " ":

biiizuLi‘ulC/lx, L O \ L13“, -3. .2... H-l-(JlC/LILL) l‘k'i Cll LJILCU

00531}: ‘01), '11.. 1‘. 3,—3.7.“ I. Lt‘f‘xlél-

“\ .A‘u I ' . -’ o *;'1- .1. ‘ F ~ ‘ .- A)‘n .71“ ..-

12 Juana L21b L QLN1V€J uf‘ man «a; 1:1 1'
2' .. ”-7 -.1 _ I”) (\rA :\ ~. ,\r 1313

MOUDLQ lh‘S., a ( IVC), «y. lwu-gubo

.. - .2 —.- ...: ,”'.~. .. ; 0 ..

(:le 1,:LIL[\L" l] , ... O ;‘.0 1.5")“; l)_[‘ I .11. L 'J. ._T..l.-:V.) _L’)

O

gcwx. 4cxl. Iruatl“., G (Jffign

,7- ..- . »,.° 2 rm? . v" .-.- .-.: ..-“ n

;2LJ.€.:~1J.;;L .11, '..;(2 L~211 L:J..’- J. LN) Lulu: . L L? 1 OJ.

2.. .._ ‘ . I . I“ ..'_. .,

on. 1, Java ._Lln‘; a; your), 1.10 . , -.b‘w

~ 1— ' . ,2. r; w 0 IN.)
.LJQLll 23a:U, L). 112;-glk‘211C2k'2 1.22, iJJ’O -*l"'.‘,~n.20

V0 {1 1.1;; .L C

7-1 ‘_ ‘0 3..

- 3‘. ‘-~' I ‘(1

L .L.uv w..--x.’

4.3.251, xii. Lbl"

Strahlen VON

~ 1-3 LJ 0

l

.'f~?‘1Y'1 '

5:1 I {—Q

ixytale;7§

. . 04.

', u. Hun.

F'- -. ~ r, >- \ 4 1

LOHLLiQIJhQ‘

{kill 0

2L” 7' (”L10

in Luft. "

_. ,‘ 7 . . L ‘

I i ] ‘ 5:7 ]_ I"; , l j

l

V;

V

U. 1,. r.

IV . ‘ w ' .

Li 1.3.11 . ‘_ '

II/‘\I

,_, t "

L5

0

\,”

IQCC

l

(3 1'1: ’

of

'T0:L r.t‘Q./.

'- C 11111.1

f
1
‘
.

y
—
a

‘5. S o -.OVO

1.1 V ‘-(‘.L'LL3_.1
\J

2'.

-.1 .

-9141! ' L ‘U'U o

10.0 '~n

1."

‘i‘:

O
A.

.\ .. r r

' ’ _.j— l k‘ . ’

f‘\ l- )

‘. T 0‘

’

' c,]_<.?ii;;«c>:1c;11

(1938 )2

-r" 13" _: i

-ngLIL»)L2I ’

‘ I

LA.’

7 ."I

3‘.le o

uuir plectriczl JLucdargzs

1.1.

unfiupfl-

«W '7 f {/1

\ 2" i\_; o



17.

A

”lr’.’ 0

(7

L).

r- '7

(JU .

I.\

(3 7 o

:30
{JCJ O

I
\
1

(
O

,-
J-

{JO 0

O V '

Gray, L. L. The Iowiynt 1on Lothod of Leasurin; Ioutron

LHBTQJQ rroc. Cambrioge Enil. £00., 40 (1“44), pp.

73-103.

Graq, L. H. rcforonce 17, pa;e Cl.

Loolj, 1. L., and J. K. Reed. The Zehavior of ilow

Llootrons 1n Gasos, so. 1, amalgomsted Iireless Limited,

bjoney, au1t-311, 1911, 179 pg.

hunt, F. V. ans L. a. 101:man Volt1 “e mogulttors. Lev.

sci. Instr., 10 (1933), yo. 6—31.

0

“T.

Johnson, J. 3. Total Ionization by blow Llsotrons. szs.

Lov., 10 (1917), pp. 609-335.

fiorff, s. A. Lloctron ano Euclssr Counters. ed. 1, J.

Von.1k>st1%um1 Gotgfixny, lln3., Ievxffljrk, JILEQ, (313 pp.

norff, s. 4. TLtance no, pole o3.

Lorie, F. I. p. V:Lcuum L"StCnS, goals, and Valves. Rev.

~01. Illbbro, 19 (134:), 1-1.). :81”1330

Lt , o. L. Lotions of fifiuiotlons on Livin” Dolls. ed. 1,

o LaoLillan UGmpRHj, 30/ Lolk, 1947, £02 pp.

C1

3.)

.111

F:

L63, u. L. refbronce 2o, pb”e J

Q‘_~ O"
L

Lshxzwnn, J. 17. and I. 2.. Osgood The ‘otal Ionis .L‘n

clue to the --‘osorption in 3.11“ of‘ SlowC-s_it}1ooe Lays.

ITOC. hOjo QOC. (LOUQOU) *3 115 (1997)) DP. COG-334.

