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ABSTRACT 

The energetics of the ethylene ion-molecule reactions have been 

investigated in more detail than previously possible in two body coll

ision experiments by photoionization of the neutral van der Waals ethy

lene dimer, as described in Chapter I. The stability of the (C_H,) C,H, 

ion-molecule collision complex has been determined to be 18.2 ± 0.5 

kcal. The highest potential barriers along the reaction coordinate for 
+ + 

decomposition of this collision complex into C.Hy + H and C,H_ + CH, 
have been determined to be 0 ± 1.5 and BJ7 ± 1.5 kcal. In a similar 

manner, the energetics of the solvated ethylene dimer ion has been 

investigated by the photoionization of the ethylene trimer. 

The absolute proton affinity of NH. (203.6 ±1.3 kcal/raole) and 

the proton solvation energies by more than one NH_ have been determined 

by molecular beam photoionization, as described in Chapter II. In 

addition, the NH -NH, interaction energy (0.79 ± 0.05 eV) has 

r\ 
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PART I. THERMOCHEMICAL QUANTITIES BY MOLECULAK BEAM PKOTOIONIZATION 

I. PHOTOIONIZATION OF ETHYLENE CLUSTERS 

A. Introduction 

The ethylene ion-molecule reaction has been the subject of many 

investigations. Previous experiments have generally concentrated on 

measuring the relative rate constants of the ethylene ion-i..olecule 

reactions and of the secondary reactions as a function of gas pressure 
1 2 3 

in radiolysis, photolysis and high pressure mass spectrometric 
4-9 investigations and as a function of translational and internal 

. . i 10-14 , , , ! _ . . , 

energy m ion cyclotron resonance and gas cell photoionization 

experiments. The reactions most commonly studied are shown in 

(1) - (8): 

C
2 " 4 + + C2 H4 * [ C 4 H 8 + 1 + -C,H C'+CH, (1) 

(2) 

(3) 

C3 H5 + C2 H4 *° [ C5 H9 ] ~ C ^ + H ' < 4 ) 

\ . 

C 3 H 5
+ + CH 

C 4 H 7 + + H 

C 4 H 8 + 

C 5 H ?
+ 

+ H2 

CrH„ 5 9 (5) 
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\ ^ C,ll,,+ + H (7) 
\ Oil 

The common cone]us ion from these studies is that the primary 

react i on proceeds through some lon^-li ved intermediate which can be 
2 

col 1 is ional]y stabi1 I zed to yield a butene structure. If stabi1i-

zat ion does not ocrur, the in termed into may decompose to fori:1 the* 

initial rear t.mt s or the products shown in (1) and (2). Further 

experiments performed on reactions between ethylene ion and deutoraled 

ethylene yield n statistical isotope distribution of the products 

consistent witli the concept of the formation of a long-lived complex. 

This conclusion is also supported by a crossed beam experiment whose 

angular distribution indicates that an intermediate is formed which 

is long-1ived compared tc the rotational period of the complex. 

However, these experiments yield no information regarding the 

details of the energetics along the reaction coordinate. For instance, 

it is possible that a loosely bound collision complex C_H, "C-H, 

is a precursor to the intermediate provided that there is a 

potential barrier to the formation of the (C,H0 ) species. The 
4 O 

stability of this collision complex cannot be determined in the two 

body exothermic reaction due to the large total energy of the system 

compared to the stability of the precursor. In addition, the large 

total energy prevents the determination of the potential barriers 
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along the reaction coordinate. Knowledge of these barriers is 

essential to the understanding of the energy distribution of the long-

lived complex as determined in the crossed beam experiment. 

In this investigation, the stabilized collision complex has been 

formed as the initial reactant b"- piiotoirmization of the ethylene dimer 

and trimer species produced by adiabati; expansion in a beam. The 

stability of the ion cluster formed is determined from the threshold 

energy of formation, since the photoionization of the van der Waals 

polymer is viewed as ionization of only one of the species. Further 

excitation of the ion cluster allows the vibrational energy-induced 

ion-molecule reaction at zero kinetic energy to proceed. With the 

fine control of the ionizing energy attainable by photoionization 

techniques, the vibrational degrees of freedom of the complex are 

excited successively so that the highest potential energy harrier to 

decomposition along the reaction coordinate is determined. 

B. Experimental 

Since the experimental apparatus employed in this study has been 

described previously, ' only the details essential to this investi

gation will be related here. Schematic diagrams of the apparatus are 

shown in Figures 1 and 2. 

The hydrogen many-line pseudocontinuum was used as a source of 

ionizing radiation. The DC discharge was powered by a 5 kV, 4 amp 

supply (LBL - 17 x 4544 - Wl). The current was stabilized by a parallel 



I-'i;;. 1. Schematic ili;iyj;t:a of Lljc- apparatus. (Jj McPhcrson 2 2 J 
Vacuum (IV Monorhrnm.'lt or. (2) Differential Pu-ip in;-, 
System. O ) KiiLramc Slit. (4) l.i(;iit Source. (5) Lxit 
Slil. (6) Snrliini Sal ieylat e Coated Quirtz V.'indow. 
(7) PholoniiKiplicr . (8) Kozzlc. (9; Tunio>; Fork Chopper. 



Fig. 1 
XBl 764 2667 



•IO~4torr 

5 x | 0 " 7 t o r r 

XBL 764-2666 

Fij;- 2. Schematic diagram of the apparatus - cross section through 
beam line of Figure 1. (1) Nozzle. (2) Skimmer. (3) Tuning 
Fork Chopper. (4) Quadrupole Mass Spectrometer. (5) Ion 
Focusing Lenses. i'6) Electron Gun. 



;irr.'m:'.-:;.rtu of sewn, 10 k̂.', 200 waLt resistors ronnocti'd In series with 

the lamp. For a 11 inch lung quart;: cnj>i 1 1 .try with a 3-5 torr steady 

flow of II^,1 the typit--.il nperat in;; renditions w. re 1500 V at 0.75 

n:\ps. With Llic-.it- values the n s l t.T.irc m the lamp Is ca! rul at cd as 

'w2... The amount of |.n'*vr that ran hi .V i i w;ed In the lamp by the 

supp]y .--H! the currcii! stab i 1i t y of t tic sup.pl v ,n o present 1y Iimi ted 

sv the character is; IC;- of tin.- resistors in seri.s with the .supply o.it-

]>'.:- 'i'b'is , wi '. h i h i'. arrangement, al tenpt;: I o st ;\h i 1 i ::o a di scharge 

!•; :.:•-,. P. in a .'.'. inch lonp, capillar-/ worr noL r.uc re.ss ful . 

'I he 1 i ph I was d ispersed by an MgF ( n.ited grat ing of 1200 1 ines/mni 

u- i i :: ..n U . H'i nm/nn rn- iproral d i spurs inn . With 300 urn entrance and o:-:i t 

.-.lit:, a 0.25 nin photon bandwidth is achieved. The light intensity frnn 

a freshly coated grating at hyinnn a (1215.7 A) was typically 2.5 x 10 

r .,,8 pliotuns _, . , c , , , ,. 
n:::;i : or j ;•-. jo -1 . This value assumes a freshlv coated sodium 

see A 
19 

•,.i I j i-y J a t e he in t i 1 la fur with an absolute quantum efficiency of 0.65 

and ;r.\ KM I iibotomui t ip I iar 9436 CR at -750 V with a gain of 2 x 10 . 

The ethylene polymers were produced by supersonic expansion of 

,i mi :-:t ure uJ el by 1 em- and argon through a 0.003" diameter nozzle . A 

I j." mixture of CJ\( in Ar was determined to yield the largest ratio 

c-f diner to monomer representing a 30% increase in the dimer to 

monomer ratio over the maximum ratio of a neat C nH. beam. Below 13%, 

the d imei eoncentrat i on decreased rapidly. The mixture was not 

optimised for Lrimer concentration. A typical product distribution 

of the beam after photoi tinination with thu mnnochromator adjusted 

to zero order is shown in Fig,. 3. 

http://typit--.il
file://n:/ps
http://Llic-.it-
http://sup.pl


100 

80 

2 60 
o 
o 

-e 40 

20 

C 2 H 4 

C 2 H 3 , 

: 2 H 2 

Ar I 

- 1 — 
20 

(C 2 H 4 £ 

|C3Hs 

40 

C 4 H 7 ( 

nr>/e 

C 2 H 4 

! 3 % i n A r ) 

CrHp 

60 

{ C 2 H 4 > 3 . 

C6H j 

80 

XBL786-5237 
Fig. 3. Production distribution of the beam after photoionization 

with the monochromator adjusted to zero order. The stagnation 
pressure is 800 torr. 
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llii* ratio of poly H U T S and f rngment s to Ar was also investigated 

as a function of stagnation pressure with a 13°:' C.,11, in Ar mixture 
1 u 

at v.vm order. Tin* result's ;irc shown in F i ;>. 4. The pn'ssurt1 

d.-pi-iidcm e study serve:; to discover tie- cmul i t Inn nf v.'.ix i inun In tens i ty 

of the particular ion of interest and to clarify the nature of the 
parent clusters (C„H.) . I 4 n 

The number of mass selected inns produced and the number of 

ph. if nrv; intersect ins the he;in was mon i torcd at 0.1 nm inhTvals, 

The anuent of bar):; •„ J .scattered ii/»bt was measured .it 85.0 nn where 
1 9 

t hen- is no emi ssion from the H,. discharge. ' Thi s val ue was assumed 

to be constant over the wavelength region employed and subtracted 

from the light Intensity before the phntoionization efficiencies were 

calculated. For a few of the scans, the background scattered light 

was a;; much as 25" of the incident radiation reaching the scintillator 

depending on the wavelength and the condition of the grating. For a 

frc'-lily coated grntin;; the amount of scattered light could t 5ily be 

belnw 0.1% of the incident radiation. Also, the photoionization 

efficiency at about 116.0 nm was arbitrarily chosen (there is a peak 

in intensity at approximately this wavelength) as a reference point 

with which to monitor the fluctuation in the beam and in the light 

intensity. The reference point was recorded approximately every 90 

minutes. Thus, the photoionization efficiency curves are time normalized. 

Thi s procedure is extremely important since the light intensity has 

been sometimes observed to decrease linearly by 50% in four hours due 

to degradation of the grating. 



Fit',. U . Intensity of di mtirs , t rimers and fragments af trr photo-
ionization wi th the monr'hroniatar adjusted Lo zero order 
versus pressure of 132! C_H. in Ar behind the nozzle. 



Intensity (arbitrary units) 
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C. Results 

The photoionization efficiency curves for the (c
2
Hi^2 * ̂"4**7 

and C IL ions are shown in Fig. 5. The standard deviations are on 

the order of 10% at the thresholds of the curves and about 2% at 2.0 

ntn beyond the threshold values. The photoionization efficiencies for 

the corresponding trimer system are shown in Fig. 6. The standard 

deviations of the trimer fragment intensities are about 15% at the 

thresholds. All curves are an average of 2-3 scans. Points were 

measured at much lower energies than the threshold values so that 

an average background ion intensity was obtained. The threshold 

values are labeled as such when the photoionization efficiency 

values increase monotonically. The threshold uncertainties were 

taken to encompass the thresholds obtained in two or three separate 

scans. 

D. Discussion 

The photoionization of the ethylene dimer at the threshold can 

be considered as removal of an electron from the lb_ orbital which 
3u 

is associated with the TT bond between two carbon atoms of one of the 

ethylene molecules. This is evidenced by the vibrational structure 

present near the dimer ion threshold. The observed vibrational 

structure is similar to the fine structure of the Rydberg series 

converging to the ground state of the ion seen in vacuum ultraviolet 
20,21 

absorption experiments. The totally symmetric C-C valence stretching 
vibration \) and a twisting vibration V, of C_H, have been observed £ A 2 4 
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-1 -1 11 
previously in photoelectron (v? = 1230 cm , 2v. = 430 cm and 

-1 -1 23 
photoionization experiments (v„ = 1400 cm , 2v, = 440 cm ) 

-1 -1 24 
(v„ ~ 1250 ± 40 cm , 2v = 400 cm ). The most obvious structure 

in the dimer ion curve in Fig. 7 is the excitation of one quantum 

of the v ? mode. It is more clearly seen in a log-log plot of the 

threshold region (Fig. 8) where a change in the initial slope occurs 

at 125.6 ± 0.3 nm when the available amount of phase space suddenly 

increases. The uncertainty is due primarily to the scatter in the 

data near the threshold. This breakpoint yields a vibrational fre

quency of 0.15 ± 0.02 eV or 1186 ± 200 cm for v.. Further excitation 

Similar log-log plots of the threjho1d region for C H and 

C_H_ fragments are shown in Tigs. q and 10. The break in the log-log 

plot of C H suggests a value of 0.21 ± 0.03 eV or 1725 + 242 cm 

for the corresponding V„ mode as observed in photoelectron data of 

C-H,. There is no evidence of this mode in the C-1L threshold region 

as expected- Tt is apparent from the difference between the dimer ion 

and C_H threshold that four or fjve quanta of the v_ C--C stretching 

vibration are required to eliminate a CH„ group from the dimer ion. 

The photoionization efficiency curves for both the dimcr and 

trimer system are relatively featureless above the threshold region. 

No autoioi.i nation of the Rydberg states that are coverging to ti.2 first 

excited state of the thylene ion at 12.38 eV is apparent." The 

first excited state of the C H- ion occurs at 11.6 ± 0.08 eV (106.5 

nnt) as is seen from these data. 
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XBL 786-5241 

Fig. 8. Log - log plot of the photoionization efficiency curves in 
the threshold region. Least squares fit for (C H ) + points 
yield two lines which intersect at E - E T = 0.15 eV or 125.6 
ran, where E T is threshold energy and PlEg is average hack-
ground ion intensity. 
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Since the photoioni;:.-! tion or those clusters involves ionization 

of one of the C„H, molecules, the stjble ion-cluster, a precursor to 2 4 
tin- '<•. .mediate in it.u-molecu] e reactions, is produced. The stability 

of the ion cluster is determined from its threshold energy of fornation. 

The appearance potentials for (C-H ) and (C H, ) along with the 
•>5 ioi.i ?'. t i on potential of C-H and the neutral interaction energ\ 

of 0.4.? 4 0.03 kcal" (assuming the clusters to be formed from 

ground state molecules) yield the (C II ) C 11 well depth as 18.2 ± 

0.5 kcnl and the (CJ1, ) _+C ,11, well depth as 4.2 + 0.7 kcal : 2 4 2 2 4 

2CnII, (C„H,), AE = -0.42 i O.OJkcal 
2 4 2 4 2 

( C „ H , ) 9 ( C - H , ) - + + e 224 .3 ± 0 . 5 

- 2 4 2 . 1 i 0 .2 

C,II, + C ,H. + ( C H , ) - + AE = - 1 8 . 2 + 0 .5 k c a l 
2 ^ 2 4 2 4 2 

(C, 11,), + C.H, (C ,H ,1 , AE = -0 .42 ± 0.03 kca l 
2 4 2 2 4 2 4 3 

< C 2 1 I 4 ) 3 "" ( C 2 B 4 ) 3 + + 6 2 2 ° - 5 * ° ' 5 

( C 2 l l 4 ) 2 + + e " ( C 2 H 4 ) 2 - 2 2 4 . 3 + 0 .5 

( C 2 H 4 ) 2 + + C 2 H 4 """" ( C 2 H 4 , 3 + A E = ~k'2 ± °'7 k c ; l 1 

With increased interns! excitation both the dimer and the trimer 

exhibit hydrogen atom and -ethyl radical elimination. The threshold 
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cnergy of formation then corresponds to the highest barrier along 

the reaction coordinate for decomposition. The experimental appear

ance potential of CJ1-, yields 206 ± 1.5 kcal as the heat of formation 

for Lhnc fragment, in good agreement with the tabulated heats of 

formation for several structures indicated in Tables I and II. Thus, 

there exists no activation energy barrier for H atom elimination. 

The experimental appearance potential for P^H- together with Lne 

heals of formation in Tables I and II indicates that there is a barrier 

of 8.4 + 1.5 kcal for methyl radical elimination. These values are 

in rough agreement with previously measured exit channel barriers 

for hydrogen atom and methyl radical elimination from propylene and 
f, . 27-30 thu butenes. 

The photoionization fragments from the trimer appear to be 

C_Hr and C.H.. fragments solvated by another ethylene. That is, 3 3 4 7 J ' 

if the C. H or C,_Hq fragments formed from the trimer are considered 

to be of a straight chain or a cyclic structure, then the exit channel 

barriers for hydrogen atom and methyl radical elimination as calculated 

from the thresholds and tabulated heats for formation are unrealistically 

large. Thus, it appears that the trimer upon ionization does not 

rearrange but remains as a solvated complex. 

Assuming that there is no barrier to hydrogen atom elimination 

a.s in the dimer case, the binding energy of the (C,H7 )C-U, complex 

is calculated to be 8.7 + 1.5 kcal: 
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T.ihli- [. F.vpprin- ..jl Thresholds 

C.,11, 

<Wi 

( C H ) 

C r " Q 

118.2 ± 0 .2 

127.5 ± 0 . 3 

124.5 + 0.£ 

119.2 ± 0.4 
\ 

129.7 + 0 . 3 

129.2 ± 0 .3 

127.6 ± 0.4 

k c a l mol 

242.0 

224 .3 

229.7 

239.9 

220.f 

221.4 

224.1 
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Tnble II. Literature Values of AH°„ 

AH°„-
kcal mol 

C2 H4 

C 4 H 3 + 1 • - w 
2 • - C 4 H 8 + 

c -- C 4 H 8 + 

V 7
+ 

C 3 „ 5
+ 

C G H 1 2 + 1 -- C 6 H 1 2 + 

c -- C 6 H 1 2 + 

257 

221^ 

208 

238 

206^ 

226^ 

208^ 

198 

C„H, 14.52 
I 4 

CH 34.8 

51.63 

Reference 25. 

- All" (298 K). 



(C,Il.+)CnH +• II + e - (CoH.)- AE = -221.6 ± 1,4 kcal 

( C 2 ^ ) 3 - C 2 H 4 + ( C 2 H 4 ) 2 °'4 * °-°3 

(C 2H 4) 2 C 4 H ?
+ + H + e 229.7 ± 0.5 

( C4 H7 ) Q l \ - C0H, + C.H* AE = 8 . 7 + 1 . 5 kcal 2 4 4 7 

Since tht barrier to methyl radical addition is mainly due to 

stor in hindrance and since the trimer ion is considered as a dimer ion 

solvated by another ethylene molecule, the exit channel barrier heights 

of the dimer and trimer systems arc expected to be nearly equal. Thus, 

the C^JU )C„H, binding energy is calculated to be 16.22 + 1.1 kcal: 

(C_IL) +C„H. + CH,, + e — - (C-H . ) , AE = - 2 2 4 . 1 ± 0.7 kca 
3 5 2 4 j 2 4 3 

( C 2 H 4 } 3 " C 2 H 4 + ( C 2 H 4 ) 2 ° ' 4 2 ± ° ' 0 3 

+ (.C2\\l)2 C„H r ' + Ch\ + e 239.9 ± 0 . 

(C..H,) C_H, C_H_+ + C-H. AE = 16.22 + 1.1 k c a l 
J D I H 3 5 2 4 

Shown in Fig.11 and 12 are proposed reaction coordinates for the 

dimer and trimer systems. The dots on the reaction coordinate indicate 

energies that were measured in this investigation. Recently, the 

nature of the intermediates of the ethylene ion-molecule reaction * * * 
32 

or of the decomposition of the cyclobutane ion has undergone consider
able speculation. The energies and structures of the two C.H0 

4 8 
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Fig. 21. Reaction coordinate for ethylene ion-molecule reaction. 
Solid dots indicate experimental values. Ordinate is heat 
of formation. 
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Fig. 12. Reaction coordinate for ethylene diraer ion-molecule reaction. 
Solid dots indicate experimental values. Ordinate is heat 
of formation. 
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interrcediates depicted in Fig.11 and 12 have been proposed by Le Breton 

et al. The ion cluster initially formed first rearranges into a 
33 "loose" tetramethylene radical ion and then isomerizes into a more 

14 stable butane structure. Since the experimental thresholds correspond 

to the lowest energy at which the ion cluster can decompose only the 

highest energy barrier in the reaction coordinate can be measured. 

Thus, since the thresholds for methyl radical and hydrogen atom 

elimination are not equal, the experimental barrier is placed in the 

exit channel assuming that both products originate from the same 

initial dimer structure. 

This raises an interesting point. The fact that the C_H- and 

C sH q fragments peak at a lower stagnation pressure than their 

corresponding parent ions as shown in Fig. 4 may indicate the presence 

of two discrete van der Wâ als structures of the neutral dimer and 

trimer formed in the expansion. That is, a T-shaped dimer fragmenting 

exclusively to C_H,. would have a larger cross section for collision 

and thus attenuation in the nozzle-skimmer region of the source chamber 

would occur at lower stagnation pressures. The C,H? and C,H„ ions 

may be formed from an ethylene dimer structure which would have a 

smaller collision cross section. The question of two distinct van 

der Waals structures could be resolved by attenuation experiments. 

That is, the C„H_ and C,HR photoion intensities at a stagnation 

pressure where there is no substantial contribution from the trimer 

could be monitored as a function of the intensity of a secondary beam 

of ethylene. A similar decay of the intensities of the two ions due 



- 2 8 -

to their 1 .'ku cross sections would rule out two structures of the 

v.i n d u r Wa a 1 s d i ine r. 

