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FOREWORD

For a report such as thi s, spanning a period of 30 years, a little

needs to be said about the quidelines used in its preparation. Since thi s

investigator came to the general area of the “Interactions of Vacuum Ultra-

Violet Radiation wi th Matter” via the broader area of “Gas Discharge Physics ,”

it was obvious from this particular vantage point that there were two pri ncipal

areas of research: namely as presented in Chapter II: “Photon Interactions

with Gases,” and in Chapter III: “Photon Interact ions with Sol ids.” In both

of these chapters, our researches are presented in overview only.

References quoted there will appear as numbers enclosed in square

brackets, [ ], if they may be found in Weissler’s list of references at the end

of this report, or they may be numbers enclosed in curly brackets , { }, if found in

Professor Masaru Ogawa ’s l ist of references, also placed at the end of this report.

(M. Ogawa was a close collaborator of the undersigned at USC. He died on Dec.23, 1974.)

Certain areas of research are presented in somewhat greater detai l than

the general overview nature:

In Chapter II, paragraph f) on “Bimolecular Ion-Molecule Reactions ,” a

large number of data are presented in form of both figures and tables, s ince

this material has only appeared in dissertation form or in various conference

reports.

For the same reason, namely publ ication only in form of another di sser-

tation, the material in Chapter III, paragraph d) on “Optical and Photoelectric
0

Properties of Au and AL in the XUV, down to 173 A ,” is also presented more

extensively.

More specifically, the research done in the last few years on “Vacuum UV

.4
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Interactions wi th stable Arc Plasmas” has been presented in complete detail In

• Chapter II, paragraph h) .

For reasons given , some researches have been written up in expanded form.
• In contrast, advances made during this 30 year period by us and others in

Instrumentation has been totally omitted here, except for some quotation by

title in the appended lists of references. With the rapid development of

various technologies, it was felt that thi s otherwise very necessary phase of

investigation could be outdated at the time of this writing and would contribute

little to the thought processes leading the experimentalist from one problem

to the next.

Finally, it is hoped that while this is a survey of one laboratory’s

experimental work only, the uninit iated reader will be able to glean an idea

as to how a field of research grew and how it branched out into new and

different di rections.
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1.

I. INTRODUCTION

This report covers the research ac t iv i t ies  of the undersigned and his

assoc iates , as supported by the Office of Naval Research , for approximate ly

30 years from 1947 to 1977. The general title for these activities , namely

the “Interaction of Vacuum Ultraviolet Radi ation with Gases and Solids ,” while

not specifi c is never-the-less indicative of the general scope. While we will

try to present our progress in historical sequence, we will start wi th the

“Interact ions with Gases ” fi rst under the sub-heading of “PHOTOIONIZATION IN

GASES” and then “OPTICAL AND PHOTOELECTRIC EFFECTS IN SOLIDS” under a second

sub—head ing.

Since the List of References at the end of thi s report lists in chron-

ological order the publ ications, dissertations, conference contributions , etc.,

many of whi ch have been aided over these years by ONR contracts, the reader

will find reference numbers cited out of numerical sequence in the text. In

addition, it should be noted here that for purposes of avo iding di stracting

details, the discussion of innovative instrumentation has been held to a

minimum, even though instrumentation references have been included in the final

list. In order to make this list more meaningful to the reader, the full t itles

of these research reports are given as a further guide to their respective

contents, with We issler ’s references in [ ] and Ogawa’s in { } brackets.

Finally, it may not be Inappropriate to point out that the initial

impetus of these researches was provided by a desire to increase our under-

standing of various types of electrical discharges through gases, such as

glow discharges, arcs, and sparks, and not least of all , of atmospheric

electrical phenomena, the orgin of ionospheric layers, and other astrophysical

problems. All of these involve to a greater or lesser degree the “Interaction

of Vacuum UV Radiation with Gases and Solids .t133163]

-5 — — ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -~ 
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2.

II. PHOTOIONIZATION IN GASES.133’63’873

a) Overview

In order to orient the reader , it is best to start off

with a sumary of the various methods of measurement of photoionization

as presented in Fig. 1:

I. In the upper left-hand corner, we are measuri ng

Attenuation. Thi s attenuation , measured by the total absorption co-

eff icient k or cross section a, does not inqui re into the detai ls of

the atomic or molecular mechanism i nvolved . It only measures a decrease

In intensity versus A. [8,9
~

I3
~
l7 i20 22,24,25,36 38,55,61,74 ,75]

{ll—l3 ,15—21 ,23—26,28,32,35—38,42—49,52 ,55—57}

II. In Photoionization, we determine the number of ion

pai rs produced by photoionization per photon absorbed, and we begin to
[18,23,27—30,33,61,63]inquire in to the mechanism.

III. Fluorescence occurs when in the process of photoion-

Ization a resonance transi tion leaves the ion in an excited state , which

may then decay to a lower one. Such fluorescence can then be measured

with a second monochromator , or with a filter and a photomultiplier , or

wi th some similar device. In thi s fashion , we obtain further information
[56,63,65,69,80,86,91 ,105]

about specific absorpti on mechanisms .
{30,41,5l—54} 

-
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4.

IV . A combination of a monochromator with a mass spectrometer provides

Information on cases where a photon of a given frequency, hv , may either

produce a molecular ion by direct photoioni zation, or it may form by dissociati ve

photolonizatlon an atomic Ion and a neutral , either of which may be in an excited

or in the ground state.[39i40~
44
~

50 s52_54,63,64,66,81,87,105,106] {l4}

V. A new method has been perfected during the last decade, which concerns

itself with energy analysis of ejected photoelectrons , the so—cal led ESCA method

(Electron Spectroscopy for Chemical Analysis).163’87~

VI. An ion beam or a beam of neutrals may be used as the absorbing medium

when light is traversing it. This allows the study of those particular species ,

which can be most easily produced in beam form, for instance , atomic hydrogen.

But this would probably be the last to be so studied , because our theoretical

knowledge of hydrogen is more complete than that of any other atom. However, thi s

method seems most suitable for some metallic vapors of particular signi ficance to

astrophysical problems. The di fficulty with this approach is accuracy, because

one needs to know the precise geometry of and atom density in the beam which is

traversed by the radiation.t87’

• VII. Finall y, the last method shown in the bottom right corner of Fig. 1
*is plasma spectroscopy. The hot plasma , either in a low pressure shock tube or

In a high pressure arc, is utilized either as an emitting or absorbing medium.

High pressure means about one atmosphere, and the plasma is assumed to be in

thermodynamic equilibri um, or at least in L.T.E. (Local Thermodynamic Equil-

ibrium). If thi s is true, then we can utilize various laws, for instance

Kirchhoff ’s law, which states that the emissivity is proportional to the absorp-

tivity , and that the proportionality constant is the Planck functiona Bx. By 
-

measuring emission Intensities , we thereby can obtain the absorption coefficient

or the photolonization cross section, provided that we measure first the Planck
*[68,84,85,96,lOl_1O4 ,108_125]

--5--- _.5- - . - ._ ~ ~~~~~~~~~~~~~~~~ _ ~~~~~~~~~~~~~~~~~~~
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5.

function. Some very careful and beautiful work has been done on vacuum ultra-

vIolet plasma emission spectroscopy by the late GUnther Boldt in Munich , who

was unfortunately taken from us at a very early age.

In Table I, I wish to make use of nitrogen and oxygen as examples of the

Interactions of photons wi th different molecular electrons, as they accur in

the processos of light absorption. The first and 7th lines give the electron

configurations of the atoms and the second and 8th lines describe the corres-

ponding ground states of the molecules. The absorption giving ri se to the

excitation of a neutral state as the upper state of the Schumann-Runge bands,

line, 9, occurs when a photon i nteracts with a (-Tr~2p)-e1ectron of 02. In the

case of molecular ions , one of the (ci
9
2p)—electrons of N2 (line 3) or a

(ir 2p)-electron in 02 (line 10) is removed to infinity . For still higher lying

excited states of the two ions, 4 and 02 (l ines 4,5,6, and 11,12) , more tightly
• bound electrons are ejected.

This example may suffice to show the various possible interactions between

different molecular electrons and photons and to show the significance of study—

ing specific photon absorption transitions as a function of wavelength , to shorter

and shorter wavelengths down into the soft x—ray region.

Figure 2 represents some potential energy curves of a hypothetical mole-

cule. We consider first a phtoon of energy hv1 slightly above the ionizati on

threshold, XM2~. In this particular case, we obtain primarily photoions of the

molecule in the ground state. I would like to remind the reader of one easily

overlooked_ fact, namely that the various excited states of the molecular ion have

neutral Rydberg states converging towards each. The neutral Rydberg states are

schematically indicated by short, thick horizontal bars, sometimes marked “Ry”.

One of these Rydberg states is shown in terms of its potential energy curve,

marked M2
* on the right and “Ry” on the left. It is located between the X— and

the A—states of the molecular ion. The significance of the neutral states will

--.5— • —- —- —-  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~ —— _~~5-.5~~~~
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6.

Table 1. The electron con fi gurations of some states of atomic and
molecular nitrogen and oxygen

3. N ground state : IS’ 2s’ 2p’ :
2. N, graund state : kk (., s) (s~2s)’ ( .2p)4(a,2p)’ : X ‘

~~~~~

3. N; ground state : kk (a,2s) -~~.2s)’ ( .2p)’(o,2p) : X ‘
~~~,

4. N3~ excited ion : kk (.,2s)’(..2s)’ (r,.2p)’(o,2~)’ : A ‘f l.

5. N; excited ion : kk (.,2s)2(o.2s) (~.2p) ’( a,2p) ’ : B ‘E
6. N;— excited ion kk (.,2s)(u.2s)’ (=.2p) ’(.,2p) ’(~,2P) : C ‘~~;

- - 
• 7. 0 ground state : I s ’ 2s’ 2p’ :

8. 0, ground state : kk (.,2s)’(a,2s)’ (.,2p)~(:.2p)1(r,2p)~ : X ‘1~Upper state of
9. 0 Schuniann- : kk (.,2s) ’(e.2s) ’ (u,2p) ’(~,.2p) ’(~,2p) ’ : B ‘~~;Runge lands

30. O ground state: kk (.,2s) ’(a.2s) ’ (o,~~~~.2~)~~,2ft) : X ‘0,
11. 0~ excited ion : kk (.,2s)’(~.2s)’ (o,2p)\ .2p)’(:,2p)’ : a ~II .

• A ’!!.
32. O~~ excited ion : *k (.,2s)2(c.2s)$ (c ,2p) ’(:..2p) 4(:,2p) ’ : b 1~~~;

—- . 5- —
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Fig. 2. Photon absorption transitions in a hypothetical molecule. M ,.
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8.

become apparent a little later. The three photons, hv1, hv2, and hv3, show the

general complexi ty of the various i nteractions with a simple diatomi c molecule .

For instance, hv1 may be absorbed by interacting with a (ag2P)-electron

of the molecule , raising it to a conti nuum state above its ionization limit.

This electron will then be ejected with a kinetic energy, KE1, leavi ng the

molecular ion in its ground elec troni c state and in a vib rational state, say

v ’=O, as shown by the downward arrow.

If hv1 happens to have jsut the right amount of energy, then this photon

may also interact with a more tightly bound electron , say (Tr
~
2p)I and excite

it to the Rydberg state shown as a full curve M2 in its v=2 state. (This is

one of the Rydberg states converging toward the excited state of the molecular
* +Ion, A M2 ). Since the Ry-state lies above the ionization limi t, X M2, in other

+words, since it is imersed in the ionization continuum above X M2, therefore

conf iguration i nterac tion betwee n the Rydberg and the adjacent continuum states

may occur, giving rise to a more broadened or diffuse absorption band than in

the absence of neighboring conti nuum states. The electron may then make a

horizontal transition into the continuum , a pre—ionizat ion process, which results

In its ejection, leav ing behi nd as before a molecular ion, X 4 (v ’=O,l...).

As the photon energy is increased , say to a value hv2, the choice of

absorption mechan isms increases. Not only are those processes menti oned for hv1,
also possible for hv2, namely direct photoionization and perhaps pre-ionization ,

leaving the molecular ion in various vibrati onal states of its ground state wi th

the emission of an electron of considerable energy (as shown by the three long

downward arrows on the extreme left, labelled KE2). In additon , a second di rect

photolonization process may occur, when hv2 is absorbed by a (Tru
2p)_electron,

thereby raising it i nto one of its corresponding continuum states above the

A 142 lImit. When this electron is ejected, it may leave the ion in its A state,

v ’=O,l , . . .

