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FOREWORD

The Fundafnental Molecular Physics and Che‘mistry Section has con-
tinued to work vigorously in three scientific fields: electron collisions with
molecules, photoabsorption and photoionization} Vand pertinent theories. The ’
papers in the present report are ordered according to the subjects treated.
Papers 1-13 deal with photoabsorption, photoicnization, and closely related
topicé.' Pap‘ers 14-19 concern slow-electron collisions, papers 20—22 secondary-
electron spectra, papérs 23—30 theories chiefly rjelated to the transfer of rad-
iation energy to matter, _ and papers 31—37 other theoretical problems .. Paper
38 describes a data-processing technique. Our major accomplishments ére
summarized below. |

The determination of the optical oscillator-strength distribution has been
extended both to a wider energy range and to additional molecular species. In
paﬁicular, a'number of molecular species‘of atmospheric interest have been
investigated (papcrs 1-4). A new versatile analyzer for ejected electrons
(described in paper 13) represents a notable enhancement of our capabilities.
Experiments on slow-electron collisions with molecules have uncovered
threshold effectc (.p.aper 14) and the systematics of resonances in many ex-
amples (papers 15—18). ‘

A theory of molecular photoionization has been successfully developed;
its initial application to K-shell ionization led to the discov;ery of new phen-
omena specific to molecules (papers 8—11). A semi-empirical theory of the
ejection of secondary el\ectrons by charged-particle impact has been extended
to numerous molecules (papers 20—22). Much effort has been devoted to
theories of electron degradation and ionization yields in .macroscopic volumes
of gases (papers 26—30). These theories link secondary-electron and other
cross sections to radiological bhysics. Finally, some progress is being made
in theoretical spectroscopy of highly stripped ions — a subject of importance
to controlled thérmcnuclear research (papers 31-33).

We are pleased to report having played major roles in two. meetings.

First, at the Twenty-Third Annual Meeting of the Radiation Research Society,



May 1975, Miami Beach, Professor U. Fano gave a plenary lecturé entitled
"Platzman's Analysis of the Deli‘vefy of Radiation Energy of Molecules." He
outlined the work of the late Robert L. Platzman and collaborators (including
some of us) over many }';}'e"ars, explained its significance to radiation research,
and stressed the merit of the approach, which underlies much of ouf Section's
activities. Following the lecture, a symposium, which we organized, treated
mechanisms of energy transfer from electrons to matter and pointed out their
consequences in chemistry and biology. Second, the Section presénted three
lectures at the Symposium on the Distribution of Secondary Electrons from ,
Ionizing Collisions, December 1974, London, Ontario, Canada. The symposium
reviewed current knowledge of secondary'electron spectra and some of .its
radiolbgical applications. A full record of the symposium has appeared in
Radiat. Res. 64, 1—204 (1975). )

In accordance with the broadened mission of ERDA, the Section has
been renamed, and its cjoal has been expanded to include chemical physics
pertinent to non-nuclear energy technology and its environmental implications.-
Although our program was previously conceived to elucidate elementary mech-
anisms of radiation, some of our capabilities may be devoted also to basic
problemé in non-nuclear applications . For instance, our photoabsorption

studies have already focussed on atmospheric species.
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APPARENT OSCILLATOR STRENGTHS‘ FOR MOLECUIAR OXYGEN, DERIVED
FROM ELECTRON ENERGY-LOSS MEASUREMENTS™

i

R. H. Huebner, R. -I. Celotta, S. R. Mielczarek,Jr and

C. E. Kuyatt

Oscillator strengths for O, (Figure 1) from 6 to 14 eV are derived from the
energy-loss spectrum of 100-eV incident electrons. Integrated f values for the
Schumann-Runge bands (Figure 2) and continuum (Table 1), which span four
orders of magnitude in intensity, agree well with high-resolution photoabsorp-
tion measurements. Vibrational structure superimposed on the Schumann-Runge
continuum, previously assigned to the (3s0, )3 Rydberg state, contributes
less than 0.5% to the total oscillator strength determined for that region (see
Table 2). These data also yield f values for discrete bands in the region be-
tween 9.5 and 14.0 eV, where line saturation problems complicate oscillator
strength analysis of the optical data. An oscillator-strength sum of 0.198 is
obtained for all transitions below the ionization potential at 12. 07 eV.

04 T T T T T 4010’8
=
203 .
= 3.0t
s [ B
el B a 2.0r
oL -
= =R
- . 18
0 | l I B 1.op
6 7 8 9 10 12 13 14 I5
ENERGY LOSS (eV)
: . ol 2 A S S S R L
FIG. 1.--Apparent oscillator-strength 0 2 4 6 8 10 22 14 & 18 20
_ distribution for Oy as derived from the VIBRATIONAL QUANTUM NUMBER 11" 0)
electron energy-loss spectrum for 100-
eV incident electrons scattered at zero FIG. 2.--Comparison of discrete
andle. oscillator-strength values for the
(ANL Neg. 149-6516) _ Schumann-Runge bands: circle,

present results: square, Ref. 1;
X, Ref. 2; diamond, Ref. 3;
triangle, Ref. 4. , ‘
(ANL Neg. 149-6514)

*Summa_ry of a paper published in J. Chem. Phys. 63, 241 (1975).

TNational Bureau of Standards, Washington, D.C. 20234.
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TABLE 1. Values of fcont for the Schumann-Runge Continuum

Watanabe, Metzger Goldstein
Inn, and andb and
Zelikoff® Cook Mastrup®
El' eV 7.067 7.079 7.048
Ez, eV 9.670 9.187 9.744
f (optical) 0.161 0.142 0.156
f (electron impact) 0.162 0.156 0.162
3pef. 5; PRef. 6; CRef. 7.

TABLE 2. Comparison of the Energies and Intensities Measured for the 311 Rydberg"
Statc of Oxygon : 9

5

v' Energy, eV Spacing, eV Rel. Intensity 10Y X apparent
. f value
0 8.138 £0.010% 0.71 18.2
8.145 + 0.020P 0.73
0.2348
0.222P
1 8.372 £ 0.010° 1.00 25.6
8.366 +0.020° 1.00
0.2422 D
0.244D ) :
2 8.614 £0.0102 0.75 20.8
8.610 £ 0.020b 0.80
0.2262
0.215b
3 8.840 + 0.010°2 0.32 9.6
8.825 £ 0.020° 0,25 -
Ev'fv'o = 74.2

a
Present work.

bRef. 0.
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*
APPARENT OSCILLATOR STRENGTHS FOR NITROUS OXIDE

R. H. Huebner, R. TJ. Celotta,.T

C. E. Kuyatt T

S. R. Mielczarek,T and

Several energy-loss studies 1-4 of NZO have been made, but very lit-
tle oscillator-strength information has been extracted from such measurements.
The f values for seven Rydberg transitions were obtained by Weiss et al.,
but they did not extend their analysis to transitions below 13.5 eV. No other
electron energy-loss data have been used to derive oscillator strengths for
this molecule. We have successfully determined oscillator-strength distribu-
tion from high-quality electron energy-loss spectra for a number of molecules
in previous work from spectra obtained fdr 100-eV incident electrons scattered
within 20 mrad of the incident direction. The same technique > has been ap-
plied in the present analysis of energy absorption by NZO in the 4- to i4—eV
region.

Energy—lpss spectra of N_ O were measured digitally with the NBS Model

AN-1 electron-impact spectrometzer with an energy resolution of 42 rrieV. Nitrous
oxide with a stated purity of better than 98% was used without further purific;a—
tion. These data were normalized to the same optical value 6 as was used by
Weiss et al. |

The electron-impact values are compared in Figure 1 With the optical
data. 7=3 Integrated f values of 1.44 X 10_3 and 0.352 that we obtain for the
bands at 6.83 and 9.64 aV are in excellent agreement with optical measure-
ments.7' 8 Our value of 2.85 X 10_2 for the structured band at 8.52 eV is
considerably higher than the optical values reported by Zelikoff et al. 7 and
Rabalais et al., 8 and may be indicative of line sa;curation probléms in their

work. Oscillator strengths derived from the electron impact measurements

.
Summary of a paper presented at the IXth Int. Conf. on the Physics of
Electronic and Atomic Collisions, Seattle, July 1975. A full account of the
work has appeared in J. Chem. Phys. 63, 4490 (1975).

f National Bureau of Standards, Washington, D.C. 20234.
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FIG. 1.--Comparison of optical and electron-impact oscillator strengths in
the 4- to 10-eV region; +, Ref. 7; x, Ref. 8; square, Ref. 9; 'solid line,
present results. (ANL Neg. 149-6752)
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FIG. 2.--Comparison of optical and electron-impact oscillator strengths in
the 10- to 14-eV region; +, Ref. 7; x, Ref. 6; solid line, present results.
(ANL Neg. 149-6753)



_below 5.6 éV, although small, are gréater than those observed optically. The
enhanced ihtensity we observe in this region is probably associated with the
weak transition reported recently by Hall et al. ,4 at low impact energies. The
eriérgy absorption region betWeen 10 and 14 eV is shown in f‘igure 2.

