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SUMAIY

A modulated crossed beam apparatus has been used to study
the sngilar distribution of elsstically scattered eleotroan from
helius, argm, atomic hyd.ogen, snd molecular hydrogen. The ensrgies
of the incident elsotrons used in the investigation rangsd from 50
eleotron volts to 200 sleotron volts, and the electrons were observed
over the anguler rangs fron 25° e 130°,

Uetails are given of the high cwrrent density, suliiatage
olectron gun which produced the imoident eleotrem besm, A parellel
plate sleotron speotrometer was used to analyse the exmergy of the
soattered slectroms,

The asasuremsnt of the angular distribution for elastic
sosttering of slsctrons from helium at insident snsrgiss of 50, T
100, and 200 electron volts ia desoribed, The results are oompared
with othur seasurements snd are discussed in the framework of recent
ealoulations,

A modulated argon beam has besn used to obtain the angular
distribution of 50, 100, 150, and 200 sleotrou volt elsctrons elas-
tically scattered frow argon, Tioe present results are comparwd with
other results which were obtained using a different teahmique.

An investigstion of the smgular distribution of elaskically
scattered eleotroma from molsoular hydrogen has been undertaken.
These results, which play an important role in determining the
alastic scattering from atemic hydrogen, are conpared with other
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asasurenenis and with theoretical caleulatioms,

A beamt oontaining & high pevcextage of atamic hydrogen
has besx preduced in & lew pressure tungaten Nurnecs. The percen-
tage of atomio hydrogen in the bean wes determined with & sase
spectreneter, The beas hoe deen used to detemmine the anguler dis-
tridution of elagtically acatiered slestroms from atemic hydrogen
for inoident energies of 50, 75, 100, sad 200 electron volis, The
resuits, vhich constitute a semsitive test of appraximatioms in the
mmwdmthr'u.mmluthmmmm“.
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THE SCATTERINC OF LOW EKEEGY
ELECTRORS FROM ATGMS,
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L4 HISPOIGA, FEVIEY

1(s), Sansral.

The isportsncs of the uss of low sanrgy eleatrous a8
sensitive probes in the investigetiem of the physios of atomio
collinions wes first illustrated by Framck und Horta (1914). ZTheir
axperimnts on the soattering of eleotrone by msroury vapsur provided
coufirzation of ihe Bohr theery of guantised erergy atates,

This 0ld quantum theory was wnsble to prediet the diffres-
tion of electron waves by atomic aystema; The new quantua theoxy of
Schrédingsr rumoved the fault in the eld theoxy and Som's theory
of successive approximstioms (Borm 1926) was aspable of desoribing
the seattering proosss. lowever the Born appreximation had twe
tmportant omissionn, Firstly it 4id not allow for the distortion
of the inooming snd outgeing eleotron waves by the atomio field of
the atom and secondly it did not take asooumt of the effeoct of
exchangs of the stoals and inoident electron.

By sdapting & mothod used Ly Faylsigh in the Sreatment
of the soattering of sound waves hy obstacles, Fexen and LolSwsark
(1927) deseribed elsairom scattering by s statio potemtial field
and allowed for distortion,
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Oppenheimer (1528) was able to acoount for the possibility
of interference effects between atomic and incident electroms by the
irclusion of exshange in Born's theary, The Birn-Oppenheimer theory
howver mglected the possibility of distortion just as Faxen sand
lioltsmerk nmeglected the eoffecis of exchange,

Xaseesy and Mohr (1932) took as the first spproximstiom, not
plans wawes, but ruther wavwes that had Leen distorted by the field of
the atom, By the imolusion of exchange, satisfactary sgresment
betwesn their predistion of large angle slastic scattering and experi-
mental differential oross seotions ses obtained, The discrepancies
between predioted and experimental lov angle sosttering were removed
by tbe imolusicn of & polarisation potential (Massey and Nohr 19%4).

Thus by 1934 "it was widely felt that the field was com-
plately understood in principls and that a limited mumber of then
impossible experiments and caloulations would tis up the entire
matter” Fite and Gerjuoy(1965).

The gereral decline in interest in the fisld of electren
aton collisions was dus no doubt to this prevailing idea, lNowever ixz
tie pest decade the field has expanded to such an extent that inter-
est is mow greater than it ever was in the 1930's (Ymssey 1964),

The resscmas for the upsurge are rwelated to the corresponding
rise in the fields of space physics, plasma physicos, and upper atmos-
phere physies - all of which rely heavily on basio eleotron-stom



-3

collision phenomens., Advances in experimental technigues and in the
speed of digital computers have ensbled electron=-hydrogen stam
collisions to be studisd experimentelly snd have inoreased the range
of theoretical work which has been attempted., Scme of the impossille
experiments and caloulaticns have beer perfurmed and in generml have
presented more problems than they have solwed, (Fite and Gerjuoy
(ibsd,)

1(v).  Electron - iivdrogen Atom Intexsciions.

Since the mawe functione for the hydrogen atom are known
analytically and since the interestion batwsen the electron and the
hydrogem atam is knowm, it is not surprising that elestron hydrogen
collision processas have dominated the theoretical work met omly im
the 1930's but aleo in more recent times. Expsrimentally it hes
proven very difficult to work with atmie hydrogen, In fact before
1958, thexe were very few quantitative experiments perforued in-
volving elsotrcons and atomic hydrogen, Im 1958, Pite and Brecimann
(1958) had developed tie modulated crossed bes: teclmique of Bayd
and Green (1958) to such & stage that the sbsolute oroces sectiom for
the ionization of hydrogsn atoms by electrons from threshold to 700
electron voltn was measured, 7These results did not give good agree-

ment with the Born approximation oalculations at energies below 200



slestron volts,

Lichten ard Scimlits (1959), Stebbings gt al. (1960) have
measured the axoitstiom orcss seetion to the 25 siste of atomic
hydrogen for imcident eleciroz energies from threshold to 500
electron voltse, | ¥hen the results were campered with the sephisti-
oated closs coupling expansion of Burike, Schey, and Smith (1963)
agresuant was poorer than was expsoted. Hils, Kleinpoppen, and
Kosolmider (1966) have remessured this cross sectiom, Tiey have
found resscpable agresment with the experimental results of Stebbings
ot 8}, therely casiing doubt on the cleme coupling ealoulation,

Esosurements of the total cross seotiom for the excitatiom
of the 2P state have been made by Fite and Breckmemn (19%B2) and by
Fite, Stebbings, snd Drecimann (1959). Tis poor sgressent vith a
close eoupling calsulaticn has subasqusntly been vorified by the
laberatory data of Smith (1965).

Tre total elastic socattering ocross sectiom for electrons
fram atomis hydrogen bas been messured by Bederson g al. (1957),
Brscimenn, Fite, and Heynsher (1958), Neymsber gt sl. (1961) for
inojident snergies from 1 electrom velt to 10 eleotron volts, The
disorepancy between the results of ledersan g% &l. and those of
Breckmamn gt &l. prompted Gilbody, Stebbings, and Fite (1961) te
seasure the sugular distribution for elastic scattering of electrans
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from atomic hydrogen for ircident energies of 9.4 e.¥., T.! €.v.,
5.7 940, and 3.4 0.V, botweer 50° and 130°, Becsmuss of their
experimental arrangsesnt Cilbody gt al. were restricted to energies
below the exoitatiom tresheld,

khove 10 electron volts there are mno laboratory msesure-
ments on the elastic scattering orces section either total or
differential, Hsnce the emly data which is awailable is that whioh
has oome from the varicus thecretisnal calculstions, Clearly there
is & meed to extend ihe elastio scattering measuremsnts 20 that the
spproximations involwed im the theory can be teuted,

The present inwestigations on eleotwon-hydrogen atom
eollisions have been involved with the measuresent of the angular
distribution for elastic scattering at incident energies of 50, 75,
100, and 200 electron volts, The resulis of these inwestigations
are presented inm Chapter V,

1(e). Elasiin Seatiering of Elssirong Lrom liallim.

Because of the relative emss of working with beliwm and its
relative simplicity from the thearetioal point of view, muck work has
been done on elastic scattering from heliwm,

Hughes , Melidllen, and Webd (1932) have mede an experimental
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study of the differential orcss ssetion for the elsstic scattering
of sleatrons from helium in the enexgy range from 25 slectron volts
to0 912 eleotron wlts whilst Bullsxd snd laseey (193%1) determined
differsntial cross ssoticns from 4 slectron volts to 50 electron
volts,

The caloulstions of :assey and Xohr (19%4) which ineluded
sxchange and polarisation, greatly improved the agressment betwen
theory and experiment. Howwer Kingston, Koiseiwitsoh, ard Skimer
(1960) and Kingston apd Skimmer (1961) have puinted out an inconsis-
tency in the fommer spprosch. This inconsistenay led Khare and
Volssiwiteoh (1965) to imvestigste afresh the rols of polarisatiom
in the elestron-helium elgstic scattering process, The results of
the ocalculation were compared with the 1932 results of Hugiws g% al.
The agresmsnt of ths thsorstical caloulations although very good
indiouted the need for confirmation of the Eughes g% al. dats using
modern teshniques,

A yeoent oalculation of Banerjee, Jha, and Si1 (1966)
which disagxesd both with the theoretical calculations and the
leboretory data of Fughes gi al. further emphasised the reed for
new measurenents,

The pressnt irvestigation on the elssiTon-iwlium elastie
poattering proocess has been concerned with exergies between 50

electrom volts and 200 sleotron wolts, It is in this emergy rangs
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where the role of pelarisstion is expecied to play its most important
role in modifying the angulsr distribution predicted by the Iirst
Born approxisstion,

The results of the imvestigatiom are presented in Chapter
Iv,

1(4)., Elaatis Soattaxing Lxom Arans.

The amgular distributiom of slastically secattared slectrous
from argon was firet cbeerved by Bullard and kessey (1931), Subse-
quent investigations by Armot (1931), Iughes and Jiokillem (1932),
Mohr and Nicoll (1932) and Vedd (1935(a)) confirmed the general shape
of the angular distridution curves.

Porteus (1964) has used a different technique to that used
in the earlier msaswrements and bas found disorepsncise between his
results and the measurements of Fughes and MeMillem (ibid),

In view of the advantages offered hy the modulated crosmed
beam teclnigue owver earlier techniques, & etudy of elastic scattering
from argon has besn undertaksn in the enexgy renge frem 50 electron
volts to 200 elestron volts and im the angular rangs from 30° to 1%0°,

The results of this investigatiom ave presented in seetion 1V,2,
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1(e). Elaatic Scatterine Lrom lolecular Hyiroseh.

Arnot (1931) and Wedd (1935(b) ) bave messured the smgular
distridution for the slastic ssattering of elestrons from meleculsr
hydrogen in the energy remgs from 29 to 512 elestzen wolts. Tis
agresment betwesn the two wets of Yesults &t s imsident energy of
200 elsstron volts wes very good,

The present msasurezents of the sagular distribution for
slastic soattering of elestrons fyom moleculsr lyérogen were made
beomuse of the important role which elastio soattsring played in the
detemimation of the sngular distribution of electrone elastioally
scattered from atomic hydrogen. The present slastic o-H, smgular
distridutions axe giver in Chapter V,

In so fur as the experimantal work described in this thesis
is conoerned, the welocitios of the electrons wnier investigation was
not prest cimpared with the velesitiss of tha atomie elsstrum, Thus
the collision oan be deserided as “slow’, (liassey 19569
The theory of elastic seattering of electroms by atoms bas
been the subject of mary review articles. lasssy (1956, 1956(a) )3
Burke and Smith (1962); Moiseiwitmoh (1962)s kassey (1964)jiott and Nassey



SR

(1965)y Massey and Burhop (1952)y Gerjuay (1965).

In this seotion, the main festures of the several approxime-
tions which will be compared with the experimental results of Chapters
IV and V will be described, The deteils of the use of these approxi-
natiors will be left until the disouseien of the results in the
appropriate chapters,

For simplisity, the hydrogsn atom will be discussed and
the possibility of exehange in the equatioms will be megleoted.

' The Sohridingsr equaticr for an electron in the field of

a hydrogen stom is

,ﬁ?- 2 2 . 2% 2 2 .
\:_(Vl + V) + E — & +% +%“l\1/(q,r1) =0

2m M2
(1)

shere ths subsoripts 1 and 2 yefer to the atomic and incident eleotrons
respectively, If the wave mmber of the imoident slectron is expresesd
nko,thmrgﬁdmv-t-mmnth

2 2
E =E.+ 22k
mzummmummqofm.uun.

Equation (1.1) oan be simplified by expanding the total
wave function ~J (r.r,) in tems of the eigenfunctions of the target
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Hemiltonien (lassey amd Modx (1932) ),

i, \]-_/(rl,rﬂ == ( % + fdh) f\i-/h (r2) Fn(r,_)

- (1.2)
mmvmf#ﬂumnnudmw
£ e+ ]
m Y,
- ... (13)

The integral symbel in equation (1.2) allow fur integretiom
over the states of pesitiw energy which foarm & contimwam,

Substitution of equatiom (1,2) nto (1.1) smd using equation
(1.3) gives a set of couplisd squations for the expansion cosfficisnts
F - which csn be expressed as

[V: + k::' Fn (I"z) = (é + fdm) Umn Fm(r?-)

m
e (1)
mv-wmmm.lmthtmnﬁsm:auluﬂ the
2 2
intsrestion poteutial —:ﬁ———e? and is given bWy
12, 2, .

2
U = 28 [V (37 &) Yo
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Solutions for F_, whish desoribes the relatiwe motion of
tbe ineident prejectile ard the targst atom im & quantum state
specified by m, are required which, for sxisl aymmetry, satiafy the
voundary sonditicns

F.n(O) — 0

ik ikoa
Falrl=¢e S f(e) + e Ko
r
The differential erces ssotien for elastic soattering is
given Wy

2 dw

Lo dw = ’f(e)

Binve it is not possible to selve equatiome (1.4) exsotly
it is necessary to malw spproximstions in oxder that the egquations
tnr_n(r)mhmm.