-~~~~ —~~~~~~~~ — - 5- •—- • - -  —~~~~~~~~ - —~~~~ • .5~~~— ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ . , ~~~~~~~~~
-— -

~~~~ 
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9.

In this case , the three shorter downward arrows on the near left of

curve A indi cate the magnitude of the energy of the photo—electrons , and the

three groups of downward arrows of three each illustrate the emission of the

associated fluorescence radiation marked hvFl, provi ded that the transiti on

from A-’~X is allowed.

There is yet another photon interaction mechanism possible, which has

beer, illus trated for a photon of still greater energy, hv3. If this photon

is absorbed by a (au2s)_electron , raising it to a continuum state above the

B 4* limit , then this electron may be ejected with an energy KE3. This may

leave the molecule in the excited state of the ion , B 4* in the v ibrational

state v ’=l. As a result, dissociative photoionization may occur , because a

repulsive potential curve , C, crosses B at v ’— l. Therefore, we would observe

a photo—electron of energy KE3 (downward arrow to the near left) and two

atomic dissociati on products, and M, of total kinetic energy ED (downward

double arrow to the right).

Of course , dissociation may not occur when a photo-electron of slightly

greater energy KE3 is observed (downward arrow on far left) leaving 4 in the
vibration state v’=O of the B state, which in turn may decay by way of

fluorescence (three downward arrows, labelled hv’Fl), if some transition to a

lower state is possible.

b) Photoelectron Energy Analysis t871

With a variety of different speci fic absorption transitions as illus-

trated in Fig. 2 in mind , it becomes ininediately obvious that a specific cross

section for each absorpti on transition is needed, and this then requi res a

brief review of the capabiliti es of some of t1~° measuring techniques. Therefore,

some examples will be qui ckly discussed as, for i nstance, the absorption of the

He resonance l ine at 584 A (hv=21.21 eV) by molecular hydrogen, as shown

schematical ly in Fig. 3 by the upward arrow.
*nElectron Spectrosco py”, D.A. Shirley, ed.; North-Holland Publishing Co.,

Amsterdam 1972.
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Here , the incident photon raises an electron to a continuum state above

the ionization limi t of 15.47 eV of the ground state of the molecular Ion,
+ 2 +H2 X Zg• From there, the electron is released wi th discrete amounts of energy,

downward arrows, leavi ng the ion in v ’=O,l,• ..12 l3. In FIg. 4 we present the
*

ESCA results of the UppsaIa group whi ch shows these sharply defined groups

of electron energies . The assuracy of the electron energy determination is seen

to be about ±0.010 eV , which is comparable to the resolution of a 1 meter normal

incidence spectrograph wi th a grating of 600 grooves per millimeter and wi th

entrance and exit slits of 20 to 100 micron width each. The relative peak

heights in Fig. 4 not only allows the assignment of the relative cross section

for a photon absorption transition , which leaves the ion in one specifi c vibra-

tional state, provided the total photo~onization cross section to the X 4
state is known. In addition , the distribution of the peak heights al lows con-

clusions as to the nature of the remove d electron , bonding or anti-bonding,

since thi s distribution will indicate the position of the upper potential curve ,
+ .X H2, wi th respect to the lower one, X H2, in Fig. 3: r’0>r0, therefore a

bonding electron has been removed; if in another molecule r’0<r0, as for instance ,

for the states A or B 4 in Fig. 2, then an antibonding electron will have been

removed by an absorption transition i nvolving either of these two states, and

a very different di stribution of peak heights will be observed in electron

energy measurements. Thi s is clearly related to the asymmetry of all potential

energy curves, which are very steep to the left of the minimum , for small

Internuclear distances, and much shal lower to the right, as shown more clearly

in FIg. 3.

The remarkable accuracy of the ESCA method illustrated in Fig. 4 was
*achieved by the Ltppsala group by use of electrostatic deflectors in the

shape of concentric spheri cal surfaces. Al ternate methods of photoelectron

energy analysis are concentric cyl inder electrostatic deflectors (which have an
* “ESCA, ATOMIC , MOLECULAR AND SOLID STATE STRUCTURE etc.”, K. Siegbahn et al.,

Nova Acta Regiae Soc. Sci. Upsaliensis , Series IV , Vol . 20, Uppsala 1967.
(Ref. is conti nued on next page.)
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advantage of very roughly 2ir in electron col lection efficiency over the

spherical analyzers), and the spherical grid retardi ng potential methods .

The last one is only capabl e of much lower accuracy than the first two (as

will become obvious when inspecti ng later Fi gs. 6 and 7), but It has the
— 

. advantage of collecting substantially all photoelectrons released by a given

photon. This , in turn, allows for a better assignment of specific photoion-

ization cross sections in terms of relative currents than is possible by the

first two methods, which rely on counti ng rates.

On the other hand, the spherical electrostatic analyzer is parti cularly

useful for the determination of the angular distribution of photoel ectrons

whi ch has a bearing on the bonding character of the concerned electron.

Since this instrument accepts only electrons from a relatively small solid

angle, this angle of electron emission with respect to the E-vector of a

polarized photon beam and with respect to the photon beam direction i tself can

be varied. This is not true for the other two methods .

Figure 5 shows a select number of Gilmore ’s Franck—Condon curves for

N2 and 4 and will be used to illustrate further what has been said before.

Here, the inc ident photon, hv1=2l.2l eV, He I 584 A, is shown to be absorbed

by ni trogen in one of its continuum states, well above the first (X 4), second

(A 4). and third (B 4) ionization limi ts. As a consequence, three energy

groups of photoelectrons have been measured (the downward arrows to the

different vibrati onal states of the three electronic states marked X, A, and B) ,

depending on whether hv1 interacted with one or the other of the molecular

electrons of N2: (csg2P)s (-rr
~
2p), or (c7

~
2s) as shown in Table I.

Figure 6 shows these three groups of photoelectrons measured wi th the

spherIcal grid retarding potential method. If the total photoionization

cross sect ion i s known, say from measurements with ion chambers (Fig. 1, II),

*

“ESCA Appl ied to Free Molecules ”, K. Siegbahm et al., North-Holland Publ . Co.
Amsterdam 1969.
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then the specific cross section which leaved the ion in v ’=O of the B-state

Is simply obtained from the measured current ratio, I1/I~~~
,shown In Fig. 6.

The ESCA method represented in Fig. 7 measures those photoelectron

transitions which leave the ion in its A-state, and the high accuracy is self—

evident , when this i gure is compared to the central part of the retarding

potential versus current curve of Fig. 6.

Whi le the accuracy of the ESCA method is remarkable in terms of the

determination of energies of atomic and molecular states, conven tional emission

and absorption spectroscopy using modern gratings and photographic emulsions

must still be regarded as one of the most accurate probes of atomic and

molecul ar physics .

As an exam ple , Fig. 8 represents M. Ogawa ’s absor pti on spectrum of

112 between 800 A and 1000 A, in the top-half with a reciprocal linear dispersion

of 2.85 A/rn in the first order. In the bottom-half of the figure , the region

A marked above, from 822 A to 834 A , is shown in the third order with 0.95 A/rn.

The signi ficance of this becomes obvious , when one recognizes that the sharpness

of the fine rotational lines within the vibrational bands allows for analysis

of these rotational states, whi ch are not seen by any of the photoelectron energy

analyzers. Another way of saying this , is to compare the ESCA resolution of

about 0.01 eV , or about 80 cm~~, with that in Fig. 8, bottom , of about o.0002 eV
0 1to 0.001 eV at 800 A and 1000 A, respectively, or 1 to 10 cm

c) Fluorescence Produced in Photoionization processes
*158,63~65,69,80~81 ,9l ,105]

Of those photoionizing transitions in Fig. 5, wh ich leave the molecule

in its B-state, some will spontaneously decay to the X-state of the molecular

Ion (Indicated in Fig. 5 by two groups of downward arrows and labelled as hvFl :

fluoresc. radiation). Such wavelength resolved fluorescence as a function of

the Incident radiation can be observed, when a vacuum monochromator is coupled
*{30,41 51_54}
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to a second spectrometer which looks at the photolonization region, as

shown in FIg. 9.
.5 When experimental resul ts , obtained in this fashion , are corrected for

detector and instrument response, then the fluorescent i ntensities in Fig. 10

appear as four pronounced peaks for the transitions from B, v’=O to X, v ”=O, l,

2,3 (left group of four downward arrows in Fig. 5) and as four subsidiary peaks

or shoulders for the much weaker fluorescence from B, v ’=l to X, v”=0,l ,2,3.

The ratios of these band intensities are then proportional to the Franck—Condon

factors for these transitions.

It is obvious , that these fluorescence techn iques oug ht to be extended

toward the observation of both shorter and longer wavelengths.

Furthermore, by studying the fluorescence rad iation also as a func tion

of the time-delay , i.e., following the light-source spark which produces the

.5 primary photons, hv
~
, it is possible to observe radiation characteristic of

species which are the result of collisions between photoions in known states
.5 and neutrals.

Thus , from the analysis of photoelectron energies and currents and from

such fluorescence work j ust descri bed, much more informati on can be obtained

not only about molecular states, but also about details of specific photo-

ionization transitions . In particular , the work so far reported is of such

promise that its extension into the shorter wavelength region is imperati ve

d) Mass Spectrometer Analysis of Photoionization Products *

While referri ng to shorter wavelengths , it is obvious from Fig. 5 that

if the incident photon is of energy hv1> 24.5 eV, the minimum value to form

+ N, then it should be possible to observe atomi c ions (also shown in Fig. 2

for the absorption of hv3). This requires that a mass spectrometer be coupled

to a vacuum rnonochromato r as in Fig. 11. There, the photon beam from a

Seya—Namioka type instrument is allowed to pass through the ionization chamber

*[39,40,44 ,50 52~54 63 64,66 81 ,87,l05 ,l06 ] { l4}
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of a Nier-type mass spectrometer.

The resul ts for N2 are shown in Fig. 12 , where the intensity of ions

produced per unit photon flux is plotted against photon energy. The di fferent
+ionIzation limi ts for the formation of N2, the X- , A— , B- , and C-state s , are

marked there wi th downward arrows. Of particular importance is the upper right

inset, which shows the appearance of the atomic ion, N~, at a value slightly

above the C-state limi t, in agreement wi th the fact that the Franck-Condon

regime (indicated by 2 vertical lines in Fig. 5) intersects the C-state at

v ’ -. 1 or 2, i.e., above v ’=O. It is worth noting that the intensity ordinate

of the inset is by a factor of 1/100 smaller than the ordinate on the main

Fig. 12.
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25.

[46 ,50,63]
e) Ion—Molecule Reactions

Ionization of a gas in a mass spectrometer is sometimes followed by an

Ion—molecule reaction. Whe n thi s process occ urs the reaction is often described

by the equation

W + X  9. Y~~+ Z

in which an electri cally neutral gas molecule W and an ion ized molecule X~
collide to form a product ion Y~ plus a neutral Z. For such bimolecular re-

actions the intensities of the reactant and product ions are found to vary

directly and as the square of the gas pressure , respectively, and are usually

observed at pressures higher than those ordinarily used in a mass spectrome ter.

Two quantities of interest in an ion-molecule reaction are the reaction rate

and cross section for the process. The cross section is defined in the usual

way as that area about the neutral molecule W through which the ionized molecule

.5 X~ must pass for the reaction to occur , while  the react ion ra te constant is that

number which , when multiplied by the concentration of X~ and W, wi ll equal the

time rate of increase of the concentration of the product ion Y~.

The usual method of ionizing the neutral molecule X is by electron

Impact , but in th is research, X~ has been produced by photoionization using

monoenergetic photons from a grating monochromator. Photoionization has been

found to possess several advantages over electron impact methods.. First, the

temperature in the ionization chamber of the mass spectrometer was essentially

room temperature, wh i le wi th an electron beam the hea t of the fi lamen t causes

temperature gradients to ex ist, thereby making a precise determination of both

temperature and density of the gas in the ion chamber di fficult. Furthermore,

heat from the fi lament causes the release of impuri ty molecules from surfaces ,

making extreme cleanl iness mandatory for this type of source. Wi th a photo—

~ 

~ - - -.5- - - - ‘  -- - --- -5



— -———.5 
— .5——--—-- - ---—.- - -----

~~_~~~~~-:~~~~
-
~~~~_

- -  .5 .5 - .5 -5— -‘-.5--—— — “ . 5  - ——‘-- . 5-  ——--,-— --——-~~-- - _—-- -..-- - --—-5— —---——-—-- ‘-- -—-,—.—---—_- .-,————-.

