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A variable angle, high resolution photoelectron spectro­

meter has been built and is now being put into operation. This 

instrument, which uses 180 degree hemispherical analysers of 

2.5 inch mean radius and a cylindrical scattering chamber, 

is thought to be different enough from present instruments now in 

this field to make a significant contribution upon its bpera,tion. 

The unit, as a whole, has been built. The iight source has 

undergone extensive testing and has been found to be operating 

with as high an intensity and good a monochromaticity as can be 

expected. Using an electron gun, current has been passed through 

the hemispherical analyser, thus proving that no major difficulties 

exist in this part of the unit. At present the electron counting 

system is under investigation as it has been a source of diffi­

culty. 

While no predictions are made as to when the machine will 

become operational, the outlook is opttmistic that the first 

spectrum is not too far away. 
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INTRODUCTION 

This thesis will consist of three parts and describe in full 

an instrument which is now built and, -at present, being put into 

operation. This instrument, hereafter called the multiple angle 

photoelectron spectrometer (M.A.P.s.) is designed to study the 

angular and energy distribution of electrons ejected from a gaseous 

target by a collimated beam of high energy (21 electron volt) 

photons. 

The first section of this thesis will deal with the history, 

theory and possible implications of the above experiment. The 

second section will deal with the design and construction of each 

part of the spectrometer as well as give pertinant data as to the 

performance of that individual part, if available. The third 

section is reserved for the results of this experiment. As no 

spectra have been obtained as of the date of the writing of this 

th~sis, it will be used to give a brief summary and outlook on 

the experiment. 



A. Background 

SECTION I 

( The experiment, its history, theory and 
implications) 

The general field of spectroscopy has, in recent times, bloomed 

from a mere absorption of visible and near ultraviolet radiation 

to a vastly varied and increasingly useful interaction of electro­

magnetic radiation and particals with matter. 

Photoelectron spectroscopy is but one of these many techniques 

and comes under the more general heading of .electron spectroscopy. 

This categorization designates experiments in which one irradiates 

a target with photons or other particals and studies the electrons 

that result. 

Consider a molecule or atom interacting with a photon of energy 

hv. If hv is less than the ionization potential of that molecule 

or atom, the photon, if absorbed, will cause an electronic transition 

to some excited bound state. If, however, hv is greater than the 

ionization potential of that molecule or atom, the photon, if 

absorbed, will cause either a transition to the molecule's or atom's 

continuum, or a transition to some bound state in that continuum 

which will subsequently undergo autolonlzation to the continuumo 

The second process is important only if the energy of the photon 

is very near . the actual ioni Z°E::l. tion potenti a l of the molecule or atom 

(ergo is near the threshold energy)., The energy with which the 

electron will be ejected is just hv - I(b) where I(b) is the amount 

of energy required to ionize the electron and leave the ion in its 

final state. Thus for trr~di a tion of a target gas with photons of 

a certain energy, there will be discrete bands of electrons with 

certa in energies col·respondi ng to different ionization potentials 



and/ or different final states of the lone Thus one expects 

to see not only peaks corresponding to ionization from different 

orbitals, but also vibrational structure corresponding to final 

ionic states, if the target is a molecule. If one irradiates the 

gas with photons of varying energy, and collects the subsequently 

ejected electrons, one would expect to find an onset of current 

at the ionization potential with, . possibly vibrational ~structure, 

and also structure due to certain discrete bound states in the 

continuum. This extraneous structure would not . be seen in the 

first case assuming that the photon energy is high enough. 

It is not rash to expect that the ejected electrons would 

also have a certain angular distribution with respect to the 

propagation direction of the incoming light beam. It is not, 

however, very obvious what such a distribution would be like, and 

thus one must look into the theory of such a process in some more 

detail to come to a reasonable conclusion . 

B. A~~! History o[ Photoelectron SQectrosc~p~ 

The study of low energy photoelectron ejection is first 

attributed to Lawrence and Chaffee 1 who, interestingly enough, 

also conducted angular measurements. As s eems to often be the case, 

a large discontin~ity existed after this work until the early 

1960 1 s when the next work was conducted by Vilesov, Kurbatov and 

Terenin
2 

and, shortly thereafter, Turner and Al - Joboury3. Turner's 

first apparatus, using techniques simi lar to earlier electron 

impact work, used low resolution cylindrical retarding grids and 

a helium resonance 11. 11.e source., The re sol utton , of this appara t.us 

was not good enou~1 to resolve much vibrational structure o The 



next stage in improvement of resolution came with an apparatus 
4 built by Frost, McDowell and Vroom which enployed a semi-point 

source of photoelectrons and spherical retarding grids. ·The 

use of a point source and spherical grids greatly reduced the 

common problem met with all retarding field instruments, namely 

that the velocity vector of the electron is not perpendicular 

to the retarding grid. Turner soon came out with another 

apparatus, this time using a 180 degree magnetic analyser5. 

Vibrational stiucture was now within the grasp of the experimentalist. 

Soon after this Berkowitz, Ehrhardt and Tekaat6 produced the 

first low energy angular photoelectron data since Lawrence and 

Chaffee. Their apparatus used a moveable retarding potential 

type analyser and a crossed photon and molecular beam. The 

inevitable use of orbiting electrostatic analysers came with 

Turner's use of a 127 degree cylindrical analyset. This unit 

had a capability of .015 electron volt resolution. At present 

high resolution photoelectron spectrometers using cylindrical 

analysers are available commercially. These instruments are 

based closely on Turner's design. Very recently the first low 

energy angular data since Berkowitz eto al~ has been published 
8 . 

by Mc Gowan, Vroom and Con:eaux using a sphe1ical retarding grid 

4 very much like the one of F'rostp McDowell and Vroom, however 

using a collector which has been segmented into 15 degree ang 1J..la:-'..' 

collectors. 

This covers much of the work done on low energy photoelectron 

spectroscopy {as per design of cou.rse). Many other interesting 

experiments usin.g -..,ariable wavelenght light sour ces to examine 

threshold spectra, hi gher ene rgy angular distributions using X-rays, 

and phot.od.eto,ohment studies using lasers have been done.· The se wilJ. 



be mentioned later where applicable. 

c. Theory 

As was mentioned in section A, the the angular distribution 

' that photoelectrons should assume is not at all obvious. In order 

to show that such angular measurements are interesting (and thus, 

say, not always isotropic) and can possibly give significant 

information about atomic and mole~ular structure, this section 

will derive the basic angular distribution for the simplest 

case (a one electron atom) and then, using the results of several 

papers, generalize the result . The final goal of this section is 

to make a calculated guess as to just exactly what one may 

expect to learn (and not learn) from an apparatus such as the one 

described in section II. As it is not hecessary to go into the 

more general derivations of this theory in order to draw conclusions 

from their results (assuming, of course, that the derivation ls in 

itself correct), this section will not treat the more genera l 

theory in detail. 

Bethe and Salpeter9 are attributed with the first derivation 

of the well known C\ + ~ cos2 (0 ) law, and thus their book Quantum 

~ ?.ni.c8-££.__Q~wo- Electron Atoms has become something 

of a standard starting point for this theoryo This derivation will 

closl;y- follow their derivations given in section 70 of that book, 

along with the necessary background derivations developed ea.rlier 

in the booko 

One wishe s to derive the differential cross section for 

photoionizati on of a one electron atom in the first or der Born 

approxima tion. 'l'his p.roblem, as most in th•; j_nte:-cacti.on of 

radiation with matter, is basically one of 0alculating the 



transition matrix element D which is related to the differential 

cross section by the relation 

cs-..a.. cLo... - I-1 

where~ is the differential cross section,e the electronic 

charge,~ the rationalized Planck's constant, c_ the velocity of 

llght,\\-\.the mass of an electron and)the frequency of the radiation. 

The matrix elem~nt for the one electron atom is given by 

I-2 

This can be derived by the use of either quantum electrodynamics 

or s~mi-classical treatment of the radiation field (for example 
10 see Schiff pages 397-401). In this expression (see figure I-1) 

..:ii. -i is the polarization direction of the photon and K~ is its 
~ -~ 

propagation direction (of courseJ·)!\i' ==O),'lAeis the atomic bound 

state wave function and1<4~ is the final total wave function of the 

system. In standard treatments this wavefunction is usually given 

the form 

I-.3 

..:,.I 
with~ as the propagation direction of the ejected electron, 

and -;. its posi tj_on vector o Assuming a i:p~ereri cal potential~ ct< C:7) 

represents the scattering amplitude with 6 being the angle between 

the direction of emission and the incoming photon's directiono 

The deri vatlon of th:i. s form · is al.so iri standard texts (for exa.mule 
11 

see Merzba cher pages 21J- 226)Q 

In actuality the deriva tion of the photoionization ma t r i x 



incoming 
photon 

FIGURE I - 1 

Coordinate axes fot the transition matrix element~ 



element is best worked out using the momentum analogues of both 

the bound and final wave functions. Bethe and Salpeter9 do this 

derivation of equation I-Jon pages 40-47 as well as show its 

equivalence to I-J by taking its Fourier transform. Before the 

momentum analogue of I-J can be written compactly one must define 

the momentum wave function ~b { i':>) 

and the Fourier transform of some potential Vtr) 

Using the above two symbols, I-.3 can be written in momentum 

representation as 

I-4 

I-5 

<'.' 3 ~ ~ • r _..,. ) I-6 
J.... ..:i. o c. -p- \(.')- -\-.1 c. f' 
'-t' ..0.., 1: (. V) -::: Z-'l-r-='2.-l-\(._/..:...I -j.-i-~----f-)_(_\(-:-, -+~\') 

where 
(''?> .Jo. 

oC~)is the three dimensional Dirac delta function and £. 
is a small parameter which is to be limited to zero in the final 

evaluation of I-60 The amplj_tude is given by 

In analogy to the coordinate representation, "/.-r_ is just the scattered 

part of the total wave func tion., The· assumption to be made about 

the amplitude in the first order Born approximation is that this 

scattered ~~7 e ls 2~allo This, of course, simplifies things greatly 



by removing the integral in I-7• Doing so gives the following 

amplitude 

I-7b 

.The system's final wave function, using this amplitude, is just 

z. v' ( \ "?-~'\) I-8 

\(.' f.. - f 'Z,. 

As this derivation uses the momentum representation, the matrix 

element must also be written in momentum form as 

I-9 

One has already made a simplification in I-9 over I-2 by neglecting 
...::,. ~ 

the exp(iK~·\"i ) which is equivalent :.: to making the dipole approximationo 

Substitution of I-8 into I-9 yields 

The momentum space representa tion of a plane wave is since 

• --exp(i \>·'-" ) is totally delocalized in coordina te space, then by the 

uncertairity :i:-elatl9n · , the momentmn wave function must be totally 

localized. ) and thus an eigen function off~ • As Y~ is nece ssari J y 

hermitian its acting on the delta function will give \<.cose 
,... -( the cos 9 coming from projection on. the ~ axis with E7 being the angle 

. • .:. >, 
between8 and 1<. as in figure I-1 ) and thus I-10 may be written 

_ ... -':I 

. \! ~ i 
1)...a.,•~ = 'l, 



with the first integral trivially reducing to 

I-10t 

Simplification of the second intrgral requires that one argue 

that in the reigon of~» non vanishing (for a p state), y£~K 

so that one may drop the f from the two differences in I-10Q.. 

Doing so gives 

I-10c 

One can derive (using the fact that exp(i~-y ) is an eigen 

function of f~ ) that 

Substitution of this relationship into I-10c gives 

1-11 

I-10d 

As \/ tll') is no longer y dependant it may be t aken out from -under the 

integration. Interchanging the order of integration gives 

· , ,, 

\!,-?Iii ,z,.t"Z-'CT)"t>li- v't~t) \ ~ l\,\bt?t ,<~?'c~ ) ~-;r 

\ J d .tt.i ' 



This gives the required matrix element for the photoionization 

cross section. The square of the element is 

I-12 

and, from I-1, one has the differenti a l cross se6tion 

I-1J 

If one puts this into the typical form of 

°' + ~ c..o s. 'Z,. e 

one finds 

I - 14 

2.iY ~i, ~t. 
I--15 

(! =- \M ' l, C. v' 

Needless to say this form is somewhat specific, though it does 

show the desired angular form. What is does not explicitly show 

is the dependance of the parameters cl and~ on the specific.,( 

of the atom~ Bethe and Salpeter show, by using suitable forms 

for the potentials and wavefunct:\.ons, that for ejection from 

as stateG\seO in this approximation and. for a p stater,:;o • The 

above approxia,mtions are not valid for higher 1 values, and the 

second integral in I -10b must be expanded more carefully to obtain 

nonzero termso 

Though -this derj_vation is somewhat sketchy, it 10.ight be a 

li.ttle satisfying in that it does give the expected angular resul to 

Bethe and Sa lpe ter also derive a more e::Pneral formula which 

is valid for single electron atoms and obtain the same angular 



distribution formula. 

