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The Production of High Velocity Hydrogen Ions

without the Use of High Voltages
Introduction LT

The advancemsnt of our knowledge of the structure of
matier and its interasction with radistion depends to a large
axtent on studies of collision processss between stoms and
swiftly moving ions and electrons. The grester part of ocux
information on the structure of the atomiec mucleus has come
from experiments with high welocity alpha particles, 1,2
Apart from such studies with radioasctive rays, experiments
have been confined largely to impact proceases involving
kinetic ensrgies of the order of magnitude of 100,000 volt-
electrons or less. It would appesar to be very important <o
develop an additional line of sttack on problems of the mucleus
by supplementing the alpha particles with sources of positive
ions of equivalent or gre=zter anerglel. It should be possible
10 develop 2 positive ion source of much greater intensity
than the ordinerily available alpha particle sourpes. Such
an ion source would yield high speed ions of controllable
velocities and would have the edded admtaga of being frese
fmm the mlimting effects of pamtrating 'bata and ga.m
rays.

Mocreower, the recemt theoretical advances of the new
wave mechanics, psr%imhrly cozmsrning the nuelens, maaitatc

prerimntal verification, which can be done in mng ca.ta: oaly

! l the uss e:t partielea of fery high enargies. For some pa-amm

sitive tons are of mch greater use than ahnttm. M ‘
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hesvy snd light ions would be useful in thisz study, but for the
study of the atomic nucleus the lighter ions, partiocularly
p;-otons, are the most effective. We are guided in this statement
by the recent theoretical work of Gamow on the "Theory of
Artificial Disintigration®,? By Gamow's theory the probability
of an alpha particle of veleeity v entering s mucleuns of atomic

rumber Z, after coming within the effective reding of the

macleus is
-16'1;-0‘2 Z 3y
¥ -l B ¥ )

whers Jy is e function varying slowly with v and Z. It is clear,
therefore, that for particles of equal energy the lighter particle
has the greater »chm- _or penstration into the nucleus. Also,
since the charge on the proton is only half the charge on the
alpha particle, its potential barrier will be half that for

the alpha particln.4’5 So we would chooss protons as the most
arfecti.u of pozitin ions for ihsae reasons. It :hould be noted
that for most imt prmssaa, otpwially thon .‘mrclving the
um of thin foill, hydrogen molecular ionn, Kz » fteuld be very
little different than m protons tu’nlnng with the same

volocit.y. Thin is dnn to the hroakin; up of tht no},oeular ion

T pguing thtouk the ﬁaldn aof forca af rahtinly fa

atoms as 1% enters the foil.
The Mmi.n difficulties in the proaﬁstféé of ‘such particles

:muary to malmu‘ the pqrticlet and ths dmiemt cf

3 tubu eapahlo of ﬁtklt&ndmg t.hnu voltsgoz. Bafare the



year 1930 wvery little had been published on this subject.
w.ﬁ.coolidg;es developed the pathode rey tube to withstand as
high as 350,000 volts and brought the rays out through thin
metal windows. He lster increased this to 450,000 wolts and by
placing three tubes in geries has besn able to preducs 900,000

7 ¢.C.lsuritsen and R.D.Bennett®, using the

voli electrons.
powerful “emspade™ system of transformers in the California
Institute of Technology high voltege laboratories, have
devsloped & high potential X-ray tube capable of operation at
760,000 volts. They are at present developing the method with
the hope of reaching 2 million volis,

The year 1950 has brought out seweral publications by
other experimenters in t}lw‘ﬁald, due to the impetus given the
prcblem by the predictions of the new wave mechenics. -'Using
& Tesla-poil mounted in oil under pressure, H.A.Tuve, L.E. Hafstead
and O.leg have produced voltsges of apprcximatoiy 5 mllilon
voltis. They have muccesszfully applied voltages up to 1.4 million
volts to a vacuum tube of ‘special design, mpplying smmll portions
of the total potentiel drep o short sections of the tmbe, and
have obtsined artificial bets and gamms rays corresponding to a
poek of 1,8 million volts. Work is now in progress on the
"Mftbrgﬁm ‘of protons to radfosstive speeds.® Using & similer
wu;m, A.Brassh’ and ?.langeu have independently produced and
applied io & vmevum discharge tube voltages up to R:4 million

dos of X-rays
gorresponding to this pesk. Apert from radicective seurces,

axparimental 1ﬁé'§tigatinn's with positive ions bave been limited

oltsgas. Chr. Gertheen'~ used samal reys with



energies up to 51,000 voli~electrons to study many of the
problems of scatiering, energy-loss and ionizing ability of

the rays. J.J.Cockroft and E.T.S.Waltonls bave produced
hydrogen ions and protons with .energies up to 280,000 equivalent
volts and have obtained evidence of 40,000 volt Xerays from

the ions.