26.

Ionization source , no particular precautions were necessary to reduce background

peaks due to impurities. It was also possible to work at higher pressures

without taking special precautions to prevent the fi lament from evaporati ng and,

of course , no magnetic field was necessary to align the ionizing beam.

The primary aim of this research was to look for the occurance of ion—

— molecule raactions and to determine their reaction rate and cross section.

The gases studied were hydrogen, methane , and a one—to-one mixture of hydrogen
+ + +and nitrogen, and the observed product ions detected were H3 , CH5 , and N2H

respectively. (For results , see fig ’s. 13 to 25 and Table II.)

Of secondary interest were the appearance potentials of ions and the

dependence of ion intensities on photon energy. In many instances ion intensity

variations could be correlated with the onset of higher ionization potentials ,

corresponding to an ion in an excited state , or wi th a dissociative ionization

.5 
process.

It is hoped that the resul ts obtained will advance our knowledge of

chemical kinetics and contribute to our understa~iding of molecular structure

and the properties of matter when interacting with radiation of the vacuum

ul traviolet region.
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.5

.5 
TABLE II

SUNMARY OP EXPERIMENTAL RESULTS

I. Photolonization Potentials

Molecule Energy ev Type

112 l5.~~ ± 0.3

CHk 13.3 ± 0.3 IP~

Cu 11 18 .5 

.5 . 

IF2

II. Dissociative Ionization Processes

Ion Energy ev Reaction

11~ 18.0±0.5 112 +hV )r H 2
+

CH,
+ 1k.~ ±0.

11 CHk + h v-+CH k
+ -~4P CH,

+ + H

III. Secondary ! Ion Appearance Potentials

a) Associations -

Ion Energy cv Reaction

11 + 15.11±0 .3 H2 +112
+ .~*H,

l + H

CH
5
’ 13.3 ± 0.3 CH11 + CH11~ —)‘. CH

5~ 
+ CH3

.5 

15.3 ± 0.) 
- N2

+ + H2 —~.‘N2H~~+ H

— ~~ (_ — — a g~~~~ ggS. à.s._. ._~~~~~~~~ _ — i4
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TABLE II (Continued)

b) Dissociation from Collisions 
.5

Ion Energy ev Reaction

CH2~ 13.3 ± 0.3

CE’ 111.11 ± o.k

ci 111.11 ± 0.11

IV. Reaction Rate and Cross Sections

H 

- 

Ion Q x 1 0 16 k x l O 9 cm3 kt
_ 2reJ~~~

x l 09 cm3

per molecul e see per molecule see

H,~ 170 3.9 2.1

130 1.6 1.3

620 6.2 1.5

-.5--- - -5
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0 *

f) Dissociation into Neutrals and Other Absorption Processes Below 1000 A

Now, we come to some specula tion , as indicated at the beginning , Fig-

ure 26 shows in part (a) at the very top the total absorption coefficient in

02, measured by two very well known and highly competent groups, name ly by the

late Professor Ken ’ichi Watanabe and his student Matsunaga at the University

of Hawaii (labelled M), and by Drs. Gilbert R. Cook and Masaru Ogawa

.5 (identified by open ci rcles). The curves in the middle , (b), by the same two

groups , represent measurements of the total photoionization by all possible

mechanisms. The di fferences in the coefficients in both (a) and (b) are

obvious. However , it is really astoundi ng , when these differences, kd=k_k j,
.5 

i n the observ ed val ues of these two groups are plotted , as in  the bottom part , .5 -

(C) ,  of Fig. 26. Not only is the difference coefficient , kd, very substant ia l

.5 for each group, but the trends of kd versus A are the same for both , and both

groups differ drastically in the absolute value of this difference coefficient ,

in some instances by as much as a factor of two or more.

These diffe rence curves in (c), which extend over the wavelength region

of the ionization continuum in oxygen, are thought to represent a photo—

dissociation process. The plausibility of th i s i f fur ther suppor ted by the .5
different dissociation limits of 02~ 

D7 to D18, indicated by- verti cal bars in

Fig. 26(c). While these absorption transitions have not been specifi cally

indicated earl ier , say in Fig. 2, they clearly correspond to the lifting of an

electron to a neutral state , either Rydberg or non—Rydberg or repulsive , which

In this example of 02 lies in energy above the first ionization limi t of 1040 A

(other ionization limits of 02 are shown as vertical bars 1P2 to 1P 5 in Fig. 26

(b)).

As already mentioned , the differences in kd by two otherwise highly re-

garded experimental groups obviously are unacceptabl e and necessitate the

*El05 108] {50,55,56}
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development of new and better measurement techniques.

Aga in, In Fig. 27, Cook and Ogawa have plotted the difference coefficient,

kd=k_k j , for H2 in  the uppe r ha l f  and for N2 in the lower hal f of the figure.

As before, ionization limi ts are labelled IP and dissociation by D. The reality

• of kd is perhaps best born out by the fact that it goes to zero in H2 towards

shorter wavelengths.

In Table I I I , Professor M. Ogawa has compiled a list of electroni c

states in N2 and thei r corresponding dissociation limi ts . It is interesting

to note there that the neutral products from D2 onward have e i ther  one or both

atoms in a metastable state. Thus , to con ti nue our specula ti on , it seems quite

feasible to measure dissociation coefficients resulting in metastables by yet

another method than the one indicated above (kd=k_ k j ), namely by making use of

metastable detectors developed by Dr. Homer Hagstrum . In th is case, a

metastable impinging on a surface may release an electron , if the work function

is lower than the energy of the metastable level.

By utilizing a repetitive low-pressure capillary spark source, wh i ch

provides vacuum ul traviolet radiation during a time interval of say 1 to 5

microseconds, it should be poss ible to collec t all ions and electrons formed

by photoionization processes duri ng and imediately followi ng the light pulse.

The n one allows all neutrals, incl uding metastables , to dri ft towards Hagstrum-

type detectors, where the resulting electron pulse is a direct measure of the

metastables produced. In addition, these electrons could be energy-analyzed ,

.5 - and/or the Hagstrum detecting surfaces could be chosen to have different work

functions, say by cesiating . Either or both procedures would allow us to

.5 
.5 

dIfferentiate between metastable level s of different energies. In this way,

It shoul d again be possible to obtain photodissoclation cross sections for the

formation of specific metastable s pecies.
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Table III • Electronic states and their dis sociation limits. N,

Limits Products Energy (e~~ 
Electronic States

N+N (fl n A)

D, 2~~’~.+2p~~s.
(1270.7A)

D, 2p’ ‘E.+2P’ ‘D. 12.140 ‘Z . ‘i~. Bill,. ~17. 14,. ‘4.. ‘Z .  ‘z:. ‘ii ,. ‘f l.. ‘i ,. ‘4~(1021.2)

t~ 2p’~~..+2P’ ’P. 13.332 ‘Z;.B ’.i;.’f l ,.’l7,. ’Z;.’.!.’f l ,.’17.
(929 .9)

D, 2p ”D.+2P ’ ‘D. 14.524 ‘1 (3). a’1
~~~ 31. u’ll ,. ‘17,. ‘f l.(2) . ‘4,(2). sc’Ai .

(853 6) ‘s,. ‘0... ‘1’,. ‘Z~ (3). ‘..~~
- (2). ‘17. (2). ‘/7,(2). ‘4. (2). ‘4,.

‘0... ‘0,. ‘I. .5

t~ 2p ”D.+2p ’ ‘P. 15 718 ‘Z; . ‘I:. ‘.r ;(2). ‘Z;(2). ‘ll,(3). ‘fl..(3). ‘J ,(2) . 14.(2). ‘O,.
(788.8) 1’... ‘Z;. ‘Z;. ‘..~;(2). ‘Z;(2). ‘fl ,(3). ‘17.(3). ‘4,(2). ‘4.(2).

i.,.’..

D~ 2p’ ‘F. + 2p’ ‘P. 16.906 ‘1; (2). ‘Z;. ‘II ,. ‘II.. l4~ ‘Z~ (2). ‘Z. ‘17,. ‘fl .. ‘4

D, 2p’ ~S.+3s ‘P, 20.082 ‘Z;. ‘1;. ‘17,. ‘II,.. £‘.r;. ‘Z~~. ‘11,. 017.. ‘.~;. ‘.~:. ‘17,.• (617.4) ‘11.. t”• ‘1 ;. ‘17,. ‘II.
D, 2~ ~S..+3s ‘F, 20.434 ‘Z. ‘Z. ‘17,. ‘17,. ‘1,’. ‘2:. ‘17,. ‘17.(606.7)

N+N~

D~ 2~~ ~S. +2p’ ‘P, 24.304 X’Z;. wi~. i~ f l,. ~ ‘i7., ‘z;. ~~ ‘ii ,. ~~~ ‘I:.’::. ‘17,.
.5 (510.2) ‘17. -

.5 w 2pJ ~S. + 2p ’ ‘D , ~Z - . ~Z;. ‘17,. mJ7~. 44,• mj,

D 2p ’ ‘D.+2p’ ‘P. 26 .688 ‘2~ (2). ‘1: (2). ‘1;. ‘1;. ‘17,(3). ‘/7 (3). ‘J,(2). ‘4,(2). ’0,
(465.0) ‘O., ’2;(2). 4Z~(2). ‘I.-. ‘2;. ‘fl ,(3). ‘fl.(3). 4,(2), ‘4.(2).
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A third way of detecting atomi c dissociation products has been suggested

by our col league , Professor Darrell L. Judge at U.S.C. He proposes to make use

of the very strong absorption of resonance lines as a sensiti ve detector: for

Instance , the absorption of Ly-c& (1215 A) by atomic hydrogen.
.5 

One might conclude this particular section by referring to absorption

.5 measurements of atomi c vapors by heating certain metals in Ki ng furnaces or

other electr ic ovens , or more recently by producing reasonably high density

atomIc and ionic beams. When one extends this to ovens of very high temper-

atures , we make the trans it ion to my las t subject , namely the absorption and

emission properties of hot gaseous plasmas.

g) Plasma Spectroscopy [68,84,85,96,101—104 ,108—125 ]

The applications of hot gaseous plasmas to problems of photoionization

go back to Millikán ’s vacuum spark or Lyman ’s low— pressure capillary spark

as light sources in this field. I wish to limit this discussion to quantitative

emission and absorption properties of those specific plasmas, wh i ch can be

shown to be in Local Thermodynamic Equilibrium (L.T.E.). This condition of

L.T.E. Is crucial , since the eventual calculation of number densities of certain

species (singly-and/or doubly ionized or neutral atoms or rad icals ) depends on

It. In particular , two types of highly ionized plasmas have been shown to be
[51—68]

In L.T.E., those produced in l ow-pressure shock tubes and in high-current

wa ll—stabilized arcs. (In addition, partial equilibri um has been shown to

exist in magneti cally stabilized low pressure discharges , such as the Philips—

type d.c. discharge or the thetapinch impulse discharge.)

.5 .5 
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1) Shock Tube PIasmas [51 ,68) .5

Because of the fact that Tee—type or Cone—type shock tubes can be

driven by high voltage condenser discharges at relatively low neutral gas

pressure (of the order of 10-50 mm Hg), we guessed that it would be easier 
.5

to couple such a low pressure shock tube to our vacuum spectrographs . Such

a mati ng, wi th appropriate di fferential pumping, woul d then allow us to

study the absorption properties of certain consti tuents present in calculable

number-densiti es in the high temperature shock tube plasma. Our experimental
.5 arrangement is shown i n Fig . 28, where the Tee-tube S is placed in front of

the primary slit of a normal i ncidence vacuum spectrograph-monochromator .

Two 1 nm d iameter holes were dr i lled into the quartz envelope of the shock

tube, alligned with the optic axis (dashed line), and a li ght source could

shine radiation through the shock plasma (if both were properly triggered by

the photomultipl i ers PM 1 and PM3). We used Xenon gas for the conven ience

of the experimentalist: The thresholds of the photoionization continua of

the neutral and the ion can both be probed conveniently wi th a normal incid-

ence vacuum spectrograph since

+ IP 12. l27 eV .5

(1) Xe + hv Xe + e A~ = 1022 A 
-

and .5

+ 
+ 

.,..
~
. - 

1P2 =2 l .2 eV
(2) Xe + h v -. Xe + e

= 584 A 
-

The photolonization cross section a of neutral Xenon was measured in

the cold gas , using the arrangement in Fig. 28, and the results are shown in

FIg. 29. (The rapid variation of a in the autoionlzation region between the

.5- .5-- - .
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2p312— and the 2p112- limi ts due to broad autolonizati on lines has not been

shown there.)

If then the shock tube is activated and a high temperature Xenon plasma

is generated on the optic axis (Fig. 28), then one would expect the two wave-

lengths emitted by the light source, namely A1 = 760 A and A 2 = 555 A , to be

attenuated differently by the cold gas and by the hot Xenon plasma , as inspec-

tion of Fig. 30 will show.

.5 In this manner , it was possible to obtain values for the cross section

a4’ in the above eq. (2), and its magnitude is al so shown in Fig. 30. The large

error l imi t on these data permi t us to neg lect any serious falsifi cation due

to transit ions from metastable states i nto the corresponding conti nuum :

M
X~~+hv -’ Xe+ + e

_
,

and

+M 4+Xe +hv -- Xe + e .

Whi le such shock tube plasmas coul d be made to serve some of our pur-

poses, their plasmas variability in time suggested to us that the time-inde-

pendent, stable h igh-current arcs woul d be more suitable to our plasma absorption

and emission work .
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53.

2) HIgh Current DC Arc Plasmas [84,101 ,102,106,108-125]

- The principal equations which govern a plasma in L.T.E. are, for

.5 
Instance in the case of a pure argon arc , given by the conditions that

- 

the net charge in such a plasma is zero:

+ -

“Ar = 

~e (charge neutrality ) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.5
~~~~~ 
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54. .5