The atomic case has been treated somewhat more usefully 

(as far as the experimentalist is concerned) by Cooper and Zare 12 

who extended Bethe and Salpeter's treatment for a multielectron 

atom. They write the cross section as 

I-16 

d..0-

where 

~ '"l- t c.o~ e) :;. ½:, l ~ c...o~ 't- e - \ ) 

and~ , which is called the assymmetry parameter, is given by 

I-17 

l)<.\ (S"°,,H,I ~~-( Q.o~( &.e➔, ~~-r-1) I ez~•H){ .P.6-t-,~ +-(-fr!) ~~+'r) 
This equation- has. been corrected a:s per .the e'rratum appearing in 

~Ch~ Phys~ • 13 -In this equation the~< is the phase shift of 

the .f!.~partial wave, using the usual definition of phase shift 

. coming from the partial wave treatment of scattering. The ~..e. are 

matrix elements of th~ form 

c;,O 

~"'' = .. L \2....,_.e "' Rl{.e.,ti a ... 
I-18 

• One can easily see that for ans shell with l= 0, I-17 reduces 

to~ =2 and one has strictly a cosine distribution as was derived 

in even the very simple casec For emission from a higher l value 

orbi tal t.he expr&dS i (>tl is much more difficult to calculate. Ba8iP-8.L1 Y 

one has contribution and interference betwee n the 1 ± 1 partial 

waves depending on th~ phase shifts 9 etc. Cooper and Zare 



also note that the value off is energy depe.ndant. Indeed, in 

calcµJ.ation for the photodetachment of o- and c- ( from a p 

state) the value of~ goes from z-ero at threshold ( due to -only 
, ..... ":" 

~ partial wave contribution) to roughly -1 only 1 electron volt 

away! For increasing energy the distribution approaches the simple 
· 2 

cos (e)_ form. Thus one can expect interesting energy and angular 

dependance for electrons ejected from an orbital with 1=0. For 

the~ case one expects a simple cos2 (8) distribution and no 

energy dependance of this distribution. 

Hall and Siegel14 have made angular studies of photodetachment 

(the term photodetachment refering to removal of an electron from 

a singly charged negative ion and photoejection refering to 

removal from a neutral species) of carbon, oxygen and hydrogeno 

Their apparatus is a molecular beam crossed with a laser and analysed 

by a 180 degree hemispherical analyser. Their agreement with 

Cooper and Zare on oxygen and hydrogen is quite goodo 

The application of theory to molecules has been carried 

out by Tulley and Berry15 and Lipsky16. Tully and Berry derive 

expressions for dipole-dipole, magnetic- dipole and electrlc 

quadrupole ·emission as well as two photon emissione As might 

be expected the interactions other than dipole - dipole do not 
: angular 

have the typical/distribution., '.I'he dipole-dipole i·nteraction, 

however, does have · the °'.,.. Q,c.0 ~tt. e depe:ridan.ce., Tulley and Berry 

also make a calculation for H2 in their papero At the time 

there was no comparison for their calculations, however a recent 

paper by McGowan, Vroom and Comeav.x8 does furnish a comparison 
to be too 

which proves not/good ~ Also in the McQowan et~ ale paper a 

convenient form relating the mol ecular a.nguJ.ar di stx·:l. bution 



and the atomic angular distribution as written by Cooper and 

zare 12 • For the cos2(e) law written as 

for a molecule, one may write 

I-19 

:z. t 
_-.3_A_1-I 

~+\ s I-20 

Tulley and Berry15 also talk about some of the other uses of the 

two parameters c,(_and ~ • As the angular di stri but ions are known 

to change drastically with the energy of the outgoing electron, 

so one might infer that autoionization processes would significantly 

change angular distributions. Tulley and Berry reason, however, 

tha.t even though autoionization might change the relative magnitude 

of the two parameters, the overall angular law would not be 

changed. This ratio change, however, might give one a clue as 

to the ~mportance of autoionization in a photoelectron processo 

They also discuss the possibility of deriving moiecular parameters 

from the known forms for these tw-o parameters ot. and ~ • They 

reason, however, tha t except in certain cases the knowledge of 

t,t.. and~ is not enough to lead to any specific information about 

the size of various 'matrix elements, etco 

One can sed fro m the preceeding discussion that the clues as 

to the exact orbital angular momenta are somewhat hidden in the 

two parameters ot and~ except in certain casese It is important 
. 2 

to note, however, that the~ +~cos (0 ) law holds for ejection from 

any orbi tal and any i~formation about the bound angular momentum 

i s conta ined in tho s~ parame ters5 In no caue does anyone talk 



about actually unraveling backwards fromol and~ to the initial 

1 statec The majority (that being three for low energy processes) 

of papers on low energy angular distributions have essentially 
2 

mostly pointed out that in many cases the cos (9) law does 

not fit the theory too well. Whether this be an experimental 

or derivational cause is yet unknown. 

This is not to say that empirical data might not be derived 

from these angular distributions. Indeed a good case is the angu19r 

trend of the ratios of singlet and triplet transitions as found 

in el.ectron impact spectroscopy which, with little theoretical 

background, form a proven empirical test for triplet states. It 

is not . rash to think that such a thing may be encountered in this 

field. At the moment, however, there is insufficient data of 

relia ble quality available to say very much about such a proposition. 

If the theory is correct, deviations from the cos 2 (e ) law, 

other tha n showing possible defects of the experimental appar a tus, 

should give information about the contribution of va rious 

multipole interactions to the photoionization process. This 

type of measurement, however, would be a rather fine one and thus, 

at the pre sent state of the art, must be realistically put of f into 

the futur e. 

De Conclus ion 

There is one thing tha t one ca n positively sa y about the 

field of variable angle, high resolution photo electron spectroscopy. 

That is that it is ha rdly well explored., Indeed any field in which 

the number of signifi cant papers can be counted on one hand is hardly 

worn out.~ 

T'hus, the building of Me Ao P eS e can b e a mply jus ti f i e d o Indeed 



its use solely as a photoelectron spectrometer of high resolution 

could be justified judging from the great amount of information 

about ionjza tion potentials, Franck-Condon factors, and ·:- auto­

ionization processes that can be measured. 

The two variables ,of angle and variation of angle with 

energy, however, are quite unexplored. The possibilities 

that _these variables open have already been discussed. They 

are quite significant if not only to provide a good straight­

forward chance to check experiment to theory, but also possibly 

in the assignment of molecular processes. 

The apparatus discussed in the next section has quite a 

few unique features. The most important is its high resolution. 

All angular studies have been done (in the low energy reigon) with 

retarding field energy a.nalysers which, this being amply shown 

by their disuse where ever possible, are hardly the best form of 

analysisc While it is hard to say what the ultimate resolution 

of this instrument will be, it is possible that it could surpass 

any other instrument in operation because of the use of a very 

large hemisphetlcal analyzero Secondly both the low energy 

angular experiments have been done with mole cular beams$ As 

significant deviations from the theoretically derived angular 

• distributions has been observed, it is possible that there may 

be some defect in the use of such a syst em for these measurements. 

The use of a cylindrical scattering chamber in MoAoPoSo affords 

a good check on the validity_ of data previously taken in that 

it is a totall y different configurationo These two facts form 

a basis for the present expectations. The MoA. P.,S & system was 

also desi gned for maximum versitilityo If it become s, with the 



use of computer calculated lens systems, or more sensitive 

counters, possible to go to lower incident intensities of 

photon fluxes, it may be possible to use a high intensity 

continuum source and monochrometer to supply the necessary 

photon beam, and hence make the very interesting variable of 

variable energy a reality. 

At present there is the capability of using in the light 

source any or all of the rare gasses which give certain discrete 

lines from 584 . 4 ~. up to about 1200 ~. The resonance line 

lamp in the M.A. P.s. system has proven to give clean intense 

output for all of the rare gasses. Some study into the 

possibility of generating ionic lines of very high energy 

has been made. In a series of experiments described in the 

second appendix, ionic lines of neon were seen in the 460 ~. 

reigon with small but measureable intensity. Though some 

experimenters have published results using the helium ionic 

line ( JOO i) this line ha s not been detected. 

Thus when, in the near future, the M. A.P~S. system is 

finally totally put into oper a tion , it is firmly believed that 

anothe r useful and necessar y instrw~ent will be added to the 

field of multiple angle photoelectron spectroscopy. 
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SECTION ll 
( The instru~ent, desi gn and construction) 

The multiple angle photoelectron spectrometer consists of 

several general parts ( figure II-1 ): 

1. Vacuum cha~l_)e r, £U~£i~ and shieldi!IB_ 

This classification contains the main vacuum chamber,(A), 

the magnetic shielding for the M.A.P.S. system and the 

high vacuum pumping for the main chamber (B). 

2. Radia tj_on ~9_urce, and t ts su.:e:eort eq!-lj_~nt 

This classification contains the radiation source proper 

{A), its power supply and current dropping circuits (B), 

and its gas inlet and differentj_al pumping facilities ( C). 

J. Sca~~-~_nea_C?.12?-mbeE_, and sampl_e inlet system 

This classification contains the scattering chamber in 

which the photoionizati on actually occurs, (A) and the 

low pressure sample inlet system (B) which feeds gas into 

the scattering chamber. 

4e Electron analt_~ex 

This classification contains the electrostatic lenses 

and dispersiYe element which is used to energy select 

the photo- electrons, and the counter which detects the 

energy selected electrons (A)e 

5. As.~ed electronics 

This classification contains the DeC~ potential supplies 

for the electrostatic lense s (l~-.. B) and the pulse counting 

equipment for the counter (4 eC ). This also contains all 

the · electro~ics associated with t he operati on of th e 

vacuurn system. 



4.c 
K 

2.c 

FIGURE II-1 -
Block sche~atlc of t he M . A.P ■ S ■ system. See text, page II-1 
for explanation of the various components. 



Each of these sections will be explained in detail in the 

remaining text of part Ile 

The Vacuum System (1.A,B) 

The radiation source ( hereafter refered to as lamp), the 

scattering chamber and the electron analyser assembly are all 

mounted on an 18 inch non-magnetic stainless steel flange which 

bolts into the side of the main vacuum chamber. The removal of 

this flange is accomplished with a specially designed flange cart, 

and two demountable rails as shown in figure II-2. The main 

cylinder of the vacuum chamber is roughly 17 inches in diameter and 

29 inches high. A 13½ inch in diameter extension, 5 inches long, 

serves to hold the mating partner of the fl ange on which the lnstrument 

proper is mounted. The bottom of the main cylinder is held roughly 

39 inches off the floor to allow installation of the main diffusion 

pump underneath, as well as to make the instrument at a convenient 

working height when it is out of the main chamber. 

The inside of the main vacuum chamber is fitted with a removable 

magnetic shield made of high permiability mu-metal (figure II - J). 