All of these methods involve eguipment so elaborate and
expensive a8 to be prohibitive for most laboratories. The
d.ifﬂeultiel of insulation and protection against corona losses
at such high voltages are enormous.,. large, expensive and
déngereus high voltags laboratories are required. The necessity
of having tools to investigate the atomic nucleus and check the
theories advanced by the new wave mechanice is epparémt. The
most efficient tools for this purpose would be positive lons of
smell molecular weights and very high encrgies. It is slear
that there is great nesd for some comparatively simple and
inexpensive method for the produstiom of such bigh welosity iona,
preferably without the uss of ﬁigh voltages. This paper gives
' ropart. of the sssential axporimt- in the dmlonmnt of
just such a method, in which hydrogem ions have been acoslsrated
to hl;h velooities without the use of h.’s.;h vol'ugot, and inﬂimtu
m thit mthod is to be extended to supply a sourao af mdx
pnrti.oln ﬂ.th tht.iw energiu. The mcbhod olinimtu mi
of the diffioulties ‘and 1 great deal of the axpenadwot the other
uthoéﬂ aosuribcd b;f m neeuaiuﬁng high wl.ta.w u!d -hmlﬂ
pmavo of great value inm the ‘study-of this -xtrm}.y 5nt¢rtsting

£481d of high energy impact processes.




The Theory of ihe Hethod

The fundemental primciple of this method is concerned
with the resonance of a cherged particls with a high frequency
cscillating electric field., A% present in this laboratory we
are developing two complementary methods which use this principle
but apply to different types of particles. The method used for
heary ions is to accelerate a beam of such iens through a series
of metal tubes arranged in line, and attached alternately to the
two ends of the inductance of a high frecuency oscillatory circuit.
The tubes are made successively longer (proportional to the square
roots of integers) so that the time of passage through each tube
is = consiant, equal to the half-period of the oscillating
cireunit. During the time a particle tskes to travel through one
tube the eléctric field between mccessijs tubos has changed
direction, a0 that the particle experiences a forcu iln the sames
direction each time it passes from one tube to the next. The ion
arrives at the end of the series of tubes with an ensergy whioch
is equivalent to the sum of the potential drops through which it
has passed. This method ig applicable only to fairly heavy ions;
for light ions snd electrons the tubes would be so long as to
make it impraectical. R,Widarotur originally demonstrated fhi:
mothod, amd st present it is being deweloped in this leboratory
by E.C.lawrence and D.H.Sloan™® using mercury iong.

The method used for light positive ions, which is reported
in this paper, also uses tha' resonance of the fons with an
miilaung electriec fisld, but overcomes the difficulty of the

g serien of tubes used in the preceding experiment by "spinning”




the ions by mesns of & magnetic field around inside 4wo hollow
plates which are connected to the oscillatory aireuit.‘ The
principle of this nethod was briefly givem by E.O.Lawrence end
E.Z‘..Edlersjsnls in & paper presented before ithe National
Academy of Sciences.

An elementary deseription of the process may be giwven by
eonsidering two “duants®™ or hollow semi-oireular plates,
mounted symmetrically with their dismetral edges facing sach
other and closed by grids, forming inside each plate a field
free spase (Fig. 1). These plates are comnected across the
inductanes of a high frequency rescmant curcuit end mounted
ina mum between the poles of a large electromagnet with &
mmm ﬁald :ﬁrwgth over the region of the plates. If an ion
finds itself in the space betwsen the grids a and b at ap instant
when the electiric field is a maximum in cne direction, it will be
attracted to the grid of opposite oharge. For instange » consider
a 'hyd.régan moleculer ionm, ﬁg*‘lg If plate A is negatively uhurgédi,
the m' will be i ttfmtod 10 it, gamng & velooity tron the field
and passing thrmgh the grid & into the field fres W inﬁde
plate A« Under the influence of the strong mguetia: field B at

ght umglni to its peth, the ion rill.t.mt:ul ina mﬁ.-airmlu

de the plste 4, sventuslly arriving et the grid = amd
sma the space between the grial,. . xb‘r re!’awrlng

to tha tim 'mﬁsﬁ.an of the high frequency current, ﬁg. ;i,
iz seen that 4f the in tm hxptzizu .u imparted at tim. 24, and
' ak tian 2, exastly

m MM‘ arrives W mmm '
or, 4t z:Ln m the ﬁm humw «ms g:ida mm




required for the psriicle to iravel a semi-ciroular path

inside the plate A is the same for all velocities. This

bocomes clear when il is reecalled that the radius of the

circuler path on which the ion travels is proportionsl to its
velocitys. Therefore this process continues, and for the resonance
sondition described mbove the psrtiecle gains welocity with each
passage thrm;igh the region between the grids until it srrivea

&1l a collector plesced at the outer edge of the tube.