that the partial pressures are addi tive : 
.5 

.5

nAr + “Ar + = ~~~~ (Da l ton ’s law )

and that the condition of L.T.E. j ustifi es the Saha-Boltzmann-type of particle

distri bution as a function of the temperature S(T):

~“Ar + 
~e
)
~
’h1Ar = SAr (T)• (Saha equation)

.5 In addition, one can make use of the fact that most plasmas conta i n

trace el ements of hydrogen, and therefore it is possibl e to measure the wi dth

of the Stark-broadened Balmer line , say H-f3 , and determine from this the

electron density, n :

= ~(&)~“~ . (Stark broadeni ng ) electron density , n~:

Finally, measurements of intensity ratios of spectral lines provide alternate

ways of determining the temperature .

Between all of these equations , the temperature an d the dens ity of each

of the particles present can be obtained.

If such an arc is used wi th its axis coinci dent wi th the opti cal axi s of

a spectrograph, then the arc plasma emission intensity , IA (x) , wi th x alon g

the di rection of observation , is

dI A (x)/dx = -

• where the emissivity 
~A 

is proportional to the absorptivity TA~ 
and the Pl anck

function BA Is the proporti onality constant , as requi red by Kirchhoff ’ s law .5

= Bx rx.

Bx Is the Intensity of blackbody radiation, given by

BA = [2hc 2/A 5][exp(hc/A kT) - ir’.

.5.
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Thus

dI A (x)/dx = TA [BA - IA (x)].

After integration,

= BA + 

~
1oA — BA) exp (—T A1).

If there is no external light source to the plasma , then ‘oA=°’ and for an arc

of length 1:

IA ( l )  = BA [l_ ex p(_T Al)].

The optically thin case is obtained for small values of (T
~~~~~~

):

I~ =

For large (T At ),  the plasma is optically thick:

.5 

Ix Bx.

.5 From these additi onal equations , one can then obtain values for BA for var ious

lines which are optical ly thick ( r2>>1), together with intensity values of , say

a recombination spectrum (the reverse of photoionization) which is optically

thin ( rP.>>l ) and which then finally allows the determination of TA~ the

absorpti on coefficient , in units of cm~~, or the cross section a, in  cm2 .

If one employ s an external l ight source , say a vacuum uv low-pressure

capillary spark or , for tha t matter , a second wall—s tabilized arc, then one

can shi ne l ight from this second source through the plasma of the first arc

and obtain the number density of one species , say neutral argon in the ground

.5 
state, from the attenuation of the source radiation at, say , 780 A. For this

wave length, the absorption coefficient of argon is accurately known. Thus, if

the first arc were operated in an atmosphere of hel ium , which is transparent

down to about 500 A, and if this arc were seeded with a small amount of argon,

.5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. . .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —
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Then the number density of argon could be checked in this way with an external

- light source . Thi s value can then be compared wi th the one obtained by using

the emission intensities of one arc only, together wi th the equations gi ven

above for a plasma in L.T.E.

.5 

- 

- FIgure 31 shows an experimental arran gement i n the author ’s labora tory,
.5
. which has been used to measure the photoionization cross section, a1 , of

- 

atomic carbon.

+C + h v  -
~

- C + e , ,

If an argon arc, Fig. 32, was seeded with CO2 in its centra l region, then at a

.5 
temperature of 12,500°K the arc contained only atoms and atomic ions as its

sole constituents . A s a  consequence , C+ could recombine wi th free electrons
- 

in the plasma with the emissi on of a photon , and the reverse of the above
.5 

-
~~ 

. absorption or photoionization equation coul d be seen in emission:

+C + e  -
~~ C + h ~.

Thus , the optically thin intensity of this recombination spectrum was measured

as a function of A , and the corresponding a1 values obtained by these methods

compared well with i ndependent theoretically calculated carbon photoionization

cross sections, Fig.’s 33 and 34.

~_i ~~~~~~
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h) Recent Plasma Research1j972 to 1977. [108—125]

1) f—Values of Nine Argon—Il Lines [114,124]

ABSTRACT .5

.5 
.5 Oscillator strengths of nine Aril lines in the vuv have been measured

using a wall stabilized arc operating in a helium—argon mixture. These lines ,
0 0 0 0 0 0 0 0

740 A, 730 A, 725 A, 723 A, 718 A, 679 A, 664 A, and 661 A, are seen super-

imposed over the argon resonance continuum whose photoionization cross sections

are accurately known . The f-values , so obtained , are 0.013, 0.033, 0.059,

0.024, 0.028, 0.047, 0.024, and 0.044 respectively. From vari ous data, the

experimental spread was found to be wi thin ± 10%. However, the estimated

plus experimental error is within ± 20%. These f—values have been used to

calculate the emission transition probabilities and life times of the excited 
.5

states which are compared with the theoretical values of Statz et al.

.5 INTRODUCTION

Ar II lines in the vacuum ultraviolet (vuv) region arising from the

states of 3p44s and 3p43d to those of 3p5 confi gura tion are used as wavelen gth

standards and were reconinended by the comission 14 of the International

Astronomical Union in 1962. A determi nation of their transition probabilities

or oscillator strengths not only extends their application to the field of

quantItative spectroscopy but also provides a check for the theoretical models

used for calculating them. The experimental f-values of these lines are not

known.

I.. . .
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ANALYSIS AND METHOD 
.5

A Maecker 1 type wall stabilized arc was operated in helium and argon

mixture . These gases were fl own into the arc i n suc h a way that hel i um

provided a wi ndow up to about 510 A where its ionization began and the .5

radiation emi tted by the argon atoms entered unabsorbed into a two meter .5
grazing incidence spectrometer via a differential pumping system required for

the vuv spectroscopy. The details of the wall stabilized arc and the experi-

mental arrangement have been reported earl ier.2

0 0

Between 800 A and 510 A the emitted radia tion consisted of Ar II

mul tiplets which were superimposed over argon resonance continuum . A typical

spectrum, recorded photoelectri cally, is shown in Fig. 35. Only nine Ar II

l ines ( 740 A, 730 A, 725 A, 723 A, 679 A, 666 A, 664 A, and 661 A) could be

.5 fully resolved.

The method of measurin g the osci l la tor strengths of the above l ines

employed a comparison of intensity of an Ar II line with the intensity of the
.5 

underlying neutral argon resonance continuum. It has been shown previously3

that in a mixture of argon and helium plasma argon atoms can be described in

LTE (Local Thermal Equilibri um) and the intensity, 1A’ of radiation emi tted by

the argon atoms is given by a modification of Ki rchoff ’s law of emissivi ty

being proportional to absorptivity, namely .5

.5 
- 

1A 
= BA (T) [l—e A 

~ 
(1)

1H. Maecker, Z. Naturforsch. lla , 457 (1956).

Hofmann and G. L. Weissler , J. Opt. Soc. Am. 61, 223 (1971). .5

3G. 1. We lssler and S. K. Srivastava , Con tri bu ted paper to the “ IX Inter-
national Coninission on Optics Conference,” October 10—13 , 1972; San ta
Monica , Cal i forn ia; see a l so “Space Optics” Proceed. IX. Int’l . Congress of the
Int’l. Coimiission for Optics , B.J. Thompson and R.R. Shannon , Edi tors; National
Academy of Sciences , Washi ngton , D.C. 1974 , page 772.
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where BA (T) is the Planck function and is the absorption coefficient of

the plasma of length 2~ at the wavelength A. If ‘rA<<l the above relation

reduces to

IA/B 
= T~~~~~~~~ , 

(2)
, A A

and the radiation at the wavelength A is called optical ly tflin . The intensity ,

‘A’ of an optically thin resonance continuum is obtained from Eq. (2)

= NgGA 9
~ ~

where Ng is the number density of neutral argon atoms in the ground state, a
~

.5 the photoioni zation cross section at the wavelength A , and Z is the length of

the emitting plasma . For an opti cally thin spectral line the intensity is

given by its profile and from Eq. (2) it is wri tten as
.5 

[fI~
dA/B

~f 
= (ire2/mec2 ) (x~)

2 
~~n ~~ 

(4)

where [JIxdA / B
~
]
~ 

is the total intensity emitted by the spectral l ine at the

wavelength A , f~ its absorption oscillator strength for a transition from a

lower energy level m to the upper level n, N~ the density of atoms in the

energy level m, and 9. is again the length of the emitting plasma . ‘ + ‘ sign

indicates a spectral line from the singly ionized atom .

For an Ar II l ine at the wavelen gth A which is superimposed ove r

.5 argon resonance continuum at the same wavelen gth , both being emi tted from a

plasma of length ~, division of Eq. (4) by Eq. (3) gives

[(1A dA)
~/ IA] = (ne

2/m5c
2) (x) 2 

~ rnn~’aA ) (N ~/N9
) . (5)

EquatIon (5) was used In calculating the oscillator strengths , 
~~n’ of Ar I I  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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lines. The intensity, (JIA dA) +, of the lines was measured in terms of the areas
.5 

enclosed by them by the usua l methods of planime try and the intensity of the

.5 argon resonance continuum was obtained from its height. It was assumed that

the intensity , 1A’ of the con ti nuum rema ined the same over the en ti re width

of an Ar II line. Under these conditions the rat io [(I
~
dAY

~
/I
~J gave the

.5 equivalent width of the line which was converted into wavelength units and

.5 substituted in Eq. (5). Temperature of the plasma was measured by the rati o

of the Ar I line at 4300 A to the Ar II line at 4806 A in the visible. The

electron density of the plasma was determi ned from the half width of the Stark

broa dened H-~ l ine. These lines were recorded by a Seya-Namioka spectrometer

and the radidation emi tted by the plasma along its axi s was focussed onto its

entrance slit. The theoretical details of this measurement are given by .5

• Stuck and Wende .4 The photoionization cross sections of argon resonance

continuum have been measured previ ously by Samson5 and were used in the Eq. (5).

.5 In Eq. (5) the ratio, (N~/Ng)~ of the population densities of Ar II atoms

in the energy level m and of neutral argon atoms in the ground state is neeaed.

This can be obtained by the use of Saha equation.6 But due to an error of about

± 2% in the measurement of the temperature of the plasma the error in the cal-

culated rat io (N~/Ng) becomes high. Therefore, this quanti ty was obtained

from the measured ratio of the i ntensities of the Ar II line at 4806 A and the

Ar I line at 4300 A. These intensities are directly proportional to the

population densities in the upper level s of transitions which can be used to

find the ratio (N~/N9
) by applying the Boltzman relation. As will be discussed

.5 later, this method gives a better accuracy for the ratio (N~/Ng)• This ratio

Is given by

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (6)

~~~~~ StUc k and B. Wende , J. Opt. Soc. Am. 62, 96 (1972).
5J.A.R. Samson , J. Opt. Soc . Am. 54 , 420 (1964).