In the region between 11.5 and 12.4 eV, no optical values are avail-
able for comparison. From the data in Figure 2 we have determined integrated
values of the oscillator strength for small energy-loss intervals in the 10- to
14-eV region. These values, presented in Table 1, were obtained by numerical
integration of the data between the tabulated energy limits E 1 and E2 . Direct
comparison of intensities with the optical measurements is complicated owing
to the large difference in energjr resolution achieved with the two techniques.
However, above 10.8 eV the centers of the absorption maxima reported by

Zelikoff et al. 7 appear to be displaced to higher energies by about 30 meV.

Our peak positions are closer to the energies of the strong diffuse progression

TABLE 1. Oscillator Strength for Transitions in NZO from 10 to 14 eV

E ., ev E_, ev E,, eV f value Identification
m 1 2
continuum - 10.23 10.36 4.56 x 1073
10.52 10.36 10.56 4.21x 102 Ry 3pm, 3po (°1 core)
10.59 sh 10.56 10.64 1.00 x 1072 Tanaka weak band 1
10.68 sh 10.64 10.71 8.40 x 10~3  Tanaka weak band 2
10.75 10.71 10.78 1.17 x 1072 Tanaka strong band 3
10.84 10.78 10.89 2.34 x 1072 Tanaka strong band 3
10.94 10.89 10.99 2.56 x 1072 Tanaka strong band 3
11.0S8 10.99 11.09 2.85 x 102 Tanaka strong band 3
11.24 11.09 11.29 8.48 x 10”2 Ry 3dm (%@ core)
(11.19 sh) Tanaka strong band 3
11.35 11.2Y 11.b7 1.10 x 107! Ry  4so (¢ 1 core)
(others) . Ry 3d? (%m core)
11.75 11.67 11.80 31.0 x 102 Ry dpw, 4po (%1 core)
11.83 11.80 11.86 1.28 x 1072 Ry  4d? (%11 core)
11.95 11.86 12.00 3.30 x 1072 Ry  4dm (%1 core)
(11.89 sh)
12.07 12.00 12.14 2.60 x 1072 Ry. 5so (“1 core)
(12.04 sh)
12.21 12,14 12.26 1.85 x 1072 Ry Spw, Sp7 (°11 core)
12.36 12.26 "12.41 5.99 x 102 Ry 3s0 (25* core)
12.45 12.41 12.53 4.20 x 1072 Ry 6pm, 6po (2m core)
12.57 . 12.53 12.62- 2.10 x 102 Ry gpw, 7p0 (1 core)
12.65 12.62 12.69 1.33x 107¢ Ry 8pw, 8po (°II core)
12.71 12.69 12.76 "1.14x 1072 Ry 9pm, 9po (*11 core)
12.79 12.76 12.83 1.01 x 1072
12.86 12.83 12.90 9.77 x 1073 :
continuum 12.90 13.80 1.57 x 10~} portion of 2n ionization cont.
13.90 13.80 13.95 4.89 x 1072 Ry 3po (Z* core)
14,00 13.95 14.09 4.39x 1072 Ry 3prm (2% core)




reported in the high-resolution work of Tanaka et al. 10 Examination of the

irregular intensity variation in the npr and npo Rydberg series converging to

the 2II—1on 11m1t suggests considerable interchannel 1nteract10n with the nsco

series ( s ion core).
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PRELIMINARY REPORT ON ELECTRON ENERGY-LOSS MEASUREMENTS FOR
CC1F3, CClsz, and CCl3P

. *
D. L. Bushnell, Jr., R. H. Huebner, R. J. Celotta, Tzmd

S. R. MielczalrekJr

Currently, nation-wide research efforts are devoted to studying the
possible ozone (O3) depletion in the stratosphere by the chemical action of
chlorine atoms released from CClyFg or CCI3F upon absorption of ultraviolet
radiation. Since electron-impact data taken in the forward scattering direction
can be used to derive oscillator strengths and thus to yield apparent photo-
absorption cross sections, we have carried out such an analysis for CClsz,
CCI3F, and CCIF3. We obtain oscillator-strength distributions between 5 and
20 eV and compare these to available photoabsorption data. ertain photo-
absorption values agree very well with this electron-impact data, but other
optical studies deviate in some spectral regions by as much as a factor of 5.
Also, the electron energy-loss spectrum reveals electronic transitions pre-
viously undetected by photoabsorption.

- Introduction

Ulfraviolet radiation from the sun can be deleterious to many life pro--
cesses; vet the solar spectrum is such that only wavelengths from 150 nm
(8.26 eV) to the visible cutoff have enough intensity to be of concem. ! Indeed,
it is known that human DNA (moleculés basic to all life processes) absorbs
heavily in this region of the uv spectrum.

This energy-absorbing ability of molecular oxygen, Oz,' exhibited in the
Schuman-Runge continuum, provides for a screening effect of this uv radiation
up to 200 nm (6.2 eV). The much less abundant, but nevertheless strongly
absorbing ozone (03) , filters out the ;est of this harmful ultraviolet up to
about 300 nm (4.1 eV).

An equilibrium éoncentratibn of ozoné is maintained in the stratosphefe
by a natural balance between many chemical reactions that both generate and

destroy ozone. The important Chapman reactions 2 describe the production of

* : ’
Undergraduate research participant from the University of Illinois, Urbana,
I11., sponsored by the Center for Educational Affairs, Argonne National
Laboratory.

TNational Bureau of Standards, Washington, D.C. 20234.



ozone by photodissociation of O, and subsequent combination of oxygen atoms

2

with oxygen molecules in a three-body reaction yielding O .Photodecompo—

3°

sition of N, O is the major natural source of nitric oxides that limit present

ozone concintration in the stratosphere. 3 This occurs through a catalytic
sequénce of reactions resulting in a net destruction of ozone. Recent concem 4
has been generated over a newly discovered mechanism of ozone destruction by
the chlorofluoromethanes. It has been found that chlorine atoms photodissoc- -
iated from these molecules can react catalytically to destroy ozéne in a re-
action sequence similar to fhose identified for the nitric oxides. Details of
this subj ecf have been reviewed by Rowland and Molina.A5

The current environmental importance of understanding the excitation
properties of halocarbons 11 (CClsP) and 12 (CCIZFZ) has prompted our an-
alysis of them by electron-collision techniques. Electron energy-loss spectra
for CCl1_F, CClZFz, and‘CCIF

3 3
Bureau of Standards Model AN-1 electron spectrometer for 100-eV incident

were obtained digitally with the National

electrons scattered within an acceptance angle of 20 mrad about the incident
direction. . ‘ !

The spectrum thus obtained shows the intensity of electrons scattered
vs. the amount of energy lost.

Our particular study concerned the following:

1) Analysis of the electron energy-loss spectra to obtain ditterential
oscillator strengths and photoabsorption cross sections for a wide range of
energy loss (5 Lo 20 eV);

. 2) comparison of this information to corrésponding photoabsorption
measurements; | ‘ ‘ | |

3) identification and assignment of certain electronic transitions; and

4) determination of reliable oscillator-strength distributions for
CCI,F, CCL,F,, and CCIF,. | 6

An important aspect of this study has been to provide new information =
pertinent to the problem of ozone depletion by halocarbons 11 and 12. These

molecules, CFCl, and CF Clz, are more éommonly known by their Dupont

3 2
copyrighted tradenames, Freon 11 and Freon 12.



The available photoabsorption data for haloc_afbons 11, 12, and 13 are _

very Asparse. For each molecule there exist two independent photoabsorption

5.7 That of Rowland and Molina > covers only the limited

studies below 10 eV.
energy region of 5.7 to 6.7 eV. Above approximately 10 eV only the optical
measurements of Gilbert et al. 8 are available. For CClzP2 , unpublished mea-

surements of Person, Fowler,. and Nicole9 of this laboratory are available.

Experimental Results.

Energy-loss spectra for CCl1_F, CCl_F., and CClF3 obtained with 100

eV incident electrons and zero scattiring an’fglcze are presented in Figures 1, 2,
and 3, respectively. Spectra recorded at energy losses below 5 eV displayed
a ﬂat constant background with no additional structure due to electronic transi-
tions. These spectra were converted to apparent oscillator-strength distribu- .

