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PHOTOELECTROH PHOTOIOH MOLECULAR BEAM SPECTROSCOPY 

Dennis J. Trevor 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and 

Department of Chemistry 
University of California 

Berkeley, California 94720 

ABSTRACT 

The use of supersonic molecular beams in photoionization mass 

spectroscopy and photoelectron spectroscopy to assist in the under

standing of photoexcitation in the vacuum ultraviolet is described. 

Rotational relaxation and condensation due to supersonic expansion 

were shown to offer new possibilities for molecular photoionization 

studies. Molecular beam photoionization mass spectroscopy has been 

extended above 21 eV photon energy by the use of Stanford Synchrotron 

Radiation Laboratory (SSRL) facilities. Design considerations are 

discussed that have advanced the state-of-the-art in high resolution 

VUV photoelectron spectroscopy. To extend gas-phase studies to 160 eV 

photon energy, a windovless VUV-XUV beam line design ia proposed. 
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Detailed considerations of the autoionixation mechanisms and 

symmetry of the excited states of Re. have lead to the assignment of 

structure observed in its photoionization efficiency, and deaxmstrated 

the importance of Kydberg states with B II core. The lower bound to 

the dissociation energy of He, was determined to be 1.36 ± 0.05 eV 

(31.3 t 1.2 teal/mole) and comparisons made with the heavier rare-gas 

systems indicated the importance of spin-orbit interactions. A search 

for the possible existence of Ha, was carried out which lead to 

inconclusive results. However, the He. photoion yield of cluster(s) 

present in the .beam was measured. 

Rotational relaxation in supersonic molecular beams enhanced 

the direct ionisation atructure in the photoionization efficiencies 

of KH,, 0., and H-0. The measured adiabatic ionization potentials 

and ionic vibrational frequencies are: HH_, IP " 10.176 ± 0.008 eV, 

v 2 - 950 ± 32 cm"1; Oj, IP - 12.523 ± 0.008 eV, v 2 - 650 ± 40 cm"1; 

HjO, IP - 12.601 ± 0.016 eV, Vj - 3300 ± 260 cm"1, V « 1520 ± 260 cm"1. 

In addition, enhancements in the autoionization structure near threshold 

was observed in MH. and H.O experiments. This elimination of rotational 

broadening was alao demonstrated to improve the obtainable resolution in 

molecular ultraviolet photoelectron apectroscopy. The Hel photoelectron 
+ 2 spectra of the 0. X II atate is presented. Excess condensation in 

a supersonic molecular beam of H.0 enabled the measurements of the 

threshold for CUO), production, yielding 11.21 ± 0.09 eV. The 

appearance potential of 8.0 , 11.73 ± 0.03 eV, gave a proton affinity 

for BjO of 7.18 ± 0.08 eV (165.8 ± l.S kcal/mole). 
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The intereatint reaulta of photoionization mass spectroscopy at 

photon energies between 18 eV and 35 eV on N., CO, H_, (CO)., and (K_) 

are reported. Autoianization atructure reaolved in the H photoion 

yield from K, wa» shown to support a homogeneous mechanism for the • 
2 + + + dissociation of the C I state of N n. An enhancement in the H u 2 

photoion yield from H. was obaerved at 30 eV. 
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CHAPTER I 

INTRODUCTION 

Spectroscopy is the primary aource of information leading to 

our current understanding of the quantized energy level* of atoas and 

molecule*. The eaay tuncability of a photon aource and the photon's 

quantised energy and angular momentum add significantly to ita versa

tility as a probe. A variety of experimental methods have been developed 

to measure the croaa-sections for transitions between the initial and 

final states, throughout the acceasible electromagnetic spectrum. 

Spectroscopy in the visible and ultraviolet range has led to our present 

understanding of electronic interaction* (chemical bonding) in molecular 

systems. At higher photon energies (i.e., the vacuum ultraviolet (VUV)), 

the final states which are attainable lie in a continuum with respect 

to ionization. Spectroacopy in thia region reveals the structure of 

the ionic atomic and molecular states. 

In abaorption of a photon of energy, (hv), the initial atate of 

energy E is driven to a final atate of energy E., according to 

hv - E f - E" . 

If ionisation occurs, the final state energy is partitioned between 

the kinetic energy of the electron, RE, and potential energy of the 

ionic state, E*, as follows: 

E, » RE + E* . 
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The absorption is therefore continuoui above the threshold (CE " 0) for 

this process, called the adiabatic ionization potential (AIP), given 

by 
hv - E' - E" « AIP . 

With even higher photon energies, higher lying ionic states can be 

populated. Each of these state* will also have an adiabatic ionization 

potential. Generalizing, the energy balance equation, where E. and 

XE. are the energies of a particular ionic state and the resulting 

electron, respectively, we have: 

hv - (E! - E") + KE. . 

The quantity E. - E is referred to as the binding energy. 

Embedded in the ionization continuum are "quasi-bound" neutral 

states. These states can have pronounced effects on the ionization 

cross-section, depending upon their coupling with the neighboring 
1 continuum. 

Absorption spectroscopy aeasures the total absorption cross-section 

as a function of photon energy. This technique has provided the most 

accurate ionization potentials and structural information on atoms and 
2 molecules. These ionization potentials are obtained by determination of 

a Kydberg aeries converging to the ionization energy. The actual onset 

of the ionization continuum absorption is disguised by the increasing 
3 density of Rydberg states. In addition, in many systems the Rydberg 

states themselves are severely broadened or not assignable. 



High reaolution photoionization mass spectroscopy Matures the ion 

production aa a function of photon energy. Thia firat order differential 

technique yielda the partial croaa-aection (with respect to ion mass). 

It ia sensitive to the onaet of ionization and applicable to all ay*teas. 

However, the observed thresholds are usually broadened by unresolved 
4 5 rotational structure and colliaional ionization. ' If an intense, well 

collimated supersonic molecular beaai is employed as the source in a 

photoionization mass spectrometer, these problems are eliminated, due 

to the extensive cooling of the tranalational and rotational degrees of 

freedom that occur in auch an expansion. In addition, theae molecular 

beams are excellent sources of "exotic" species such aa van der Waals 
8 9 cluatera. ' Experiments of thia type are reported in Chapters II and 

III. Even with these improvements, the ionization potentials are not 

aa accurate aa those obtainable by absorption apectroacopy. The reason 

ia photon resolution. High resolution abaorption apectra can be recorded 

photographically uaing spectrographs with resolution far exceeding 

that available from monochroaatcra in the VUV wavelength region. 

In addition, exiating photoionization mass spectrometers are only 

single channel (one photon energy recorded at a time) devices. With 

the advent of synchrotron radiation laboratories, more intense sources 

of well collimated photons are available, which will certainly lead 

to the development of higher resolution monochromators. 

Phtotoioaitation mass apectroacopy ia not sensitive to higher 

ionization potentiala, for the same reason, that absorption spectro-
3 

•corny i« sot sensitive to the firat ami higher ionization potentials. 
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However, the kinetic energy of the electron produced in photoionization 

is characteristic of the final state of the ion. Therefore, techniques 

that aeasure the kinetic energy of the electron are sensitive to higher 

ionization potentials. The most popular of these aethods is called 

photoelectron (PE) spectroscopy. In these experiments the photon 

energy is fixed and the photoelectron intensity is measured as a function 

of kinetic energy. Photoelectron spectra obtained in this fashion display 

the relative cross-sections of the different quantum states of the ion 

produced by photoionization. Typical PE spectra yield the energies of 

the electronic states of the ion; and, for many small molecular systems 

the resolution hat been sufficient to obtain vibrational frequencies. 

The resolution of PE spectroscopy of molecular systems is limited by the 

rotational state population and Doppler broadening due to the thermal 

motion of the sample. As in PI spectroscopy, employing supersonic 
12 molecular beam technology eliminates these difficulties. In Chapter IV 

work in this area will be discussed. 

Both PI and PE spectroscopy, are single parameter differential 

cross-section measurement techniques. In PI spectroscopy a question 

frequently asked is: "What fraction of the energy is left as internal 

excitation (electronic, vibrational) in the ion?" Similarly asked in 

PE spectroscopy: "what happens to the internal energy of the ion? 

Does the ion fragment or radiate?" To answer these questions at least 

two parameters cmst be measured in coincidence. Several coincidence 

methods have appeared in the past decade. One technique, that of 

detecting the energy resolved photoelectron in coincidence with the 

kinetic emergy mad mass resolved paotoiom, was pursued as part of this 
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work. Although we have as yet been unsuccessful, the design problem* 

that need to be solved are discussed in Chapter IV. 

Major developments in VUV research on gas phase systems, have been 

assisted by the availability of intense sources of synchrotron radiation. 

One of these sources, the Stanford Positron Electron Accelerator Ring 

(SPEAR), has been used to carry out a substantial amount of the research 

I have reported here, even though the SPEAR facilities were not designed 
14 for gas-phase studies. In order to increase the usefulness of this 

intense source of VUV radiation for gas-phase research, a new experimental 

station has been proposed. I have used the last chapter to describe 

what I believe to be the beat design, as well as to give some background 

information on the challenging field of VUV and XUV optics. 
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OUPTBt II 
nOTOIOMIZATION MASS SKCTRMCOFY OF I A H CAS OIMnS 

A. Introduction 
The electronic structure of the rare-gas dimer ground, Kydberg, 

and ionic states have been the subject of numerous theoretical and 
experimental studies in recent years, owing their popularity to the 
key role they play in the kinetics of rare gas halide and exciaer laser 
systeas. Lower bounds to the dissociation energies of the rare gaa 

molecular ions (Rg«) have been Matured by electron impact, photon-
2 induced associative ionization, electron recombination fluorescence 

3 4 5 
line-width measurement* and by photoionisation mass spectrometry. ' 
Semi-empirical and jb initio electronic structure calculations have 
been performed with a variety of basic sets and formalisms on the ionic 
statea, ground states, and excited Kydberg atatea. The atudy reported 5 4 here is based on previous work in this laboratory on Ar„, Kr, and Xe-, 
uaing a supersonic expansion as a source of excess van der Waala cluaters 
in a photoioniiation mass spectrometer. 

The previous work demonstrated the usefulness of applying molecular 
beam technology to photoionization mass spectroscopy. Lower bounds 
were obtained for the bond strengths of the rare-gas molecular ions 
Ax,, Kr, and Xe,. In order to atudy He- and the possible existence 
of »>. dimer, whose ionization potentials exceed the energy range of 
intense laboratory ultraviolet sources, a higher-energy continuum light 
source is needed. Synchrotron radiation fulfills these needs. 



Previous results on the rare gas system showed a degree of 
simplification in their spectra in going from Xe, to Ar,. An atteapt 
to assign the intense features in the simplest system studied, Ar., left 
several possibilities for each. These features were obviously groups 
of states located near the atomic resonance lines. With the laboratory 
apparatus used the resolution was not sufficient to separate the over
lapping or closely-spaced states. The extension to He- was thought to 
have the following helpful advantages: with its larger D and smaller 
•ass the density of states near threshold would be smaller, and its 
smaller spin-orbit splitting might sufficiently reduce the ft - +1 
excitations, simplifying the analysis. 

By far the most valuable experimental works used in the enalysis 
of these rare-gas spectra were the high resolution absorption spectra 

8-11 12-14 
by Y. Tanaka and K. Yoshino and others. The most valuable 
theoretical treatment was the estimates made by Mulliken in 1970 of 
the first few Rydberg states in Xe.. 

The existence of the simplest van der Waals dimer, He,, has been 
the subject of much investigation. The potential derived from elastic 
scattering measurements is so shallow (10.6 X) that no bound atates 
are predicted for this molecule. Theoretical calculations have supported 
this prediction; however, a 1.4Z decrease in well depth is sufficient for 
the stability of a bound state of xero angular momentum. ' Conven
tional electron bombardment ionization mass spectroscopy of supersonic 
molecular beams of He has yet to yield unambiguous results, since the 
larger clusters diaaociatively ionise to He.. ' In addition high 
resolution TOT absorption studies in a cooled gaa cell failed to find 



20 evidence of a bound state. The investigation of the photoionisation 

yield from He beams was pursued, in hope that, the mild photoionisation 

process would reduce the dissociative ionization which disturbed the 

earlier reported searches for He,, based on conventional electron impact 
18 19 •ass spectrometry. ' However, these attempts were unsuccessful in 

establishing definitely whether or not He, is stable. 

B. Experimental 

The apparatus developed for these experiments consisted of a 

supersonic differentially jumped molecular beam source, a quadrupole 

mass spectrometer, an ultrathin (1500 A) Aluminum/Silicon window, and 

a photon intensity monitor. A schematic of the apparatus is shown in 

Fig. 1. 

The experiments were performed at Stanford Synchroton Radiation 

Laboratory (SSRL) on Beam line 1-2 (8°). This branch line has been 
21 described in detail elsewhere. Briefly it consists of a system of 

3 mirrors arranged to focus the radiation from the stored electron beam 

onto the entrance slit of a 1 m Seya-Hamioka monochromator with a 1200 

lines/mm grating blazed at 540 A and an additional mirror to refocus 

the monochromator output beam into the experimental chamber. The photon 

intensity available for these experiments was approximately 4 x 10 

photons (sec)" (mA)~ (A)~ at 584 A aa measured with a calibrated 

HIS photodiode, with a photon wavelength resolution of 2.5 A FHHM, 

and a stored electron beam current of 42 mA under dedicated operation. 

The measured photon intensity as a function of wavelength after passing 

through a 1500 A thick Al/Si window is shown in Fig. 2. This Aluminum 

window was needed to protect the ultrahigh vacuum of the beam liae froa 
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possible contamination by the background gas in the ionization chamber. 

Thia window isolation system was also equipped with an interlocked 

fast-closing gate valve to protect against vacuum failure, and haa 
22 previously been described in detail. The monochromatic photon beam 

was focused to a image approximately 1 mm x 3 mm in the interaction 

region. 

The supersonic molecular beam was produced by expanding gas through 

a 20 V<m-diameter nozzle. The nozzle assembly was incorporated into the 

inner dewar of a modified liquid He cryopump. The sample gas passed 

through two cryotraps before reaching the nozzle. When Helium beams 

were used the first trap was kept at liquid nitrogen temperature and 

the second at liquid helium temperature. When neon gas was used both 

traps were kept at liquid nitrogen. The temperature of the nozzle was 

monitored by a thermocouple and/or a carbon resistance thermometer. 

The expanded gas was collimated by a 660 pm-diameter skimmer located 

8 mm downstream from the nozzle, separating the besss source chamber 

from the inter* ion region. The beam source chamber was pumped by 

a 500 1/sec turboan. .ecular pump. 

The collimated molecular beam intersected the focused monochromatic 

photon beam 27 mm from the nozzle in the center of the extraction lenses 

for th* quadrupole mass spectrometer. ' The interaction region was pumned 

by a second 500 1/sec turbomolecular pump. After passing through the 

interaction region moat of the beam molecules are pumped away by a 270 

1/sec turbomolecular pump connected to the beam catcher. The interaction 

chamber ion. gauge reading (uncorrected), with a 2000 torr Me beam at 
-6 77 K was 1.5 x 10 torr. Thia low background pressure waa necessary 
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in ordar to avoid interfering cheai-ionixation and colliaioaal ioaisatioa 

procaaaca. The estimated nuaber density of the beaa in the interaction 
,.11 ,„12 -3 region waa 10 - 10 ca . 

The ions created in the center of the interaction region were 

extracted by a 200 V ca field. A pair of cylinder lenses were 

used to focus the ions at the entrance of the quadrupole aass filter 

(Extranuclear Laboratoriea) located in a separate chaaber differentially 

puaped by a 220 1/aec noble ion puap. In addition to the conventional 

resolution control, the ion kinetic energy along the quadrupole field 

was adjusted in order to obtain the aaxiaua transmission for the desired 

resolution. The aass selected ions were accelerated to 3.5 keV and 

detected by a Spiraltron electron aultiplier and pulse counting 

electronics. 

After intersecting the aolecular beaa the photon beaa iapinged 

upon either a calibrated MBS A1.0. photodiode or a sodiua salicylate 

coated quarts disc whose fluorescence v«s monitored by :s RCA 8850 Photo 

aultiplier Tube. The fluorescence efficiency of sodiua salicylate has 
23 bean shown to be a constant over the wavelength regions of interest, 

in contrast to the photoyield of the the A1.0. diode. Thus, the sodiua 

salicylate Monitor was chosen for the aajority of these aeasureaents. 

The output currant of the *CA 8850 Fhotoaultiplier tube was amplified 

by a Keithly 417 picoasaeter and processed by a 10 kHs voltage to 

frequency converter. This frequency waa then registered concurrently 

with the ion signal. 
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The momochroaacor warelentth stepping motor, ion scaler and photon 

scalar were Microprocessor controlled. A photoicmication efficiency 

spectrin was measured by recording simultaneously the ion and photon 

signals as a function of decreasing wavelength. The photon signal, 

after a constant correction for scattered light and photomultiplier 

dark current, was used to calculate the photoionization efficiency. 

As shown in Fig. 2 the photon intensity peaked at 550 A and then 

decreased to only a few percent of the peak intensity by 350 A. 

This was due to a near normal incidence reflection on one of the focusing 

mirrors in the 8° beam line. Because of it, second-order light inter

ference was a serious problem only for wavelengths above 650 A. The 

wavelength scales for these spectra were obtained by measuring the 

ionization thresholds for Me and He. Due both to the beam-line optics 

and to variations in the electron beam position the accuracy of the 

wavelength scale could only be determined to within the half width at 

half maximum band pass of the monochrometer (0.4 A ) . However, the 

relative wavelength scale was found to be reproducible to better than 

0.1 A. 

C. Results 

The photoionization yield of He, recorded at a resolrtion of 2.5A 

(FWRH) is shown in Fig. 3. He, was prepared by expanding He gas at 

77 K and 2000 torr through a 20 ym-diameter nozzle. The threshold for 

production of He, was taken to be the point at which the signal rose 

above the background. The sensitivity of these signal measurements 

at threshold was IX of the signal at 570 A. Sue to the cooling of 

internal modes in the supersonic expansion no corrections to the measured 
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threshold ware da—ad accessary. The observed ionisation potential 

of He, was found to be 20.21 ± 0.05 eV (613.6 ± 1.5 A). This threshold 

energy is an upper bound to the adiabatic ionisation potential of He,. 