However , contarnin.it ion of (C_H. ) ,. and C ,H from fragmenting 

ethylene Lr imor should occur more rendi]y than fragmentation of the 

t rimer Lo (---.h\ thus shifti ng those peak i n tensities to hi gher 

stagnation pressures. If one assumes that the C H r and C H frag

ments ori ;',i nate only from the dimor and trimer ions respect ivel y 

and then adds together the C II and C I!q pressure dependence curves 

each iiiul t i pii od by in appropriate factor and the result then scaled 

to the C.H,, c u r v e , the result lag curve fits the C,H„ curve verv 
'4 o U o ' 

wel1 between 700-1800 torr. At low stagnation pressures (300 torr) 

the resultant curve is a factor of four too large indicating that there 

are species which fragment exclusively to C-H,. . At higher stagnation 

pressures the resultant curve is about 25% too 1arge. Thus fragmentation 

from higher polymers at higher pressures cannot be ruled out. This 

may cause some of the smearing of vibrational structure seen near the 

(C„H.)„ threshold. Attempts to uncover the power dependence of the 

intensity on pressure for the different species were frustrated due to 

the inability to control the very low stagnation pressures where 

attenuation of the beam does not occur. 

The ethylene ion-molecule reaction has been studied in a crossed-

beam mode where it was determined that the reaction to form C_H 

proceeded through a persistent complex intermediate at relative 

collision energies less than 3.25 eV. Several statistical calculations 

of the un.'.molecular decay of this complex have been carried out to test 

http://contarnin.it
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the assumption of complete energy equilibration prior to decay. No 

energy barrier to decomposition oUier :" an the centrifugal one was 

crap J oyt;d in these calculations. The center of mass C-H. trans la tional 

energy d j stribut ions as a function of incident energy was fit well by 

decreasing the number of active modes in a "loose complex" model for 
34 Hie critical configuration. It is well known that the broadening 

of t!u- product trnnslationnl distribution can be achieved by decreasing 

the- number of ac. I ive vibrations but that it can also be effected by 
35 

inc] iitlinj; an exi t potential barrier. More recent phase space 
3fi 37 calculations ' allow all the vibrational decrees of freedom of 

tin: critical configuration to be active but the resulting product 

transnational energy distributions of both treatments are still slightly 

more narrow than experiment. It is known that the potential energy 

barrier contributes mainly to the trans!ational and rotational degrees 

of freedom of the product. Inclusion of the nonrandomized energy 

available from descending the barrier certainly broadens the calculated 

distribution since the barrier height is approximately equal to the 

average translational energy of the C_H„- fragment. Thus, no con

clusion about the extent of energy randomization in the ethylene 

ion-molecule reaction at low energy can be drawn until the details of 

the reaction coordinate as measured here are included in the calculations. 

In summary, van der Waals cluster:-, are excellent parent molecules 

for determination of ion-molecule binding energies and the highest 

barrier along the reaction coordinat c for the decomposition in an ion-

molrculc reaction. The appearance potential of the ethylene dimer 

ion and trimer ion yields the (CJ1, )^ ?
1 ' , binding energy to be 18.2 ± 
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+ + 0.5 kcal relative to C_H. and C„H, and the (C„H.)„ C_H. binding 2 4 2 4 / • 2 2 4 
+ enercy to he 4.2 ± 0.7 kcal relative to (C*H.)„ and C„H, . In 

2 4 2 2 4 
addition the exit channel potential barrier heights for hydrogen atom 

and methyl radical elimination in the exothermic ethylene ion-molecule 

reactions have heen determined. 
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II. ENERGETICS OF GAS PHASE PROTON SOLVATION bY NH 3 

A. Introduction 

Proton transfer represents a very important class of reactions 

in both chemistry and biology. Understanding these reactions requires 

knowledge of the heats of formation of the protonated species as 

well as the effects of solvent interactions. Both the high pressure 

ion source mass specttometric technique and ion cyclotron resonance 

have been employed to determine relative proton affinities and the 

energy released upon solvation of an ionic species. The relative proton 

affinity is readily obtained by lseasurements of the tquilibrium constant of 

the reaction MiH + M-,< I-UH + M,, The equilibrium constant and 

hence A0° is measured as a function of temperature to determine the ion 

solvation ei_-rgies of a reaction (M]H )^2<—M-^H + M^. Absolute values 

of the proton affinity are usually obtained from appearance potential 

measurements of a protonated species produced by electron impact. * 

The drawback of this method is that the protonated species of many 

interesting molecules do not occur as fragment ions. It has recently 

been shown in a molecular beam photoionization mass spectrometry 

experiment that dimer molecules produced in a supersonic expansion 

are excellent parent molecules for the investigation of Lhe ien-raolecule 

interaction potential and the photoionization production of MH . The 

finer control of ionizing radiation possible in a photoionization 

measurement of appearance potentials affords a more accurate means 

of determining thermochemical quantities such as absolute proton 

affinities directly from a measurement of a microscopic quantity 



-35-

such as a threshold energy. For instance, the stability of the 

ion-molecule cluster t^O • h^O has been determined from 

the threshold energy OJ: formation since the photoionization of the 

van der Waals polymer is viewed as ionization of one of the species in the 

parent cluster. Further excitation of the ion cluster allows the 

vibrational energy induced ion-moleci le reaction at zero kinetic energy 

to proceed yielding the threshold energy of formation of H3O . In this 

study, this technique is used to determine the proton affinity of NHo. 

IL is further extended to investigate the protonated species formed by 

decomposition of higher polymers to yield solvation energies of an 

ammonium ion by ammonia solvent molecules. 

B. Experimental 

The apparatus and procedures h=ave been described previously 

(References 9,10 and previous chapter). The ammonia polymer beam 

was produced by expansion of the neat gas through a 0.003" dia. Monel 

nozzle. Seeding of the NH-a in Ar at various mixing ratios, maintaining 

the same total pressure, did not improve the dirjer production. Using 

the monochromator grating at zero order"the intensity of the fragments 

was nonitored as a function of stagnation pressure and is shown 

m Fig. 1. The behaviors of the protonated ammonia signal compared 

to the dimer ion signal and of the protected diraer ion compared 

to the trimer ion signal are very similar, indicating the dominant 

parent species. 
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C. Results 

The photoionization efficiency curves of the ammonia dimer ion and 

ci the protonated ammonia species are shown in Figs. 2 and j. The standard 

deviation of the signal intensity at the threshold is about 10% for 

(NH-, )y and about 5% for the protonated ammonia species. Points are 

measured at much lower energies than the threshold values so that an 

average background ion intensity can be measured. The threshold values 

are labeled as such when the photoionization efficiency values increase 

uniformly above this background ion intensity. The threshold 

uncertainties are taken as the difference in values obtained in two separate 

scans. 

D. Discussion 

In high pressure mass spectrometry experiments, the NHT + NH-j 

>NH^ + NH2 reaction, exothermic by 0.74 eV, occurs too rapidly 

for the (NHo )N1U intermediate to be observed by stabilization 

from the gas bath molecules. In our investigation, the (NH-, )NHo 

intermediate is produced directly from photoionization of the neutral 

dimer. In addition, its stability can be determined from the threshold 

energy of formation. Figure 4 shows the energetics of this system. The 

well depth of the neutral ammonia-ammonia interaction is taken to be 

0.35 kcal/mol from fitting the temperature dependence of second virial 

coefficient data. Combination of the neutral well depth, the 

ionization potential ot Nl^ 1^ and the threshold of (NlU)+2 formation yields 

the <NH 3
+)NH 3 binding energy as 0.79 ± 0.05 eV or 18.1 ± 1.1 kcal/mole. 
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Fig . 4. Energe t i c s of the (NH ) system. 
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When the intprnal energy of the ammonia dimer ion is increased 

to 0.052 rV, the onset of the NH^+ fragment is observed. The appearance 

potential of NH^ , the ionization potential of H, the H2NrH bond energy 

and the neutral well depth are employed to calculate the proton affinity 

of Nh-j as b.76 i U.Ob eV or 202.1 * 1.3 kcal/mol at 0 K as shown in 

Fig. 5. Assuming that all rotational degrees of i reedotn are excited 

and that no vibrational degrees of freedom are excited at 298 K, the 

proton affinity becomes 2U3.6 ± 1.3 kcal/raol at 298 K. This value is 

in good agreement with a recent proton affinity measurement of 202.3 

kc;i 1/rnol obtained in ion cyclotron resonance therma1 equilibrium experiments 

at 29« K. The previously accepted value for the proton affinity of 

ammonia was 207 - 3 kcal/mole. Recent theoretically calculated 

values for the proton affinity of NH^ are 205.31 and 208^ kcal/mole. 

The appearance potentials of the higher protonated polymers, 

(NII4
+)KH3, a fragment from excited <NH 3) 3

+, and (\"I _ +)(NH 3) 2, a 

fragment from excited (NHo)* , allow the solvation energy of an 

ammonium ion by one or two ammonia molecules to be calculated via 

the cycles shown in Fig. 5. These values are listed in Table i along 

with literature values for the solvation energies. 

It is clear from Table 1 that the agreement between the solvation 

energies measured in this study and the literature values is not good. 

The theoretical values from ab initio SCF calculations are too large 

probably due to the limited basis set employed. The experimental values 

are obtained by high pressure ion source mass spectrometry. One very 

common criticism of the photoionization technique for measuring appearance 

potentials is that the threshold may not correspond to the ground 

vibrational state of the ion but rather to some upper vibrational 
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TABLE I Energetics of proton solvation by NH3 

NH^NHj),, < >HH / |
+(NH ?) n_ 1+ NH3 

THIS WORK LITERATURE THEORETICAL 

"j.Jld- M ° kca] mol l M298 —°298 — ° 

1,U 13.8 ±1.4 18.4a 6.3a 28.le 

36.0f 

27.68 

1 8 . 4 a 6 . 3 a 

2 1 . 5 b 1 5 . 5 b 

2 4 . ' 17. l c 

2 7 . 0 d 1 7 . 5 d 

1 0 . 8 h 

2,1 6.4 tl.b 

16.2D 9.4° 

17.5C 8.9C 

17.0d 9.0' 4 
9.7 h 

a) Ref. 17 e) Ref. 18 

b) Ref. 4 fj Ref. 19 

c) Ref. 2 j;) Ref. 16 

d) Ref. 20 h) Ref. 3 



ionic state. This is true when large changes in geometry of the 

molecule occur upon ionization. Vibrationally excited ions would 

lead to higher thresholds and thus lower absolute values of the 

solvation energies. In our case, however, the process that is essentially 

occurring is the unimolecular decomposition of the vibrationally excited 

parent clusters (NH-,), , (NiU)^ and (NH-^)^ . Franck-Condon faccors 

will not play an important role in this case. If there is no barrier 

for proton transfer the threshold should correspond to the threshold 

of decomposition. Nevertheless, let us assume that the difference in 

energies between the two most recent high pressure mass spectrometry 

values * and the photoionization value is due to vibrational excitation 

of the resulting ion in the photoionization experiments and that the 

kinetic energy of th^ electron is zero. Thus, the (NHA )(NH3)2 produced 

will have (42.3-20.2) = 22.1 kcal/mol2 or (37.7-20.2) = 17.5 kcal/mol4 of 

excitation energy. Both these values are larger than the corresponding 

dissociation energies of 17.5 or 16.2 kcal/mol for (KH^ KNH-j^. 

Clearly, the notion that the ions (NH^ )(NH-j)2 formed by photoionization 

of clusters are vibrationally excited is inconsistent with the equilibrium 

solvation energies. 

The onset of the decomposition of the higher polymers to yield 

NH^ serves as a check on the threshold measurements. The energy 

required to produce NH^ from (NH 3) 3 can be calculated from the data 

in Fig. 5; one obtains that the threshold for the reaction 

(NH 3) 3—>NH A
+ + NH 3 + NH 2 + e should occur at 9.75 eV or 127.2 nm. A 

plot of the log of the photoionization efficiency minus the background 

ion count versus log (E-ET) where E-j is the threshold of NH^+ is shown 

in Fig. 6. The least squares line fit to the two slopes intersects 
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Fig. 6. Log (O-G ) where o = photoionization efficiency, 0 = back
ground ion count versus log (E-Ef) where E-p = threshold 
energy of NH. +. 
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at exactly 127.2 am, corresponding to a new channel for NH^ formation. 

The decomposition of the tetracier to NH^ should occur at 125.0 nm. 

In the photoionisation efficiency curve of NH, in Fig. 3, a change 

of slope is distinct at 125.0 nm. Similarly, there are distinct changes 

in slope of the photoionization efficiency curves of (NHA )NH-, and 

(NH^ KN'H-On shown in Figs. 7 and 8. The fact that fragmentation of 

higher polymers into smaller ions (involving loss of NH2 and one nr 

more Nl-U molecules) is predicted correctly by the appearance potentials 

of NH^ and (NH-j^H indicates that the observed thresholds are self 

consistent and suggest that they do not correspond to vibrationally 

excited ions. 

In summary, the proton affinity of NH3 has been determined by 

measuring the appearance potential of NHA formed to be 

202.1 - 1.3 kcal/mol at 0 K from decomposition of the ammonia dimer ion. 

The proton solvation energies by more than one ammonia have been determined 

by measuring the appearance potential of fragments from larger cluster 

ions. The appearance potential of the dimer ions formed from the 

neutral van der Waals dimer yields the binding energy of NHo -NH-, to be 

18.1 ± 1.1 kcal/mole. 
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PART II. MOLECULAR BEAM GAS-SURFACE SCATTERING 

III. SCATTERING OF THERMAL HELIUM BEAMS FROM A HIGH-MILLER INDEX 
PLATINUM SINGLE CRYSTAL SURFACE 

A. Introduction 

There is much interest in the use of elastic scattering of light 

atoms from surfaces for the extraction of the gas-surface interaction 

potential by means of the observed structure in the angular distribution 

measurements. The use of light atom diffractive scattering to deduce 

surface structure and surface Debye temperature has received less 

<iitention, mainly due to the inability of most metal surfaces to exhibit 

light atom diffraction spectra and to the comparatively easy technique 

of LEED to obtain similar information. 

Helium, Ne, H, and D scattering from the alkali halide single 

crystals of LiF and NaF have been the only systems intensively studied 

and have shown well-defined diffraction peaks. These experiments are 

gen ur.-illy of a finer quality than earlier ones, due to the clean, we 11-
1-4 characterized surfaces employed, the use of low surface temperatures, 

1 4 5 
which reduce the inelastic background, and the use of well-
en] 1imated supersonic or velocity selected incident beams. 

Two reports of diffraction from metal surfaces have not been very 
8 9 convincing. * Very recently however, He and H„ diffraction has been 

observed from a Ag(lll) surface in high resolution apparatuses. ' 

In both reports, the surface was cooled to below or near the surface 

Debye temperature in order to minimize Inelastic transitions. The 
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first urder diffraction peaks are of the order of 1000 times less 

intense than t_he specular peak. Interest ingly, the intensity of H„ 

diffraction is significantly greater than that for He diffraction. 

Hopefully, the observation of diffraction from metal surfaces will 

yield i nformat ion about the interaction potential of some chemically 

important systems. 
12 This study *" explores the scattering of helium atomic beams from 

high Miller index platinum surfaces that exhibit ordered, periodic 

steps on the atomic scale to probe th 2 effect of atomic steps on 

the helium atom scattering distribution. These studies ex ;mine how 

the periodic surface structure, i.e., monatomic steps, -"2.3 A in height, 

separated by ordered atomic terraces of five atoms wide (""11 A) on the 

average, is seen by an atomic beam incident on such a surface from 

various direct ions. 

Rainbow scattering is observed when the step edges are perpendicular 

to the incident helium atoms. Rainbow peaks result from an accumulation 

of trajectories at two angles that correspond to the maximum and minimum 
13 scattering angles introduced by the periodic surface potential, A 

rainbow scattering distribution then can yield information about the 

repulsive shape of the surface potential. The rainbow scattering distri-

but ions observed here are in agreement with the ordered periodic step 

structure of the surface Indicated by LEED. Diffraction is not observed 

in these experiments for reasons well understood and described below. 
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B. Experimental 

The ultra-high vacuum molecular beam surface scattering apparatus 

in which these experiments were carried out as well as the surface 

preparation and characterization has been described previously in 
14 detail. The procedure for these experiments has also been 

A "T. A 1 4 > 1 5 

described. 

A diagram of the experimental arrangement is shown in Fig. 1. 

Briefly, the room temperature helium beam is formed by effusion from 

a multichannel capillary array. The beam is modulated at 160 Hz by 

a mechanical chopper. The pressure of the beam at the surface is 

about 10 torr. AC detection of the scattered beam by a quadrupole 

mass spectrometer in the plane defined by the incident beam and the 

surface normal is employed. The surface temperature in these experi

ments is ~1100 K. 

The platinum single crystal surface u&ed in this study is desig

nated by its Miller indices as Pt(553). A mere descriptive nomenclature 

for the stepped surface designates the Pt(553) as Pt(S)-[5(lll)x(lll)] . 

The (111) surface is the hexagonal close-packed plane in which each 

atom has six nearest neighbors. The (553) surface is cut 12.27° from 

the (111) plane in the <111> direction resulting in a surface character

ized by ordered monatomic steps of (111) orientation. These steps are 

separated by terraces of (111) orientation which are on the average 

five atoms wide. It is shown scnematically in Fig. 2. 

The crystal is mounted on a manipulator which extends from the 

top of the main scattering chamber and provides several degrees of 
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XBL73e-5744A 

Fig. 1. Schematic diagram of ultra-high vacuum molecular beam scattering 
apparatus. 



-55-

Fig. 2. Schematic diagram of the platinum surface studied in this 
work: Pt(553) or Pt(S)-[5Clll)x(lll)]. 
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freedom of motion for the crystal. To measure the incident beam 

intensity and thus normalize all the measurements, the crystal can 

be translated upward out of the beam line. The angle of incidence, 

9., can be varied by rotating the crystal around its diameter per

pendicular to the plane defined by the incident beam and the macro

scopic surface normal as seen in Fig. 3. Further, it is possible to 

vary the azimuthal angle (J) (the orientation of the step edges with 

respect to the plane defined by the incident atomic beam and the 

macroscopic surface normal), by rotating the crystal around its center 

in its own plane as shown in Fig. 3. The azimuthal orientation is 

determined by LEED patterns to an accuracy of ±5°. 

Before each run, the platinum single crystal is heated in an 

ambient pressure of oxygen of 5 x 10 torr for one and one-half 

hours to provide an uncontaminated surface as established by Auger 

Electron Spectroscopy. Low-Energy Electron Diffraction shows the 

presence of well-ordered atomic domains of the stepped platinum 

surface. 

It should be noted that while the macroscopic surface is always 

45° (or some other constant angle of incidence) from the incident 

beam at any azimuthal angle of rotation, the microscopic stepped 

surface is not. Since the helium atom "sees" the surface on the 

atomic scale, a variable fraction of the helium beam scatters outside 

the plane of the detector which is lined up with respect to the macro

scopic surface normal. In these experiments the scattering distribution 
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Fig. 3. Diagram defining: (a) 6 , angle oF incidence and (b) i 
azimuthal angle. 
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is measured only in the plane defined by the incident beam 

and the macroscopic surface normal. 

C. Results 

Figures 4a-e show the scattering distributions from the olatlnum 

(553) surface for various azimuthal orientations. Each distribution 

except for azimuthal angle tj> = 24° (where (J) = 0° when the step ei'ges 

are perpendicular to the incident beam and <J> = 90° when the beam 

impinges on the crystal along the step edges) is an average of at 

least two different runs with error bars indicative of the scatter in 

the points at each angle sampled. Each point is an average of at 

least twelve values. The intensity scattered into the solid angle 

subtended by the detector at a given scattering angle is normalized 

to the incident beam. The angle of incidence in each case is indicated 

by the arrow on the horizontal axis of the distribution as 45°. 

The effect of varying the azimuthal orientation of the crystal 

step edges to the incident molecular beam, while the angle of incidence 

is held constant, is dramatic. Note that as the incident beam comes in 

along the step edges, the total scattering distribution becomes less 

intense due to out-of-plane scattering. Since the detector is mounted 

in the plane of incidence defined by the macroscopic surface normal 

and the incident beam, it does not sample molecules scattered out-of-

plane. The peak intensity of the cone-shaped distribution also shifts 

in space as the azimuthal orientation of the crystal is changed. Only 



-59-

Fig. 4a. Normalized scattered intensity vs_, angle from surface 
normal for the azimuthal angle $ = 79° with a fixed 
angle of incidence of 45° for a Pt(553) surface. 
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Fig. 4b. Normalized scattered intensity vs_. angle from surface 
normal for the azimuthal angle $ = 51°, with a fixed 
angle of incidence of 45° for a Pt(553) surface. 
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Fig. 4c, Normalized scattered intensity ;vs_. angle from surface 
normal for the azimuthal angle $ = 39°, with a fixed 
angle of incidence of 45° for a Pt(553) surface. 
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Fig. 4e. Normalized scattered intensity vs. angle from surface normal 
for the azimuthal angle 0 = 5 " , with a fixed angle of incidence 
of 45° for a Pt(553) surface. 
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when the step edges are perpendicular to the incident beam does the 

detector sample directly along the axis of the cone as indicated in 

Fig. 5. At any other azimuthal orientation, the detector "sees" only 

slices of the scattering distribution, since the axis of the scattered 

cone lies out of the plane defined by the macroscopic surface normal 

and the detector. 

Two further observations can be made. There is a definite shift 

toward the surface normal of the more intense peak and the appearance 

of a second peak or shoulder near the specular as the steps are oriented 

in a more perpendicular direction to the incoming beam. 

This shift toward the macroscopic surface normal roaches a maximum 

of 25° from the specular when the step edges are perpendicular to the 

incident beam. Whether this shift is observed toward the macroscopic 

surface normal or away from it depends on whether the open edge of 

the step is away from the incident beam or into it. In this investi

gation, the molecular beam was oriented away from the open step edg^. 

Figures 6a-d show the effect of varying the angle of incidence 

on the double-peaked scattering distribution for a fixed azimuthal 

nnj;le of t}j = 5°. Each of these distributions is an average of at 

1 east two runs. Again, the arrow on the absc issa indicates the angle 

of i ncIdence. The two peaks in the scattering distribution coalesce 

as the .inyle of incidence is increased. The intensity of these two 

peaks also increases as the angle of incidence is increased. 
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Schematic diagram defining the macroscopic surface normal 

and the terrace normal: 

(a) The steps are oriented so that they are perpendicular 

to the incident beam. Note that the incident bean, the 

normal to the terrace N , the macroscopic normal N , the t m 
scattered distribution and the detector are all situated 

in one plane, the plane of the paper. In this case, the 

incident beam is orie.ted away from the open edge of the 

step. 