The two forces acting to keep the lon in equilibrium
while traversing this psth are the centrifugal force due to its
circulsr motion snd the foree due to the magnetic fiesld. &
ahargsd pirtielé woving with a welocity v in & mmgnetic field H
experiences & fores st right engles to the direction of its

motion and to the magnetic field, given by the relation

Hevw
Fo- 23 (1)

where o8 16 the velosity of light and ¢ the charge om the
particle. The cemtrifugsl force dus to the motion of a particle

of mass m in s cirele of rediuva r is

n
F o= — {2)

Bqusting, we obiain

mw o He -
LR 8 ()

The frequency relstions are
s v .o
£ =% = ¥F (4

where A is the wave length end £ the frequency. Substituting
1) in & medified form of Eg= (4) we cbtain

e




Thas we get for the two fundamental equetions

H e
A £ (5)
= 276’ o
C
k T = (s)

These relations, Eqs. (5) and (8), are geen to be independent
of the radius of path r and of the welooiiy of the particle v.
The energy received by a partiecle of charge e and mass m in
falling through an electric field V (in wolis) is

invz - gﬁ% or v "'{z;%‘::‘ (7

Using Bg. (5) we get

y - He. r =
¥vr -~ zvmes o ¥ e

(8}
Inverting this, we find the voltage equivalent to a radius r

and a meagnetic field H ta bhe

2
v,%_‘;. -2 (9)

m; sapression gives m‘n&m of the total woltage asogquired
by ms.cn when it srrives at the collector, if we tmr %o he
the distance from the center of the tube out to t.ha cullwtm‘
';m & particle of gi.m whss and slmrgt this fizal ulw of the
Prwor%ml to the :quart of the’ mgme»t.io tie}.& m

determined by the dimens



e/m {electron)= 5,303 x 1017 eb. ssu

e/m {proton) = 2.875 x ,103'4 ab. esu
e/m (B{'ion) = 1l.4376 x 1014 8b. esu

14 ab. esu

e/m (Be*ion) = 0.7187 x 10
r { radius of tube to collector } = 4.0 em-'.=%,.,

On substituting the proper wvalues in Eqe {4) we got the

numerical relations:

Protons: H2A = 1.966 x 107
g, tons: 2 = 3.952 x 107

7
Haé tons: H2A = 7T.864 x 10

These F#urn: are hyperboles and are the theoretical curves for
the fundamental rei@mm comditions of the ions named. They are
plotted on Fig. 6 with the wave lengths )\ as ordinates =nd the
magnetic fields H as abscigsas.

Eq. (8) im used to compute the radii of the successive
semi~-circular paths of the ions in the magnetic field for a givem
oscillator voltage: From this the total length of free path
'msary may be calenlsted, thereby providing an estimats of the
necessary pressura of hydrogean in the tubse.

If we use the velue given sbove for maximmm vedius of the
tabe in Bg. (7) we get a relation for the final volimge of the
ions ut the nsollsctor as a rfumstion of the magnetic field appiiqd.
This is plotted om Fig. 7 for protons snd Ho' ions snd serves to
predict the expected iomic smergies, im torms of tqninlm volts.

The possibility of a secondary resonance .Mition, is an

esting outcoms of the theory. Referring sgaim to Figs. 1 22,
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if an ion receives its initial impulse &t time 13, under =
comparatively low value of megnetic field it may describe s
larger semi-circular path, teking more time, and arrive egsin
between the grids at the time t;« This corresponds to resonance
with a frequency of 1/3 the fmgwal or a wave length of three
times the fundemental, and correspondingly we find the megnetie
field to be 1/3 that required for the fundemental resonsnce
condition. The experimenial curves which follew show this
effect clearly.

A very pertinent question is that regarding the sctiomn of
electrong from the filement and from secondary processes in the
tubs. A short csleulation shows thet for megnetic fislds of the

S

r used, the resoifant wave length would be of the order of

0.33 em, and the radius of path a2 mexirmm of 0,5 mm. Electrons

in the tube would travel down the lines of magnetic fores to the
sides of the tube in spiral pasths not more than G.5 mm in radius,
and so would never interfers in any way with the resonant processes.
In faot this does have one. decides sdvantage in 'k};t;t it sollimates
the electrom bheam from the filament end forces it %o proceed
straight agross the tubs between the grids, which is most
#dvantagsous in producing ionization df the hydroges in the
mplam tp be sffectiTe.
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Design

The essentlal features to be provided for in the design of
& tube to study this phenomenon may be enumeratsd as follows:
l. %Two semi-circular hollow plates closed by grids of such design
as to allow the particles to pags through them unchstructed, yet
giving & uniform electrical field bstween them and st the same
time insuring the field fyree condition inzide each plate.
2+« A& flat wvmeuum tight outer tube of not more than one inch
thickness to enclose these plates, and a suitable waesuum pump.
3. A lerge electromagnet with s uniform field over the region
ef the plates, betwoen the poles of which this tube is to be
placed.
4. A high frequsncy oseillator set, providing sufficient power
to give the nescesssry voliages on the plates, arrangsd so that
the ffequency will be wariable.
£« A filament to send 2 beam of elecirons between the grids whieh
will not be affected by the high magnetic fields and which will
£ive electron surrents of the orda;- of ﬁagnitndc of 20 miles
8+ A oollector to catch the high veloscltiy lons a2t ihe redg: of the

mgnetic field and also devices to measure their emsrgies.