Combining thia number with the ionisation potential of Re (21.565 e?) 
25 and the We, toad strength (0.004 eV) we obtain an lower bound to the 

diasociation energy of Me. of 1.36 ± 0.05 eV. This value is in excellent 
3 agreeaent with previous spectral line shape studies of Connor and Biondi. 

28 The reported electron iapact appearance potential aeaiureaent is 0.69 

± 0.2 eV. This technique suffers froa poor energy resolution and poor 

threshold sensitivity. The dissociation energy derived from interpreta

tion of ion aolecule scattering data ranges anywhere frost 0.33 eV to 
27 0.71 eV. This aethod is limited by low energy ion source technology 

and difficulty in data interpretation due to the coaplication and possible 

interference of aore than one potential energy surface. 

The photoion yield signal rises slowly froa threshold due to th» 

very saall (Franck-Condon) overlap between the weakly bound long-range 

potential of the ground atate and the aore strongly bound ground ionic 

state. Several broad, unresolved peaks are present in this spectrum, 
4 5 aa was the case for the heavier rare gas systems previously studied. ' 

A higher resolution scan (0.8 A FHHM) over this same wavelength region 

ia shown in Fig. 4. This scan shows the aajority of the above peaks, 

with widths near instrumental resolution. 

The photoioniiation yield of He. froa 545 A to 490 A at a photon 

band paaa of 0.8 A FIRM is shown in Fig. 5. This spectrum was obtained 

froa an expansion of He gas at 4.2 K and 700 torr through a 20 pa aoczle. 

The spectrum ia dominated by a aeries of eharp autoionization resonances. 
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In fact, the direct ionization below the atoaic ionization potential was 

lees than IX of the peak intensity. This very eaall direct ionization 

cross section aede it impossible to prove whether the He, originated 

froa the supposed aolecule He, or froa dissociative ionization of 

larger cluaters. A careful search for He, ion at the peak of the 

autoionization resonances and above the atoaic ionization potential 

resulted in no signal above the background of 0.1 counts/sec. By 

coaparison, the He. signal was 4 counts sec*" at the peak of the 

autoionization resonances, and the He signal was typically 3000 counts 

sec beyond the threshold. The background pressure in the ionization 

region was estiaated to be 6 x 10 torr (corrected for the ionization 

efficiency of He). This low background pressure in the interaction 

region excludes the possibility of the observed He. being produced 

solely by cheai-ionization, that is 

* + He + He •+• He, + e 

Measurements Bade with siailar beaa intensities and with higher 

aain-chaaber background preasures but at 77 K (where heliua clusters 

are not expected to be present) showed that at aost only 5X of the 

observed signal could be due to this type of process. Therefore the 

majority of the observed He, signal must coae froa clusters foraed in 

the He expansion at 4.2 K. 



15 

D. Piscassiosi 

1. Kara Ca* Pimer Ionic States 

The rare gas van der Waals aolecules (He. and larger) can be 

described by a liaemz combination of atomic £rbitals-molecular orbital 

(LCAO) single-determinant configuration of 

2 2 2 4 , 4 2 ... (a ns) (a ns) (a np) (IF np) (IF np) (a np) 

where n « 2, 3, 4 and 5 for Ne, Ar, Kr and Xe, respectively. 

The ground states of the rare-gas dimers have £ (0 ) symmetry 

and are overall repulsive with only long range van der Waals minima 

of 4 meV, 12 meV, 17 meV, and 24 meV at 3.1 A, 3.76 A, 4.00 A, and 
25 28 4.36 A for Ne., Ar., Kr„ and Xe,, respectively. ' The four lowest 

ionic states LCAO configurations, neglecting spin-orbit effects are: 

... (o np) (TF np) (FT np) (a np) ; A Z g r u r g r u u 
2 4 3 2 2 ... (a np) (TF np) (7r np) (a np) ; B n g u r g r u r ' g 

... (a_ np) (TT np) (7r np) (o np) ; C If. g u g u u 

... (a np) (TF np) (IF np) (a np) ; D I . 

2 + 2 The A Z and B JI states result from removing an antibonding 
2 2 + electron, producing attractive wells, while the C II and D I states 

2 + are repulsive. The large pa - po overlap makes the A Zn considerably 
2 more attractive than the B II state. 

u 
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2 2 Inclusion of spin orbit effects wii.l split the B II and C II 

states into their Q » 1/2 and 3/2 components. At large intemuclear 

distances, where spin-orbit interactions are comparable to chemical 
29 forces, these systems are best described in Hund's case (c) notation, 

2 shown in Table 1. The ft » 1/2 component of the C II configuration 
2 + is mixed with the A I configuration by spin-orbit interactions, 

2 2 + 

as is the ft * 1/2 component of the B II configuration with the D I 

configuration. The six case (c) ntates are designated l/2u I, l/2u II, 

l/2g I, l/2g II, 3/2u and 3/2g, where I signifies the lowest lying state 

of l/2u or l/2g sysssetry. The ground ionic state is the l/2u I state. 
2 + 2 

Recalling that the A £ configuration is attractive, and the C II 

repulsive, the resulting l/2u I state will become less attractive 

(dissociative energy will decrease) and the l/2u II state will become 

less repulsive (more like a bound state) as the mixing increases. 

The experimental dissociation energies of Rg, decrease mono-

tonically from Me. to Xe„. The spin-orbit splitting of the atomic 

ionic states increases monotonically. Recent theoretical calculations 

on the ionic states of the rare-gas systems, without spin-orbit inter

actions, have given nearly identical potential energy curves for Me 
30 through Xe. To examine the extent to which spin-orbit interactions 

are responsible for the trend in these dissociation energies, a reduced 

potential energy (i.e., omitting spin-orbit interactions) is fit to 

the measured dissociation energies. 
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The apin-orbit interaction matrices for theae states are 

Q - 3/2, [e(2n) + | ?] 

31 

fl - 1/2, 

rE(2n) - I c i~mi 

L 2 " 1 / 2

? E(2Z) J 

where X, ii the apin-orbit splitting parameter. Using the atoaic value of 

| p P 3 / 2 ) - E ( 2 P 1 / 2 ) ^ 

2 2 deduced froa the ionic P-,? and P. .. states, and treating this Ksail-

tonian as a perturbation the energies of the two interacting states 
2 2 

E( I) and E( II) can be estiuated. This fit is shown in Fig. 6(a), 

where D° - E( 2P) - E( 2E) and T° - E( 2n) - E( 2P). In order to fit the 

He* and Ar* data D° aust be between 1.37 and 1.41 eV. Using 1.39 eV 

for D , T is adjusted to fit the Xe, well depth. This fit, however, 
• 32 

overestimates the Kr, data point by 40 aeV. The sensitivity of this 

procedure to T is very poor as indicated by the lines of T » 0 and 

T • «•, in Fig. 6(a). The best value, T - 3.0 eV, is larger than 
2 any of the theoretical calculations of the II atate energy at ft of 2 the ground ionic state ( £). However the upper state potential energy 

curve is steep at this iaternuclear distance and a aaall decrease in 
ft stakes a large increase in T 
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The solutions of the secular equations yield eigenstates given by 

| u i - c^chj + C 2(A 2I:*) 

^u i i - c 2(c 2n u) - CJCAV) 

with coefficients of the following form 

ci" l 1 +7-±To3] ,nd c 2 - ( 1 - c 5 ) 1 / 2 

Nuaerical value* of theae coefficients, evaluated at R using 

the reduced potential, are shown in Table 2. At large internuclear 
1/2 distance, (R), these coefficients approach C. * (1/3) * 0.577 and 

C 2 - (2/3) 1 / 2 - 0.817. 

The long range fora of these ionic states is therefore a strong 

nixture of the A - T. states appropriate near tie equilibriua internuclear 

distance. In addition, at very la-ge internuclear distances the potential 

is usually better described by dispersion forces. The dominant inter

action is an ion-induced dipole, for which the potential is -a/2R , 

where a is the polarisability of the rare gas atoa. This potential is 

evaluated in Table 3 at the internuclear separation of the neutral rare 

gas diaer. The vertical ionization potentials froa the photoelectron 
34 spectroscopy studies of Dehacr and Dehaer are alao shown Table 3 for 

comparison. In this region of R the ion-induced dipole interactions 

account for less than half of the total potential energy. Therefore, 

chsaical forces are still very iaportant even at these large internuclear 

distance*. 
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34 In addition, Denser and Behmer estimated fro* their photoelectron 

spectra adiabatic ionization potentials of the l/2u II states, also 

listed in Table 3. Frost the shape of the photoelectron band these states 

have a shallow minima located at only slight^ —aller internuclear 

separation than the van der Waals well. Again a reduced potential eturgy 

for these states is derived using the Ar, and Xe. data to determine D 

and T respectively. This fit is shown in Fig. 6(b) for T • -0.05 eV 

and D • 0„6 eV. Again, the Kr data point does not fit well and the 

D is larger than ab initio potential at this interatomic separation. 

This model fails to yield a reasonable reduced potential at this large 

internuclear distance. The aost likely cause is an additional configura

tion interaction effect besides spin-orbit interactions. 
2 The first excited ionic state, B II... (3/2g), i« expected to be 

attractive but not nearly as much as the ground ionic state, because 

of the weaker pir - p7T bonding. The minimum of the potential is also 

expected to lie at larger R than for the l/2u I atate, because as R 

decreases the pa - pa antibonding begins to dominate. The photo-
34 electron spectra of Ar_, Kr,, and Xe,. confirm these expectations. 

2 2 
The remaining ionic states, C II,.- (3/2u), l/2g I (B II, ., ) 

2 + and l/2g II (0 E ), are expected to be repulsive for long range 

dispersion minima. A schematic representation of these potentials is 

shown for Neon in Fig. 7. 

2. Excited States of Kara Gas van der Waal, Dimers 

All the excited states of the rare gas molecules are expected to 

be of the Hydberg type. *hat is, their energies and the general shapes 

of the highest occupied orbitals resemble those of hydrogenic systems. 
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The t e n valmc of a diatomic molecular Rydberg states at a given iater-
amclaar separation is give* by 

E - IP --
n (n-o(O) 2 

where IP is the ionication potential or series Unit, R is the Rydberg 
constant, Z is the charge of the core, n is the principal quantum number 
and 6(A) is the quantum defect. The average radius of a Rydberg electron 
is given by 

(n-6(*)>2 a 
— o 
rn z 

c 
where a is the Bohr radius. The quantum defect, <5(£), is a weak 
function of n, but it converges more or less rapidly to a constant 
for large n. 

At small R, as n increases, the potential energies of the molecular 
Rydberg states approach those of the ionic core states due to the high-
lying Rydberg electron having less and less probability density in the 
region of the internuclear axis. In fact, the energy of the first 
molecular Rydberg state is approximately three-fourths of the ionization 
potential—much closer in energy to the ionic state than to the ground 
state. In the rare gaa dimers the low-lying ionic states, at small R, 
are very good approximations to the molecular Rydberg states. Ab initio 
calculations by Cohen and Schreider on one of the lowest Rydberg states 
for Me 2 gave D^ + V ^ 5 of 0.601 eV with Rft - 1.79 A while their Me* 
l/2u I values were D « 1.20 eV and R - 1.75 A. Because of this 
similarity, molecular Rydberg states are, at small R, identified by the 
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•tat* of it* ionic cor* and th* n and I value* of the Kydberg electron 

in the united atoa (DA). At larger * th«*e state* are better described 

by ICAO configuration*. At very large R the single configuration LCAO 

treatment fail* by predicting the wrong dissociation products. Either 

a valence bond approach or a multiconfiguration wavefunction must 

be used to obtain reasonable descriptions at large internuclear 
36 distances. Mulliken has shown that for a aolecular Rydberg state 

37 with an unpromoted Rydberg molecular orbital, its potential energy 

curve follows the ionic core at all R, while in the case of a promoted 

Rydberg aolecular orbital the potential energy curve acquires an 

obligatory hump at intermediate R. In both the He. absorption spectra 
7 8 and theoretical calculations ' these humps have been found to be 

usually less than 600 cm . This is in contrast to the He, Rydberg 
—1 36 38 states with some humps larger than 4000 cm . ' 

At small R the possible states that arise from coupling the ionic 

cores with the different possible UA Rydberg electrons are listed in 

Table 4. Only the lowest lying molecular ionic cores and united Rydberg 

orbitals of so , pa , Pir , d a , dir and d5 are considered. The higher 

lying ionic core states will be above the energy region of concern, that 

is below the P,._ ... atomic ionization potentials. Larger X valued 

(A > 3) UA Rydberg orbitals can'be of importance but will produce atates 

similar to the ones shown here. 
2 2 + Mulliken has shown that Rydberg states with C II and D E core * u g 

configurations dissociate to Rg + Rg~, or since Rg is unstable, to 

Rg • Rg + e . Therefore, although some of these state* are possibly 

attractive they lie such closer in energy to the atomic ionisation 



22 

2 • 2 potential than those of the k Z and B II cores. This eliminates 

half of the states listed in Table 4. Of the remaining states only 

the following satisfy dipole selection rules for excitation from the 

Rg. ground state: 

A 2 r + «so 
u g 

Ou, lu 

B 2 n g »pa u Ou, (2)lu 

B2ng»piru (2)0u, (3)lu 

A2X+mda u g Ou, lu 

A2E+mda u g Ou, (2)lu 

A2r+md6„ u g lu 

As the internuclear distance increases the Rydberg electron will 

spend more tine in the internuclear region. The Rydberg state described 

by the ionic core is perturbed by the electron and becomes better 

characterized by LCAO or VB wavefunctions. Although the Rydberg 

electron loses its united atom quantum numbers m and I, it retains its 

projection upon the internuclear axis, X. At still larger R the Rydberg 

electron will become more localised on one or other rare gas atoms, 

regaining principal (n') and orbital angular momenta quantum numbers. 

For unpromoted Rydberg MO's n' and m are equal. The resulting dissocia

tion limits are either an excited Rydberg atom and ground state atom or 

the ion, a ground state atom and a free electron. The symmetries of the 

Rydberg states derived from the former dissociation products are given 

in Table 5. The (j,Jt) coupling scheme for the rare-gas Rydberg atomic 

state is employed where j is the cores total angular momentum and I is 

the orbital angular momentum of thu Rydberg electron. This type of 
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24 coupling, like j,j coupling, gives paira of atatea. The number in 

the bracket* (Table 5) ia the average J value of the pair of atatea. 

If the order of the UA ftydberg limits were known the exact atate 

correlation diagram could be drawn in the uaual faahion. Mulliken haa 

estimated tbeae energies for Xe,6e and 5p Rydberg atates creating 

approximate potential energy curvea. Several reasonable aesumptions 

were uaed concerning the united atom limit*. These assumptions are: 

2 1 

Pns + S. * ns0 or (n+l)po 

2 1 
Pnp + S 0 •* (n+l)da , npir , (n+l)dTr , (n+2)fo 

The corresponding relationship for the d states is: 

2Pnd + 1 S A -" (n+3)g , (n+2)£iru, nd6 , (n+2)f6 , (n+3)gu , (n+4)ha . 0 g g u g u 

The correlation diagram, not draw to acale, for an ns Rydberg state ia 

shown in Fig. 8. Schematic potential energy curves for the 6s states 

of He, are depicted in Fig. 7. Of the total 16 states only 5 are 

dipole allowed. Of these five, two are Ou and three are lu symmetry. 
3 + The loweat lying lu atate retaina a significant £ character at all 

internuclear diatance, nearly coincident with the Ou atate. Therefore, 

transitions to this atate are not expected to be intense. The next 
+ 2 + 

highest state, Ou, haa the A £ core and closely resembles it. The 
2 next highest lu atate haa a B II,., core. This core state ia overall 

repulsive but.with a long-range minimum aa previously described. The 

Kydberg atate ahould resemble the core state at small X but diaaociate 

over a maximum, characteristic of a promoted MO.. Thus, this atate ia 
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•oat likely repulsive ia the vertical transition region of the van der 
Heals molecule. The remaining two dipole allowed states (On, lu) have 
2 2 

1 n, / 2 cores. The ionic state (1 II,»«-) *• helieved to be repulsive, 
aside from a possible attractive dispersion minima. However, the Rydberg 
states of Ou symmetry are a mixture of two LCAO configurations at 
large R, due to spin-orbit interactions. One of these configurations is + 2 + primarily responsible for the attractiveness of the lowest Ou (A I.,_ 
core) state. The other configuration is repulsive. The spin-orbit 
interaction mixes these two configurations. Therefore, the higher lying 
Ou state is less repulsive than its predominant ionic core configuration, 
2 . . . 

B L . . . This effect, as well as the attractive dispersion force, give 
this state a long range minimum. 

As far as the p Rydberg state are concerned, the energy order of 
the united atom (UA) molecular states are not known, making a definitive 
correlation diagram impossible to construct. Mulliken estimated both 
the energy order for the lowest UA states and Rydberg potential energy 
curves. Using an ordering similar to Mulliken for the UA states 
Fig. 9 was constructed. Only the Ou and lu correlations are shown. 
In these atomic limits only J « 0 and J « 2 produce Ou and lu states. 

2 + 2 
The P..,np manifold forms three Ou and five lu states while the P,.,np 
manifold gives two states of Ou and three of lu symmetry. At small R 

2 + + 
the UA limit of A E,., (n+Ddu forms an Ou and two lu atates, while 

2 + + — 

the A E.,_ (n+l)da yields a Ou state and a Ou, lu atate. This 
latter lu atate ia derived from a £ configuration and, as noted 
before, is expected to have a small cross-section. Therefore, the 

-• „ . _ , . ^ _ _..__-,. .... ...._ .2_+ 
H/2u 
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•tat* ia predicted. Two Ou and three lu states result from coupling 

a npw Rydberg electron to a B 11̂  core. One of these Ou and three lu 
3 4 

states are expected to have significant £ character, and thus small 
2 + 

cross-sections. Finally the B n(n+2)fo state* has one Ou and two 

lu components. 

The nd Rydberg states are even more numerous than the np Rydberg 
+ 2 

states. There are four Ou and seven lu states derived from P...nd + 
1 + 2 1 
S Q and two Ou and four lu states resulting from P. ,_nd + S_, with 2 + only J » 1 or 3 atomic states contributing. In the UA limit the A £. .. 