(b) The incident beam (not shown) impinges on the filled 

circle at a 45° angle of incidence to the paper, but in 

the plane of the macroscopic normal or along the step 

edges. The normal to the terrace and to the macroscopic 

surface are now normal to a plane which is perpendicular 

to the plane of the paper. Note that the incident beam, 

the macroscopic normal and the detector are in one plane 

while the scattering distribution is out of the plane 

sampled by the detector. 
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Fig. 6a. Normalized scattered intensity vs_. angle from surface normal 
for a fixed azimuthal angle ij) = 5° with the angle of incidence 
from a Pt(553) surface at 9, = 25°. 
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Fig. 6b. ilormalized scat te ^d intensity vs. angle from surface normal 
for a fixed azimuthal angle $ = 5° with the angle of incidence 
from a Pt(553) surface at B. = 35°. 



-72-

4 0 

* = 5°±5° 

9 0 - + . 5 ° 

30 6 0 

9, ANGLE FROM SURFACE NORMAL 

90 

XBL 759-7 316 
Fig. 6c. Normalized scattered intensity \rs_. angle from surface normal 

for a fixed azimuthal angle rj> = 5° with the angle of Incidence 
from a Pt(553) surface at 8. = 45°. 
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Fig. 6d. Normalized scattered intensity v_s. angle from surface normal 
for a fixed azimuthal angle <J - 5° with the angle of incidence 
from a Pt(553) surface at 6. =• 65°. 
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ll. Divu-.sion 

P;iM i' h". tiiit scatter fro;:: tin* overall nac roscop i r surface appear 

at rh«- -,\'<-' ular angle in the scattering d i :.t r i huL i on . However, the 

lit-Hun at:ji:ts sr-ati'-r with reference to the microscopic surface normal , 

rather than the iv.ru roscopie. sni-far-f* n o r m 1 . A. Hi agran of this effect 

i:> shown ';; I-'i:;. 7, indicatin;; the microscop [r specularity when the 

step cd,vs arc perpendicular to the bean. The helium atom intensity 

sen I • • r.-d f ro:n tin- terrace noma! should he shi f ted twice the angle 

of i nt t run tin- fill) plain- or 2^° away from the specular angle when 

the step edges of the Pt(353) crystal are perpendicular to the heam. 

Th is is procIscly what i K observed i nd icati ng that the helium atoms 

do indeed probe the at ami c surface st nicLuru. W!ien the azirr.uthal 

,.,ii;li' '.'.• is equal to 90°, the angl r» that the incident beam makes wi th 

tlit* normal to the terrace and the macroscopic normal is the same and 

no sh i ft is observed. 

The two maxima which are apparent in the scattering distribution 

from the pi at i num(55 3) surface when the step edges are perpendicular 

to the incoming beam are indicative of rainbow scattering. The 

distance between the two rainbow peaks and the relative intensities 

are great ly dependent upon the dynamical interaction betwee.n the gas 

and tiie solid and the nature of the periodic potential. In our case, 

rainbow scattering is only observed when the step edges are oriented 

almost perpendicularly Co Che incident beam. The periodicity as seen by 

the incoming atom is very much reduced when the beam comes in along the 

http://iv.ru


Scottered Beom 
from Terroce 

INCIDENT 
BEAM v 

Scattered Beom 
^frorr Macroscopic 

,rfoce 

Y =12.3 Angle of cut from 
(III) surface 

a + Zy = /3 

N m = Macroscopic normal 

N^= Terrace normal 

Fig. 7. Diagram indicating microscopic specularity for step 
edges perpendicular to the incident beam. 

XBL 759-7323 A 



-7fj~ 

•iti-:, i-iiiM-'j i . e . , t h e surfai.- a p p w i r s M-Tj'itl, to lb-- J :.< u:\; :.;; b--l i •»::. 

.-i t r :-.. *;!,.•:,<• [-'••.']!! : a f- in a;;ree::,e:i t villi t b e d i f f ra< t 1 v c s t u d i e s 

o f ii.-Mut'i ',r,-i!icrin;: frn:n V;M ! ! • ! ) . Tn that cr'.f, H i f f ract i o n is o n l y 

u b ;<• ::••••] ;r; t (:•• rov;s o f t. r f > 11,",; t •. and ri d;-,es .-.•*<• -»r i <-n t f-d in a perpend i c-

ii.'.w i! i : * r-1 i o;i in the i n c o m n,̂  bear;!. 

Til.- maximsn pair intensity near the mac ro-,< (-;. i < specular nn^lc-

i ; :;:u! b less I ba:i the i nt en:; i L y of the peak in ! hi: scat t ._• r i m-. distrl-

lin: l-.n *bai. is shifted toward the surface normal. 'Hi Is is partially 

due to a shades in;-- effe''L of the step ed;',e on the step Inflection 

po i n t uf the poteiiL ia ! . The max i mum sb i f ted tovard the ',ur f ace n o m a 1 

is of course due to the sea t ter i n;; f m m the i nf 1 ect Ion p<-- I nt of the 

potent ia ] on the tri-mre. Fi j'.uro 8 illust rates the maximum nnd 

mi :i i mum scat L -• r i np, an;.',! er; from the step and ti rr.iO' in f 1 .<c t i on points, 

res pec t [' '.'..'?y . The 1 a r;>,e rat to of i.u tens i ( y sea t tered f rn,-;, the terrace 

tn the Lntensit-y scattered from the step is also due to the ^renter 

li-neth (". nLons) of the terrace relative to the length of the step 

(1 at.'n). That is, the flatter portion of the terrace potential is 

larger tlian that nf the .step which leads to more trajectories that 

scat t er npproxi mat e 1 y at the rainbow any,! e.. 

The v.ir iat i on of the angl e i ncidence, 0 . , for a fixed or i enta t ion 

of the steps of the (553) surface to the incoming beam, i.e., fixed 

azimutha] anj-,le < s also Indicates the double peaked scattering dist r ibut i c-.i 

as the result of rainbow scattering. For greater angles of incidence as 

measured from the surface normal, the* surface appears smoother and 
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Yip,, 8. Diagram qualitatively showing the origin of the two rainbow 
peaks. Scattering from the step inflectinn point leads to 
a scattered intensity at a maximum angle from macroscopic 
surface normal. Scattering from terrace inflection point 
leads to a scattered intensity at a minimum angle from the 
macroscopic surface normal. 
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Al . ' i . i / i n ; ' a n ^ l c ; erf i - i ' l d r n r e t i n - ' . n r f i r c a ; . > - . i r . ] c c . •.;. , i i i ! ! y 

; . ' i i; a : , . ! , I i i i i ' . , a I l o w . a n u n - i n t <-:r • . 1 . r , l i- •*. ,11 t c r f a , ; d i a t r r r i t 1 m . 

Ai •:-, n •• nnr r . ,11 aaj ' ,1 >••. i»i i n . i d e n e e t h e • • 1 . r . t \ • •-• .1 ' ! < - : * i a.,- 1! i .! r i ' ••• t 1 • MI 

i \ l i . . i t i t . - a - . . - d u e ! n a n I nc rea'- . i • I n :;;>:•( i a l I 'e i i j -Ju-: , i : 1 ,• , 1 [' the ^ i r ! ; i r , ' 

a . ••••in by t lit- l u l l unt a turn. Al .so , t In-re is a p re I ..Ten * i -i 1 t rans !"• r oi 

iHuaii.i 1 moment \w\ ln<t wct-n tHt* Wei i ms atom and the ;uir f ara-. Al ;* lane i n,\ 

i nr Idenre , the norma 1 component of moment UP. 1 s ;a-ia l l^- r and t ha'- t here 

i •; !(•:;•; chance fu r i ne!ast Ir i t y. 

A [)] at 1 iinm( I I 1 ) KUI* fa re e x h i b i t : ; oa lv specular sea t l e r i \\y . The 

fa r t that r .'Mil how sea t t e r i nj; ha;; hi'cn observed f r o n a p l a t i n u r stepped 

' .urface is i n d i c a t i v e of a s t rung pe r iod i c p o t e n t i a l in t roduced by the 

steps which is set-11 c ] car ly onl y when t h i s per iod i c i ty 1 ii>s in a per

pend i i'ii] ar d i r"c t ion to the incoming parL i e le . 



<> if' i .t ,i:i>! Cabrera have recent 1 y per f n rmed a quant urn nu-< ban ica 1 

i i'. uI i' ion empl oy i nj? a hard wn 11 sawt ort h surf .-ire undci t hi' present 

1M 
• ••.;•: :-.:; t ..1 . cud It ions. '.'In i r r,i 1 i li! .i 1 eii dl f f raft Iw: lnt etisl t i es 

r. , i . : i M'K.i-vli.H l hi- r.i Inhi'w peak as ,i re Mil t of sc.-it U'rinj' f rem 

t h. : i- rra-'c but fail t" f i L the secund ra Inbov peak. The sawtooth 

•. it t ; .- node 1 prubab1y nverestImat es the s] ope of the step wi th 

r--;. [ to tin- terrace and thus even at '15° anj-le nf incidence the 

M . ; :• still hidden from tin- incident beam. 

M f f r a r t i n n features under t hose expor imental rondit ions arc 

:te,t e>.;n-< t ed to he observed . The Maxwe 11 i an veloeity d istr lbufion 

o: [Mi- incoming beam makes the coherence width of the beam small 

( 30 /{). 'Hie acceptance anglf of the detector is about 5°. The 

diffraction peaks from a (553) surface are separated by about 5°. 

The surface- temperaf.rj is high leading to 1 arge inelastic effects 

whi c:i mask the diffraction features. Thus, under proper experimental 

conditions, diffraction from a stepped surface should be observable. 

A nnre recent experiment employing a monoenergetic incident beam 

and a small acceptance angle of the detector has yielded well-defined 
19 

diffraction peaks from a Cu(117) stepped surface. 
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IV. DESIGN OF A MOLECULAR BEAM SURFACE SCATTERING APPARATUS 

A. Introduction 

In the last four years, significant progress has been made in 

understanding the structure of atomic and simple molecular adsorbates 

on a variety of single crystal metal surfaces. This has mainly been 

due to the continued and new development, as well as the combination of, 

several techniques. Advances in the computational facility of electron 

surface multiple scattering calculations have enhanced the structural 

information (relative atomic positions) attainable by lo* energy elec-

t!v:: -Ji f f r.icLion n.r.FIi) , The c^b inatT nn r-.f l.KED nntl olerTon • ;v--r»v 
2 

loss spectroscopy (EELS), which yields directly tie vibrational fre
quencies of surface adsorbates, -:an and has provided definitive infor-

3 
malion on the orientation of a molecule adsorbed on a surface. The 

combination of yet another technique, ion angular distributions follow-

ing electron stimulated desorption (ESDIAD) with both EELS and LEED 

promises further definitive structural information. Helium beam diff

raction has been shown to successfully provide structural information 

especially in cases where the LEED sensitivity is small for the adsor-

bate. Ultraviolet and x-ray photoelectron spectroscopy (UPS, XPS) 

has successfully measured binding energies for the emitted electrons 

for surface adsorbates and recently, diffraction of the backscattered 

photoelee trans has been observed. The interpretation of a photoelec-

tron spectrum is presently being facilitated by the scattering of He 
o 

raetastables which are sensitive only to the outermost layer. 
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The progress, however, in understanding the dynamics of the 

initial collision of these adsorbates with the surface or of their 

subsequent reaction with themselves, another adsorbate or the surface 

has not proceeded very rapidly. Thermal desorption experiments 

can correctly identify reaction products when the reactants are initial

ly completely equilibrated with the surface, can yield average quanti

ties Cor binding energies of an adsorbate at various sites and can 

yield average quantities for kinetic data. However, interesting ques-

tions such as how do the transnational and internal energy and the orien

tation of a molecule affect its ability to exchange energy, bind or 

dissociate on a surface, what are the energetics and intermediates 

along the reaction coordinate, what is the time scale of the reaction 

and what happens to the energy liberated in an exothermic reaction 

are questions not readily answerable by thermal desorption experiments. 

Questions of the first type essentially require a single collision 

of a molecule which has a well-defined initial kinetic and internal 

energy and direction with a surface as in a beam-surface scattering 

experiment and some way to determine whether the molecule has just 

undergone an ine.la.stic event with the surface or whether it has been 

trapped in the sur face-adsorbate well. The angular distribution in 

ronjum-tion with a velocity distribution of the scattered molecules 
9 tan yield this in formation. Knowledge of the energot ics along the 

reaction coordinate and the fate of the exoergicity of a reaction can 

also be obtained from a velocity distribution mearurement. For example, 

http://ine.la.stic
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i.he throe existing velocity distribution measurements for reactive 

systems (H 9 desorbing from Ni ' after recombination of adsorbed 
12 H atoms and C 0 ? formed by reaction of CO and 0„ on Pt ) indicate 

that there is a substantial oxit channel barrier for both H„ and C0„ 

desorpt i on in the normal direction since the kinetic energy of the 

H and CO is substantially faster than that which would be predicted 

from assuming that the products were in equilibrium with the surface. 

It is also clear from the velocity distribution measurements as a func

tion of angle that a one-dimensional barrier model does not fit the 

observed data and that very interesting dynamical efforts are occuring 

here. 

A molecular beam gas-surface scattering apparatus is particularly 

we]1 sui ted fur studying the dynamics of a gas-surface reaction by 

observing *~he product angular and velocity distribution. The collima-

tinn characteristics of the beam allows the reactants, ntoms, mole

cules or radicals, to hit with a well defined angle a small area of the 

surface under study so that the product signal detected does originate 

from this surface. Differential pumping of the beam source allows 

the pressure of the beam at the surface to be high (10 torr) while 

the ambient pressure is three or four orders of magnitude lower. The 

main drawback of this technique is the low signal level intensity of 

the products due to low reaction probabilities (<1%) and a long flight 

path (6") between the surface under study and the detector required 

to obtain a reasonable velocity distribution (8%) with a time of flight 

technique. This drawback is partly eliminated by differentially pumping 
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the detector which reduces the background intensity to be between 1-10 

times larger than the signal. Without different ial pumping, the back

ground at the detector could easily be 10 times Lhe signal intensity. 

In addition, modulation of the beams allo'-;s unambiguous subtraction of 

i tit- DC background from the total signal measured. This chapter describes 

tlh' design, construction and operation of a beam surface scattering 

apparatus which can help advance the knowledge of surface dynamics as 

rapidly as the knowledge of surface structure has recently advanced. 

A schematic diagram is shown in Fig. 1. The apparatus consists 

of suucn independently pumped chambers. The largest is the main scatt

ering chamber in which the crystal surface under study is mounted on 

the axis. The background pressure in this chamber is 3x10 torr 

so that clean surface experiments can be performed. The crystal sur

face is mounted on a manipulator to provide movement of it under vacuum. 

The four chambers associated with the beam production are welded as a 

unit into the main chamber. The two beams intersect at the center of 

tht- main chamber where the surface is mounted. A -quadrupole mass spec

trometer is employed as a detector. The chamber which houses the detec

tor and its differential chamber is referred to as one chamber, the de

tector chamber. The detector chamber is housed entirely inside of the 

main scattering chamber and rotates with respect to it with the crystal 

at tin ru'iter of rotation. A motor with a chopper blade is mounted on 

tiie detector chamber, modulating the beam as it enters the chamber. 
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Fig. 1. Schematic assembly drawing. 
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In this fashion, angular distributions and velocity distributions as 

a function of angle of the products from a surface chemical reaction 

can be measured. 

Sections B-K detail the various parts of the apparatus. Section 

L discusses the signal intensities expected and measured. Chapter V 

presents some of the first data. 
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B. Source and Source Buffer Chambers 

1. Construction 

The apparatus can accommodate two independent beam sources. 

The two source and two buffer chambers were constructed out of 

0.125" 304 stainless steel pieces of sheet metal. The individual 

walls are labeled A-K in Figures 2 and 3. On wall B, two 0.500" holes, 

counterbored with 0.625" holes 0.019" deep, were drilled through the 

sheet metal at the calculated positions for the beam to pass from the 

source chamber into the buffer chamber. These 0.500" holes are to 

accommodate the beam valves described in Section B.4 which isolate the 

source chamber from the buffer chamber and the UHV main chamber. On 

wall A, two countersunk clearance holes for 4 screws and a 0.125' 

hole are drilled for mounting a motor in the primary source buffer 

chamber. Holes 1.V in diameter wjre machined in wall H to accommodate 

two 2.75" OD conflat flanges for ionization gauges in each of the 

source chambers. Holes 8" in diameter were machined in walls I and J 

to accommodate 11" ASA flanges which ultimately mount, the diff^cion 

pumps. Two 6" holes and three 1.5" holes were machined in wall G to 

accommodate 8" -ind 2.75" OH conflat flanges to mount the diffusion 

pumps and to prcide ports for roughing, ionization gauges and in the 

primary source buffer chamber a feedthrough for coolant for the 

chopper motor and electrical feedthroughs. 

The walls were then bent into the correct configuration for weld

ing. Walls D, E and F were bent into a cone configuration. Thus the 
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Fig. 2. View of source and source buffer chambers with wall H, 

part of wall A and main chamber removed. SmaJl dotted 

lines indicate path of beams. (A) Primary wall. 

(B) Source-buffer chamber dividing wall. (C) Source 

chamber bottom plate. (D) Top plate. (E) Primary-

secondary source chamber dividing wall. (F) Primary 

and secondary buffer chamber dividing wall. (G) Buffer 

chamber walls. (I) Primary source chamber back plate. 

(J) Secondary source chamber back plate. (K) Buffer 

chamber bottom plate. (L) Secondary source diffusion 

pump flange. (M) Primary source diffusion pump flange. 

(N) Primary buffer diffusion pump flange. (0) Secondary 

buffer diffusion pump flange, (P) Electrical feedthrough. 

(Q) Roughing port. (R) Ion gauge. (,S) Blank 2.75" OD 

flange. (T) Ion gauge. (U) Roughing port secondary 

buffer chamber. 
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Fig. 3. Cross section through primary beam line. Labels are the 
same as previous figure. (H) Side wall. (V) Ion gauge 
primary source. (W) Source flange. 
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lengths of walls A, B, G, and I are determined by their intercept 

with the surface of the cone centered on the major axis of the main 

chamber at a 45° angle to the large 22" flange. This geometry was 

necessary so that the LEED screen could be viewed over the source 

chamber thus preventing the main chamber from being unduly long. 

This source and source buffer chamber geometry also allows the 

closest packing of four 6" diffusion pumps to achieve maximum 

pumping speed and the closest placement of the two sources to the 

crystal surface. The source chambers can also accommodate 10" 

diffusion pumps. 

The source and source buffer chambers were welded together as 

a unit, leak checked and then welded into the main chamber. The main 

scattering chamber had the holes for the source chamber unit and for 

the main chamber flanges already machined into it at this time. The 

welds were performed on the more stringent vacuum side. The flanges 

indicated in Figs. 2 and 3 were then welded on the source and source 

buffer chambers with reference to a arbitrarily chosen 0° mark on 

the 22" flange. Since no machining of the flanges was carried out 

after welding positions of the source and buffer chamber flanges can 

not be used as references. 

2. Beam Source Flanges 

The' btam source flanges are rectangular with an useable opening 

of 4" x 2.25". The rectangular 0-ring groove receives a 16" 0D, 

0.187" wall 0-ring. Thers are ledges bolted onto the sides of the 
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flanges so that 1/4 screws can be held to push or pull the mating 

beam source flanges. The available travel in each of two dimensions 

is ± 0.25" with the appropriate screws and nuts mounted in place. 

3. Beam Holes 

The beam holes in the main chamber/buffer chamber wall A and 

in the seat of the beam valves were drilled with reference to the 

22" flange after the flange had been remachined flat and round to 

within 0.001". The primary beam hole in all A was drilled parallel 

to the 22" flange and at the center of the 0.500" hole in wall B, 

The hole makes an angle of 46.25° ± 0.25° with the 0° mark on the 

22" flange. With the same setting the beam hole in wall B was drilled 

after installing the seat of the beam valve. The secondary source 

beam holes were drilled with the same procedure at 29.0° ± 0.25° with 

respect to the primary beam line. 

A 1 mm drill was employed to drill all four beam holes. In the 

secondary chambers the walls make approximately a 30° angle to the 

beam line with reference to the 22'' flange. Thus, the holes in :.tie 

secondary chamber walls are elliptical in shape where the penumbra 

is 1.15 mm in length and the umbra is 1.0 mm. 

4. Beam Hole Valves 

The beam hole valves are shown in cross section in Fig. 4. The 

seat of the beam valve has a groove milled into it which accepts a 

0.563" OD, 0.468" ID 0-ring fashioned from a 0.063" thick sheet of 

viLon. This 0-ring. is the seal between the source and the source 

buffer chambers. The seat of the valve fits into a key in wall B 
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Fig. 4. Cross section through plane of primary and secondary beams 

showing beam valves. Dotted lines indicate path of beam. 

(A) Beam valve seat. (B) Wedged track. (C) Linkage blocks-

CD) Lever. (E) Valve stem. (F) Slide arm. (G) Brass 

bellows. 
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and is fastened in place with a 1/2 nut in the buffer Ciu"iu* -r. Thus, 

the diffusion pumps on the buffer chambers have to be removed in order 

to insert or remove the seats of the beam valves. The seals over the 

beam holes are made by wedging a slide arm which holds a 0.313" OD, 
8n 

0.063" wall O-ring against two sloping tracks attached by 0 screws 
_9 

to the beam valve seat. A pressure of 7 x 10 torr can be maintained 

in the buffer chambers after bakeout of the main chamber with the 

source chambers at atmospheric pressure. The 0.5" of translation 

required to operate the valve is accomplished by a linear motion 

O-ring sealed brass bellows feedthrough and transferred through a 90° 

r a 135° linkage. The bellows and flange are part of a brass bellows 

'.acuum valve. The linkage blocks were tack-welded into place after 

the insertion of the source and source buffer chambers into the main 

chamber so as to be correctly positioned with respect to the bellows 

feedthrough. The motion transfer is accomplished by loose fits of a 

lever on 0.063" dowel pins press fit into the ends of the slide arm 

and the valve stem. The slide arm, valve stem and lever have to be 

assembled prior to insertion into the beam valve seat, linkage block 

and the brass bellows linear motion feedthroughs. 