The simplest approximstion is the firet Born epproximstion

which is cbtained Yy setting

tkoFy
Fo (rz} =&

«ad Fm (n)=0 for all ™M=£0
in equation (1.4) which then becomes

tkg sy
(v;: + k-:“) Fn(r,_) —_— Uno (r‘ﬂe -
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snd by using Gieen's funstion the elastic scattaring emplitude to
the firet Born approximation £, (9) results, bere

v —kn).
:I:Bl(e) — = %‘je ko= )r-ono dry_

vhere

2

Upo = 23 |V ~ =)o

Thus the elastic ssattering amplitude in the first Horn spproximation

is the same as that by a structureless scatterer having a potential
anergy squal to the mesn intsrection enmergy between the elestron and
the atom, the atom remaining undisturbed in its sount state,

The Barp-Oppenbsimer spproximation is obtained when exmchange
betwsen the stomic end incident elsetrom is considered,

The oriterion for the use of the Dorm approximation is given
by Kassey (1956) as that whioh is satisfied wien the emergy of the
incident electron is wery much greater ihan the intermal enmergy of
the mysten, that is when

2 2 _
%ﬂko >>tn

Since 1% is relatiwly siuple to perfoom calculations veing
the first Borm approximation it is important that the lower limit for
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the walidity of the appruximsatiom is lnowm, To date the evidemoe oh
mumwmmmmmurﬂ-ulm1md
Hassay and Mobkr (1932) en helim, These calculations bhowever stow &
maried dependence on the scoursey of the wave funotiom which is used
(Mott and nssay 1965), Thus smy experimental eheck cn the validity
of the spproximation based om slsetrun-helim intersstions wust test
tmibofﬁnnlmwd&-mfmﬁnnunum
spproxizmation,

Mnother wey of locking st the Born approximation is to
nméhmtuﬁbﬂwnﬂtﬂumwumd
the intersstion, The firet BEern sppraximation retains amly those
terns which are linear in e intevsciion,

The next level of approximation comes from oonsidering terms
which are quadrstic in the intersction and yields the asscend Barm
sppraximetion, The simplest form of this spproxization arises from
ignoring sll the weoond order teres which correspond to exsitatiom,
The problem therefore is reducsed to potential geattaring wvhere allow-
moe is made for both the insident axd soattered electrom wawes to
ve distorted by the effeotive field of tha atam in its ground state,

As the unergy of the imcident particle decreases, it spends
sore time in the vicimity of the target atem snd ean suffer moze
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scatterings., Thus toc repressnt the intermction acourately all possible
scatterings must te taken into acoeumt,

At low enerxgies it is olsarly mot correot to iznore the
poweibility of exsitation completely, If the possibility of large
changes in momsntum between the incident and targst slestrons is
alleved 80 that severel elastic scatterings ean oocur, then clearly
excitation must also taks place. A desoriptiom of the way in which
the excitation of states can affest angular distributions of elasti-
cally soattexed electrons has been given by lassay end burhop (1952).
If the inoident eleotron welosity is small it may cause a treansitiom
in the atom whilst traversing the atamic field, "hen this ccours the
eleoctron will en sverage suffer only & slight deviation from its path,
Before emsrging from the atmic field, tiw atom may revert dack to
the grouni state rsturning the suergy to the origimal electrom, Tiw
pett result of such & collisien would he to produce an electyom wihich
has lost %o evergy snd is only deviated slightly frum its origimal
path,

liassey end Mohr (19%) have shown that the inclusiem of &
polarizstion potential in the radial wave equation can account for
such a double collision, At long renge far the apherically eymetric
ground stats of a meutral targt atom, the polarization potential is
iteelf spiwmrically qmtm and inversely proportional to the fourth
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power of the rediuvs weotor.
It is possidble to allew for exsitation direstly in the wave-
funotion expansion (1.2) Wy writing

Vo= ke + Vam) Fam)

I omnly S state: are included is the expansion, the spproxie
nation suffere from tve maiw defeots. The first is that it campletely
ignares the polarisationm potential sud seoadly, as has been moted by
Hummer and Sesten (1961) and Kroll and Cerjuay (1961) it is important
to includs all degersrate eigenfumotiocns im the imitial and final
states, Imocluasion of the 2p state leads to the close coupling expsne
sicn of Burke and Smith (1962) and takes the polarisability imto
scoount since the 2p state contributes 65,775 of the hydrogen stem
polarizability (Castillejo, Percival, snd Seatom (1960) ).

The 1s-28~2p #leee soupling sprroximation leads to a set of
thxee coupled equations,

The poor agresment between thecry and the experimental
determination of the total oxrves ssotion for the 1s-2s transition
referred to im section 1(b) has prompted Burke gt a). (1966) to
include tie Ja, %, and 3 states in the close coupling expansion.
Although t!e oaloulated positicn of the peak in the cross sestiom at

11,0 elsciron volts is im good agresmant with the ceasurenent of
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Hils, Kleinmpoppen, and Keselmider (1966) of 11,7 £ 0,3 a.v., the
absoluts valus of the measuyed orves section at the peal wae foupd
to be a factor of 2 lowsr thun the predicled walue,

| Burke, Schey, and Suith (1963) have suggeeted that if the
aimnthmmﬂmrimtumw-yfmtin
the close coupling expensicm, it could be ssorided to large contrie
butions from higer angular namentum states,

If 2his disagreensnt was also ths cass in elastio scatter-
ing, then the phase shifts asscoisted with the higher pertial wave
contributions would affect any amgular dependeri quantity - such as
a differential rroes seotion - much move than they would the total
cxoss section,

Clearly & msasursment of the angular distribatiom for
elastio seattering of elesctrons from atmmic lyédrogen at energies
Zreater than the threshold for excitation will provide & ssnsitive
test of the close soupling expansion, '
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THE MODULATED CRUSSED BEAN
TECENIQUE,
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Jntroduation.

It wes noted im Chapter I that the differential oross
secticn for elastic scattering of electrons from atomio hydrogen
provides o sensitive test of the approximations used in olectron-
atom scattering thecry, Mamy of the difficulties sssooiated with
sxperiments based on atamic hydrogen arise from production problems
and, cnce formed, its chemical instability. The problem of insta~
bility can be solwed by using s beam of atems, Homewer it will de
shown below that the consentratiom of hydrogen atoms im such &
been is usually comsidersdly less than the background, Hence a
signal, which is at least s order of magnitule less than that
arising from scattering from the bveckground gas, must be detected,
Ouwin!hiehthilwobhmbommhtowﬂnmmu
erossed beem technique, The adwartage shich the techniqus has cver
the more comventional neans of measuring differential crcss sec-
tions for elastie scattering of electrons from Meliwm will be dis-
oussed, The modulated bean analyser shich was used in the present
investigation ia deseribed,

IX.1 Lxoduakion of Atomis Exdressn.

Several mathods wers aveilable to produde atamic hydrogsn,
The mest commenly used means of dissooiating molecular hydrogsn inte
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stamic hydrogen ave by sm R,F, discharge - as emplayed by Heymader
ot al. (1961} ' ' - or thawmally in & low presswre, high temperature
tungaten furrace - Lamb end Retherford (1950)3 Fite end Erecilmann
(1956 ); Liohten and Sekults (1959).

The latter meticl was clhosen im the present irvestigations
becsuse the reporied concentratiom of hydrogen atoms in & beam formed
in & tungsten oven is grestsr than that which can be cbizined in =
E,F, disoharge. For exsmple Neymaber ¢t al. (ibid) have obtained 30%
atomic hydregen in & bean using the former method whilst Fite mud
Braclmann quote figares of 96X stomic cenveniratiom,

In & tungsten ewven operating at tempesratures above that
whioh is Fequired for disscoistion, the equatiom which governs the
dissosistive reaction s

Hz:ﬁ

and the extent of the dissociation is governed by an equilibrium
constart K(T) vhere

) = [ %{%i)]z (2.1)

where P(H), P(BQ) are the partisl pressures of the atomio and
mnolecular hydrogen respedtively,
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P, the total preswuxe in the source is
P = P(n) + P(H,) (2.12)

and the degres of dissociatiom D 1w

p.i’.@l 2.13)
P

By substituting (2.13) into (2,11) and using (2.12), D
ein be calculaled from the equation

£ -
D P

The values of the equilibdbrivm constant X(7') for diffevent
source tempsratures T have been measured by Lengmuir (1915) emd
more revently by Lookwood gt gl. (1964).

Pigure (2.1) shows the relstionship between ! and the
souroe tesperature for different source pressures. It can be seen
that highly diescciated beans can be produced im a tumgsten furnace
if the temperature is greater ihes 2500°K and the source pressure
is less than 1 torr.

The bean formed by the effusion of the atams through a
slit in the wall of ths scurce can be zade to cross an electiron
beam giving rise to the crossed besm configuretion. I[owever by the
time & collimated beam of atms has been drasn sufficiertly far



%

NOTLVIOOSSIU

100

80

60

20

| 1 | | ] ] | |

1500 1700 1900 2100 23500 2500 2700 2900 3100

SOURCE TEMPERATURE (%K)

Fig. 2.1: Degree of dissociation of molecular hydrogen as a function of source temperature for
several source pressures,
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swmy for an experiment to bs performed the partial pressure of atoms
in the bems has dropped substantially, Vor example, in the single
sperture oven emplayed in the pressnt investigatioms the concentration
hed dropped to about 107 stome/ec in the intersstion yeglon, ¥ith a
typisal operating pressure of 2 x 10°® terrthe dansity of molecules
in the beckground gus wes 7 x 10'0, Thus en elastic soattering
experiment wonld require the separution of & signal from a backgrousd
whioh was around 50 times greater, Sinoe ordinary vecum sysftess
sexperience flustustions amé drifte which are much greatsr than a few
percent, an elsstis scattering experiment on atomis hydrogsr would
be impossidle using U,C., and subtrestiom teshniques,

11,2 Nodulated Cxossed Dem: Jechnicus.

In the comtext of ihe pressut discuseion, sigoal is
delined as the mmber of slectrons scatisred from the bess ard noiee,
the mmbder of sleotroms soattered frum the backgroumd.

The way in which the prodblem of a poor signal to moime
ratio, which is interent in elastic eleotron - hydrogen atom
collisions, can be owrooms,is to modulats the besm at a definite
froquenvy, The signal is then specified by its frequency and phase,
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This is ths medulated orcased demm technique whioh was
first used by Boyd and Gyeen (1958) to measure the ijomisation cross
section of molecular hydrogen and by Fite snd Bracimarnm (1958 &) inm
the ssasurement of the ionisatiom orces ssetiorn of atamic hydrogen,

Since then the technique has been used extensively in
electron-hydrogen atom collisien studism, in the investigution of
proten-hydrogen collisicns (¥ite, Drecimann, and Snow, 1958) and in
a cass spectrometric study of fres-radical resctions (Fonor: and
Hudson (1962) ).

The crossed bdesm oonfiguration is also wseful in the
noasurement of the sngular distridutioms of elastically scattered
slectrons fram chemically stable atoms wmuch as the inert gasss,

The conventiomel method of studying these angular distributions has
teen to scatter the slectrons from & larye volume of gas, the
scattering volume being defined by the interssotion of the electron
besm and the solid angle subiended by the entrance aperture to the
slectroen spectroameter, If @ ia the ecattering angle, the scattering
volume varies as cossc O (Massey and Burhop (1952) ). IHerve to
obtain the trus soattered intensity per umit solid angle, tiw
chserved signal must be muliiplied by ain §, Thus s substantial
ocarrection must be aade at small ard large scattering angles where
the distributicns axe most interesting theoretically,
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If a cireular orcss section atomic beam is umed, the
scattering volume is independsnt of angle therefore no correstiom
needs to be mads to the cbeerved intemsity, Porteus (1964) has
used the crosssd bemm configuration to investigate the angular dis-
trivution of elastically scattersd elestrons from argon, 7ie dis-
crepancies with the results of liugtes and takillen (1932), taken
with oonwentional teshriques, have beex aserided to the sorrection
factor mentioned sbove (Parteus (ibid) ).

¥ith & rave gas bYemm, where there is no limitation on
the souree pressure set Ly dissociation ecrditions, the partial
mmﬁthth.mhmmtmuimnudwtimtquoﬂ
above for atamic hydrogen, If the arriwal of the bLemz in the
scattering region doss not cause &n inoreass in the beckground
pressure, the signal to noise ratioc can be improved to such am
extent that the besm can be operated D.C, Portsus limited the rise
in baokground pressure by condensing an argon bem: on & liquid
nitrogen cooled surfmce,

The technique of condemsing the bemm is no as readily
applicable in the csse of belium, Howsver the orcssed beam cone
figuration oan still bs pressrved if the pressure in the beem is
reduced and tis bear is modulated, The modulated beam technique
has been used im the present experiments to measwre the angular
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distribution of elastically scattereé electrous from helium, The

resultes are given in seotion IV.1,

113 Adcdulatad Sess Analisis.

As the energy range covered in the present electron-
hydrogen experiments was greater than the enexgy required to excite
the atom, it wis necessary to analyse the energy of tle scatterxed
eleotrone with an electron spectrumeter, In order to perfarm the
enersy analysis, fire slits were used wiich tlerefore reduced the
solid angle of the detector, In the present case the solid angle
was sbout 107 stersdicus, The predicted values of the differertial
oross ssctions for the elastic scattering of 50 elestron volt eleo-
troos from hydrogen reuged betwen 0,1 and 0,01 na ’ per stersdian
wiere 8  is the first Bohr radius (Scott 1965), Therefors szall
scattered slectron fluxes were expected and a particle multiplier
tube was used as the detectar of tie analysed elecirons,

The cutput from a particle mmltiplier tube consists of a
large mumbder of pulees of varying pulse height which car be dealt
with in either of two wa.s, 7he electron flux may be converted imto
an sverage current, and the component of this analogue signal which
is synchropncus with the bean modulation frequency detectsd with a
tuned amplifier and phase gensitive detectcry or the individual
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electrons may be preserved as pulses and handled with digital
counting techniques, In tie lattex came the recording system is
arrengsd %o count in symehronism with the besm modulatiom,

In ths amalogue teschnique, sush: as that used by Gilbody
ot al. (1961), the individual chargs pulses are couverted into an
average current by storing them on & condexser, Tie current lewel
is proportional to charge dslivered by the pulses, ¥With the digital
method, the pulses axe fed to a dicoriminator widch gives cut a
pulee of fixed leight, As leng as tle input pulse height to the
diseriminator is greater than scme thyeshold walus, esch pulse will
e ccunted with the same efficismsy regmxdless of the pulse height,
Since amall pulses contritute less to the aweruge ocurrent than they
do to a digital emt, uslﬁl aystens are inherently more sensitive
than analegue systeme.