+ 2 
core is responsible for two Ou and four lu states, the B II,.„ core 

+ 2 
creates only one Ou and three lu states, and the B £... core gives 

+ 2 + 
three Ou and four lu states. If the A E,., core UA states lie lower 

2 + 
in energy than those with a B II core, there will be at least one Ou state 

2 + 2 + 
with an A £. .« core and an atomic limit of P,.,nd. The other Ou state 

2 will probably also have an P,,.nd atomic limit. The lower of these two 
Ou states will have an atomic parentage of J • 1. A plausable correla

tion diagram for these Ou and lu states is shown in Fig. 10. 

3. Ionization Process 

Photoabsorption studies of molecules above the ionization potential 

indicate that both continous and "discrete" processes play an important 

role. The familiar energy conservation equation is indicated below: 

ACEjjfl,) + hv * A*(Ej,rr) + e"(KE) 

E<hv) - E ^ - E"lm • RE • IP 
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where EJJ— and E__ arc the internal energies of th* neutral and 

ion respectively, KE is the kinetic energy of outgoing electron and 

IP is the adiabatic ionization potential. The transition moment for 

dipole radiation between the initial state ip" and the final state (ion 

and electron) if/' is 

Using the Born-Oppenheimer approximation the transition probability 

is proportional to 

|<^(r,R)|j:pe|^(r,R)>|2 |<^(R) | ^(R)>| 2 . 

The first term is a slowly varying function of R, and non-zero for single 

excitations, due to the fact that the free-electron wavefunction is not 

restricted with respect to its orbital angular momentum or energy. The 

free electron final state is responsible for the continuous nature of 

this process. 

The "discrete" processes are also included in these matrix elements, 

if the full Hamiltonian and true eigenstates of the system are used. 

However, the popular one-electron one-orbitr.l and Born-Oppenheiaer 

pictures of a molecule does not adequately account for all of the 
39 observed processes. The approach usually taken is to use perturbation 

theory to account for missing terms in the Hamiltonian. This is most 

useful when calculating perturbations that the initial basis set can 

easily accommodate. When this is not the case, the more difficult task 

of increasing the basis set and including a more complete Hamiltonian 

in a variational calculation should be followed. 
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The "discrete" processes in the ionization of molecules have clas

sically keen described as involving two steps. First, the photon excites 

a "discrete" state in the ionization continuum which then decays via 

autoionization (AI) to the ionic state and an electron. For atoms, 
40 Fano and Cooper demonstrated that the details of autoionization process 

cannot he described using the above model since there is in fact, no 

intermediate state. In essence, the Hamiltonian that would couple the 

imaginary discrete state to the continuum cannot be turned on and off 

at will. However, the gross features of autoionization can be estimated 

by examining the process with a perturbation Hamiltonian. The matrix 

elements are of the form 

where H is the perturbation and ^ is the discrete state that is 

autoionized. 

Several different types of AI have been observed in atomic and 

molecular systems. For molecules excited only slightly above the first 

ionization potential the predominant processes are vibrational and 

electronic AI. Vibrational AI involves the transfer of vibrational 

energy of the AI state to kinetic energy in the out-going electron. 
41-43 Treatments by Berry et al. have shown that for H, the dominate 

perturbation element is of the form:. 

<*>vl^<l^<» 
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where •* is the vibrational wavefunction of the AI state. They found a 

propensity rule for this type of AI which is v* - v' « 1, and an increase 

in intensity with increasing v*. Their results adequately explain the 

photoionisation efficiency of H_. However, this propensity rule, does 

not work well for M, or MO, where v* - v • 1, 2, 3 transitions have 
43 44 been observed. ' For H., the nuclear momentum operator tens considered 

by Berry et al. is the most important. However, when this terns is 

snail, the other terns in their model doninate. These are 

<^e|32/9R2|<|/*><^|**)<^|**> 

<*e | J - £ | * * > < « £ |3-£|*J><*;iii5> 

<*e | ( J - £ ) 2 I * ; > < * ; I ^ X * ; I * ; > . 

The first tern is the largest and only when the shape of the AI 
41 state differs significantly fron the final ionic state. This can be 

the case when an AI Rydberg state core is different than the final ionic 

state. However, no longer will just vibrational energy be transferred to 

the electron, but in addition electronic energy fron the core relaxation. 

This process is referred to as electronic AI. The natrix elements that 

control this interaction will have the form 

2 where e /r.. is the repulsion between the Kydberg electron and some core 

electron. 
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Swath has derived the vibrational intensity dependence of AI by 

using the formulism of Fano. There are two distinct cases: 1) where the 

excitation width is narrower than the AI resonance 

i - I<*X>I 2 + NX>I2<**I</I;;>IV 

where q is the enhancement due to autoionization; and, 2) when the excita

tion width <5(hv) is larger than T the resonance width. The ionic 

state vibrational distribution will be described by 

i-i<*x>i*+i<t;nc>i* HK^^dk • 

The shape of the resonance is given by 

a(E) - o0(E) (q + e)2/(l + e 2) 

where o.(E) is the cross section in the absence of the resonance, and 

e is the reduced energy, e « (E - E )/(l/2D. Characteristic features 

of AI are an asymmetrical line shape and vibrational state populations 

proportional to the products of Franck-Condon type factors. 

Recalling that vibrational AI occurs when the Rydberg state core 

is the save as the ionic state and that the ionic vibrational state 

populations are controlled by the propensity rule, the outgoing electrons 

will have, at aost, kinetic energies equal to a vibrational quantum. 

As the excitation energy increases above threshold the majority of the 

excess energy is left in internal degrees of freedom of the molecular 

ion. In contrast, electronic AI can produce electrons as energetic 

as those produced by direct ionization (i.e., hv - IP). Electronic 
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AI has been observed in several systeas. Recent studies on K.O ' 

have shown that AI can also produce very low kinetic energy electrons. 

4. Rare Gas van der Waals Pinter Ionization 

The rare gas van der Waals ainiaua lies at a such larger inter-

nuclear distance than the ionic state ainiaua. Therefore, direct ioniza

tion populates only the very high vibrational states of the ion. This 
2 + results in an vertical ionization potential for the A L state auch 

+ 2 + larger than the adiabatic IP. For exaaple, the Ar_, £... , vertical 

IP is 15.55 eV while the adiabatic IP is at least 14.44 eV, a difference; 
34 . . < 

of 1.11 eV. The vertical transition is to approximately v • 40 of 
the ionic state with its v * 49, and has a width of approximately 

nax 47 16 states. Schneider and Cohen calculated Franck-Condon factors for 
the theoretical potential for a similar state in Ne. and found them 

to be exceedingly small, less than 10 for the lowest v levels. 

This evidence as well as the aeasured photoionization efficiency curves 

froa this laboratory rule out direct ionization as a possible aechanism 

for production of the diaer ions near threshold. The sharp structures 

in the yield curves are aost certainly due to AI aolecular Rydberg states 

of the rare gas diaers. In fact, these states have significant cross-

sections very close to the adiabatic ionization potential. Aa previously 

discussed, there are two possible AI processes to be considered. Vibra

tional autoionization will be first. -

The type of state necessary for vibrational AI is one that is 

very similar in shape to the ionic state. Since the ground ionic state 
2 + is A £]/« (indeed, quite different froa the other ionic states) the 

Rydberg states involved aust have this core. Aa previously noted, there 
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are several states of this type with the proper symmetry that can be 

reached by dipole selection rules. However, like the A state, in the 

vertical transition region, at large R, they can only be populated in 

high v states. For this type of autoionisation, if the propensity rule 

is valid, only high v states of the ion can be produced, as shown in 

Fig. 11(a). Consequently, vibrational AI will not produce ions near 

threshold. 

On the other hand, electronic AI is not restricted by the propensity 

rule. The vibrational states populated are governed by Franck-Condon 

type factors and the dipole aatrix elements between true eigenstates. 

The importance of configuration interaction modifying the results obtained 

by using single configuration wavefunctions in similar situations has 
31 2 

been described elsewhere. Recalling that the description of the B II 

core Rydberg state at large It is indicative of considerable mixing with 

the A core configuration by spin-orbit interactions, these dipole matrix 

elements might be significant. In addition, the Rydberg states with 
2 predominantly B II cores have larger Franck-Condon factors coupling 

to the ground state, due both to their large R , and to their widths. 

They will also have significant Franck-Condon factors coupling to the 

ground ionic state. The Franck-Cf/ndon overlaps are demonstrated in 

Fig. 1Kb). 

In the perturbation approach this process is an energy transfer 

between the core and the Rydberg electron. The perturbation Hamiltonian 

is the Rydberg electron-core repulsion. This type of perturbation is 

similar to that responsible for the pronounced AI in the rare gas atoms. 
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It has also been used to explain observed AI in molecular systems like, 

II * 9 

*2 ' 
High resolution VDV absorption spectra of the rare gas diaers have 

8-14 been reported. All of the states observed were aolecular Rydberg 

states in character, foraed froa Rydberg atonic states and ground state 

atoas. These studies are limited to relatively-low lying Rydberg states 

by the extensive broadening of the nuaerous atomic lines. This is in 

contrast to the photoionication studies reported here which (although 

of auch lower resolution) are not sensitive to the atomic transitions 

or to strongly dissociative aolecular states. For both He. and Ar„ few 

states above the adiabatic IP were ase *.d in addition to the nany 

lower-lying states. Nevertheless, several generalisations are made 

froa the reported absorption data. 

Two Rydberg aolecular states are observed which arise froa the 
2 1 P,.,ni + S. atoaic limits. The lower lying of these is assigned to 

the lu state which consists of an extension v progression up to the 

dissociation liait (10 bands) and is about a factor of 10 less intense 

than the higher energy state. The higher states are aost likely Ou 

and display a somewhat shorter v progression to the dissociation limit. 
2 + As indicated beforehand, these states have 1 A £.,. core. 

2 + 

In the region of the P./ 2
n *to»ic lint, a Ou state which has 

a auch saaller vibrational spacing, but an intensity coaparable to that 

of the lower Ou state is observed. This lower vibrational frequency 

is just what is anticipated for a Rydberg state with a B n,<_ core. 
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At least three systems are observed near the ap atoaic states. 

The highest energy state has the longest v progression and the most 

1/21 
+ . . . 2 intensity. It is assigned to a Ou state, dissociating to P. ,_np 

(J " 0) and Sn atoms. The lower systems of bands are approximately 

2SZ as intense with only a few v states observed. These systems have 

not been conclusively assigned. As a whole the np systems are a factor 

of 200 less intense than the Ou states observed in the ns series for 

Me. but increase intensity from the heavier rare gases. 
2 Several of the band systems for Ne. and Xe. in the region P,,„nd 

states appear to be similar in structure and only slightly less intense 
+ 2 

than the Ou states derived from P.,.ns atoms. Only two systems in 
2 + 

the region of the P,,„ states are observed in Ne„, being assigned to Ou 

molecular states dissociating to P.. 3d[1/2] plus S and P . 3d[3/2i 

plus S Q atoms. Many additional systems are observed in Xe.; however, 

state symmetries are not assignable, due to irregular vibrational spacing, 

which might be evidence a curve crossing. 
2 1 + 

A P. ..nd anJ. S. atom couple to two Ou and four lu molecular 

states. Only in Ne_, have systems in this energy range been reported, 

but atomic limits were still not assigned. The vibrational spacings 

are irregular suggesting the possibility of two states or a curve 

crossing. It is reasonable to assume that at least the highest of these 
2 systems would have B II core. 

Because the states involved in the AI of the rare gas dimmers are 

the same as those observed in absorption *>ut modified in intensity by 

coupling with the continuum and Franck-Condon factors, the following 

predictions are made. 
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X). Of the molecular Kywtorg states derived frosi ̂ ...rns or «• 
2 + atoms amd a groom* state atom, the ones with an A E,.-

core will be wore internee in absorption than in photoiooication 

near threshold. 
2 II). Considering the states with atomic limits of P ]/ 1ns or nd 

plus S_, the most intense will have Ou symmetry with a 
2 B n core and appear with comparable intensity in both 

absorption and in photionization. 
2 III). The states with P.,. o/7»p atomic liaits will be weak for 

Me, and increase in intensity for the heavier systems. 
2 Again we expect the B H core Rydberg states to be more 

pronounced in photoionization spectra than absorption spectra. 

Figure 12 shows the photoionization efficiency of Ne. in the region 

of the sharp AI structure near threshold. In the top position of this 
o 

figure, the absorption data of Tencka and Yoshino are plotted. The 
2 first peak, which is red-shifted from the atomic P. ..5s state, agrees 

+ 2 with system XII in absorption. This is an Ou with I B I.,, core. 

The absence of an intense peak corresponding to system XI (Ou from 
2 2 + 

P,,_5i) in consistent with prediction I, namely, that I A L,, 

core Rydberg state will not be efficient in autoionization near threshold. 

The second peak in the efficiency curve lies coincident in energy with 
2 the ?,..k& atomic states. If the energy ordering of the UA states 

indicated in Fig. 10 is correct, there will be two Ou states and three 
2 + 

lu states with B II cores and two Ou states and four lu states with 
2 + A £... cores. It is possible that, again, the B core states yield 

significant intensity; however, the A core states can not be ruled out. 



35 

If the 4 core states sake a significant contribution to this peak, 

prediction I would be contradicted. Unfortunately, absorption stadias 

have not baen reported in this energy region. 
2 The third peak is red-shifted froa Pi/?** atonic state which 

produces two Ou states and three lu states, all certainly with B core. 

The observed red-shift of this state is in excellent agreement with the 
2 P..-3d state reported from absorption Measurements. The intensity of 

2 this peak is as expected front prediction I. There are several P 3/ 2
5P 

states in this energy region which aight contribute, but not to a signif

icant degree. 

The fourth peak, which is weak and well removed froa Ne s and d 

?l/2 5 

2 atonic states, is red-shifted from the P./,5p states. The molecular 
2 state responsible for this structure will have a B II core. Although 
2 this peak is weak, it is twenty tiaes as intense as P..,3p and 4p 

analogues seen in absorption studies. This behavior is in agreeaent 

with prediction III. 
2 The p

3 / 2 6 * state of neon lies slightly to the blue of the aaximua 

of the fifth peak. There are no other known atomic states between the 
2 2 
P..„6» and P,,-5d states of Ne. Therefore this peak's blue shift 

2 is assigned as AI through the repulsive lu state derived froa P. ,.6s, 

J » 1 and S. combination. This state is responsible for the broadening, 

toward the blue, of the atoaic line in absorption at high pressures. 
2 It has a B H,,. core, and a positive dispersion force, and a proaoted 

Rydberg HO. All of these effects Bake this state repulsive; however, 

an avoided crossing at large R can yield a local ainiaua. Fig. 11(c) 

shows how such a local minimum can enhance the autoionitation cross-



36 

section over that for a completely repulsive state. The red-shifted 

portion of this peak, in the photoionisation efficiency, is due to the 
+ 2 • 

Ou state with an A ^i/, u core. It is the higher energy analog of 

the state responsible for system XI in the absorption spectra of Tanaka 

and Toshino. 
2 The sixth peak is coincident with Po/,5d states, red-shifted 2 from the Pi/26* atate and broader than the other intense peaks. 

This peak is assigned to molecular states arising from both of the 

atomic states. This assignment is consistent with the first and 

second peaks both in red-shift and intensity. 

The seventh and final peak to be assigned is red-shifted from the 
2 P..,5d just as the third peak is from the 4d state. Its intensity 

is consistent with prediction II. 

At higher photon energy the density of states increases, thereby 

blending the peaks together and preventing further assignments with 

the available resolution. Below the onset of the sharp structure, the 

photoionization efficiency decays very slowly to threshold. Several 

processes contribute to this decay. The largest of these will still be 

3/25 

2 autoionization. The atomic states in this energy region are P...5s, 
2 2 P. .-4p and P,..4p. The observed ionization potential is in the 

2 1 region where AI states from P.,_ 4p + S. are predicted to have 

intensity in analogy with the fourth 'peak. 

The photionisation efficiency of Xe,, Kr, and Ar. studied in this 

laboratory by Mg et al. are shown in Fig. 13. The smaller D of these 

ions, the stronger spin-orbit interactions, and the poorer resolution 

made assignments similar to those for Me, impossible. However, an 
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obvious tread is observed in going frost Ar. to Ze,. The major 

intensity in Ar. is in the region of the ns and nd, states while for 

Kr, considerable intensity is observed between these states, and for 

Ze, this tendency is lost. In the absorption studies for these systems, 

the np type states increase in intensity in going frost He to Ze. In 

addition any propensity towards fi « 0 instead of fl • 1 is expected 

to decrease with increasing spin-orbit interaction. Therefore, the 

number of accessible states will increase in going fro* He. to Ze,, 

resulting in the observed trend in the photoionication efficiencies 

of the rare gas systems. 

Very recent photoionization mass spectrometric results, on Ar., 

reported by Dehmer and Foliakoff using higher resolution, show that 

indeed the broad structure in Fig. 13 is comprised of several electronic 

states. They assigned the first band system above threshold, which 
o 

is also observed in absorption spectra by Tanaka et al., to a state 
2 1 derived from P..JSp + S- atoms. Similarly, an analogous state in 

He, r..,4p + S., is predicted to the responsible for the observed 

threshold signal in this work. 

5. (He)„ Discussion 

Supersonic expansions are excellent sources of weakly bound clusters. 

By combining this technique with photoionisation mass spectroscopy it 

was hoped that the stability or instability of He- could be determined. 

The key to the experiment is observation of not only He, ion but also 

the He. ion. If He. is more stable than He,, photoionization yield 

measurements between the two thresholds would quantify the He. component 

in the beam. The He, produced by dissociative photoionisation could 
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then be estiaated above the le, appearance potential, lowaver, no 
let ions were observed; and, in fact, the only significant let yield 
was at autoioaization resonances. In addition, a decrease in bean 
intensity, which resulted froa a partially clogging nozzle, prevented 
reproducible pressure aeasureaents. 

The aost likely source of the observed He. ion was dissociative 
photoionization of larger clusters. Unfortunately, the observed auto-
ioniration structure cannot be assigned to molecular states since the 
initial aolecular species remains undetermined. Nevertheless, the major 
features of the spectrum can still be rationalized by considering a 
hypothetically bound He, molecule. 