As photoelectrons are often generated with low kinetic energies, 

say of' the magnj_tude of a few electron volts, this shield is 

necessary to protect these electrons from the earth's magnetic 

which would cai;.se 1.mdesireable orbiting of these electrons. The 

use of high permiability metal shielding is superior to the older 

method of neutralizing coils because any shift in the magnetlc 

field being shielded, whether of direction or magnitude, would 

not be p~operly neutra lized by these coils unless readjusted& 

Residua l fi e lds inside this shield have be e n measured~ typically 

a fe w mi lligauss~ This is quite sufficient for the purpose a t hand e 
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The vacuuJn schematic may be seen in figure II-4. The main 

chamber (A) is pumped by a N.R.c. VHS-6 diffusion pump (D) which 

has an air pumping speed of 2200 liters/second. The diffusion 

pump is baffled by a N.R.c. · high conductance, optically 

opaqt1e, liquid nitrogen cooled trap (C) which is connected to the 

main chamber via a 6 inch gate valve (B). The pumping speed into 

the main chamber is on the order .of 900 liters/second. The outlet 

of the VHS-6 is conne~ted, via a 4 inch line on which is mounted 

an ionization gauge (E), to a 4 inch freon cooled chevron baffle 

(F) which is operated at -40 degrees centigrade. This is connected 

to a 4 inch c.v.c. oil diffusion pump (G) which has an air speed 

of JOO liters/second. This pump is designated the booster pump in 

the following text. The outlet of the .booster pump is connected 

to the mechanical forepump (K) through a 2 inch electro-pneumatic 

valve (H) and a 2 inch xeolite oil trap (I). A roughing lj_ne 

enters the main chamber through a 6 inch flange mounted opposite 
' 

the 18 inch mounting flange through another electro- pnewnatic 

valve (L). The pressure in the foreline is monitored by a thermo~ 

couple gauge ( M) e The mechanical forepump, which has a pumpi:ng speed 

of 13 cubic feet/ minutej is exhausted through a vent line which 

goes to the roof of the laboratory ( not shown). 

A normal "'tP.cu.um cycle starts with closing valve (H) and opening 

valve (L)o These two valves are interlocked so that opening valve 

(L) automatically closes valve (H)., When the foreline pressure has 

reached :to mic~cons or so valve (L) is closed and valve (H) is opened ., 

The main gate valve is now ope ned ( B) ann the freon baffle (F) and 

boost;er p u..inp ( G) are started., The main chc."'.,:::°bc1' j_ s now a1J.ow8 ::l to 
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come to a pressure of 10-5 torr. 'Roughing' the main chamber 

with the booster pump serves to keep water vapour from condensing 

on the main liquid nitrogen cooled trap, and also reduces oil 

backstreaming from the main diffusion pump upon its starting. 

The above process usually takes about one hour. The main pump 

is now turned on, and the nitrogen trap is filled. Filling the 

liquid nitrogen trap usually brings the main chamber pressure 

into the low 10-6 reigon. When the main diffusion pump starts 

pumpi ng in about 15 minutes the pressure quickly falls into the 

high to medium 10-7 reigon. After several days of pumping the 

-8 chamber has fallen as low as 5x10 torr. All of these pressure 

measurements are taken with a varian nude ion gauge which is 

mounted on the main flange. Pressure as read by ionization 

gauge (E} is typically one order of magnitude higher than the 

chamber pressure. 

The use of such a fast diffusion pump and booster pump system 

was not to facilitate extremely low main chamber pressures. 

Rather1 under normal operating conditions, when one micron of 

sample gas is in the scattering chamber, the throughput of 

sample gas j_nto the maj_n che,mber is q_ui te large due to the 

of holes and slits needed in the scattering chamber to cover the 

range of angles which this experiment hopes to investigatee With 

one micron of sample gas in the scattering chamber the main chamb.~r 

pressure is 2x10- 6 which is quite low enough to allow- the electron 

analyser to worko 

The ope:ca tj_on and performance of the vacuum system is monitored 

by an ionization gauge controller and the high vac uum monitor o These 

i terns f ho1·revf;r , ar:2 discussed in s e c t:Lon 5 o Essent:1.al1y they 



provide the necessary power switching for both diffusion pumps 

and valves, the automatic filling of the liquid nitrogen trap 

and finally an extensive automatic interlock system which protects 

the M.A.P.S .. system from failure due to power, vacuum, water 

flow, or loss of the main nitrogen trap due to resivour depletion. 

The Radiation Source (2 .A,B) 

The lamp for the M.A.P.s. system has undergone exhaustive 

developement in the last two years. As the absolute intensity 

of the radiation source is critical in determining the intensity 

of photoelectrons, a thorough developement with the goal of maxi­

mizing absolute intensity of this source as well as minimizing 

the relative intensity of unwanted wavelengths in the lamp output 

was thought important. 

As has been discussed in section I, the photoelectron experlment 

requires a monochromatic source of radiation. This can be generally 

accomplished in three ways. The first way is with the use of a 

very intense non~monochromati c light source which is subsequently 

made monochromatic with the use of a monochrometer. Seconfily 

one may make use of the selective emission of certain low pressure 

glow discharges in selected gasseso Thi tily one might uso a lasero 

The choice o f a source is to a great extent determined by the 

wavelength at which one wishes to operate., To j_onize most molecules 

energies on the order of 10 electron volts are needed. This fixes 

a maximtJJil wavelength tn the 1200 Ji. reigon., If on3 used this minimum 

energy, hoNever, one would be working at the thre shold of most 

ionizati on processes which, whi le interesting, is not the purpose 

of this experim~nt~ This would a l so imply a very low kinetic energ y 

of the ejected electrono Thoue;h theore tica lly this does not make 



any problems, in practice low kinetic energy electrons (say with 

less than 1 electron volt of energy) require special handling. 

Specifically the performance of the electron analyser of the M.A. 

p.s. system is generally poor for such electrons and thus it is 

desireable to generate the photoelectrons with a larger kinetic 

• energy. Such a light source would also limit one to looking at 

first ionization potentials only, in most cases, and would thus 

limit the bredth of investigation. In general wavelengths less 

than 750 Rare employed in photoionization. 

This choice of wavelength necessarily rules out the third 

choice of source (laser ) because of the present state of the art. 

Intense continuum sources in the 700 R reigon may be constructed 

with some difficulty using high current pulsed discharges in a 

selected gas (often helium)o One necessarily loses a great amount 

of intensity, however, in the process of monochrom~tizing the 

light sourceo In this reigon grating vacuQ~ monochrometers must 

be used and in ~eneral more than four orders of magnitude are lost 

in the monochromatisj_ng processo The subsequent output is generally 

too low to permit high resolution experiments to be done with 

sueh a source. though studies of autcionization processes 

threshold using low resolution photoelectron spectroscopy have 

been carried out as mentioned in section Io 

The emissicn of glow discharges is usually the source of 

radiation for photoelectron experiments~ The excitation of a 

low pressure gas by either a DeCe discharge or a microwave 

cU scharge yields an output spectr um ·which is often highly 

selective in wa ve J.e:ng the The se disehar ge s in the rare gasses 

are especia lly conve nient be caus e the princ:pa l output of radiation 



occurs below 1200 Rand is highly concentrated in one or two 

lines. The use of the 584 ~- line of the hell uJn discharge will 

be used in the M.A.P.S. system for initial work. This line, 

a 1S to 2P transi~ion, is two orders of magnitude higher than 

any helium line below 1200 R with its largest rival being the 

1S to JP line occuring at 537 ~. 

The lamp being used in the M.AoP .. S. system is a D.C., dtscharge 

lamp which operates at roughly 500 volts and 73 milliamperes in 

5 torr of helium. The discharge takes place between two cylin­

drical electrodes (A and Bin figure II-5) and is constricted 

by a .75 inch long by 2 millimeter bore quartz capillary tube 

(C). The helium exits via holes in the second electrode (B) and 

is pumped away through the first differential pumping port (D). 

The light formed by the discharge travels through the .5 millimeter 

bore of capillary (E) into the scattering chamber. This capillary 

.has a hole in it at point (F) to allow one other stage of differ­

ential pumping .. This is accomplished through port (G)e The 

block in which the quartz tube is embedded (H) is air cooled by 

internal lines (not shown)o The helium enters through tube (I) 

into the back elec trode reigono As electrode (A) is 500 volts 

above ground, and the whole back chamber is at ground, insulator s 

(J), and (K) keep discharges from occuring in the back chamber . 

Power is fed in by a side connection (L). The lamp is started by 

applying a high voltage tesla discharge to pin (M) situated in the 

helium inlet linee As the l amp is mounted in the main chamber, 

the inside is isolated from the outs:i.de by seals (N), (0) and 

( p) ~ 

As was menti oned, a thoro ugh study of iour basic l amp de signs 
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has been done. Of the four the design described here was found 

to have the highest intensity and best impurity line ratios. 

The leakage of helium gas into the main chamber is also very good. 

The differential pumping for this lamp is provided by a l amp 

services stand, a schema tic of which is shown ir1 figure II-6. 

Flexible lines (A). (B), and (C) connect to the helium inlet, 

first differential pumping port and second differential pv~ping 

ports respectively. The connection is through feedout lines 

emerging from the main chamber on a 6 inch flange mounted in the 

middle of the main mounting flange. Valves (D), (E), and (F) 

allow the services stand to be kept under vacuum even if the 

instrument itself is out of the main chamber (and thus air can 

leak in capillary ( E)) . Discharge gas at a few pounds of pressure 

is bled into the inlet line through valves (G) and {H). The 

pressure is monitored by a 0-50 torr absolute pressure gauge (I). 

Valve (J) allows the inlet line to be pumped when valve (A) is 

closed. The differential pumping lines are hooked up to mech­

anical pumps (K) and (L) respectively through nitrogen traps 

( M) and (N) ., 'l'he pumping speed of pump (K) is about 5 cubi.c 

feet/ minute and (L) is 2 cubic feet/ minute~ Though not in 

use at the moment, the lamp services stand provides a liquid 

heat exchanging system using kerosine as a coolanto Kerosine 

was picked because of its low ab :.::: orptio:i': cf mi crowave radiation. 

Cooling water is circulated in line (0) and out line (P) through 

the heat ex changer ( Q) o Kero sine is pumpe d out through lj_ne 

(R) by pump ( S) and through flowmeter (T) o Return is through 

line (U) o Tl1e services stand also provldes the D~Co power 

necessary for the discharge l ampo Supply ( V) supplies 0- 550 
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Block schematic of lamp services stand. See page II-15e 



volts at 0-JOO milliamperes. This current is dropped across a 

variable 0-JOOO ohm 75 watt power resistor (W) which is cooled 

by a blower (X). 

With the lamp operating normally at 5 torr of helium pressure, 

a normal chamber pressure due to its operation is on the order of 

1x10-~ torr. This pressure is almost independant of the second 

stage of differential pumping provided through port (G) (figure 
a lack of 

II-5), however/this does reduce the absolute intensity by roughly 

20 percent due to absorption in capillary (E). 

The output of this particular configuration has been tested 

for helium, neon, argon, krypton and xenon on a½ meter Seya 

type monochrometer. The monochrometer, described more fully in 

the second appendix, is equipped with a grating which is blazed 

at 700 ~ and has 1200 lines/ millimeter. Only a typical helium 

spectrum will be given here (graph II-1). The charastic outputs 

of the other rare gasses are similar to this. Unfortunately 

the grating reflection efficiency is a function of wavelengtho 

Thus one may not make direct comparison of intensities of lines 

at different wavelengths on such a scan. It is reasonable to 
a 

assume , however, thaVroughly accurate comparison can be made 

between the 584 ~.· principal line and its nearest helium companion 

at 537 ~. The shorter wavelength line is about 1 percent of the 

principal line. Other traces of impurity lines may be seen at 

1215 i (lymen alpha, due to hydrogen), 1132 I and 1199 i (both 

due to nitrogen)o While one cannot exa ctly ascertain the ratio 

of these lines to the principal line, one can strive to reduce 

their un6orrected ratio as much as possible, which was done. 

Such an i np~rity l :nc would be of no great consequence anyway as 
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the difference in energy between it and the principal line is 

great enough to make seperation of the two spectra caused by each 

of these lines quite easy. The large line at 1168 i is not an 

impurity but a second order diffraction line of the principal 

line. 