5. Pumping 

Both source chambers are pumped by a 6" NRC type HS-0162 1500 

watt 120 V diffusion pump rated at 1500 1/sec, trapped by a Varian 

type 0362 6" LN trap with a conductance of 2000 1/sec and isolated 

from the source chamber via Airco Temescal Series 2500, Style 30 
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pneumatically actuated aluminum right angle valves. The primary 

source diffusion pumped is backed by a Kinney KDH 130 cfm 

mechanical pump and the secondary source diffusion pump is backed 

a Welch 1375 35.4 cfm mechanical pump. The t-ffer chambers are 

pumped by Varian VHS-6 2200 watts, 208 V diffusion pumps rated at 

2400 l/secs trapped by Varian type 0362 6*' LN_ traps and isolated 

from the chamber by Huntington 6" gate valves. The primary and 

secondary buffer diffusion pumps are bpcked by the respective 

mechanical pumps which back the source chamber. 

C. Main Chaii'-rr 

1. Construction 

A commerical 18" OD Ultek belljar with a 0.187" wall was employed 

as the main scattering chamber. One t:alf of the original bell jar was 

extendt?d to its final length of 27.25" as measured from the 101' 

manipulator flange to the 22" flange. The other half remains at its 

original length of 21.25" as measured from the 22" to the 6" flange 

which accommodates the poppet valve over the titanium sublimator and 

ion pump. Including the length of the manipulator and the poppet 

valve the machine is 103.5 ± 1" long. An additional clearance of a 

minimum of 19" is required to separate the two halve? of the belljar 

so as to remove the detector chamber. An additional minimum clear

ance of 15" is required to remove the manipulator, A minimum of 
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9" clc.'iranee is required to remove the poppet valve. The effective 

length of tin- chamber is then 146.5 * 1". The height of the room 

in whirh the ippar.-iLus was to be installed is 136.75 • 0.5" from the 

floor to the ceilinj?, and 128.75 • 0.5" from the floor to the over

hand room 1 Lght.s. Thus, the longest axis of the apparatus was placed 

p.ir.-j 1 lei tn the floor. 

All holes into which the flanges are welded were machined within 

0.25° of a given angle with reference to the 0° mark on the 22" flange. 

The n.-in̂ es wore first tack-welded into place before the final welding 

was peiformed in an attempt to make the plane of the flange perpendicular 

to a radius of the 18" belljar. There are two mini-conflat flanges 

whose planes are not perpendicular to a radius but whose planes are 

parallel to each other. A line perpendicular to the plane of these 

flanges intersects a radius of the 18" chamber about 1" from the 

center. The 10" flange on which the manipulator is mounted was placed 

parallel to the 22" flange and approximately at the. center of the 18" 

belljar. Since no machining of any flange on the main chamber was 

performed after welding except for the 22" flange, only the 22" flange 

can be used as a reference surface. 

2. Schematic 

There are two levels of the main scattering chamber on which the 

flanges are welded. The level closest to the manipulator accommodates 

most of the flanges for the analytical techniques: the Varian 

retarding gird optics and electron gun, the glancing electron gun 
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for Auger Electron Spectroscopy oriented 75° away from the retarding 

grid optics, the ion bombardment gun, and the window for viewing the 

phosphorescent LEED screen. Also on this lpvel is a 8" OD flange 

which holds a window and a 10" flange on which a diffusion pump is 

mounted. A cross section of this level of the main chamber is shown 

in Fig. 5. The second level the cross section o5 which is shown in 

Fig. n is the scattering level which has three flanges for windows 

to view the crystal, the two mini-conflat flanges which do net point 

on a radius, ionization gauge flange, and a mini-conflat flange to 

view the laser beam aligned Lhrough the primary source. At a third 

level closest to the 22" flange there is also a flange for a window 

in line of sight of the secondary source beam line and a blank 8" 

OD flange mainly for access. 

The movable part of the belljar has seventeen 2.75" OD flanges 

eight of which were original in the commerical belljar. Eleven of 

these flanges accommodatb feedthroughs which provide the electrical 

power and the cooling facilities to the detector chamber. The 

additional flanges were welded into the .belljar on one side so that 

the electrical cables could be conveniently grouped. One of the 

flanges accommodates the rotating drive mechanism which is described 

in Section E.4. Another one serves as a roughing and vent port 

through a metal sealed right angle Varian valve. The commerical 

belljar has a T welded to its end which has two 8" OD flanges and a 

a 6" OD flange welded to it. A titanium sublimator and ion pump 
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Fig. 5. Assembly cross section of main chamber through LEED level, 

view towards Manipulator. (A) Secondary source flange. 

(B) Window. (C) Blank flange. (D) Ion gun. (E) Auger 

gun. (F) LEED optics. (C) Secondary source chamber. 

(H) Buffer chamber. (I) LN trap. (J) Gate valvo. 

(K) Diffusion pump. (L) Right angle pneumatic valve. 
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Fig, 6, Ar.sembLy cr^s section through scattering level towards 

noppel valve. (A) Primary source flange. (B) Window. 

(C) Blank flange. (D) Ion gauge. (E) Chopper motor 

cooling block. (F) Ring. (G) Mass spectrometer. 

(H) Motor water cooling lines. (I) Primary source 

chamber. (J) Primary buffer chamber. (K) Ion gauge, 

roughing port. (L) Right angle pneumatic valve (M) 

LN trap. (N) Gate valve. (0) Detector chamber. 

(P) Bearing mounting block. (Q) Main chamber ion pump-

(R) Main chamber titanium sublimator. (S) Rotation 

drive mechanism. (T) Diffusion pump. 
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an- bolted to the 8" OD flanges. The 6" flange holds a poppet valve 

to isolate the sublimator and ion pump from the main chamber. This 

he Hows valve translates seven inches from its retracted position 

c J earing the titanium sublimator and ion pump ports to its closed 

position which abuts against a metal ring welded into the tee which 

holds a vi ton O-r i ng. Thus, the sealing plate of the valve cannot be 

removed from the chamber without removing the welded ring in the 

tee. Also, the valve drive mechanism cannot be removed from the 

chamber without gaining access through one of the 8" OD flanges 

to remove the spring ring which joins the drive mechanism to the 

sealing plate. Note that there is a right-hande^ thread in the drive 

mechanism so that a clockwise motion shortens the drive rod thus 

opening the valve. 

The 22" wire seal flange requires a Ultek copper wire gasket 

(268-9189). The plane of the 22" flange on the longer part of the 

belljar and thus the axis of the machine slopes toward the mani

pulator by about 0.2°. The line between the 0° mark and the 180° 

mark on the 22" flange is also not perpendicular to the floor with 

the machine being rotated toward the source chamber "by 2 or 3°. 

3. Pumping 

The main chamber is pumped by a Varian VHS-6, 2200 watts, 208 V, 

2400 l/'sec diffusion pump which is trapped by a Varian type 0362 6" 

LN ? trap and isolated from the chamber by a Huntington 10" metal 

sealed bonnet gate valve. A 400 1/sec Varian noble ion pump and a 
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Ultek 214-0400 titanium sublir:ator with a total H.O cooled pumping 

surface of 150 sq. in. also are provided ns pumping for the main 

chamber. 

After bakeout (accomplished with heating tapes wrapped around 

the chamber) at 200°C for 72 hours the pressure in the main chamber 

is 3 >: 10 torr with the diffusion pump and ion pump operational. 

Th<* pressures rises to 8 x 10 torr with only the ion pump 

npcrational. 
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D. Detector Chamber 

The physical shape and size of the detector chamber were dictated 

by the dimensions of the Ultek helljar employed as the scattering 

chamber. The detector has to be differentially pumped and ha i to 

rotate a minimum of 135° around the center of the main chamber in 

a plane parallel to the 22" flange. The distance between the center 

of rotation and the mass spectrometer detector itself had to be a 

minimum of 6" in order to obtain a velocity resolution of 8%. A 

requirement that the belljar geometry not be extensively modified 

dictated that ion pumps had to îe totally enclosed inside the main 

scattering chamber. Since the magnets of the ion pumps are incom

patible with ultra high vacuum, the detector chamber is double walled 

with the outer compartment at atmospheric pressure containing the 

magnets and poles of the ion pumps. Since the titanium sublimators 

pump more efficiently on a cooled surface, cooling water is circulated 

through the outer compartment. Since the source chamber unit sticks 

into the main chamber, the detector chamber is at two levels: one 

level at which the ionizer of the quadrupole is mounted in line with 

the primary source and another level which contains the ion pump. 

Thus the ion pumps can pass to the side of the primary source and 

buffer chambers so that the c.-jttered beam can be detected at a 22.5° 

angle from the incident beam. 

1. Construction 

Since the detector chamber will undergo temperature cycling 

and since the chambers are difficult to access and view in the 
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completed condition, the construction and welding sequence of the 

detector chamber will be detailed. 

A 0.375" stainless steel 304 plate was initially machined to 

the correct configuration forming the bottom plate of the detector 

chamber. Using a 0.75" diameter hole in the center of the bottom 

plate as a reference, the six 0.313" diameter mounting holes for 

the bearing hlocks were drilled precisely on a radius on the bottom 

plate. This operation should have been done after welding of the 

entire chamber. All of the detector chamber walls are 0.125" thick. 

The walls are labeled in Figs. 7 and 8. 

The pump pockets front wall was welded on the inside to the 8 

pump pocket side walls. This assembly of 9 walls was welded on the 

innidc to the bottom plate. The inner wall I and the mass spectro

meter insert can not shown in Fig. 8 were i.elded to the bottom plate. 

The inner wall 1 was welded to the pump front wall on the inside. 

The pump top plate was welded to the pump front wall and the Inner 

wall I. Inner wall IT was welded to the pump top plate and inner 

wall I on the outside. The top lid was welded to inner wall I and 

IT. on the inside. The dividing wall was welded to the bottom 

plate, pump front wall, pump top plate, and inner walls I and II 

all on the quadrupole side. The inner back wall was welded to the 

bottom plate, pump top plate, top lid, inner walls I and II, the 

mass spectrometer insert can and the pump front wall all on the 

inside. Five, 0.375" long pieces of 0.25" tubing were welded to the 
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Fig. 7. View of detector chamber with top most lid removed and no 

pumps installed. (A) Buffer chamber pump pocket for 

elements, (B) Quadrupole chamber pump pocket. (C) Magnet 

cavity. (D) Coolant feedthrough. (E) Mass spectrometer 

flange. (F) Titanium sublimator flange. (1) Pump back 

wall. (2) Pump pockets front wall. (3) Pump pockets 

side walls. (4) Outer back wall. (5) Inner back wall. 

(6) Pump front wall. (7) Dividing wall. (8) Inner wall 

II. (9) Inner Wall I. (10) Outer wall. (11) Window 

tube. (12) Bottom plate. (13) Insert. 
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Fig. 8. View of detector chamber from ion pumps. (A) Buffer 
chamber ion pump feedthrough. (B) Quadrupole chamber 
ion pump feedthrough. (C) Coolant feedthrough outlet. 
(D) Titanium sublimator flange. (E) Stud at center of 
chamber. (F) Coolant inlet. (G) Magnet cavity access 
flange. (3) Pump pockets side walls. (12) Bottom plate. 
(13) Intermediate lid. (14) Top lid. 

XBL 799-llGOS 
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inner wall X and the outer wall to provide support fur this flat* 

large area, thin wall against atmospheric pressure. Welding of 

the outer wall and the outer back wall to each other and to the top 

lid, pump top plate, and insert, were performed on the outside. 

A short piece of 1.5" OD tubing was welded between the inner back 

wall and the outer back wall on the outside to provide an opening 

along the beam line for a window. A mini-conflat flange was then 

welded from the inside on the inner back wall. The titanium 

sublimator flanges were welded to the detector chamber at this 

time. 

At points where the inside and outside we "Ms were joined 

(top plate to Inner walls I, II and inne- back wall, inner back wall 

to pump front wall, inner wall I to pump top plate and inner wall 

TI), a penetrating weld was made on one side and then picked up on 

the other side by burning away material and then refilling the weld 

with stainless steel welding rod. All welds were checked for leaks 

at appropriate stages in the construction. The entire chamber, 

buffer, quadrupole, and magnet ca"ity chambers, are leak free on a 

scale of 1 x 10 standard cc per sec. 

At this poin": the bottom face of the bottom plate of the 

chamber was machined flat to a 0.25" thickness. The beam line was 

defined to pass through tb* center of the chamber and across the 

center of the mass spectrometer flange. Its position is approximately 

at the center of the 0.75" opening of the miniconflat flange and 
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parallel to the bottom plate of the chamber, k hole in the dividing 

wall was drilled and reamed to a 0.500". With the same setting a 

number 53 center drill (0.0595") was employed to create the beam 

entrance hole in the inner wall II. The wall was then ground down 

around the hole leaving the channel portion of the hole to be about 

0.01" long. A 0.500" 0D plug with a step on it and a 0.120" hole 

drilled precisely into the center was press fit into the dividing 

wall as the second collimating s H r . 

The chamber was cleaned with various solvents and baked out 

in a vacuum furnace at 700°C for 24 hours. This procedure out-
13 gasses the H ? from the bulk of the stainless steel. 

The magnets are wedged in against the bottom plate and the pump 

pocket side walls. The back pump wall was welded on the pump pocket 

side walls by temporarily piecing chunks of soft iron in the pump 

pockets and by placing a 0 . 25" thick mu-metal shield, ovei the pump 

back wall. The anodes of the pump elements abut against a Jtop 

tack welded to the pump front wall. The pump pocket front walls 

were welded to the side walls again employing amu-metal cutout shield. 

This last welding operation causeJ considerable warpage in the 

bottom plate of the detector chamber. To correct for this the beam 

line as determined by the beam entrance hole and the collimating slit 

was plated exactly parallel to the bed of an end rill by using a 

laser mounted parallel to the mill as a refertwee. The top face of 

the bottom plate where the bearing blocks are mounted was then 

machined flat and parallel to the beam line. 
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2. Schematic 

The resultant detector chamber has a distance of 6.187 ± 0.030" 

from the center of rotation to the center of the mass spectrometer 

flange. The distance from the center to the front edge of the beam 

entrance hole is 1.406 ± 0.030" and from the front edge of the beam 

hole to Che front edge of the collimating beam hole the distance is 

3.187 ± 0.063". If the the front edge of the time of flight beam 

chopper sits at 0.170" away from the front eoge of the beam hole the 

flight path is approximately 4.9" or 12.58 cm. The distance of 

0.170" is necessary for the chopper blade to clear the outside welds 

of the insert walls to the outer walls. 
32 Four 10 threaded rods are tack welded to the outer wall to 

support the chopper motor mount. The chopper motor mount will he 

described in detail in Section G.l. 

Also tack welded to the outer walls are two screws which support 

a counterweight on the chamber. This counterweight is necessary 

to balance the weight of the magnets, so as to provide a smooth 

rotation for the chamber. The detector rotation will be discussed 

further in Section E. The counterweight is a stainless stell can 

which was filled up with small chunks of scrap tungsten and scrap 

lead. This cauldron was heated up to melt the lead thus leaving a 

solid mass in the can. A lid was welded to the can. This counter

weight, when place in a separate UHV chamber and baked out, attained 

a pressure of 5 x 10 torr, the base pressure of the chamber. 
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3. PUL ;>ing 

E.-ich chamber is pumped by one triodt* clement and magnet from a 

Varian (911-4053) 60 ]/sec ion pump. The high voltage to the ten 

pumps is supplied through a mini-conflat mounted feedthirough whose stem 

screws i nLo a nut wh ich is spnt we ldt-d to n fl ex ible br idge whi t:h 

passes over the anode of the elements to each end of the cathode. 

Tn addition, each chamber is pumped by a Varian Mini-Ti-Eall 

sublimation source with approximately 48 sq. in. and 90 sq. in, 

of cooled surface area available for pumping in the buffer and 

quadrupole chambers respectively. The present design for mounting 

the detector chamber accommodates water cooling. 

The detector chamber is baked out by radiation fror. the 

titanium subliminators and by radiation from the main chamber walls. 

A temperature of 130°C has been measured on the outer wall of the 

detector chamber with 20 amps flowing through each of the sublimators 

and with the bake out tapes on the main chamber at 200°C. 

A bake out of 96 hours is required for the chamber to attain its 

utlimate pressure. 

I*. Cooling Water Feedthroughs 

Three, 0.25" OD pieces of stainless steel tubing were welded 

into thin wall sleeves, welded onto a 2.75" OD flange. On the vacuum 

end of the tubing, Cajon fittings were welded. These attach to 

0.40" 0D, 0.2" ID, 8" ami 9.5" long bellows whose ends are welded 

to the stud in the center of the chamber as shown in Fig. 8, The 
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fill ]inc penetrates the stud which is hollow and allows water to 

L M I U T the magnet cavity chamber. The other two lines are return 

lines which are tack welded to the stud hut which continue with 

rigid tubing to the two extreme positions of the magnet cava ty 

chamber. At these two extremes, the tubing breaks into the magnet 

cavity chamber. The return line which breaks into the chamber 

underneath the quardrupole chamber magnet terminates tlie re. The 

0.25" tubing of the other return line actually continues into the 

magnet cavity chamber and terminates underneath the alignment 

window. This arrangement allows the largest volume of water to 

fill the chamber when the detector viewing angle is approximately 0.25° 

to either side of the 0° mark on the 22" flange. When the detector 

viewing angle is at a position between t' ": 0° mark and the position 

closest to the source chamber the return line underneath the quad

ruple magnet chamber should be shut off by a valve on the outside of 

tlu- 2.75" OD flange feedthrough. At any other angle of the chamber 

tliu opposite arrangement of the return valves should be effected. 

This arrangement of two return lines is necessary to maintain a 

constant coolant level in the chamber to prevent pressure 

fluctuations. 

The tubing from the feedthrough to the bellows was fitted in 

place prior to welding to insure that no twist on the bellows would 

occur and that the bellows cleared each other during rotation. 

Nevertheless, a spiraled teflon sleeve was put over the bellows 
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as protection against rubbing on another surface. 

5. Angular Resolution 

Figure 9 indicates the geometry necessary 5 • calculate the 

angular resolution nf the detector. The defining holes were drilled 

as described in Section D.l. The distances indicated in Fig. 9 are 

accurate to i 0.03". The first and second defining slits are 

respectively 0.060" and 0.120" in diameter. This yields an angular 

resolution of 1.5° or 5.3 x 10 sr. The cross sectional area of 
2 the beam at the ionizer is approximately 0.133 cm . 

Figure 10 indicates the diameter of the crystal seen by the 

detector at the normal angle to be 0.14" For angle of incidence 

< 57°, the detector at the normal angle views the entire beam spot. 



-Mass spectrometer -Buffer chamber 
chamber 

Fig. 9. Angular resolution of the detector chamber. 
First and second defining slits are 0.060" 
and 0.120" in diameter, respectively. XBL 799-2860 



0.120 

Surface 

defining slit 

-2 defining slit 

XBL799-2859 

Fig. 10. Diameter of the crystal surface viewed by the detector. 
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E. Detector Chamber Rotation System 

1. Bearing Blocks 

The three hearing blocks serve two purposes: To mount the 

detector chamber on the ring in the main scattering chamber and to 

mount the bearings onto the chamber. Three Fafnir aircraft bearings 

are mounted on each block as shown in Fig. 11. Two bearings 

(0.813" OD, 0.313" bore) run on the top and bottom faces of the 

ring and mainly serve as the mounts and alignment for the chamber 

on the ring. The third bearing (0.75" OD, 0.25" bore) carries the 

load of the chamber and rotates on the inside diameter of the ring. 

In some positions this bearing carries the entire weight of the 

chamber, approximately 90 lbs. The load on all three bearings is 

essentially radial. They are lubricated with MoS„ powder and have 

to be relubricated periodically. 

The bearing blocks are mounted on the bottom plate of the 

detector chambpi by two 0.313" bolts. However, in order to correct 

foi a slight misalignment of thfc Jetector beam line (i.e, the beam 

line defined by the entrance hole and collimating hole do not lie 

on a radius of a circle defined by the bearing block mounting holes) 

smaller bolts in four of the six mounting holes are used so that 

the bearing blocks can be angled in position. This allows the 

beam line to be on a radius of the ring and thus the chamber rotates 

around one point. Shims must be wedged between the edge of the 

bottom plnte and the bearing block to prevent movement of the block 
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Fig. 11 View of bearing block, ring 
and support bracket. (A) Mounting 
holes for detector chamber. 
(B) Track bearing. (C) Load 
bearing. (D) Ring. (E) Main 
chamber wall. (F) Support bracket. 
(G) Ring mounting screw and nuts. 
(H) Detector chamber bottom plate. 
(I) Shims. XBL 799-11399 
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with respect to the chamber when smaller bolts are used. The 

alignment procedure will be described in more detail in Section E.3. 

2. Ring 

The ring (17.430" OD, 16.115" ID, 0.790" wide) has 24 6 3 2 set 

screws along its circumference. These set screws serve to initially 
32 

set the ring in position. Another set of 24 6 threaded holes on 

one face of the ring spaced between the set screws serve to bolt the 

ring onto 24 brackets which are welded onto the cricumference of the 

inner wall of the movable part of the belljar as shown in Fig. 12. 

The brackets have a 0-23" hole drilled into them which provides less 

than 0.1" of positioning adjustment for the ring. Thus, the ring 

can be translated in three dimensions. This is essential since the 

walls of the movable part of the scattering chamber are not 

necessarily perpendicular or concentric with the 22" flange on the 

stationary part of the scattering chamber, which was the reference 

flange. With one nut tight against the ring and the other two tight 

against the bracket, the ring can be bolted into position. 