The lowest aolecular ionic states of He. are A " lsa lscr «nd 
2 u g 2 + — B « lsa lsa . The B state dissociates into an ion pair (He + He + e ) u g * 

while the A state forms an excited Rydberg He atom and a ground state 
atom (He* + He). The Rydberg states of He„ have been extensively 

20 51 52 studied ' ' and Mulliken has estiaated their potential energy 
36 curves. The Rydberg states pertinent to this work have dissociation 

2 1 products of Snp + S symmetry. These atomic liaits are given on the 
top of Fig. 5. The wavelength offset for this scan, due to instrumental 
problems, was determined by aligning the atomic ionization potential 
with the onset which is indicated in the figure. The accuracy of this 
procedure is estimated to be ±0.3 A. - Therefore, the red-shifts are 
real, as expected for this type of a aolecular aystea, but their values 
cannot be accurately determined. 
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I. Conclusions amd fr—mary 

The diesociation energy, D. t of Be, ia determined to be greater 

them 1.36 ± 0.05 eV by photoiooization mass spectroscopy. A simple 

spin-orbit interaction model ia shown to explain the decreaae in the 

dissociation energies of the heavier rare-gas molecular ions. The 

supersonic molecular beast technology and intense continuusi synchrotron 

radiation source, eaployed in this work, yielded sufficient signal 

to reaolve a few of the lowest autoionizing molecular Rydberg statea. 

Careful consideration, of the autoionization mechanism(s), abaorption 

spectra, and electronic configurations of the molecular Rydberg states 

led to several assignments in the photoionization efficiency. The mole-
2 cular Rydberg states with B n core configurations are found to make 

the most important contribution to the photionization cross-section 

near threihhold, due to their ability to bridge the excitation between 

the large initial R of the van der Waals dimer and the small R of the 

ionic molecular state. Vibrational autoionization is shown not to be 

a plausible mechanism near threahold due to the vertical transition 

region at the large internuclear distance of the van der Waals molecule. 

Electronic autoionization is not restricted as such and is expected 

to be further aasisted by the spin-orbit interaction's ability to mix 

A core character into a B core molecular Rydberg state. 

Finally, the aearch for the elusive He* molecule failed. The 

observed He. signal waa moat likely due to complete dissociative 

autoionisation of He,. 
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Table 1. Correlations between A-Z states and u-oi (case (c)) states 
fro* 2P3/2t 2*l/2 states coupled to a *So state. 

A-£ coupling Case (c) Atomic liaits 

AV 

B2n 

c2n 

?V 

AV 

B2n 

B2H 

c2n 

c2n 

l/2g 

l/2u " ' i 

3/2g 

l/2g 

3/2u 

l/2u 

+ 1 i — 

n P 5 2 ?3/2 + 1 S0 

5 2 1 np5 2 P 1 / 2 • \ 
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Table 2. Coefficient* of the two configuration* in the l/2u I and 
l/2u II state* evaluated for the reduced potential 
(D0. « 1.39 eV, T° - 3.0 eV) at le. 

l/2u I - C,(C2JI ) + C,(A 2S +) 

i/2u ii - c,(c2n ) - C . C A V ) 
<£ U 1 u 

c l C2 De(eV) T(eV) 1/2 C 

* J 0.006 0.9999 1.36 3.03 -0.0324 

"1 0.014 0.9998 1.33 2.94 -0.0592 

rr; 0.066 0.997 1.19 2.80 -0.2220 

xe; 0.125 0.992 1.03 2.64 -0.4356 



Tabic 3. The ion induced dipole potential evaluated at R e of the van der Waals diaer. 

Vertical0 E(Re) d 

Holacular Polariza- IP of of Adiabatice Do f 

Ion bility" Re(A)t> -=/2R4 l/2u I l/2u I IP of l/2u II 
=(A 3) (eV) (eV) (eV) (eV) (eV) 

+ 
Ht 

2 
0.2051 

+ 
He 

2 
0.395 

+ 
Ar 

2 
1.64 

+ 
Kr 

2 
2.48 

+ 
X* 

2 
4.04 

2.96 -0.019 

3.03 -0.034 

3.761 -0.059 15.55 0.025 -0.227 0.025 15.85 0.015 0.10 0.015 

4.007 -0.069 13.76 0.03 -0.257 0.2 14.54 0.015 0.14 0.015 

4.361 -0.080 11.85 0.015 -0.304 0.015 13.27 0.015 0.19 0.015 

'Atoaic polarizabilitiea froa index of refraction measurements, A. Dalgarno and A. E. Kingston, 
Proc. Roy. Soc. (London) A259, 424 (1961). 
^Equilibria* inteinuclear distance of van der Waals diners Ref. 25 and 28. 
^Vertical ionization po*-°-ntials from Ref. 34. 
Potential energy of the l/2u I state at R e, with respect to the 2Vj/2 ionic state by E(R e) » 
IP(2p3/2> + Dn(Rg)2 - VIP(l/2u I) where I.P.(2p3/2 is the ionic ionization poten,ial, Dn(Rf2^ 
ia the rare gas van der Waals binding energy (Ref. 25 and 28) and VIP(l/2u I) is the vertical 
ionization potential of Ref. 34. 

•Adiabatic ionization potentials of Ref. 34. 
fThe dissociation energy of the l/2u II state (Ref. 34). 
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Tabic 4. ftydbcrg atatca resulting froai coupling the four loweat ionic 
cores with a DA Kydberg orbital. 

Ion ic 
Core 

1IA 
Orbital A - Z <fi le,o>> 

2 • 
u 

uta 
8 u 

+ 
0 u t Ou, lu 

B2n 
8 

M ° 8 
1,3 

n 
8 

+ 
Og, Og, ( 2 ) l g , 2g 

c 2 n 
u ••°8 

1,3 
n 
u 

+ 
Ou, Ou, ( 2 ) l u , 2u 

2 + 

8 " ° S 
1,3 + 

Z 
8 

Og, Og, is 

2 + 

u •P°u 8 
Og, Og, lg 

» 2 n 
8 

• P C T

U u 

+ 
Og, 

+ 
Ou, 

Og, 

Ou, 

( 2 ) l g , 2g 

( 2 ) l u , 2u 

• P T U u u 
(2)0u, (2 )0u , ( 2 ) l u , (2 )2u , 3u 

c 2 n 
u 

• p a r u 8 
Og, Og, ( 2 ) l g , 2g 

•PU 
U 

1,3 ± 1 , 3 
Z » fl 
8 g 

(2)Og, (2)Og, ( 3 ) l g , ( 2 ) 2 g , 3g 

2 + 

V Z 
8 

• p a 
u u 

+ 
Ou, Ou, lu 

•p l l 
U 

l j 3 n 
u 

+ 
Ou, Ou, ( 2 ) l u , 2u 
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Tabic * . (cMtiMMd) 

Ioaic Vk 
Cor* Orkital A - £ (fic,<o) 

2 * 
u 

• d a '•Y 
g 

+ -
Ou, Ou, lu 

•dir 
t 

T ' 3 n 
u 

+ 
Ou, Ou, ( 2 ) l u , 2u 

md6 
% 

^ A 
u 

l u , (2 )2u , 3u 

B 2 ] ! 
g 

• d a 
g 

1,3 
n 

g 
Og, Og, ( 2 ) l g , 2g 

•dTT 
g 

1,3 ± 
Z , 

g 

1,3 
A 

g 
(2)Og, (2)Og, ( 3 ) l g , (2 )2g , 3g 

•dfi 
g 

1,3 

V 
1,3 

*g 
Og, Og, ( 2 ) l g , 2g, 3g, ( 2 )4g , 5g 

c 2 n 
u 

•da 
g 

1,3 
n 

u 

+ 
Ou, Ou, ( 2 ) l u , 2u 

•dTT 
g u 

1,3 
A 

u 

+ 
(2)Ou, (2)Ou, ( 3 ) l u , ( 2 ) 2 u , 3u 

•dfi 
g 

1,3 1 
n , 

u 

1,3 
* u 

+ 
Ou, Ou, ( 2 ) l u , 2u, 3u, (2 )4u , 5u 

2 + 

g 
mdo 

g 

l'Y 
g 

+ 
Og, Og, l g 

•dTT 
g 

1 > 3 n 
g 

Og, 0~g, ( 2 ) l g , 2g 

•dfi 
g 

1,3 
A 

g 
l g , (2 )2g , 3g 
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Tail* 5. ftydherg atataa reealting fraai coapliag a ^SQ rare gaa atom 
with aa excited ate* ia atonic lydfcerg atatee correapoadlag 
to configwratioaa ap^n'a, aa'a'a, na^a'd. The atonic atatee 
ia each of theae configuration* are ordered in increasing 
energy aa they occur for He, n' • 3. 

np n'a 
2 P 3 / 2 n ' a « [ 3 / 2 ] 2 Og,u, lg ,u , 2g,u 

• [3/2JJ Og,u, lg.u 
2 P 1 / 2 n ' a • ' [ l / 2 ] 0 o"g,u 

• '[1/23J Og.u, lg,u 

np n'p 

2 p 3 / 2 n ' P 

2 P 1 / 2 n ' p 

2 P 3 / 2 n ' P 

2 P 1 / 2 n ' P 

p f l / 2 ) ! Og,u, lgu 

p [ 5 / 2 ] 3 Og,u, lg»u. 2 g , u , 3g,u 

p [ 5 / 2 ] 2 

+ 
Og,u, lg>u» 2g,u 

p[3/2J 1 Og,u, l g , u 

p [ 3 / 2 ] 2 

+ 
Og,u, lg»u, 2g ,u 

p'13/2] ! Og,u, l g , u 

p ' t 3 / 2 ] 2 

+ 
Og,u, lg»u» 2g ,u 

p [ l / 2 ] 0 

+ 
Og,u 

p ' [ l / 2 ] 1 Og,u, l g , u 

p'U/zio + 
Og,u 
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T«U« 5. (cMtiwMd). 

2 r 3 / 2 n ' d 

P l / 2 n ' d 

- [ l / 2 ] f l 

d l 7 / 2 l 4 

d [ 7 / 2 ] 3 

d [ 3 / 2 ] 2 

d [ 3 / 2 ] 1 

d[5 /2 l 2 

d[5 /2 l 3 

d ' [ 5 / 2 ] 3 

d ' [ 5 / 2 ] 3 

d ' [ 3 / 2 ] 2 

d«l3/2] , 

Og,u 

0g,u lg,u 

0g,u . lgfU, 2g,u, 3g,u, *g,u 
+ 

0u,g lu.g, 2",g, 3u,g 

0u,g lu,g, 2u,g 
+ 

0u,g lu.g 

0u,g lu ,g , 2u,g 
+ 

0u,g > lu,g, 2u,g, 3u,g 

0u,g lu.g. 2u,g 
+ 

Ou,g lu .g . 2u,g, 3u,g 

0g,u Ig.u, 2g,u 
+ 

0g,u Ig.u 
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Fi—re Caatismet Chapter II 
Fit. 1. Creee-eactiomal view of swpereoalc molecalar beam photoioaisa-

tie* mass spectrometer used at SSRL. The photon baam ia coming 
oat of the plana of the paper. 1. Baa* source differeatial 
pumping wall; 2. Outer dewar and heat shield; 3. Ianer 
dewar; 4. Nozzle; 5. Skimmer; 6. Ion extraction field laas; 
7. Focussing lenses; 8. Quadrupole mass filter; 9. Spiraltron 
ion detector; and 10. Cas catch. 

Fig. 2. The photon flux as a function of wavelength on the 8° (1-2) 
line at SSRL after passing through a 1500 A thick Al/Si window 
and a 1200 lines/aai Osmium coated gating blazed at 540 A, 
•easured, using a sodium salycilate VUV to visible converter 
and a RCA 8850 photomultiplier tube calibrated with a MBS 
photodiode at 584 A, on Hay 8, 1980 during dedicated operation 
of SPEAR with a stored electron beam current of 42 mA. 

Fig. 3. Photoionization efficiency of He. measured with a photon 
resolution of 2.5 A FWHH. 

Fig. 4. Photoionisation efficiency of He. measured with a photon 
resolution of 0.8 A FHHM. Plotted, in the upper portion, 
are the energies of the dipole allowed atomic transitions 
for He. 

Fig. 5. The photoion yield of He, from a 700 torr, 4.2 K He beam, 
measured with a photon resolution of 0.8 A FHHM. Also plotted 
are the energies of the dipole allowed atomic transitions for 
He. 
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Fig. •. la part (a) the dissociatioa esawgiae, »̂ ,.-.a* Uarl/aa I states 

of the diatomic tarargaa,, molac«lar; i«*« r Met, Art, Krt 

aa4 X« 2 arc plotted verses theepittrprbit splitting of the 

respective atoaic ionic states,,5,; Siailarly, part (b) ia 

a plot of the energies of the l/2u II state. The solid lines 

are the predictions of the aodel described in the text. 

Fig. 7. Schematic aolecular potential energy curves: of Re., He. 

(in the region of the 6s Rydberg states) and He",. 

Fig. 8. Correlation diagraa for.,the p ns Kydberg states. The atoaic 

liaits are on the, left-hand side while the UA. states are on 

the right. :.,,..„. ,;„;;': r-V̂ r.."; Or: 7 f ,- h-...:-

Fig. 9. A correlation diagraa,for,,the,Ou,;lu aolecular Rydberg 

states of p np type. The dissociation products are on the 

left and the UA states pn the right. L,i;;ii-i-.o:!̂ :iq 

Fig. 10. A correlation diagraa for theOu, luaolecular. Rydberg states 

of p nd type. The states in .the atpaic liaits are listed on 

the left while the UA states are listed pn;the right. 

Fig. 11. Scheaatic of potential energy curves pf the different , 

types of. states, that,are .iapp^tant, in the rsre-gai systeas, 

for different autoipnization aechanisas. a); Vibrational 

Autoionization: allowed states in the vertical transition 

region produce ̂ ighly excited molecular' ions. :b) Electronic 

autoipnization froa Rydberg states with a different core than 

the ionic state, Good vibrational wavafunction overlap can 

be obtained even near the adiabatic ionization .potential. 
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c) aatoionisation froa locally bouftd and repwlsive lyeverg 
atataa. 
The photoioaisation efficiency of **2 at 0.8 A FMM in the 
region, near threahold, of the aherp autoionisation atractura. 
The insert near the top ahowa the abaorption apectra of lef. 8 
on the saae wavelength acale. Hot* the intenaity of the 
states in System X, shown in this figure, have been amplified 
by a factor of 14. The atonic transitions are indicated by 
linea drawn beneath the data at the appropriate wavelengths. 
The photoionication efficiency of Xe«, Kr, and Ar. obtained 
in this laboratory (Ref. 4 and 5) plotted as a function energy 
in cm . The energies of the allowed atoaic transitions are 
shown above each of the experimental curves. 
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CHAPTER III 

nOTOIOIIXZATIOH MASS SPECTRA OP A PEW MOLECULES AMD CLUSTERS 

A. Introduction 

Besides the rare gas systems, the photoionization aass spectra 

of Oy WHy HjO, (H20)2> " 2' ^2^2' C 0 ' ^ C 0^2 a n d H 2 i n » u P * r , o n i c 

molecular beans have been recorded. These studies will be grouped into 

four categories: a) 0, and MH,; b) H.O, (H.O).; c) H_, CO and H,; and 

d) (".). and (CO).. The photoion yield spectra obtained of 0, and MH, 

daawnstrate the inproved reaolution due to the rotational cooling of 

molecules in a supersonic expansion. The second group, H.O and (H.O),, 

waa studied to test the viability of using this technique to determine 

abaolute proton affinities by measuring the threshold for photodisso-

ciative ionization of a hydrogen bonded system. These measurements were 

made possible by excess clusters present in the supersonic molecular 

beam. The photoionization mass spectra of N,, CO and H, (the third 

category) were measured at photon energies above those which are avail 

able with conventional laboratory sources by using the synchrotron 

radiation available at SSRL. The objective of theae studies was to 

examine the threahold and mechanism for the dissociative ionization 

process producing H from H_, C from CO and energetic H from H.. 

And in the final category, ("«)« and (CO), were atudied using 

synchrotron radiation to determine the heat of formation of N, and 

c 2o +. 
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B. Photoionization Mass Spectroscopy of MH, and 0-

When used as a source in a photoionization aass spectroaeter, a 

supersonically expanded molecular beaa enables accurate deteraination 

of ionization potentials as well as ionic state vibrational frequencies. 

Conventional PI studies use gas cells or effusive beaas as sources. 

The photon energy resolution eaployed, liaited by the photon source 

intensity, has usually been better than 0.010 eV (80 ca ) but is rarely 

sufficient to resolve rotational states. The energy in the rotational 

degrees of freedom, 3/2 kT equal to 0.026 eV (200 cm" ) at room tempera

ture, thus limits the effective resolution. A rotational temperature of 

less than 10 K can readily be obtained in a supersonically expanded 

molecular beaa. This low rotational temperature eliminates rotational 

broadening, permitting the experiments to benefit fully from the 

available, instrumental photon resolution. 

The method used in these studies combined photoionization aass 

spectroscopy with supersonic molecular beaa technology. The details 

of the apparatus used have been described previously. The aajor components 

were a gas discharge vacuum ultraviolet light source and aonochroaator, 

a double differentially puaped modulated supersonic molecular beam source, 

a quadrupole mass filter with a Daly type ion detector, and single pulse 

counting electronics. The experiment was performed by crossing the 

monochromatic VUV light with the aolecular beaa which was modulated 

at 150 Hz. The light source used for these studies was the hydrogen 

many-line pseudo-continuum. This light was dispersed by a 1200 lines/mm 

A.l/MgF_ grating blazed at 1200 A, which was used in a one-meter normal-

incidence aonochroaator. The ions produced in the interaction region 



69 

were extracted and focused onto the entrance of the quadrupole aass 

filter, which was perpendicular to the plane of the molecular beast and 

incident photons. The ion yield was then aeaaured aa a function of 

the incident photon energy. The energy resolution for this technique 

was limited by the chosen band pass of the aonochromator, 0.8 A ?WHM 

in thia case, and ahowa no sign of rotational broadening. 

The photoionisation efficiency for ammonia expanded through a 

0.13 aa diaaeter orifice at 100 torr is shown in Fig. 1. The first 

ionization potential is determined to be 10.176 ± 0.010 eV. The step

like structure in the photoyield is characteristic of the direct ioniza

tion process to excited vibrational atatea of the ion. The vibrational 

frequency of 950 ± 32 ca ia assigned to the out-of-plane bending aode 

of the ion, NH.. The neutral species, NH-, is pyramidal while its 
2 ion is believed to be planar. This large change ±n geoaetry implies 

a gradual rise in the photionization efficiency near threshold which, 

indeed, is observed. These results are in excellent agreeaent with 

previous atudiea of ammonia aa shown in Table 1. 