In the elestron lydroger studies, ssnsitivity was of grest
inportarce tlerefore a digital aystem was uged to analyse the modu.
lated bem,

Inuﬂd&mtmefl&lyd.,ﬂﬁmhmmw
mmmmumwnﬂmummuum
besm ohepper is clesed, then N, repressnts the mmber of elsotrons
scattered from the besm plus the background exd XN, represents the
mmber of eleotrons moattered from the backgroumd, The difference
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!l'-lz +hen repressnts the mumder of electrons scatiered from the
bewn,

A similer method of aralysis to that used in the present
experiments has heen used by Femer and Hudson (1962),

1.4 Da iiodulated. (a8 Aalises.

Thazreas Yoner and Mudeow (ihid) used twe separats scalers
to perfoarm the amalysis of the modulsted beam, the amalyser suployed
in the present csse oonsisted of one scaler which was designed to
add puleses when the bemx was om and subirsot wiexn the demm was off,
Tims the been signal was repressntsd by the mmbder of acunts
veoorded in the esaler at the end of a presst tims whick repressnted
s consideradble advantage in data handling over tie sspareate soaler
asthod ,

The bleok diagres shown in figuaw 2,2 is & schamstio
representation of the medulated bess snalyser. Apart from the add-
subtrect sealer, & seoemd stalsr, the background scaler, was used
to count the mmber of slectrons scattered into the detector when
the bean wes off, Ailthough the backgroumd scaler played mo part in
the analysis of the bess it proved wery ussful in the determination
of counting rates which ware used to acrrest for the dead time of
the pulse amplifier, Sinoe tlw background sigral dspended on the
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product of electron bem signal and background pressure, the output
of the backgroumd soaler gave s indspendent messure of these two

factorn,

It was essential that tie add-subirsct scaler was switched
from the add mode to the subtrsct mode at the correot tims, The
mnost streightforward wesns of switching wes to use the voltage direct
frem the refaxence supply which monitored the meckanical chopper,
It was found, however, that with this method tie performane of the
device was susceptible to ehepping frwquemay fluotuatioms. Althqueh
thess fluctuations oculd be sveraged out slestromically to about 1%,
s significant source of error was introduced when working with siguel
to noise ratios of 1 3 100,

The susoeptibility to waristions in the chopping frequency
was Temoved by making the analyser operets over a fractiom of a balf
eyole, The time for which the device was operating « the live tine -
was oontrolled by coumting pulses from a 100 kilocyoles per sec, (kes)
orystal oscillator in & sosley - the live time sealer in figwre 2.2,
A live time of 1.7 millissconds was derived by counting 170 pulses
of length 10 microseconis,

The mmber of live times was recorded in another séalar -
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the plot time acaler - by storing a digit every time the live time
scaler was full,

4(p), TYarifiostion of Coxxeat Timing.

Pulses were fed from a pulse ganerator into the analyser
and the output of the add-subtrect scaler was cbeerved cn a cathode
ra; oscilloseope, The oriterion foxr corveot timing was that thexre
should be no nett addition or subtreotion over typical integrating
times used in the experiments.

¥with the timing proocedure dssorided abowe the maximm
sddition ar subitrmotion over these integrating times wae 1 part in
2000,

4&(a)o _Data lesceding.

The outputs from the add-subiract scaler and the background
scaler ware comvertsd intoc voltage levels by e digital to analogee
convexter, Trese voltage levels were fed into the Y amplifier of
an XY plotter* snd were displayed so that cme half of the Y axis
wes used for the baokground soaler and tha other hulf was used for
the add-subtract ssaler,

* Jossley
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-

Scattering from argon,
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Counts weye socumulated in each soaler for & certain time
after which the voltage lewvel was plotted on tie Y axis, The time
between esach plot - the plot time - agould be pmest extermally by set-
ting the mmber of live times which the plet time scaler could cocumt,

The effect of doubling the plot time was to double the
mmber of counts in the sid.subtract scaler, and so long as the half
pericd of the modulatiom was greater than the live time, the output
of the add-mbiract scaler remsined inlependent of tie ohwopping
frequenay,

The data recording system was limsar to 0,047,

Figure 2.3 is & smmple of the raw data derived from the
mumbar of 50 slectron volt electrons scattered elastically from
argon at sewral angles around the maximum i the distridution,

A(4). Phoes Dalay.

The sssumption that the sigeal from the besn: reuched tie
analyser at the smne time as the reference would bhave been true if
no phase changes wexe introduced by the elestronics asscoiated with
the detector oxr the reference; if the bea: atome srrived simultaneously
in the interactiom vegion after they had bheen chopped and if the
reference was switabed at the sme time as the bean was switched,
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Althougt the use of pulse technigues minimised the poesi-
bility of large phase ohenges in the detssting stege, it was
necessary to allew for the finite ime taken for the besm atoms to
trave]l the 9 ene fyom the chopper to the interantion regiom and also
to cheek that the referenos and bemm were in synchronisatios, There-
fore the faoility of varying the phase relationship between the
signal and the yeforence was incorporated by delaying the reference
voltage in time before switehing the adéd-subixest scaler.

For a given bemi~chepper geometry and for a given ohopping
frequency, the mmber of atams miriving at the interaction region
would be ae indicated im figuxe 2.4(a), Figure 2,4(b) shows the
eoffect ont the besm signal of varying the time delay sssuming thet
the shape of the modulated bean wae as indicated in 2.4 (a), The
effeots of any laek of symohromisstien betwser the reference and the
signal would bs to shift tre flat portion shown im figure 2.4(b)
in tine,

Consequantly the shape of the moduleted bes= oould be
deternined and qompensation for the effects of lack of synchronisa-
tion occuld be nade by adjusting the time delay.

Figwre 2,4(c), shoms the effect om the beanm signal of
varying the delay, Tiw bean signal was derived from the heliwm
peak of the mass spectroueter - which will be described im Chapter
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Y « with a helion beaz, The wawe shepe a8 shom in figure 2.4(c)
45 comsistent with the prediotiocms of figure 2.4(1v),
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I¢ has besen poimted cut im Chupter II that the modulated
cr: ssed besm technique cam be used to measure the angular distridution
of elastically cocattered elestrovs from gases, Therefore in order to
perforn the present experiments a modulated atomic besn and an eles-
tron beaz were required, The apparatus which was used to produce
these two besus is described delow,

II1.Y Zha dagim Sxsten .
The vaomm systen osonsisted of tie three parts which are
1lluatrated schematically in figurze 3J.1.

Ala). Soures Jsstion.

Altbough the besn scurce wae designed specifically te
produce beams of atomic Nydrogen, it proved most satisfastory in the
production of heliuz and argon beams,

Lamb and Rethexford (1950) piomssred the use of tungaten
ovens to produce besms of atomio lhydrogen, Hendrie (1954) improved
on the design but both types of ovens had the disadwartage trat they
wore nade from two ground half cylinders, The slit was formed by
lapping & noteh in oche edge and fitting the two halwes togsther,

The advantage of the scurce used in all of the experiments
desoribed in this thesis was that it was made from a single piece of



Scattering
Vacuum pumps chamber

I
| ]
Source"/”’} .///A
section
Source |~
Chopper f
Chopper
section l
Vécuum
bump

Pig. 3.1: Schematic diagrem of vacuum syﬁtenh



- }._-

tungsten, Tlus there were no problams of excess gas leakage srcund
the join, Tia oven is illustrsted schematically in figure 3.2(b).
I% was 1.5" long and a 0,060" hole was drilled up the centre to a
depth of 1%, The drilling was carried cut with a spark ercsion
nectine, The resistance of the central portion of the tube was in-
creased by milling it to a diemster of 0,100", The ends of the
tube were 0,25" in dissmter., The spark ercsion machine was used to
punch a slit (0,008" by 0.125") in the wall of the cylinder.

The oven was supported from two water<cooled copper rods as
indioated in figure 3.2(a). The lower rod was fixsd to & brass plate,
“he upper rod was supported with sufficient flexibility to allow for
approximately 0,010" linear expansion in the tungsten when it was
heated,

The oven was sealed in the wecuum aystem by bolting the
brass plate to a flangs, The position of the source could be adjusted
by moving the plate yelative to the flangs,

Gas was admitted to the sourocs alomz the inlet pipe shown
in figuve 3.2(a).

The oven was heatsd by passing sn alternating current through
it, Currents of crder 300 saps were required to rauise the owven temp-
srature to 2750°K. The oven supply is illustrated schematically in fig-
ure 3,3, The voltage drop scrcsm the oven was controlled by a wvariable
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voltage treneformer® in series with the primary of a surrent trane.
forcer, The temperature of the oven was measured with a dissppesring
filament optical pyrcmeter,**

Lal(s) Zess Cegmaticr.

The width of the oven slit was chossn so that the molsoular
flow criterion was eatisfisd at pressures of approximately 1 ma,
This oriterion states that the width of the slit should te less than
the nean free path of the atams in the scuree, (Dusiman end Lafferty
(1963).)

Since the ratio of slit width to length was 0,431, ¢t
bean was fairly well collimated afier leaving the souroe, Further
ocollimation, which defined the beam shape im the imterwoticom regiom,
ws provided by two additional stops, The first was rectangniar in
shape and was manufsctuzed {rem molybiemm, Its dizensioms were
caloulated using the tecimique desorided Yy Hamsey (1956). The
entranve aperture %o the seattering ehamber was ciroular in sectiom
since it was en sdvantage to work with a qylindriesl beea in the
sosttering ohmmber,

» Berco Rotary EHegavelt.
s Leeds ard Foxrthrop,
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The chopper honsing, structural features of the wasuum
systes and the incorporation of & differentisl pwmping facility
linited the distance from the sourve to the intermotion region to
21 oms,

The oven chamber was pumped by a 6 oil diffusion pump®
shich was fitted with a liquid air trap and & water-cooled baffle
valve, Fith & pressure of 1 torr of hydrogen in the scurce, the
pressure yead on an ionisation gauge in the chesber, was of order

1 2 10”5 torr. Thus attemuation of the besm by scattering from the

baokground gas was meglictele,

1(n), Chaeoning Chonbex.

The chopping chasber was s 9" diszeter 2" leng mild steel
pips whioh was welded to the base of the soattering ohamber, Apart
from housing the ohopper msohanism, it provided an interface for
differantial pumping and enabled all leads terminating in the
scattering ohambexr %o be passed into the atmosplere via glass to
aeial seals,

1k)4), Choppex.

Two met! ods of modulating atomio bemss hawve been reported
in the literature, Fomer and Hudson (1962), Gilbody and Ireland

» Zdwards F603,
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(1963) have used s vibrating reed type device whilst Fite and Zracke
marn (1956), boyd and Green (1956), KoCowan and Fineman (1965) have
used a rotating toothed wheel,

The main reason for choosing tle latter device was that
it was snticipatad that the megnetic fields associated with the
vibtrating reed mechanism may have influenced the electron paths im
the intersction region,

The olopper was & 6" diameter Aluminium disc which had
twelve testh evenly spaced about the sircumference, The teeth were
acourately machined so that the mark to space ratio betwesn each
castellation was unity to a tolersncs of 0,001",

A gear box was used to couple the staft, whioh supported
the dies, to & main drive shaft, The main drive shaft was driwen
from outside the vacuym systez through a rotary seal by an electric
motor., The space between the two "O"-rings in the seal was pmped
sontimously «

(k)04 Rafarspos Shenal..

As the toothsd wheel rotated it interrupted the light from
a mall light source falling om an L.3. 400 phototrensistar. The
squaTe wave voltage output dexived in this way was smplified and
fed in parallel to the zodulated besm analyser and a cathode ray
oscillcacope wiiich enabled a constant check to be kept an the

chopping {requency.
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The upper limit on the ohopping fregquemcy was sst by the
lifetime of the "0"rings in the rotary ssal and the lowsr limit by
the magnitude of the flustustions im the chopping frequenay,

By modulating the besm at 180 cyoles per secend (c.p.s.),
the angular wleeity of the 4isc was large emough to sverage eut
flustuations cxused by iapsrfections in the mars of the gear box to
spproximstely 2% and the "0"-rimgs lasted for aboui thrwe weeks,
¥ith & "live-time” (peotiom II4) of 1,7 milliseconds this frequenay
gave a duty aysls of 60% and prevented sny harmomies of the 50 0.p.s.
1ine frequanty from influsnoing the aralysis of the beam,

The chopping chasder was pumped with a liquid air teapped
2" oil diffusion pump, which was baoked by the oven chamber diffusion
pump so that pressure fluctustions oould be reduced (Fite and
Lreskmana (1958) ),

e ag C

The seattering chasber was 14" in dismeter and é'f long and
was marufactuyed fyom mild steel wiich ested as a shisld against low
lewl mogretic fislde,

A 5 litve capaoity liquid aiyr trep wes installed in the
scattering chamber to reducs tie partial pressure of water wapour
theredy improving the performance of the electron gun,
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The 1id of the chauber, sealed on the oircumferences in &
maxmer indicated iz the figure 3.4, The sedling surfece was growmd
80 that tie xsximum variation along the dismeter was 0,001 imch in
1% inches, Henos the rim could be ussd ss an socurste referencs
surface for aligment,

1(d), Isckercusd Pxessure ELasis.