The ring was machined out of one piece of stainless steel 304 

to be flat and concentric to within 0.001". Care must be taken 

not to wrap the ring by excessive uneven tightening of the set 

screws or bolts. 

3. Detector Chamber Alignment 

The following the is the procedure for aligning the detector 

chamber: 
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a. Set up both lasers through both the primary and secondary 

source beam holes. The best alignment produces the most symmetric 

diffraction rings seen around the laser spot shining through the 

beam holes. 

b. Insert a etched down welding rod through the primary 

beam hole allowing it to intersect the laser beam shining through 

the secondary source beam holes. Align a cathetometer with this 

spot and the intersection of the cross hairs on the 22" flange. 

There are markings on this flange for placement of the cross hairs. 

c. Set the ring parallel to the 22" flange on the movable 

part of the main chamber by employing the L shaped jigs which have 

two parallel faces one of which bolts on the 22" flange and the 

other which is clamped with small c-clamps onto the ring. The ring 

can then be bolted in place by four of the bolts in the brackets. 

Take off the jigs and mount the chamber fixed in approximately the 

position to view the incident beam. It is easier not to mount the 

drive rod onto the chamber at this time. Bolt the 22" flanges 

together and check the height at which the primary laser beam 

hits the detector chamber relative to the detector chamber entrance 

hole. Use a ruler or your eyeball. Repeat the procedure again 

using shin stock material between the ring and the jigs to move the 

ring further from the 22" flange. In no case should the ring have 

to be moved closer to the 22" flange than the distance dictated by 

jigs. Note that at this point the incident laser beam need not go 
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through the detector chamber hole openings since the radius of the 

rotating chamber and the x-y position of the ring have not been 

determined. 

d. Insert a pointed, etched down welding rod through the 

detector chamber beam holes until it just intersects the spot 

made by the intersection of the secondary source laser beam and 

the primary beam welding rod. As the detector chamber is rotated 

watch through the cathometer the point of the welding rod and 

determine if the point remains in one place. If it does not, 

then the detector beam line is not a radius of the ring and the 

bearing blocks have to be rotated and clamped with smaller bolts 

as described in Section D.l, This adjustment is non-trivial as 

there is no easy way to measure the magnitude and direction of the 

necessary corrections. Once it has been accomplished, however, 

the positions of the two blocks can be marked and need not be 

removed when the chamber is removed from the ring- The third 

block is always put back in a position to complete tightly the 

circle the inner diameter of the ring. 

e. When the detector chamber is determined to rotate con

centrically around one point, determine whether this point is in 

line with the cathetometer. If not, then its position is easy to 

measure with the cathetometer. The x-y position of the ring from 

the wall of the chamber can be measured and changed to the new 

position by loosening up one of the nuts on the four brackets that were 
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tightened and adjusting the ring with the set screws on the inner 

diameter. When the correct position is determined thread all of 

the bolts into the ring and fasten them to the brackets. 

4. Rotation Drive Mechanism 

The rotation drive mechanism which is accessible outside the 

main chamber converts linear and angular motion into pure angular 

rotation of the detector chamber. The bellows (1.89" OD, 1.36" ID) 

sealed linear feedthrough is designed for three inches of trans

lation and about 16° of angular tilt parallel to the plane in which 

the detector rotates as indicated in Fig. 12. The controlled linear 

motion is accomplished by threading a nut held stationary from 

linear raotion in a bracket on a threaded (40 threads/in) 0.75" diameter 

stainless steel rod. The nut is spring loaded so that it is always 

held in the bracket with a constant force whethe" the chamber is being 

pulled up or pushed down. The bracket into which the rod is threaded 

pivots a maximum of 7.68° from its position parallel to the 2.75" OD 

f]ange to provide the angular motion for the rod as the rod translates. 

Two bearings (NMB 0.625" OD, 0.375" ID, 0.156" thick) are press fit 

into the end of the drive rod. A 0.375" shaft which is at one end of 

a 1.5" lever is secured into the bearings by a spring ring. The 

other end of the lever has a 0.030" deep step bored into it into which 

the stud at the center of the detector chamber fits snugly and two 

0.125" holes to accommodate dowel pins. These dowel pins position the 

lever with respect to the detector chamber. One dowel pin is pressed 



Fig. 12. Rotation drive mechanism. (A) 0.75" drive rod. (B) Nut. (C) Bracket. (D) Z Indicator. 
E Pivot bolts. (F) Bearing, 2" OD, 1" bore, 0.625" vide. (G) Bellows. (H) Lever. 
(I) Lever bearings. (J) Detector chamber stud seat. (K) Spacer. 
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into the stud of the detector chamber. The other .in slips through the 
20 lever and into the stud and is held captive by the 1/2 bolt which bolts 

the lever to the stud. The drive mechanism is positioned so that the 

weight of the chamber pulls on the rod rather than pushes on it, thus 

minimizing the necessary diameter of the drive rod. The larger 

markings on the bracket are in tenths of inches and the smaller 

markings are each 0.025". One revolution of the drive nut corresponds 

to 0.025" translation of the rod. The 360 markings on the circum

ference of the drive nut are in degrees. 

Table I shows the reproducibility of the detector rotation as 

a function of the position of the drive rod. In column one is a 

reading in inches of the position of the drive rod as indicated on 

the scale marked on the bracket. In columns 2 through 5 are measure

ments of an arbitrary angle of a flat edge of the detector chamber 

measured with a protractor and a plomb. The protractor can only he 

read to the nearest 0.25°, but the precision of three measurements 

is 0.13° on the average. The angles in columns 2 and 4 were measured 

upon moving the detector chamber in a clockwise fashion and those 

in columns 3 and 5 upon moving the detector chamber in a counter

clockwise Hxrertion as viewed from the manipulator end. There is 

no measur^abli hysteresis in the movement of the detector chamber 

until a value of 0.6 is reached. Apparently, the force acting on 

the chamber's center of mass which eliminated any play in the drive 

mechanism for larger z values is too small to be effective at these 
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Table I 

e 
ccw 

3-1 35.0 35.0 
3-0 27.5 27.25 

6 cw 

35 .0 

27 .5 

21 .5 

16 .0 

10 .75 

6, .25 

-10 . .00 

-26 . 00 

- 3 3 . 75 

- 4 6 . 00 

- 5 9 . 5 

- 8 1 . 75 

21.0 

e 
ccw 

2.9 

2.8 
2-7 10.75 10.75 
2-6 6.25 6.25 

2.2 -10.00 -10.25 

1.8 -26.00 -25.75 

l-6 -33.75 -34.25 

1-3 -46.00 -46.50 

l-° -59-5 -59.5 -59.25 -59.5 

°-6 "81.75 -82.75 -81.50 -83.0 



-128-

angles. A z value of 0.6 corresponds to an angle of about 15° from 

direct line of sight of the incident beam. Thus these angles of 

the detector chamber would only be used for very glancing incidence 

experiments were 8. > 80°. 

5. Detector Chamber - Angular Calibration 

The absolute angle at which the detector sits is determined 

by referencing it to the position at which the detector is in direct 

line of sight of the incident beam. The rotary feedthrough on the 

r.xanipulator which controls the angle of incidence rotation of the 

crystal and which has -insular markings in degrees on its head is 

employed to measure the changes in angle at which the detector is 

located. A flat polished aluminum disk is mounted in the crystal 

holder of the manipulator. The disk is tilted in the manipulator 

such that the plane determined by the specularly scattered lacer 

light shone through the primary source for two different angles of 

incidence of the disk is the same as the plane in which the detector 

line of sight rotates. Another words, the disk is oriented such 

that the specularly scattered laser beam shines off the disk and 

through the detector for two angles of incidence and thus two 

angular positions of the detector. The angular calibration can 

then proceed. The detector is first placed in direct line of sight 

of the incident laser beam. The aluminum disk correctly mounted in 

the manipulator is oriented now such that the laser beam makes a 90° 

incident angle to the crystal. This is determined when half of the 
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laser spot seen through the detector disappears. This angle on the 

rotary feedthrough now becomes the reference angle. The angle 8 

at which the detector is positioned is given a value 6 = 135°. 

The precision of five angle measurements on this head is 0.22°. The 

z value of the drive mechanism rod is also noted. The crystal is 

then rotated exactly 22.5 ± 0.255° from the incident beam position. 

The detector is then rotated such that the specularly scattered 

beam passes through the detector. The detector now sits at an 45° 

angle with respect to the incident beam or 8 = 90° and the z 

value is again noted. This procedure is repealled twice more with 

the crystal being rotated 45* and 65.68° away from its initial 

position. This brings the detector to 90° (EL = 45°) and a 131.36° 

(8 = 3.64°) respectively away from the incident beam. The results 

are tabulated in Tuble II. The angular position of the detector 

chamber relative to the incident beam has now been determined for 

three values of z. 

The angular positions of the detector chamber for values of 

z other than the ones listed in Table II have to be calculated. 

It is clear from Tables I and II that the relationship between the 

z value and the angular position of the detector chamber is not 

a linear one. The angular position of the detector is proportional 

to the arccos of the square of the length of the drive rod from 

the lever to the pivot point of the bracket plus some constants. 
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Table II 

90.0° 

67.5° 

45.0° 

24.3° 

i. value 

1.211 + 0.002 

2.365 ± 0.002 

3.111 ± 0.004 

135° 

90° 

45° 

3.64° 



In order to calculate the a-;_;ular position of the detector chamber, 

the length of the lever, 1.50" and the distance from the center of 

rotation to the pivot point, 10.82 ± 0.05" must be known. Also known 

is the length of the drive rod from the pivot point on the bracket 

to the lever, 1 = 12.20 ± 0.015" with the drive rod marker at z = 

0.400". The geometry is indicated in Fig. 13. Thus, for z = 

2.365, I = 10.235 and a = 63.34°. 

;. = 12.20 - (z - 0.40) = 12.60 - z (1) 

cos U2 - (10.82)2 - (1.5)2 

-2(10.82)1.5 J (2) 

The value of a obtained for z = 2.365 will be called a A value 

for a can be calculated from equation 1 and 2 for any value of z. 

through which the detector has rotated. At c R T 7p, the detector makes 

an angle of 45° from an imaginary line 45° away from the incident 

beam as indicated in Table II and Fig. 14. The imaginary line 

would correspond to the macroscopic surface normal of a crystal for 

an angle of incidence of 45°. Thus, the position of the detector as 

measured from the surface normal can be calculated as 

4 5 " ( a " a R E F ) = 9 D < 3 ) 
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Fig. 13. Drive mechanism geometry. Geometry for calculating angular 

position of detector. System constants are indicated. 



F i g . 13 XBL 799-2861 
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45°= 0D(ZS,45) 

NI35° 

XBL799-2862 

Fig. 14. Definition of 9, and 9 D 

incoming and specularly reflected beams 
values are correct for 

The darker lj.nes indicate the 
The numerical 

45° 
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This is done for many values of z in Table III. Also listed in 

Table III is a list of values of 9 obtained from the two other 

absolute measurements of 6 in Table II and from the differences 

in angles listed in Table I. For example, the 0 measured value at 

z = 3.1 was obtained by first calculating a(z - 2.6) - oc(z = 

3.1) and then comparing it the measured difference of 9(z - 2.6) -

0<z = 3.1) listed in Table I. 

a(z = 2.6) - a(z = 3.1) = 27.05 calculated 

|6(z = 3.1) - 6(z = 2.6)1 = 6.25 - 35 = 28.75 measured 

The measured value is 1.7° larger than the calculated one indicating 

that the detector is sitting 1.7° closer to the surface normal than 

is indicated through use of equations 1 and 2. Thus, the measured 

9 = 6.519°. This provides a starting point for listing the other 

measured values of 6 . From Table I the detector should rotate by 

7.625° from z = 3.1 when z is changed to 3.0. Thus, 0 = 14.147°. 

The measured values in Table I are thus used to fill in this list 

in Table III. It can be seen that the correspondence between the 

measured values of 9 and the calculated values of 0_ is pi ir for 

z > 2.7. Thus equations 1 and 2 can only be applied to calculate 

angles between z = 2.7 and 0.6. For z > 2.7 measured values of 8 



z 

3.111 

3.100 

3.000 

2.900 

2.800 

2.700 

2.600 

2.200 

1.800 

1.211 

Tabic III 

8D(CALCULATED) 

7.23" 

8.07 

14. 86 

20.64 

25.83 

30.62 

35.13 

51.55 

66.92 

90.32 

6D(MEASURED) 

3.64° 

6.32 

13.94 

20.07 

25.32 

30.57 

35.07 

51.45 

67.20 

90.00 
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have to be employed for determination of Q . The values of z between 

3.1, 3.0, 2.9, 2.8 and 2,7 are interpolated from the measured values. 

Table IV presents the correct calibration of the position of the 

dtrtector chamber when the beam is at a 45° angle of incidence to the 

crystal surface. The precision of these angles is t 0.3° with the 

largest errors in the manipulator head and protractor readings. 

The calibration in Table IV can be used to find the position 

of the detector chamber relative to the surface normal for other 

angles of incidence of the beam. First, the specular angle has to 

be determined by rotating the detector so thai, the specularly 

reflected laser beam shines through the detector. The z value is 

read off the drive mechanism (z ) and the corresponding angle 

9 (z , 45) read from Table IV for 6 = 45°. The new angle of 

incidence measured from the surface normal is 

9 D(z s, 45) + 45 

Thu surface normal has now rotated 

(4) 

AB(zs) = 6 i - 8 D(z s > 45) (5) 

Alternatively, the angle of incidence can be determined by 

setting the crystal so that its angle of incidence is 45°, noting 

the reading on the head of the manipulator and then rotating the 
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manipulator head by AO which is the same angle through which the 

surface normal has rotated. Values of 6 (z, z ) are given in 

Table IV for several angles of incidence. The new positions of 

the detector chamber relative to the surface normal for each value 

of z are given as 

VZ' V = °D ( Z' 4 5 ) " A 6 ( z s ) ( 6) 

Values of Gn(7-> z
q ) are given in Table IV for several angles of 

incidence. 
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_Z 

3.111 

3.100 

3.075 

3.050 

3.025 

3.000 

2.975 

2.950 

2.925 

2.900 

2.850 

2.800 

2.950 

2.700 

2.650 

2.600 

2.550 

2.500 

s l = 60' 

9D 

-11. 36 

-8. 68 

-6. 64 

-4. ,80 

-?.. .80 

-1. .10 

,60 

2, .10 

3 .60 

5, .10 

7 .80 

10. .3 

13 .0 

15 .6 

17 .9 

20 .1 

22 .3 

24 .4 

Table IV 

Z = 2.050 Z g = 2.365 Z = 2.600 

91 " 5 1 - : ° e. = 45° 
J. 

6. =40° 
l 

9D 8D 9D 

-2.56 3.64 8.64 

.12 6.32 11.32 

2.16 A.36 13.36 

4.00 10.2 15.2 

6.00 12.2 17.2 

7.70 13.9 18.9 

9.40 15.6 20.6 

10.9 17.1 22.1 

12.4 18.6 23.6 

13.9 20.1 25.1 

16.6 22.8 27.8 

19.1 25.3 30.3 

21.8 28.0 33.3 

24.4 30.6 35.6 

26.7 32.9 37.9 

28.9 35.1 40.1 

31.1 37.3 42.3 

33.2 39.4 44.4 
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2.450 26.5 35 .3 41.5 46.5 

j . 4 0 0 28.6 37.4 43 .6 48.6 

2.365 30.0 38.8 45 .0 50.0 

2.350 30.6 39.4 45 .6 50.6 

2.300 32.6 41 .4 47.6 52.6 

2.250 3'..6 43.4 49.6 54.6 

2.200 36.5 45 .3 51 .5 56 .5 

2.150 38.5 47.3 53.5 58.5 

2.100 40.4 49.2 55.4 60.4 

2.050 42.4 51.2 57.4 62.4 

2.000 44.3 53 .1 59 .3 64 .3 

1.950 46.2 55.0 61.2 66.2 

1.900 48 .1 56.9 63 .1 6 8 . 1 

1.850 50.0 58 .8 65.0 70.0 

1.800 51.9 60.7 66 .9 71.9 

1.750 53.8 62.6 68 .8 73 .8 

1.700 55.8 64.6 70 .8 75 .8 

1.650 57.7 66.5 72.7 77.7 

1.600 59.6 68.4 74.6 79.6 

1.550 61.6 70.4 76.6 81.6 

1.500 63.5 72.3 78.5 83.5 

1.450 65.5 74.3 80 .5 85.5 

1.400 67.5 76.3 82.5 87 * 



- 1 4 1 -

1.350 69.5 78.3 84.5 ' " . 5 

1.300 71.6 80.4 86.6 91.6 

1.250 73.7 82 .5 88.7 93.7 

1.211 75.0 83 .8 90 .0 95 .0 

1.200 75.8 84.6 90.8 95 .8 

1.150 77.9 86.7 92.9 97.9 

1.100 80 .1 88.9 95 .1 100.1 

1 .050 82.4 91.2 97.4 102.4 

1.000 84.7 93.5 99.7 104.7 

.950 87.0 95 .8 102.0 107.0 

.900 89.4 98.2 104.4 109.4 
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F. Manipulator 

The purpose of the manipulator is to translate the crystal in 

three dimensions, 7.25" between the scattering center and the center 

of the retarding grids for electron energy analysis and ± 0.5" in the 

x-y positions, to rotate the crystal around its diameter " 180° and 

around its center±180° and to provide a slight tilt motion, ±6°, 

mainly for correction of warpage of the crystal when it is heated. 

The- manipulator has four main parts; the x-y carriage on which the 

whole of the manipulator is mounted, the bottom flange on which the 

translation rods are anchored and which provides bearing surfaces for 

the tilt tube, the intermediate flange whose purpose is to provide 

the rotation and translation of the tilt wedge and to provide a 

feedthrough for the power lines and the top flange which actually 

holds the crystal and provides the rotational and z translational 

degrees of freedom. The manipulator will be described by each of 

its functions. 

1. X-Y Carriage 

The x-y carriage consists of three stages as shown in Fig. 15. 

The stationary stage bolts onto the machine and directly supports the 

secondary stage. The secondary stage moves vertically with respect to 

the stationary stage and directly supports the primary stage. Thus, 

the primary stage floats or. he secondary stage moving horizontally 

and vertically with respect to the stationary stage. The whole of 

the manipulator then bolts onto the primary stage. 
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Fig. 15. Side view and cross section of x-y carriage. (A) Rectangular plate stationary stage. 
(B) Secondary stage or vertical slide rods. (C) Primary stage handle. (D) Primary 
stage or horizontal slide rods. (E) Primary stage. (F) Secondary stage handle. 
(G) Secondary stage. (H) Mini-conflat flange. 



-144-

The first stage is a rectangular plate 10" x 9.75" which 

bolts onto the main chamber via a 10" conflat flange. This plate 

also carried at each corner four, 0.625" case hardened stainless 

steel rods ( two on each of two sides) on which the secondary stage 

slides to provide the vertical motion. Between two of the mounting 
24 brackets is another bracket which at its center position has a 5/16 

tapped hole. This accomodates a threaded rod with a handle to move the 

secondary stage vertically. A dial indicator is also attached to this 

plate and rests against the secondary stage to register its vertical 

position. The rectangular plate is 0.75" thick but has a 8" diameter 

0.313" deep counterbore positioned at the center of the plate. Eight 

equally spaced mini-conflat flanges are welded into this plate on a 

6" diameter. These could accomodate feedthroughs for cooling the 

crystal below room temperature. The rectangular plate has a 4" dia

meter hole in its center int which the collar of stainless steel 

welded bellows, 4,25" OD, 3.2" ID, 48 convolutions is t*2lded. The 

other end of the bellows is welded to the first stage. Because this 

plate is too thin, there is considerable warpage of it upon bolting 

it to the 10" flange on the main chamber where an annealed copper 

gasket is employed between the rectangular plate and the 10" flange. 

This warpage causes the secondary and primary stages to bind on the 

elide rods. The warpage was measured at points between the bolts 

around the perimeter of the flange as the binding of the x-y motion 

began to occur. Shims ranging in thicknesses from 0.001" to 0.008" 

corresponding to the measured warpage were wedged between the rec-
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tangular plate and the 10" flange on the chamber. The rectangular 

plate was then bolted down securely with the x-y motion thus remaining 

free. 

The secondary stage consists of three independent pieces which 

are held together by the slide rods. Each piece has press fit into it 

Cu-Be bushings which slide on the vertical slide rods. Two of the ver

tical rods between the two smaller pieces actually form the frame for 

the secondary stage. This arrangement allows access to the mini-conflat 

flanges on the rectangular plate. On the opposite side, the bracket 

sliding on the rods is one piece thus providing its own frame for 

support in addition to the support provided by the two vertical rods, 
24 This bracket has at its center position a 5/16 threaded hole to mount 

the threaded rod and handle to move the primary stage horizontally. 

This bracket also mounts a dial indicator against the primary stage 

to measure the horizontal movement. The threaded rod used to move the 

secondary stage vertically passes through a hole in an additional brace 

bolted between the larger bracket r.nd one of the smaller ones and is 

fastened on the opposite side. The secondary stage also mounts the 

two horizontal slide rods. All of the slide rods are easily removed 

by removing the stop screws mounted on the brackets by each end of the 

slide rods and then tapping the rods gently. 

The rectangular primary stage has four Cu-Be bushings press fit 

into it which allow it to ride easily over the two horizontal slide 

rods. A ".entered 4" 0D hole has the collar of the x-y bellows welded 

into it. The primary stage has machined into its face a knife edge 
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to accomodate a 6" flange. The threaded rod for horizontal movement 

of this stage fits into a hole drilled into the side of the stage 

with a thin plate holding it in position. 