The aharp reaonance-like structure is indicative of excitation 

to autoionizing statea. This feature, which is predominant in theae 

aeasureaents, was not observed in a previous investigation due to 

rotational broadening, which was three times greater than the photon 

reaolution employed. A recent aeasureaent with six tiaes greater 

photon resolution (0.14 A FWHM) than used here only begins to show the 

structure which is resolved in Fig. 1. Further iaproveaent in the 

photon resolution and the use of a true continuum light source is 

necessary before assignment of these autoionizing atates can be made. 
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The photoionization efficiency of ozone expanded through a 0.15 mm-

diameter nozzle at a partial pressure of approximately 10 torr in 

250 torr Ar is shown in Fig. 2. The adiabatic ionization potential 

determined from this study is 12.523 ± 0.010 eV. The distinctive step-

like structure is indicative of ionization to successively higher 

vibrational levels of the ion. The average spacing of these steps is 

620 ± 40 cm , which is in excellent agreement with the previous studies 

given in Table 2. This vibrational progression is assigned to the V 

bending mode, which is 705 cm in the ground molecular state. In 

addition, on each of these steps there are much weaker onsets in the 

yield curve. These could be evidence of an additional vibrational 

progression, a higher-lying ionic state, or most likely, unresolved 

autoionization structure. At higher photon energies the steps become 

more diffuse, due to decreasing Franck-Condon factors, additional ionic 

states, and unresolved autoionization structure. 

C. Proton Affinity of H.0 

1. Introduction 

Proton transfer represents one of the fastest and most important 

classes of reactions in both the gas and condensed phases. When proton 

transfer between twc molecules is exothermic, it is usually the dominant 

reaction. The equilibrium M.H • M, * H. • M-H will be displaced to 

the aide of the molecule with the higher proton affinity. Relative 

values of proton affinities can easily be obtained by measurements of 

[M 1H +]/[M 2H +], and [M^/lMg] when the system is at equilibrium in the 

ion source of a mass spectrometer. This will give the equilibrium 

constant and therefore AG 0 of the reaction. Since AS° for the proton 
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transfer reaction is usually very saall, the relative proton affinity 

or the enthalpy change for transfer of a proton froa one entity to another 

can be derived. However, in order to translate these measurements into 

absolute proton affinities, there is a need for accurate absolute proton 

affinities of a few reference compounds. Usually absolute values of 

proton affinities are obtainable from appearance potential measurements 

of MH in a mass spectrometer, low energy ion-neutral scattering cross 

section measurements, collision induced dissociation, crystal lattice 

energy determinations, or HKR experiments. 

The fine control of photon energy makes the photionication mass 

spectrometric method one of the most accurate means for the determination 

of the proton affinity of M from the appearance potential measurements 

of MH from a suitable parent molecule. Nevertheless, the major draw

backs of the photoionization technique in finding the proton affinity 

of a molecule are the low fluxes of monochromatic vacuum ultraviolet 

photons available from laboratory discharge light sources and the possible 

lack of suitable parent molecules to produce MH %. Recent developments 

in molecular beam photoionisation mass spectrometry, involving careful 

optimisation of relatively high intensity light sources, a sensitive 

mass spectrometer, and an intense molecular beam production system, have 
8 9 allowed the photoionisation atudy of dimera ' aynthesised in supersonic 

expansions. Polyatomic dimera are excellent parent molecules for the 

photoionzation production of those MH ions which cannot be obtained 

from other atable molecules. 

The photoionisation efficiences of (H.0), was measured to 

illustrate this new method for the determination of proton affinities. 
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2. Results and Discission 

The apparatus and procedures ere essentially the saae as previously 
7-9 described. The light &->urce used was the hydrogen aany-line pseudo-

continuua. The spectrometer grating was MgF,- or gold-coated, ruled with 

1200 lines/ma, having a reciprocal dispersion of 8.3 A/mm. The H.O 

molecular beam was produced by seeding water vapor at 89°C in 150 torr 

of Ar and then expanding through a 0.15 mm-diameter Pyrex nozzle. These 

beam conditions used to study the dimer produced a minimum of higher 

clusters. 

The photoionization efficiency curves of (H,0)„ and H.O as well 

as the ion yield of H.O in the spectral range from 950 A to 1100 A were 

measured with a photon band width of 2.5 A FWHM. These results are 

shown in Fig. 3. Due to the low signal for (H.O). ion no distinct 

threshold was observed. At 11.21 ± 0.09 eV the signal decreased below 

the detection limit In this apparatus of 0.1 count/sec. The photoioniza

tion efficiency increases gradually above threshold without prominent 

features until at 1057 A a very sharp break occurs. The ion yield of 

H.O starts at 1057 ± 2.5 A (11.73 ± 0.03 eV) and increases constantly 

with no resolved structure. The coincidence between the break in the 

(H.O. signal and of H.O ion strongly suggests that the observed H.O 

signal is from photodissociative ionization of the dimer and not from 

the less abundant higher clusters. Neutral OH and not OH is the expected 

second product in this dissociative photoionization, based on the fact 

that H.O does not photodissociate via an ion pair channel in this energy 
10 xange. 
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Also shown in Fig. 3 is the photoionisation yield of H.O measured 

using the saae beam conditions and photon resolution. The adiabatic 

ionization potential, 12.601 ± 0.016 eV, obtained from the threshold 

of H.O production, is in excellent agreement with previous measure

ments. ' The sharp threshold indicates large Franck-Condon factors 

for the adiabatic transition. The highest occupied molecular orbital 

in H.O is the oxygen lone pair. Therefore, the lowest ionic state has 

essentially the aaae geometry as the ground state. The stair-step shape 

of the efficiency is characteristic of direct ionization to higher 

vibrational levels. The spacing of these steps is in agreement with 
12 reported photoelec'.ron spectra. These assignmen s are shown in 

Fig. 3. On each of these steps, several partial!/ resolved peaks appear 

in the ion yield. This structure is characteristic of autoionization. 

A recently reported phot-jionization spectrum using a gas cell with a 
13 photon resolution of 0.14 A FWHH (18 times higher than the 2.5 A FWHM 

used here) barely begins to resolve this structure. This contrast is 

solely due to the high degree of rotational cooling in the supersonic 

expansion. 

The stability of water dimer is attributed to a single hydrogen 

bond involving only the oxygen lone pair on one of the constituent water 
14 molecules. The molecular beam microwave resonance structure indicates 

almost independent motion of the hydrogens not involved in the bond 

between the two H„0 species. Ttus the photoionisation of the dimer 

might be expected to be quite similar to the monomer. However, in 

forming the hydrogen bond the partial negative charge on the donor 

oxygen (lone pair) it increased, reducing its binding energy (shift in 
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Koopman's theorem ionization potential between diaer and monomer). 

In the ionic state, at the geometry of the neutral (vertical ionization 

region) the additional electronic relaxation will reduce the observed 

binding energy even further. The shift in the Koopman's theorem ioniza

tion potential of 0.9 eV and in the vertical ionization potential of 

1.32 eV for water diner, calculated by M. Newton, demonstrate the 

significance of these effects. Unfortunately, the vertical ionization 

potential shift is not easily obtained in a photoionization experiment, 

due to autoionization and other cross-section effects. The slow rise 

in the photoionization efficiency of (H„0)„ indicates a change in 

geometry, and a vertical ionization potential larger than the upper 

bound to the adiabatic ionization potential measured in this work 

(11.21 ± 0.09 eV yields a shift in the adiabatic ionization potential 

of 1.40 + 0.09 eV uaing 12.613 + 0.001 eV 1 1' 1 2 for the monomer). 

The water dimer ion, (H-O). is isoelectronic with He.. This 

rare-gas molecular ion has a dissociation energy of at' least 1.36 eV 

and an estimated R - 1.75 A. The molecular dimer ion of water has the 

same bonding capabilities (bond order 1/2) and thus a similar stability. 

The measured upper bound to the adiabatic ionization potential, 

11.21 ± 0.09 eV, combined with the monomer's ionization potential 

12.615 ±0.001 eV 1 1' 1 2 and the bond strength of the hydrogen bond, 1 7 

yields a dissociation energy of at least 1.58 ± 0.13 eV for (H-O)-

with respect to H.O and H-O, or shows that (H,0), is stable by more 

than 0.52 ± 0.12 eV with respect to H.O and OH. This latter dissocia

tion channel is the key to absolute proton affinity determination. 
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The dissociation mechanism needed in such determinations oust 

produce threshold electrons and leave no excess potential or kinetic 

energy in the products. Autoionization in many cases satisfies the 

first criteria, production of threshold electrons. The latter condition 

is satisfied by an ionic state with the appropriate dissociation products. 

If the dissociation aechanisa ic adiabatic, then many otherwise difficult 

heats of formation '•an be determined. 
19 20 The following dissociation channels of water are adiabatic: ' 

H 20 + hv (18.75 eV) •*• H* + OH + e~ 

HjO + hv (18.115 eV) * 0H + + H + t>~ . 

The similar dissociation process of interest 

(H 20) 2 + hv •+ H 30 + + OH + e" 

is also expected to be adiabatic. 

The threshold measurements for the dissociative ionization of (H.0)„ 

enable the determination of the proton affinity of H.O via the set of 

reactions: 

H 20 + H 20 •* (H 20) 2 , (1) 

(H 20) 2+ H 3 0 + + OH + e" , (2) 

H 20 •* H + + OH + e~ , (3) 

H 20 + H + + H 3 0 + . (4) 
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The exoergicity of (1) is taken as 0.17 ± 0.04 eV (4 ± 1 kcal/ 

aole). The enthalpy of (2) is the observed appearance potential of 

H 30 +: 11.73 ± 0.03 eV (270.5 ± 0.7 kcal/aole). The degree of rotational 

and low frequency vibrational relaxation in the supersonic expansion 

will sake the temperature corrections to this threshold less than the 

other uncertainties. The fragmentation threshold (3) is 18.75 ± 0.03 eV 
19 20 (432.4 ± 0.2 kcal/aole). ' The appropriate sum of these enthalpies 

yields the proton affinity of H„0, (4) as 7.18 ± 0.08 eV (165.8 ± 1.8 

kcal/aole) at 0 K. Other recent determinations of the proton affinity 

of water are listed in Table 3 for comparison. 

Appearance potential measurements on higher clusters will yield 

information concerning their proton solvation energies. Preliminary 

measurements on (H_0)H indicate a larger proton affinity. The ener

getics of following the solvation of a proton to that in liquid water 

are shown in Fig. 4. 

D. Photoion Yield of N from N,,, C from CO and H from H,, 

1. Introduction 
21 22 23 The electronic structures of N„, CO, and H. have been 

extensively studied by a variety of spectroscopic techniques. Photo-

ionization, photoelectron, absorption and other forms o£ spectroscopy 

have aapped out the electronic states of these light diatomics below 

21 eV. The high energy limit is imposed by the absence of intense 

conventional laboratory continuum-radiation sources. The recent 

increase in the availability of intense continuum synchrotron light 
24 sources has fostered additional studies at higher photon energies. 
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The isoelectroaic diatoaic ions R, and CO are so strongly bound 

that photon energies greater than 21 eV are necessary to observe H and 

C products, respectively, from dissociative ionization of the neutrals. 

Previous photoionization studies using resonance-line sources measured 

the ion yield rtf. r'.os of H /H., C /CO and 0 /CO . However, because 

of the fixed frequencies of these lines neither the details of the 

dissociative ionization process nor accurate thresholds were determined. 
2fi 27 The Hell photoelectron spectra of NL and CO showed only weak features 

in the binding energy region relevant to the dissociative ionization 
28 process. Fluorescence measurements from the electron-impact excited 

+ 2 + . . 
V., C £ state indicated a competition between emission and pre-

2 + dissociation. Several Rydberg series converging to this C X state 
29 have been observed in absorption spectra which were obtained using 

synchrotron radiation. This evidence implies that autoionization might 

play an important role in the dissociative ionization mechanism. In order 

to help determine the details of the dissociative ionization mechanism, 

the photoionization yield of N , N., C , CO were measured at SSRL. 

Proton kinetic energies in excess of 1 eV have been measured from 

the dissociative photoionization of H. at excitation energies of 
30 31 32 

26.9 eV and 40.8 eV. A recent theoretical work has attributed 
these fait (1 to 4 eV) protons to dissociative autoionization from a 

Z state. The theoretical calculation also predicts an enhancement u r 

in the partial photoionization cross section near 30 eV. To test this 

prediction, the photoionization efficiency of H from H. was measured. 
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2. Experimemtal 

These photoionixation measurements were performed in conjunction 

with the neon dimer experiment at SSKL. The apparatus is essentially 

the same as described in the first chapter except for the following 

changes: (1) a second 500 £/sec turbomolecular pump was added to 

the beam source chamber; (2) the nozzle diameter increased to SO pm; 

and (3) the ion extraction lenses were modified to allow operation at 

greater electric fields than before. In all cases the pure sample gas 

was expanded at room temperature and at a pressure such that clusters 

in the beam were undetectable. The expansion pressures used, measured 

with a MKS Baratron pressure transducer, were 1119 torr, 1106 torr, and 

741 torr for N», CO and H„, respectively. The data collection scheme 

was identical except that the zero order position was measured before 

and/or after each scan in order to correct for any shift in the wavelength 

calibration of the monochromator. 

3. Results and Discussion 

The measured photoionization yield of N. and N from N„ using a 

photon energy resolution of 2.5 A FWHM is shown in Fig. 5. The vertical 

scale is arbitrary as are the relative ion mass signals. The observed 

threshold for N + production, 510.9 ± 1.5 A(24.27 ± 0.07 eV) is in 
33 excellent agreement with the spectroscopic value of 24.2937 eV for 

+ 3 4 the production of H ( P) + H( S) and the electron bombardment appearance 
34 

potential measurement of 24.32 ± 0.03 eV. The excited product disso
ciation limits, N +( 3P) + N( 2D), N*(3P) + N( 2P); N V D ) + N( 4S), N V D ) + 

N( 2D), N V D ) + N( XD); and N +( 1S) + N(*S) calculated from the known 
35 atomic energy levels are also shown. The minor changes in the yield 
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observed near these energies indicate the participation of the molecular 

states with these atoaic Knits in the dissociative ionization process. 

The most intense feature, which peaks at 472 A, extends from threahold 
• 3 2 to the M ( ?) + M( D) atonic liait. This feature might be due to 

molecular Xydberg states which have an ionic-molecular core with 
+ 3 2 H ( P) + M( D) atonic dissociation products. 

The N_ photoionization efficiency (Fig. 5) has been extensively 
36 studied froa threshold (796 A) to 600 A. The sharp features between 

700 A and 660 A appear as noise due to the few data points collected 

in this region. These intense sharp features are the result of auto-
2 + 36 

ionizing Rydberg states converging to the B I molecular ion. The 

adiabatic ionization potential of this state and the other known higher 

lying molecular ionic states are also indicated in Fig. 5. Figure 6 

shows the potential energy curves for these states. The broad increase 

in the ionization efficiency between 570 A and 500 A was partially 

resolved with 0.8 A FWHM photon resolution. This scan and a scan of 

N production near threshold are shown in Fig. 7. The peaks in the 

N„ yield are assigned to autoionization from the Rydberg series 
2 + + converging to the C £ state of N.. This assignment is based on 

29 the absorption data of Codling, shown in Fig. 7. Also indicated in 
2 + 21 2 + 

this figure are the C E vibrational energy levels. The C E 
+ 3 2 state is one of several ionic states, with N ( P) + N( D) atomic 

dissociation products, and is the only state to which the corresponding 

Rydberg states have been assigned. 
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The peaks observed i« the N photoionization yield agree (to within 

0.4 A) vith the higher vibrational levels of the Kydberg states seen in 

absorption; and, as previously Mentioned, also seen in the H_ photo-

ionitation yield. As the photon energy increases above the threshold 

for II production, the intensity of the autoionization peaks decrease 

in the N„ photoion yield but continue to increase in the N fragment 

yield. 
2 •*• 2 + 

The Rydberg states vith C £ core should autoionize to B £ 

ions due to the similarity in their orbital configurations. The lowest 

lying orbital configurations of N, are shown in the insert in Fig. 6. 
2 + 2 + The B Z and C £ states cannot be described by single orbital u u 

configurations, but require the linear combinations of at least two 

of the configurations shown in Fig. 6. Above 23.583 eV (525.74 A) an 
2 + additional autoionization channel can produce C E ions. However, 

this channel should not contribute significantly, due to the large 

discrepancy between the vibrational quantum numbers of the observed 

Rydberg states and the accessible ionic states. Therefore, the observa

tion of the same autoionizing Rydberg btates in both the N„ and N 

photoion yield strongly indicates that dissociation is competitive with 

the autoionization of these Rydberg states. In addition, if these Rydberg 
2 + 29 

states do have the C I core, as assigned in the absorption spectra, 
then their observation in the N yield supports the recently proposed 

37 2 + hoaogenous dissociation mechanism of the C £ state. 
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teaidea the resolved autoionitation atructure in the H photoion 

yield there ia apparent agreement between the vibrational energy levela 

of the C £ atate and atep-like featurea. Unfortunately, the inability 

to reaolve the auto ionization peaks froat the tteps aakea it impossible 

to determine the importance of direct ionization in this dissociative 

ionization proceaa. 

The measured photoionizat 1 yields of C and CO from CO are shown 

in K\g. 8. Since N_ and CO are isoelectronic, the general features in 

their photoionization efficiency are oirilar. In contrast to nitrogen 

diaaociative ion pair processes are allowed due to the stability of 0 

and C . The possible fragmentation channels, in order of increasing 

energy are 

CO + hv-f C* + 0~ , (1) 

->C+ + 0 , (2) 

•+ 0 + C~ , and (3) 

+ 0 + + C . (4) 

Due to the very small cross-sections for the latter two channels, 

the photoionization yield of the 0 signal was not measured. The only 

fragment ion measured was C . The first process could only be studied 

between its appearance potential and that of the much more efficient 

aecond process. 
38 . 39 . ,, 40 , . 