Several attempts have been made to establish the absolute 

flux output of this lamp. The methods tried so far, however, 

depend on photoejection from a metal target ( either copper­

berillium or platinum, both of which have a quantum efficiency 

of 8-10 percent) and a subsequent measuring of the current thus 

produced. This type of measurement consistantly gives fluxes in 

the 1011 quanta/ second reigon .. While we have no proof that these 

are correct order of magnitude wise, we can be pretty sure that 

these constitute a lower limit to the flux,in that the photo­

ejection from a metal surface is greatly dependant on the condition 

of that surface {thus its clanliness, the purity of the metal, etc.) 

and only in the cases of a very clean surface is the maximum 

quantum efficiency achievedc Hopefully these results can be verified 

by an independant method in the near futuree An accurate and 

tested method fer such a measurement has been 

and j_nvol ves the measurement of ion current in a cell filled wi th 

neon: argon or krypton and irradiated with the source to be tested~ 

As was me:i.:.tioned in the beginning of thls section, a variety 

of other lamp designs have been tested in the course of this 

researche The basic configur ations of these designs a r e given 

in figure II-7• All configurations tested used the same differential 

pumping cap111ary syst.em to eliminate any possible effect of th1.s 

part of tho lamp design. 
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Designs (A) and (B) were both of an electrodeless micro­

wave design. Design (A) was simply a quartz tube with an 

internal diameter of 1 centimeter. Design (B) has a smaller 

internal diameter of .5 centimeter and also had a getter pump 

mounted directly in the inlet gas flow. This pump, which was 

a liquid nitrogen cooled unit using titanium film, greatly 

reduced water and nitrogen impurities in the incoming gas, thus 

increasing the purity of the lamp output. Neither design had 

a principal line output greater than design (C) which is the 

one currently in use. Design (D) was another DoC. design, 

however the discha.rge took place between electrodes parallel 

to the light emission axis. The output intensity of this lamp 

was the smallest of the four tested. These measurements are 

discussed more fully in the second appendix. 

At the moment the lamp design seems to have been investigated 

to as great extent necessary. It was mentioned in the introduction 

of this section that the purpose of these investigations was to 

find the optimum lamp design as to both intensity and purity. 

All investigations showed that in the DeCe discharge relm and 

the microwe.ve discharge relm$ there was little intensi t;7 gain 

to be found for e.ny configuration.. Thus, unless one might go 

to a highly exci.ted arc discharge design such as a duo-plasmatron9 

it seems that~~ great intensity changes can be expected by 

changes in lamp design, and thus the current unit will be used 

unless circumstances force reconsideratione 

The scattering chamber, though simple i n concept, is the one 



part of the M.A.P.s. system most likely to undergo a design 

change in the near future. The one in present use is simply 

a cylindrical box with a series of holes and a slit in it. 

The position of these holes and slit is shown in figure II-8. 

Continuous angular scanning about the beam axis is accomplished 

by a continuous rotating of the analyser, and jumps of 35 degrees for 

every 35 degrees of analyser rotation for the scattering chamber. 

The basic mounting of the apparatus has the analyser assembly 

mounted on a rotating 7 inch wheel which faces another rotating 

wheel 4 inches away. It is on this second wheel that the scatter-

ing chamber is mounted (figure II-9). Refering to figure II-8 

one can follow the necessary rotations to scan from Oto 70 degrees. 

View {A) has the scattering chamber in the Oto 35 degree position 

with lamp inlet hole (A) in position. A 37 degree slit is opposite 

this hole starting at -2 degrees relative to the beam axis and 

going around to +35 degrees. The analyser can thus scan a continuous 

37 degrees from -2 to +35 degrees relative to the beam axis. 

Scanning from 35 to 70 degrees requires a 35 degree rotation of 

the scattering chamber as shown in vlew (B)o Lamp inlet hole (B) 

is now in position a nd the analyser slit has been moved so that it 

makes an angle of +JJ to +70 degrees relative to the beam axiso 

Thus scanning in this continuous range is possibleo By rotating 

the scattering chamber to holes (C) and (D) the ranges of +68 

to 105 degrees and +10J to 140 degrees may be scanned. At present, 

due to interaction of internal components, the maximum possible angle 

of scan is 128 degrees ~ 

The reason for using a J? degree slit rather than a 140 degree 

one was that the ~~e of such a l arge slit would in.crease sample gas 
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throughput into the main chamber to an unacceptable extent. This 

combination of slit and holes is properly balanced for the existing 

vacuum system. 

Sample gas is admitted into the scattering chamber through 

its base (figure II - 9) by the low pressure sample inlet system 

(figure II-10). The components of this simple system are a 

roughing pump (A) and roughing valve (B), a sample blocking valve 

(D) and a needle valve (C) which is used to provide pressure control 

when the sample is admitted to (E) at a high pressure. The flow 

into the system is monitored by a Granville Phillips varj_able 

leak (F}. The main vacuum system pumps the scattering chamber 

through its holes and slit (G). The pressure in the vacuum 

chamber can be measured by an ionization gauge (H) (see also 

figure II-9)o 

In general the pressure used in the scattering chamber is 

limited by the pumping speed of the main vacuum system, and the 

onset of multiple processes with the higher pressure (thus 

impact of the photoelectrons with the sample gas). The pressures 

used will vary from a rnaximrnn of 10 mi.crons of mercury. Needless 

to say that the photoelectron intensity is directly dependant on 

this pressure and as, at the moment, as large a photoelectron signal 

as possible is desired, the scattering chamber will probably be 

run at its maximum lj_mit during the init:al work. 

Little can be said, at this time, about the performance 

' of the scattering c hambero It is possible to speculate about 

problems that might be encountered in the future , however. 

The two main problems are capturing the unabsorbed photon beam 

and, of course, intensity of photoelectrons o 
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Though it has not been proven at present, capturing the 

uanbsorbed photon beam may be necessaryo It is not possible to 

derive information from other work done in this field since to our 

knowledge, noone is using a scattering chamber of such a design. 

It can be calculated (see section on Electron Analyser) that 90 

percent of the incoming photon beam travels the length of the chamber 

unabsorbed. Thus, when these high energy photons strike the 

scattering chamber wall, a vast amount of electrons will be ejected. 

As these electrons will be in the energy reigon of 15 electron 

volts, it is possible that they might cause excitation of the 

target gas by electron impact. This, however, is not the worst 

problem since effectively the probabi.li ty of having a molecule 

excited and then being ionized is quite small. However this 

large amount of electrons may cause trouble with the analyser. 

It is known that' the photoelectron intensity will be very small, 

and thus if even a very small portion of this spurious beam of 

electrons finds its way into the analyser, it could be orders 

of magnitude higher than the desired s i gnalo Though these 

electrons would most probably have a relatively sharp energy 

distribution and thus could be •tuned out• by the energy analyser , 

it is still conceivable that problems might be encountered. 

One might be tempted to correctly suggest that one has 

nothing to lose in collecting this photo ... : l.Jeam in a suitable 

collectoro However from a design point of view, such a collector 

would be indeed very difficult to build due to the rotatj_on of 

the scattering chambero The collector must necessarily be 

affixed to the scattering chamber since cutting a large slit in 

the side of the chamber would cause grave throughpu t problems a 



As of yet no solution has been found to this potential problem. 

Possibly no problem might materialize in the future, however at 

this moment it is impossible to accurately project. 

A major consideration at the moment is the maximization 

of the photoelectron current. As was discussed in the previous 

section, it is not expected that an increase in photon input 

can easily be realized by lamp redesigno Moving the discharge 

closer to the scattering center, however, would increase the 

intensities involved. One might hope to get a paximum change 

porportional to the distance squared (for a point source)e 

It is unlikely that this could be realized for the present 

source and probably the change would be closer to a distance 

to the first power one. With the internal design as it stands, 

and removing the scattertng chamber, one might get a factor of 

5 increase by such a method. The scattering chamber could be 

presumeable replaced with a molecular beam to allow such a change. 

However such a source of target gas has gas densities much lower 

than those obtainable in a scattering chamber (by 10 to 100)~ 

Thus one would probably not gain an intensity increase with such 

a change.. If, hci·;ev·er , sensi ti vi ty dccs not prove to be a problem 

in the future, a molecular beam is a more ideal gas target from 

a theoretical standpoint and thus might be a worthwlle change~ 

However at the moment; such a change is n0t anticipated except in 

the distant futureo 

Thus one can see that the present design of the scattering 

chamber is not very firme The one described and bei ng used at 

present, however, will proba bly prove itself to be useable in 

the initial stages of this experimento 



The Electron Analyser (4.A) 

The electron analyser of the M.A.P.S. system will be discussed 

in th:r·ee sections: 1. The lenses, 2. The energy analyser and 

J. The electron detector. 

1. The lenses 

The lenses are the heavily outlined components in figure 

II-11. 

TDe function of lenses in an electrostatic analysing system 

is basically twofold. First they provide the proper angular and 

spatial collima tion of the electron beam by both mechanical 

aperatures and electrostatic focussing~ Second they provide the 

proper field transition between the lens system and the electro­

static analyser. 

In this system the initial acceptance angle of the analyser 

is formed by t wo aperatures mounted in lens c1 e At present the 

combination of pinholes provides an 9 degree acceptance cone e 

Assuming that c1 is not at a potential too far from the scattering 

chamber the mechanical collimation can be presumed to be the 

actual oneo If, however, electrons are accelerated into c1 , 

the acceptance angle would be somewhat greater, depending on the 

amount of acceleratione In practice it is found that c1 should 

be at least 15 --..rol.ts above the scattering chamber potential 

(ground ) for good transmissione This is mainly due to surface 

effects which are enhanced by the close proximi ty- of the small 

ape ra.ture to the electron beamo These aperatures are made of 

molybdenv.!Il and eold plated to reduce sueh surface problems., 

Actually al l su.rf2.ces seen by the electron beam are gol d plated 

in the M.A.P.Se system ( except the sca tteri1~ chamber )o 
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The acceptance angle, as defined at present, 1s somewhat 

large. This 1s to increase photoelectron intensities in the 

intitial stages, as well as to make the transmission of Ci as 

large as possible (by making the aperatures larger, surface 

effects are reduced). Under normal operation this angle will 

probably be reduced to 5 degreeso As one does not expect very 

fine structure in the angular distribution of the photoelectron 

spectra, an ex_tremely narrow acceptance is not required. 

A_s all electron beams without the presence of fields are 

divergent, lenses C2 and c3 have been added to allow focussing 

of the electron beam. Lenses c3 and M3 also 9ontain mechanical 

aperatures which collimate the beam (c3) and restrict the 

entrance area to the counter (M3). The exact focussing properties 

of these lenses are not known. One of the major problems in 

the design of low energy electron lenses is that theoretical 

calculations of electron lense properties are difficult. This 

difficulty stems from the difficulty of calculating the electric 

fields inside the typical lense. Certain types of lenses, 

however, do have semi-analytic potentials available. Of these 

is the cylinder- cylinder type of lense which is formed by 

c2-c3, M2-M
3

, c3-Hc, M3- HM. Thus in principle the electron 

trajectoiies could be calculated with some trouble. This, howe ver , 

is being held as a project for the futureo It have been 

demonstrated using an electron gun as an electron source, that 

the effect of these lenses is quite weak, which was one of the 

purposes of designe Essentially since the distance that must 

lenses really needn't have any large effect on th e beam . This 



assumption, of course, will have to bear up under normal operating 

conditionse However the experience gained with similar electron 

impact instruments seems to indicate that no great trouble is 

in store. 

Lenses HC and HM perform two tasks. First they decelerate 

the be~m into the analyser reigon. It is common practice to 

accelerate the electron beam into the necessary connecting optics 

in order to facilitate easier and more efficientr focussing, 

however in order to analyse at a good resolution the sphere must 

be provided with a low energy beam (as will be discussed). Second 

HC and HM (commonly called Herzogs) serve to match fields 

between the lens system and the sphere. All theoretical properties 

of a 180 degree hemispherical analyser depend on small field 

distortions around the entrance of the sphere (rather they neglect 

it completely in the analysis). From a strictly theoretical 

sense, matching the set of cylindrical lenses to this sphereical 

analyser is an impossible t aske The distortion caused by the 

presence of the Herzog may be minimized, however, by a proper 

choice of potential . To get a better idea of the problems 

presented by this matching, a study was made of the reigon 

of entrance of the sphere using conducti~e paper methods which 

are described in appendix J. These were done in a plane which 

divided the sphere in the main beam plane and the results are 

shown in figures II -12, and II-1Je These are automatically 

plotted equipotential traces for the potentials indicated. 