10,11
tion by the procedure discussed in detail previously.
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Halocarbon 12 (CClzf'z)

The data for CCl,F, were normalized at 12.22 eV to df/dE = 0.732 ev?
taken from the very recent measurements of Person et al. 9 This normalization
yields agreement to within * 5% with their spectral measurements from 12.0 fo
. 14.5 eV. The apparent oscillator-strength distribution is compared in Figure 4
with values extracted from the photoabsorption measurements of Doucet et al. 7
and Gilbert et al. 8 The agreement is relatively goo_d.up to 11.3 eV, where the
data from Gilbert et al 8 drop: significantly, relative to the electron-energy
loss (EEL) values. At 12.1 eV the EEL values are larger by nearly a factor of
1 .S, and hear the 13.0-eV peak the EEL measurements are still a factor of 1.4
greater than the optical values of Gilbert et al. 8

Oﬁe possible explanation for the disagreement between the optical and
the EEL values in the region above 11.4 eV is that for photon energies greater

than about 11.8 eV, the LiF absorption cell windows used by.Gilbert et al. 8

l'OllllIllllllllrrlrllIIIIIlIIl:TIIIIIIIII
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FIG. 4.--Comparison of oscillator strengths for halocarbon 12 in the region
8 to 17 eV. Solid line, electron-impact results from present work; stars,
optical values of Ref. 7; squares, optical values of Ref. 8.
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become opaque. To obtain values at higher photon energies one must éhange
over to "windowless" operation, which can cause serious difficulties, such as
inaccurate pressure determinations, resulting in a decrease in the éccuracy of
the photoabsorption measurements. Since our present results agree closely
with those of Person et al. 9 between 12.0 and 14.5 eV, we suspecf that the
measurements of Gilbert et al. 8 at energies above 11.8 eV are subject to some
large undetermined error. It is also interesting to note that Figure 4 reveals
indications of three absorption bands at 10.9, 11.5, and 11.8 eV not observed
by Gilbert et al, 8 |

The region of the spectrum that is pertinent to the ozone problem lies
below 8.5 eV, and the region of 5.6 to 6.9 eV (2200 Z\ — 1800 li) is of primary A
two broad peaks are observed between 5.5 and

2 - _
8.5 eV. Both of them are likely to be caused by transitions that result in the

importance. For CCIZP

ejection of a chlorine atom. Our f values are larger by a factor of 4 at 7,0 eV
and a factor of 5 at 8.2 eV than those of Doucet et al. 7 This disagreement is
further discussed elsewhere in this report. 6

Halocarbon 11 (CCI3P)

We have normalized the data of halocarbon 11 at 10.76 ¢V to df/dL =

0.906 ev_l, which corresponds to an extinction coefficient of 26,000 liter
mol cm—1 ., taken from the measurements of Gilbert et al. 8 Focusing atten-—
tion on the region of the spectrum above 8.0 eV, Figure 5 indicates reasonable
agreement (£ 15%) with Doucet et al. 7 up to the 9.8 eV absorption band. At
this point the peak value from the electron-impact dald becumes a factor 6f
1.5 larger than the peak value réported by Doucet et al. 7 The data of

Gilbert et al. 8 agree, at least qualitatively, with the EEL measurements up to
11.4 eV, At this point our measurements show two peaks in contrast to the
~optical measurements~, 8 which indicate only one band. It is also in this
region that the photoabsorption measurements begin to fall significantly belbw
the electron-impact values. Between 12.0 and 13.0 eV the electron-impact

measurements are nearly a factor of 2 larger than the photoabsorption values of

Gilbert et al. 8 As previously discussed, it is likely that the "windowless"

12
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.operation they employed in this region has resulted in a decreased accuracy of
their photoabsorption measurements.

The energy-loss spectrum of CCl,F (Figure 1) shows two broad bands

‘in the fegion between 5 and 8 eV. The d?/dE values we obtain below 7.7 eV
are generally smaller than the optical déta. 7 In the region of the 6.7-eV
absorption the optical values of Doucet et al._7 are larger than ours by roﬁghly
a. factor of 1.7. A detailed comparison' in this spectral region is presented
elsewhere.

Halocarbon 13 (CClFS)

The normalization for CClF3 is somewhat less reliable than for the two N
other moie'c:ﬁlers owing to the large uncertainty in the limited optical data 7.8
available for comparison. Two different normalizations were chosen. Initially
we selected a normalization value at 9.63 eV of df/dE = 0.5639 eV_l, cor- |

respondi'ng to a wave number v = 77,670 cm—i, and molar-extinction coefficient

13



€0~ 16,190 liter mol-1 cm_l,A determined by Doucet et al. 7 This is a strong
absorption band and thus we expected that the optical measurements should be
re.liable. Previous comparison of our EEL data to the measurements of Doucet
et al. 7 in the 9- to 10-eV region showed excelleﬂt agreement for halbcaijon 12,
but poor agreement for halocarbon 11. | _ '

Our previous normalization to the data of Gilbert et al. 8 in the region
of 10.4 to 11.4 eV gave satisfactory results for halocarbon 11. For halo- |
carbon 13, the absorption spectrum reveals a broad cohtinuous band in this
region suitable for normalization. Therefore, we chose our second normaliza-
tion at 10,59 eV with df/dE = 0.1846 eV“l cérresponding to v = 85,414 cm—1
and 610 = 5,300 liter mol—1 cm-i. 8 ‘ . |
The oscillator-strength distributions obtained for both the above nor-
malizations are presented in Figure 6 The upper curve is a factor of 1A. 4
greater than the lower curve at all energies, with the distribution normalized
at 9.63 eV being the largest. Unlike halocarbons 11 and 12, this molecule
displays only one weak continuous absorption band below 9.0 eV. The photo-
absorption measurements 7 indicate a single absorption shoulder in this region,
but at an energy near 8.9 eV. This is nearly one eV higher in energy than the
weak absorbtion band at 8.1 eV observed in our spectrum. Once again, abbve
11.5 eV, the "windowless" measurements of Gilbert et al. 8 drop cvonsiderakbly
below the electron-impact values. In this region of the peak at 13.4 eV, the
electron-impact values are larger than the optical values R by nearly a fac¢tor

of 1.4 or more.

Discussion

. ‘Assignments of the observed excitations in the halocarbon spectra are
particularly complicated b.ec;ause of the many possible excited states available
which may be superimposed on dissociation or ionizatioh continua. For each
of the halocarbons studied here, it is reasonable to assume that most of the
low-energy transitions arise from excitation of the chlorine lone-pair electrons.
Some specific assignments have been attempted by Doucet et al. , 7 but these

can only be regarded as tentative. Nevertheless, it does appear that most of

14
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the sharp structure in this region can be correlated with Rydbercj transitions
predicted by the empiricai rules proposed by Robin. 12 By combining this
observation with the more reliable oscillator strengths obtained in this work,
we hope to improve the assignment of transitions for these molecules.’ Inte-
grated oscillator strengthé' for the similar bands in CClsz and CCISF are
“given in Table 1. For halocarbonlll, CCl3F, there are 12 lone-pair chlorine

electrons. For halocarbon 12, CCizF there are only 8 chlorine lone-pair

electrons. If we assume that below 123 eV nearly all of the oscillator strength
comes from transitions between the chlorine lone-pair orbitals and Rydberg
orbitals, then we might expect a ratio of 3:2 for the oscillator strength sum.
Indeed, theé ratio lies between '1_.5 and 1.6, which does tend to indicate that
the excitations below 13.0 eV for these two molecules are mainly due to tran-
sitions from Cl molecular orbitals. We are in the process of applying similar

considerations to the individual absorption bands.
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TABLE 1. Integrated Oscillator Strengths for Specified Energy Bands Derived
from Electron Energy-Loss Mgasurements

GCL,F, CCLF
Limits, eV Peak, eV fdf Limits, eV Peak, eV fdf
6.4 - 7.1 0.008 5.51 - 7.08 ) 0.020
8.51 - 9.18 0.050 8.05 - 8.8 8.71 0.055
9.18 - 9.58 0.120 8.8 - 9.4 0.167
9.58 - 10.22 9.8 0.313 9.4 -10.1 9.86 0.673
10.22 - 10.62  10.5 0.153  10.1 -10.39  10.18  0.241
10.62 - 10.88  10.82 0.155  10.39 - 10.71  10.56 0.292
10.88 - 11.1 0.127  10.71 - 10.92 0.176
11.1 -11.44 11,34 0.206  11.0 -11.44  11.36 0.346
11.44 - 11.7 11.50 0.162  11.44 -11.83  11.55-  0.328
1.7 -12.4 0.479  11.83 - 12.27  12.12 0.387
12.27 - 12.79  12.64 0.492
0 -13.0 2.23 0 -13.0 3.50

‘We thank Dr. J. C. Person for providing his measurements on CCIZF2

prior to publication, and for frequent helpful discussions. '~
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ULTRAVIOLET PHOTOABSORPTION BY HALOCARBONS 11 AND 12 FROM
ELECTRON-IMPACT MEASUREMENTS™

" R. H. Huebner, D.