The metel tube used in thess experiments is designed to
meet all the requirements. See Fig. 3« A ring of sesmless brass
tubing is fitied with brass sides to form a hollow f£lai tube.
Inside this is mounted a semi-sireular hollow plate so as to be

.suspsnded in place without toushing the sides of the outer tube.

o glass seal assenbly gives sufficient rigldity and
uppmtitthﬁf of the cuter shell is itself the
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cther plate. The two grids are moumted parallel to esch other
far enough spart to give sufficient insulation and yet close
enough to make the time during which & particle is between the
grids small in comparison with the total time of its ecircuit.

in oxide coated filament with an interne] »heating unit is mounted
on the fixed grid at the extrems side of the tube, dirsctly over
8 slot mounted om the suspended grid, so as to direct the streanm
of electrons betwesn thse two grids. A window for viewing the
filament and the general ionmizatidn in the tube, a2 large outlet
to the pumps and an entrance for hydrogen diameirically opposite
it are properly placed on the cuter brass ring. 7The collector
system coneists of & Farsday cage with a 2 mm slit im the fromt
tfeve, . grid of fins wires for applying retarding potentials, and
e pair of pletes for =pplylng deflecting potentiala; this whole
systom is carefully shielded snd the beam ias defined by a siit
system conoentric with the tube.

The grids are an important item in the design., Origimelly
they sonsiated of twe 1/18 inch brass plates im which wany weall
holes had beer drilled so as to leave the proportiem of wetel in
the fsoe of the grid ﬂvory smll {only about 1/6 the total sres).
M boles werc drilled in rows nna thc rows: Mraﬂd in order
§ tha smount of metal remining botwean them. The

wata showed this type of grid %o give rasulis, but
the i&tmsity""v 33 nft rapidly as the munber of revolutions in
tbtuh-nsim m;méwtathmiﬁumtﬂtl/s
of the b-u nch time 1% p:tsd through - gz-ﬂ A ulaulatim

htt in t&t arigmﬁ botn tft.nr 35 revolutions
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ghowed that only 0.001 of thé original intensitiy remeined. The
fin?l design uses s sysiem of parallisl saw slots, very close
together 2nd parasllel to the plane of rotation of the ione.
Keglecting the existence of small sideward wvelocities, due to
contact potentials, initial thermal velocities, ete., an ion
will revolve in the gsame plane until it reaches the collector,
and g0 will pass through the same slot in the grids each time
therseby eliminating the above dirfficulty. Since it iz known
that contact potentials mey exist in a tube of this kind of the
order of magnritude of & volt, there is & possibility that the
ion would be pulled sidewards enough to make it strike ome of the
thin divisions between saw slois before it gets to the collector.
An approximate saloulation shows that transverse potentials
averaging less than 0.1 volt over the tube would be sufficient
to doviate the beam through the width of one saw slot after 20
revolutions. The fgol that the experimentel results show that the
ions travel asround many times indicates that even though these
potentiales exist, their effects are averaged out along the paths
of the lonm um}. we way comclude that the slotied grid design is
effective.

The filament used inithe fins]l arrangement of the tube is
sn oxide ¢pated radio tube filament, designed for use in slternating
current tubss. I% consirie of s U shaped tungsien filament
threaded through iwe boles drilled lengtimise through a olay
tube, sound whick is s oxide coated nickel oylinder. This
ammmt prmxba any motion of the filement wires in the

%hj,g«,,#,;_rield apd gives 2 large emitiing surface.

mﬂ mmtkr:iét diameter and 2 om total lemgth.
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The high freguency oscillator set usss two 75 watt
"852 Radioctrons™ in parallel, "Nawy” box type condemsers, snd
goils of warious sizes wourd to give the desired wave lengths.
The "B" supply wae obtained by the use of iwo kenotirem tubes
to give full wave rectification of the output of a "pole”
transformer giving 10,000 volts maximum. Usually a small
varisble comdenser wasg placed in parallel with the tube across
the inductanse in order to give rapid changes of freguency if
degired. The power svailable is much greaster than that nesded
for mast of the experimsnis.

In pamping out & metal tube with wax jointz a very fast

vagmunm system is mggggy, "The final system consisted of an

ore inrymrcury yaper pemp comnected o the tubs through
short lengths of large diamster tubing (1.25 inch) and through
& liguid eir trap of the same dismeter. A cenc§ Hiwvao o0il pump
was uged &z = fors-pump. Dennizon's red sealing wax was used
fpr‘mling the tubs, and was found quite satisfectory.
Hydra.g‘en‘n#“ gen‘eraieé elqgtrﬁiyﬁiés‘}.ly, stereé in & large
Feservoir and let into the system through a caleium chloride
drying tube, m liguid sir trap nﬁd a llong aﬁillary tubs. The
ure of hydrogen could esally be controlled ’by the size of

thn mp&llwy und the pressure in the stom;e reservoir. 'mt
pamps were m& rmming nnntimauuly and the hydrogea allcmad
to pass contimnemsly t.hr b tha tube.