During analysis of the modulated dem, it is assumed that
the background remained comatant over ome oyole, Owing to the finite
pumping speed of the ohsuber emclosing the intermotiom regiom, the
baockground pressure will rise when the bean entexrs s chamber,

These fluotuations cen be awraged cut with a time ocme
stant which is given by (Fite 1962)

t= V/s

viere V is the volume of the chezber and S5 the pumping spesd of the
pps .

The pumping speed mlelmnwmtth-tmmtmtm
lomg compared to tie ohopping periocd,

An additiomal yequirsment on the pumping speed wes set by
the time taken to reach the ultimate pressure of the s otem aftar it
had been sxpoeed to the atmosphere,
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With & vaowum aysten time constant of 200 millimecords,
the time taken to pmp the aystsx down to an operating pressure of
2x 10“1:‘1:1.’1“!%%15 hours,

Varistiens in background prescure caumed by irreguler
bedling in the 6™ oil diffusion pump which pusiped the scatiering
chazber were remcved by increasing the heater mattage by 104,

The ecllinstors descrided in IXI.1{a){i) were positicued
so that they ware ¢cllirear with a bhale in ths centye of the 1id o
an socurany of 0,005 ower the &%, By viswizg the vwen alit through
these three spertures, the pesitics: of the owen could be adjusted so
that the bean entered the seatterin: clasber alemg the axis of
rotation of the gum,

II1.2 e Llsateom Sun.

2(a)e Heculrssects.

The difficulties assooiated with the zeasurenent of tie
angular distrivution of elestioslly ceattered sleetrons from atomis
hydrogen at snergiss ip ezcess of 10 electrom volts stem from two
causes, First, as bas been noted in sestion II.t, the covcentratiom
of atmic hydrogen in a beam wvhich has besn produced in a tungsten
oven 1s of the order of 10° atoms/on® snd seocndly, as was pointed
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out in seotion II.2, t!e energy analysis of tis sonttered slestrons
Srestly reduces tie solid angle of the detsstor. Therefore it was
important that the electron gun should produce an intense boem of
incident eleotrons, Since the energy of the eleotrons wes low, tho
requirement of & Migh bea ourrent at low voltage meant that a high
perweance un was requirved, The perweance is defined as the retioe
of beam current to the 3/2 power of the besa voliage, ligh per-
wesnoe guns are thoss for shich the Twiie is of the order ef 1X107°,
(brost gt al. 1962.)

An the gun was 20 bde used to stuly amgulax distributions
1t was necessaxy for it to rotate through an angular range of at
least 100%,

To prevent the penetration of elestric [ields from the
aun into the interastion region, tie last electrols was rum at
earth potential, Thus the beem evergy wes set by the cathode poten-
t1al, A dispenser cathode wam used bessuse the gun hed to be ex-
posed to the atmesphere when alterstions were made to the spparatue
end because thess cathodes Lawe good emission charesteristics at
Semperatures of 1100°C, Therefore the thezmal spread in eleotran
emargiss produssd by eush a souree was less than that produced by a
nanal tungsten emitter,
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It was an sdvantage to have the eleotron beam 4iameter
greater than ths atamic bemm dimmeter so that the soattering volume
was independent of angle,

2(R)s_Daszintion.

™he simplest way of satisfying the abowe requirements was
to design a mun based on the multistaging primeiple, The adveantams
of this principle have besn discussed by Simpacm amd Kuyatt (1963).
mmmmwmmuumnmm
end was first seported by Danielsem, Rossnfeld, and Saleam (1956);
Cwrrie (1958). It invelves tie produstion of au elsotron beas at
high ensrgies and subsequently dscelerating the elestyons in a
second atage,

20100, Preduation Siadm.

Tt basic design of this stage was adapted frem tle gun
design of iroet, rurl, and Jelmsom (1962), The perwance was hLigh =
and it produced a solid besn of eleotrons, Ttat is the current
demeity aoross the Lesz was wifam, The electrods shapes are shomm
in figurs 3.5,

Pigure 3.6 1llustrates the way that the electrodes were
supported, Pressed boron nitride wes used as the main insulating
material becouse it could be easily machineds it could withetand
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temperatures in exceas of 600°C and becsuse its reaistance did not
degrade with use,

The stainless steel bracket in figure 3.6 was insulated
from the earthed bess of the sun by laminstiens of mics and smcdised
alwminiun, 7hs btracket supported the production stage so that the
bare of the anode hole was parallel to the base to a tolerance of
04001 inches.

Satbgia.

Tue catiicdes wre of tle dispenser type and ware made to
fit the requiresents indicated hy Frost gt al.,* and consisted of &
mixtire of barium, ealcim, and almintim axides impregnated in sm
80/ denme tungsten matrix,

Suoh eathodes have & lang life, s high primary emission
ocurrent density and oan be resstiveted sy times after exposure to
the atmospheve (ilughes and Coppola (1957) ).

The eathodes wre indireotly heated by the passage of an
al termating eleotric current through mom-inductiwely wound tungsten
heaters, The insulastion betwsen the heater windings and the osthode
was provided by a very thin (of the order of 0,002 inch) layer of
alwiniuy oxids, It was found that much oare had to be exwreised

* Cathodes manufaotured by Spectre-iat Inmo,
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shen the heaters wers fitted to the catiodes to aveid flaking off
the insulating leyer,

20)(G1) s  Decsleraking SARER.

The ho-untiac stage cansisted of am einmel lens, a
deflecting lens and & final fooussing stags amd is {lluatrated
schematically in figuxe 3.T.

The einsel lems was & three-electrvds lens similar in
design to that which has besn investigated by Klemperer (1953),

The electyon velocity outsids the lens was set by the potential ?1

on the two cuter elestruiss. The potential V, om the inmer elsvtrods
was kept sush that vz-v,.< 0, Piereos (1949) has showm that the devioe
acte as & corverging lens under these camditiova,

The deflecting lens was composed of four 90° sectors.

The basic potential of the lens was that of the outside of the einsel
lens, T electron besm was deflested by varying the potentials om
each seotor about V..

The final stage was & two-g¢lectrods lens based om tle
design of Spengenburg (1548).

The sleoirodes were manufssctured from copper and woxe
gold-pluted so that they cculd be easily cleansd. Each elsotrode
was insulated by rings of borem nitride, The steps which located

the insulating rings were mashined in such & way that the slectren
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bean: wae ghislded frua the insulating surface, <lLus axy bLuilld-up
of olarge on this surface could not affeat ihe electroz bemm,
Two stainless stesl brasists wmxe used ic support the
eleotrodes, 71 cun axis was parallel ic the base to a toleramce
of 0,003",
Flexible leads were used in the scattering clumber and
were attasled to the elestrodes with wechanical joints,

Figure 3.8 is & picture of tle asseabled gun,

KL2G4d). liscatio Shislding.

Currents of the order of 20 wmps, ware used to lmat the
cathode to the operating temperature, Alternating eurrents wers
used to preveni tie sstting up of any etanding negnetic fields wiiich
oould have influenced tie pails of ithe low energy electroms,

Since a 50 electron wolt vlecizon will travel 1 metre in
about 20nanoseconds it was posaible for the slsctrons to be
influonced by the AC, component of the nagnetic fieid, Therefore
the heater leads were kept closs together and were enoused in high
perueability mognetic shislding materisl* to minimise the pemetra~
tion of magnetic fields into the intersstion regiom,.

» Heotic and Commtic
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An intsrior view of tize scattering ciaxber,
Jiagnetis shields are shown in the oentre and
surrounding the eleotron
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At inrge angies of scattering the back of the gun was close
0 the elegtren speotramster, A bdux of netie which surromied the gm
prevented magnetic fields from intexfering with the performance of
the srectramter,

Figure %.9 shows ¥'e gun in position in the ssattering
chmmber with the megnetic shields in place,

20)0x). _Aioment.

The gun was pasitioned so that its axis of rotetion coimsided
with the atomic boem s«is to s tolsrance of 0,005", Thus mo veristiom
in socattering voluae was introduced by rotating the gm,

Figwre 5,10 shows a schasatic disgrem of ti» meshanism used
to rotats ke g, The gun was nounted on a 12 inch dimmeter stairless
steel plate, so that the electrom besx sxis wne perperdicular to the
atomic besm sxis, Py rotating the shaft K the soattering angle could
be wmried, The ciyrcunferevce of the plate was graduated in degress
whiaoh could be resd through & window in tie bmse of the ssattering
chamber,

2(a). Oupation,
Before the osthode could be used, & layer of barium had
to be prepared from the barium cxide. A% temperatures of 1200°%C the
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tungsten yeduoed the bariwm exide to beriwm,

mmmefﬁcum-maqum&cre
teenty nimtes. The final stage of activation involved redusing the
temperstore to 1150°% st widoh stags & potential of 50V was applied
to the oathode, Afbter thirty sisutes the gm current had stebilised
ard the potential on the amode could be invzeessd leading to em
inoresse in tle bean current,

The time taimn to raise the tsmperature to $150°C was
coverned Yy the pressure in the scattering cltsmber, As tw oatholde
was heated, the pressuze rose dus to cutgasaing from the walls of the
soattering chanber snd frem the gun iteelf, It was cbeexved that the
besm cwrrert was nore stable if the pressure wes less than 1 x 107
tarrwban the initial voltage was supplied to the cathode.

20111}, Elsatrisal nniiss.
Figure 3,11 shows & schematio diagrem of the eleotrisal

supplies to the gum,

The heater current was supplied by werying the primsxy
voltage on & step-dom trensforwer, The eathode tempsrature was made
independent of any fluotuations im maine voltage Yy driving the
prinary of the transformer frem a stebilised mains supply.*

» Stabilaec.
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The potentials om the slectrodes of the g were supplied
from separate regulated, stabilised powsr supplies, By tie isclation
of eash electyode im the gun a sufficient mmber of independentily
adjustable parseters wye swvailsdle so that coptimm foouseing
corditions and maximum besm current could be detexmined empirieally.

Eseh power supply was overlosd protected becsuse of the .
Mxnvetumtumihwmmmmmm
besn heated for scms time, IHecsuss some eleotrodes picked up eleo-
trons from the besm, it sas necesssxry to use low cutput impedance
suppliss. he output impedence of all the suppliss was of order 1
wlm,tmtha‘unpmuntyefthpothuthcm-
tyodes verying as the leskage resistance both between sesh: slectrode
and detwsen any elsctrods and ground waried,

The optimm fecus conditions were dstermined by adjusting
the potentials om the slectrodes so that the atmio bem: signal wes
a naxizmm, This tectnique wes mere compatible with the operating
conditions than the flucrescent techniques of either ¥allmaxk (1953)
or Augburn (1964).

A quantitative view of tis besm shaps was provided by
moving & diaphraga through the bemm, Pigure 3,12(a) is & schematis
diagrm of the diaphrege, eleotren gum, snd collsotor, When the
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disphregn was moved threugh the elecixon besa, tls bemu current,
collested in the Fureday cup, waried as indissted in figuve 3,12(b).
The results shown were consistent with a bean of eircular ervces
seotion axd 1.5 ema, in dimmeter,

2(a)(x). Elastron Ism lositox.

The major considexation in both the desisn and positioming
of the elsetron collector was to provide & largs sperture sc that all
of the elestrans in the beam could be ecllected, The enirencs aper-
ture of the cup had 4o be sbout twice the dismeter of the bemm in the
intersstion region becmuse f spase charge divwergsnoe.

T™he cagnitudes of tiw spread in the beam can bs seen fram the
following exmple based on the universal deex spreed equation (Xlamperer
(1953) )e 4 50 eleotron volt beas from the gm containing a current
of 250 microamps which is foouseed so that the radius at its minimm
dimmeter is 0,45 cun will spread so that its dimmeter is 2.5 oms at &
distence of 9 ems from the fooussing point, After trawlling 7 ems
from the pasition of foous, the bean will hawe spresd to a distance
of 2 oma,

The collestor had sn entranos sperture of dimmeter 2.5 ome
axd was positicned approximately 6 cms from the intersction regiom,
Because of the large sperture snd ite proximity to the interactiom
region, sny potentials placed on tiw sellsctor sould penetrate into
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she scattering vegiom and influsnce the paths of the ssattered sleo-
trans, Although the psmatration of the elestric fisld oould da
removed by plasing & grid over the sperture, it waes found that imee
lating layeys built up on the grid produosd s lsrge baskgroumd of
elastically scattered slestroms, Ti» imsulating layers were produged
by the electren bombardnent of oil layers, Thus the grid waa removed
and the colleotor rum at earth potential.

The potential set up on the sollsetor by the passage of the
bema cwrrent through the imternal resistanve of the meter wes
negligible,
to redune secondary elestren effesta,

2(2)0) Jiesm Crzzens.
Twble 3.1 shoms typicel beas currents whioch were used in
the modulated besu experiments

Ishls 3.3
BEA: EMERGCY BEALK CURHENT
(oove) (milliemps)
%0 0,25
™ 0,45

100 0.7
200 3
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mbmmumw”mnnmofhéxw"
tor, and showsd the sae inoresse with bsskground rressmare as hes
been cbesrved by Simpsom and Kuystt (1963), Spangenburg, Field, and
Holm (1942 ), The increass is caused by the veutralisation of space
charge by positive ions associated with the background,

Provided the preasurev mimdhclmew"tbnrm
been currents given im Table 3.1 were reprodusibls.