4 R. TJ. Celotta,i
S. R. Mielczarek,

L. Bushnell, Ir.,;:r
and C. E Kuyatt

It is a matter of widespread concern 1 that chlorine atoms released by
photolysis of the chlorofluoromethanes reaching the sh‘atosphere may deplete
the ozone layer. The magnitude and time scale predicted for this_ effect de-
pend on large-scale models that require data on the primary processes involved.
Ultraviolet photoabsorption is the first step in the sequence of events, and |
thérefore, accurate absorption éross sections of halocarbons 11 and 12 (CFCl

3
and CF,.Cl,) are of considerable interest. However, previous optical deter-

2
minations 3 between 200 and 120 nm (i.e., 6.2 and 10.33 &eV) are not in
agreement. Recently we have used electron--impact measurements to derive
4,5 :
Our

studies have exhibited excellent agreement (i.e., better than + 15%) between

reliable oscillator-strength distributions for a number of molecules.

electron impact and optical values in the energy-loss region below 15 eV
_ (\» > 80 nm).

Electron energy-loss spectra were measured digitally for Cr (Jl3 and
CF Cl with the NBS Model AN-1 electron -impact spectrometer5 for 100-eV
electrons scattered within 20 mrad of the incident direction. Sample gases
obtained commercially were used without further purification. Analysis by
gas chromatography indicated a purity greater than 99.8% with the only
identifiable impurity being 0.1% CPEClH in UFZUIZ . OUscillator-strength
distributions were derived by a procedure ~ that accounts for the finite angular
acceptance of the spectrometer. For halocarbon 12,. the relative distribution

was normalized at ah energy of 12.22 eV to a value of df/dE = 0.732 eV-1 »

*

Summary of a paper published in Nature 257, 376 (1975).
T

Undergraduate Research 'Particlpant from the Physics Department, University
‘of Illinois, Urbana, Ill., sponsored by the Center for Educational Affalrs,
Argonne National Laboratory.

iNational Bureau of Standards, Washington, D.C. 20234.
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from unpublished measurements of J. C. Person and co-workers. Our normal-
ized values agree within * 5% of the measurements of Person et al. but are
nearly a factor of 1.4 higher than those of Gilbert et al. 6 between 12 and 15 eV.
However, between 10.4 and 11.4 eV our values are close to those of Gilbert

et al. 6 In fact, the disagreement occurs ﬁiainly in the spectral region where
they operate with a windowless absorption cell. Thus, we suspect some un—.
determined error in their measurements in the windowless region.

For halécarbon 11, only the data of Gilbert et al. 6 are available for
normalization. We have normalized our halocarbon 11 data at 10.76 eV to
df/dE = 0.906 eV_A1 ,» corresponding to their molar extinction coefficient of
26,000 liter mole'_1 cm“1 measured at 115.2 nm. This gives good agreement
with their values below 11.4 eV, but again our values are nearly twice as
large in the windowless region. A more detailed analysis of this vacuum ultra-
violet region is given elsewhere in this report.7 . '
' Our results relevant to the
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. ozone depletion problem are
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the recent measurements of Rowland and Molina3 for both halocarbons and
disagree with earlier measurements 2 by as much as a factor of two for ,CI—’Cl3
and a factor of four for CF,Cl, . Also, our results differ from those of Doucet

et al. 2 at higher energieszforzboth halocarbons. Apparent photoabsorption
cross sections can be calculated from the present results by multiplying by
the factor 1.0975 X 10"'16 cmz - eV, Since these values are useful for
atmospheric model calculations assessing the impact of continued halocarbon
releases, they are given in Table 1. A more complete tabulation is available
upon request.

TABLE 1. Apparent Photoabsorption Cross Sections for CFCI.J and CFZCIZ Derived from Elootron Encrgy-Loss

Measurements

A, nm Apparent photoabsorption cross section , cm2 A, nm  Apparent photoabsorption cross section , cm2
Cl“Cl3 CFZCI-2 CF013 CP2012
285 1.11 (~20)° — 88 2.29 (-18) 8.42 (-19)
221 . 2.20 (-20) — 185 2.77 (-18) 1.15 (-18)
218 1,86 (-20) 1.97 (~21) iz 3.23 (-18) 1.49 (-18)
214 9.77 (-20) 4.50 (-21) 177 3.49 (-18) 1.76 (-18)
210 1.64 (~19) 1.08 (-20) 172 3.68 (-18) 1.39 (-18)
207 2.90 (~19) 2.64 (--20)' 168 4.75 (-18) 8.91 (-19)
203 4,77 (-19) 5.16 (-20) 163 5.88 (-18) 5.98 (-19)
200 6.82 (-19) 1.02 (-19) 159 5.15 (-18) 6.87 (-19)
197 9.77 (~19) 2.10 (-19) : - 155 3.89 (-18) 9.46 (-19)
194 1.35 (-18) 3.44 (-19) : 151 4.76 (-18) 1.07 (-18)
191 1.78 (-18) 5.65 (-19) : 148 7.74 (-18) Y.45 (-19)

8The number in parenthesis is the exponent of the power of ten by which the value of the cross section
tabulated is to be multiplied.
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A-TROCHOIDAL ELECTRON ENERGY ANALYZER

David Spence and O. J. Steingraber

In this report we describe the use of a trochoidal electron energy
analyzer, employing crossed electric and magnetic fields for the measurement
of electron energy-loss spectra.

In the past, such measurements have usually been made using purely
electrostatic instruments (for example, 4see Refs. 1 and 2). Thoﬁgh electro-
static instruments may he extremely vercatilc, providing high resolution often
combined with anqular capabhilities, they tend to ho rather complex and custly,
demanding high mechanical tolerances. In addition, purely electrostatic instru-
menfs tend to suffer frqm poor electron transmission properties, which may vary
as an unknown function of analysis energy becéuse of electron-optical effects.

Electron-optical effects méy often be effectively negated if the elec-

tron beam can be confined by an axial magnetic field. Such confinement pre-

- cludes the ability to make angular measurements. However, this is not alwéy‘s

a necessary feature,

' We have developed an instrument to measure energy-loss ‘specltra in
forward scattering which employs magnetic confinement of the electran heam.
For both monochrématization of the beam and for energy analysis, we use
trochoidal d'ispersive elements first described by Stamatovic and Schulz. 3.4
In the past, such trochoidal devises have been used only as monochromators
and not as scattered electron energy analyzers. 2 A schematic diagram Qf the

apparatus we used for these studies is illustrated in Figure 1. Electrons are

emitted from a thoria-coated iridium filament, and are confined by an axial

magnetic field of a few hundred gauss. After initial acceleration by an anode,
they enter an . electric field perpend‘icular'to their path provided by
crossed plates TM in Figure 1. In this region the electrons experience the
forces of crossed electric and magnetic firlds and are dispcfsed along a plane
perpendicular to their direction of motion acc'ording to their axial velocity on

entering the crossed field region. A pseudomonochromatic beam is selected
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by placing the Aéxit slit of the

B—— .
v o oo @, .|  crossed field region off axis

F I TM —F i H "o U .from the entrance slit. On leav-
“ ®e 1 H or il j: C2 ing the crossed field region, the

R beam is accelerated to the de-

& sired energy and impinges on a
- @1 : gas target in the collision cham-

| | ber, C. Electrons which lose

FIG. 1.--Schematic diagram of energy in an inelastic collision

trochoidal monochromator-analyzer. with the target gas are magnet-
ically coﬁfined by the magnetic field and their energy is analyzed by the
trochoidal analyzer, TA, which is identical in construction to the monochroma-
tor TM. The operation of the trochoidal analyzer is as follows.

The analyzer is tuned to pass unscattered electrons of approximately
- the same energy as the monochromator (typically a few tenths of an eV), such
that these unscattered electrons follow the curved path shown in Figure 1 and |
exit the analyzer through the off-axis aperture, where they are collected on a
collector, C 9 and are detected. .Under such conditions electrons which have
lost energy in the collision chamber have insufficient energy to enter the an-
alyzer and are thus not detected. By increasing the potential of all electrodes
" downstream of the collision chamber by an "add on" voltage, Vadd' it is pos-
sible to give unscattered electrons sufficient energy in the analyzer to become
essentially undeflected in the weak ExB field, and they pass straight through
the analyzer (dashed line) and exit by the axial aperture, where they are col-
is equal to a particular -

lected by the collector, C However, when eV

1° add
energy-loss process, these inelastically scattered electrons have the correct .

energy'to follow the curved trajectory in TA and are detected. Thus, a volt-

age scan qf vad

d produces an enérgy-loss. spectrum for the particular gas under
study.