One notices the very gentle field variations for no Herzog 

present (I I-12)~ It if for this r eason tha t many users of 

127 degree cylindTi~al analysers (which is the two dimensional 



analogue of the hemispherical analyser) try to use matching 

elements which match the very equipotentials shown here, and 

thus preserving this gentle fj_eld variation. The presence of 

the Herzog (II-1J), when the Herzog itself is at a potential 

which is equal to the sphere center potential or not far there-­

from, causes rather bad distorsion around the edges of the 

lens system, but does not appreciable affect the middle. In 

all cases lenses are designed to make beam paths stay paraxial 

(ergo .not straying far from the central axis as well as not making 

too great an angle with that axis) as inaccuracies in calculations 

become dominant in those reigons not in the paraaxial area. Thus 

as long as the beam is well defined in the central reigon, 

the matching should be no problem. Watching the matching trend 

around the edges of the Herzog, one may forecast the field present 

if the Herzog were not at the sphere center potential. The 

distortion would extent into the center reigons of the lenses, 

and any calculations of properties would be invalid. It seems, 

unfortunately, that often to optimize sphere transmission the 

Herzog is appreciable far away in potential from the sphere 

centero This has been observed with ana logous analysers in 

electron lmpact worke Whether one should tune up such a device 

by theory or by experiment is indeed hard to say, though it 

is likely tha t if such large deviati ons a re encountered, the 

focussing of the entrance optics to the sphere must be very 

incorrecte As the entrance optics of this system are very weak, 

such devia tions are not expected and inde ed in the cases where 

electr ons from a g ua source ha ve been passe d around the sphere , 

Herzog potentials h~ve pr oven reasonable, though not ideal 0 

More wilJ be said about the performance of the a nal yse r latc rp 



FIGURE II-12 

Equipotentials at the entrance of the 5 inch diameter sphere 
with no Herzog lens presento 



FIGURE ]:I-12., 

EquipotentiAls at the 
with a Herzog present. 
center potent:~1. 

entrance 
Herzog 

of the 5 inch 
potential is 

diameter sphere 
equal to sphere 



2. The energy analy:se1~ 

The 180 degree hemispherical . analyser is essentially 

a three dimensional velocity selector (figure II-14). It selects 

electrons of a certain energy from a well collimated and 

angularly defined beam by orbiting them in a radial field. 

The use of a hemispherical analyser in this system is dictated 

because we are operating from essentially a point source. In 

general, for example, when non angular photoelectron spectra 

are taken, a line source is used with a 127 degree cylindrical 

ana1y$er. 

A detailed theory of the properties of such a selector 

will not be given here as they have all been treated before3 ' 4 

and are essentially straight forward calculations using classical 

mechanical techniquese Two properties of the hemisphere are used, 

those being that it orbits electrons of a certain energy around 

a central orbit and disperses electrons of other energi es, and 

also that to first order it focusses a beam entering at a small 

angle to the normal to the sphere (thus the symmetry axis of the 

electron optics)c 

There are several important relations of the sphere whlch 

will be given here. For an electron of energy E9 and a sphere 

of radii n1 (inner) and R2 (outer), the proper potential 

across the spheres for orbiting is given by 

V = 2 E Ro 

G 

with Vin volts and E in electron volts and with R
0 

and G 

defined as 

Ro ::::: 

2 

II-1 



G == 

As was mentioned, under these conditions the beam is focussed 

to first order in a small beam cone do( about the optics 

symmetry axis. The approximate width at half height of the · 

·transmitted beam assuming a maximum entrance cone angle of 

°" and a maximum beam width of 6. r .. is given by 

= 

II-.3 

rr-4 

It is this relation that specifies that the beam energy be 

: Small in the analysing reigon as the resolution is porportional 

to that energy. One may also notice from this formula that 

for good resolution the beam must be narrow and non divergent. 

These are the conditions that one seeks to impose on the 

incoming beam with the entrance opticso One also notices 

that the resolution goes up porportionally to the radius of 

the sphere which is a good reason for choosing a large sphereo 

We may make a few sample calculations for the present system 

by choosing reasonable values for the constants in the above 

equationso For the present sphere the following is true 

R1 == 2.25 i.nches 

Ro -- 2~50 inches 

Rz = 2.75 inches 

G == 12 • .30 

Let us choose a set of conditions, say 

f).r .,04 inches 

:::: .017 r a di an (1 d egree) 

Most ape r a tur es in the sys tem are smaller tha n e04 inch, and thus 



the value for r is not unreasonable. The choice of .017 

radian for~ may be somewhat generous, however it is quite 

likely that with some adjustment such a value of better could 

be obtained - especially with some work on the electron optics. 

Plugging these values into the equations give 

V ( volts ) = • 40 6 
E (electron volt) 

= .008 

Of these only one has been determined so far and that is the 

first value. This value was determined using an electron gun 

as a source and collecting current on the grid of M1 o The value 

was almost an amazing .404 (see table II - 1 for a list of the 

various parameters). These values are very recent and it 

was hoped to have a few more values to show, however a recent 

serious breakdown of the apparatus made this i mpossible. 

Also given is a scan of the electron gun's energy dlstribution 

(figure II- 14)Q The shape of this scan is essent5.ally correct, 

though no information can be derived from this as to the resolution 

of the analysero 'I1he actual width of this d.ist:ci bution was too 

wide but the cause of this pr oblem ls known and was tempora:r yo 

It is possible to quote the Boltzmann h~lf width from an earlier 

sca:ri (which was not recorded, the halfwid.th merely noted) at 

roughly .6 electron volte 

These value s derivable from the checkout of the analyser 

are encouraging and will be c.ont-inued. ln more detail when the 

apparatus is again operati onalQ Such preli minary r es ults are very 

encourat1ng be cause the sphere itself is unconventional in one 



Data from 01 May, 1970: 

Voltages - c1=C2=C.3 = +15 to ground 
(volts) 

HC = HM = -17 to ground 

M2=M.3 = - 4.8 ground 

Sphere Center = - 20 . 0 . ground 
(maximum current) 

voltage across = + .3.06 
sphere 

beam origin = -27.4 ground 

Currents - Outer = •) X 10-7 
(ampere ) Sphere 

M1 = .14x 10-9 

Notei See figures II-11 and II-15 for lense placemento 
Electron gun replaces scattering chamber in these tests. 

TABLE II-1 ---
Experimental parameters for the electron analyser. 
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useful way, and also unconventional in a non useful way. The 

sphere , because of its large size, had to be cut down as shown 

in figure II-16. It was hoped that this would not affect the 

performance of the hemispherical analyser. This can be theoretically 

justified by calculating how far the electron beam deviates 

from a center trajectory and thus encounters the fringing field 

on the edges. Such a calculation using the parameters as before 

yield a maximum deviation of .6625 inch. Field penetration 

effects go, as a rule of thumb, as the size of the gap into 

which this penetration occurs. Thus, since the sphere gap is 

.500 inch, one must keep the beam at least this far from the 

edge. As the edge is 1.25 inches from the center, this is 

obviously a good assumption. As was mentioned, we see no result 

of such a problem in the experimental performance of the sphere 

as yeto Needless to say these tests are hardly refined at the 

moment, however they do prove that no gross effects are encounteredo 

The useful change from normal design is the insertion of 

the two ~orrecting electrodes (figure II-15)0 Turner5, 6 has 

found that such electrodes in a 127 degree cylindrical analyser 

give incrc&Gcd performance as to transmission and line shape. 

We have incorperated the three dimensional analogue of Turner's 

correcting electrodes in our sphereo The electrodes themselves 

are only .062 lnches wide, and thus co:n.stitute only a small 

perturbing field, especially since the sphere gap is so wide. 

It is not possible to test the effect of these electrodes using 

the electr on guno :Adjusting the electrodes to 5 volts frofil 

the respe ctive sphere caused merely a 10 perce~t current gain 

to M
1 

and nothing else. Thus these wi ll have to be checked 

out in the fu tu~ce when one can wo~ck on a nar1~ow photoelec 'c:ron ltne., 
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0 UTER SPHERE 

INNER 
SPHERE 

INNER 
CORRECTOR 

FIGURE II-16 

THIS BRACKET 
HELD AT SPHERE 
CENTER POTENTIAL 
TO MINIMIZE 
FRINGING EFFECTS 

Front view of hemlspherical analyser showing cut off designc 



J• The electron detector (figure II-18) 

The electron detector is, at present, a 15 stage copper­

berillium dynode electron multiplier. Both calculations and 

experiment confirm that overall electron intensities at the detector 

stage will be very small. To get an idea of the intensity expected 

one may make a sample calculation using an average photoelectron 

cross section. 

Photoelectron cross sections for simple diatomic gasses usually 

fall into the range of lx 10-18 square centimeter to 20x 10-18 . 
-18 An average one would be, for instance, 10x 10 cemtimeter squared. 

One must now look at the geometry of interaction of the photon 

beam and analyser acceptance cone in the scattering chamber. This 

is shown in figure II-17. The 9 degree angle corresponds to the 

. angle that will be used in the initial stages of the experiment. 

The smaller angle of 5 degrees corresponds to the probable 

final angle that will be used. For a rough calculation it is 

not necessary to calculate exactly the volume of interaction. 

This volume is calcuable only with the use of a computer through 

such programs are readily available within this research group. 

Rather, just take a simple cylinder of interaction, defined by 

the two outer most and upper most interaction of the analyser 

acceptance cone and the beam. The photon beam is (neglecting 

any spread from the exit of the photon exit tube) .05 centimeter 

in diametere Thus (for an analyser angle of 59 degrees, this 

again being arbetrary) the scattering volume is 1.17x 10-J cubic 

centi meter. One must now calculate the number of target molecules 

withln such a cylinder. Assume an operating pressure of 10 microns. 

This is the pressure that will be used in the initial stages in 
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order to maximize the photoelectron flux without having too 

unrealistic conditions. Using the ideal gas law one can 

easily calculate the total number of molecules per cubic centimeter 

in the scattering volume to be J.22x 10+ 14 • The use of the 

exponential absoprtion law gives the total number of photoelectrons 

of be produced. This law is that the percentage of the incident 

photon flux absorbed in an area with n 0 molecules per unit volume 

in a length 1 with a cross section is just exp('$'n
0
1)-1. As the 

cross sections for the photoelectron ejection process are very small, 

one may expand the exponential to give the flux absorbed as just 

Cn0 1. In this calculation that number is .08 or 8 percent of the 

total flux incident on this volume. This is the total absorption, 

however. The total emission is just this number times the flux 

of this incident radation which one may take as 10 11 quanta/ s~cond 

The total photoelectron emission is thus Bx 1cl electrons/ second. 

This corresponds to current of 2x 10- 13 ampere. There have no 

experiments to try to measure this in our scattering chamber. 

We have, however, crossed the photon beam with a nozzel molecular 

beam at quite high pressures (bringing the total main chamber 

pressure up to the 10-5 torr reigon) and have found that the 

currents collected from this interaction were in the 10-11 ampere 

reigon. 

One must now correct to take into account the finite solid 

cone that the analyser accepts (the above emission being into 

a full sphere). The beam cone accepts a solid angle of 

.OJ steradian . at presento The fraction of the total radiation 

( into 2rr2 steradian ) is . 0015 or .15 percent. We will assume 

that the photoelectron emission is isotropic, and thus one does 



not have to correct for the cosine law distribution. The total 

flux into the analyser is now 1.9x 1o3 electrons/ second. 

Thl.·s flux is in the ~10- 16 ampere reigon, and thus even before 

energy selection one sees that even to measure the above current, 

extremely sophisticated techniques must be used (such as a well 

designed and insulated collector leading to a vibrating reed 

electrometer, or the use of phase sensitive detection by chopping 

the photon beam). 

One must now correct for the fact that the transmission of 

the energy analyser (including the optics) will not be 100 percent. 

Let us assume a loss of 10 percent (independant of energy) for this. 

At present we are seeing slightly more than this in checking out 

the analyser with an electron gun (at present about 90 percent), 

however one should be able to overcome this and we know from 

experience with electron impact spectrometers that the 10 percent 
2 

value is roughly correct. The flux is now 1.9x 10 electrons/ second. 