The thermal spresd in electron emergies which is prodused
by & thermionic soures is (Simpson 1964)

LBy = 'ﬁ% (3.1)

whare T is tle teuperature nfmﬁithruﬂAﬂ.rﬁl full width at
kalf meximm (¥,4,1M,) in eleetron volts,

Sincs in the pressnt case T = 1400%, the expsoted full
width at half meximm of the distributies of eleotrons produced from
the gun wuld be of order 0,3 elestron wolis,

7he slectron spectromster was used to mesgure this distri-
dution, The resoluiicn of tie speetrometer was (Hermower 1955)

AE = CE (3.2)

wtore ¥ was tie incident electron enersy ond { a constant of thre

irnstrment,
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The F.7lM, of a distribution of elesirons prodused by &
tharaionic source sid messured Ly spectromster would be giwen by the
om of (3.1) and (3.2), That is

AE' - ARTOCE

Tbnlmdbzwmbbmimibymuaz'ha
funotion of E, Pigure 3.13 shous the results of sush & dstemminatiom.
The valus of 4 K, given by the intercept of tie straight line on the
vertical sxis was oonsistant with that predioted by eguation 3,1,

in independent nessuyement of the ensxgy distridution of
the elsotrons prodused in the gue was made with the retarding poten-
tial differenss testnique of Fax gt gl. The apparstus is illustrated
schematically im figure 3,14, A megative potential was applisd to
the ocollector in the f:am of a linsar remp and also to the axis of the
X=Y resorder, The current resching the collestor was fed through a
nisrommeter either direot, or thyough s differentiating metwork to
the Y exis,

Figoe 3,15(a) shows tha wariation of the ocllestor current
as & fxmotion of the regative potential applied to the callestor
whilst figaw 3,15 (b) shows the diffexentisted spectnuam,

It can be meen thai the mly eleciroms produced Am the gm
were thome whose energy corresponded to tie differsnoe in potantial

between the ocathode and esrth,
* Fox, R.E., Hickam, W.M., Grove, D.J., and Kjeldaas, T, (1955)
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The imconsistercy of the F, W, HJ, of the distribution
messured in this way with that previously descrited was dus to spsce
echarge effects in the retarding potential regiom.

2)(44)._Siahility.

Dispenser eathodes composed of barium cxids shov & marked
decreass in emission in the pressmce of water vepour (Trodden 1959
fughes amd Coppols 1957)¢ Therefore to emeure long term stability
a high pumping speed liquid air trep wes inetalled in the scatdering
chasber,

Provided the pressure in the seattering chmber remained
hlﬂ5x1o"m‘uatﬂitpmm~umunmﬁmd
in seotiom IIX.2(d)(i) did not affect the bem, the bemn surrent
wes stable to better them 1% for pericds of up to mix hours cvatinucus

noaminge



CHAPTER 1Y
Angular Distributiom of Elastieamlly

Soattered Elsotrons frem lelium and Argem,
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Antxodugtion.

In Chapter II it was noted that the modulsted orossed bemm
tectinique oan be used to adventage to msesure angular distributions
of slastically seaticred elestrons from bhelium and argom,

The seasurement of the mngular distridution of elsotrons
scattersd elastically from Delium and srgon was performed in the
omezgy rangs from 50 to 200 eleetron wvolis and in the angular range
from 30° to 130°. The yesults of the determination are presented

in this ehapter,
IV,et Llastic Seatierin: Lxom Iallium.
Lal. Exserisantel ACXsnasosns .

The experimental arrangssent smployed during the elastic
seattering experimexts is illustrated in figure 4,1,

The atomic beas effused tlurough & slit in the wall of &
tungeten cylinder and was chopped in a differentially pumped chamder,
The chopped beam entared the seattering chamber through a circular
aperture in the centre of the chamber, Here it waa intersected by
an sleotron beam prodused by the gun desoribed in seetion 3.2..

The scattering volume was defined by the interssction of the atomis
bean and the slectron bemm,
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An electren speetroneter was positioned suck that its
entrance aperture was in the saze plane as ths elscotron bea: and
viewed tie jgtersction regiom, The scattering sugle was defined by
the angle betwen the saxis of tle electron besm and a lime drewm
through the centre of the entrance asperture,

The output frem the slsstron gim was monitored in the
Faradny cupm.lhd ‘on.. page- (47). The cup was mounted om the
sens table as tho gum and rotated with it,

is tho primary esergiss studied ware greater than the
first emoitation threshold for helimm, the electrons seattered through
e particular sngle consisted of elagtically and inelastically
soattered cleotrons, A parsllel plate slcctrun spestronetsr was
used to ssparate the elastically sosttered groxp from tle ineles-
1ically scattexed group, A4 descriptien of the speotrometer and do-
tails of ite performance follow,

A(). The Rlsgtron Soecirasaiar.

1) (1), Dessxintion.

The spsctraneter is fllustrated schematically in figure
"02.

Two parellsl plates P, ,P, were used to provide an elesotric
field, PFPlate Py was held at esrth potential and formed the main



Schematic of parallel plate electron

Pige L4e2:
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support of the device, Elsotyons of equal emergy whieh entered the
spectrometer throuch the slits S, snd S, travelled in parsbolic paths
tom&tthmtsutss. The entrance snd exit slits were
srranged so that Abe eleotrons entered and left the field st 45°,

The eleotric fisld was set up detween the two plates by
spplying & voltage to plate P,. A ssriss of guaxd rings were placed
between P, md?a to ensure unifamity of the field axd to minimise
feings field effects, Cuard rings of this typs hawe teen used in a
parallel plate eleotron specirameter by Kuyatt and Simpeon (1964).
The potentials on the guard ring weze set hy the divider ciain D,

An eirsel lens E focussed tle analysed slectrons cmto the
firet dynode of the particle mmltiplier tube P/,

The structure was supported from the lid of the scattering
chazber so that glit 5, wes 5 ous froa the intsrection regiom,

An sarthed metal box surrounded the device to prewmnt stray
eslectrons from entarimg the analyser and to precluds the penetration
of the slestric field from the intereotionm reglom,

A1)l surfaces whish were exposed to the elecirons wre
coated with colloddal graphite to mirimise secondary electrom
eoffects,
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A3A4). Jescluticn.
If L E is the difference in kiretic enerigy Letween two
groups of slectrons whose imeges just touch but do not overlap, then

the resolving power

R =t (4e1)

Yarnold and Eoltom (1949) have shown that
Re 1/' (‘oa)

whexe 1 is the distance between the slits and w their widih,

For the present instrument 1L = 2% and w = 0,010" henoe R
was 200,

A speotrometer with R = 2500 has been used by Lassettregt
al. (1964) to investigate inelastic seattering of electrons from
atoms anéd molecules at incident energiss of order 500 e.v.

¥ith a reselving powsr of order 200, slastic scattering
angulay distributions could be measured convenisntly and it was
possible to resolve the 2°5, 2'PF and 3'P states in heljus after
excitation by 50 e.v, eleotrons,  (Appendix B)

It was possible to asesure the resolution of the spectro-
neter from the slope of the graph in figurs 3.13, as dssorived in
seotion I1I.2(4)(ii). The messured resolution was consistent with
that predioted by equation (4.2),
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10)041). _Calibxation.

mmunmmvummmmr,wyz
mnumuwmm«-ntszms,uaum
to the energy E of the incident elestrons (Haxrowr 1955) bty

E e kV (‘03)
where

k= 1/2
1 has been defined in the preceding seetion and 4 is the distance
betwen the two plates.

The most struightfownrd way of measuring k weas to deter-
nine the welue of V shich would producs & maximm in the elastically
soattered elestron signal of energy E, The voltages V were measured
with a high impedance potentiomster® and the valus of T was taken to
be the potential spplied to the cathode of the elsctron gum,

The Tesults of suchk & mesgsurenent are plotted in figure 4.3,
k is giver by the slope of the greph, By applyingz tle method of least
squares the slope was foumd to be

which agreed vexy well with the value of k = 1,52 predioted from
equation 4,3 with 1 » 2" and & = 0,76",

g Jobn Fluke
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Figure 4.4, shows & blook disgrem of the slsvironics aseo-
ciated with the spectrometer, rPulses from the anode of the particle
mltiplier tubs were pessed via a ypresmplifier** imto a lirsar pules
aaplifier*™ and disoriminator**, Tie cutput frem the diseriminator
wss fod in parallel to & digital to analogus converter and to the
modulated beam anslyser, Tie digital to analogue converter wan &
diode pump, the current from whioh wes fed to a mic:o-smmeter,

1{a). Rroesdure.

Pigure 4.5 is & schematic dlagram of the imput to the
source, Helium (99,995 pure) was talsn from a regulator and flowed
into the source alemg & pipe. The gas flow was controlled by a
medle nln." Variation of the needls walwe setting sltered the
Wnnﬂnmﬂudhmmm-a'afmthmsmtm
in the bam, htt-mpnp# was positioned 21 oms from
tham.th.mﬁngeutbmanmﬁdﬂumm
plus the pressure drop alomg the line,

Figure 4,6 sbows the effect of varying the acuroe pressure
on ths aumber of 100 s.v, electrous scattered elasticslly through an

el Dynatrom,
£ Edwards type 1B 14
o4 Edwards Speedivac CG 1,
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angle of S0° from tie chopped helium besm, It can be seen that tierze
was & linear relatiomship betwsen chopped besm signel and gmugs read-
izg, for readings between 1.5 torr amd 10 torr, The 1.5 terr corre-
sponded to the pressuxe drep along tiw line, Beyomd 10 torr, the
wean fxes path i the souree viclated the moleoular {low ecriteriom
(ssotion ITI.4(a)(11) ) resulting in & oloud fommatiom im front of
the slit. The seattering of bess atoms by the oloud gave rise to
the breakdown im the linsar relationship ctserwved belew 10 texr,

The veedls walww was adjusted so that the souree pressure
bore a linear relstionship to the beax signal and during the runs was
set at 5 torr on the gmuge.

The ohopping frequency was set at 180 ¢.,p.s. for reasons
deserided in seotion ITI.1(b)(iii),

The time delay of the referonne sighal was adjusted so that
the output from the elestron spectrometer was in phase with the
reference signal, Figure 4.7 siows the effest on the chopped bemn
signal of waryin: the tims delay, 7Ths modulated bemm signal shown
in figuve 4,7 repressnted the mmber of 50 e,v. elestrons elastiocally
scattered through 40° from helium, The beem shepe detemined in this
fashiom was consistent with that deseribed im section II.4(e).

Sinos the electron spectrcmetsr had & finite energy resclv-
iien, the mmder of elastieally scattered slectrors was proportional
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to the avea under the elastio séattering pesk, If howswver the full
width at half asximan of the elsstic scattering peak vremained com-
stant as & fumction of scattering mgle, relative amgular distrilbu~
tions could be ssasuzed by determining the wey in which the peak
height varied with angle, Tis voltage to plste P, of the spectrometer
was set by tks application of a constant fraction (1/k as defined in
ssctiom IV,1(b){i11) ) of the cathols woliage using a 10 turm helipet,
The peak was chserved om the digital to amalegue ccnverter,

The electron besn was focumsed into the interactiom regliom
»qmwmmwmmrummmmu
111.2(0)(441).

The electron besm eneygy wes set by the catlods potsntial
which was neasured with a veowmm tube volimeter.

The elsctrom ;un was moved at Tive degree interwals and the
beax signal rTeccxded, is the elestron bems current remained constant
during each yun to better than 1%, ihe only correstion to the reccrded
sigoal was that dus to dead time effeots in the main amplifier,

The dead time of the main amplifier was measuzed on &
oathode rey oscilloscops* and was 1 microsecond, By keeping the

* Tektzromiy %33
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maximum counting rate to 100 kes, the greatest ocorrection invelwed
was 10, Under these conditioms the standard formula (4.4) can be
used

R - -1-}-;; (4.4)

where §i is the true ocounting rate, in the chserwd counting rete and
T the dead time of the maim maplier,

The counting rate A was calculated fram the output of the
background socsler whioch has been desoribed in seetiom II.4,

The time spent at sny angle was determined by the spread in
the data points reccrdsd dy the add :suvbtrest scaler,

If K, was the mmber of ewents recorded when the bemn was
on and B, the mmber wien the bemx was off then the warisnce in bema
signal wes given hy

c-(l.‘#Hz)i
meomdiuml.‘mstmt%wurtm
l!,tmntospoiwua

o= /2!2
Each dats point resulted from an acouwulation of events in
the add subtrect ssaler for sbout 10 seconds, The existence of eny
other source of fluotuation was clecked by recording up to 15 data
peints, It was werified that the maximum difference between bdeam
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points was within the fluctuation to be expected un statistical grounds.

A mesn was taken of the data points and tie standexd devia-
tion of the mean dstemined, Counts were collected until a relatiw
error of order ¥ was obiaired,

1ig). Fas.lte and Disoussion.

The angular distridution for elsstio saattering of 50 elec~
tron volt slectrons from helium is showm im figure 4.6(a), T
present results, whioh are represented by poinis, have besn rorualised
te the values of Bullard snd lassey (1931) st a soattering angle of
60°. The agresment is very good, The anguler distribution shows a
shallow aintmum at 100°,

The sngalar distribution for elastic scattering of 75, 100
and 200 eleotron volt sleotrons from helium ave shown im fijures 4.8(b),
4.9(s), snd 4,9(b) respectively, The present resulis have been
normalised to the values of Hughes, Meliillen, end Webb (1932) at
esch impect energy. Excellent agreenent is obtained in ench case
thereby confirming the earlier results of iughes gt al. (ibid) which
were not msasured with the orossed bemm configuration,

is indicated in sectiom I,1(c), the energy rangs wes chosen
in order to provide new asasurements for the several caloulations
which heve appesred recently in the litersture, It has been pointed out
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Fig. 4.8(a)., Angular distribution of 50 e.v. electrons elastically

scattered from helium,
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Fig. 4.8(b): HElastic scattering angular distribution from

helium., Incident energy 75 €.Ve
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Fig. 409(a)e Angular Distribution of 100 electron volt electrons

elastically scattered from helium,
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Fige 4.9(b)oc Angular distribution for Elastic. scattering of 200 e.v.

electrons from helium,
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in Chapter 1 that Masssy snd lobr (1934) were able to gain eatisfactory
sgresment with the laboretory date of Hughes gt &l. by using the
sscond Porn approximation to allow for polarisstiom of the atom by
the inowming electron, An incwunsistensy in this method of atisck
has been pointed cut by Kingston, Moiseiwitsch, amd Skimmer (1960),
The repid incresse in scattered intensity at small scattering angles
was found by Kassey and Nohr (ibid) to arise fyom the imaginary part
of the seattaring smplitude shich contributes a terz of fourth oxder
in the intsrsotion potential, A tem of similar order arising from
the real part of the scattering amplitude derived from the third Born
approxination wes omitted, Therefore Khars and Moiseiwitesh (1965)
undertook & fresh invastigation of the role of polarisation irn electrom-
heliua seattering, The basio spproximation used by Khare and Koisei-
witsch was the static field approximetion, The grovnd state wave
funotion shiok they used wes the variaticnal wave function of Green
gt 8. (1954). Fxchangs was included by vaing tie first order
sxchangs approximation, Tis influence of polarisation weas sscounted
for in the caloulation by inolwding an additiomal potential of the
order of r" in the redial wave eguation, The resulting angular
distributions were normalised to the Hughes gt al. (1932) data

and good agyeement was obtained to the shape of the distridution,
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Fig. 4.10: Angular distribution for elastic scattering of 100 electron

volt electrons from helium:dots (¢) Present results normalised

to theoretical at 60°,
curve (——) Theoretical calculations of Khare and Moiseiwitsch.
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Pig. 4.11: Comparison of present results for angular distribution
of elastically scattered 100 e,v. electrons from
helium with the Ochkur approximation calculation

of Banerjee, Jha, and Sil (1966),

e e present results normalised at 60°,

~———— theoretical,



-%3-

The theorstical predickions for the scattering of 100 e.v.
sleoctzons are shawn in figure 4.10, The present results have been
nermalised to the theowetical value at 60°,

Bamerjes, Jba, and 311 (1966) hawe csloulated tne wgular
distribution for elestic scattering of 100 slectren volt electrcms
fyom helium wsing the Ochlowr (1964) spprowimstion. Ly megleoting
iigher arder terms in the Borm-Oppesheimer exchangs integrel; Ochimr
(844) ham been sble t0 evalusts the tatal oross secticn for emsite-
tiom of the 25 state in helium vhich agrees vexy well with the
experimmtally determined total erves section.