N. Saha , Phil. Mag. J. Sc 41, 267 (1921).
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where I’, A ’, A ’, g and E are the intensity, transition probability , wave—

length, statistical weight and the energy of the upper level of transition

respectively for the Ar II line at 4806 A and I, A, A , and Ee are the

corresponding quanti ties respectively for the Ar I line at 4300 A. g~ and

9g are the statistical weights of the level m of the Ar II atom and ground

state of the Ar I atom respectively.

RESULTS AND ERROR ANALYSIS

The absorption osc i l la tor strengths , transition probabilities and the

life times for these lines are presented in the Table I. Along w ith our

.5 experimental val ues we have presented the theoretical lifetime data based on
.5 

the intermediate coupl ing calculati ons of Statz et al? while writi ng this the

lifetime for 3p44s2P (725 A) was reported by Livingston et a].9 It has also

been included in the Table I.

From Eq. (5) it is seen that the errors in the measured values of f~~
are contributed by the uncertainties in the determination of the ratio

(~~/N9
) and the reported5 values of 

~A The ratio (N~/N9
) depends on the

accuracy of the measured temperature T and the rati o (A /A+) of the transition

probabilities . Our temperature measurements are accurate only to within ± 2%,

contributing an error of about ± 12% to the rati o (N~/N9
). This explains the

• experimental spread of ± 10% in our results. The values of the individual 
.5

transition probabilities A and A’ have been determined by several authors. It

Is found8 that these values differ by about ± 30%. However , there is a close

7H. Statz, F. A. Horrigan , S. H. Koozekenani , C. L. Tang, and G. F. Koster,
J. Appi . Phys. 36, 2278 (1965); and G. F. Koster, H. Statz , and C. L. Tang, .5

J. Appl . Phys. 39, 4045 (1968).
8W. 1. Wiese , M. W. Smith, and B. M. Miles , “Atomic Transition Probabilities ,”

Vol . II, Natl . Bur. Std . (U.S.) tISRDS-NBS 22 (U.S. Govt. Printi ng Office , Wash-
lngton, D.C.).
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agreement of the ratio (A/ A+) between many authors . This agreement is within

± 5%. Thus , the error In the measured value of the ratio (N~/N9) is wi th in

± 15%.

- The values of the photoionization cross section are known5 wi th an

accuracy of ± 5%. The total error in the values of f~~ reported here is thus
.5
- 

± 20%.
- 

From Tabl e I we fi nd that there is a large difference between our life-

.5 t ime values and the theoretical values of Statz et al .7 The lifetime values
-
- 

of this experiment have been calculated from the transition probabilities and

are thus accura te to withi n ±40%. Within  this l imit  of accuracy our resul ts

agree with the lifetime value for 3p44s2p reported by Livingston et al.9

9A. E. Livingston , D. J. G. Irwin , and E. H. Pinnington,
3. Opt. Soc . Am. 62 , 1303 (1972).
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2) Measurements of Lyman-alpha and -beta Line

Profiles in an Argon Arc . [122,125 ]

Introduction

At sufficiently hi gh pressures, the shape of a spectral line , emi tted

from a hot gas , is mainly due to i nteractions between the light emitting

particle and other electrons , i ons and atoms of the plasma . There fore, the

.5 profile of the line carries i nformation about the physical condition at the

place of emission and can serve as a diagnostic tool in determining for

instance particle densities. Because of this appl ication , there has been

strong interest in the theoretical and experimental treatment of line pro-

files by astro and plasma physicists in the last decades.

The effects of electric fields due to ions and electrons i n a p lasma

are important over a rather wi de range of plasma parameters as a result of

the long range of Coulomb forces. For a survey of theoretical and experi-

mental work in the field of spectral l i ne broaden ing we refer to Gr i em ’s book.1

The Stark profiles of Hydrogen requ ire the leas t theoretical effort since

exact wave functions are known. Consequently the different calculations2’3

show rather similar results . In general , there is good agreement between the

experimental and theoretical profiles (except for the inner line core). This

Is particularly true for the Balmer lines , especially H-beta .

In the case of Lyman-alpha and —beta the situation is not so convincing.

Ly—a Is of special importance in comparison to the other Hydrogen lines . The

1Grlem, Hans R., Spectral Line Broadening by Plasmas, Academic Press, N.Y. (1974).
2kepple , P. and Griem , H. R . , Report #831, University of Marylond (1968).
3Vldal , C. R., Cooper , J., and Smith, E. W., The Astrophys . J. Supplement ,
seri es 25, 37 (1973).
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upper level of Ly-ct is composed of only three Stark levels , and except for the

very line center , there is no overlapping of different Stark levels. This ,

and the absence of any Stark spl itting of the ground state, leads to great

simplifications in the theoretical treatment and makes a compari son between

calculated and measured profiles a highly sensiti ve test for the quality of

line broadeni ng theories.

Relati ve wing measurements by Elton and Griem4 in a pulsed shock tube

experiment agreed quite well with theory. In contrast , the measurements by

Boldt and Coo per5 with a wall stabilized arc deviated considerably from theory,

even though their experiment was obviously carried out with great care. Fussman6

has repeated the measuremen ts of Bo ld t an d Cooper with much improved accuracy

and found very good agreement between his experimental data and the theoret—

ical va lues of Vidal et al.3 He attempted to expla i n di screpanc ies w ith the

older measuremen ts in terms of diffusion processed i n the arc , wh ich was

operated in a mixture of Argon and Hydrogen. To avoid these di ffi culties ,

Behringer and Ott7 measured the profile of Ly-cx using a wall stabilized arc

in pure Hydrogen, and they find excellent agreement with theory.

However , al l  these experimentally determined line profiles of Ly—ci show

more or less pronounced asymmetr ies, and in a recently published paper ,

Voslamber8 predicts an assynrietry and , for l ower temperatures , even a sattel ite

on the red wi ng of Ly-c& due to proton interaction.

.5 
4El ton, R. C. and Gri em, H. R., Phys. Rev. 135, A1550 (1964).
5Boldt , G. and Cooper , W. S.. , Z. Naturforsch. l9a , 968.
6Fussmann , G., Phys. Lett. 41A , 155-6 (1972).

Europhysics Study Conference on Spectral Line Broadening and Related
Topics , Meudon , France (1973).

7Behringer, K. and Ott, W. R., Europhysics Study Conference on Spectral Line
Broadening and Related Topics , Meudon , France (1973). Ott, W. R . , and Gieres ,
G., Cri tical Analysis of the Lyman Al pha Stark Profile Measured with a Pure
Hydrogen Arc, Na tional Bureau of Stan dards, Washi ngton, D.C.
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Voslamber8 predicts an assynvietry and, for lower temperatures , even a sattelite

on the red wing of Ly-~ due to proton interaction.

We therefore decided to repeat the Ly-ct measurements and to look for

this sattelite. Similar to the Boldt experiment, a wal l stabilized arc of the

Maecker type9 was used as a light source, and the arc was opera ted i n argon

with different low percentage admixtures of Hydrogen. Temperature and electron

density were kept constant by checking the Argon continuum in the visible

region. No attempt has been made to measure the profile absolutely, but we

fitted the experimental data to the theoretical values in the far wing of the

line. The relative agreement with the calculations of Vidal et al.3 was found

to be very good in the case of Ly-ci and only fairly good for Ly-8.

Apparatus and Experimental Procedure

A high current cascade arc of the Maecker type9 was used to genera te a

steady state pl asma and Fig.s 31 and 32 show the arc configuration used here.

A detailed descri ption Of the experimental arrangement can be found elsewhere .1°

The arc consisted of 18 water—cooled copper plates , each of which had a hole of

6 nm diameter in the center , formi ng the arc channel . The total lengths between

cathode and anode was 13 cm, and the copper plates were separated by teflon

8Voslamber, D. Phys. Lett. 40A , 266-8 (1972).
LeQuang Rang and Voslamber , 0., Europhysics Study Conference on Spectral Line

Broadening and Related Topics , Meu don , France (1973).
-On the Interference Term in the Unified Theory lind m t .  Conf. on

Spectral Lines, Eugene , Oregon (1974).
9Maeche r, H., Z. Naturforsch. h a , 457 (1956).

‘°Hofman , W., Measurement of the Photoionization Cross Section in the Resonance
Continuum of Carbon—I Using a Wall— Stabilized Arc (1970).
Tech. Report No.: USC—Vac UV—12 1 .
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gaskets which provided a gas tight seal and electrical Insulation between the

plates. The electrodes were round pla tes of Tungsten , screwed i nto water

cooled copper plates , and both had holes in the center for end-on observation.

.5 Each copper plate has a gas inlet and two openi ngs for cooling water. Power

was provided by two Harnishfeger Corp. Weldi ng Power Supplies , an d the arc was

usually operated between 80 and 100 Amps. Wi th a 1 Ohm water cooled resistor

limi ting the current.

In order to start the arc, it was evacuated and then filled with 5—6

Torr of Argon. The power supply was turned on and a glow discharge was initiated

by di scharging a 0.1 uF, 3000 volt capacitor between anode and cathode. As

soon as the low pressure discharge was burning, the pressure in the arc was

increased to 1 atm. Finally, a 2o Ohm res i stor or ig inal ly connec ted i n series

to the water-cooled 1 Ohm resistor was bridged and the high—current arc was

operati ye.

A schematic diagram of the optical arrangement is shown in Fig. 31. The

anode side of the arc is directly connected to the differential pumping system

of a 2 m grazing inci dence vacuum uv spectrograph and monochromator combin-

ation. The instrument had been designed by Weissler11 and bu i l t in the USC

Physics Department machi ne shop. It is equi pped with an uncoated lightly ruled

glass grating with 690 lines per nm. A carriage can move along the Rowland

circle carrying the exit slit, and behind it a layer of sodium salicilate for

he conversion of VUV radiati on to the visibl e, together wi th a glass-encl osed

photomult ipl ier (PM) tube, EM! type 9514 B. The anode current of the PM was

ampl i f i ed by a Keithly electrometer and displayed on an x-y recorder. A

11Blackweh I, H. E., Bajwa , G. S.~, Shipp, G. S., an d Weissler , G. L.,
J. Wuant. Spectry. Radiative Transfer 4, 249 (1964).

4
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5 kohm potentiometer was mounted on the gear, which is driving the PM carriage,

•‘wg ~t -..,,IJ1ny a vot t’~j~~proportional to the wavelength position of the
-

~ carriage, which was fed Into the x—input of the x-y recorder. The lineari ty

of the Potentiometer was better than 0.1%. By this means , any backlash ,

caused by additi onal gears coul d be elimi nated, a precaution which is of

significance for line profile measurements.
.5 SInce the arc is rather long (13 cm) and because of the gradient of

both the temperature and the electron density from the center of the arc

column to the wal l, therefore it was necessary to limi t the aperture, allow ing

only light from the very center of the arc to enter the spectrograph. This

was accomplished by limiting the height of the entrance slit and by usi ng a

rather small bore of 0.6 nm diameter between the arc and the differential

pumping system.

Radiation leaving the arc end-on on the cathode side was focussed by

means of an achromatic lens on the entrance slit of a Seya-Namioka mono-

chromator which was used for diagnostic purposes of the arc plasma in the

visible region. This monochromator was equipped with a grating blazed for

4000 A in the first order of the spectrum and with an EMI Photomultiplier

type 9—01 b wi th an S ‘Ii cathode. The current of the PM is amplified by a

Keithly electrometer madel 610 C, and the si gnal is recorded with a Leeds

and Northrup recorder.