As a final correction one must t a ke into account that the 

cross section that we used in this calculation was for excitation 

from all states. During energy selection the detector will be 

looking at a small part of the total energ y distribution. Thus, 

this part of the correction depends on what the actual photo­

electron spectrum of the molecule bei ng studied looks like. For 

a typical molecule with vibrational structure one might assume 

a band going over, say, J electron volts (assuming a continuous 

distribution. Naturally for vibrationa l structure this would not 

be true since discrete bands are present). If the analyser were 

analysi ng at a resolution of .05 electron volt, the tra nsmission 

at a point in this band would be roughly .016. Thus, the electron 

flux reaching the counter would be Jx 10° electrons/ secondQ 



This is, then, roughly the counting rate that one would have 

to work with assuming the minimum lam.p photon output. This flux 

is small, but measureable, however probably the minimum that one 

would ever have to contend with. Assuming that the lamp flux is 

one to two orders of magnitude greater (which is a good possibility 

and will hopefully be verified in the near future) and also that 

distributions of peaks in a given spectrum are somewhat better, 

one could expect perhaps JOO electrons/ second ( 18000 counts/ 

minute ) and even more for an atom such as argon, which has only 

two large peaks. Thus, from the order of magnitude signals 

which have been calculated, it is quite obvious that the electron 

multiplier will have to be used in a . pulse counting mode. 

The electron multiplier is stated to have a maximum gain 

of 107. As is typical with electron multipliers, this gain will 

6 
not be realized for any leng th of time, and thus a figure of 10 

will be used for calculations. This gain is achieved at an overall 

multiplier voltage of J,200 volts. The counting pulses are taken 

off the 15th dynode of the multiplier. This is done to decouple 

the counting equipment from the hi gh voltag e power supply by 

1 million ohms. The high voltage D.c. component is decoupled by 

a specially designed, bakeable, vacuum capacitor. This, in turn, 

feeds into a current amplifier (fi g ure II-19). It is usually 

good practice to have the first stage of pulse amplification 

as close to the multiplier as possiblec Tnis is because of the 

capacitance of the lines which would feed such a si g nal out of the 

vacuum chamber. Essentially the current pulse developed by the 

multiplier must charge this capacitance, thus lowering the effective 

voltag e hei ght of the pulse if that capacitance is large. 
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The pulse heights to be expected may be determined by the 

simple formula 

V = Q G ....,, __ 
C II-5 

where Vis the height of the pulse, Q is the charg e on an electron, 

and Cr,-1i s the load capac i ta.nee to ground ( thus the capacitance of 

the multiplier, cables, etco). The capacitance of a typical high 

voltag e feedin cable in the M.A.PeS. system is 125 picofarads. 

This value is somewhat high because the high voltage cable goes 

through a rotation decoupling process on the hub of the analyser 

wheel. This was neces sary because of the difficulty of making a 

flexible high voltage cable that is both bakeable and useable in 
_J 

high vacuum. The use of such a cable would predict, using 

equati on II-5, a pulse height of c001 volt. While this is almost 

acceptable, a decrease in gain of the multiplier would render the 

pulses too low (.001 volt being roughly the limit as far as easy 

handling is concerned). Decoupling and amplifying right at the 

multiplier makes the effictive capacitance only that of the multiplier 

which is about 20 picofa.radso Using this capacitance one would 

expcet pulses of about o006J volts which has much more room for 

gain loss in it. 

The amplifier, which is built into the base of the multiplier 

housing 0 was built from a schematic taken from a bulletin on the 

use of Channeltron s 7 and is built from standard electronic components 

which are spot welded together. This amplifier has unity voltage 

gain as its purpose is to current amplify the output pulse of the 

multi pli er~ and thus eliminate the effect of the feedout line 

capacitances on the output pulseo The output of this amplifier 

feeds the linear amplifier of the counting circuitr y. 



This completes the description of the electron analysero 

En toto the only part of the system which is not working at 

present is the electron multiplier, and this due to technical 

problems associated with building the emitter follower amplifier 

into the base of the multipliero The special decoupling capacitor 

mentioned on page II-50 is at this moment being built, as high 
not 

vacuum, bakeable capacitors are/readily ;available on the commercial 

market. 

Associated Electronics (4.B,C) 

Along with any instrument such as M.A.P.S~ there goes a 

large quantity of support electronic equipment. This section 

will deal with that equipment. Basically, except for some trivial 

power supplies, etc., this support equipment is used for the function­

ing of the vacuum system, and the electron analyser., The equipment 

will be discussed in this format and order. 

1. Vacuum system 

Th~ · electronic and control block diagram of the vacuum system 

is given in figure II-20 .. In light of the present state of vacuum 

art, the vacuum system ... s b.oi.J.ld be the most reliable part of the 

M •. A..p.,s. system, and also the one requiring the least attentiono 

The use of proper design and interlocking circuits assures this 

in tha t if there is a failure in the va cuum system, no gr eat 

damage will be done to the rest of the McAoPoSo systemo 

Pressure measurements in the vacuum system are made with the 

use of ioniza tion and thermocouple gaugeso As there are th r ee 

ionization gauges associ a t ed with t he s y stem ~ a multiple f eedin 

contr oller i s used (A) f or t he ionization ga uge control ler ( B) ~ 

There isi at p r ese nt, onJ.y one the romcoupl e gause j_n the M.AoP.So 
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system. Howe ver the thermocouple controller does have provision 

for multiple input (C). 

The rest of the vacuum system is monitored by the high va cuum 

monitor circuit, which is essentially a multiple input, multiple 

output interlock system. This will not be discussed in great 

detail, however a small description will be given. 

The monitor directly controls the power to the main diffusion 

pump, the booster pump, valves (L) and (H) (see figure II- 4 page II - 8), 

the liquid nitrogen trap filling valve, the ionization controller 

(B) and the multiplier high voltage. For interlock inputs this 

unit senses water flow through the diffusion pumps, main chamber 

pressure through the ionization gauge controller (B), a·.1oss of 

liquid nitrogen in the main trap, a loss of liquid nitrogen in the 

main resivour, and fi nally a loss of power. The monitor, when it 

senses any of the above failures, stores the fact that there has 

been a failure and what kind it was, and makes appropiate changes 

to the state of the whole vacuum system to assure tha t no damage 

will be done ~ Thus, a loss of water flow disables both of the 

diffusion pumpso An overpressure signal causes both diffusion 

pumps to go off: the nitrogen filling to dlsable and valve {H) 

to closee Loss of nitrogen in the main trap causes a filling 

cycle to occuro If, at the end of this cycle, the trap is still 

hot (e rgo has n8 rritrogen in it as sensed by a thermistor) the 

monitor turns off both diffusion pumps and shuts valve . (H). 

In all cases which might cause the pressure in the main chamber 

to rise into the micron reigon, multiplier voltage is disabl ed 

to insure that no internal arcing in the multiplier will occuro 

The final functton of the monitor i s the deJ P.y U.mer whlch allows 



the vacuum start up cycle described on page II-7 to be easily 

realized. The basic function of this timer is to delay the 

enabling of the main diffusion pump, trap filling and ionization 

gauge start for a set period of time to allow the roughing of the 

chamber. 

2. Electron analyser 

Within this category there are three basic parts. First 

there is the lens potential supplies and their voltage distri­

bution_systemo Next there is the sweep circuits and finally 

there is the data gathering equipment which contains the pulse 

handling equipment, and the readout equipmento 

Lense n.c. potentials are supplied by a non grounded 

·emitter follower voltage dividing network (figure II - 21). 

The basic unit contains 10 such dividers which are driven by 

a single 100 volt at 1 ampere power supply. Of these 10, 9 are 

used to supply potentials for (refer to figure II - 11 and II - 15) 

lenses C1-J, HCP HM, M3_1 and the sphere center potential. 

The use of emitter follower voltage divi ders lowers the effective 

impedance of the voltage sources, thus making each mor e immune 

to noise pickup., 

Potentials fo r operation of the sphere are supplied by a 
( 

battery powered voltage divider circuit (figur e II-22) which 

floats on the sphere center potent1al supplied by the above unito 

Various total voltage range s are supplied by applying a s t ep 

variable voltage across the sphere delta voltage divider. 

The input dividing re sistor is set to glve the proper theoretical 

ratio o f the s phere center to e ithe r the i nner or outer sphere 

potentialsc Additional batt~y supplier circuits float the two 

correc ti ng electrodes either above or below their parent sphere 
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potentials. 

Distribution of these potentials into the vacuum chamber is 

achieved through two 20 pin high vacuum feedthroughs. These, 

on the outside ':of . .' the vacuum chamber, plug into two twenty pin 

connectors \'fhich, via shielded cables, go into the voltage 

distributing board (figure II-2J) which, for J6 of the pins, 

supplies a B.N.c. type female connection for easy connection to 

the voltage dlvider outputs_, which are also B.NoC . type. The 

distribution board also connects to t wo J6 position switches 

which connect any of the input lines to either the high or low 

input of a Fairchild digital voltmetero This allows convenient 

measurement of any lens potential referenced to any other 

potential, such as the sweep baseline. 

Remembering back to the section on the 180 degree hemis­

pher1cal analyser, one notes that energy selection of electrons 

may be obtained by changing the voltage across the two ·spheres. 

The sphere potential supply, however, does not have this capability. 

Rather the energy acceptance of the analyser is swept in a different 

manner. Refering to equation II -4 on page II-J8 one notes that 

the resolution of the sphere depends en the energy at which an 

electron ls analysed., Thus if the potential across the sphere 

were changed to effect analysis, the actual resolution of the 

sphere would conste,ntly be changing., To 6E:t around this problem 

the energy is swept by accelerating or decelerating the incoming 

electrons with respect to the sphere cente r, and analysing at a 

constant energy., For ~xample for a photoelectron generated at 

ground with 10 electron volts of energy, and a sphere with a 

voltage across it such that only 2 electron volt electrons would 

pass through it, the sphe re center would be swept to eight volts 
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below ground to decelerate the incoming electrons to 2 electron 

volts again. The key to this process is to realize that the 

sphere is a energy dependant device and not a potential dependant 

one . Thus an electron, no matter what acceleration or deceleration 

it has gone through in the lenses, will pass through the sphere 

only if its energy is 2 electron volts. It is, of course, true 

that the proper potential at which to analyse the electrons 

depends on the potential at_ which the electron was generated, 

however for the above case, as well as all others, it is the 

relative potential differences between place of origin and 

analysis that counts. Thus to analyse an 8 electron volt electron, 

one must decelerate it by 6 electron volts (in th~ case given). 

Thus one analyzes all electrons, no matter what their initial 

kinetlt cenergy, at the same energy to keep the resolution the 

same, and thus what one measures with his instrument is the amount 

of deceleration necessary to pass a given electron through the 

hemisphereical analysere The energy at which one is analysing 

can be determined experimentally only by knowing what the 

kinetic energy of the electron initially is. In electron impact 

spectroscopy t.h:i.s is done by looking at electrons whi.ch sc-atter 

elastically off the target gas and hence have the initial 

energy with which they entered the target chambero For a 

photoelectron spectrometer this must be 1one by looking at a 

specific inelastic line which has a determined energy, and 
from 

subtracting/the ejected energy (found by subtracting the 

energy of the state from which the electron was excited fro m 

the j_ncident photon encTgy ) , the amount of dece}r~ration required 

for analysi s (fo und by me a sur i ng the potenti a l difference be t wee n 

the spher e center and the potentia l of the sca t te ri ng chamber)~ 



The proper amount ofcdecelera tion is produced by sweeping 

the sphere center towards or away from the scattering chamber 

potential (usually at ground). In actuality it is not just the 

sphere center that is swept . This would cause the sphere -

Herzog field to change thus badly defocu:::Ei. ng the incoming beam. 