Figare Lo11 shows the comparisem beteesn Shc preseut results
at 100 eleotren volts end the theoretical predicticms of Bamerjee
&8 Ak (Amid) which have been normaiised at 60°, The shape of the
experimmtal distribution rises more repidly at small aagles of
scattering than the caloulstiems.

Comparison of the two 100 elsotzum volt theoretical curves
(£igire #.10 snd figare &.11) shows that the caloulations of Khare
aud Moiseiwitsch rejresent the shape of the distridbution better than
do those of Bumerjes g% al.

W.2 Xlantis Seattering £rom AREQR.
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Fig. Lo12(a). Angular distribution for elastic scattering of 50

electron volt electrons from argon, -
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Fig. 4.12(b). Angular distribution for elastic scattering of

100 e.v., electron volt electrons from argon,
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Fig. L.12(c): Elastic Scattering of 150 eleotron volt

electrons from argon.



Fige 4.12(d)o . Angular Distribution of
Elastically Scattered
electrons from argon at
an incident energy of

200 e.vo

il ] | ]

w0, = N N

Scattered Intensity (arbitrary units)

135

125

115

105

7

65

55

L5

35

Scattering Angle ( degrees)



wbbhe

the measuyenent of the angular distridbutions for elastic scattering
from argon was the seme as that used for heliwm and has been desorided
in seotions IV.t(a) snd IV.1(a).

The vesults of the present investigation are shown in
figue 4,12,

A sharsoteristic feature of ilw angular distributions is
the strong meximm whioh sppsars in the soattered intersity at an
angle of about 106° fx the 50 eleotron volt curwe and gredually shifts
to saalley angles as the emergy is seised. At 200 slectrom volts the
pesk has been swaxped by the stromg forward sngle soattering and
appears a8 & kink in the distributiom,

4 qualitative view of the variation ef the ssattered inten-
sity with angle can de obtained by comaidering the phase shifts in-
volved in the collisicm,

The differential orves section is given Wy

o

I(e)dw = f—k_’- b3 (2L+1)(3217L‘1>PL(“°56> b (4.5)

L=0

maks-thmmwm-mumumtu%“

wiere o, 1o ihe Bolr radiue, 7, is the phase shift essocisted with

the 1%" partial wave, 7, (c0s ©) are the Leganire polyncisls.
toltmmark (1929) has ealculated the plase shifts for

elastic scatiering of electronas from argor based om a iiartres field,
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Is has found t'nt the phase shift sssociated with the 1=2 partial
mhﬁuh%ﬂmuﬂumhm. At 50 slectron
wlhﬁnﬁfﬁmﬂdmmﬁm-ﬂlhéﬁmﬂw&n‘g
contribution which, from equation 4.5, will closely resemble (Maseey
and Burhep 1952)

1) = [p, (cos &)

which shoms two minies with & centyal maximum in approximately the
sams position as has besn ohssrwed.

As the incident energy is increased, moxe partisl waves
cantribute to the differential cxces section hence the contribution
from 12 is lesa signifioant, Thua the peak in the distributiom will
not bs a8 apparent at incident energies of 200 electron volts which
can be seen in figure 4,11(d),

Figure 4,13 stows the comparison of the present results
with thoss of Webdd (19%(a) ) for ineident energies of 50 slsetron
volts snd 100 electron wvolts, Tie two sets of zeasuremsnts haw been
normalised at a scattering axgle of 60%, The present results are
repressnted by the curve and thoss of Webb by open triangles,

It can be ssean that the agreement between thg two sets of
results is rether poor,

Nohy (1967) has used s high pressure argon beam in tie
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orcessd bemm configuratien to msamye the elastie ssattering of
elsotzrons frem 15 eleciron valts to 200 elsstwen velts, Melx's
mlhdsoom.mud1mdumnihmmﬂ
in figure 4.12 by open aizvles and haw bess nermalised st 60°, The
Mhmmmtmuumumw,w
11lustynting that tie present yesults are a better sepresentatiom
of the amgular &istridution tham thoss of Tedd,



SIAPTER Y
ANGULAR DISTRIBUTION OF ELASTICALLY

SCATTERED ELRCTROKS FROM ATOMIC AND MOLECULAR
HYDROGEN ,
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Intxedugiicm.

The collision Letween an electron amd a hydromgn atom
gonstitutes the simplest of the many body problesms, Consequently
awoh theoretioal work hes been dore o the problem of slastic
soattering of electrons from lydrogen atoms, Previcus experimsntal
work on eleotron-lydrogen elastic seattering hes bwen confimed to
energios balow the emoitation threshold.

The present investigation has besn csrried out at inoident
energies of 50, T5, 100, and 200 electron volts. . The relative
mgulsr distridutions for elastic ssattering of elestrons from stomie
and moleoular hydrogem sxe given in this chapter,

V.1 Exparisanial iccanampent.

The experimental arrmngement used im the present investi.
gation was similar to that shish was used by Cilbody, Stetbings,
snd Pite (1961) in their investigation of the sngular distridutiom
of elastically scatisred electrons from atomic hydrogem, The majoer
difference between the pressnt arrmngszent, whioh is illustrated
schematically in figure 5.1, and that used by the above workers
was the Wu:cfuolummﬁmmﬁuhnm in
a sinilar fashion as has been desoribed in sestion IV,1.
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Fig, 5.1c = Schematic of apparatus used to measure angular distribution for elastic
scattering of electrons from atomic hydrogen,



=68e

The experiment consisted of $wo parts, Firstly the angular
distribution for elastic seattering of electrcms scstisred frem tis
molecule was dotermined im @ similar fashiom to that whioh .
was used. in the sleotror-heliwm distridutions desoribed in section
IV, %, In the seoced part of the experiment the temperature of the
source wes increesed so that the bem: contained & mixture of atmmie
snd molecular hydrogen, By cbesrving the mumber of elastieally
seattered sleotrens frem the deem, for which the degree of dissccia~
tien ws knom, the ratis Y/ (L., atomis to melecular elastic
scattering ovess seotics) could be dstexmirmed, Thus the sngular dis-
tridution for elastic seattering from the atom could be ascertained
wmmmwnummwfmmmu
by the retio Y/, neamred ot o particular angle.

A nass spectrometer was vsed to determime the dsgres of
dissooiation of the beam,

1), The lsas SDeaiTosgier.

The uass spestrometer snd sssocisted electrouios is illus-
trsted sohematically in figure 5.2.

Icns formed by the bombaxrdment of electrons with the gms in
the interection Tegion were accelersted and fooussed tixou:sh slit 5,
shere mess analysis was perforned by the variation of a €0 sector
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nagwtio field, The smalysed ioms passed through slit Sznlbcl-
barded the firwt stage s particle multiplier tube®, The radivs
of ourvature of the fiom path wae 5.08 oms,

Puless frem the tube werw fed via a premmplifier into a
pulse emplifier md discrimimator*®, The output from the disoriminator
we feod in parallel to the modulated desx analyssr and the digital te
analogue converter descxided in seotiom IV,.1,

The cuter eleotrodes of ihe einmel lens wes rum at -180V,
the central slectrole wes set at a positive potential, Dy varying
the centre electrode potential the iem besz was focussed ontc alit

51.

The pols pieces of the magnet were magnetised by the passage
of an elestric curremt through & coil which was linked with the poles
by & aild stesl amatuze, The curremt to the coil was supplied from
a regulated, stabilised powsy supply whioch is shown in Appendix C,

The peaks in iom survent wexe idemtified in the foliowing

e redins of surwature B cme of & singly charged ion of

» EJi. I, type 96038,
haded Franklin
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fisld of B gmupe is civen by

2

s ﬁ (5.1)

=

Bence for comstent B, ¢, V

HaB (5.2)

Pigure 5o shows the variatien of the magmetic field of the elssixo-
magnet with the eurrent through the eoil, It cax bs seen that the
flvx donsity® was directly proportiomsl to the current threugh the
oeil, Thus equation (5.2) beoomes

N« 12 (503)

mmmumwmumums.«.).
The single pesk was attribtutsd to tie resstiom

5O + o — >H e + o

shioch wes comsistent with the pesk at mass 17 in a background gae
spsotrum taken with a commercial mass speotromstert* and shows in

. T™e fiux density was msesured with a gausmmeter (R.F.L,)
“ AIE.I. ml m.to.
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Fige 5,3b, Spectrum of Background Gas in Scattering Chamber taken with commercial
mass specirometer,
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figure 5.5. It was cheszved that the height of the mass 1 peek
decreased when & liquid air ceeled surface wes placed in the aystem,

Figure 5.,4(b) shows a speetzum of the beckgroumd ges which
was recorded when moleculsr lydrogen was admitted to the wystem,
Figure 5.4(e) is & speotrum tsksa -hon & nixture of hydrogen amd
helion was aduitted o the chambey, If the peaks were due to H',
H', and Be’ then they would heve cocurred at coil curreuts which
wore in the yetico of 1 s 23 2,

The wvslues of the ourrents fox the peaks are shown in Zable
Sele

Zable Seda
ek Suzzen (duna) Bakia te Pasicl
1 0468 1
2 0496 1.4
3 1.3 2

These chssrvaticns were consistent with the predictions of equatiom
5e3e

The mase spectya in figure 5.4 weze obiained Wy weing the
particle multiplier tube as & curvent amplifier, Tis current from
the snode was fed imto a D,0. amplifier*, The output wiltage from

. Bevlett Peckaxrd
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to the system,
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thD.c.npliﬂumumlqdmth!morhx-!m.
The X axis wes driven frcm a sasple woltage derived from ome side
of the differentisl smplifier in the magnet power mupply.

The currents shown in Tedle 3.1 were taken when sero cwrrest
carrespondsd to sero magnwetis. field, Eysteresis could alwys be
removed from the magnet Yy cyoling the magnet aftsr a spestnm wes
taken, Howsver the peais were sufficisntly wsll resolved so that
m-muuhmmﬂumuum.

?hp.&witim-ntwvmﬁum}aﬂh&lm
wmmmu-dmuuwxwuqmuamw
soalogus oconverter,

The naximm coumting rate of the Frenklin amplifisr wes 500
s, The coumting retes &uring the experimental detemination of
the dagree of disscoiation were kept to 25 Kos. The true oounting
rate || wus dstemmined by the formmla given in esction 4,1, that is

I - e

where & was the chasrved coumting rets end T the dead time (2 micro-
seconds as explained sbove),

If the fonisation eross ssotiom for elostrom bembardment of
mmnawummzomm.mmd
dissceiation D could be determined by using the forwuls [Fite,



Brackmann, and Snow (1956)]

D — 1

[1 +J3-Q; éi (5.4)
Qm Sa

where Q:. Qu" are the oross sections for ionisation of the atom

and molecule respectiwely, sni, 8 “

molecular ion signal smd atemic ion signal respectiwely.

axe the peak heights of the

V.2 Contxibution of the Noleculs fo the Scatiered Siimal.

The mmber of particles orossing unit azes per second at
e distance | from & source of arvea A is given by (Rmmsey 1956)

1 -
R LR (55)

where 118 & factor which takes the finite length of the chamnel imto
acoount and n is the ccnoentration of particles in the source, ¥
i{s the mean weloocity of the partieles in the source.