An example of such a spectrum obtained fdr '110-eV electrons.inci=: .
dent on molecular nitrogen at a pressure of about 1$_< 10-3 torr is shown in

Figurc 2. This spectrum compares to ahout 5 min data acquisition time. The
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FIG. 2.--Electron energy-loss spectrum.
for 110-eV electron incident on molecular
nitrogen.

peak at zero energy loss cor-
responds to the elastic and un-
scattei'ed component of the inci-
dent beam, while the higher
structures correspond to excita-
tion of well-known electronic
levels. The energy resolution
achieved in Figure 2 is rather
poor (about 0.3 eV), and so the
structures correspond to excita-
tion of bands rather than individ-
ual electronic vibrational levelé .
The poor resolution of this
spectrum results from operation

of the analyzer at rather high

analysis energy, the width of the .peaks being almost entirely due to the trans-

verse electric field drop across the entrance slit of the analyzer.  Later mea-

surements have been made in which the combined monochromatic analyzer re-

action is lowered to 0.08 eV. For incident currents of about' 10_8 amp, we

achieve a transmission through the analyzer of about 50%. This instrument

has been operated at incident energies of 1.1 keV, and is presently being

modified for 10-keV operation, and also for the ability to take spectra at very

high energy loss in order to study inner-shell processes. Combined mono-

chromator-analyzer resolution better than 0.1 eV is not required for these

studies because of the intrinsic widths of the states involved.

The inetrument described herc is of much morc simplc construction and

offers better energy resolution than the present generation of electrostatic

instruments used for the study of K-shell spectra. The negation of electron

optical effects in our instrument will potentially allow a much larger range of

energy-loss measurements with respect to the incident electron energy, which

is typically 10 to 20% in electrostatic instruments.
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ABSORPTION CROSS SECTIONS FOR WATER, AMMONIA, METHANE,

NEOPENTANE, THE CHLOROMETHANES, AND CFZCIz

James C. Person, David E. Fowler,* and Paul P. Nicole

Experimental data on the absorption cross section (or differential
oscillator strength) are presented for water, ammonia, methane, neopentane,
CH3C1, CHZCIZ, CHCIB, CCl_4, and CFZClz. In all cases the upper energy
limit is 21.2 eV, and the lower energy limit is between 11 and 13 eV.

Introduction

* The oscillator-strength distribution is a valuable input to theoretical
radiation physics, as well as to fields such as photochemistry and upper-
,’atmosphere chemistry. The differential oscillator strength, df/dE, is directly
proportional to the absorption cross section, T, and experimerital results can
be presented in either form. The double ion chamber1 has proved to be a
rjeliable apparatus for 0 determinations, and we have improved eonditions in
order to obtain high precision. In this report we present o (or df/dE) valués
for watef, ammonia, methane, and a number of substituted methanes. The
lower limit of the photon ehergy, E, is 11 to 13 eV, and the upper‘ limit is
21.2 eV. Several of the molecules studied represent potential sources of
chlorine atoms in the stratosphere 2 and are important when one estimates the

impact of human activities on the ozone concentration.

Cxperimantal

The apparatus, consisting of a light source, monochromator, and double
ion chamber, has been described previousiy. 3-5 A hydrogen—discharge lamp
was used for energies less than 13.3 eV, and a high-pressure helium lamp was
used for 12.5 = E = 21.2 eV. A new grating (1200 lines/mm, 80-nm blaze,
gold coated, Bausch and Lomb No. 35-52-23-70) was installed, and data were

Undergraduate Research Participant from Macalester College St. Paul,
Minnesota 55101.
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taken using either 0.05-nm or 0. 1_}9;pm resolution (fwhm). Positive ions were
collected in the double ion chamber !Sig;ivrs;::; A o"/age of 23 V.:

The gas pfessures were measured w1th én MKS Baratron Type 77H-1
capacitive manometer; this- was calibrated by comparison with an oil mano-

K

meter. The oil was DC-704 vacuufn—pump fluid; we measured the oil
density as 1.0624/[1 +0.00071 (t—23.7)], where t is the temperature in °C.
U'sing this density, which is within 0.04% of Ruthberg's determination, 7 and
taking the gravitational acceleration as 980.287 cm sec:-2 gave a calibration
that indicated the true pressure was 1.4% greater than the original (1966)
factory calibration of the Baratron. Also, the‘n-onlinean'ty correctioné were
some 2 to 3 mtorr larger than before. During the year the Baratron was returned
to the factory for improvements of the head amplifier and for recalibration.
The new factory calibration gave bressure readings that were 0.7% greater than
our own calibration with the oil manometer; we have used our calibration and
assumed that the error in calibration of the 41—torr head is around 1%. )
' The data were ’_caken by stepping the monochromator wavelength-drive
motor, unshorting the two vibrating-reed electrometers that measure the ion '
currents, and then determining the ion currents from the time derivatives of the
voltage buildup on the integrating capacitors. The time derivatives are obtained
by using voltage-to-frequency converters to send pulses to bidirectional
counters that first count down and then, after a time delay, count up. The
relative response for the two electrometers using the new system was deter-
optical densities corresponding to values of exp (—O'NLF) from 0.06 to 0.72
(where N is the gas density and LF is the length of the front ion chamber).
With a battery and a resistor (and correcting for contact-potential differences),
we measured a relative response factor 1.4% .smaller than the value that gave
the minimum variation of ¢ when N was varied. Some of this difference may be
accounted for by the = 1% uncertainty in measuring the relative lengths of the
two cﬁambers. For typical optical densities, the error in ¢ is about one-half
of the error in the response factor.

Thus, we can estimatc limits for somse of the systematic errors in 0 as
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~ 0.7% from the electrometer-response factor, ~ 1% from LP’ and ~ 1% from the
pressure measurements; the random error is less than 1% for energies where
the lamp has reasonable intensity. Another source of systematic error is
scattered light present in the monochromator output, but all data in this report
have scattered light intensities estimated to be less than 4% of the observed .
light intensities. Also, the ¢ \)alues showlgood agreement in the energy region
in which the data were taken with both lamps, even though different scattered-
light corrections are used. Mést of the data in this report were obtained for
only one gas pressure, so that we did not demonstrate that the Beer-Lambert
law was followed for the gas absorption. It is likely that the data for water
for E < 19 eV are influencéd by a failure of the Beer-Lambert law caused by
the rapid variation of 0. For example, if 30% of the light had ¢' = 1.06 0, the
reported o value would be in error by ~ 2%. '

( An additional possible source of erfor is absorption by impurities, and
the sample purities are uncertain, except for the methane and neopentane,
which were Phillips Petroleum Company research grade with stated purities of

-99.99% and 99.88%, respectively, and for NH,,, which was from the Matheson

3
Company with a stated purity of 99.99%. All samples were degassed by freeze-

Apump cycles at liquid, nitrogen temperature.

Results and Discussion _

| In this section we present the spectra with only a minimum of discus-
sion. Except for the energy region between 20.8 and 21.2 eV, the noise level
is low for the helium lamp data. The spectra presented were taken at a single
gas pressure, although o values that are within 1% have been observed at an-
other pressure of methane. .

The difterential oscillator strength, df/dE, is directly porportional to
the absorption cross section, with df/dE = 0.0091116 0 when df/dE is in units
of (eV)-l .and'o‘ isin Mb (1 Mb = 10_18 cmz). In Piggre 1 we show the df/dE
data for water vapor measured using the helium lamp. This spectrum is s-imilar

to.that given by Katayama, Huffmah, and O'Bryan, 8 but detailed comparisons

- will be made at a later time.
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FIG. 1. —-Differential oscillator-strength distribution for water vapor. The )
data for E < 15 to 19 eV may be influenced by a failure of the Beer-Lambert law.

Figure 2 shows the spectrum for ammonia obtained with the heilium lamp.
The low noise in this spectrum reveals a series of weak lines superimposed on
the continuum in the 14- to 17-eV region, which was not reported by earlier
workers, e.g., Watanabe and Snood. 9 As a further example, the spectrum of
methane shown in Figure 3 shows a weak series of four or five lines, with
spacings of ca. 0.27 eV, beginning at 19.84 eV. This feature is almost cer-
tainly the 3p Rydberg state of the series terminating at 22.4 eV. 10 This ioniza-

tion potential corresponds to removal of an electron from the a_ orbital, and

the photoelectron spectrum 10 shows four or five lines spaced éa. 0.25 eV.

The structure in the 13- to 15-eV region apparently corresponds to Rydberg
levels cohverging on the upper vibronic levels (Jahn-Teller split) of the ioniza-
tion of the t_. electron (however, the small bump near 15.2 eV is not a repro-

2
 ducible feature).
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Neopentane (tetramethyl methane) shows a well-developed Rydbefg
series for the ionization of the Zal electron. Figure 4 shows the spectrum
from 10.5 to 21.2 eV, and Figure 5 shows the Rdeerg series in more detail.