2. Z Translation 

The 7.25" 7. translation of the crystal occurs by movement of the 

top flange, which holds the crystal via a 0.375" shaft along a set of 

three support shafts relative to the bottom flange. There a set of 3, 

0.625" threaded rods threaded into the top flange. There rods are 

threaded for 20" of their 22" length. The smooth ends are fit into 

bronze bushings press fit into the bottom flange and are secured with 

spring rings. Rotary motion of one of the threaded rods is tranferred 

to the other two by a sprocket and chain arrangement near the bottom 

flange as shown in Fig. 16. The top flange slides along a set of 3, 

0.75" support shafts, 21.5" in length, press fit into the bottom flange. 

These shafts are not equally spaced between any two threaded rods to 

allow accessibility for the electrical feedthroughs on the intermediate 

flange. The top flange as well as the intermediate flange has three 

ball bushings held securely by spring rings for smooth motion of the 

flangt's along the shaft. The intermediate flange, whi ch has clearance 

holes for the 0.625" threaded rods, retains its position relative to 

the top flange during this translation. Thus, the tilt wedge and 

the crystal holder do not move with respect to one another. The gold 

plated, MoS„ covered, phosphor bronze bushing grazed into the tilt 

tube support as shown in Fig. 16 guides the translational motion of 



-147-

Fig. 16. Cross section of bottom flange and tilt tube support. 

(A) 0.75" support flange. (B) Bottom flange. (C) Tilt 

tube support. (D) Tilt tube support bearing. (E) 0.625" 

threaded rods. (F) Sprocket and chain for z translation 

drive. (G) Bel lows. 
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tilt tube and thus the translational motion of the crystal holder. 

A 2.44" OD, 1.53" ID stainless steel welded bellows with a total stroke 

of 12.84" maintains the vacuum seal between the intermediate flange 

and the bottom flange. The 2.50" OD collar of one end of the bellows 

is welded to a rotatable 3.5" OD flange. This is bolted to the bottom 

flange. The other end is welded via a 2" OD, 0.125" extension to what 

looks like a simple 3.5" OD flange. This flange, however, has been 

machined out of one piece to provide a holder for the tilt tube and the 

ceramic disk spacers in addition to securing one end of the bellows. 

Thus, this holder fits through the intermediate flange before bolting 

onto the intermediate flange. This flange will be described in more 

detail in section F.5. 

3. Angle of Incidence Rotation 

A rotary feedthrough with coaxial linear motion (Huntington 

PR-276) is bolted to the top flange via a 2.75" OH flange. This feed-

through allows one to change the angle that the beam makes with the 

crystal surface by rotating the entire crystal holder assembly. The 

original length of the 0.375" shaft, 11.625" is extended to a total 

length of 33.89" by two segments which have a 5/16 threaded stud 

machined on one end of each segment. Thus, the other end of the segments 
24 has been drilled and tapped with the 5/16 thread. Each segment also 

has a key machined into its end to correctly and rigidly align the shaft. 

The shaft is shown in Fig. 17. The crystal holder assembly, as shown 

in Fi;;. 18, is attached to the shaft by four set screws threaded 

through the upper tilt support. Thus, by loosening these screws the 
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Fig. 17, Cross section of 0.375" shaft. Cross hatching is not included. The first (10.06"), 
second (4.19") and third (19.63") segments of the 0.375" shaft are shown. (A) Bearing 
holder - Huntington rotary feedthrough. (B) 0.375" shaft. (C) 0.125" rod. (D) Spring 
stop. (E) Spring. (F) 0.125" ball bearings, (G) 0.130" bore of 0.375" shaft. 
(H) Set screw. (I) Cu' out for roller assembly. 
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Fig. 18. Assembly cross section of crystal holder, tilt wedge and 

tilt tube. (A) Tilt tube. (B) 0.125" stainless steel 

balls. (C) 0.375" shaft. (D) Ceracic rings. (E) 0.0625" 

copper wire. (F) 0.125" azimutha] drive rod. (G) Spring. 

(H) Tilt wedge. (I) Roller assembly and 0.005" wire. 

(J) Ceramic crystal mount. (K) Clock spring. (L) Ceramic 

filamunt holder. (M) Lower tilt surface. (N) Crystal 

holder. (0) Upper tilt surface. (P) Set screw. (Q) 0.375" 

shaft bearing and metal spacer for electrical wires. 
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whole crystal holder assembly including the upper and lnwer tilt 

surfaces can be removed as a unit. A gold plated bronze bushing lo

cated in the end of the tilt tube and held in place by four screws 

passing through the tilt tube and the tilt wedge provides support 

and a bearing surface for the 0.375" shaft about 3.75" away from the 

crysta' . The rotary feedthrough can provide u continuous 360° ro

tation but this rotation is limited here to ± 180° by the length of the 

flexible electrical wires emerging from the tilt tube which regains 

stationary during this operation. The head of the rotary feedthrough 

has markings in degrees. The accuracy of repositioning a chosen 

angle is 0.22°. 

4. Azimuthal Rotation 

The azimuthal rotation of the crystal involves rotation of 

tt. - crystal surface around a line perpendicular to its center. This 

is accomplished by rotating the ceramic crystal mount. The ceramic 

crystal mount fits tightly into a 0.625" OD, 0.375" bore, 0.156" wide 

ball bearing which is press fit into the crystal holder as shown in 

Fig. 18. A step in the ceramic crystal mount fits up against the inner 

race of the bearing and is secured on the other side of the bearing 

with a spring ring. The cerairic crystal mount is rotated by pulling 

a 0.005" stainless steel wire which is wrapped around the smallest 

outer diameter (0.318") of the mount and anchored from the inside 

of the ceramic mount by being knotted after passing through a small 

hole. Upon releasing the wire, the crystal mount rotates back to 
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its original position by the tension provided by a small clock spring 

anchored in the ceramic crystal mount and on the stationary crystal 

holder. This wire is actuated by attaching it to the 0.125" rod which 

runs coaxially down the 0.375" shaft of the rotary feedthrough described 

in the previous section. This 0.125" rod has an avaiiaul? translation 

of 0,50" which is actuated by a ymall micrometer on the rotary head 

In order to rotate the crystal 360% a linear translation of 1" is 

required for the diameter of the ceramic crystal mount employed. Thus, 

the wire has to be looped once to double the length of translation as 

shown in Fig. 18. The wire is screwed securely at one end to the lower 

tilt surface and rides along a groove on a roller which is attached to 

the end of the 0.125" drive rod. The wire is then looped through another 

grooved roller which is part of the lower tilt surface before wrapping 

around the ceramic crystal mount. The roller assembly is bolted o" 

the end of the 0.125" rod and has to be removed before the crystal 

holder assembly can be removed. The 0.125" rod is really a set of 5, 

0.125" molybdenum rods intersperced with 0.125" stainless steel ball 

bearings. This arrangement alleviates the necessity of having a very 

straight piece of 0.125" rod for 36" of length which might buckle when 

force was applied to it. These rods are spring loaded at the end of 

the shaft of the commercial part of the rotary head and near the end 

where the 0.375" fits into the upper tilt surface. The first segment 

of the 0.375" shaft is bored out to 0.257" for a length of 3". This 

allows clearance for the 0.25" collar attached to the 0.125" rod. This 

collar acts as a stop for a 2" long, 0.045" vail, 0.24" diameter spring 
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which is initially put under tension by screwing in the end of the 

second segment. This is shown in Fig. 17. The length of the rod above 

the collar, 6.719", in addition to 19, 0.125" ball bearings and 2, 0.25" 

long, 0.125" dowel pins are required to achieve the correct initial 

tension on the spring when the micrometer on the rotary head is re

tracted and when the second segment is screwed in place. The end on 

the third segment is also bored out to accomodate a 0.125" rod with 

a 0.25" collar. The same type of spring is used on the third segment 
24 as on the first and it is initially put under tension by a 5/16 , 

0.675" long set screw with a 0.125" hole through its center which is 

threaded into the end of the 0.375" shaft. The 0.125" bore along the 

assembled shaft is filled with two, 6" rods, 1, 2.905" rod, 18 balls 

and the length above the collar 3.285", to achieve the correct tension 

on the spring and the 'correct length of the 0.125" rod for pushing the 

wire. Thus, as the pressure from the micrometer is released, the 

0.125" rod retracts back into the 0.375" shaft extending about 0.3" 

(which includes the length of the roller assembly) beyond the lower 

tilt surface. 

5. Tilt 

The crystal holder is made out of two parts, the stem and the 

spherical surface, which iiave been brazed together. The crystal sits 

on the ceramic mount which sits in the stem. It is at the center of 

a sphere of which the spherical surface is a section. The spherical 

surface is called the tilt surface. The inner and outer radii of the 
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of the spherical shell section are 1,625" and 1.75" respectively. 

The spherical shel] section is lubricated with imbedded MoS„ particles. 

This spherical shell sections is clamped between two spherical sur

faces, the upper and lower tilt surfaces. The three pieces are tightly 

clamped with spring tension provided by a Belville washer by a specially 
32 32 

niacin nod wi Lh a 10 flat head screw and a 10 nut machined down to fit 
inside of the 0.310" diameter bore (for 0.320" length) inside of the 

32 0.375 shaft. The 10 screw has a 0,130 center hole through its length 

to allow the 0.125" azimuthal drive rod to pass. l-Jhen the crystal 

holder assembly is bolted onto the 0.375" shaft, movement of the tilt 

surface with respect to the upper and lower tilt surfaces causes the 

crystal surface to tilt around its center in any direction with respect 

to the 0.375" shaft. The angular tilt is limited to "t 5.9° by the sizes 
32 of the 10 screw and the clearance hole in the tilt surface. 

The movement of the tilt surface is effected by translating the 

tilt wedge to touch the circumference of the tilt surface. As the 

translation of the tilt wedge continues, it causes the tilt surface to 

slide with respect to the upper and lower tilt surfaces because of its 

wedge shape. The phosphor bronze wedge has machined on its inside sur

face the radius of the spherical shell section so that the crystal 

will not rotate as the wedge pushes. The tilt wedge is bolted onto 

the tilt tube by four screws which also hold the 0.375" shaft bearing. 

The tilt tn! translation occurs by movement of the intermediate flange 

relative to the top flange. There are a set a 3, 3/8 threaded rods 

which thread into the intermediate flange and which rotate in bronze 
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bushings press fit into the top flange. The three rods are simultaneously 

driven by a sprocket and chain arrangement on the top flange. The 

tr.-inslational motion of the intermediate flange employs the 0.75" 

diameter shafts as support and guides. A 3,25" OD, 2.25" ID stainless 

steel welded bellows with a stroke of 1" is welded to one end of the 

electrical feedthrough can and the other end is welded to a 4.5" OD 

rotatable flange to maintain the vacuum seal between the top and inter

mediate flanges. These flanges are shown in Fig. 19. 

T'ie tilt tube holder is part of the 3.5" OD flange which bolts 

onto the intermedi-3LO flange and on which is welded the Z translation 

bellows. The tilt tube is mounted in the tube holder. The tilt tube 

rests in a Cu-Be bushing and against a step in the Cu-Be bushing which 

is screwed into the tilt tube holder. It is secured in this position 

by clamping it together with the ceramic disk spacers. The tilt tube 
40 has a 0.125" plate which has 4, 4 threaded holes, 8 clearance holes 

for the electrical wires, and a clearance hole for the 0,375" shaft 
40 brazed into its inner diameter 0.313 from its end. Four, 4 , 3" 

long threaded rods thread into these holes. These rods then mount 

the ceramic disk spacers which when screwed down tightly with socket 

bead nuts clamp the tilt tube against the step in the Cu-Be bushing 

and hold the spacers in the tilt tube. The ceramic disk spacers will 

be described in more detail in section F.7. 

The ;ilt tube also has brazed on it a stainless steel gear 1" 

from its end. This gear engages perpendicularly in a gold plated 

gear which is screwed on a 0.187" shaft of a bellows sealed rotary 
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Fi g. 1(J . Assemb 1 y of top and in termed iaLe flanges. (A) Rotary 

motion feedthrough for angle of incidence rotation. 

(B) Micrometer for azimuthal rotation. (C) Threaded 

rods for z trans]ation. (D) Sprocket chain and threaded 

rods for Lilt wedge translation. (E) Top fJ ange. 
40 (F) 4 threaded rods and nuts. (CJ Ceramic disk spacers. 

(11) Co fir on rotary feed through . (T) Rotary feed through 

for tilt wedge rotation. (J) Tilt tube holder. (K) Tilt 

tube. (h) 3/8" shaft. (M) 1/8" rod. (N) 1/16" electrical 

wire. (0) Tilt tube gear. (P) 1/8" plate. (Q) Cu-Be 

bushing. (R) Intermediate flange. (S) Electri ca1 feed-

through flange. (T) Copper ring. 
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Vnrian f ced through. This arrangement allows the tilt wedge to 

rotate ' 180 s HO that the tilt motion of the crystal can occur in any 

plane. The shaft of the rotary feodthrough passed through a 0.310" 

diameter channel cut along a radius of the intermediate flange. The 

shaft has its own Cu-Be bearing oi, its end to rotate in this channel. 

Thu Cu-fie bear ing has flats machined on it for pump out of the long 

channel. The rotary fcedthrough bolts onto a mini-conflat flange 

wehli-d to the intermediate flange. The rotary feedthrough has to be 

unbnlt ed from the flange and pulled back in order to remove the tilt 

tube holder. The tilt tube holder has a slot cut into it to clear 

the gear on the rotary feedthrough when in operation but does not have-

enough clearance for its removal from the intermediate flange. The 

tilt tuhe support bearing supports and guides the motion of the tilt 

tube. 

6. Crystal Mount and Crystal Heater 

The crystal surface forms the lid of a ceramic cylinder whose 

other end is press fit in a bearing as described in section F.4. 

The crystal has 2, 0,005" Pt wires running near the edges of it but 

across its face. These wires are spot-welded to the 0.010" thick 

platinum backing foil which has a 1cm diameter hole in the center of 

it. The backing foil fits into a step machined into the edge of the 

ceramic cylinder. The shape of the step allows an oval crystal to be 

mounted. The backing foil has a long 0.005" wire spot-welded to it 

which loops through four small holes in the step edge of the ceramic 

mount. The ends of the wire are tied tightly together and spoc-
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welded thus securing the backing foil to the ceramic mount. This 

wire is also attached to the wire which controls thp azimuthal rota

tion of the ceramic crystal mount. This wire is electrically insulated 

from the 0.125" rod by a small ceramic piece. Thus, the crystal is 

electrically insulated from the machine ground so that a bias voltage 

can be applied to it or current to the crystal can be measured. The 

thermocouple which is spot-welded to the backing place is wrapped in 

a groove on the outsit of the ceramic crystal mount. 

The crystal is heated by electron bombardment by a filament 

located at the center of the ceramic crystal mount and behind the 

crystal surface. The filament is a wound piece of 0.004" 2% thoriated 

tungsten wire. Each end of this wire is spot-welded to a 0.020" tung

sten rod. Each of the 0.020" rods slips into a 0.531" long ceramic tube 

which is part of the ceramic filament holder. The ceramic tubes holding 

the filament fit through the center of t\e ceramic crystal mount and 

the whole ceramic filament holder screws onto the stem of the crystal 

holder. With typically 1.2 amps flowing through the filament biased 

at 2kV and the crystal grounded, the current to the crystal is typically 

5ma. The temperature of the crystal at these settings is about TOO^C. 

Crystal temperatures up to 1100°C have been obtained but these higher 

temperatures are more difficult to maintain due to charging of the cer

amic crystal mount but the required higher emissions. The crystal can 

be additionally biased by a maximum of 600 V. 

7. Electrical Feedthroughs 

The electrical feedthrough can is welded to the intermediate 
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flange. On it are welded seven mini-conflat flanges every 60° and 

in increasing distance from the intermediate flange as shown in 

Fig. 20. Each flange accomodates a 0.25" diameter copper rod feed-

through. At the end of each copper rod, a stainless steel trapezoidal 

block is bolted. A gold plated Cu-Be, 2" long, .020" thick strip is 

screwed onto the non-parallel sides of the stainless steel block. These 

strips which are forced open by a copper ring form the prongs of the 

stationary part of the rotatable electrical contact. The copper rings 

are stacked and spaced by the ceramic disk spacers. Each copper ring 

has a slightly etched down 0.0625" diameter copper wire soldered at a 

riglu angle on its inside diameter. The copper wires pass through holes 

drilled in a circular pattern in the ceramic disk spacers and pass 

through the tilt Cube. The end of the first ceramic disk spacer fits 

into the inside diameter of the tilt tube but has a thin stainless steel 

ring around its circumference which forms the bearing surface with the 

Cu-Be bushing in which the tilt tube rotates. 
40 The ceramic disk spacers are aligned by the 4, U threaded rods 

which thread into the plate brazed 0.313" from the end of the tilt tube. 

The whole stack of ceramic disk spacers and copper rings bolt together 

with the tilt tube. Thus, the copper rings rotate with the tilt tube 

relative to the prongs of the electrical feedthroughs. 

The 7, 0.0625" copper wires hanging in the tilt tube are kept 

spaced by 7, 0.625" long ceramic rings which have holes drilled into 

them in the same pattern as in the ceramic disk sparsrs. A ceramic 

ring is shown in Fig.18. These rings also have a clearance hole in the 
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Fig. 20. Top view of electrical feedthrough as seen with six of 

the seven spacers and rings stacked. (A) Electrical 

feedthrough can. (B) Trapezoidal block. (C) Prongs, 

(D) Ceramic disk spacer. (E) Copper ring with tab for 

mounting 0.0625" wire. 
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center for the 0.375" shaft. The rings are kept in position along 

the tilt tube by passing ceramic tubes over one of the wires between 

each ring. The spacer closest to the crystal is a metal one which also 

serves as the 0.375" shaft bearing as shown in Fig. 18. The wires 

emerge from the tilt tube where they have copper lugs screwed onto 

them which prevent the ceramic rings from falling out. At this point, 

flexible copper braid is attached to the lugs to run through the 

holes drilled in the tilt surface of the crystal holder down to the 

crystal. 
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C. Motor, Chopper and Trigger 

The scattered beam rather than the incident beam will be 

modulated or some experiments in order to obtain velocity infor

mation by measuring the time of flight of scattered beam as a 

function of angle from the normal. A motor with a chopper blade 

is mounted on the detector chamber such that the beam is modulated 

just before entering the first collimating slit of the detector 

chamber. A trigger mechanism whicii consists of a light emitting 

diode and an photodiode mounted on opposite sides of the chopper 

blade provides a starting time for measuring the flight time of a 

molecule. An assembly drawing is shown in Fig, 21. 

1. Motor and Motor Mount 

The motor employed was a Clobe 75A814. A high temperature 

coating on its windings and Barden stainless steel dry lubricated 

bearingi, 0.625" OD, 0.250" ID, 0.187" thick with a glass reinforced 

telfon ball retainer are employed. The motor housing has been 

machined out to allow a spacer for the chopper blade to clamp 

against the inner race of the front bearing. The motor fits very 

tightly into a water cooled copper cylinder. The copper cylinder 

then floats on two 0-rings in an aluminum block. A box fashioned 

out of 0.010" co-netic foil and spot welded together encloses the 

aluminum block. It is not known whether this box iz necessary to 

shield the ion optics from the alternating magnetic field. The 
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Fig. 21. Cross section of motor, cooling block, chopper and 

trigger. (A) Chopper blade. (B) Al mounting block. 

(C) Cooling water cavity. (D) Motor. (E) Blade to 

shaft mounting pieces. (F) LED (G) Photodiode. 

(H) Boron nitride electrical insulator. 
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aluminum block fitt, onto four 1 0 J Z studs welded to the detector 

chamber and pushes against the wall with the appropriate length 

spacers between the block and the wall to fully cover the 

collimating slit. 

The cooling water to the copper cylinder is provided by 0.125" 

OD, 0.016" wall stainless steel tubing soldered into the copper 

cylinder. The copper cylinder is actually two concentric hollow 

cy] indc-rs with th(_> ends capped off so that the water can flow 

completely around the cylinder. The 0.125" tubing routes itself 

along the detector chamber and is welded to a right angle piece 

which is bolted down to the corner of the lever of the rotation 

drive mechanism. The tubing then forms a flat coil of about 8 

turns behind the detector chamber before hooking up via a Cajon 

fitting to a feedthrough mounted on a 2.75" flange on the lower 

half of the belljar. The coil flexes as the detector chamber 

rotates since the tubing is securely mounted at the lever and at 

the feedthrough where the 0.125" is welded to 0.25" OD, 0.049" 

wall stainless steel tubing. 

2. Chopper 

The 8" diameter chopper wheel is fabricated out of a titanium-

aluminum alloy (Ti-6Al-6V-2Sn). This material has a 140,000 psi 

yield strength which will allow the chopper to rotate safely as 

fast as 700 Hz without the tangential stress in the material 

exceeding the limit. Assuming a uniform thickness of the disk 
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NOLO that these formulas will yield only lower limits to the maximum 

stress developed in the dis'.< since the disk has additional off-

center holes drilled into it for balancing. 

The disk is 0.125" thick in the center for a diameter of 2" 

and then tapers down on one side to a thickness of 0.040" at a 
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,-il .1 diameter of A. 5". The slits in the disk were cut radially with 

th" disk clamped firmly between 2 brass platos. Each machined slit 

v.is fill i-d in with cement before the next one was rut tn prevent 

the slits from bendi nj-,. 

The slit pattern machined in the periphery of the disk is 

pseudorandom with «•• *h slit being a integral multiple (up to 8) 

of the smallest s~ . size. The pseudorandom binary sequence 

employed wax gene r ^ l c d by the output of a k bit binary shift 

register. The method of modulating the beam by a pseudorandom 

sequence is known as the cross correlation technique and is des

cribed in detail in references 15 and 16. One of the slits was 

machined more deeply along a radius of the disk to provide an 

opening for the trigger pulse as described in the next section. 

Because of the random position of the slits a hole has to be 

cut into the disk to correct for the dynamical imbalance. The 

pusition of the hole and the area of the hole were calculated by 

requiring that the resultant force on the rotating disk be zero. 