As the temperature of the particles increases, the zean
velooity ¥ will increase as the square root of the shsolute.tempars.

ture, On the other hand n will be invereely proportional to the



sbaclute temperature, Therefore I in equatiom (5.5) will be imversely
proporticnal to ths square root of the sbeolute tempsrature, The
mmber of olectrons soattered throush an angle &, £, will of

course bs proportiomal to I, hence

se = c17% (546)

Breckmann, Fite, snd Neynader (195_3) have illustrated the
way in which the ocontribution of the moleculs, in & demm ooxtaining
nolacular and atmic hydrogen, oan be datermined,

For temperatures greater than the threshold for disscciation
the contritution to the sigaal from theose molecules remaining in the
bemx would be

82 - (1~D) So (5-1)

whare D is the degres of dissceiation and So is defined in equation

(5.6)e
e contributien of tis etems in the besx to tis total

signal is
Q
8, = /2D %)s« (5.8)
Tre factor J2 arises from the faot that 2 stome are produced

for esch molegule viich disscuimted, but the stous trawel /2 times
foster then the molecules, lisnce each mtom scatters [2 times lews
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por unit time then & moleoulse.
The total elastically scatteved eleetron aignal will then

8(T) = 8, + 8\2

e (<D ¢+ JT D a)s» (549)

But frem opmtion (5.6)

s = 5, b}

msnumnalmaaummtmtlu?
mw»msmum;

Therefoze from equation (5.9) the ratio of the differential
orces seotiocns for elastic socattering will be

% -J—-;-‘-;—- [ss: (;ﬁ)i‘ + D-'I:I (5019)

\ 5 Exnarinanial Lroasdizn.
Moleoulur hydrogen was sidmitted to the scurce along the
imput 1ine whioh has been illustreted schematicslly in figure 4.5,
It van found that there was sm optimum pressure of hydrogan in the
soures, If tis pressure was greater than 2,5 torr, thermal equilibriwm
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in tie oven was not reached when the tsuperature was reised ad the
1t relationship predioted in squatiom (5.6) was not followed, At
& source pressure of 1.5 torr equation (5.6) was satisfied smd as
the source temperatiye was insreased from room tempersture (290°K)
%o the temparstiure required for high dissceiatien 2750°K, the bems
signal dropped by a fastor of sbout three, The background signel om
the other hand decreassd hy at moet 3%, Thus in gereral & larger
muwhwuﬂnommmmmumm«h
to the required sccurecy. If tde yressure was below 0,5 torr the
relative error in the signal at the elevated temperature S(7) becmme
too large. wmmMmutntMt1m.

mmmammuwmmm
with an optioal pyrameter®. The pyrometer messured brightmess
tempersture vhich was converted to abeoluts temperature by the table
which appears im the liandbvook of Chemistry and Physies (1958).

The mumber of slectrons whioh were scatiered from the bemm
WAMMuwm.umummwamm
desaribed in sectiom IV,1.

hed iesds and Northup. kedel §622C.
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Figuzre 5.5 is a sanpls of dats recorded in this fashiom,
The incidert ensrey was 50 e,v, and the scattering sngle was 40°,
The logaritim of the elastically scattered sigeal is plotied e &
funotion of the legaritim of souxes tenperature in degrees kelvim,
For tempsratures st which there was no dissocistion the slope of
the straight 1ine wes =0,5.

It was found that the nagnetin fleld of the mass spsocitro-
meter interfered with the perfamsncs of the elsctron spsotromster,
Hemoe it was rnot possidble to rum the two instruments simultamsovsly.
Howswer om ssch 1un, for the ems source pressize and sourve
teupeyature, the degree of dissociation D es measured by the mass
spectronster was reyrodusibls,

Two nethods were svailable to detexmine D, The first wes
to measure the pesk heights of A’ sed H,' in the bean and vee
squation (5.4). Tie ionisation erces ssotions were taken as thowe
which were messuved by Fite and Brscimson (1956). = The ssoond
method was to Livestigete the way in which the i, pesk varied with
the source tesperature, Fquation (5.7) shows that for temperutures
at whick dissooiatiom cosurs the degrees of dissooiatiom is given by

Ehe”

1—3'



+“H

. 009
— 0,8

. 0,7

Juo Loy yesa

001 | | | | [ - I |

200 300 400 600 800 1000 2000 3000

Source Temperature (OK)

Pig. 5.6, Variation of.H2+ peak height with source temperature. Error
bars denote + one standard deviation of the mean of the data
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There So im the ien eignal which would have besn recorded at &
wmrmmwummpmaszumm
recorded at that tenpersture,

Figore 5.6 is & log-log plot of veriatien of the H,’ pesk
height from the besm with temperature, The slope of the line below
2000°K is equal to «0,5 mx is tierefore corsistent with the date
from the elestic svattering peak height shown in figure 5.5, Be-
emnfﬁnlu@mlauwmnwln&mmmmtat
the H," peek height st slevated temperatures, the valus of D ob~
tained from figure 5.6 was not as sscurate a8 that whieh could be
cbtained from equation (5.4). Therefore oquation (5.4) was used
ubmmn.mmuxmmwmm-mw
within the errcr as is shown in Tedble 5.2.

2ahle Sa2a
Temperatuze D D
ox From Figuw 5.6 Froz Equation (5.4)
and Pite and Bracimamn
{onigsation x seotions,
2670 0,70 * 0,10 0,59 2 0,03
2740 0,83 + 0,06 0.75 £ 0,03

The ratio of the slastic differential cross sections at eash engle
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and for esoh emergy could therefore be calculated from squation
(5.10) frem the measured values of D, 5(T), Sp, Tp, ed 7,

The sngulsr distribution for the slastic seattering of
slevtyons frem molecular hydvogen could im principle be determined
from the roca teapersture measurements S . = . Howaver it was
necessary to ohangs the gain of the elestrom recoxding aystem
seversl times during a perticular run btecmuse of the way in shich
the been signal varied with angle and with terperature, Hencs
ssparste snguler distributions were taken for elestic scattering
frem molecular hydrogen and were measured using the smze teclnique
es that which was used for the electron-helium elastic scattering
angular distributions described in seotion V.V,

Vb lamulia and Dissussiss.

4a). Jinleslax lixirosen.

The angular distribution for tbe elastis scattering of 50
electron volt electrons from melegular hydrogen is showm in figore
5.7. The present results are repressnied ly points and the curve
has besr drewm through thess poimta. The resulis of Wett (19%b)
for the ssattering of 50 e.v, ¢lsotrons from molesular hydrogen
have been noxmalised at a seattering angle of 60° and ave shown e

open triangles, Aigresment is wvery good.



A Webb normalised to

. present results at 60°,

e present results,
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Scattering Angle,

Fig. 5.7« Angular Distribution of elastically scattered electrons

from molecular hydrogen at an incident eﬁergy of 50 ceVe
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The present values ( eee) and those of Armot (XXX) have

been normalised to Webb's {ooo) value at 60°
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Tiguve 5.8 show the angular distributien for the elastis
seattering of T5 electzen wolt eleotrons frvm molec:ler hydrogen.
Thexe have besn mo previous messurements of this distributiom,

The 100 electrom volt angulsr distridution is showm in
figure 5.9, Good agresment is found with the yesulte of Hebd (ibid).

Figure 5,10 is a comparisen betwmen the pressnt angular
distridution for the elastic soattering of 200 elecizom wolt elec-
trons and the sesmirenents of Webd (ibid) and Armet (1931), Armot's
results are representsd by crueses. All angular distrituticns have
besh noxmalised at €60°, The sgresaent Lstween the present neasure-
ments snd the previocus res.ults is wry good,

Sinoe the hydrogen molesuls is & two-electron system and
sinoe its greund state oan be descriled by a symmeiric space waw
fHumotion, the angular distribution for elastic suattering of eleo~
trons from moleeular hydrogern should behawe in & similar fashiom to
the angular distribution cbasrved from helimm, Comperison of figure
4.9 with the abowve sngulsr distributions shows that the wariation
of seattered intensity with angle is similar, bowever the éistribue
ummmxnwmmnummmmlyntmdlmﬁ
scattering than is the case for the helium distributions,

The faot wiieh makes soattering from the hydrogen moleocule
different frum atomic scattering is the possibility of interference
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effects boing set wp by the scattered electrons frem the two atoms
which ocumprise the moleculs,

The theory of elastic scattering from molesular hydrogen
is moye complicated than that from the atom, Tie problem is twofolds
first the SelrSlinger equation for an axially symmetric field is, ia
gneral , insoluble end ssoondly there is lese certainty about the
nolecular fisld them the atomic field, Khave and Moiseiwitech (1965)
bave used the ssparated atom sapproximstion smd hawe determined the
diveot seattaring smplitude for the elastio scattering of electrone
from atomic hydrogan im the Born eppraximstion. The influemve of
exchangs has been determined using the first cxder exchange spproxie
mation,

The pressnt results ave compared with the theoretical cale
culationa in figuve 5,11 for inoident emergies of 50 eleotron wolts
and 100 electron volin, The logaritim of the soattered intensity has
teen plotted as a fimotion of the soatiering smgle and the two setis
of resulis have besn normalised at 60°,

I¢ oan be ween that the agrescent bdetween theory and ex-
periment is retier gocd between 30° ank 90% but st angles of
seattering greater than 90° the experimental points lis sbove ths
Yacretionl, The miniemm in the scattered intensity at 100° and an
incident erergy of 100 elsctron volts is not predicted Ly the
calsulations,
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for each impact energy. ;
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¥hare and loiseiwitsck have rot included polarization in their cal-
culation and were unsble to explain the fsst that the effest of
polarisation was mot wery gresat szeept st low emsrgies, despite the
fast that the &ipole polarisability of E& is greatsy then that for
belim,

Clearly there is & meed for more theoretical work to be
unldertaien on the elastic scattaring of slestrons from meolesular
hydrogen, The agresment of the presemt results with the earliex
measurements provides a firm Lasis of expsrimental waluss with which
the ealoulations can be campared,

i Q electron volts,
The ratios of the dﬂ;mtm oross seotions for ile

slastio soattering of elestrons from atomic hydrogen snd molscular
hydrogen were cbiained from eguetiom (5.10) at scattering angles
frem 25° to 90° for an incident energy of 50 electron volts and heve
besn tabulated in Appevdix A,

The intensity of slastically scattered electrons from
stemic hydrogen at sach angle was found by multiplying the retio of
the cross sections at each angle by the scattered intensity from
the moleculs at that argle. 7The relative angular dietridution which
was obtained is shomm in figure 5.12, The experimental valuss have
besn normalised to the theoretical curwe of Scott (1965) st a
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A close coupling;
| B distortion polarization;
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The error bars represent + one standard deviation in the values
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scattering angle of 60°, The differential crcss ssction is given in
wnits of m_? per stersiian where a, is the first Bobr reltus (a, =
5,29 x 1077 &),

Seott (1965) has omloulated the differential cross section
for the elastic scattering of K- 4‘;2 elootrons from atmais
hydrogen using tie 1528 « 22 close coupling epproximation, Tie
resulting 4ifferential cross seetion has been dvewn as curve A in
figure 5,12, It oan be seen that the present yesults rise mere
rapidly at emall angles of ssattering tham is predicted by the clome
ooupling expansiom,

Soott (19€7) has podnted ocut that the failure of the eslcu-

lation oculd be dus to the slow convergsmoe of the series in the

equation

=)
de® (aly=nli) _ 25 +L g (aL,-nLy)R ()
dn Wty e )R S

Even though valuss of the crbital angular mementun L of the
inoident electren up to L = 15 mre included in the calculation, the
convergesnce of the series is poer at small angles of soattering.

Kingston and Skimner (1961) have cslculated the differentisl
aross sestion for the slastic soattering of k° = 4a "2 electrons uaing

the seccnd Born approximatiom, Tems to the third oxder in tie
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intersction erergy were included, Allowsnoe was usds for both dis-
tortion and polarisation by evaluating the terms which corresponded
to trensitions fyom the 15 to the 2S5 and 2P intervediate states,
The vesulting differentisl oross section is shown as curve B in
figure 5,12,

It can be sesn that the distortion-polarization sapproxims~
tion of Kingstom and Skinmer underestimatss the diffsxential cross
section st susll axgles evem more than the clese coupling expansion,

Curwe O is the diffevential cross sectiom which is predioted
&y the first Born approximation and is due to Kingston and Skirmer
(1vsa),

» The units of the differential cross seotions given Yy
Fingston snd Skizmmer heve been taksr ss a ® (inetesd of wa,’ as
published) to mals their Sorn approximation values consistent with
Moiseiwitsch and Williems (1959), Mott end sessey (1965),

{44). T5 alsntzun yolis.

The ratio of the atmmic to the molecular differential cross
section for elastic soattering was measured for scettering sngles from
25° to 120° and en incident energy of T5 electron voltsy tis results
are tabulated in ippendix A,
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The relative angler distridbution for the elsstic scattering
of 75 electron volt electrons from atamic hydrogen wes found by
sultiplying the seattered intemsity from ths moleculs at each angle
by the retio of the atomic to molescular cross sections at that angle,
The experimental values were noymalised at a soattering angle of 60°
to the thecretical curve which is shown in figure 5.13,

The theoretical differential ocross section for the slsstio
soattering of 75 electron volt eleotrons fyrom atamic hydroger was
oaloulated from the table of walues élwn by Mott and mssey (1965).
Kott and Xassey bhave tabulated the differential cross section for
eleatic scattering of electrons from hydrogen atoms which is predicted
wmnmqmuausmmumotkonuo/zm:-k°um
wave mmber of the incidenmt electron améd & the soattering angle,

By cemparing ths exzset phase shifts for the 1 = o partial
wave as calculmted by lieDougall (1932) with that predicted by the
Born approximation, Mott and Yasesy (ibid) have deduced that the
Born approximation for elestic scattering of electrons from atomic
hydrogen should be fairly accurate at sn incident energy of T5 elecw
tren volts, The present results support this conclusion eince rood
aareement is chtained between the thearetical wvalues and the experi-
mental xesults in figure 5.13,
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{i44). 100 slecizon yolim.
Figure 5.14 stows the angular distridbution for slastie

soattering of eleotrons fram atmmic hydrogen at am incident energy
of 100 electron volts., Tiw retice of the atomic to the molecular
oross weotion at sngles of soattering from 25° to 130° are tabulated
in Appendix A,

The curve was calculsted from the tabulated values of Motk
and Massey (ibid) mnd is that which is predicted by the Born approxi-
nation,

The experimental values have been normalised to the curve
at & scattering angle of 60°,

It can be seen that the firet Barn spproximation sccurately
prediots the shape of the differential oroes section for the elastic
goattoring of 100 electron volt electrons from atmmic hydrogen over
the angular range fram 40° to 130°, Howewer the experimuntal values
are greater than tle theareticsl at scattering angles less than 40°,

Jiwl.. 200 slegtxon yolis.