m aagmn‘.n wre m i.n the eam'ss of tha o:qaerimnt
small mgm% giﬂ.ug cmly ;bont 5800 ;lu:s meximm over

be was M tar tko larger part of tha :tuﬂin



1is

reported. 4 larger mgnet*, availahle for & short tims, was
used to sxtend the readinge of resonance effects up to its limit
of nearly 13,000 gauss over the geme ares. This laryer magnet
was not available for detailed studies at this higher range
howevar. In each caze the marrets were celibrated by the use

of @ ballistic Gressot fluxmeter, which im turn was celibrated
by the usual methed of reversing & known current through &
golenold of known dimensions and computing the flux change.
These calibratiouns gave relatively sccursie curves which, howsver,
due to the crudity of the apparatus availsble were not accurate
in sbsolute value. This difficulty was overcome by finding
aoccurately the positiomn of one of the resonmnce peaks, computing

magnetic fiald ealibration slightly to bring +this point on the

netic field and shifting the seale of the

curve. As the sxperimental results show, (Fig. 6) all the other
resonance peaks lis quitie sccurstely on the curve, justifying
this nmethod of calibration.

An elementary wlwlatim of the total lengih of path
nbdessury for ths H,” ions (Bq. (8)) shows that 500 emis &

feir estimate. Using the alni)le mesn Pree path relstion

R (20)

ﬁ;m 3 is the mumber of ions per centimeier cubed at the desired
pressurs, ¢— ths redius of collisicn which is equal to § the
‘dismeter of the mmgm mlmie; snd using the expression

{stion is due Dr. Bobert B. Holzer for his generosity
1::; intsmptmg hiag own ressarch to allow us the use

it for this purpose.




relating prsssure to density

23
8.08 x 10" x P ,
¥ = 55757000 760 (11)

where P ie given in mm of mercury, we can salculate the mesan

frse pasths for warious pressures te be:

2x 3.6“4 m= of Hg. = 778 om
lx m‘"“ mm of Hg. = 155« .am
5 x 3.9“5 mm of Bg. = 310. on
2 x 18'5 mn of He. =z T6e om
1x10° mm of Hg. = 1560. em

Estinmsting the pressure drop between the iube and presmre
m, :uhiah is outside the tn'ho, to bring in a factor of -b
' %&m prassure of hﬁmgon in the tube must be of

the order of magnitude of 2 x 10‘5 m of mereury. It is
interesting later te see how the experimeﬁtal results check
this approximete pressure prediction.

m pressure gauges umﬂ were two, a Mclsod Geauge for
‘mm rmxy lerge pressures (ealibrated in the uml va.y),
el «x femization genge oalibreted with reference to the Holeod

and also by means of ealoulstions from the nmmrm This

;a}ugs was mounted wery clome to the tube to gi:'-ra 2 fairly

s seasurs of the pressures inside.



Rssults and Disgussion

The first type of readings taken was with an unsghielded

fist plate for e collector st a distance of 4.50 cm from the
center of the tube. A typical curve of this type is zhown in

Fig. 4. This curve is believed to be & eomposite of many

effects, chief among which is that due to 2 genersal ionization
throughout the tube and the sccompanying photoeleciric emiasion
from the plate. The general ionizstion in thé tube is explainable
in terms of a "guarter-cycle effect®, in which ions passing only
onos through the potential drop betweer the grids trawel through
cnly one quartsr of & full eycle and arrive at the collector.
- ﬁzis mecessitates the supposition thﬁ. the iong leave the grids

at all anglen not neocessarily at right angles to the grids vhieh
is the essumption in the case of the resonant ions. The magnetis
"field whiek wouild just allow thsse partieles to traverse a path
earrying them out to the grid is that whieh would give the greatest
eoffact. ‘!hit would depend on the oseillator voltage, emd PRig. 4
g dmwz thi.- effeet to be obtainsd experimentaily. Referring to the
computations which gawe Fig. 7, we o8 thal iome with voliages
equivalent to only one impulse of the electric field (say 50O volts)

flrill meh the oollector, which is at a distance of 4.50 omy in &

jia ﬁalﬂ of approximtely 1000 gauss, which is ths value of
t.hc mgneu.a field for the maximum of Fig. 4.
With the development of ihe collestor shown im Fig. 3 with

its esreful shielding smd narrow slit system, mors definite results

ubuimﬂ;. The slit system made it necessary for the loms to

, i*pgu;ﬁth radii equal to the 4.50 om distamce to



the collector before they could enter. Witk this arrangement
peeks were found in the electrometer ve. magnetie field ourves,
the highest one of whiek in genersl co;'rsspondad to the computed
resonange magnetic field. A typleal curve of this type is
given in Fig. 5. Three pesks are noted on this eurve. Peak A
we will find later subdividing into two peaks essh of which has
a distinet meaning, but at present we will explsin it as due teo
the asmes quarter-gyele erfeci previocusly mentioned. This peeak
does not vary with frequeney but does wary with osecillstor
volisge, exssetly in the same manner as explained relative to
Il‘ib 4. Two experiments were tried to test this theory. The
magnstie fisld wss reversed, and it wes noted that the only