Actually it is impossible to keep from defocussing some lens 

in the entrance optics when sweeping in such a manner. Such 

defocussing usually causes _a change in the analyser resolution 

due to the terms in ~ and 4r in equation II-4. This is a condition 

which has proven to be some problem in electron impact spectroscopy 

for low incident electron energies . It can be overcome by 

changing the focussing charastics of lenses in the entrance 

optics other than that lens,. being defoeussed by the sweeping of 

the sphere center. How to change these other lenses is a matter 

of calculation . Thus a system which had proper constant resolution 

would have not only the sphere cente r s wept, but a variety of 

other lenses swept in a certain manner too. Since no .such 

calculations have been made for the MoAoPeSo lens system, no 

such correction will be attempted at the present. The sweeping 

in this system i s accompl ished by sweeping thG whole lens 

system~ and thus the ba s eline of the potential divider circuit 

in figure II-21. 

This sweep ~Icl tage is provided by two different sources 

dependi ng on the particular mode of data prqcessing. In common 

to both modes is a sweep baseline circuit (figure II-24) 

which floats the ba se of the sweep voltage source either above 

or below ground .. Once a.gai.n this i.s accom1-:>1. ished uslng an emj_ tter 

follower circuit to lower the impedn!!.ce of t:·.2 outp u.to 
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The variable sweep voltage is derived in two ways. The 

simplest mode of operation uses an X,Y recorder. The output 

of the pulse counting circuitry (thus indicating the electron 

counting rate) is fed into the Y axis of this recorder. The 

X axis is time swept using the internal recorder time base. 

As this time base forms a linear sweep voltage for the X axes 

of the recorder, it may also, properly amplified, be used to 

sweep the sphere center. A modification to the recorder was 

made allowing one to tap off this sweep voltage, and this 

output is amplified in a linear voltage amplifier and used to 

drive the sphere center. The position on the X axis, thus, 

corresponds to the amount of deceleration, and the Y axis shows 

the counting rate. 

The other mode of sv1eeping is derived from a multi chan.-riel 

scaling instrument . This will be described later., 

The data gathering equipment forms the last part of the 

electron analyser circuitry. Start by following the puises 

out of the output of the emitter following amplifier in the base 

of the electron muitiplier. Voltages for the multiplier and its 

amplifier are su.ppJj_ed by two powe:r, supplie s ( figure II - 25), 

The output goes, via a shielded cable, into a double delay line, 

linear voltage amplifier which amplifies the .006 volt pulses 

into the 1 - 10 volt reigon with an ampljfier of +500 maximum 

gain. This amplifier also produces proper pulse shapes for the 

following equipmentc This amplifie r is followed by a pulse 

•window' which determines a minimum pulse threshold (for voltage) 

and a maximum window This allows one to tune out spur:ri ous 

noise pul ses gener0.t.ed bo th in the ampl i fiers and. in the mul tiplicr .. 
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The output of this unit is a constant height pulse of either 

J volt or 10 volt amplitude. This may be fed to a rate meter 
6 . 

which counts the average number of pulses per minute (10 maximum), 

or to the nuclear data multichannel scaler. 

In the two sweeping modes mentioned before, the output of 

the rate meter is fed into the X,Y, recorder when the system is 

being swept in the recorder mode • . The is the most direct method 

of taking a spectrum with the M.A.P.S. system. 

For counting rates such as 'those derived on page II-49, 

this is rapidly approaching a reigon where statistical fluxuations 

(which go as the total number of counts to the one-half power) are 

beginning to get quite high. Thus it is often convenient to use 

counting methods which allow counting and storage of count rates 

over a long period of time. The nuclear data provides such 

a servicee This unit, in the multichannel scaling mode, is 

essentially a 1024 channel memory unit, each channel capable of 

holding 999,999 counts. The typical mode of operation uses the 

address number as the energy axis, and the count number in the 

addresses as the count axis. Thus the energy axis, corresponding 

to the X recorder axis in the recorder mod.ep :i.s now an axis whi0h 

consists of 1024 d~screte locations, and 1024 discrete count numberso 

To sweep the MeAePGSe system in this mode, the multichannel scaler 

is swept across its memory at a certain rate6 Starting at address 

1, each address is hooked to the scaler input which, in turn, is 

hooked to the output of the pulse windo1'J'e The address is allowed 

to count how many pulses come but :of the wtndow during the time that 

it is hooked to the input., After a certain length of time the address 

number is adva nced: and a new a.ddres s is hooted up to the input ., 
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During this process, the energy analyser of the M.A.P.S. system 

must also be swept. This voltage is provided by taking the 

addre s·s number that is hooked up to the scaling input, converting 

it to an analogue signal porportional to the address number, and 

amplifying it. The energy decelerating voltage, is th\l.S porportional 

to the address number, and thus each address corresponds to a 

certain deceleration. 

The duration of one sweep of the multichannel scaler is 

variable. 'l'hus one could make a whole sweep one hour and collect 

pulses in each channel for 1/ 1024 hours each. Alternately 

one may make a whole sweep last for a much shorter time, but do 

it again and againo Each is equivalen~ in the information derived 

about the pulse counting rates, however the second is somewhat 

better:·in that one may see how the spectrum is 'coming along' 

much faster than in the first methodo The length of total scanning 

time is determined by how good or accurate a spectrum one wishes. 

Often such a unit is allowed to sweep for quite a few hours if the 

instrmnent which is doing the experiment is sufficiently stable o 

After taking a scan with the nuclear data, the photoelectron 

spectrum is in that units memory. It m8.y then be :read out by 

an oscilliscope for fast display, on an X,Y recorder for a more 

permanant one or in digital form on a teletype unit or a high 

speed paper punching unito The latter two forms are ve r y conveni s n-c 

when the da ta is to be subsequently reduced on a computoro 

Conclusion 

Sec t j_ on II he~s pr o\r:i ... cle d a moderat e l~,r de tcwilecl descJ:1 iption of 

the M~ 1\ oPQS e sys t em a s i:'ff.11 as s on;_e of i t s pht lo s ophy of dcs j_ gn, 



some of the necessary calculations which show what type of 

design is necessary~ and the reasons for picking a certain 

design. Where ever possible the performance of each particular 

section was given. It must be noted that the M.A.P.S. system is 

not in full operation yet. Thus the design given here relates 

to the_configuration of the instrument at present. Parts which 

are likely to be redesigned were mentioned in the text of this 

section. 

This section has also tried to make clear the operation 

of each of its components in a conceptual rather than strictly 

mathematical way. The design of low energy electron analyslng 

systems is a field in itself and much too detailed to be completely 

presented here. For such an item this section has tried to give 

those design parame ters necessary for completeness and has also 

mentioned where such parame ters have been chosen arbetrarily. 

The functioning of this system en toto has yet to be achieved, 

and thus no conclusions as the the resvits of this design can 

be made. 

It is hopeful that the first spectrum may be taken sometime ~ 

in the near future, however until that is achieved, this section 

is necessarily incomplete. 
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SEC11ION III 

Conclusion 

To start the section which is reserved for results with a 

conclusion is admittedly somewhat strange. However as of this 

date no results have been obtained from this experiment. 

The construction of an instrument which is at or near the 

state of any art: is indeed a long~ painstaking and arduous task. 

Though I have been the main worker on this experiment, I feel 

that it is necessary to mention the others that have had some 

hand in the designo Some of the very initial design was done 

by J. K. Rice and Se Trajmar and though much of their work has 

been completely changed, they did provide me with the basics. 

Second]yDr. Graeme Nyberg also helped me for a year and some 

months, especially during the initial stages right after the 

gross construction was completedo Finally but not lastly 

Dr. Aron Kuppermann from whom the whole project started and 
appreciated . • 

who has constantly been an/ guide through this necessarily 

long journey. 

Perhaps it is somewhat premature to acknowledge persons 

before the instrument has even taken its first spectrum. But 

rather I am confidant in its ability to worko The debugging of 

the baste instrument has now been going on for somewhat over a 

yearc I am sufficiently experienced to make no predictions as to 

how much longer it will take to get the appa r a tus operational. 

Rather that is of no consequenceo It is only of consequence that 

the experimenter be sure of its ability to work and be willing to 

ca rry through~ 

With thi s I c onfi dantly predi c t t hat my Ph. D. thes i s will 

not ha ve so short a section IIIo 



APPENDIX 1 

.The contents of this thesis do not cover eight months of 

my research at the California Institute of Technology, for which 

three I received Ch 80 credit. This appendix will briefly 

describe my work during this interim. 

The first apparatus that I did research on was an electron 

impact spectrometer described by Samuel P. Wei in his Ph.D. thesis 

at the California Institute of Technology. During the initial 

period I learned the operati on of the instrument and then, 

during the summer of 1967, made a few slight modifications to the 

apparatus. These modifications consisted of certain internal changes 

which facilitated easier repair of the apparatus. I also built 

an automated scanning system for this apparatus which, to a certain 

extent, was successful. 

During the fall of that year I worked with electron optics 

in a test stand that utalized a low energy phosphor screen which 

allowed visual focussing of the gun. During this time the 

electron impact spectrometer was experiencing extreme vacuum 

problems, mainly due to its age. After roughly a month of unsuccessful 

attempts to 8,c.helve a good vacuum in that systemp the 8,pp,-.,.ratns 

was retiredo In roughly· November of that year I started the 

initial work on the radiation source described in this thesis~ 



APPENDIX 2 

An abridged version of A Partial Study of Windowless Helium 

And Neon Resonance Line Lamps - Electrode Configurations And 

Effect of Impurities, this being a report on research. 

Introduction 

With the rise in the use of photoelectron spectroscopy, 

it seems that some study on the properties of resonance line lamps 

used for this purpose would be in order .. This report will study 

five different configurations of lamps including both D. c. dis­

charge and microwave discharge designsQ The effect of trace amounts 

of impurity gasses in the principal discharge gas will also be 

studied. 

Part I, Elect:rode Configurations. 

Experimental 

The experimental set up for these studies is shown sch­

ematically in fj_gure A2-1o The monochrometer was a ½ meter Seya 

type which was pumped with a 5 inch oil diffusion pumpo Typj_cal 
-6 operating pressures in the monochrometer were 5x 10 torrc 

The monochrometer vras equipped with a 1200 line/ millJ.meter 

platinum overcoated grating blazed at 700 i~ The output light 

of the monochrcmeter was measured with an EMI 9635 QA photo­

multiplier tube in front of which was a sodium salycilate quantum 

convertero A conventional electrometer was used to measure the 

photocurrent .. 

Corr...t'.lon to all lamp d esigns was an auxilla:ry vacnuJn. system 

which has been described o 



Also common to all lamps was a differential pumping section 

with capillary photon guide. This has also been described 

(see p~ge II-11- II-21 of the main body of this thesis). 

Inserted into the lamp inlet line, just before the entrance 

to the lamp, was the inlet to a mass spectrometer. The mass 

spectr~meter unit consisted of a c. E. Co rnodel612 residual gas 

analyzer which was pumped by a 6 inch mercury diffusion pump, 

equipped with a liquid nitrogen cooled optically opaque baffle. 

The pumping speed at the residual gas analyzer has been calculated 

to be approxiamtely 100 liters/ second. The inlet line was metered 

by a Granville Philips variable leak. In order to increase the 

sensitivity of the residual gas analyzer, the gas inlet line was 

pointed directly at the diatron (figure A2-2). In order to achieve 

low background spectra ( as the sensitivity of the residual gas 

analyzer ranged into the 10-9 torr range ) the whole diatron 

assembaly was baked to 250 degrees centigrade. After bakeout the 

typical residual pressure as measured with an ionization gauge 

4 -8 was x 10 torr. Typical mass spectrometrj.c readings : of inlet 

gasses were made by bringing total analyzer pressures into the 

10-5 terr rej_gon to alloN for the highest signal to background. 

possibleo 

The discharge reigons of the lamps tested were of three 

general configurations with one slight variation in one of 

the microwave designs., 'I'he confj_gurations follow: 

MARK I - This discharge is a high voltage ( 500 volts) D. Co 

discharge taking place between two cylindrical copper electrodes 

and confined through a quartz tube with a c2 cm boree 
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MARK II - This discharge takes place in a large diameter ( .75 cm ; ) 

quartz discharge tube excited by a cylindrical microwave 

cavity. The di§charge reigon is approximately 6 inches in 

lengthe 

MARK III This discharge is a high voltage Dec. discharge taking 

place between an axial copper electrode with is 1 inch long, 

and the aluminum lamp body . The overall di. scharge length is 

1 incho 

MARK IVa - This is similar to the MARK II unit with the addition 

of a liquid nitrogen cooled, titanium gette r pump mounted 

directly to the rear dfi the discharge tubee The titanium 

was sputtered from a tungsten filam~nt while the lamp was 

still under a 50 micron vacuum. The gas flow was then star ted, 

and liquid nitrogen flowed ove r the getter pump jacketo 

MARK IVb - This is similar to the MARK IVa except the discharge 

tube is .2 cm insideo 

Figures of these configurations are in the main thesi s on page 

II - , figur e II - 7 .. Drawing (A) corr esponds to the MARK II 

designp (B) to the NAB.K IVa , b , (C) to the MARK I and (D) to the 

MARK III e 

Procedure 

'I'hroughout these te s ts, the monochr ome te r wa s h e ld under a 

high vacuumo Once be fore a runp and typi ca lly afterwa,rd, a 

r esidual ga s spectr um of t h e ma ss spectrome t er was taken o The 

lamp was assembled a nd mounted in pl a c e and put under vacuumo 

Typi cally i t took at l eas t one day fo r t he r esi d ual water vapour 

l eve l to fall to an acc.eptabl e value o When a t e st we.s to be made~ 



gas ( either high purity helium, or neon) was let into the lamp 

flow line, the lamp power started and the discharge started with 

a tesl~ coil. A record of the composition of the inlet gas 

mixture was taken by saturating the mass spectrometer on the 

principal component in order to operate at a maximtoo sensitivity. 