The ratios of the differential cross sectiom for elastic
seattering of 200 eleotron volt elsotrons frem atmic and molecular
hydrogsn are shown in Appemdix 4.
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The magular distributicn for elastie seattering of 200 eles-
tron volt electrons from atomic hydrogen wes cbisined by multiplying
the ratioc at ssoh angle by the soattered intemsity from the molecule
at that angle,

The sxperimsntal points cbtained in this way are shown in
figure 5.15 and haw been normmalised to the theoretical eurve at a
scattering sngle of 60°,

he theoretical differential cross section was obtained
from the valuss of liott and iasse; in the seme way &8 the curwe for
an incident emergy of 75 electron wolts,.

It oan be seen fram figure 5.15 that the agreement between
the theoretical velusa axnd the present results is very good fox
soattering angles between 50° ad 90°. Te valuesa at 100° and 110°
which 1ie above the curve reflect the ascuzwoy of the neasurement
rethor than any feilure in tie Born approximation,

V.5.  Zissusslon of SXXoxm.
The major contribution to the error in the ratic of the

differentisl arcss seotionms, Q4/Q!, came from the statistioal error
4n S(T) and S whiagh were used ir eguatien 5,10, It has been noted
in section IV.1{c) that the variance of the besn signal was caused
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by the statistical flustuation in the mmber of elesctrons sosttered
from the baskground, In crder to detemine S(T), up to 20 points
were taken at 2750°K for a particular angle and a partioular energy.
§(7) was obtained by taking the mean of these poimts and the standard
deviation of the mean was caloulated from the relatiom

6 mean = ZS(T)'L - g(T)
N(N-1)

The relative srror in 3(T), the mean wvalue of S(T), was them

Q
s 3e o)

3(2)
Spe and the ervor in 5., was calculsted in & similar fashiom,

The error im QA/Q axose from the combination of the errors
in 3(T) end SR. The error bars in figures 5,13 to 5,17 represent +
one standard deviation in the wvalus of Q4:/Qi,

In order to cheek for poesible sources of systematio exror
in the stamio hydrogn studies, sn angular distribution of 100 @,v,
electrons from argon was seasured with 500 smps [lowing tixough the
oven, If the magmetio field assceisted with this large curremt
influsnoced the paths of the scattered electrona in the scattering
chasber, the influszos would have beern apparent im the distridution,
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Figure 5,16 stows the messured distributions with the beam at rowm
temperature and with the bean at 1700"K, Since the shapes of the
distributions were identical it oan bhe semmed that no systematic
error was introduced by the magnetic field of the oven,

Since the molegular hydrogen disscoisted at temperatures in
excess of 1700%K it was not possible to check the inwerse root T
relationship up to temperetures where the ratio of the slastic
scattering oross seotions was messured using hydrogen., Therefore
argon was used to test the relationship predioted by equation 5.6.
at temperatures greater than the threshold for the disscoiation of
the hydrogsn molecule,

Figure 5,17 is a log=log plot of the elastically scattersd
slectron signal from argon as a funotion of the source temperature,
The incident energy was 200 electron volts and the scattering angle

ozfrmroun

wa 50% Tre slope of the line 1 ~O+49 g O
temperature to 2500°K,

The faot that the line has a slope of 0,5 offers evidence
that there was negligible contribution to the satomic beam signal from
gas sntaring the intersotion region from the chopping ohamber whioch
was not in the besm, If such an effect was present it would have

been more noticeble with argom than with hydrogen because the
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pumping spesd of the obopping ohamber pump was muoh less for argon
than for hydrogen, 3ince gas strssming through from the chopping
shanber would not have teen at the temperature of the been any srrore
cauged by this stremming would have been spparent in figure 5,17,
There have besn two determinations of the sbsolute ianisation
oross section for atomic hydrogeny the one already mentioned by Fite
and irackmann (19%68) and a neasurement by Rothe gt al. (1962). Tre
lower limit of the Lothe gt al. data is 100 e,v, and at 100 e.v,
the oross sections differ by about 25¢, The effect of this digoree
pency on the valus of D caloulated from equation 5.4 was only 5° in
the value of D when » = 0,75, Howewver, therw is good agreexent
between the Fite and Brucimenn data and & relative angular dietri-
bution messurement of Bayd and Boksenberg (1959). Aleo good agreement
wis obtained in tie present work betwsen values of D calculated from
equetion 5,4 waing inoident enmsrgies of 75 elecvtron volts and 100
sleotron volte and the ionimation oross seotions of Fite and “ragke
mann,

V.6
Sangluaions.

The present ceasurvement of the angular distribution for
slastic seattering of 50 electron volt electrons from atomic hydrogen
has shown that the close-coupling sxpansion does not desoribe the
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small angle scattering wvery acourately, Decsuse of the finite number
of 1 veluss which have been used in the caloulation it is not possibvle
to say whather the lask of agreesuent between theory and experiment

is dus to & nwakiown in the olose coupling exparsion or whether in-
suffioient terms have been used in the series for the differentisl
oross secticn, In view of the largs unumber of terms which muat be
used 1t is clear that the closs coupling expansion has ruther limited
usefulness at an inocident epergy of 50 eleatran volis,

Sinoe the distortion polarissiion approximation also undor-
estimates the ezall angle scattering at 50 eleotron volts other
approximations must bu tried, The present results at 50 electrom
wvolts will provide a basis for testing the results of the caloule~
tiona,

is the inaident energy is imorvased, it has been found
that the first Born approximation beocmes nore ascurate in the predic-
tion of small angle scattaring of slectrons from satamic hydrogen,
These resulis support the deduotion of Lott and lassey (1965) that
the lirsi ~ornm approximation should be fairly socurate in the des-
oription of the angular distribution of elastic scattering of eleo~
trons from atomio hydrogen for incidant energies greater than 75

electron volta,
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ARENDIX A
The ratios of tw differertial cross seetienm for elastie

soattering of atomic to melecular hyirogen measured at ssveral
scattering angles for imoident energies of 50, 75, 100, and 200 e,v,

e ey
50 8.V, 73 ®ov.
) 0.61 # 0,071 0,67 & 0,03
b 0.50 ¢ 0,03 0.61 2 0,04
» 0,54 » 0,04
40 0,60 & 0,03 o1 & 03
45 0,64 + 0,07
50 064 &+ B &5+ 05
60 0,58 + .04 932 N5
70 0,63 » ,07 82 2 L1
80 0.74 + O
90 0,752 4 0.95 & 0,25
100 1,00 + 0,25
110 0,79 2 19

120 043 &+ 13
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e s,
100 9.¥. 200 a,v.

o 0.79 & 0,04

% C.70 & 0,08 0,85 2 oM
40 0,70 & 0,04 0,82 £ 12
b 0,79 & 0,04 0,658 & 0,08
0 ¢.83 & 0,08 0.6 + 0.15
10 0.8 & 0,20 0,59 & 0,06
o0 +T9 £ 0,10 0468 & 0,4

90 0,68 & 0,04 0435 & 0,09
100 0,64 & 0,11 0.75 4 0.2

110 M N 0,71 2 83
120 «39 3 0.4
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(Inelastic Scattering of Electrons from Atoms).

The experiments w:ich have been described in Chapter IV
and ¥ were oongerned with the elsstic scattering of eleotrons from
atamic aystezms, The techriques which were used in these experimente
oan also be applied to the determination of angular distributions of
inelastically soattered sleotrons from stoms, Several expsriments
vere wndsrtaken to determine whether tis apperetus, which has been
desoridbed in the rwwoeding seetions, could be used to measure the
angular distributicn of electrons which hmd s:ffered & loss in
enexgy after exoiting the atoms, The resulds of these experirwnts

ere given in this Appendix,

1,

In view of the disorepunay whioch exists hetween ihe laboratory
neasurenents of the total oross seotion for the excitation of lLymanwct
photons from the 2P=15 trensition in atomio hydrogen and the theoretical
predictions (Smith 1965), a measurement of the differential eross
seotion for slectrons which have last 10,17 e.v, in & collision with
bhydrogen atoms would e wery useful,.
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Sueh & pessurement has an advantage over the elastic
soattering process becmwe of the fast that sn slectron soattered
from the atom is uniquely speoified over that scattered from the
molecule in a mixed bems,

However the absolute value of the differsntial erces
seotion fer irs inglastic seattering process waries so rapidly
that for soettering angles greater than 30°, the differentisl oross
section is at least an order of magnitude less than tha oross suc-
tion for the elastic seattering process, kott and lassey (19€5) have
tebulated the differentisl cross seotion for 18-2¢ transition from
0® to 40° at energiss of 100, 200, 400 electron volts, A% 0° and
100 e,v, the predicted valus is 99.8 .: por stersdian wereas at
30° the valus hes dropped to 0,024 . 3.7 For ibe elastic scattering
case at 30° and 100 8.Ve, the diffcrential oross section is 0,31
8,2 por steradian, At 40° the rutio of inelestio seattering to
olagtic socattering has deoressed te 1350, Thus the soatterwd elec-
tron flux through angles greater then 30° would be expected to be
very small,

It has been possible to messuze an enexrgy loss speotyum
from stomio hydrogen using the modulated orcesed bess teohnique snd
the apparatus which has bdeen desoribed im the preceding seotiom,
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The spectyum is shown ia figmﬁ Bole Tha incident energy:
was 100 electron volts and the soattering angle was 25°.

The source pressure was 3 torr amd the socurce temperature
T 3000'1(. Each point shown in the srectrum res:lted from en
integrating time of 400 seconds,

The pesk was centred at 10,15 + 0,05 electron wolts from
the elastic scattering peak which is not skown im the figure, The
gontribution of mclesular hydrogen at the peak position was negligible,
The ratio of the elastio scattering peak height to the inelastic
scattering pesk height was approximately 10s1, Beosuse of the high
source pressure vhich was used it was not possidble to define the
ratio more precisely because of the breakdown in the L relatione
ship which has been indicated in section V.3.

Figure k.1 shows that 4t is pessidle to use the spparetus
to determine the differentisl oress seotion for the excitation of a
composite of the 15«25 and 2P states,

B,2, Joalaatia Saatiering Sxom iialium.
Hohr apd Fiooll (1932) have measured the differential oroes
segtion for electrons which have excited the 2'P state in heliwm in

the energy range from 20 to 100 eieotron volts,
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A study has been nade of the mngular distritution of
imslastically seatéered eleetrons from 25° to B° for an ineident
energy of 50 elsctrom volts, D, teshniques were vaed,

The proesdure was to svasuate the ssatiering cleaber to
@ base pregsure of approximately 1.6 x 10’6 ‘orr, lielivoa wes
adnitted to the system o0 & pressure of 7 x 16°% torr. A negative
potantial was plased om plate Pa of the spsotiumetsr in the form
of a linear ramp and was fod in parellel to the X axis of the XeY
recoxdsr. The output pulses fram the particle multiplier tube
ware fed through the suplifisr network showm in figure E.2 into
the digitel to analegus converter which hes deen desorided in seo-
tiom IV,1, The output from the digital to analogue conwerter was
fod via a nicrovolt esmeter to the Y axis of the X-Y recordsr,

Figure B.3 is sn ensygy loes speotnum of eleotrons seat-
tered from helivm, The incident energy was 50 eleotron volts and
the seattering sngle wes 25°,

The difference in evergy A E detwesn the elastic seatiering
pesk and a peak carresponding %o an exsited state as measured on the

spectrs, i» from equation 4,3

AE=s & An (6.1)

whare k was defined in sestion IV,.1,
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Table B,1 shows the walues £ v msasured fyom the elastis
sostiering peak to the wvarious sxoited states shown in the spsetrum,
The absolute energy differerse A E betwesn the gramd stste and the
various excited states are also ahown in Table B,1 md were found
by putting k » 1,32 in equatim 6,1,

."thll vi 1.
State A v (volta) A E (e,v.) A E (optical)
from
_loore
2% 15,4 19,9 19,8
als 15,65 20,6 20,6
2'p 16,4 21,2 21,2
3'p 175 23,1 23,07
Y 16,0 23,7 23,73

The energy loss from the optical messurements were taken from the table
of energy levels of Meoxe (1949) smd it can be seen that the present
slestron exvited states sgree favourably with the optical valuss from

¥oore (19%9).
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The 275, 2'7, 3'P, and 4'P states are olearly resclved,
The asysmetry on the left-hand side of the 2'P pesk is dus to the
contribution of the 2'S state. The pesk due to exsitatiom of 2'S
state could be detarmined by sudirssting the signsl m the right-
hand side of the 211? peak from that om the left, The resulting
peak was centred at 20,6 eslestron volte which agrees with the valus
from the optioal mesaguremente,

The apestrum shown in figure B.3 is of muoh higher reso-
lution than that given by “ohr and Yisoll (1952) of inslastio
soattering fram heliuz, However even better spactra have besn re-
parted by Chamberlain, Heidemen, Simpscn, and Yuyatt (1965) far 0°
seattering in helium, wsing the hemisplerical speotrometer of
Simpson (1964), Yevertheless ibe present apparatus bas sufficient
resolution at 50 eleatron volts for it to be used im anguler distri-
bution studies of e n = 2 exoited states in helium;

To neasure the amgular distribution of these states the g
was rotated and the speotromster was kept fixed,

The energy lces spsotya shown in figure E.4 were recorded,

The peak heights of the waricus states have been plotted in
figure B,5 s & funetion of angle,

Several features are spparent fram figure B,5, Firstly the
repid fall in the peak height of the 2'P state, Such a rapid drop is

charssterietic of a atate due to an slectric dipols tramsition and
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is ea.sed by the large mmber of phase shifts which are used to
desoribe the treuaiticn,

'ns.mwd feature is the mmall variation in scattered
intensify of elestrons which have axeited the 2°5 state, Suoh an
exoitation involving a shangs inm multiplioity is strengly forbidden
under plioton bombawdment, In the case of eleotron beabardasnt
however the total apim of the atom and inoident elestron must be
couserved, Therefore the changs in multiplieity of the atom oam
only arise frem the exohange of the ingident with the atomie elootren,
Thus only a few partial waves will contribute to the erces eesticm
and the variation of scattered intensity with angle will not be as
naried as is the case for the 2P state,
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