Mono, G. Recherchos sur L'Lbsorption oes Layons<i,

UL]. i11JSo’ l (13.19%), 013-. 107-531.
J.

Nisle, E. 7 Lo LX3¢r1mentll Lleotron Gun. LnnutllontoJo E-

L.L. thesis, L1ooLon state UOlleQ, 1917, 18 no b.

loaVLs, 6 fivdICS

'iI"'j-.4 “.I. ‘(fi

{.f1\4.L;.~ MAJ-31,11.):
0

LiuUlbi‘fOI‘d, 1:. in, J. Chadwick, and C, Q, #11

from 1'21; ioactive substances, ed. 1, CambridgosUniversity

PI‘ESS, 1901), 003 pp.

bohn1tz, 3. L16 totals Trsgcrbiloun; 19NQBHMLP Iutnooon-

stloljxnl‘tn Luft. kfify31fi 2., .fl) (1933), Ina. CLQ-L

stransthzn, J. o. Ehe "Earticlos" of Lo urn Thgsics. ed.

1, ‘Ine’};l“1<1stx)n L3>m1£nfiy, Ifluilahlol;fitlfl, 17‘11, *-” 3 ll}-

:;trfmn1tkmu1, J. .0. :refflsrcauce (5?, yt;;e ‘15.

ot1-1414gi, J} i). refolwnums 5;, 11». 41—3..



-. Q.

r" /v

I()

L/ u 0

r, Y",

L/ I o

’ 'l

v_'- .

’— A

I‘- l .

v’\

\i‘.

.. - O

'

v I .

.. ... .

CkL.

L; -.L

, . .

’..’;_J.‘

.' \_, ‘ l

"Jl(_)LL\A “J“ I ."

(17‘-

1, £1“

' v

;.».<>_. L; 3-1, ._.
‘._ _ A "c

l'-L_|_"‘)‘ _'__L _.

.L 1'95. 3 1.33
’

31‘ « .\ - - 7'

3,1" M A? f} ‘1’ 'v'

r~1

.‘ (A’ ’

{'3‘ . | ,
\1 . -

O w'g (J O

W t . .

p _i_ f) ';_',

’9): 4'

5:2" ) , 1

- l-

t,

v o

\ l‘u ‘-

.. . O .'..

1 I

..L.-’ -. k.

T

0 U o

l‘

l (_fi |_.

*

I

o ._.

T
o v. o

o .L')

,L “I (_‘l .

T

c-- . L

. ._

9v

\

. |

'- .

".L' o‘..

... ‘

LI:

\

ab

o .1.

71

“\
_ I

....

f' .

/\.1

I ’-

A r;

1 “‘ ‘ . ’ "" 1" a

-JC'»( ';L L l‘"-- L'Jk—J .33. v‘i; ~~/n:LJ I

A f‘_ ‘. ‘1

, 1~ (lr /, i"- . l“J—".

'V 'f'~ ‘1- r ' ’N‘“ .

_A_ v. L. _._; ‘-‘.¢)] ud’d’ I. ,bLW

A: ‘~ "1' ‘l ’ (in c“ I .J I _l _t

I A . .L . __ A ’ alt '3 i - K, 1 C’ r ( Lbb

*1 - -... ,~ 1. .
,.' W

9“ . L . J. I I ' ') .1 ‘U0 0 ‘l pL (J L’ I- q

.0 ‘_ rail? . V / '__ ‘ '3 . . . l,_

: ‘ : .c’. we: »* .]--.,L,.,go- __1 .._. _ ... _- U _ _\ _

‘ o ,. 1 _

J 0 “O (M I .._.~- 1- . s _.L V_ J , 0-. \

A ‘ r) .

‘PV A, ‘\; ‘\ ‘) a — ' 1“ fi -

- ‘II A _- r n _ 1 .

_: __-VL' .':— 4A. )1 . [I b"-1_
U

~ 1' (1'4 ‘ , 1“"ll .-’ - '_ . u , J ’ _L . __

0‘2": K1, 1 - a _n It ,;I~~ ‘4‘“. .(1 1; . ... |

‘1 I" ‘. . k (“N
_1‘ I ’ $ — C ' .

—‘_ 0 v_ O a y , -

__ ) . ' _ g,’ ) _' _--___ C)

' U

- ' _'.

' Ia ' _ . (7 ' ,g.‘ n A

I L .L .- -. u‘ . 1* ,>(,,. _.0“

—— y~ a r l' O _\V 'V . . .k ‘

uLW~I I '_/J '1' "— {d J\.—-. ”a t' '4

v

V'\ .. -

" ta
’ _.

'1 MU

"1.0 I

1’ ‘ \‘

16. 1,.

" 1.- o
5 a ‘

J. .L ‘ _‘.

’

Wk

k’l) .

.3 fl

,.

LA. .

O
a. .1

~ n

f "
-1 )K

w o

;‘

q

L r

L.

' '1





 

.
1
. 



 
 

 
 
 

 
   
  
 

  
 



HICHIGRN STRTE UNIV. LIBRnRIES

mIIIHHIMIIIHIIHIIIIIHINIHHINHWIIHIIMHWHI
31293017640008

 