As previously mentioned , the arc was operated in a mixture of Argon

and Hydrogen, and Fig.32 shows the gas inlets and outlets. Under normal

conditions of temperature and pressure the following flow rates were used :

70 cm3/sec of Argon through the cathode, 60 cm3/sec through the anode, and

about 15 cm3/sec of Hel i um through the anode plate most of which was pumped

away in the first stage of the differential pumping system. The gas outlet 

-~--..—-.5 --—--- —~-—-— --..—~-‘ -..--—.-—.-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~—~ -—-- ~—~- -- .5- -~~~~ ‘..----- --- ,---..- ,- —.5- ~~~~~~~~~~ -
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was at Plate #2 measured from the anode , open to the room, thus equalizing

the pressure in the arc to 1 atm. Hydrogen was fed in small amounts of 0.14 
j

to 4.0 cm3/sec into the arc at plate #15. From the position of the di fferent

gas inlets and outlets it fol lows that there was an overall Argon flow in the

main part of the arc from the cathode to plate #2 of 70 cm3/sec . The Argon

f low from the anode to this outlet was too strong to allow any back—diffusion

of Hydrogen into the anode region . Furthermore, the cold gas layers between

the - anode and the VUV spectrograph were kept clear by a flow of Hel i um in the

end part. Helium and Hydrogen gases were puri fied by cooling them to liguid

Nitrogen temperatures, thus freez ing out N2 and water. Argon was flowed

through a bath of dry ice and Al cohol to freeze out water contaminations. In

al l cases , ultra  pure gases from Ai rco were used. However their quality was

not guaranteed and could not be checked.

Spectroscopic and Plasma Parameters

The Intens ity I~ of a spectral line , emitted from a homogeneous plasma

In LTE is given by:

- 
= B~(T) [1—exp(—K’~ )] (1)

and

= (ir e2/mc2 ) N9 ~gk A0 P (LA) • (2)

where BA (T) is the Planck function of the source at a temperature T, the

absorption coefficient of the plasma at a wavelength A, N
9 
the number dens ity

of atoms in the state g, £ the length of the emi tting plasma layer, 
~gk the 

-

.5

absorption oscillator strength for the transition from the level g to the level

k, P(&~) the normalized l ine shape and &‘.=(A0-A), where A0 is the central

—.5- - .5 ,. 
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.5 wave length of the line. If ic’L>>l , then 
~ 

BA and the radiation is said

to be emitted from an optically thick layer. In this experiment , the peak -

.5 intensities of the Ly-ci and Ly— 8 lines correspond to this condition .

Acco rding to the old Holtsmark theory, which , as more recent theoret ical
- and experimental i nvestigations show, holds quite well for the l ine wing , the

.5 profIle of the lines can be described by a rather simple rela tion:

PH(a) = 
~5/2 where ci = ~A/F0 and F0 = 1.248 lO~~

CH is the so—called Holtsmark constant , F0 the local electri c fi eld, and

the electron density. Furthermore, we have , because of the normalization )

P(AA) = P(ct )/ F0.

It is often more conven ient to express theoret ical resul ts in form of a

correction factor to the old Holtsmark expression , i.e.

C
P (u) = 

cs5!2 
. R(ci)

- 

for R(ct) is  without  dimension , of the order of unity, and shows wi th  considerabl e .5
sensitivi ty the deviations between the different theories and exper iman tal

results. We then get

R(AA) = P(&~) 3/2 -

-- 
CH F0

-

- Substitution of eq. (2) yields

R(I~
X) = 

CH F0
312 

~~~ 
Hg ~9k ~~~~

and eq. (1) in the form

K = — 1/2. . £n[l_ IA/BA]

~~ll41lI_ _,  — . 5  — ------—-—— - -——‘ ___ ~~~ .5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 
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gives 2

~ N e &~
5/2 £n[l_ IA/BA) -

H o  ire g g k  0

.5 If particle densities and temperature are kept constant, we finally obtain

.5 R(AA ) = Const. . £n[l—I~/B~]

If one assumes that wavelengths can be measured without appreciabl e errors ,

there only remain the errors in £ and I, at least as far as relati ve measure-

ments are concerned. Assumi ng rather small errors of ~B = 2% and AI=O.O 1 ‘max ’
the errors in R exceeds 10% if ‘A is either below 15% or above 85% of the peak

Intencity. Thus, the wavelen gths range ove r whi ch measu remen ts coul d be

carrhd out wi th fairly good accuracy was rather small. We therefore decided

to follow ~ method formerly used by Boldt et al.: the profiles of Ly-ci and

Ly-$ are recorded for a number of different Hydrogen concentrations (in steps

of a factor of about 2), while  temperature and electron dens ity are kept

consta~nt. To check this condition we used the visible region spectrograph to

measure, in conjunction with the profile of H-$, the Argon continuum at
0

A = 46900 A. This continuum, under the experimental conditions of T 12  5000 K

and ne= io17 cm~
3 is emitted from an optically thin layer and

Ic Ct 1
~e

e
2 1

~
’T. .5

(The remaining weak dependance on I is negligible.) Assumi ng LTE we can appl y

the Saha equati on for the first Argon ionization step and get:

fl
1 — 

U1 2irm kt 3/2 -x/ kT .5
— 2~~— (  2 £

no 0
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Because the Hydrogen admixtures were rather small (< 4%) In all experiments

we have n~ .. ne and obtain

2 — A ~i 2-nm kt 3/2 X ’ ktn — n  2—(  2 ) 2.
o h

where xi is the ionization energy of Argon - It follows that

Xi/kt dl dl 
-

I
~~
a T .2 .  9.j—~~

. =[ l +~~y) -~-~ .5

and with T=12 500 K,

-
= 15.6

One sees easily that the con ti nuous intensity is very sensitive to temperature

variations.

In addition to this check , the profile of H-$ was measured several

times for the different Hydrogen admi xtures and used to determine the electron

density by the followi ng method: A stra ig ht l ine  was drawn , wh ich connected

the two peaks of H-s, and the value at 4861 A is taken as the peak intensity

of the l ine. Taking into account the underlying continuum, the full , half,

quar ter, and eighth widths are read from the recorded profile. We then use

the experimentally found relations between &.1/2~ 
i~A114 and tA118 and the

electron dens ity, as determined by Wiese et al. 12 In our work these values

.5 
- . of the electron density deviate by less than 5%. In experiments wi th higher

Hydrogen concentrations (but less than 3%) the electron density is obtained

wi th an accuracy12 of about 6%. The different Ly—cz and Ly-~ recordings for

the different Hydrogen concentrations were at first treated separately.

12Wiese , W. L., Ke lle her, D. E., an d Pague tte, D. R.,
Phys. Rev. A6, 1132 (1972).
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The amplitudes A of the profi les (an exampl e is shown in Fig. 37) were evalu—

ated point-by-point accordi ng to

A
~ 

AA512 £n[l—I A /BA] = const. R(~X). Because I and 
~e were kept

constant , the constant C should Ofli~ conta i n the di fferent Hydrogen dens iti es

as a variable. We therefore fitted profiles , i.e. A
~ 

values in the range

between 20 and 60% of Imax~
C the line wi ng, and f inal ly normalized these

values in the far wing (between 4.5 l0 2 and 7.5 lO
_2 in the case of Ly-cs to

the ca lculated value of Vida l , Cooper and Smi th.3 The different Ly-ct and Ly—8

recordings (for the different Hydrogen concentrations) were first treated

separately. A typical plot is shown in Fig. 36. Inspite of the rinsing the

end part of the arc with puri fied Helium , there still remained a remarkabl e

amount of self-absorption in the center of Ly-ci, caused by cold boundary layers
0

that could not be avoided. The NI impurity lines at 1199.6, 1200.7, and l243 .3A,

respectivey, were used, in conjunction wi th the self-absorption dip of Ly-ct, to

calibrate the wavelength scale , Fig. 37. The peak intensity of Ly-cx was taken

to be the relati ve Black Body Val ue Bx and the prof i les were evalua ted accor di ng

to:

R(~A) = C1 ~A5’2 £n[l_ I
~

/B
~
].

Because I and 
~e 

were kept constant , wh i ch was checke d by measur i ng the Argon

continuum in the visible part of the spectrum, the constant C should depend

on the different Hydrogen concentrations only. We therefore fitted the

different profile amplitudes i n the wing i n the range between 20 and 60% of

the peak intensity ‘max and finally constructed an average profile from

several overlappi ng profiles, In  the far blue wi ng of the line (in the case

of Ly— cs between 4.5 io ..2 
<

~~~
< 7.5 10-2) to the calculated value of Vidal

et al./3/. These results are shown in Fig. 38 and Fig. 39 for the blue and
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83.

red wing of Ly-~, respecti vely. The profile is plotted tn asymptotic

Holtsmark units versus x = &/F0. The sol id curve represents the calcu-

lations of Vida l for the same electron density. Besides the fitting and

normalization of the measured values , no other smoothing procedures have

been applied. Therefore our measurements are rough data. We also did

not account for the finite resolution of the spectrograph (no decon—

volution). As Figs. 38 and 39 show, there is quite good agreement between

theory and experiment as far as the blue wing of Ly-ci is concerned, wh i le

In the red wing (for a>2 10-2) the measured values are hi gher than predicted

by theory, a resul t whi ch is in accordance with Boldt’s experiments. (The

red wi ng could not be evaluated for the highest Hydrogen concentrati ons

because of a disturbance duri ng the experiment, thus the limi t 1<0.02

is already reached at cc = 4x10 2.) Unfortunately, it can not be decided

whether the asymmetry is a true effect or caused by some other disturbance.

This is because of two reasons: When large amount of Nitrogen were added to (Fig.37)

the Argon-Hydrogen mixture, rather strong NI lines at 1225 and 1228 A could

be observed. These lines , although about a factor of ten wea ker than the

impurity line at 1243 A, may have some effect, even if the arc is operated

with a pure Argon-Hydrogen mi xture.

The apparatus function of the spectrograph has not been measured ;

though unlikely, it could by asymmetric because of the rather astigmatic

mounting.

The sattel ite or asymmetry, due to proton interaction predicted by

Voslamber should lie about 18 A to the red from the line center of Ly-ci.

Assumi ng an electron densi ty of 8.4 io16 cm 3, thi s sould correspond to a

value of ci = 7.5 which is outside the range of accuracy of this experi-

ment. It was not possible to increase the intensity of Ly—c& by adding more

hII.IIIlIIk .~~ — — ~~~~~ . ~~~~~~~~~~~~~~~~ L .~~~... ~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~ —~ 
- -
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Hydrogen to the Argon because the arc could not be stabilized for concentrations

above 5%.

The blue wi ng of Ly—~ is shown in Fig. 40, where the same kind of evalu-

ation procedure has been appl ied as for Ly-ct. Its red wing could not be measured

at all because of very strong Nitrogen lines . The agreement wi th theory is -f

rather poor, but the appartus profile has not been taken Into account. The over—

all signal was small , so that wide slits had to be used at the entrance and exit

of the spectrograph.

It should be pointed out here that after this report was finished , some

new i nformation has been publ ished by Hans R. Griem13 on the broadening of Ly—cc

in dense pl asmas. Here he compares the various theoretical treatments wi th the

most recently published data14 of Ly-cc line broadening at electron densities of

to 4x1017 cm 3. Our data presented here in Fig.s 38 and 39 at ne 8~4xb 0l6

- cm 3 can be fitted easily to the lower theoretical curve (see Fig. 41) of ref-

- erence 13, for which no experimental points were then available.

At least some of the diffi culties just mentioned could be overcome by using

a photon counting system instead of taki ng DC measurements. The overall sensitiv-

it,)’ of the system could be increased and smaller slits could be used whi ch would

enhance the spectral resolution. A photon counting system would also el imi nate

any shift of the zero line due to changes in the amplification system. Thus it

should be possibl e to measure the line profiles in the far wing wi th hi gher accuracy.

In addition , the apparatus profile of the spectrograph could be measured

using a special light source. e.g. a spark, to produce narrow lines. In the eval-

uation procedure one could then apply a deconvoluti on procedure and take account

of the Inherent apparatus profile. Furthermore, if the resolution of the spec-

trograph could be increased, it would be possible to use optically thick lines

(saturated centers) of KrI 1165A and 1236A and several NI lines in the neighborhood

of Ly—ci and Ly-8 for an absolute cal i bration , thus determining the line profiles
absolutely.