We resolve more structure than have other workers, 1 and we can observe the

n=3 to n=9 levels that fit a Rydberg formula giving an ionization potential of
11

17.64 eV, m contrast with earlier values of 17.60 e.V12 and 17.68 eV, This
‘series has a quantum defect of 0.43, which is appropriate for a p series.
The lower levels show some five or six vibrational levels of a series that has

‘been assigned 11,12 as the totally symmetric C-H bending mode v_, and we

11,12 2

also see the weaker series assigned as the combination band v, +v_,

2 3

where v_ is the totally symmetric C~CH,, stretching mode. This combination

3 3
band is sharp for the n=4 mémbers, but the n=3 members show the band as
shoulders. The line shapes are clearly asymmetric, but it will be difficult to
extract the parameters of the Beutler-Fano profiles 14 because of the overlap

~of the various lines.
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FIG. 4.--Absarption cross sections for neopentane [C(CH3) 4l
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FIG. 5.--Rydberg series in neopentane. The vibrational levels of the v 2 band
of the n=3 (E=15.48 to 16.32 eV) ton=9 (E=17.46 to 17.97 eV) Rydberg
states are indicated by the tick marks on the upper portion of the figure.

‘ ~ After the adjustments in the electrometer‘résponse factor and in the
calibration of the pressure gauge havé been made, our new measurements of
o for methane and for neopentane are some 1.4 to 3% lower than the values
reported last year. > This suggests that the other ¢ data reported then should
be lowered by a similar amount. - '
The data for CH,Cl, CH,Cl,, CHCl,, CCl,, and CF,Cl, (halocarbon
~12) are shown in Figures 6 —10. - Many of the broad peaks can be assigned as .
the lowest member of a Rydberg series going to one of the higher ionization
potentials, 10 and we see both p- and d-Rydberg series converyging to the
12.22-eV 10 ionization potential in CHZCIZ.
previous values of 0 have been reported, except for halocarbon 12. However,

For most of the energy range, no
the ¢ values that Gilbert, Sauvageau, and Sandorfy 15 have reported for this

molecule, which is important in the environment, are only 26 to 80% of the

values we find.
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FIG. 10.--Absorption cross sections for halocarbon 12 (CPZCIZ)

The relative df/dE values for CFZCI2 measured by Huebner et al. 16,17
electron energy-loss spectroscopy (EELS) are in better agreement with our
values, and Figure 11 shows the data of Figure 10 plotted as df/dﬁ, together
with representative points from the data of Gilbert et al. 15 and with the

16,17 The EELS data were normalized

higher energy portion of the EELS data.
to agree with ours at 12 .22 eV, and the two sets of data agree within 4% for
12 < E < 14.4 eV—although our data show larger maxima and lower rhinima
.in this energy region. The EELS data deviate by as much as 11% for higher
energies (E < 20 eV). Deviation at large E values are also present in earlier
comparisons (see Ref. 5 for some examples), but this is only the case where
-the deviations make the EELS data larger than the photon data at large

energies.
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*
COLLISIONAL IONIZATION OF HIGHLY EXCITED POLYATOMIC MOLECULES
T.

]'ameé C. Person, R. L. Watkins, "and Dana Lee Howardi

Most observations of collisional ionization of highly—excited Rydberg
states have involved excited rare gas atoms, 1.2 and very large cross sections
have been reported ! for_thermal collisions of the excited atoms with polyatomic
molecules. When the molecule has a'dipole moment, ionization via a rotational
de-excitation of the molecule has been showﬂ to be an important process. -
Collisional ionization has also been obsefved for molecular Rydberg states (see
Ref. 6 and the references therein), and we report further studies of the ioniza-
tion of highly-excited polyatomic molecules by thermal collisions in pure gases
or in mixtures with atomic gases.. . |

The apparent ionization yield, y(E,n), the probability that ionization
is observed following absorption of a photon with energy, E, by a gas at a
number density, n, is measured using monochromatlc light (~ 0.008 eV band
width) in an apparatus previously descrlbed

Let y* represent the quantum yield for producing'the highly-excited
states; these have' a unimolecular decay (e.g., radiation or predissociation)
rate constant of k, , a bimolecular collisional ioniZation specific rate of k

1
and a bimolecular deactivation specific rate of k

3° Stated another way, er

consider the overall collisional ionization rate constant to be the product of

k2 times the ionization vield for collisional ionization, Mg = kz/(k2 +k3) -
In routine measurements 7.8 of the ionization yield, collisional joniza~-

tion has been detected for eight different gases. For four of these gases, suf-

ficient data were collected to determine the parameters listed in Table 1 to an

* _ _ A » . ‘
Summary of a paper presented at the IXth Int. Conf. on Physics of Electronic
and Atomic Collisions, Seattle, 24—-30 July 1975. A full account of this work
is being prepared for publication as a journal article.

¥
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TABLE 1. Results for Collisional Ionization in Pure Gases 5 accuracy of 10 to 30%.

Gas mixtures of ace- =

I, eV E, eV ncyf RS (k, +k;)/k,
N fe i _n w»3'~ R
G719 o) (10 -18° m3) tone with He, Ne, Ar,
Acetone 9.705 9.69 0.066 2.5 38. ' , ,
9.68 0.09 1.3 14, or Nz,and helium mix-
" 9.66 0.07 0.2 3.
9.65 0.03 0.15 5. tures with CHSBI' and
9.64 0.01 0.07 7.
' : CZH 4O indicates that
C,H,0 10.21 10.20 0.17 1.7 10,
. 10.18  0.20 0.3 1.5 the inert gases are
10.15 0.02 0.04° 2. - .
‘ less than 0.008 as
¢,D,0 10.22  10.22 . 0.17 0.73 4.3
‘ efficient at producing
C,D, 10.53 10.56 0.019 0.13 7.
. ' 10.54 0.014 0.24 17. A :
10,82 0.024 0 14 6 ionization as are the
CH,Br 10.53 10.52  ©0.26° 8.1, 31. polyatomics, and
: 10.50 0.39 0.74 1.9

most ratios were mea-

4 ‘ _ sured in the range of
0.0006 to 0.003. Thus . the mixture results are consistent with the rotational
de-excitation process being importént ' and the low value indicated for nc for
the case of CzD . which has no dipole moment, also suggests the importance

4

of this mechanism. Additional experiments are planned using SF6 mixtures to

study the energy dependence of collisional ionization for E > I, and to use the

to estimate the magnitude of k

competition with collisional ionization by SF 9

_ 6
for the organic molecules. 6
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) . ) *
SHAPE RESONANCES IN K-SHELL PHOTOIONIZATION OF DIATOMIC MOLECULES

J. L. Dehmer and Dan DillT

- Our recent calculations ha\}e shown that K-shell photoionizaﬁon spectra
of diatomic molecules can exhibit strong shape resonances near threshold..
The molecular field is decisive in this phenomenon. It induces -the resonant
confraction of high-¢ components of the ionization channels, and it couples
these components with low-£ components produced in the atomic corés by
K~shell photoionization. Clearlevidence for this phenomenon exists for N
CO, and NO. |

zl.

Figures 1—3 illustrate the essential features of this phenomenon for

~ the case of N Figure 1 shows the eigenphase sums for the allowed ioniza-"

9

tion channels for K-shell photoionization of N The Gu channel shows reso-

2 L]
nant behavior due to the contraction of the £= 3 component. Figure 2 shows
the resulting shape resonance in the»photoabsorption cross section. Figure
3 shows that this shape resonance causes the asymmetry parameter governing

"~ photoelectron angular distributions to oscillate.

FIG. 1.--The eigenphése sum p_
for the even-{£ and odd-{ components
of the 0 and m ionization channels

of N.,2 . ,

(ANL Neg. 149-75-34)

0 0.5 1.0 15 20 2.5
Photoelectran Frergy (Rydhergs)

.
A report on this work has been published [Phys. Rev. Lett. 35, 213 (1975)].
1

Alfred P. Sloan Foundation Fellow; also consultant, RER Division. Permanent '_
address: Department of Chemistry, Boston University, Boston, Mass. 02215.
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FIG. 2.--The K-shell photoionization
cross section for Nz, showing break-
down into g and u components of the
ionization channels. For comparison,
the dashed line represents twice the

"K-shell photoionization cross section

for atomic nitrogen. -
(ANL Neg. 149-75-32)

FIG. 3.--The asymmetry parameter, -
Btots for K-shell photoionization in
N, and the asymmetry parameters
for ionization into g and u components
of the total ionization channels. '
(ANL Neg. 149-75-33)



ANALYSIS OF THE AUTOIONIZATION STRUCTURE IN THE K-SHELL
PHOTOIONIZATION SPECTRUM OF. N,

xA : . - *.
J. L. Dehmer and Dan Dill .