Since the force on a uniform rotating disk is zero, (since the 

center of mass is on the axis of rotation) the resultant force on 

the cross correlation chopper is 

F = -/ptw rdA (9) 

where the slits are f.ont»idered to have negative mass. The condition 
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th . i t ii.-c. it , in- met i ••. t h e n -,; i yen hv 
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F - I p i w " nIA - Ij.tv r riA •- 0 (10; 

slit holt-:, b a l a m •(• hull' 

Win-1'*- P is ill*- dens i t v of in.it I T J a 1 , t is Liu- t h i cknt-ss , '., i c~ t he anr.u I ar 

vliTj'ty, r i:. the radial vector ,iud A is the are,-,. A program to 

so] ve this equal ion wi t h t!ie appropr iate cnrreri inn for the trigger 

slut is ] i st. ed in Append i /. A . In add i t i on to this '•orv.-cl ion , t he 

wle-e I was physi ca 1 ] y dynamic a I ly hula need . After mar.li in ing, the wht-e 1 

w a s a;; a in c ] amped t i gh t 1 y between two plates mac hi ned to fit the 

shape of the wheel and heated for 24 hours in a vacuum oven at 

u 0 0 r X to achieve n flat disk. 

The chopper wheel fits tightlx on the .shaft of the motor and 

is bolted up against a coniual piece which rides on the inner race 

of the motor bearing as shown in Fig. 2 1 . 

3. Trigger 

T h e trigger provides a means of measuring the rotational 

frequency of the chopper. It consists of a Sharp GL 514 light 

emitting diode for the source and a Sharp PD 50PI pin photndiode 

as the receptor. They are mounted faring each other in a copper 

arm which is bolted to and extend out from t'le aluminum block 

holding the motor. The chopper blade passes between them as shown 

in Fig. 21. Both of the copper plates clamping the LED and the 

http://th.it
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pliot d(i i ode onto the ami and tin* arm i t sel f have sloLt ed screw ch-iir-

anc e holes that the LED and the phuindiode can l.i' aliened with 

r <.-:.]>• >. t I n each other and with re spec' o t he s 1 el on t ,ie c hoppi-r 

hi..Jr. One of the moLor water cooliii); lines is .olderrd In tin-

plate e 1 .-imp inj; down the LED. 

'Ihe LKP is forward biased with 3 volts witli a 30 ll resistor in 

si-rit-s :->o that the forward current is about 100 mA. The pholodiode 

is r'-viTS'.1 biased such that the can is- the catliodc and is insulated 

from the copper arm by a boron nitride insert. The output from the 

diode is fed into a RCA CA '3130 op amp. The current to voltage 

converter c i rcu i try is shown in Fij;. '22 . Wi th no reverse vol t : ;,e 

appl ied and a 20 mil load re t.-,tance the output pulse from the op amp 

is about 11 V at zero frequency wi th a ri se time of 10 psec . 
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H. Hydrogen Atom Source 

1 . f!onst m e t ion 

Tin- hydriden a torn;, .in- produced in a d i schargi' lm at ed at t he 

ini;:/. I e tip. The pi asina i s produced by a micruw.ivv cav i t y ri'.i.:jn;it i ng 

at lU'ii) MHz which is held in a bracket attached in the source brass 

f 1 .m>'.e as shown i n Y\ g- ?'!. The cavi ty is ava i labl e from Opthos 

1 list rumcnts . Water cooling coil s were soldered to both the 

i ii,r-: i.) I stem and body of the cav i ty . An unshi e Ided copper wi re 

Si in;", thf power f rnm t In1 t-1 ec t r i<"al feed 1hrough to the cavity. An 

0--r i ns; compress ion f i L t i ng is sol dered into the rcnLpr of .lie brass 

I ]a;i)M- to hold the glass nozzle. 

The g] ass no/.z 1 e consists of two concentric tubes. The inner 

t w\,i- witli a 1 mm diameter hole on one end carries the source gas. 

'i In' wa ] 1 of the tubing is very thin, 0,010", for a length of about 

V from the nozzle. At this position the wall becomes thicker, 

(fi.ij'iO'') and the cross section of the tube ix? comes an ellipse. The 

two t-uds of the major axis of the inner tube are fused onto the 

tjuiIT tube dividing the outer tube into 2 sections. The inner tube is 

sealed off on the opposite end by an optical flat such that a laser 

I) earn can be sh ined through the tube and nozzle for alignment. The 

cool ant flows down one side of the outer tube, around the nozzl 

area and back up the other side of the tube. Transformer oil is 

used to cool the glass tube since water efficiently adsorbs micro

wave radiation. 



Fig. 23. Front and cross-sectional view of H-atora beam source. (A) Beam gas inlet. 
(8) Cooling oil Inlet. (C) Cooling oil outlet. (D) Cooling water inlet. 
(E) Electrical feedthrough. (F) Microwave cavity. (G) Cavity support. 
(H) Cooling water coils. (I) Tuning stub. 
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Thc smirt-i' was nli^iu'd by first aligning the laser through the 

beam holes in the buffer and source chamber walls and then inserting 

the source and a 1 i gn i ng i L with the List-r. Thi s al ignment was 

ef feeted by sli i ms p 1 aeed under the four corners of the beam source 

f larî e The th i cknesses of the shins were then measured and the 

under.1; it]f of the source f lange was remarhinod accord ing to the shim 

measurements . Final a 1 ignment i s ef fee ted by vary in).', the pressure 

of tiie clamps which hold the source flange against an overly thick 

u-r i ng. 

2 . Operat ion 

A microwave diathermy unit (Burdick MW 200) is employed to 

deliver a maximum of 125 W of power to the cavity. If the cavity is 

v.-l 1 Limed, Lhe discharge will remain stable with as little as 60 W 

pi'M-r. Since the refIected power was not measured, it is noL known 

how much power is actua 1 l.y adsorbed by the plasma. The cavi ty is 

!ir. t tuned by varying the length of the tuning stub and coupling 

•; 1 ide -nil s Jde of t he source chamber so that the intensity of the 

d i '.charge and the distance i t extends out of the cavity region are 

maximi zed. The tuning remains adequate once the cavity is inserted 

into the source chamber. A spark from a Tesla coll is sometimes 

required to initiate the discharge. The flow of the oil coolant 

for the glass tube is interlocked to the microwave power supply. 

The water coolant for the cavity is not interlocked to the supply. 
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'i. Performance 

•jori at inn of \[ \ 

mass spect rometer in another apparatus wh ich employed quad rupo It-

rods wh ich arc ] onjjer, larger in d iamter and are operated at a higher 

frequency than tin* onus employed in this apparatus (1.9 cm, 22 cm, 

r>.'j MHz versus 1 . J cm, 15 cm, 2 MHz) . Thi s all over' for unit mass 

reso hi L ion be; v'een masses I and 2 to be obta ined with high sensitivity. 

The per cent di ssocration was cal ciliated as shown in equation 

0 fl 
H + NUM 2 v ; 0.5 K l U 

where NL-M = [11(f) + 1^(0.064) J | (1.-1)* ~ 

0.064 
A ~/H„ F r off 2 off 

H = mass 1 counts/sec 

H = mass 2 counts/sec 

The probability for dissociative ionization via the processes shown 
19 in equations 12 and 13 is 0.064 at 200 eV electron energy. 
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H + e H* + H + 2e (12) 

H + e" — H + H + + 3e~ (13) 

The factor f is determined by dividing the H/H ratio measured with 

the pinsma off by 0.064. The factor f corrects for the transmission 

rind detect Ion of H relative to H . The 1/2 corrects for the number 

ut" M aioms produced relative to H . The factor 1.41 corrects for 

relative velocities of H/H„ through the ionizer region. The factor 

0.8/0.3 correcti for the difference in the ionization cross sections 

of H and H . 

The per rent dissociation measured did vary somewhat with emission 

in the ionizer. In 6 mA emission the mean per cent dissociation was 

54% i 3%. For 12 mA emission the mean per cent dissociation was 

72% -' 4/'. The effect of emission on the per cent dissociation was 

not fully investigated. The per cent dissociation does not vary 

significantly with pressure behind the nozzle between 0.4 torr and 

1.1 torr. ilelow 0.4 torr the discharge cannot be maintained. Above 

J.l torr the per CPIU dissociation drops dramatically. The source 

has been operated stably for 2̂- hours at a time. 
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7, Surface Analyt i< al 1 " M m i»jrU... 

The ma 111 chamber has f ar i 1 J L i cs In i un bombard the crysta 1 

surface, analyse the cuinpriH i t i nn of the surface by Auger elet.tron 

spect roscupy and ana] y/.f its nirufiuro by low <-iierj',y flcrtr'-ii d i f f-

ract ion . S ince '.his erju ipmeni. i s contnerc ial 1 y ava i 1 abl e , it will not 

be detailed here. The ion gun is a Varian model 98I-?0Vj wi L'n deflec

tion plates. Typ i c;i 1 emi .ss i mi i>. I j-20mA for a f i lament fir rent of 

3.r) amps About 1 j-20 A of Ar ions will reach the crystal for a Ar 

background pressure of 1 x 10 tnrr. The detector chamber ion pumps 

are turni-d of when the main chamber is f 1 ooded with Ar for sjuit ter ing. 

The giant: i ng I nr* i den re Auger el ee trnn gun is an osc i11oseopo gun 

mounted on a 2.7V OD flange and modified with a Varian 981-2M2 fila

ment and fi].-.nent holder. Typical emission is 15mA at 3.3 amps filament 

current and at 60 V extraction potential .. About 40 ,:A (2kV elec t run 

incident energy) will reach the crystal if it is proper 1y aligned. 

The Auger electrons ate energy analyzed on a Varian 3-grid optical 

system. The 3 grids are used as a retarding field energy analyzer. 

The high voltage impressed on the second grid is modulated at 2450hz 

and the signal collected on a screen biased at 300 V. A lock-in 

amplifier (PAR 124A) is employed in the notch filter mode to measure 

the signal. The 3 grid optical system is also used to measure LEED 

intensities by impressing the potential of the incident electrons on 

the first and third grids to allow only the elastically scattered 

electrons to reach the screen biased at high potential (6kV). A 

normal incidence electron gun is employed for LEED work. Its emission 

is about 30 ;JA for 1 amp filament current. 
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J . Mass Spect romcter 

Tin.- mass spi-ririinn'ti-r is mounted on a ''• . V 00 fl.aige which bolts 

int.; t hi. detector chamber with a 0.700" thick '.]'.i 'er Mange through 

: !i< bnUim plate. The- mass spec L romet e r ! lauge is .I'KUIL 'i ,<t" inset 

f ro;;i the hot torn plate su that tile feedthrough* can el ear the ri ng. 

"liii- length of the mass spectrometer from tin- inner surface of the 

fian.'.e to the filament is 11.187". The r.as-. spec [ romet er is aliened 

v: ni!!-. with t hi- «•: 11 ranee holes in tin- del er tor chamber both in 

hi'i,'i;t .-iic! in angular orientation of the filament with the entering, 

he ;,m by i riser t i ng an appropri at o size rod through the detector chamber 

?, 1 its. The major hoi grit ad j iistmeni is nccompl islu-d with the spacer 

f 1 ange described above . The f i na 1 ad jus trru-nt is made by varying 

tin- compression of the mass spectrometer flange on the annealed 

iopper gasket. Note that, because this is a seal between the mass 

spectroneter chamber and the main chamber the flanges do not need 

r r he met a! to metal ., The angular or i en tat inn of tiie filament 

ian be varied by rotating the bottom plate of the Faraday nage 

along with the extractor plate. The four mounting rods of the ionizer 

pass through slots in the bottom plate of the Faraday cage and the 

extractor rather than holes for this adjustment. The filament should 

be parallei to the beam. 

The ions are generated by electron bombardment from a Pierce 
21 gun. The 1 cm long, 0.010" thick 2% thoriated tungsten filament 

held under tension can gcaerate 6 mA emission at an extraction 
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voltage of 200 V (electron energy) with 5.7 amps flowing through it. 

The filament sits about 0.5" away from the center of the ionizer 

making the width of the sheet of electrons from the gun about 3.4 mm 

at the center of r.he ionizer for an electron energy of 200 V and 
-2 2 current density of 2.5 x 10 amps/cm . This spreading of the 

22 electron beam due to space charge can be calculated from equation 14. 

\ _ 4.8 x 10 8 jl 2
 + 

bo V 3 / 2 

where b. = thickness of the sheet of electrons at distance 1 from 

the filament. 

b = original thickness of the sheet of electrons -2 mm. 
2 j = current density of electron beam in A/cm . 

1 = distance measured from filament in M. 

V = electron energy in V. 

The extraction plate sits immediately beneath the ionization 

re0ion bending the ions 90° from their initial direction. The 

extraction plate as well as the bottom plate of the Faraday cage has 

a slot 0.71" long and 0.25" wide to extract the ions formed over 

a 1 cm length and in a O.J,33cm cross section. The first and second 

lenses have circular holes 0.710" in diameter and 0.500" in diameter 

respectively to collect the diverging ion beam and then to focus it 

down to the opening of the quadrupole housing 0.188" in diameter. 
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The lenses are mounted on four threaded rods which bolt into a ring 

mounted on the quadrupole housing and are insulated from the rods 

and separated from each other by ceramic spacers. An assembly drawing 

of the ionizer is shown in Fig. 2k. The height of the ionizer from 

the bottom of the mounting ring to the filament is about 1". 

Figures 25 and 26 show the calculated equipotential lines and 

the calculated trajectories of an ion for approximately the lens 

system employed. The extraction plate opening is smaller in this 

calculation by 30% compared to the one employed. This ca]dilation 

also assumes cylindrically symmetric geometry which is not strictly 

true in the ionizer region. The calculations are described in 

Appendix B. A value for the space charge density due to the presence 

of the ionizing electron beam was calculated and employed in the 

calculations. Figure 26 shows the trajectories of particles with 

initial kinetic energies varying from 0.025 to 5 eV. Except for 

the two ions whose initial kinetic energies were 5 and 3 eV» all 

the ions are focussed successfully into the opening of the quad-

rupole housing with an angle smaller than 30° with respect to the 

axis of the mass filter. Thus, for wide energy distributions of 

the scattered henm the U-ns system for a given setting will not 

extract ions with widely different initial kinetic energy with the 

same efficiency. Calibration of the ionizer as a function of 

incident kinetic energy of the beam will have to be carried out. 
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Fig. 24. Side and top assembly views of ioni-cer. (A) Bottom plate 

Faraday cage. (B) Back plate Faraday cage. (C) Left 

anode support. (D) Right anode support. (E) Cathode-

Pierce gun. (F) Top plate Faraday cage. (G) Extractor. 

(H) First lens. (I) Second lens. (J) Quadrupole entrance. 

(K) Qtiadrupole rods- (L) Anode, (M) Threaded rods. 

(N) Ceramic ring insulator. (0) Threaded rod mounting 

ring. (P) Cathode-anode insulator. (Q) Cathode mount. 

(R) Ceramic filament holder. 
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Fig. 25. Equipotential plot for ionizer lens system assuming 

cylindrical symmetry around z. The two adjacent squares 

indicate the ionization region where the electron charge 
-10 3 density is assumed to be 1 x 10 coul/cm . Anode = 

+50 V, extraction lens = -5 V, first lens = -250 V, 

second lens = -500 V, quadrupole entrance = 0 V. The 

voltages are labeled in Fig. 26. 
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Fig. 26. Positive ion trajectories in the field whose o^uipotential lines are shown in 
Fig. 25. Arrow indicates direction of neutral beam. The two sets of trajectories 
wit*' the smallest initial values for the abscissa and ordinate represent initial 
kinetic energies of 0.026, 0.1, 1 and 3 eV in the direction of the arrow. 
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A UTI 100C mass filter, mounting /md Ct mneltron 4770 series 

electron multiplier make up the remainder of the mass spectrometer. 

The size of che mass filter employed (6" rods, 1,27" diameter) was 

dictated by the dimensions of the lower half of the bc.tljar. The 

Channeltron is offset from the axis of the quadrupole with a Fara

day cup in direct line of sight of the .ions as they emerge from 

the quadrupoles. 

Experimentally, it has been found that the following potentials 

on the ionizer give the maximum signal and the maximum signal to 

noise for mass 32. 

Electron energy 200 V 

Emission 5 mA 

Ion Energy 85 V 

Extraction Voltage -130 V 

1 — Lens 0 V 

2 — Lens +260 V 

Faraday cup voltage -135 V 
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K. Signal Electronics 

The 10-15mV nulses out of the Channeltron are passed through a 

preamplifier, discriminator and pulse shaper, 13x 3032-51A. The out

put of this amplifier are +3V pulses into 120ft. In the angular dis

tribution mode these 4-3V yulses are fed into two counters, Ortec 775. 

The two counters are gated by a timer-gater module, 13x 3050, which 

outputs two gates whose phase and :;idth are variable. The phase and 

width are set to maximize the difference in counting rate between the 

two counters. The timer-gater module is triggered from a pick-up coil 

o- a 150hz tuning fork chopper mounted in the buffer chamber of the 

primary beam. Thus, one of the counters corresponds to the signal 

plus background when the chopper is open and the other corresponds to 

background counts when the chopper is closed. The timer-gater will 

count for a preset amount of time. A schematic is shown in Fig. 27. 

In the velocity analysis mode, the +3V pulses from the ampli

fier are fed into a 255 multi-channel scaJar, 13x 3501-P1. The multi

channel scalar is triggered to start the address advance by the trigger 

pulses once every revolution of the chopper wheel as described in 

section G.3. The multi-channel scalar has its own oscillator to 

susequently advance the addresses and it also puts out a T'lX compatible 

motor synch pulse every dwell time to externally drive the motor diver 

oscillator. The motor synch pulses are divided down by the motor synch 

scalar, 13x 3441-P1, to the correct frequency for driving the osci

llator. The multi-channel scalar is interfaced to a Nova 2-10 cumputer 
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via a CAMAC crate (NEI) and controller (Bi-Ra 1303). An oscilloscope 

display is also interfaced to the computer via a point plotter (Ortec 

PP012) in the CAMAC crate. A schematic is shown in Fig. 28. A computer 

program controls the acquisition of the dat£ and the deconvolution of 

it. A flow diagram of the program is shown in Fig. 29. 

In the initialization, the program asks for the title (T:), 

date and starting run number (SRN:). These are used simply as headings. 

It then requests that the dwell time or time per channel in yisec 

(T/C:) and the number of trigger pulses per cycle (LP/C:) be set. It 

requests whether the chopper wheel is a correlation chopper (0) or a 

single shot chopper (1), the channel offset in channels (OFFS:), the 

rotation direction of the chopper wheel (RD (A or B):) (A corresponds 

to a rotation direction where the largest slit width passfs the trigger 

immediately after the trigger pulse), disk storage of data (D:) (response 

is always N here), oscilloscope display (0D:) (Y or N), continuous 

display (CD:) (response is always N here) and automatic DC background 

subtraction (Y or N). The program then proceeds according to the flow 

chart. A sample of the teletype input/output is shown in Fig. 30. 

The deconvolution of the cross correlated data has been described in 
. A - "I 1 5 » 1 6 

great detail. 

•- The program is courtesy of the Y.T. Lee group. 
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Kif ; , '?'). 'Mm.- o f f l i j - J i l d . i ' . i / i ' • q 11 i -, i t i f j : program ccnuriand f 1 nv 

c h a r t . I'. = I n i t i a l i z a t i o n , S - m a r t d a t a a rqu i s i • i n n , 

B - dc-liuj'. r o u t i m - , I) - d i s p l a y , I = I H ' T C M S I ' i j n l i ' S , 

C - m n : i nu<-, I 1 - p r i m d a t a -.in t c l i - t y p i - , I! - u n c o r r e l a l i-d 

d a t a , ('. - i n r r i l a U ' j d a t a , )•' = f u ' 1 ,s<:ali-, II = h a l f 

Hea l ' - , 0 - f j ua r t i - r s r a h - . 



SA = 4000 

hi HIK; 

-B) 

(INIT 2) 

OUTPUT 
T, T/:: 

OH-S 

fi:cj 

(START J 

INPUT 
CR 

INPUT 
* CYCl.r.S 

DATA TO 
CRD, CCR 

CYC!,ES\ )L 
DONE?. 

OSC. CUT. 1 

[ID) 

INITIALIZATION 
ROUT INi: ( I N I T 

GI-NI-RAM; 
CROSS CORR 
SI;QUI:NCP: 

-^ (OSC. OUTPUT) 

Fig. 29a. 



fOSC. OUTPUTJ 

DISPLAY 
(START) 

(LB) 

T T Y > ^ U , C , F 
H,Q(CRJ 

OUTPUT 
CYCLES = 

(EC) 
INPUT » 

CYCLES TO 
BE ADDED 

T 

V 
(START) 

Fig. 29b. 



- 1 9 7 -
J > R 

= > T i : i - . - o ? - F L i G : i r OATA A c j ! i". ITI o-j PI IJS .TAM < J 

V-R0tON:v!» 