~~H. R. Griem, Phys. Rev. A17, 214 (Jan. 1978).K. GrUtzmacher and B. Wende, Phys. Rev. 
~~~ 

243 (1977).
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87.

III , OPTICAL AND PHOTOELECTRIC EFFECTS IN SOLIDS [33,63]

[18,19,26,31 ,33—35,4l .43,45,47,56,57,62,63,67,70,76,77]

[79,82 ,83,92,95,97-100,103 ,104]

a) Photoelectric Yiel ds of Surfaces. [18,19,26 ,31,33-35,41,43,45]

Interest in the interaction of vacuum u.v. photons with solids at U.S.C.

arose out of the problem of understanding fundamental cathode phenomena in gas

discharges. For this reason, the first study undertaken was the measurement

of absolute photoelectric yields from a variety of polycrystalline materials

subject to various surface treatments. Measurements were made on Ni , Cu, Pt,

Au, W, Mo, Ag and Pd over the spectral range 473-1400 A correspondi ng to

photon energies from 25-8 eV. The samples used were normally commercial foils

with thicknesses ranging from 0•5—5 mils and were measured in a vacuum of

• approximately l0”
~ mm Hg.

H Photoyields were measured first on foils cleaned with organic solvents;

these were followed by measurements on surfaces heat treated in vacuum

(5 x lO~~ mm Hg) for varying interval s of time. A few metals were tested after

exposure to °2’ H2, and air at various pressures, both at room temperature and

above. Yiel ds were also obtained for several metals while they were maintained

at temperatures between 500°C and 1000°C. Later as more interest developed ‘in

the basic mechanism of the vacuum u.v. photoeffect, photoyleld measurements

were made on a variety of evaporated films prepared In si tu at 3 x lO ’~ mm Hg.

Fi lms of Al , In, Sn, Bi , Au, Ag, and Cd were studied.

Typical photoyield data are shown in Figs..42-44. Figs. 43 & 44 contain

data on simul taneous reflection and transmission measurements on the same

materials. These optical data will be discussed later. The photoyield curves

Illustrate the several novel features observed for the far ultra-violet photo—

‘S 
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Fig. 43 _ Optica l and phot oelectric data for cvs pora ted films of Al. Reflectivity (R) and
Pbotoyield (s.) measured on a ~Iass backed film 430 A th ick evaporated in situ. Trans .

~~iisivity (1) from an unbacked film l l~O A thick , evaporat ed out side the mono chro-
astor. Arro w down denot es the free electron plasma frequency and arrow up the onset
of optical trans mission. Vertical lines labelled e denote measured elect ron energy losses.
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effect. First, the yields are 10- 100 times larger (values of 1-10 per cent

are typical) than those characteri stic of the visible region. Second, the

yields are less strongly influenced by surface treatment than are those at

longer wavelengths. A decrease in yield of only a factor of ten is obtained

in going from an untreated surface to as clean a surface as could be obtained

under the existing vacuum conditions. Third , in all cases where the measure-

ments extended far enough the yields show a sharp rise in the vicinity of

1400-1000 A indicating a ‘threshold’ for the large yield effect between 9

and ‘12 eV. This threshold is particularly wel l defined in Ni , Pt, Al , Sn,

and 81. One final feature of the photoyield behavior in the vacuum u.v.

which is of some practical importance is the relative constancy of the yields

of several metals in the region 1000—500 A. Gold for example when heat

treated in vacuum gives reproducible yields which remain between 3—4 percent

over the above region. Pt, Pd , and W show similar behavior to a lesser

extent .

The above features of the photoyield behavior were interpreted on the

basis of the onset of a ‘volume ’ photoeffect near 10 eV. In order to i nvesti-

gate the influence of the ‘volume effec t’ on the nature of the emission ,

electron energy distri buti ons were measured on Au for several photon energies

in the range 10-20 eV. These data are shown in Fig. 45. The ordinate is the

number of elec trons, in percent, emi tted wi th energies between E and E+dE

per incident photon divided by the photoelectric yield. A striking feature

of these curves is the large proportion of low energy electrons emitted for

photon energies several eV larger than the Fermi band width. The vertical

arrows indicate the lowest electron energy expected from the 14•9 and 176 eV

photons on the basis of the surface photoeffect model . A reasonable interpre-

tation of thi s behavior is that the electrons are emitted from the volume of

-- -~~~~~ - ——‘ — —~~~~~~~~~~~ ——-—a~ _ ~~~~~~~~~~~~~~~ ~~~~ —- - -
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photon energies were 10.2, 14.9, and 17.6 eV. The vertical
arrows indicate the l owest electron energy expected for the
surface effect. A wor k function of 4 eV was es timated from
the current saturation curve.
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the metal and undergo multiple electron-electron scattering before emerging.

In each case the mechanism of electron—electron scatteri ng seems to offer a -

plausible explanation. It is possible to exploit this effect to study

electron—electron collisions in metals and semiconductors by making careful

electron distribution measurements at several photon energies In the region

of the volume effect. The ratio of low to high energy electrons as a func-

tion of photon energy should peak near the energy corresponding to the

maximum cross section.
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b) Optical Properties of Surfaces. [43,45 ,47,56,57,62,63,67,70,76,77,79,
82,83,92,95,97-100,103,104]

In 1956 a new series of experiments was begun aimed at making simul-

taneous measurements of optical and photoelectric properties of single crystals

and evaporated films of a wide range of materials in the spectral region from
0

1500—500 A. Aside from the value of these measurements In elucidati ng the

volume photoeffect they are sign ificant from several other points of view.

Thin film optical transmission data correlate optical behavior and electron

energy loss information in a variety of materials. In this case the deter-

mination of the onset of plasma transmission predicted by both the Drude theory

and the more modern Bohm—Pines theory is sought. Reflectivity data at normal

incidence, analyzed by the Kramer ’s—Kronig dispersion relation , yield values

for the optical constants n and k of the material. Since very little data on

optical constants were available for the spectral region below 1500 A , these

experiments revealed a wealth of new and exciti ng results . Measurements we re

made of optica l transmission of unbacked evaporated films of Al , In, Sn, Bi ,

and TI and of Sb, Te, and Ge evaporated onto a fluorescent substrate. Simul-

taneous measurements of reflectivi ty and photoyields were made on films of

Al , In, Sn, Bi , Au, Ag, and Cd’. The reflectivity spectrum of a single crystal

of Ge was measured at several angles of incidence and the optical constants

calculated by applyi ng the Kramer ’s—kronlz relation. Examples of the resul ts

obtained are shown in Figs. 43, 44, 46 and 47.

Perhaps the most interesting resul t Is the onset of transmission be—

ginning in the region 12— 18 eV and its sudden drop for some materials at

energies of a few eV from the onset. In addition to the materials shown , this

behavior was observed in In, Bi , Te, and TI. The Drude free electron model

predicts such an onset at the frequency Wp (4irn0e
2/mf~ where n0 is the free
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Fig. 46. Optica l data for evaporated Sb films. Reflectivity (R)
of a glass backed film , 860 A thick,- evaporat~d in situ. Trans—
mi ssivity (1) of a sti l bene-backed film 1330 A thick , evaporated
in an external chamber. Arrow down denotes the free electron
plasma . frequency and arrow up the onset of opti cal transmission .
Vertical lines marked e denote electron eigenlosses.
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Fig. 47. Optical data and the results of a dispersion relation
calculation of n and k for Ge. Reflectivity (R) of a single
crystal of Ge at various angles of incidence . Transmissivity
(1) of an evaporated fi lm 800 A thick .
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electron density, and e and m have the usual meaning for electrons. The

position of the onset is considered carefully in the Bohm—Plnes theory

which modifies the simple picture by i ntroducing plasma modes, the electron

effective mass , and the possibility of interband transitions. In many mater-

ials val ues close to the free electron plasma frequency are predicted.

Reference to Figs. 43,44,46 show that thi s is true to a good approximation in

several materials. The general shift of the transmission onset to val ues a

few tenths of an eV l ower than the observed eigenlosses correspondi ng to

plasma excitations has been explained by Mendlowitz as due to the different

dependence of the two phenomena on the real and imaginary parts of the complex

dielectri c constant. The sharp drop in transmission at higher energies can be

identified with d~s,p band transitions and gives for the position of thi s

transition the following values : Sn(24.3eV), In(l6.8 eV), and Bi(24 eV).

Correlations of the reflect i vity , transmissivity , and photoyields from these

data show definitely that an absorption mechanism (volume photoeffect) sets in

at about 8-10 eV for most of these materials. Additional structure in the

transmission curves of Al , Sn, and Sb seems to coincide with prominent electron

elgenloss val ues but as yet no definite conclusions can be drawn from the

optical data regarding the mechanism involved.

Figure 47 shows reflectivity data and the results of the di spersion

analysis for a single crystal of Ge. This analysis was carried out by combining

the reflectivity measurements of Rnstgi at U.S.C. between 7.6-18 eV wi th those

‘ of Phillip and Taft of G.E. between 0—10 eV. A comparison of n and k wi th the

transmission curve is interesting for Ge since the difference between the free

electron plasma frequency ~~ wh ich for 4 electrons per atom corresponds to

16 eV , and the transmission onset given by n=k is significant. The condition

n=k yields a value near 9 eV for the plasma frequency compared to 16 eV for 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- ~~~~ _ - ~~—-~~-~~~~~~-~ -~~ - -  
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Prominent energy losses are found near each of these values. The transmission

curve for a Ge film evapora ted onto a fluorescing substrate Indicates a weak

transmission onset at an energy lower than 16 eV together wi th an apparent

stronger transmission beginning at 16 eV.

An investigation of the absorption band of X—irradiated LiF in the long

wavelength tail of the exciton absorption edge is also underway. Figures 48 and 49

show some of the early results of this work. The reflection spectrum of a

cleaved Harshaw crystal was obtained at room temperature at an angl e of

Incidence of 20°. The structure observed agrees substantially wi th that

obtained in absorption by Mi l gram and Gi vens and clearly shows the large exciton
0

peak near 970 A. Peaks seen at shorter wavelengths can be associated with

electronic transitions on the F ion. Transmission data on a thin cleaved LiF

crystal which was irradiated for 2 hr at room temperature with 35 keV X—rays

from a Cu target are shown in Fig. 49. The measurements were made by comparing

the transmission of the X—irradi ated sample to that of a control sample. Trans—

mi ssion through both samples was measured before irradiation. X—irradiation

increased the absorption over the entire region measured, however , there is
0

clear evidence of a new absorption band centered near 1130 A. This band can

be bleached slightly by LiF F-light (2536 A) and thus behaves similarly to the

B band observed in other alkali halides. -
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Fig. 48. Extreme u.v. reflection spectrum
of LIF. Measurements made at room tern-
perature at an angl e of incidence of 20°.
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Fig. 49. Incremental absorption of X-irradiated LIF. Data
from a cleaved Harshaw crystal , i rradiated for 2 hr at
35 kV and 20 mA with X—rays from a Cu target tube . Samples
placed 8 cm from the beryllium exi t wi ndow of the X—ray
tube were uniformly colored by thi s treatment. The ordi n-
ate represents the di fference between the absorption
coefficients of the irradiated sample and an uni rradiated
control sample.
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101.

• c ) Optical Constants under Ultrahigh Vacuum Conditi ons . [82,97—100]

The optical properties of evaporated bari um films have been investigated
0

in the wavelength range from 1500 to 3000 A. The complex i ndex of refraction

is n’ = n—i k, where n is the real part and k is the extinction coefficient. If

we define here the complex dielectric constant

= (n2 
- k2) - 2ink,

then 
- 
Im(l/e) = 2nk/(n2 

- k2)2

and Im{l/(c+1)} = 2nk/{(n2 — k2 + 1)2 + 4n2k21.

Reflectance measurements were made at angles of incidence of 17.5° and 72.5° -

( Figure 50 ) and the complex index of refraction obtained from graphical

solutions of the Fresnel reflection equations (Fig ’s. 51-53). The films were

prepared in an ultrahigh—vacuum reflectometer (Fig. 54) having a base pressure

of about 5 x lO~~
0 torr. Radiation from a hydrogen glow-discharge source was

dispersed by a normal—incidence vacuum monochromator which was optically

connected to the ul trahi gh-vacuum system by means of a sapphire window (Fig. 55).

The energy-loss function Im(l/s), as computed from the optical constants, is

compared with publ ished characteristic electron—loss (CEL) data. The complex

index of refraction was fitted to a Drude model for which the plasma energy

was fixed at 7.4 eV and the dampi ng at 1.6 x lO~~
6sec. (FIg. 56).

Using the same apparatus as for the bari um work described above,

zirconium films were investigated. The reflectance for both parallel and -

perpendicularly polari zed ligh t was measured near the plasma frequency of Zr,

and the ratio of R~/R5 exhibi ted a peak at 790 A (15.7 eV), while a character-

Istic energy loss of 15.6 eV was experimentally determined by Lynch and Swan,

Austral. J. Phys. 21, 811 (1968), compared to a theoretical predicti on of 15.4eV
(Fig. 57).
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Fig. 51. Opti cal constants of Bari um. The solid curves represent the
present data. The dashed curves were obtained from Maurer. The
flags indicate the effects of an assumed ± 10% polari zation of the
Inci dent radiation.
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Fig. 52. Energy—loss functions for Bari um. The upper curve is the bulk
loss and the lower curve the surface loss. The arrow label ed e- is
at 6.5 eV, the energy loss reported by Robins and Best, and the one
labeled 0 at 74 eV corresponds to the plasma energy obtained for the
curve fitting shown in Fig. 6
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Fig. 53. The experimental data fitted to a Drude model having a plasma
energy of 7.4 eV and a relaxation time of 1.6x10 16 sec. The solid
curves are the experimental data, and the circles and dots represent
points on the Drude curves.
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Fig. 54. Cross section of the reflectometer. The optic axis is
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Fig. 56. The energy dependent relaxation time corresponding to
curve fi tting shown in the previous figure.
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110.

d) Optical and Photoelectric Properties of Gold and Aluminum in the Extreme

Ultraviolet Wavelength Region, to 173 A. [92,95]

Continuing the type of research described on the previous pages, the

optical and photoelectric properties of thi n films of gold and aluminum have

been investigated in the spectral region of 100 to 1000 A. (See Fig. 58)

Particular attention has been paid to the effects of polari zation (Fig. 59)

and angle of incidence on the total yield and energy distribution of the

photoelectrons, Fig. 60. The reflectance, Fig. ’s 61-64, which was measured

as an essentiall y cont i nuous function of the angle of inc idence in order to

obtain yields per absorbed photon, was also used in conjunction wi th the

Fresnel relations to calculate the optical constants and polari zation of the

incident beam. To check these resul ts , the polarization was measured

directly, and in additi on, the reflectance was measured at several angles of

incidence with the plane of incidence rotated 900 . The calculated optical

constants and the complementary polari zation data were then used to predict

- 

- 

the origi nal reflectance curves. A spherical retarding potential system was

employed to obtain data providi ng total yields , while an electron multiplier

with a retardi ng gri d system measured the photoelectron energy distribut ion ,

Fig. 60. It was found that the variation of photoelectric yield , F ig. ’s 65—68,

with angle of incidence depends promarily on the absorption depth of the

photons, Fig. ’s 69 & 70. The effect of the di rection of polari zation relative

to the plane of incidence was small and could only be seen in terms of the

yield of low energy photoelectrons, Fig. ’s 71 & 72. — 
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Fig. 59, The Polar izer-Ar!a i.yzer System . The
polarizer and analyzer  are shown in one of the two

• crossed positions. By measuring the t r ansmi t t ed  intensi ty
• in the four possible orientation s, the polarization of

the impinging beam can be determined assuming the
polarizer and analyzer are identical . The two different -

crossed positions should have the same transmittance and
hence serve as a check on the requ ired equality of the
polarizing efficiency of the two sections .
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4

Fig. 60. The Scanning Electron Multiplier—
Retarding Potential System . The electron multiplie r and
retarding system can be positioned so as to observe either
ultraviolet photons, or photoelectrons coming from the
sample in a cont inuous range of solid angles . The altitude
and azimuth of the electron multiplier (c), relative to
the sample (e) are varied by the rotations indicated
at (a) and (b), respectiv~ ly.
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FIg . 61 . Measured Reflectance of an Evaporated
Gold Film . The curves are labeled by the wavelength  of
the incident photons , measured in arigstroms . The dotted
curves are for the plane of incidence perpendicular to
the plane of incidence of the monochromator and are
correspondingly labeled by the j symbol after the
wavelength . For a]l other curves , the two planes of
incidence arc idcntical.
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Fig . 62 . Measured Reflectance of an Evaporated
and Oxidized Aluminum Film . The curves are labeled as
in the previous figure . The film ha~ been oxidized by
several days ’ exposure to the atmosphere .
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Fig . 63. Reflectance and Computed Optical

Constants of Gold and Aluminum . The curves in (a) give
the reflectances of the two films at 600 and 75°. The
points plotted in (b) show the values of n and k necessary
to produce the reflectance curves shown in Figs . 14 and
15. mc solid and dashed curves show respectively the
variation of n and h for gold and aluminum as reported
by Hunte r 19 and by Canfield , Hass and Hunter .2°
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80

8 (DEG)
FIg. 64- . Polarization Measurements and

Calculations . In (a) are shown the results of the
polarizer-analyzer measurements of the polarization of
the incident beam . The top curve is for freshly—cleaned
glass Siegbahn grating, while the lower one is for the
same surface about six months a f t e r  c leaning .  The effect
of grat ing contaminat ion is then only moderately
noticeahig in terms o scattered light b~.ck~round belowabout 250A . In (b) is shown severa l of the reflectance
curves seen previously in conjunction wi th  computed
reflectance curves based on the calculated values of
n and k In Fig. 16. It was found that these curves are
very insensitive to polarization when both a and k can
be adjusted to optimize the fit.

-- -~~~~~~ - -— -~~~~ 
______ - ______



1.4 I I I I I F I I
(a) 