Wirt of the eurve 1sfi was this first peak whish was the ssme

as before. This indiscetes thet the pesk is not due to = resonance
sffect but to some genersl ionigation in the tube. Also ithis
shows that the pesk is probably mot due to positively sharged
ions. Another test was ithat of substituting a solid grid for the
slotted ome on the internal suspended plate. The results hers
‘:hoved the same thing, only this first peek snd no resonance
sffects at all, which is to be expedted. Peak , although at this
early stage hard to elassify, proves to be a gensral bsekground

hump per -ting t.hrcugh all the eurves but easily oontrolloa by

r:_\iﬁ,it&ms. It proves to be composed of ralativoly low
voloelity pattielu, probably due to the results of aseondary
,wllii.tm in the tubs snd to particles not quite in resonance
less gotting around through the grids several times,

d that particles may be out of resonsnse as mish
gi the grids 5 times, or as much az 20%
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apd still go through 10 times. Peak D is the trus resonanes
peak, always much sharper them the others and ususlly higher.
This sharp peak occurs for esch wave length nsed ei the value

of magnetic field predieted by the resonance equation, Eq. (6),
‘the curvd of whiech is plotted on Fig. 6. Experiments were mede,
varying the wave length of the oscillator and measuring the
position of the peak in sach ecase, extending over the whole range
of the {wo magnets available for the work. The resonance
conditions were easily obtained &t the highest values of

magnetie field used, whieh was nearly 135,000 gsuss, and produced
ions whish, i€ true high velocity partieles, would kave emergies
of mearly 80,000 wolt-slesiroms. Beiow ars tabulated thn readings
gﬁsi»& Lor the magmetic fisids of rem over the entire
r'nnge of wave lenfgihs used. These poinis ars plotited om Fige B¢
and show ag the amall crossss, whieh srs sser to bs in slose

sgresmont with the thecretiocslly computed resonanse curve.

A {meters): H (gauss): A {metars): R {genss):
180 2200 6340 8360
162 2400 60.0 8TO0
150 2460 53.b 7180
120 3330 Bl.E 7750
100 3800 §0.0 8300
100 3850 47.2 8500
88 4500 42.0 9250
80 5050 38.0 10300
76 . 5200 . 36.0 10800
70 §700 32.0 12200
e7. 8050 815 12400
88 5950 31.0 J2700

horough stady to follow it was nocosury %o
o m amu magast and inwestigate only withia iis rauge.
27 Mluit;urtha types of surves obiained,
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of the resonance effect up to the high magnetic fields, make it
possible to assume that tle detailed study of the proeess for
lower magnetic fields is inm no-essential respects different than
that which would be obtained at thé higher fields. So we go on
into the study with the belief thet these are typical cases.
A great mu' of veriables enter into the process, smong
‘hh}i ars the wave length, megneiie field, hydrogen pressure, retarding
potextiel, osoillator voltage, deflesting potentisl, potemtial of
the eollector, ste. The effect of varistion of wave length on the

pesition of the resonance peak of the current-magnetis field curve

¥ ‘been noted. The peak indieating the fundsmental resonance

J¥%Tom whifts its position, warying inversely with the wave lengih,
Lownd Eo w ok elose) ¥ &he wileulated positions. HNext is

taken up the vearistion of the effect with the pressure of hydrogen
in the tube. (Fig. 8) It has been mentioned previcsly that an
estimate of the pressures nesessary in the tube ;!:tﬁ the figure
of 2 x 10°° mm of Hp ss that whieh would give saffiolent hyirogen
for ionirzetion sand yet an adequate mean free path for the lons.
The solid line ourve, whieh sppears to be aa optimem yalus of
hylro;u pressurs, is that cbtained for s pressure of 2 x 10°° m

'nr Hgs chesking the predioted walue. Tm order to obtain curves
fres from mxgrm-mm %o a considersble extent, & retarding
mm ofi ‘iélt.a'nt «pplied to the propsr grid in fromt of
the e&llooter. This potential acts £o, sut out the pu’ﬁeia: of

'?‘aal ﬂwﬁi bom more twnrout in dhe disenssion to
e, fj..‘ s m pmsmu lower th:n 2 x 1075 =z show tl‘“‘u!
'  dus o the decremse et the m oth?irﬂm
L -t AL optimm value we
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find the basekground hump C rising rapidly, which is to be expected
for several resasons, First, the shortening of mean free paths

of the ions 16 less than the total spiral path of the ions in the
tube introduces a greatly increased possibility of collision.
Second, due to this shoriening mean free path for resonsnt ions,

the other lonms produced out of resonange, which in gemeral trawel
mich shorter pathe, will have a rslaiively greater intensity.

When the awvailable supply of hydrogen is inereased these non-resonsant
iona will inorease mmeh more than the résonnnt iong. At the
highest pressure of 10 x 105 mn the pesks broaden considerable and
the baskground effest ‘is: vary great, indiesting an inereasing number
of soscordary &slliigions in the imbe. Peak A may 3till be ex-

by the qmrur-.ydé affect, but it appesrs mow to be

due entirely te photoeieetric emigsion from the colleetor. The
reason for this statement is that the pe@k is completsly cut out

by & few volts (3 or 4) of positive potential on the solleetor.

The position of thie posk, however, is most certainly due to the

saxme condition of genersl lonization in the tube mentioned
pravicusly, in which soft X-rays sud similar exciting radistions

are given out throughout the tubs., 5o this pesk may still be

ealled the quarter~oycle effect peak. Pesk D is the trus fundamental
resonancs peak, and shows s very sharp condition of resonance.