Absorption, photoelectron and fluorescence spectra revealed 

the presence of several ionic states between 21 eV and 37 eV. All of 

these ionic states have a primary orbital configuration that involves 

. -itat ion of an additional electron besides the one removed upon 

ionization of the neutral. This implies that to understand the nature 
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of excitation to these states sore than a single-configuration wave-
2 function is necessary. The lowest two of these states are D JI and 

2 + 2 
C I . The primary configuration of the D ft state is obtained by removing 
a 7T 2p electron and exciting an additional ir 2p electron to the antibonding 

if 
n 2p orbital. This reduces the bond order by two thus decreasing the 
dissociation energy and increasing the equilibrium bond distance. The 
2 + C £ state has a primary orbital occupancy that is reached by removing 

* 
a it 2p electron and exciting a 2p electron to the ir 2p orbital. This 

configuration has similar effects on the dissociation energy and the 
2 equilibrium bond distance as that mentioned for the D II state. These 
2 2 + configurations are mixed with others to represent the D II and C I 

eigenstates. These two states are responsible for weak features in 
39 the photoelectron spectra and are the ionic cores of several intense 

38 Rydberg series observed in absorption. 

The C photoionization yield is shown in Fig. 8. Between the 

thresholds for processes (1) and (2) a large number of peaks and 

shoulders are observed. These features agree well with the Rydberg 

states converging to the C and D ion observed in absorption and thus 

play a role in the dissociative ionization process. 

The quality of the photoionization efficiency data obtained for 

the CO ion was inferior to that reported for Ne„ and N„. This 

was believed to be the result of instabilities in the position of the 

stored electron beam in SPEAR at the time these data were being 

collected. The fluctuation in the stored beam position due to the lack 

of an operable automatic-stearing -control monitor manifests itself as 

charges in the output photon beam position. This moves the ionization 
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region reducing the collection efficiency of the mass spectrometer. 

These changes are not directly compensated for in the measured photon 

flux, leaving experimental artifacts in the observed photoionization 

efficiency. The data collected for the CO channel are plagued by these 

artifacts to the extent that assignments of several sharp structures 

and overall trends are questionable. 

In the course of performing these experiments on N. and CO two 

other laboratories reported data on the CO system. ' Cae of these 
42 groups also reported measurements on the N, system. There nitrogen 

data are in excellent agreement with those obtained in this laboratory. 

The CO photoion yields reported by both laboratories are in agreement 

with each other and are of superior quality to those shown in Fig. 8. 

The C photoionization yields reported by both laboratories and that 

presented in Fig. 8 are very similar. 

The measured photoionization yields of H„ and H from H„ between 

700 A and 350 A are shown in Fig. 9. The primary objective of this 

experiment was to look for evidence in the partial photoionization cross 

section of a predicted dissociative autoionizing state that is ret ponsible 
23 for production of fast (1 to 4 eV; protons. Theoretical calculations 

predicted that this process should appear as a resonance in the photo-

absorption cross-section with a width of 6 eV (FWHM) at approximately 

30 eV photon energy. The enhancement in the total cross-section at 
-19 2 the peak was predicted to be 1 x 10 cm . Since the total absorption 
—18 2 4 3 cross-section at 26.9 eV is 3.6 x 10 cm , this resonance will only 

be a 22 effect in absorption. However, the dissociative ionization 
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-20 2 44 cross section is only 4 x 10 cm , making this resonance a dramatic 

effect. 

The predicted resonance peak position and half-width at half-maximm 

(3 eV) are indicated in Fig. 9. The observed H photoion yield does 

significantly increase in this photon energy region. However, the 

experimental data suffer from three difficulties, none of which have 

been completely resolved. These difficulties are: (1) The collection 

efficiency of the extraction lenses for these; fast protons is not known 

and believed to be much less than unity; (2) The transmission of the 

quadrupole mass filter as a function of kinetic energy and mass is also 

not known; and (3) The scattered light on the 8° line at SSRL is of 

the same order of magnitude as the monochromatic component at these 

high photon energies. Thus qualitatively the presence of the resonance 

is confirmed however quantitatively its position width and intensity 

are still uncertain. 
+ + 

E. Photoion Yield of N from (N.). and C O from (CO). 

Ion molecule reactions occurring at high pressures in electron 

bombardment mass spectrometers can produce extensively clustered ions 
45 + 

and fragments. Studies of N. and CO reactions have shown that N, and 
C.O are products of an excited electronic state reaction of N„ and CO 

46 respectively. These conclusions were based on appearance potentials 

and rate constant measurements. The measured appearance potentials were 

21.04 ± 0.05 eV for N3 and 19.6 ± 0.5 eV 7 for CjO^. The excited 

state(s) involved in these reactions Ir the high pressure experiment 

were predicted to have lifetimes of >10 sec. Low pressure ICR 

studies on these same reactions indicated that the lifetime of the 
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longest lived state Bust be >10 sec and >10 sec for M* and CO* 

respectively. Several investigators have suggested both long-lived 

states could possibly be £ states that were theoretically predicted 

in this energy region. Other investigators suggested that for li

the high vibrational levels v > 19 of its A H state, which have 

apparent lifetimes of 6 - 7 x 10 sec, could be responsible for the 

N, production. 

The photoionization mass spectra of clusters in N- and CO beams were 

measured, in order to determine the photoionization threshold for N. and 

C.O productio> from (N„). and (CO)., respectively. These measurements 

were performed at SSRL in conjunction with the studies reported on N. 

and CO. The experimental apparatus and technique used were the same as 
53 previously described. The cluster formation in the beam was enhanced 

by expanding the pure sample gas N. or CO at 77 K at pressures of 400 

torr and 300 torr, respectively. The recorded photoionization efficiency 

of N, and N_, and C.O and (CO), with a photon resolution of 8.7 A 

FWHH are shown in Figs. 10 and 11 respectively. 

The observed photoion signals at 458 A for the different masses 

with respect to the monomer parent ion were 1.0 (N_); 0.040 (K.); 

0.032 (N*); 0.0013 (N*) and 1.0 (CO*); 0.182 ((CO)*); 0.053 (C*); 

0.0037 (C 20*); 0.0021 (CjO*); <0.0005 (CO*). These signals are 

not corrected for mass-dependent transmission of the quadrupole. The 

•ass 44 signal CO, is believed to have arisen predominately from 

residual gaa in the ionization region. The thresholds for both N. 

and C.O were not well-defined, due to the very slow rise of the photo-

ion signal. The N, measured appearance potential of 22.1 ± 0.4 eV 



86 

i* larger than the high pressure electron bombardment mass spectrometry 
47 value of 21.04 - 0.05 eV, but agrees reasonably well with the value 

49 reported in the ICR studies of 22.6 ± 0.6 eV. The appearance potential 

obtained for C.O ion was 19.4 - 0.4 eV, which is in agreement with the 

high pressure mass spectrometry studies (19.6 ± 0.5 eV) but signif

icantly lower than the value of 21.3 ± 0.5 eV reported in the ICR 

work. The reason for these discrepancies is not understood and will 

require additional photoionization experiments. 

The (N_), photoionization yield appears to be flat over the energy 
+ region studied. However, the N, photoion yield displays the two distinct 

changes in slope. Also shown on Fig. 10 are the adiabatic ionization 
2 2 + + potentials of the D IT and C 7. states of N„, and the threshold for r u u 2' 

N production. There is a possible correlation between the N threshold 

and one of the changes in slope in the N, photoion yield. However, 

the assignment of this feature requires higher resolution data. 

The (CO), photoionization efficiency has several broad features 
+ 54 + 

that resemble those found in CO . As with the N. photoion 

yield the C,0 photoion yield has two distinct changes in its slope 

and again the first change above threshold is located near the C 

appearance potential. Assignment of this structure is certainly 

questionable until higher quality data are available. 

The changes in slope in the photoionization efficiencies of N, 

and C O imply the existence of at least two mechanisms controlling 

their formation. However, identification of these mechanisms has not 

been made. If the high v levels of the A H states are active, higher 

resolution scans should confirm this hypothesis. 
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Table 1. Ammonia. 

Adiabatic IP Vibrational Spacing Method* Reference 
(eV) (cm - 1) 

10.176 + 0.008 950 ± 32 This work 

10.154 ± 0.01 not assigned PI 

10.35 not assigned PE 
10.17 ± 0.01 960 (average value) PI 
10.15 950 (average value) PE 
10.17 + 0.010 970 PE 
10.14 968 PE 
10.15 ± 0.02 900 PE 

PI denotes photoionization PE denotes photo'ilectron spectroscopy 

*K. Watanabe, J. Chem. Phys. 26, 542 (1957). 

D. C. Frost, C. A. McDowell, and D. A. Vroom, Can. J. Chem. 45, 1343 
(1967). 

CW. A. Chupka and M. E. Russell, J. Chem. Phys. 48, 1527 (1968). 

G. R. Branton, D. C. Frost, F. G. Herring, C. A. McDowell, and 
I. A. Stenhouse, Chem. Phys. Lett. 3, 581 (1969). 

eM. J. Weiss and G. M. Lawrence, J. Chem. Phys. 53, 214 (1970). 

G. R. Branton, D. C. Frost, T. Makita, C. A. McDowell, and 
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Table 2. Ozone. 

Adiabatic IP Vibrational Spacing Method* Reference 
(eV) (caT1) 

12.523 + 0.010 650 ± 40 This work 

12.53 + 0.01 630 (average value) PE a 
12.52+ 0.05 not assigned PG b 
12.67+ 0.02 not assigned PI c 

12.44 ± 0.01 650 (average value) PE d 

12.519 ± 0.004 655 ± 60 PI e 

PI denotes photoionization PE denotes photoelectron spectroscopy 

*D. C. Frost, S. T. Lee, and C. A. McDowell, Chem. Phys. Lett. 24, 
149 (1974). 

T. N. Radwan and D. W. Turner, J. Chem. Soc. A, 85_ (1966). 
c6. R. Cook, "Recent Developments in Mass Spectrometry," eds. K. Ogata 
and T. Kayakawa (Univ. Park Press, 1970) p. 761. 

J. M. Dyke, L. Golob, Neville Jonathan, A. Morris, and M. Okuda, 
J. Chem. Soc. Faraday Trans. II, 22, 1828 (1974). 

H. J. Weiss, J. Berkovitz, and E. H. Appelman, J. Chem. Phys. 66, 2049 
(1977). 
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Table 3. Proton affinity of water. 

Value 
(kcal/mole) 

Temperature 
(k) 

Reference 

165.8 + 1.8 

169 ± (1 or 2) 

166.4 ± (1 or 2) 

166 ± 2 

165 ± 3 

168.2 ± 3.4 

164 ± 4 

165.5 

0 

600 

0 

323-373 

340 

This work 

a 

b 

c 

d 

e 

f 

8 

Equilibrium measures with high pressure electron bombardments mass 
spec: Ref. 1. 

The value of Ref. 1 corrected to 0 K the JANAF Thermochemical 
Tables, Nat. Stand. Ref. Data Ser. 37_, NBS (1971). 

Threshold of endothermic ion molecule reactions; R. J. Cotten and 
W. S. Koski, J. Chem. Phys. 59, 784 (1973). 

Bracketing technique using high pressure mass spectrometry: J. Long 
and B. Hunson, J. Amer. Chem. Soc. 95, 2427 (1973). 
e • • > Bracketing technique using high pressure mass spectrometry: S. Chang, 
R. A. Myers, Jr., and J. L. Franklin, J. Chem. Phys. 5£, 2427 (1972). 

Bracketing technique using ICR spectrometry: J. L. Beauchamp and 
S. E. Buttrill, Jr., J. Chem. Phys. 48, 1783 (1968). 

8Ab initio: P. A. Kollman, C. F. Bender, Chem. Phys. Lett. 2_9, 271 
(1973). 
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Figure Caption*; Chapter III 

Fig. 1. Photoionization efficiency of WH. with a photon resolution 

of 0.8 A FWHH using the aany line pseudo-continuuai of H. as 

light source. 

Fig. 2. Fhotoionization efficiency of 0- with a photon resolution 

of 0.8 A FWHM using the H. aany line pseudo-continuum light 

source. 

Fig. 3. Photoionization yield of H.O , H,0 and (H.O) with a photon 

resolution of 2.5 A FWHM using the H, pseudo-continuum light 

source. 

Fig. 4. Thermodynamic cycle used for calculations of the proton affinity 

of H-0 and higher clusters; units (eV). 

Fig. 5. Photoionization efficiency of N and N„, with a photon 

resolution of 2.5 A FWHM. The relative intensities of N 

and N, efficiencies are not drawn to scrle. 

Fig. 6. Experimental potential energy curves for N. and N_, Ref. 21. 

Fig. 7. Photoionization efficiency of H and N, with a photon 

resolution of 0.8 A FWHM near the threshold for N production. 

Fig. 8. Photoionization efficiency of CO with a photon resolution 

of 2.5 A FWHM, and of C with a photon resolution of 0.8 A 

FWHM. The relative intensity of the two channels are not 

drawn to scale. The rapid changes in the CO photoion yield 

near 560 A and 460 A are experimental artifacts (see text for 

further details). 
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Fig. 9. Photoionization efficiency of H. with a photon resolution 

of 8.7 A FWHM. The H and H. signals are not drawn to 

•cale. The high degree of acattered light below 400 A ia 

believed to cause the change in slope of the H. yield. 

Fig. 10. Photoionization efficiency of N, and H, with a photon 

resolution of 8.7 A FWHM. The scales of H« and H, yield 

are not the sane. 

Fig. 11. Photoionization efficiency of C,.0 and (CO), with a photon 

resolution of 8.7 A FWHM. The relative scales of the C.O 

and (CO), signals are not the same. 
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CHAPTER IV 

PHOTOELECTRON SPECTROSCOPY AHD FEASIBILITY Or 

PH0T03LECTR0N-PH0T0I0N COINCIDENCE MEASUREMENTS 

A. Introduction 

Photoelectron spectroscopy in the past decade has become a routine 

technique in chemistry and physics. Its ability to map out the binding 

energies of the electrons in the sanple (gas, liquid or solid) has made 

it a very powerful method for understanding the electronic structure of 

these systems. Recently, the major emphasis in this field has been to 

extend the technique to more exotic systems. This has been particularly 

true for gas-phase work, where photoelectron spectra have been obtained 

for high-temperature metal vapors, free radicals and rare-gas dimers. 

A typical gas-phase photoelectron spectrum consists of several 

bands, each of which corresponds to a different electronic state in 

the product ion. Each of these bands in turn consists of a series of 

peaks corresponding to the vibrational levels of the ion. The widths 

of these peaks, when observed, are limited by unresolved rotational 

states. This rotational broadening and additional unresolved splittings 

caused by effects such as spin-orbit interactions have limited the 

obtainable resolution in the majority of gas phase photoelectron specTa. 

The observed intensities of the bands spectra are controlled by 

the dipole matrix elements between the initial state of the neutral 

molecule and the final continuum state, which consists of the ion and 

free electron. Calculating these matrix elements and comparing them 

to the photoelectron spectra provides a simple test of the quality of 

the initial- and final-atate wavefunction. Certain weak photoelectron 
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banda are aucceasfully predicted only when configuration interaction* 

are incorporated. However, the occasional poor signal-to-noise ratio 

in photoelectron spectrometers has left many of the predicted states 

unobserved. 

The measured quantity reported in most photoelectron spectra is a 

differential intensity with respect to energy and angle. Recent advances 

in scattering theory have improved the calculation of photoelectron angular 

distributions, thus adding to the understanding of the photoionization 

process. 

Photoelectron spectroscopy, by virtue of its photoelectron kinetic 

energy measurements, yields the total internal energy of the remaining 

molecular ion. Rarely does a photoelectron spectrum contain information 

about possible dissociation processes. Photoionization mass spectroscopy 

directly measures the minimum energy required for dissociation. However, 

it does not directly indicate which of the particular electronic states 

are involved. In this sense photoelectron and photoionization spectro

scopy are complementary techniques. Yet, in many cases they are not 

sufficient to assign specific mechanisms for the partitioning of the 

internal energy of the ion upon its dissociation. Coincidence spectro

scopy measures a specific channel's participation in the photoionization 

event. Phctoelectron-photoion coincidence spectroscopy identifies a 

particular kinetic energy electron with a particular ion. 

The use of a molecular beam in high resolution photoelectron spectro

scopy adds a new class of exotic species and significantly improves the 

obtainable resolution. The next section of this chapter describes the 

criteria used to initiate the design and fabrication of such an 
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instrument. The last section of this chapter discusses the instrumental 

considerations controlling two-parameter coincidence experiments. 

B. Ultraviolet Photoelectron Spectrometers 

1. State-of-the-Art Instrumentation 

The major components of a photoelectron spectrometer are: 1) a mono

chromatic VUV light source, 2) an ionization region, 3) an electron energy 

analyzer and associated lenses, 4) an electron detector, 5) data collection 

and energy scan electronics, 6) magnetic shields, and 7) a vacuum system. 

The influence of each of these devices must be carefully considered in 

the design of a "state-of-the-art" instrument. 

The obtainable resolution of most existing photoelection spectrometers 

is limited by one or more of the following: 1) rotational broadening, 

2) Doppler widths, 3) light-source line widths, 4) shifts in the energy 

scale due to changes in surface potentials, 5) poor signal to noise 

due mostly to scattered electrons, 6) poor transmission at low kinetic 

energies as a result of incomplete magnetic and electrostatic shielding, 

7) poor transmission at low kinetic energies because of contact potentials 

and surface charging, and 8) power supply instability. The best reported 

resolution for argon is 0.004 eV FWHM. For molecular systems where 
o 

rotational broadening dominates the best reported resolution is 0.017 eV. 

Recent work on ethylene and 0. using a free jet expansion demonstrated 

improved resolution as the direct consequences of cooling the rotational 
9 

degrees of freedom. This reported resolution was the instrumental 

design value (0.012 eV), and obtainable in only single scans due to 

energy scale drifts. The difference between the best atomic and 

molecular resolution indicates that a significant gain will be realized 
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by sampling rotationally cold molecules. Besides the elimination of 

rotational broadening effects a molecular beam will reduce the Doppler 

width and provide a source of weakly bound clusters; thus it seems 

practical to set a design goal resolution of less than 0.005 eV. The 

remaining limitations can be handled with current technology, but must 

be painstakingly attended to at all stages of the design. 

Ionization potentials of the valence electrons in most molecules 

lie below 20 eV. The most intense "single" line source of photons with 

approximately this energy is a helium glow-discharge lamp. The primary 

line is Helot, at 21.21 eV (584 A) with the closest interfering line, 

HelB, at 23.09 eV (547 A). It is only 5% to 102 as intense as the 

Held line. Samson has examined the line width of Held emission 

from several different lamp designs. The recommended "optimum" lamp 

had a line width of less than 8 meV FWHM; however, if considerable loss 

of intensity can be tolerated, a source with a 2 meV FWHM can be used. 