~~~~~~~~ Au

1.2 - 
- 

-

~~~ -0 . 4 - -

:~ IIC
0.2 - .

~~~
_ J  -

II

C 
I I I I

1.4 1 I I •I I I I I
(b) - Au

1.2 —  ,91 -

• ~~~
. __

~~
.- _i/

~.—
. 

~— -~~ 1
Z ~~~~~~~~~~~ 

I / 
—

: 
-

20 40 60 80 - 100
• O (DEG)

Fig . 65. Photoelectric Yield of Gold as a Function
of the Angle of Incidence . The solid curves show the
yield per inc ident photon as directly measured , while the
dashed sections give the yield per absorbed photon .

- — -“- - — - ~~ —~~— •• —
~~~~ — .• ~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~ 

--
~~~~~ 

- 
~~~~~~~~~~~~~~~ 

- ~~~~~~~~~~ —— -— -  ~~~~-— -—



~ -

- 

- -•- -- -• - - - - ~~~~~~~~~~ - -— -~~~~~~~~~

119.

1.4 I I I I I I I- -
(0) - M

• 1.2— -

~ 0.6 
- - IIC - ,‘/ -

- :
248A

0 I I I . !  - S
I, I

.1 .4 I I I I I 1  I I
(b) A.tZ 

-
1.2 - —---—--~--— .LC

4 1.0 - _ _ _ _ _  II  
A 

:

0.2 - 173

X/

150A

c I I I I I
0 20 40 60 80 100

• e.(DEG)

Pig. 66. Photoelectric Yield of Alum Inum as a
Function of The Angle of Incidence . The solid curves
show the yield per incident photon while  the dashed
sections give the yield per absorbed photon . The e f f ec t
of polarizat’.on in the yield per absorbed photon is srnrtll ,
but seems significant .
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Fig. 67. The Yield of Photoelectrons wi th  Energies
Greater than- a Few eV. The effects of polarization seem
to have nearly vanished .
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Fig . 68 . The Photoelectric Yield per Inc ident
Photon of a Thin Aluminum Film . The s t ruc ture  is due to
interference of the light reflected from the f ront  and
back surfaces . The spacing of the interference maxima
and minima can be used to calculate both the index of
refraction and the film thickness . 
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Fig.  69. Typical Processes in Photon Absorption .
and Photoemission . The incident photon is reflected or

• refracted at (a). At (b), the photon is absorbed
producing an internal photoelectron whose initial direction
may depend on both the local la t t ice  or ien ta t ion , and the

• polarization of the photon . The electron is scattered
elastically at (c) and at (d) makes a direct transition to
a lover energy band . At (e) the electron is inelastically
scattered to7:ard the surface wi th  an angle of incidence
greater than t!1;. maximum escap.~ angic~ ó, and at (f) is
totally re~lect~~ . At (g) it is scattered to w i t h in  the
escape co:~~, and ~.t (h) cscapcs from the solid , al te r  being
rofract’-d ~ ~~ 1 ro:~. th ’~ normal .

— - - - - - ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ~~~ ~~~~_ _ ... 
~~~~~~~~~~~~~~~~~~~



V - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 

-

123.
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Fig. 70. The }~f f e ct  of Absorption Depth on
Photoelectric Yield . The curves in (a)  give the mean
absorption depth d , relative to the photon mean free
path ~ ., as a function of the angle of incidence f o r
various -refractive indices . In (h) the calculatcd yield
per absorbed p AG t on of ph otoc lectron s  of mean fr e r~ p ath
b is shov.-n f o r  v~ rious rat ios  of mean f ree  paths  ~./b .
Those curves  arc fo r  a r dcdiu~ of re f ract ive icc~c~:
a ‘- 0 .9 .
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Fig . 71 . Energy Dis t r ibut ion  of Phot oelectric
from Gold . In most cases curves are given for  both normal
incidence and the angle of incidence g iving th e peak
yield per incident photon , identified by N and P,
respectively. In order to compare the shape and energy
loss of the highe r energy electrons , the abscissa shows
the energy difference between the photoelectron and the
incident photon .
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Fig. 72. Energy Distribution of Photoelectrons
• 

- from Aluminum . In most cases , curves are given both for
normal incidence and for  the angle of incidence giving
the pe ak yield per incident photon , as indicated by N and
P, respectively. In order to compare the shape and
energy loss of the higher energy electrons, the abscissa
shows the energy difference between the photoelectron
and the incident photon .
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e) The Efficiency of Concave Gratings in the Extreme Iii traviolet Region, to 150A.

Using the same instrumentation as in d) above, Fig. ’s 46—48, the

efficiency of five blazed and two Siegbahn type gratings has been measured
0 0

in the wavelength range of 150 A to 1000 A. In particular , data are presented

for angles of incidence varying in 5° increments from normal to 800 for the

four wavelengths, 150, 248, 555 and 923 angstrom units . Three of these

gratings were repl icas of the same master, having different surface coati ngs ,

Pt, Au, and Al , in order to allow particular attention to be paid to the

effect of material on grati ng efficiency. The results are shown to be consist-

ent with a simpl e model giving the overall efficiency as the product of the

reflectance and a geometrical efficiency depending only on the structure of

the grati ng surface. It is also concluded that light reflected from the grooves

of the Siegbahn type gratings contributes substantially to the performance of

these grati ngs.
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IV . CONCLUDING REMARKS

For those readers of thi s report , which in a general way characterizes
the types of thinking of this era, it should be pointed out in all fairness

that a new wave of researc h , a rejuvenation if you please , was star ted in the
— mid—sixties , couri ously enough with the advent of a new light source for

vacuum uv, soft and hard X-rays, namely synchrotron radiation , f i rst proposed
by the late Professor D. H. Tomboulian of Cornell University and first trans-

• lated i nto an effective research group at the

Deutsche El e ktronen—Synchrotron (DESY)

in Hamburg under the leadership of Prof. R. Haensel .

This was followed rapidly by other such user groups being established

at NBS, the Univers ity of W i scons i n, and Stanford i n the late si xties and
early seven ties in the USA, at Daresbury in England , in Tokyo, at Orsay in
France , in Bonn and most recently in West-Berlin , and in other places . (Un—

fortunately, this wri ter is not sufficiently wel l informed about similar

efforts in the Soviet Uni on.)

Such local users groups, each made up of investigators from many
di fferent insti tutions and universities , have developed because of close contact

and cross-fertilization of ideas into effective nuclei of expanding research

hori zons. It must be sufficient to mention at this point only two new and ex-

citi ng directions , namely aspects of surface physics and macromolecular invest-

igations in biological systems.

The reader who is interested in more detailed surveys of these synchro-

tron radiation research acti vities should try to obtain the readily available
- - programs of the various user group meetings and/or the published proceedings

of the IVth (in Hamburg in 1 974) and Vth (in Montpellier in 1977) International

Conference on Vacuum UV Radiation Physics.
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