Using the multiple-scattering method, we have performed an ab initio
calculation of the cross sections for the discrete transitions below the K-shell
ionization threshold in Ny (409.9 eV). Good agreement with experiment is
achieved and the strongly nonhydrogenic behavior in this region of the spectrum
_is explained. ‘ : '

The "pseudo-photon" absorption spectrum 1 of Nz near the K-shell
threshold (409.9 eV) exhibits pronounced resonance structure, indicating the
prominent role played by the molecular field in the dynamics of the photo-
ionization process. The broad feature centered ~10 eV above the ionization
limit has been shown 2 to arise from a shape resonance in the cru ionization
channel due to the resonant contraction of the £=3 component of the final
state. However, by far the most striking feature in this spectrum|is an inten:se'
peak (~15 times stronger than the Gu shape resonance) below the ionization
threshold at ~401 eV.

, In order to account for the extremely selective absorption in the'dis-
crete (autoionizing) part of this spectrum, we use the muitiple-scattering B
.method which was developed for discrete states by Johnson 3 and co-workers.
Using this now standard technique, we calculated all dipole—allowéd discrete
Gg,' cru, “g' .and "u states with binding energies greater thén 0._02 Rydbergs.
These states were all calculated in the field of the ground state charge distri-
bution utilizing the Slater exchange approximation 4 with a = 1 and thé Latter
cutoff 5 to achieve the proper asymptotic potential.’ Partial wave expansions
on the atomic centers and the molecular centers were extended to £=5 to

achieve convergence to one part in a thousand in all quantities discussed.

* . :
Consultant, RER Division, Argonne National Laboratory. Permanent address:
Department of Chemistry, Boston University, Boston, Massachusetts 02215.
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The resulting photoabsorption cross sections are shown in Figure 1.
This type of présentation was introduced by Fano and Cooper 6 to permit dis-
piaying diécrete péaks on an equal fdbting} “with the continuum (the solid lines
above ~ 410 eV). The areas of the rectangles are proportional to the f-numbers
A of the discrete transition. The heights are proportional to the quantities
: f(dn/dE)n = (df/dE)n, where n is the principal quantum number of the excitedvl
state. This operation, in effect, renormalizes the final state per unit energy,
similar to continuum wavefuhctions. The differential oscillator strength is
proportional to the photoabsorption cross section which the ordinate scale in

Figure 1 represents. The quantity dn/dE is given by the expression

™t
where p is the quantum defect of the final state and n* is its effective quantum
‘number, defined by |
1 1

E = —_— e — 2 -

f (n—u)2< n*

.In the construction of Figure 1, the approxirhation

=7 | |
was used with the restriction that dE/dn < 1-Ry. For all but the lowest one or
two levels, this approximation is a good one; however, for the first one or two
levels, the dp/dE term is noﬁ—negligible. Unfortunately, in the absence of a
continuous p.(E) function, du/dE is difficult to estimate in the lower part of the
discrete spectrum Where its effect is non-negligible. Therefore, since dE/dn
represents the "width" of the rectangular peaks, the restriction dE/dn < 1 Ry
imposes the observed width and gives a realistic representation of the experi-
mental spectrum. ‘

The experimental spectrum contains four main peaks between 400 eV and
410 eV. These lie at 401, 406, 407, and 408 eV with relative intensities
1:0.017:0.045:0.028. The theoretical spectrum contains three isolated peaks
at 402.9, 406.6,Aand 407.5 eV, with final-state symmetries vg, crg, and ’n‘u

' (the photon energy has been derived from the computed binding energies of the
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FIG. 1.--Histogram representation of
the discrete part. of the K-shell photo-

absorption spectrum of Nj.
(ANL Neg. 149-75-232)

states combined with the experi-

mental ionization potential). The

intensity ratios are 1:0.010:0.030,

which is in qualitative agreement
with experiment, and, 6f~ course,
is subject to the somewhat arbi-
trary choice of dE/dn for the lowest
level. The parameter dE/dn could

be varied to produce agreement

with experiment, but this would

add nothing to the major observa-
tion, namely, that an extremely
intense “é peak domilnates' the
discrete part of the spectrum. The
feature at 408 eV derives from over-

lapping peaks in the two 7 channels.

.Note that in every channel the

discrete and continuous part of the spectrum join at threshold, as requ1red in

an independent electron model.

The nature of the intense Ty peak is worthy of special comment since

it relates to a well=known feature in e = N

scattermg. At an incident electron

kinetic energy of ~2.5 eV, the e — N2 cross section in many observatlon chan-

nels 7 exhibits a strong shape resonance.

The analysis

[

of this peak has’

shown it is produced when the incident electron enters a highly localized

orbit of 1rg symmetry. The localization of this orbit is attributed to the centri-

fugal barrier in the average potential of the £=2 lead term of a spherical

harmonic expansion of a 1rg wavefunction.

with a closely related but more attractive e — N

In photoionization of N

g We deal

+
2 potential. The net effect is

that the Trq resonance moves to lower total energy and appears in the discrete

part of the spectrum.

In summary, the K-shell photoabsorptibn spectrum of N, is dominated

2

by two resonant features, one arising from the £=2 (co'mponent of the “g channei
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. and one arising from the £=3 component of the o, channel. By the time the
total energy is high enough for the £=4 component of the gerade channels to
penetrate the molecular significantly, the circumstances necessary to broduce
resonantA contraction no longer exist. The importance of resonant structure
should be prominent in inner-sihell spectra of most _mole‘cules, and can be

" successfully analyzed using the multiple-scattering method. At this time we
do not.have enough experience to predict precisely which high-£ components
of which channels will be resonant, but hopefully fsofne predictability will

result from the study of several examples in the near future.
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EXTENDED FINE STRUCTURE IN THE K-SHELL PHOTOIONIZATION SPECTRUM
OF Br
2

* .
Dan Dill and J. L. Dehmer

The multiple-scattering approach to molecular wavefunctions in the
electronic continuum ! has been used recently to elucidate the structure of the
shape resonance just above threshold in the K-shell photoionization spectrum
of N2 . 2 A similar calculation for Br2 has yielded significantly different re-
sults, i.e., there is no shape resonance; appearing instead is a single reso-
nance in the discfete spectrum, and the phovtoionization spectrum is found to
oscillate with appreciable amplitude throughout the spectral range investigated,
from threshold to 60 Ry. }

The calculation was carried out in the same manner as the N

2 calcula- .

2
bound-state multiple-scattering code

tion reported in Ref. 2. The multiple-scattering potential for the Br

+

ground
state was obtained using Johnson's
modified to apply the Latter4 cutoff condition to the large-r region of the
potential; The statistical exchange parameterS was sef ata = 1‘.0 . Con-
vergence of th.e multiple-scattering expansion of the continuum wavefunction
was determined by adjusting the maximum orbital angular momenta LI and LIII’
in region I and region III, respectively, until the eigenphase sum for each
continuum channel converged to four significant figures. Thé valueées deter- .
mined in this way for each energy range are given in Table 1. . |

In Figure 1 we plot the speqtral variation of the éigenphase sumé for
the four continuum channels accessible from the K-shell, namely, o*g, o
“g' and T The overall rise of the m symmetry phaseshifts is to be contrasted
with the overall flat but oscillatory structure of the ¢ symmetry phaseshifts.

Each local enhancement of phase (in all four channels) is due to penetration .

* .

Department of Chemistry, Boston University, Boston, Mass. 02215. Con-
'sultant, RER Division, ANL. Alfred I« Sloan Fellow. :

T

It is recommended that the reader consult Ref. 3 for a detailed account of
the applications of the multiple-scattering method to the electronic structure
of the molecules.
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TABLE 1. Conditions Required for Numerical Convergence

Energy range, Maximum £

Ry . Region I : Region III
0-5 _ 7 nc
5 - 10 9 15 T
10 — 20 ’ 11 21
20 - 30 13 25
30 - 40 : 15 29
40 - 50 17 33

S0 - 60 19 ' 35

[

into the molecular core of a particuiar
£ component of the continuum wave-
function. Even-{ components con-
ﬁ'ibute to the g phaseshifts and

odd-¢ 'components‘ contribute to the

u phaseshifts. As a result, the
oscillatory pattern alternates between

the Gg and 1rg channels on the one

hand and the Gu and 1ru channels on the other hand.