Pu.‘x B is the mmi.a montma paak, or triple wawe lengih

peak, whish is expested from the theory and is found precisely

at the plage pndi&t&i« For high pressures it is of grostel intensity
_ihen e rosossnes pesk D, probebly due to the Pact that the
TR 8 much shorter path to transverse. The fast that

m&wﬁmﬁly the zame intensity for
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s good shere of the pressure range indiestes only thet there
is & certain bslance between the tendency to be decressed by
eollisfions 'as pressure increases and the tendenecy to incresse
due to the incressing number of ions evailable.

A set of current-magnetig field curves showing the
varistion of oseillator volitsge with other varisbles kept
sonstant is given in Fig, 9. Peak A bresdens eonsidersbly with
slight incresse in voliage, and the quarter-cyecle effect still
serves to explain it. The resonsnce peaks B and D decrease
considerably with deerease in cseillator voltags, but this is

consistent with the theory in that the resonant ions must go

mgh the gride many more times and so travel much longer
poths s the voltags is lowsred. They arrived at. the solfsetor
with the same final voltage, however, and this method of wariation
serves as & mothod of obteining the meximmm amplifisation
fastor of the tube. We fimd from Fig. 7 that the finel voltage
is approximately 10,4000 volts. Dividing this by the winimom
spplied voltage vmder whish any rescnant peak is schserved, ‘whieh
iz 200 volts, we fipd an smplifisation of 50, mesning 25 somplete
revolutions in the tube.

| Fig. 10 gim the surrent-magnetic fieli‘ surves obtained.
by wiriation of the retarding potemtial on the grid in ﬁm of

s vellestds. Potestials up te 1000 yolis only were chisimable,
but they show the nlim charscteristies. Peak A is as before

offorts The fest that it is not eut ont. by the
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to exeite it and so echeck s our previous theory of seeondary
emigsion from the colleetor, Peak B, whiech proves to be of
Pinsl veloeity eguivalent to sabout 1000 volts (referring to
Figs., 6 and 7 as befors) is completely cut out by the retarding
potential of 1000 volts. The background hump prosve§ to be of less
than 1000 velts, and seems 1o eonisin bands or psaks of different
volisges, probably due to some more complicated processes involving
the geometrieal shape of the tube., The resonsnse pesk D, suppesedly
of 10,000 voli-elsctirons of energy, easily goes ithrough the maximum
retardisg potential. The fect that this pesk does not decresse
%o tay great extent with increase of retarding potential shows
that 1% is mede wp slmoat entively of high velosity perticlss,
ﬁ&mna« than 1000 volts. All of theme results them are
in secord with the expestations.

A test whiech is snparently erueisl in messguring the veloclties
of the ions is that of warying the defleeting potox‘ztia.l.; on the
set of plates provided for that purpose in fromt of the eolleetor.
Fig. 11 glves these ourves. The general deerease of intensity of
the resonant pesaks &8 the dflesting potential ig increased mey
at first sight appear insonsistent with the supposition that these
pesks consist of high velocity particlss. This is explained by
a eonsiderstion of the geometrieal srrangements of the collestor
system. The ﬁitt sre wide (5 mm} and the besm of ions is by
a0 m: p@fwﬂy sollimtod- S0 g this wide beam is swept

;mou %hﬁ noll«m W by increasing i:he d.oflaeting potential,

Witx mld bt emoctod to daerms sonsiderably, even
+tion o:t thc ian: ef the bean are true high

aq.n.‘ aetion of a ptir of daﬂuﬁm; plates
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in memsuring voltage depends on the true éal limetion of the
beam of particles being memsured. In this tube it is ‘nlmzt
impossible to cbtain this collimation and yet retain suffieient
intensity io messure. However, the essential features of the
surves on Fig. 11 are still in scecordance with the theory that the
icns of the resonant peak are high velocity ions. The baokgrtmﬁi
C disappesrs with mieh lower defleecting voltage, indieating
meh lower veloeity ions. The harmonie resonance pesk B is
ssen to disappear before the resonsnee pesk D as the potential
is increased, alsoc indicating lower velosities. The peak A
deserves apesial eonsideration here, for this pesk is again

,Iy mt out by s few volts of positive potentisl on

;ﬁu collastor, The fact that the intensity of Pesk A decreases
with appliestion of deflecting voltsge seems to indieate the
possibiiity that many of the gollisions in 4he tube which give off
the exsiting soft X-rays oscur in the region between the defleecting
plates. The resonsnce pesk D still shows aonsidarable intensity
for deflecting volisges as high ss 550 wolts, and yst 700 volts
cuts it out completely. Taking 600 volts as an estimete of

the deflesting voliage ,juttrsquirad to cut out the beam, we ean
salenlate the sorresponding velooity. The frqlmhiaa,u. derived

for parsllel deflesting plates comes ocut to be

_ k2D
4 w":‘ %

whore ¥ in m qqnin&mt veionity {in 'rnn.s) of the 1ona,
D the dsflesting pemttd, the length of the pletes, d the
ssh them m"h the width of sm:. or the aisum |