An alternative to single photon ionization is to take advantage of 

intense narrow line width visible lasers and multiphoton-ionise the 

molecules. This area of research is in its infancy and must certainly 

be considered for future studies. 

The end result of increasing resolution is the inevitable loss 

of signal in the ever-present noise. Dispersion analyzers are high 

transmission devices when aberration terms are small. To keep their 

aberrations to a minimum, the acceptance of only a small solid angle 

is required. Certain dispersion analyzers are compatible with multi

channel operation. The use of these devices will significantly improve 

the signal-to-noise ratio. The major noise source in photoelectron 
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spectrometers is scattered electrons. The usual reaedy is to reduce 

the scattering by coating the surfaces with a aaterial of low electron 

reflectivity, such as colloidal graphite. This procedure significantly 

increases the macroscopic surface area, leading to the possibility of 

local surface charging. A better approach is to eliminate all possible 

electrons that can scatter into the detector before they enter the 

analyzer. This can be accomplished by using an optimized double mono-

chromator arrangement. Electrostatic deflection analyzers have their 

highest efficiency for a given resolution at the lowest usable kinetic 

energy. Stray magnetic and electrostatic fields limit the lowest usable 

kinetic energy in these analyzers. Either Helmholtz coils or shielding 

with highly permeable material can reduce the unwanted magnetic fields. 

Stray electrostatic fields from wires can also be easily eliminated. 

The least understood limitations are stray electrostatic field 

created on the surfaces of the analyzer and lenses. Molybdenum seems 

to be immune to certain types of these effects. The most pronounced 

limitation occurs when the sample gas being studied absorbs on the 

metal surface. This produces a drifting energy scale. Recently it 

was reported that heating of the surfaces stabilizes the energy scale 
12 and eliminates the problem. This concludes the summary of design 

ideas that J. E. Pollard and I developed before he pursued the detailed 

design and fabrication of such a device. 
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2. Hew Very High Resolution Photoelectron Spectrometer 

A new very high resolution spectrometer is currently nearing its 

completion in this laboratory. At present it is operating in a single 

channel mode, and already is producing exciting results. It has 

demonstrated by using a collimated supersonic molecular beam that the 

disparity between observed resolution in atomic and molecular systems is 

eliminate. Figure 1 shows the Held photoelectron spectra of Ar, which 

demonstrates the excellent signal-to-noise ratio and resolution of 

0.0065 eV FWHM of this instrument. The design resolution is 0.004 eV 

in the absence of contributions from the photon source. However, this 

high resolution could only be obtained by reducing the pressure in the 

lamp until it became unstable. When the lamp is operated at higher 

pressures the resolution degrades to 0.010 eV. Figures 2 shows the 

photoelectron spectrum of the first band in 0. using Hela radiation. 

The resolution is 11 meV FWHM, only 10Z larger than that observed 

for argon with the sample lamp conditions. The splitting of each peak 
2 + 

is due to spin-orbit interactions in the X n state of 0_. 

C. Coincidence Measurements 

Photoelectron-photoion coincidence spectroscopy is the measurement 

of either the photoelectron spectra associated with the formation of 

a particular ion or of the mass spectra resulting from the decay of 

a particular ionic state. Existing photoelectron-photoion coincidence 

spectrometer fall into two categories, fixed wavelength and threshold. 

The fixed wavelength spectrometers typically use an atomic resonance 

line source to ionize the molecule, as in conventional photoelectron 

spectroscopy. The threshold photoelectron-photoion coincidence 
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spectrometers scan the photoionization wavelength, as in conventional 

photoionization aasa spectroscopy. In either experimental technique 

the tiae relationship between the photoion signal and photoelectron 

signal aust be determined to identify the particular ionization event 

that produced the aeasured products. 

Rarely is it possible to produce a pure sample of exotic species. 

The photoelectron spectra obtained from such mixtures are difficult to 

interpret. It would certainly be convenient to measure just one of 'the 

component's photoelectron spectra at a time. This can be accomplished 

to a certain degree with a photoelectron-photoion coincidence techniques. 

In combining a photoelectron spectrometer and photoionization tass 

spectrometer for coincidence measurements a serious problem arises. 

The conventional photoionization mass spectrometer requires a strong 

electric field in the ionization region to maintain a large collection 

efficiency. This electric field will destroy the energy resolution 

of the photoelectron spectrometer. A solution to this dilemma can be 

developed by considering the tiae an election spends in the interaction 

region. Typical photoelectrons spend only a few nanoseconds in the 

ionization region while the photoions spend aany microseconds there. 

One solution would be to pulse the extraction field in such a fashion 

that once an electron has been detected, the ion would be sent into the 

mass spectrometer for analysis. However, the collection efficiency of 
-4 a typical electron energy analyzer is only 10 . This aeans for a 

reasonable ionization rate there might be as aany as 10 ions in the 

interaction region at a time. A method aust be used to sweep the 

undesir ;d ions out of the interaction region. This can be accoaplished 
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by operating the extraction field pulse with the frequency of the average 
13 ionization rate. "Such a device has been reported by Eland. A similar 

instrument is planned for the new very high resolution photoelectron 

spectrometer. 

The major limitation is photoelectron-photoion coincidence spectro

meters in the poor collection efficiences of the photoelectron energy 

analyzer. The use of a multichannel detector system in an electrostatic 

deflection analyzer improves the efficiency considerably. However, 

a time of flight photoelectron energy analyzer is almost the ideal 

device, if a pulsed light source is available. SPEAR has this necessary 

time structure. Currently this laboratory is using time of flight 
14 electron energy analyzers in single parameter measurements. Extension 

of this work to coincidence measurements should be considered in the 

future. 
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Figure Captions! Chapter IV 

Fig. 1. Photoelectron spectrum of Ar taken at 0.5 eV pass energy using 

Hela (584 A) radiation. The beam was produced by expanding 

1000 torr pure Ar gas through a 70 po-diaaeter nozzle. 
2 Fig. 2. Photoelectron spectrum the first band (X IT ) of 0. taken at 

0.5 eV pass energy using Hela (584 A) radiation. The beam 

of 0. was produced by expanding 1000 torr of pure 0„ through 

a 70 lim-diameter nozzle. 
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CHAPTER y 

PROPOSED DESIGN OF A VUV WINDOWLESS BEAM LINE FOR SSRL 

A. Introduction 

In this last chapter, a proposed design for a gas phase beam line 

at SSRL will be described. As was shown in Chapters I, II and III, 

synchrotron radiation is a very useful source of VUV photons for molecular 

beam studies. This work, performed at SSRL, was limiced mainly by the 

small transmission of the required Al window, the normal-incidence cut

off of the available beam line and the very limited beam time allocated 

to these experiments. SSRL is ii. need of an additional experimental 

station; specifically, one that is designed primarily for gas-phase 

studies. Also, of the existing facilities at SSRL, none effectively 

cover the 30 eV to 60 eV region. This VUV windowless beam line will 

help alleviate these problems and bring additional gas-phase research 

to SSRL. 

B. Design Objectives 

The design goal for this branch line is to supply an intense source 

of focused, well-polarized, monochromatic photons in the energy range of 

4 to 160 eV for gas phase studies. The monochromaticity (E/AE) of the 

output photon beam should be adjustable from 1000 to 10,000. Provision 

should be made to reduce higher order contamination with a minimum loss 

of intensity and minimum amount of scattered light. All reflections 

used should enhance the polarization of the photon flux. The output 

beam should be horizontal and have a focus at least 0.5 m from the exit 

flange in order to accomodate relatively large sample chambers. The 

focus should be no larger than 2 mm x 2 mm in size and have as long a 
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depth-of-field as practical. Most importantly, this beam line must be 
_3 

able to operate with saaple chamber pressures up to 10 torr without 

any adverse effects on the optical surfaces or the ultrahigh vacuum of 

SPEAR. 

C. Design Approach and Background 

It is usually possible in spectrometers to isolate the sample from 

the photon source by a window that is transparent to the radiation of 

interest. However, for photon energies above 11.8 eV (A < 1050 A) 

lithium fluoride is no longer usable and there exists no suitable window 

material. This necessitates operation in a windowless (vacuum) 

environment. This problem, characteristic of the vacuum ultraviolet 

(VUV) and soft X-ray (XOV) regions, presents several unique design 

requirements. One such requirement is that only front-surface optical 

elements (mirrors and gratings) can be employed. Such optical elements 

must be made from materials that are compatible with the UHV environments 

necessary to keep the surfaces free from contaminants that will degrade 

their optical performance. In addition, for studies on all samples 

that are not compatible with this UHV environment, such as, gases 

and liquids, extensive differential pumping is needed to couple the 

high pressure sample region to the UHV region of the radiation source. 

This differential pumping considerably increases the cost and reduces 

the efficiency of typical beam lines on synchrotron light sources. 

For this reason, the majority of studies performed in the XUV, where 

synchrotrons are the only intense continuum sources, have been limited 

to UHV compatible samples. There are a few exceptions to this. In 

certain situations an ultrathin window material can be used to separate 
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the two vacuus regions. For exaaple, a 1500 A thick Al/Si window has 

been successfully used at SSRL. However, these windows have several 

severe limitations. They are only transparent over a limited energy 

region and even then are not very transparent. Also, they are chemically 

reactive, extremely fragile, and highly susceptible to developing leaks. 

These ultrathin windows cannot replace the differential pumping needed 

to take advantage of the intense continuum radiation of synchrotron 

light sources. 

The differential pumping system must be able to reduce the pressure 
-3 in the vacuum system from the 10 torr of any sample gas to less than 

the UHV background pressure of SPEAR. Typical UHV residual gas consists 

mostly of H„ and CO. The hydrocarbon contamination is believed to be 
-14 -14 

10 torr for SPEAR. This value of 10 torr partial pressure of 

sample contamination in SPEAR vacuum will be used in the design of the 

differential pumping system. Therefore, a partial pressure reduction 

ratio of 10 must be achieved. 

A general single stage of differential pumping can be described 

simply by gas kinetic theory, in the molecular flow region as 

P 2 Pl S 2 ' 

where P. is the pressure in the first region, P. is the resulting 

contribution in the second region due to the conductance, C.„, 

between the two chambers and S, is the effective pumping speed for the 

gas in the second region. The generalization of this to M stages of 

differential pumping is straightforward; 
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v - P hi hi hh. Vi.ii 
H- 1 S 2 S 3 S 4 - S, ' 

Each ratio of conductance to pimping speed needs to be such less 

than one in order to be effective. This can be accoaplished by using 

larger puaps and having small conductance passages interconnecting each 

region. As will be shown later for the beam line under discussion, 

these ratios will all be between 0.03 and 0.001. Considering the worst 

case, 0.03, it is clear that approximately seven stages of differential 

pumping will be required to accomplish a P„/P, ratio of less than 10 

One way to decrease the C/S ratio is to use larger pumps. This is 

only uieful when the conductance between the pump and system is also 

increased proportionately. The limitation on pumping speed in most cases 

is not the size of the pump that can be purchased but the conductance 

between the pump and the system. 

The types of pumps that can be used are also limited. Due to the 

adverse, nonrecoverable, effects of organic contaminants from a vacuum 

failure, oil-containing pumps should not be considered. In the higher 

pressure regions, high throughput is demanded as well as universal (with 

regard to gas composition dependence) pumping speed. The best choice 

under these conditions is an oil-free turbomolecular pump. As the 

pressure decreases, the load requirements also are reduced, allowing 

conventional ion pumps (IP) and titanium sublimation pumps (TSP) to 

be employed. Besides their poor efficiency for pumping rare gases, 

an ion pump fragments large gaseous molecules, thus reducing its pumping 

speed for these species. The addition of a 14 K cryopump (CP) will 



124 

compensate for the deficiencies of conventional 1P-TSP UHV systeas for 

all gases except H_, He and Me. 

The conductance of long tubes or channels, in the molecular-flow 

regime, is given by 

(̂(V)"1 

where v , the Bean aolecular speed, is given by 

vl/2 
v - f e \ 
m \ ffl I 

2 The integrand H/A is the ratio of the perimeter, H, to the square of 

the cross-aectional area, A, which is integrated over the length, &. 

Table 1 contains the evaluation of this formula for several cases of 

particular interest. 

The N stages of differential pumping require N conductance barriers. 

The obvious locations of these barriers are along the beam line at 

points where the cross section of the photon beam is at a minimum. 

In order to protect the delicate optical surfaces from contamination, 

the majority of the pumping must be located near the exit (sample 

chamber end). 

An additional mechanism for contamination of optics and UHV is 

surface diffusion. Unlike gaseous transport, surface diffusion is not 
2 well understood. A study using I smooth single crystal indicates that 

the tiae scale of this process is extremely slow (on che order of years). 

However, the stainless steel surfaces of beam line vacuum chambers and 
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the variety of different possible contaminants may sake this effect 

significant. Therefore, a barrier must be devised to thwart the possible 

aechanisas of contamination. This will be accomplished by keeping a 

section of the beam line at an elevated temperature in order to desorb 

the potential surface contaminants into the system pumps. 

Optical devices in the VUV and XUV are strictly limited to front 

surface reflections due to the intrinsic "opaqueness" of all materials 

in this wavelength region. Below approximately 35 eV, the reflectivity 

of a metallic surface is not a strong function of the angle of incidence. 

This region below 35 eV is referred to as the normal incidence region. 

Above 35 eV there exists for metals a critical angle of reflection, a 

(a is a grazing angle of incidence measured with respect to the surface, 

not the surface normal) for which the reflectivity above a certain energy 

drops rapidly. This angle is given by 

8in a., x u vT C C \ 2 TT / \mc / 

where A is the critical wavelength, N f f is the effective density of 

free electrons at the surface, e and m are the charge and mass of an 
3 electron, and c is the speed of light. Hageman has tabulated N ., eft 

for many different materials. This grazing angle is approximately 9° 

for 160 eV photons reflected from a platinum surface. Therefore, for 

photon energies higher than 35 eV, grazing incidence optics are needed. 

Even at these angles of incidence the reflectivity is greater for "»" 

polarized than "p" polarized light. Synchrotron light is highly 
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horizontally polarized; therefore, in order to enhance the polarization, 

all reflections should be vertical, "s" type. 

Spherical mirrors are the easiest to fabricate and can be configured 

to give stigaatic iaages at normal incidence. As the angle of incidence 

increases, the mirror forms horizontal and vertical focus at different 

distances. The horizontal (£, ) and vertical (f^) focal distances for 

a spherical mirror are given by 

. R cos6 
fll " - 2 — 

and 

1 2 cos8 ' 

respectively, where R is the radius of curvature of the mirror and 9 

is the angle of incidence. This astigmatism of spherical mirrors at 

grazing angles of incidence has lead to the use of exotically figured 

mirrors. The next most commonly used mirrors, which are also relatively 

easy to fabricate, are concave toroidal shaped mirrors. A toroid is 

characterized by its two radii of curvature, R,i and R^, which are 

parallel and perpendicular to the plane of incidence, respectively. 

The toroid will form a stigmatic focus at a particular angle of 

incidence, 6, which satisfies the following: 

co. e - _ . 

This i s easi ly seen from 

RjL Kg cosO 
f 1 * 2 cos6 " ~~2 * f II * 
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Toroidal airrors correct for astigaatisa, but suffer froa spherical 

aberrations and coaa. The foraer problem car' be corrected by using an 

even aore exotically figured airror such as an ellipsoid. The equation 

of the ellipse in the plane of incidence, xy, that will perfora the 

desired focusing is 

2 2 

a b 
with 

a * i (P + Q) 

and 

b * (PQ) cos 6 , 

where P and Q are the source and image distances, respectively, and 6 

is the angle of incidence. Fabrication of such a mirror is very 

difficult and expensive and has only been carried out for the most 

demanding situations. 

Another important optical figure is a parabola of revolution. 

Its function, as in visible optics, is to collitnate a point source or 

to focus a collimated beam to a point. This figure is stigmatic and 
2 free froa spherical aberrations. For a parabola of the form y « 2px, 

2 the center of the airror has coordinates x» - f J in 6 and y n - f sin26 
2 where f is the focal length given by p - 2f cos 9. 

4 With few exceptions , the only dispersive eleaents usable in the 

VUV and XDV are reflective diffr.-.ction gratings. Again, these gratings 

aust be used at grazing angles of incidence for energies above the noraal 

incidence regiae. Spherical gratings are the most popular. However, 
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they suffer fro* severe astigaatisa at large angles of incidence. 

As with toroidal mirrors, toroidal gratings circumvent this problea. 

Because the tcroid figure is only stigaatic at one angle oi: incidence, 

its coabined use in focusing and diffraction severely liaits its energy 

range. Therefore, a toroidal grating monochromator would require several 

very expensive interchangeable toroidal gratings. 

Due to the small grazing angle required in this energy region, 

the maximum tuning angle of the grating is limited if the incidence 

and diffracted beams are fixed. Complex mechanisms have been developed 

that not only change the angle of the grating but also change the 

incidence or diffracted beam angles, thus inn asing the usuable energy 

range of a particular grating. ' These mê .. .msms are extremely complex 

and generally result in a complex wavelength scale. Another solution 

to this problem is to utilize several different gratings with different 

dispersions (line densities), thus covering a larger wavelength region. 

Again, the cost can be prohibitive, but if relatively inexpensive plane 

gratings are used and the focusing is performed by only one set of exotic 

optics, then a large wavelength region can be covered with a stigtnatic 

focus and still be affordable. Since a blaze angle can be fabricated 

on a plane diffraction surface, it is also advantageous to use one plane 

grating, for each octave with the appropriate blaze angle to enhance the 

grating's efficiency, thereby reducing higher order light. Fig. 1 shows 

the cross section of a plane grating with blaze angle, 6 , diffracting 

light at the blaze wavelength. The grating diffraction law for a and 

P on opposite sides of the grating noraal, as defined in Fig. 1, is 
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mA " a(sina - sin6) , 

where • is the order and A is the diffracted wavelength. In a •one— 

chroaator, it is desirable to have the deviation angle, 2d, constant 

and to scan the wavelength by rotating the grating. The angle through 

which grating must be rotated away from the zero order condition 

(o « 6 * 6) to obtain the diffracted light of wavelength A is designated 

9'. Rewriting the grating law in terms of 6' and 6, a simple sine 

relation is derived: 

mA = (2a cos9) sin8' 

29 - a + e 

26' = a - 6. 