JAT'i C1M/DD/YY>i 

5RMI 
T / C : 25 
LP/C:9999 
C C ( 0 ) , 35 C1> OR P L T ( J ) i 1 
OF-7,1 
RO (ft 0 1 3 ) l ft 
D: M 
ODtY 
CD:N 
A'JTO DC BCK 5UQ: N 

= >S 

T/C: 25 
0FFS:3 A/SS 
* 
CYCLES = J 

= >D? 
8 3 8 7 8 3 7 7 
7 8 7 3 3 8 3 8 
a 8 8 7 7 8 7 7 
8 8 3 8 8 7 8 7 
8 7 3 3 3 3 7 7 
8 8 7 3 8 8 3 3 
7 8 7 7 7 3 8 8 
8 7 7 8 3 7 8 3 
3 8 7 7 8 7 7 7 
8 8 3 3 3 8 8 3 
7 ?: 3 8 3 7 8 8 
8 3 3 3 3 8 8 
3 8 8 3 3 7 7 8 
1 3 3 3 7 3 8 7 
8 7 8 7 8 3 g 8 
7 7 3 3 7 8 8 3 
8 7 7 5 7 7 7 8 
8 8 8 7 7 S 8 7 
3 3 8 3 7 7 3 7 
7 7 8 8 3 3 8 8 
3 3 7 3 8 8 3 7 
7 3 8 7 8 8 3 3 
7 3 8 8 3 7 3 7 
7 3 7 3 8 8 7 8 
3 3 8 7 3 7 3 3 
8 8 7 7 3 8 8 8 
3 3 o 7 7 8 7 3 
7 8 3 3 3 7 7 3 
8 7 8 3 3 8 7 7 
8 8 7 7 a 8 8 3 
3 S a 3 7 8 8 3 
8 7 7 3 3 7 3 1 

TOTAL CO'JMTS 

Fig. 30. Teletype Input/output for TOF Data Acquisition Program. 
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L. Signal Intensity Analysis 

The pressures expeited in each of the chambers and the intensity 

of the beam ran be calculated as follows: 

The intensity out of an effusive source (K = 1) is Riven as 

^ ...Z... (15) 
4ir sec sr 

where v = (-'- ~) is the average velocity of the beam, m is the 

gas number density, and A is the area of souice orifice. For a pressure 

1 torr of 0 hehind the orifice at 300°K and a 1 mm diamet - orifice, 

I - 9 x 10 1 7 

The total amount of gas flowing into the source chamber is I = 5.5 x 

10 P/sec. For a pumping speed of approximately 800 1/sec (through 

the right angle valve, and trap to the 6" diffusion pump), the 

pressure in the source chamber is 

p = 5.5 x 1 0 1 8 P/sec 
3.3 x 10 1 9 P/torr 1 x 800 1/sec 

P = 1.7 x 10 A torr 

19 where 1 torr-1 corresponds to 3.3 x 10 particles at 300 K. A 
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pressure of 1.5x 10 torr is observed. The source subtends a solid 
-4 angle* of 4.0 x 10 sr with the colligating sJit into the buffer 

-4 chamber and an solid angle of 1.5 x 10 sr with the main chamber. 

The necessary geometry is indicated in Figs. 2-4. The beam load on 

the buffer chamber from the part of the beam that does not flow into 
14 the main chair.her is then 2.3 x 10 P/sec which corresponds to a 

-9 pressure of 7 x 10 torr for a pumping speed of 1000 1/sec. There 

is ;ilso an additional gas load through the first crllimar.ing slit 

due to the background gas in the source chamber. The collision 

frequency of a ?as with a wall in given by 

cm sec 

7, - v r p tiorr 1 , n to o torr 1 . . Z = Z RT — o where R = 62.3 r— (17) I deg mole cm sec 

-4 
lor a background pressure of 2 x 10 torr in the source chamber an.! 
a 1 mm diameter hole. 

V - 1.8 x io"5 torr_l 

1.8 x 10~ 5 torr 1/sec _ , „ ,„-8 _ -; '• = 1.8 x 10 torr 1000 1/sec 
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Tht.' total pressure in the buffer chamber is 

PBUFF TOT " 1 - 8 X 1 0 _ 8 + 7 X 1 0 " 9 = 2 " 5 * 1 0 _ 8 t 0 r r 

A pressure of 4 x 10 torr is observed. The intensity of the beam 
]4 in the main chamber is 1.4 x 10 P/sec and the flux at the surface 

15 2 is 5.4 x 10 P/sec cm calculated for a surface at a 45 angle of 

incident to the beam. The pressure of the main chamber due to the 
-9 load of the beam is 2.8 x 10 torr for a pumping speed of 1500 

1/sec (the titanium sublimator is not on here). The observed 
-9 pressure is 1.3 x 10 . The sticking of 0- by the clean walls 

increases the effective pumping speed. The pressure in the main 

chamber due to the effusive background from the differential 

chamber is 1.4 x 10 torr and from "he source chamber is 4.0 x 
-12 10 torr. (A beam of Ar flowing into the nain chamber gives a 

correct pressure reading.) 

The 0 scattering distribution is broad and scatters into 60° 

in the plane in which the detector rotates. It is assumed that 

the scattering distribution is cylindrically symmetric around the 

specular angle, ..hus the 0- scatters into a solid angle of 2.6 sr. 

This also assumes a constant intensity over the solid angle and 

probably overestimates the volume into which the 0. scatters. 

The scattered flux is then 5.4 x 10 P/sec sr. The solid angle 
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-3 subtended by the buffer chamber of the detector is 1.4 x 10 sr. 

The required geometry is shown in Fig. 9. The pressures in the 

buffer chamber due to the beam and effusive background from the 
-11 -12 

main chamber are 1.4 x 10 torr and 3.8 x 10 torr respectively 
assuming a 150 1/sec pumping speed. The solid angle subtended by 

-4 tK- quadrupole chamber is 1.3 x 10 sr and the pressure in this 

chamber from the beam load and effusive background load from the 
-12 buffer chamber and the main rhambr..- is 1.1 x I "" torr, 2.3 x 

10 torr and 8.7 x 10 torr for a 200 1/sc : j nping speed. 
] 1 2 The flux at the ionizer is 2.1 x 10 P/cm sec which corresponds 

to a density of 4.8 x 10 P/cm or a pressure of 1.3 x 10 torr 

for 0 at 300 K. The necessity of differentially pumping the 

detector is clear. The signal intensity is two orders of magnitude 

above the background in this case whereas without differential 

pumping it would be twenty times below it. 

The 0„ scattered intensity has been measured to be 5000 

counts/sec. This would correspond to a density at the detector 
3 

of 3.4 P/cm . The total efficiency of the quadrupole mass spectro
meter (ionize;r and transmission of the mass filter) appears to be 
7 x 10 . This number is somewhat misleading since the apparent 
ionizer efficiency can be improved substantially by decreasing the 
modulation frequency. The period of the 150 Hz modulation frequency 
employed is approximately the time constant for the pumping speed 
of the chambers. Use of a higher RF frequency on the quadrupole 
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rods will increase the sensitivity of the mass filter for low mass 

numbers and additional lensing in the ionizer should increase the 

extraction efficiency. 

It is desirable to increase the detection efficiency since 

the time required to achieve a given signal to noise ratio decreases 

in proportion to an increase in the counting rate. Hig1 er pumping 

speed in the detector chamber is required since it could decrease 

the background and thus the counting time could decrease propor

tionately. The higher intensity available from a nozzle source 

as compared to effusive sources used here will increase the signal 

and decrease the counting time by the square of the factor that 

the signal increased. All of these considerations are essential 

to tractable counting times especially in the case of reactive 

scattering when the signal level can easily be three orders of 

magnitude below the one calculated here for 0„ inelastic scattering. 

The next chapter present data for three reactive scattering 

systems under experimental conditions similar to ones predicted 

here. Typical counting rates are 3 counts/sec with a background 

counting rate of 1800 c/s. The total counting time is 1800 s at 

each point. It is clear from the above discussion that without 

the employment of differential pumping, a high sensitivity detector, 

and signal averaging that this signal could not be distinguished 

from the background for the large distances of the detector from 

the surface required for time of flight measurements. 
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V. THE OXIDATION OF D, D AND CO ON P t ( l l l ) 

A. Introduction 

The identification of reaction intermediates adsorbed on a sur

face is an intriguing problem in surface chemistry. One way to charac

terize a reaction intermediate is to employ it as the initial reactant. 

Molecular beam surface scattering is ideally suited for the study of 

reaction intermediates provided that a fairly pure beam of the reaction 

intermediate (radical) can be prepared. Described here is the reaction 

of incident D atoms in one >eam with incident 0_ molecules in a second 

beam to form D 20 on a platinum (111) surface. The angular distribution 

of the D„0 product is compared to the one obtained when the initial 

reactants are the molecular species, D,, and 0 o. In addition, the D_0 

angular distribution is compared to that of C0_ product formed from the 

oxidation of CO. 

B. Experimental 

The apparatus is described in the previous chapter. One torr 

effusive beams at room temperature of D_ and 0„ and of 0_ and CO were 

employed at a 50° angle of incidence to the surface. The D atom 

beam was formed at 1 torr in a microwave discharge which has about 

80% dissociation. The D, D or CO beam was modulated at 150 hz. 

The Pt(lll) surface was at a temperature of about 425°C measured by 

a infra-red pyrometer for all of the reactions. Auger electron spec-
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troscopy indicated that the surface was clean (<0.05 monolayers of C) 

both before and after the reactions. 

C. Results and Discussion 

The results are shown in Figs. 1-3. The angular distribution 

of D_0 obtained from the reaction of D_ and 0_ is cosine. The angular 

distribution of D O from the D and 0- reaction exhibits a shoulder 

near the specular angle on top of a cosine distribution as seen in 

Fig. 2. This shoulder is due to inelastic scattering of D«0 formed 

in the hot plasma. Subtraction of the angular distribution obtained 

with only the plasma on (no 0- beam) yields a cosine distribution 

for the D and 0„ reaction as shown in Fig. 3. 

The fact that the D O product from the D and 0 reaction has a 

cosine distribution indicates that the incident D atom loses its 

kinetic energy upon hitting the surface and rattles down the deep 

D-Pt well coming to equilibrium with the surface before a reaction 

can occur. It is reasonable to assume that once the D atom has ad

sorbed on the surface the lowest energy pathway is followed. From 

the energetics in Fig. 4, the lowest energy pathway involves first 

the formation of an OD radical. Any adsorbed oxygen at these sur

face temperatures of 400°C is dissociated. This is followed by 

addition of an adsorbed D atom to form D_0 which subsequently desorbs 

from the surface. The presence of OD on the surface is not consistent 

with the fact that no D 20 was observed at the specular angle from 
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fig. 1. Angular distribution of D O from D, + 0, at T = 425°C. 
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the reaction D, . + OD, , . . Since the OD is bound K-) the surface (g) (ads) 
through the oxygen, the oxygen is shielded from the incident 0 atom 

by the D atom to which it is bound. Thus, the D atom cannot hit the 0 

atom to cause the reaction to occur. At more glancing incidences, 

this may become a more dominant mechanism leading to a peak neai the 

specular angle in the angular distribution. 

The alternate pathway in Fig, 4 involves first the formation 

of D„ followed by addition of an adsorbed 0 atom to form D„0. How

ever, since 0 (H„) on Pt(lll) has a well known barrier to dissociative 
2 3 

adsorption of about 1-2 kcal/mole, ' most of the recombined D„ would 

fly off of the surface rather than be bound as molecularly adsorbed 

D- as long as the eneigy transfer between the forming D molecule and. 

the surface is slow and inefficient. In the case of incident D„, 

it is possible that the remnants of the large activation energy barrier 

present for the ground state 0 atom and D. reaction in the gas -hatv. 

oxist which would prevent this reaction pathway. An isotopic exchange 

experiment would further clarify this point. 

It is interesting to compare the D O angular distribution to the 

one obtained for C0„ from the reaction of CO and 0„ on Pt(lll) as shown 

in Fig. 5. The more mobile CO molecule bound to the surface through the 

carbon atom has to migrate to an adsorbed 0 atom site and has to be 

forced upwards out of its equilibrium position to bind to the oxygen 

atom in order to attain a linear configuration for the CO . There may 

well be a barrier perpendicular to the surface for this extension of 

the OC-Pt bond. Once past this critical configuration, the repulsive 
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intornction from descending the barrier pushes the C0„ molecule out 

directly away from the surface leading to a very peaked angular distri-
4 5 buLion at the surface normal as seen here and in previous work. 

The D̂ O molecule, however, is bent which means that the adsorbed D atom 

tan attack from th-; side of the adsorbed OD radical not requiring the 

()i) radical to be forced upwards out of its equilibrium position. There

fore, thtr^ would be no barrier as in the rase of C0_ formation which 

would lead to a peaked angular distribution. 

It is also possible that the very peaked angular distribution 

for C0„ arises from vibrational excitation due to the deformation of 

the CO- molecule as the CC=0 bond is being formed- The CO- molecule 

having lots of internal energy would push itself away from the surface 

in a normal direction. Because D„0 is a bent molecule, no internal 

excitation would be developed in the transition star«. The D-0 mole

cule would not ha.-e a preferred direction for desorption. 

This discussion involves reactant species which are adsorbed 

on Lhe surface. There are many arguments in the literature for both 

the oxidation of CO and H„ over whether the reaction mechanism is one 

involving adsorbed species (Langmuir-Hinshelwood mechanism) or one 

involving an adsorbed species and a gas phase species (Eley-Rideal 

mechanism). The angular distributions for these systems show that 

the Eley-Rideal mechanism which would not involve a long lived complex 

is incorrect since there is no indication of a peak at the specular 

angle. 



-214-

Velocity distribution measurements currently in progress will 

help clarify the nature of the potential energy surface in the exit 

channel region for this reaction. For example, if the D_0, . molecule 

and the DO-Pt adsorbate do have the relative energy levels shown in 

Fig. 4 (the DO-Pt bond strength is estimated as less strong than the 

O-Pt bond and the D„0-Pt as 5 kcal smaller than an experimental valup 

of D-0 on Pt(100)) then with or without the exit channel barrier the 

D-0 product should come off the surface at temperatures substantially 

above the temperature of the surface. If the OD radical is bound more 

strongly by 3 kcal than the value indicated in Fig. 4 then the D„0 

molecule formed can be trapped in its well and equilibrate with the 

surface. Nevertheless, by comparing the product angular distributions 

for both the atomic and molecular incident species, it appears that 

the D atom and thus the OD radical, whether bound or a transient, are 

important surface reaction intermediates during the oxidation of D . 
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Appendix A. Program Balance 

This program calculates the x and y positions of a 1 sq. in. 

area hole required to balance a wheel which has any in - 255 

sequence of slots cut radically along its periphery A correction 

for the larger trigger slot is included. The input variables are 

as follows 

R2 radius of the wheel 

Rl radius to the bottom of the slot 

RT radius to the bottom of the trigger slot 

M(I) 1 = 1 , 255 the m - sequence 

MCI) = 0 is a tab 

M(I) = 1 is a slot 

The coordinate sysuem is defined such that the trigger slot is 

M(l; with the sequence proceeding in a counter clockwise direction 

through the first quadrant. If a hole other than unit area is 

desired the coordinates are 

X , Y 
A y = A 

where A is the area of the hole-
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Appendix B. Ion/Electron Trajectory Program 

The electrostatic field is calculated in program JASON. It 

is described in detail in a Lawrence Livennore Laboratory report 

#UCID-17814 entitled JASON - A Code for Solving General Electro

statics Problems - User's Manual. 

The program EXRAY uses the electrostatic field calculated by 

JASON as input and tracks the trajectory of a charged particle 

in this field given its initial position, energy, trajectory angles, 

charge and mass. The charge and mass of an electron should not 

be specified. A subset of the JASON mesh specifying the area in 

which the trajectory is to be tracked must also be specified. The 

order and format of the input is discussed in the comment cards of 

the listing. A sample output plot is shown in Fig. 26 Chapter IV. 

k. 
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K = f l v -.16 
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_SL3BCi,T|KE ZBMU.ShPR I 

Y C - . l , f l < . ) , T ( b , < , ) 

. CCr-Mi_N / ! M C / I P H X . i K e F . c ^ t X . S S S K . H t - A C S w A M , She 
CCHf-cx. / I M P / H P f i , J U , N , t y 8 , £ L B , I P , I T . N P K S , S - U 

LCGICAL <*/•'•» 

I N T E l t K HFAC 

e m e u PrtECiiicw r 

' 10 Cf-:jT ::,iK " 

EX.SWlN 

X P A Y i i 9 
W 1 Y <.t.o 
X S A Y • o i 
X B A Y * i 2 
X S - i Y * 5 3 
X E A Y <tS<; 

C - - * D A * S - f C U T L . N STEP. X«A 
C_ . . . . . . . . . XKA 

CO 2C i « l , \ XrtA 
O ^ U f F U t l XfiA 
T C . I l ' D XflA 

__ . . .VII)« iMr, L (Ti5 r I}+H-l55.0OO*D-t .y .OOJ»TU r I l*37.0OO»T(2, I ) -9 .ODJ»T(Ua.- . 

l . m i xsi 
2tf Ct.NTI.riLE _ . . . . . . . XftA 

X " i h i G L U x * 2 H , 0 C j » H l X*A 
. ._ . . . _ „ _ . _ . . x h i 

CALL CtRIVE XP.A 
.. . I F l A U J . t T , . 0 ) ^ PfiTUSy " . __ 

OL- SO 1-1 ,K . „ 
C - t J i i L s l F l l ) I 
0 " | T ( 5 , n * h » ( S . O C O - D » 1 9 . J O O * T H , l l - 5 . 0 0 0 * T ( 3 , I I « - T t i , I ) H 
T ( 6 , 1 1 * 0 
t - 4 e S I S . , l L L ( C » . - , ' { 1J I / L - . .C . _ 
7fc&T = A « i X l < 6 / A N A X l | A R E F , A B S I S M * l l O H ] .TEST) 

30 CONTINUE _ . _ . 
CC TC 1JJ 

c 
C— ZCNKfcVELC STEP. • 
c _ 

4tJ C C M l h U E 
CO E.J I - 1 , N _ _ 
U-OCi.E IF C1 1 J 
T I * » I 1 - 0 

c - - i "" 
__tl I ) - S f . u L ( T ( 5 . I ) * * * ! W . o O O * D ) I _ _ _ 

5 J CLM1MJE " " '"• 
X - > M H ( x x + W . O C O * H ) . .. . . . 

_ . C f l L L EJERlVc „ _ 
I H K L U T . L T . 0 ) kETjHN 

x s a r A7rt 
XP.AY 4 7 * 
X h i V -.60 
X f i A Y *m 
X M & V 462 
X f t A Y - a j 
X P f c > <.d* 
X R A Y 46» 
XAAY * f l n 
X R A Y • , o T 

X i ' A V + Sd 
X S A Y 4 f i S 
X f t A Y H"iO 
X R A Y " . v l 
X R A Y <-<;/ X r t A Y H V 3 

X f i / . Y «<. X f U Y A S 5 
M A Y 4 9 6 
X H A Y 4 * 7 
AkfcY t V d 
X n A Y 4 " ) V 
X 0 4 Y 4i*0 
X k A Y !>U1 
X R A Y SO 2 
X k A Y icii 
X R A Y 5v* 

http://Ct.NTI.riLE
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* = .*.*.«,S5 
K = . a Y . 4 5 e 
x i - J Y . * ' 7 
X* .'• Y . (. 5 5 

L l M 5,5 J»H«I 5 5 . JO . « C - 5 ? . . - 2 . ; * T t 3 . t 1*3 7 . 0 3 0 * 1 ( 2 . 1 1 - 9 . j 0 s l « T i 

XRAY " • t * 
x= AY - . ^ 5 
n ? ; Y Cfit, 
KPiY '•b? 
X-*AY <.f>3 
X=>*.-| * O V 
XCAY ",70 
X'.T* <-71 

IKH/ ' t + 72 
XcflY W 3 
Xlf lY ^7* . 
X- .1Y -.75 

i M - , - ' . 1 1 . i ) " - V J = A 

r. : • • * • ! . . ( ' • • ( : ; J 
T = [ * I ' , : . • ' , • < S:.ci.i":>iv.'JL-.L'*T[^ f i I - 5 . O O C * T I 3 , t ) + r i 2 , i m 

>J ;i * . : . - : u : 
f c , : i+f *i I 2 . ' J L J * C I I 

x c a Y . i d 7 
K<iftY.^B8 
XD iY .A89 
X*&Y.*V(> 
X F t Y . 4 9 1 
X R i Y . 4 9 2 
XUAY.-.V3 
xe.'.Y.-i 1}*. 
x f i - r . * ^ r . 

I - l - . - l , ! . I T . ..J) l<ilOP'i 

xaa' 4S9 
X O A V . S J O 
X H Y . 5 G I 
XRAY.&02 
X 0 A Y . i 0 3 
X:AY. DU* 
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-535 
' .5u6 
.50 7 

X P A Y . 
510 
511 
5l«! 
513 
51i 
515 

XV/.Y, . 5 1 9 
A^r .v . . 5 < o 
XRiY, . 5 2 1 
*P4Y, , 5 i ! 2 
s= ; . Y . . 5 2 3 
X*6Y. . 5 2 * 
XBAY . 5 2 5 
K-AY. . 5 2 6 

' i l l 

L ( " t 5 ,1 1 ••(-«( .* . 7 i D v * T | t . l ) t 5 . 2 5 C ? * T I 6 . I I -9 . 75L'3 * 7 ( 7 , 1 1 - 3 . 7 5X= A Y . 
XOAY. 
x ^ Y . 

* * 1 J ... r 3 * - J JIS.VY. 

i v ; : Tu.-.v. 
. L I . . 1 r - ^ M x ; ^ Y . 

XPAY. 
i . \ ' XfiAY. 
I ! I 1 XP.1Y. 
'•i J " - * l - l l - . i ; ^ v * T ( « , I J f . a . J J O * T l { , . I ) + » . 1 , 0 D U * T l T . I ] t - * 8 . O 3 0 » T ( X 3 t Y . 
,1 -1 - " O 1 I X ° i Y , 

XJ-AY . 
I " - C - . ( . • [ " « • : < - . ! I *•<).-) W * T 16 , H + d . O 0 O * T < 7, I ) * * . 0 Q U * T < 8 . 1 ) ) 1 XK.'.Y, 

XhfiY. 
U . • / ; " ; . > i l . ' , h t

c . . U S ( S f ^ H " ) 1 J , T s S T | X?AY. 

XSAY 
X*AY. 
XftfcY 
XRAY. 
XPAY. 
XPAY 
XPAY 
XttdY, 
XSAY. 
XK4Y 

x s a i 
XRAY 
XRAY 
XRAY 

i A u i v i , - * i L J L r i i N bHQ ZONNttfxLO ^STHOOS CONTINUE " 0 1 MERE. 

•-«" -C .CT . I f P--j f.U TC 1*0 

: - p v : i r S N A L L I 

. 5 2 * 
535 
536 
537 

.533 
,5a9 
.5*3 

5*3 
5** 
5*5 

5*T 

5 * 9 

552 
553 
5 5 * 
555 
5 56 
5 5 7 
5?8 
S5<* 
5 6 0 
5 6 1 



^ 
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