L sut out st e m at the plates,
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and k is & constant depending on the disiance of the ecollestor
8lit from the end of the defleating plate system, Sinee this
distanee iz roughly equsl to F the length of the plates, we take
this eonstant to bs 2. Also L =1,7em, 4 = 0.5 em, h = 0.2 em.
3o we find:

V=140 = 14 x 400 volis = 8400 volts.
This result is #f the right order of megnitude snd indeed since
the measureménts of the tubs dimensions sre somewhat inmeccurate
ws gan consider 1t a good cheek of the expected walue of 10,000
volts. Thiz makes it justifisble to stats that the voltsges
obtainable with this method are of the order of magnitude of and
probably oqml to those ealouluted from the theory.

The highest amplifiestion fastor cbisined in this tube is
ealeulated from ﬁg. 12, In thig eess the wave length wes changed
to 76 meters, bringing the magnetie field for resonance wery nearly
at the top of the mmgnet calibration omrve, or at 5200 gauss.

It was found theat an observablse resonsnes peak was obtained rith an
oaaillator voliage of 160 wolis. Ths pesk corresponds to =
meximam finsl vén.u;a of 13,000 volts. This gives an amplifiemtion
factor of 82 and mesns that the partisles have mede 41 complete
revclutions in the inbs. The veloeities of the ions a2t higher
magnetic fields mre consldersbly greater and the transverse
gosponents of _vélwity of lesser importamee. This, snd the
oxgariml faet that the amplification fsetor appesrs %o

be lnrw for kighur magnetis fields, mekes it eertain thet the
‘wlifiﬁntien factor for fields up to the maximum used in ithe

is st lesst ss large as 82 and possibly larger. |




It ghould be possible to obtain gimilar resonangs effscts
for protons. During this experiment small pesks heve besen observed
several times which eorresponded with the calculated position
for the proton peak. However, these observations were not
definite enough to meke sny st;temant regerding them. 4t
these low pressures, and with the type of ionization process
used in this experiment, the relative number oi; protons produsced
would be very small snd probably unobservebls. 18s189 However,
with the development of a more efficient source for protons it

should be possible to obtaln resonanee effects entimely similer

to those obtained for hydrogen ions.



Aeouracy

The magnetic field ecalibrations are relatively esceurate
to sbout 2 %, and the measurements were always taken in the
same way in order io eliminste any hysteresis change. The
absolute agourssy of the magnetic field salibretion surves is,
23 mentioned previously, determined by the resonance conditions
of the expsriment. The gollsetor slit is quite wide, and so the
msumaént of redius of the tube is necessarily vague. Since
the final voltage cbtainable is proporiiomsl to the equare of thie
radins, the error is probably not less than 10 § for this tube.
This ean saally de },tﬁmd a8 soon a8 incrsased intensity justifies
4he sarrowing of the slit., The &rmr involved in reading the
magnretic field current meter is as m}x as 5 ﬁ, whish in itmelf
is suffieient to eause the deviations of the experimental .points
from the eurve of Fig, 5. The fluetuations of line voliage of
the 110 volt A.C. line were smplified c¢onsiderably by the
oseillstor set, awd prodused fluctuations ss high as & % in the
elsetromster readings. However these fluctuations srs proportional
to the magnitude of the reading and the curves sre relatively
mash wore meeursta. The fluctustions sre not suffieient to
hide the essentisl features of the surves. They must not, however,
be fnterpreted as ummats,uny soceurate. In general we mey
sey that Fig. & Mintn 3 m}.tti;w ssouraoy which is well
vithm tht limits of nxperimatal error, but thrh the method
»mmmwwmmam it is important to

gl » kigh absolu‘he RECUT RS
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Conglusion

The experimental results may be summed up as follows:
1. The method is suseessful in o'btiinin; the resonanse effects
predieted by the theory.
2e Hyira(en ions have besn produced with energies of the order of
magnitude of 80,000 volt electrons from low volitage, high frequency
oscillations of the order of 2000 volts.
3. Studies huve been mede whish prove that the perticles in the
rosonant beam eonsist of ioms with volosities of the order of

mgnim of those predisted by the theory - true high weloeity ions.

civom smplifiestion of 82 has been chtsined.

the method is eminently utisfactorj for the production of high
speed hydrogen ions and indeed indieates that it is possible %o
profuce fone in this way limited only by the magnetie field
evailable. These appear to be no ﬁnﬂemtaz ¢itfimlt~f.§u in
the way of ebteining particles with snergies of the order of
mgnituie of one mh1lion mltwloch_‘om; At present there is
lmrlér eonsiruetion sn elestromsgnet capsble of proﬁwin; hydrogen
uma at % miniaia volt~eleetrons of ensrgy or protons of one
mulimwlwlmom of eRergy.

Tt is & pleasure to acknowledge my indebtednsss to

"‘“ar. %. 0. lawrense for suggesting the problem and for offering
_,;f“e ﬁm mi asﬁm Ahroughtut the courss €f the experiment.
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