Doing this allowed impurity levels of roughly 10 parts per million 

of principa l gas to be· determined. It must be stated, however, 

that the sensitivity of the mass spectrometer to only two gasses 

was accurately determined, those being helium and nitrogen, and thus 

these ratios are correct to an order of magnitude onlyo Through-

out the tests the voltage on the photomultiplier tube was kept 

constant at 1200 volts and the slits of the monochrometer were 

left at 200 microns. The lines we r e manually peaked out after 

adjusting pressure and current ( or cavity tuning) for a maximum 

on the principal lines. The wavelength was read directly off the 

counter on the monochrometer, that being calibrated by comparison 

to the known lines of the resonance line discharge s e 

Results 
. 

All measurements are given in table A2-~1 o Comments on each 

electrode design configuration will be given in: the '. f9llowing 

paragraph s e 

I1LA...RK I - It is usuall y considered that a microwave discharge 

usua lly gives a more intense light output tha n a D. c. discharge. 

For the rare gasses in these wavelength r e i gons this does Q_?t seem 

to be the case. Of the four basic configuration tested, this 

one gave the mos t intens e discharge - as ~s ll as the mos t cleani 

It was fo und that after prolonged observs,t1onJ th€ p u:ci ty of 
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of the output of this lamp went up. This was in marked contrast 

to the microwave units in which exactly the opposite behaviour 

was observed. Typical operating conditions for this lamp were 

11 torr ( as read on the services stand) of helium and a discharge 

current of SJ milliampered at 550 voltso Greater currents caused 

a rise in the principal output linep however the rate of change 

of this line versus the major impurity lines was not favorable 

after this point ~ 

NARK II - This unit has less principal output than the MARK I 

configuration with a noticeable increase in impurity line inten$ity .. 

The effect of rising impurity line intensity with length of oper­

ation was also observed. Indeed the sensitivity of this design 

to impurity gasses made it almost unuseable. 

MARK III - Though increased light output was expected from 

this design, it was not observed. Rather this design had the 

least intensity in principal lines that all of the others. 

This alone was enough to discount its useo However there was 

~n increased technical complexity in its design, thus making 

it come well into last place compared to all the other unitse 

It might be mentioned that the discharge in this unit wa s quits 

unstable when the axial copper electrode was smootho The addition 

of a small c02 inch square groove down the center stabalized the 
deal 

discharge a great/. This was probably G.ue to the increase 

in the electric field density about the edges of this groove. 

MARK IVapb - Forgetting about the getter pump for a moment, 

the constricted discharge tube ( c2 cm) gave a more intense 

discharge tha n the le s s constricted one, but not as inte nse as the 

MARK I d e sign e The const r icted d e si g n did showt howe ver , a ~srked 



increase in impurity line strengths. Also, some care had to be 

taken in the more critical alignment of such a long small bore 

tube. The getter pump decreased impurity lines significantly. 

The getter film virtually eliminated any nitrogen lines, while 

the liquid nitrogen cooling decreased the water impurities. 

The pumplng of water by the getter film was not as great as 

pumping by the cold surface, and thus the combination of both 

proved very effective~ At normal gas flow rates a getter film 

( freshly deposited) would last from one to two hours. This 

time might be lengthened considerably by a pre-getter liquid 

nitrogen trap to take some of the water load off the getter filme 

All in all the getter pump/ liquid nit,:r-ogen combinations seemed 

to make up for the increased pumping efficiency of .the micro•e 

wave discharge for the impurity lines. As the getter film lasts 

a reasonable time, this seems a feasable and necessary addition 

to the microwave flow lamp to insure clean output. 

Discussion and_ Concl uslon 

All variables taken into account, it seems quite obvious 

that the most intense, and purest lamp design is the MARK I., 

In undertaking these experiments, it was expected that the micro­

wave discharge s would give an inc r eased output of principal lines 

over the Do c., designo This was not observede The best ratio 

of De c. discharg~ to the microwave principal output for the helium 

discharge was about 5-J~ Indeed correcting for the increased 

discharge length of the microwave unit, this excitation seems 

somewhat wor s e th a n tri.e De c. mode ., The ne cessity of using t hee 

get te r pump wi t h mic rowave designs a l s o poi nts up the vi r tues of 

the M.A.RK I de s i gn .. 



There is also an advantage in the D. c. discharge designs 

over the microwave ones in the specific application to photo­

electron spectroscopy in that low energy electrons must b~ 

shielded from the intense microwave field leakage from the pumping 

cavity. This meani that the discharge must be far away from the 

photoe~ectron scattering reigon, or suitable shielding must be 

providedo 

It seems, thus, that the MARK I design ~s best suited for 

use in photoelectron spectroscopy from the considerations mentioned 

and competing among the designs mentioned. 

-·· 
Appendix 

Note on the use of various rare gasses in the lamps mentioned 

in this part 

Of the above lamps, the MARK I,II, III, and IVa,b were all 

run on both heli_um and neon. In general the changes in total 

output of principal lines was not great. The unknown waveleng th 

transmission dependance of the monochrometer grating made direct 

comparison impossible, hmvever order of magnitude relations could 

be deter·mine do 

The MAB.K I deslgn has been teste d with the above two gasses 

as well as argonp xenon and krypton ~ Once again no large increase 

in principa l intens i t i 6s was notedo Nor was th~re noticed any 

significant decrease ~ The only trend observed 'h'E-- S that the 

pressure for maximum output of principa l radi a tion went down 

for lncreasing mol0clua:r weight~ 



Part II, Quenching of the 584 R resonance line in a helium discharge 

by the introduction of nitrogen. 

Introduction 

In the problems facing one in the production of a useable 

rare gas discharge lamp, it is found that the presence of impurity 

line due to trace components irt the principal gas is a major 

factor. In this section a discussion is given of the quenching 

of the principal output of a helium discharge by a selected impurity, 

nitrogeno Not only is nitrogen somewhat typical as an impurity 

because of its lines lying in the near vacuum ultarviolet, but 

it is also a mojor impurity in any vacuum system - either due to 

a leak or as a resldual gas. Water vapour is also a trouble­

some impurity, however it is quite hard to do measurements with 

this and therefore only nitrogen will be treated. Hopefully 

a study of nitrogen will give a reasonable idea of the typical 

effects of an impurity gaso 

Experimental 

The same experimental setup as used in the first part of this 

appendix 11ac used to study the effect cf nitrogen impurity on 

a helium dischargeo The M.ARK I lamp design was used in these 

testso After starting the principal helium flowi nitrogen was 

bl_ed int? the auxillary needle valve in the services stand and the 

overall composition of the gas mixture was monitored by a mass 

spectrometer. The mass spectrometer was calibra ted as to the 

sensitivi ty for both hellum and nitroge n uslng the ionization gauge 

6n the mass spectrometer., The pressure was re -?.d using the 

correction f a ctor s of .16 for helium and 1o0 for nitrogen. As 

an example: the sensitivity of the mass spectrometer was found 



to be 4.88x 10-9 torr/ unit, and for·nitrogen 2o08x 10-lO torr/ 

unit. Note that it is the relative accuracy of these figures 

that matters. 

Procedure 

A helium discharge was started in the lamp with the helium 

pressure set for maximum 584 ~ output. For each new pressure 

of nitrogen, the 584 ~ helium line and the 1132 and 1199 R 

nitrogen lines were recorded. Current through the lamp was kept 

constant . Nitrogen was leaked in until the discharge became un~ 

stable at which point it was fruitless to go furthero 

Results and Discussion 

A plot of total light output of a various line versus helium 

purity is plotted in graph A2- 1 . 'I;hese curves are not particularly 

smoothc However the trend is clear in that very high helium 

purity is necessary for maximum 581-!- ~- outputo Bad degredation 

of the principa l helium output starts at purities less than 99c97 

percende 

It is interesting to note that the hi g h purity helium used 

in these studies contained 20 parts per million of neon. 

No detectable neon output was seen, however, This nicely shows 

the trend which seems to show up with all impurity gasscisp that 

being that the sensitivity of the helium discharge to an impurity 

depends greatly on the energy of the principal output lines of 

tha t impurity gas~ 
0 

For neon the principal line s are in the 735 A 

rei gon and thus, in s mall quantitiess do not significantly compete 

with the helium lines~ 

From a f air bit of experience with impurities as well as 

these observations one could sum up by saying that the s ensitivity 
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of a gas discharge to impurities depends on the position of the 

principal lines of the gas and the impurityo Significant 

impurity of output radiation will result when the lines of the 

impurity are energetically favored by a large amount, and the 

lines of the main gas are not. In the case of a 10 electron 

volt difference as in helium to nitrogen, it takes ohly a very 

small amount of impurity to cause significant impurity light 

output. When the difference is on the order of a few electron 

vol ts,. the sensi ti vi ty of the main discharge to impurity is not 

so great. 
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APPENDIX 2. 

A device to experimentally plot equipotential lines was 

used to determine the effectiveness of matching fields in 

section II, in the electron analyzer section. This apparatus 

will now be described. 

An old and very useful method of mimicing potential fields, 

such as those found in an electrostatic·.analyzer, is to paint 

the fixed potential boundries on resistive paper with conducting 

paint, and, after applying the proper potentials, measure the 

voltages on the paper with a voltmeter. These potentials mimic 

the true potentials found in the actual electrostatic field and 

thus can give a good qualitative if not often quantitative feeling 

for the actual shape of such fields. 

Plotting such a field point for point is, however, a tedious 

job. To automate the process the use of two X,Y recorders was 

employede One was modified as per figure AJ-1. The Y axis slide­

wire was disconnected, and that side of the input to the servo­

amplifier was hooked to a graphite point, suspended on a carriage 

that fit into the recorder_ts pen holder. Into the Y axis input 

was fed a variable voltageo As the slid.cwirc sonses position by 

having the Y motion of the pen supply a variable voltage to the 

servo- amplifier, so may one mimic a position on the Y axis by 

applying a proper voltage to that side of the servo-amplifierc 

By balancing this against the Y input voltage, the Y position 

can be adjusted to be on the recording axisc If the pseudo­

slidewire voltage comes from the conductive paper, which is put 

on the recorders then, if properly adjusted~ th e servo will 

move the pen to follow an equipotent i a l if swept in the X direc tion 
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since the .Y servo- amplifier essentially takes the change in 

yoltage on its slidewire side (due to the X sweep moving the 

conductive point off the equipotential) as an unwanted motion 

in the Y direction and moves to correct it, thus causing the 

conductive ROint to follow an equipotential. The second X,Y 

recorder is X synchronized to the drive recorder, and its 

Y axis is driven by the drive recorder's Y axis slidewire • 

. This method works very well if the potential gradients 

on the paper are not too steep in which case the Y servo- amplifier 

overcorrects for the appa rent motion and goes into oscillation. 