The blaze wavelength is reached when 8' =6 , where the diffraction 

is specular off the terraces 

mA. • (2a cos6) sin8, b b 

It should be noted that soir' manufacturers specify the blaze in terms 

of the wavelength in the Littrow mount (a = 3) and not the blaze angle; 

these are related by 

LITTROW A « 2a sin9, 

The blaze on a. grating enhances its efficiency of the inside orders 

for the geometry shown in Fig. 1. The use of the inside orders has the 

disadvantage that as the energy increases, the angle of incidence 
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decrease*. If the grating is used in the outside orders, the blase 

condition can also be set by a 180° rotation of the grating, however, 

this procedure illuminates soae of the sharp steps and increases the 

scattered light. 

The theoretical limit to the resolution of a grating is given by 

where W is the width of the grating perpendicular to the rulings. 

Very rarely in aonochromators can this be attained because of astigmatism 

and other aberrations. The angular dispersion of a diffraction grating 

is given by simple differentiation and the reciprocal linear dispersion 

(or plate factor) is 

dX 2a cos 6 . 
ii'sr- c o s e • 

where L is the distance from the grating and dSL is the incremental length 

perpendicular to the beam direction. The cos 8' term only changes by 

1Z over the 9° of interest. The practical resolution obtained by 

considering the resolution-intensity trade off for most experiments using 

monochromators at SSRL in this energy region is generally between 1000 

and 2000. Many experiments can certainly benefit from better resolution. 

To obtain this, adjustable slits on both the entrance and exit arms of 

the aonochromator are required. 

The field of VUV optics has grown significantly in the past few 

years. A major development has been the fabrication of near "perfect" 

holographic gratings. This technique allows for sophisticated aberration 



131 

corrections as well as for the use of exotic figured substrates. 

In addition, single-point-diaaond turned, exotic figured airrors with 

cosaetic surface polishing (hand polished to reduce scattering) await 

testing in the VHV and XUV regions. If proven useful they will greatly 

reduce the cost of optics and allow for even nore complex figures to 

be used. 

D. Design Descriptions 

In 1977, Victor Rehn (of the Michelson Laboratory) proposed a plane 

grating monochromator branch line as part of the Beam Line III addition 

to SSRL. The purpose was to add needed experimental facilities in the 

5 eV to 160 eV energy range for gas phase as well as UHV experiments. 

He drew up a preliminary design that, due to financial constraints, 

he was not able to finish. During the past year, D. A. Shirley and 

R. N. Zare successfully obtained funding for further work on this beam 

line. I have attempted to complete the design work and direct the 

initial stages of fabrication. At present, the principle optical design 

and vacuum work is complete. Many details in the optics, vacuum, mechan

ical and electrical design await completion and will not be discussed. 

Since the initial design was proposed three years ago, several 

other groups have pursued similar approaches to the one to be discussed 

here. Some of these common design elements are worthy of note. A 
7 8 sophisticated optical design effort has been made by Malcom R. Howells ' 

of the National Synchrotron Light Source (NSLS), to develop a plane 

grating monochronator for a wavelength region larger than the one 

considered here. This design has the advantage of reflection 

filtering of the higher orders by using four mirrors and two gratings 
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to span the 10 A - 1000 A region. There are only three reflections 

between the source and the exit (lit. The synchrotron source size is 

used as the entrance slit image of the monochromator. This will limit 

the ultimate resolution of the monochromator. This design also u«es 

the outside orders and diamond turned optics that might present 

scattered light problems at higher energies. This line is planned to 

be used only for UHV experiments. Two of these systems are currently 

being constructed. The other line, designed for the Desy Storage Ring, 

is for both gas phase and UHV experiments and uses three toroidal 

gratings. The differential pumping is based mainly on extensive cryo-

pumping in the sample chamber and will be limited to pressures less 

than 10 torr. The order sorting which is used adds three additional 

reflections to the optical system. There is a total of four reflections 

before the exit slit. The wavelength region covered is to be 50 A -

450 A with the resolution of the monochromator adjustable to the aberra

tion limits by entrance and exit slits. This beam line is in the final 

construction and alignment stages. 

Our windowless beam line for gas phase studies, I1I-2 (18°), to be 

constructed at SSRL in the near future, employs six reflections and will 

cover the 2480 A - 78 A (5 eV - 160 eV) region by using five inter

changeable plane gratings. It has six stages of differential pumping 

employing a variety of pumps making it useful for sample pressures from 
—10 —3 10 torr to 10 torr (except for He), without any contamination 

of the first four optical surfaces or SPEAR vacuum. It has adjustable 
3 entrance and exit slits with an optimized resolution of 10 and an 

4 estimated aberration limited resolution of 10 . The only direct order 
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sorting incorporated in the line below 80 eV is grating blaze enhance

ment. However, provisions are made for a filter assembly if this blaze 

enhancement is not sufficient. Figures 2 and 3 show the schematic 

layout of this beam line and Table 2 suamarizes the function of the 

optical elements. 

1. Optical System 

The SPEAR source is approximately 1.5 ram x 3 mm with a divergence 

of 2.5 mrad. A total of 8 mrad is available in the horizontal plane for 

this line. The closest that the beam splitting mirror can be located to 

the source is 12.42 m. Due to space allocations and the desired "s" 

type reflections, the experimental chamber and the majority of the 

optical elements will be located on the optically stable second floor. 

The function of the first mirror, M is to demagnify the SPEAR 

source by a factor of 10, thus producing a sharp focus at the entrance 

slit of the monochromator 1.22 m further down stream. The mirror will 

be Pt coated and operated at an angle of incidence of 81°, thus reflect

ing only photons with energy less than 160 eV. The mirror must be able 

to absorb the remaining radiation without degrading or distorting. 
2 This flux will be approximately 30 watts/cm and presents severe material 

constraints. The usual practice has been to use cooled metallic mirrors; 

however the best attainable surface roughness still causes scattered 

light problems. The best material for the mirror is chemically vapor 

deposited silicon carbide (CVD Sic). However, due to its hardness, 

large exotically figured mirrors are not yet available. The alternative 

employed here is to use a segmented mirror consisting of 24 spherical 
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CVD SiC airrore arranged in an aatrix ( 3 x 8 ) imitating Che ideal figure 

of an ellipsoid. * 

The properties of CVD SiC Chat aake it the best aaterial are: 

its hardness, which allows saooth flat surfaces to he attained with 

less than 8 raa roughness, its good thermal and electrical conductiv

ity and its thermal stability to distortions of figure at temperatures 

in excess of 300°C. Therefore, this mirror need not be cooled. Its 

maximum operating temperature will be ~300°C. This high temperature 

will also reduce long term contamination of the optical surface. The 

mirror facets will be prealigned to obtain the best vertical focus. 

It is expected that this mirror will form a focus approximately 150 pm 

high and 600 pm long while in operation. This focus will be located 

at the bilateral entrance slit of the monochromator. The monochromator 

is a grazing incidence version of the Czerny-Turner mount. The diverging 

beam entering the entrance slit will be collimated by an off-axis 

parabolic mirror, M., operated at an angle of incidence of 81°. This 

parallel beam will then be dispersed by one of five, interchangeable 

(while under vacuum) plane gratings, G, with a total deviation angle, 

26, of 158°. The energy of the dispersed light will be controlled with 

a simple sine bar mechanism driven by a linear motion feed through 

coupled to a lead screw and stepping motor. The grating rotation 

mechanism will allow for operation in either the inside or outside 

orders. The resolution and wavelength ranges of the five gratings 

chosen listed in Table 3. 
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The dispersed parallel beam will then be refocused by another off-

axis parabolic mirror onto the exit slit. This mirror, H., will operate 

with an angle of incidence of 81° and have a focal length of 0.75 • 

producing an image at the bilaterally adjustable exit slit of 150 pm x 

600 pm. The output beam of the monochromator will propagate 4° below 

the horiiontal as it emerges from the exit slit. 

The next mirror in the system, M,, will refocus the monochromatic 

light, with unit magnification, at the center of a capillary system 

needed for differential pumping. The shape of this mirror should ideally 

be an ellipsoid, however, the difficulty in fabrication such a mirror 

has led to the choice of a toroid. The angle of incidence will be 79° 

with the reflected beam rising at 18° with respect to horizontal. The 

final mirror, M,, will also be a refocusing toroid, but will have a 

magnification of 2 and an angle of incidence of 81°. The focus of this 

mirror will be 1.0 m downstream. The net magnification of the system 

will be 0.2, the output beam will be horizontal and the focal spot size 

is expected to be 0.3 mm x 1.2 mm. 

2. Differential Pumping System 

There are planned six stages of differential pumping separating 

the sample chamber from SPEAR. The designed position of the conductance 

barriers and pumps are also shown in Fig. 2. Table 4 summarizes the 

expected partial pressures of contaminants in the different regions. 

Starting from the sample chamber where the maximum pressure will 
-3 be 10 torr the first conductance barrier will be tapered rectangular 

capillary which will envelop the diverging photon beam from the focus 

of M,. The upstream side of this capillary will be pumped by a 100 1/sec 



136 

tutboaolecular piaap. The sample chamber must contain its own pomp 
-3 to maintain the pressure below 10 torr. Also in the sample chamber 

vacuum will be the final refocusing mirror M,. It is expected that 

this mirror will require frequent cleaning due to the high pressure. 

Therefore, two mirrors will be available and ideally should be made of 

CVD SiC or another material with an easily cleanable optical surface. 

In addition the capillary closest to the sample chamber will be kept at 

an elevated temperature in order to act as a surface diffusion barrier. 

To allow for TJHV experiments two separate interface chambers will be 

available in order to prevent previously run gas phase experiments from 

possible contamination of the sample chamber's UHV vacuum. 

The next stage of differential pumping will be formed by a tapered 

rectangular capillary, enclosing the beam as it converges to the focus 

of M,, and a 500 1/sec turbomolecular pump. In this vacuum region the 

partial pressure of the sample will have been reduced by 10 , greatly 

reducing the contamination rate at M, to the point where baking or plasma 

etching can be used for regeneration. 

The next conductance barrier will again be a tapered rectangular 

capillary, but in this instance it will surround the diverging beam 

from the exit slit. The SPEAR end of the capillary will be separated 

from the exit slit to allow sufficient conductance for a 30 1/sec IP 

planned to be used in this stage of differential pumping. The exit 

slit itself will mount on a baffle plate that minimizes the conductance 

around the slit, but still allows for in vacuum alignment and for 

bilateral motion. Similarly, on the SPEAR side of the exit slit 

will be a 30 1/sec IP and a tapered capillary for the converging beam. 
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These tiro stages of differential pimping will reduce the partial pressure 
-14 of most sample gases to less than 10 torr, thus assuring long term 

stability of the delicate optical surfaces of M., M_ and the five 

gratings. 

The first pump located on the monochromator will be between M. and 

the capillary converging to the exit slit. This pump will be a 14 K 

cryopump. The need for it will be to safeguard against organic contam

inants that might have had poor pumping speed due to fragmentation in 

the previous ion pumped regions. On both sides of the grating chamber 

will be located an inline 220 1/sec IP to keep the base pressure in the 

grating chamber as low as practical. Outgassing estimates and experience 

predict the pressure to be approximately 5 x 10 torr. Located close 

to M 1 will be an additional 220 1/sec IP needed to maintain a similar 

pressure in this region. The final differential pumping stage will 

consist of the entrance slit and a 220 1/sec IP located in the beam 

splitting mirror (M n) tank. 

The total pressure in different vacuum regions will be monitored 

by either ion gauges or IP currents. Residual gas analyzers (RGA) will 

monitor partial pressures in the grating chamber and the M. mirror tank. 

The latter RGA will act as a principle sensor and be actively interlocked 

to an array of actuators, including five automatic gate valves. Two 

additional sensors will be in series with the RGA. These are the ion 

gauge and fast sensor located near M.. A secondary chain of interlocks 

planned to be employed that will close the sample chamber valve and 

isolate the problem region. 
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3. Installation 

The alignment of such a complex system would be a very difficult 

problem if it were not considered carefully in the desiga. The approach 

is to take advantage, wherever possible, of precision machining, pre-

alignment and kinematic mounts. The entire monochromator and refocusing 

mirrors will be mounted on a single support structure that will be 

adjustable as a unit to correct for the SPEAR beam position variation 

from fill to fill. Each individual optical assembly will be adjustable 

with respect to this structure but should not require such, once properly 

aligned. The optical assemblies will include, for instance, the two 

differential pumping capillaries about the M, focus, which are prealigned 

with respect to each other before installation. 

In addition, although the synchrotron light used has a visible 

component, its collimation is much poorer than the VUV and XUV of interest. 

Therefore, a He-Ne laser alignment system has been designed that will 

imitate the incident synchrotron light in divergence and size. This will 

allow for a simple in situ test of the focal properties and sample 

alignment. It is also important to be able to measure conveniently 

changes in efficiency of the optical elements in the VUV and XUV 

regions. This will be accomplished by monitoring the photoyield from 

each of the reflecting surfaces. 
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5. The Future 

A layout drawing of this proposed branch line is shown in Fig. 3. 

The distinct advantage of a gas phase VUV and XUV experimental station 

at SSKL over other storage rings is SPEAR1s excellent time structure. 

The synchrotron light, under single bunch operation in SPEAR, comes 

in 0.4 nsec wide pulses every 780 nsec. This facilitates many time 

dependent studies such as delayed fluorescence of short lived electronic 

states, time-of-flight photoelectron spectroscopy, and certainly coinci

dence photoelectron-photoion spectroscopy. The first two techniques 

have been profitably employed by D. A. Shirley's research group even 

with the severe window limitations. The construction of this line 

will bring increased signal, a larger energy range and the awaited 

additional coincidence experiments. 
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Table 1. Conductance foraula for several differently shaped tubes and 
channels under Molecular flow. Formulas with the «* ten 
numerically evaluated require diaensions in ca, teaperature 
in K, and M in ga/aole to give conductances in 1/sec; 
vu - 14.55 (T/M)% in ca/sec with these saae units. 

Shape Characteristic Dimensions Conductance 

Straight 
cylindrical 
tube 

d - diameter 
I • length I". A3 A3 /T\% 

Truncated 
cone 

d'd* 
" vm "o"t / 1 \ 
12 ~ V*/ 

a 
d o + d * 

Rectangular 
tube 

a ,b» length of sides 
SL • length 

2v 

(a+bH 9.70 (l)h 

(a+b)i VM/ 
a b 

Tapered 
rectangular 
tube 

2v_ .,. a ^ - a ^ 
5 s (r) 

V Vjr"° b* I aob: 

Orifice A » area a /Tv* 
- A ; 3.64 A ( ± ) 



Tjblt 2. Functiona, ahapea and poaitiodt of the optical elenenta. 

Elaawnt Figure e 
(deg) 

At 
of 

center 
mirror 
(•) 

•l 
at center 
of Mirror 

(-) 

jize 
vxfc 
(c.) 

Object. 
diat. 
P(«) 

Inage 
diat. 
Q(-) 

Horit. 
diat. froa 

aource 
(•) 

Vertica' 
diat. fraat 
aource (.) 

function 

M0 2* tph. iff. 
appro*, of 
M tllipaoid 

81 14.2 0.348 10 x 23 12.42 1.22 12.42 0 Poena baas on 
antrancn a lit 
with N • -0.1 

Ml •••Tabloid 81 9.6 0.235 8 x 15 0.75 14.29 0.61 Colliaatn bean 

c plana blaiad 
grating 

79 
at tero 
order 

8 x 2ft 
ruled 
area 

(3.5) (3.5) 17.13 2.67 Diepcrae bean M 
* • 

M 

"* parabloid 81 9.6 0.23} 8 x 20 0.75 20.52 3.51 Focua dieperaed 
bean on exit alit 

"3 toroid 79 3.14 0.114 5 x 9 0.6 0.6 21.87 3.42 Prefocua light 
for diffarantial 
piaaping 

M4 toroid 81 4.26 0.104 5 x 9 0.5 1.0 22.77 3.36 Kefocua light 
on eaapla 
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Table 3. Linear dispersion and resolution for various gratings. 
Gratings are interchangeable while system is still under 

Grating Wavelength Energy Linear Resolution 
Density Coverage Coverage Diipersion (150 \im slit) 

lines /«• A eV A/.n A 

1 2400 155-75 80-160 0.424 0.064 

2 1200 310-155 40-80 0.848 0.13 

3 600 620-310 20-40 1.696 0.25 

4 300 1240-620 10-20 3.39 0.51 

5 150 2480-1240 5-10 6.78 1.02 



Table 4. Conductances, pumping speeds and partial pressures in the six differential regions 
for N 2 at 300 K. 

Regions 
Conductance into 

region 
C(l/sec) 

Pumping Speed 
S(l/sec) 

Conductance 
Pumping speed 

C/S 

Partial 
Pressure 
(torr) 

Sample chamber 

100 1/sec TMP 

500 1/sec TMP 

Sample side exit slit 

SPEAR side exit slit 

Monochromator 
(no cryo pump) 

Monochromator 

(with cryo pump) 

SPEAR (no CP) 

SPEAR (with CP) 

10 
0.57 

0.47 

0.24 

0.59 

0.21 

0.21 

0.18 

0.18 

70 

300 

19 

19 

414 

914 

138 

138 

0.0081 8.1 x 10 

0.0016 1.3 x 10" 

0.013 1.7 x 10" 

0.031 5.2 x 10" 

0.0005 2.6 x 10" 

0.0002 1.0 x 10" 

0.0013 3.4 x 10' 

0.0013 1.3 x 10' 

•10 
12 

-15 

•15 

-18 
-18 

*• 
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Figure Captions: Chapter V 

Fig. 1. Cross section of plane grating showing function of blaze angle. 

The incident beam makes an angle (a) with respect to the grating 

normal (GH) and the diffracted beam at the blase wavelength 

(A, ) has an angle 3 with respect to normal. The blase condition 

is met when a - 9. « 6 + 6. . 
D D 

Fig. 2. Schematic diagram of the photon beam in horizontal and vertical 

sections. The beam width is plotted vertically in millimeters 

vs. x-position along beam-line III in meters. The placement 

of optical elements, shown at top, is indicated by symbols: 

M. - H, are mirrors, S. and S. are optical slits, and G 

represents the grating. The placement of differential-pumping 

system components, shown at bottom, is indicated by symbols: 

RGA for residual gas analyzer, IV for inline valve, IP for 

ion pump, TSP for titanium-sublimation pump, PR for pumping 

restriction, CP for cryogenic pump, and TP for turbomolecular 

pump. 

Fig. 3. Schematic layout drawing of beam line. 
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