Each local enhancement in phaseshift results in a corresponding en-

hancement in the integrated cross section. This is seen most clearly in

Figure 2 where the resultant cross sections 'due to even-{ and odd-{ are plotted

separately. In Figure 3 the (observable) sum of these cross sections is plotted,

together with twice the atomic K-shell photbio‘nization cross section,

‘computed in the Hartree-Slater model. 6

20 . ———

EIGENPHASC SUM (T rodians)

n AT PR | i s A At d
| 10 100
_ PHOTOELECTRON ENERGY (Rydbergs)

FIG. 1 .—-Eigenphaée sums for the
‘allowed ionization channels in
K-shell photoionization of Br,.
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Near threshold the molecular cross

20,

G {even £)

PARTIAL CROSS SECTION {102 Mb)

T~y (000 £)

s PO S S WS WA | s N S S S Y
1 10 100

PHOTOELECTRON ENERGY (Rydbergs)

FIG. 2.--Decomposition of the
theoretical K-shell photoabsorption
cross section for Bry into partial
cross sections corresponding to
even-{ and odd-£ components of
the final state wavefunction. -
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FIG. 3.--Comparison of theoreti-

- ‘section is depressed relative to the
. reference atomic cross section. This
reflects the concentration of oscillafor
” strength below threshold brought on by
the enhanced binding propei'ties of the
molecular field. 2 However, the mol-
ecular cross section rises rapidly to a
broad maximum at 5 Ry, and thereafter
9 it oscillates about the atomic cross
'ser:tion with an amplitudo of 2 to 3%.
These oscillatiohs are seen in the

recent experimental work of Kincaid and

. 7 . .
cal K-shell photoabsorption cross Eisenberger.” Their relative cross
sections of Bry and Br with experi- section results are plotted in Figure 3.

mental results for Bry (Ref. 7).

This permits a comparison of calculated

and-observed peak positions, given. in Tablé 2 (the peak numbers are arbitrarir).

While agreement in peak positions is encouraging, the doublet-like pairing

of the calculated peaks is not confirmed by the measurements. This doublet

structure is seen in Figures 1 énd 2 to trace to an asymmetry in the photoion-

ization intensity according to the parity of the continuum f{—component. This

asymmetry seems physically unreasonable, especially at the higher energies.

It may be due to our neglect of localization of the residual K-shell vacancy on

one atom. We are investigating this aspect further.

TABLE 2. Peak Positions for the Extended Fine Structure in Br,

Peak Peak position, |y
"number  Calculated Observed % difference

1 5.3 5.8 8.6
2 10.0 10.8 7.4
3 16.8 16.6 1.2
4 23.0 24.0 4.2

-5 33.2 32.0 3.8
6 41.5 42.5 2.4
7 §5.0 55.0 _—
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CONTINUUM AND BOUND ELECTRONIC WAVEFUNCTIONS FOR ANISOTROPIC
MULTIPLE-SCATTERING POTENTIALS

*t

Jon S1ege1, Dan Dill, and J. L. Dehmer

" Standard multiple-scattering treatments of bound and continuum one- -
electron states are restricted to a monopole potential in each of the various
spherical regions. We have extended the treatment within these regions to a
general potential. The corresponding multiple-scattering equations should
facilitate accurate treatment of effects of the build-up of charge due to bond-
ing, of the dipole character of polar molecules, and of extemal fields.

Introduction
: 1 2
Multiple-scattering treatments of bound = and continuum - wavefunctions

’

have yielded results in good agreement with experiment. However, a short-
coming of these treatments is theirv restriction of the potentials in the atomic,
spheres (region I) and asymptotic region (region III) to spherical symmetry.
This restriction hampers accurate treatment of effectslof the build-up of charge
density due to bonding, of the dipole character of ’polar molecules, and of
external fields. To study these effects we derive here the multiple-scattering
equations for arbitrary (local) potentials in regions I and .III. ' o .

‘ Below we obtain the set of coupled Schroedinger equations for an electron
in ah arbitrary potential. Then, in the following section these equations are
adapted to the specific spatial and spectral regions. In the next section
solutions of these equations are matched at the region boundaries and éppro-
priate multiple-scattering equations are derived. We conclude with_a brief
discussion of some applications in progress. Throughout we will use the

notation and terminology of Ref. 2.

-One-Electron Schreodinger Equations for a General Potential

The wavefunction F(k, ) for an electron in an arbitrary potential V(?)

can be expressed as an expansion in spherical harmonics,

*
Department of Chemistry, Boston University, Boston, Mass. 02215,
" g

Alfred P. Sloan Research Fellow; Consuitant, RER Division
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(1)

= ({,m). Energies k2
The radial

’ F(k,x) = ), £ (kn) ' })
where we use the notatlonr = (r,0,¢), £ =1(0,4), L
are measured in rydbergs and lengths, r, are measured in bohrs.
functions, f(kr), are determined by sblving the Schroedinger equation,

2 ‘ ‘ '
d de+1) v(r) - kz] fL(kr)YL(?) =0 . ()

1
b [—r— 2 Tt

dr r
Substituting the multipole expansion

V(r) = ) VLY (), (3)

* - :
~ left-multiplying by YL,(?) ., and integrating over £ , ‘we generate the set of

coupled radial equations

2 , '
{— % r+ 2e+1) +[V0(r) +VLL(r) ]—kz } fL(r)

il

dr . r2

- Drey Vi Of 0 (4

. L'(>0)
The matrix elements VLL' (r) are
Od T 2™ R
LL,(r) LZ=1 V. @ fofo sin@ded¢ Y (t) YL,,( )Y, (F)

1

Z V.00 (=)™ am) [(2£+1)(2£"+1)(2£'+1)]2
L"=

' E lll _ ‘el.
' (5) .

note that V (r) 0if L= (0,0).

In practlce one truncates the infinite sgt of Egs. 4 and the infinite )
series in Eqs. 4 and 5 as dictated by a physical situation of interest. Desig-
.nating as 'Zmax the‘high‘est value of / kept in the expansions, ohe' has
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(zm-ax + 1) ‘ coupled Egs. 4, if £ ranges frpm 0 to 'Emax and m ranges from -2

to +4.

Coupled Equétions in the Spherical Regions

The coupled Schroedinger Eqs. 4 and theif solutions, Eq. 1, are adapted
to the particular regions’ of the multiplle-sca'ttering potential by insertion of the
expansion of the potential aﬁd by imposition of the boundary condi_tions at the
origin of the atomic spheres and at large' distance in region III. The forms of o
the soiutions (Eq. 1) are chosen to satisfy these boundary conditions as follows.
Sol'utions in regions I are chosen to be regular at the center of the regions. '
Continuum. solutipn’s in region III are chosen to include components with both
sine and cosine asymptotic forms, to ailow imposition of K-matrix boundary

-conditiéns. Finally, discréte solutions in region III are éhos_en with decréas-_ _
ing exponentials, to ensure a bounded wavefunction. |

Atomic Regions I

The wavefunction in the atomic region Ii is expanded as

L L o
\Ifi= LAL PL (k,ri)'. (6)

The expansion coefficients A ! are determined by imposing continuity of the

L

wavefunction and its derivative across the region I,—region II boundary. The

i
basis functions are given by

Ii == ' 11. A
Foober) = ), €0, (k) Y, (F), - | (7)

where the radial functions are the solutions to Egs. 4 having first derivatives

at the origin given by

I, : ’ .
1 =
d/dri [fLL' (kri)] lri = 8 : A - (8)

Combining Egqs. 6 and 7 we obtain

- o LI | -
’ = 1 1 A
Y= ) [EL AL _Y frpe (kri)] Y - . | (9)
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Region III, Continuous Spectrum

The wavefunction in region III for positive energies is expanded as

: B I I, — I I, —
.\IIIH— ZL [AL FL (k,ro) +BL GL (k,ro)] . (10)

III I : .
The expansion coefficients AL and BLI are determined by imposing continuity

of the wavefunction and its derivative across the regionlI-region III boundary

and by imposition of ,K-matrix boundary conditions at large r.. The basis

0
functions are given by
I, —, _
Fl (k1) = ZL. o )Y () | (11a)
T, 7= (kr)Y () | . " (11b)
70 L' LL' ’ .

where the radial functions are the solutions to Egs. 4 having the asymptotic

forms
. — -1 1 ;

r11_rr:°o LL' (kr ) GLL' (kro) sin (kr0 7 AT+ w) , (12$_a)
0 ;
lim LL' (kr ) = LL' (kr ) cos (kr0 -iinr+w); (12b)
r_ —oo )
0

w is the Coulomb phase
w = — (z/k)In(2kr) + arg. T [£+1 — i(z/k)] ' (13)

for interaction of an electron with an ion of charge z. Note that w =0 for
electron-neutral molecules (z=0) interactions. Combining Eqs. 10 and 11,

we obtain

Region III, Discrete Spectrum

The wavefunction in region III for negative energies is expanded as

- II1 III
\IIH(k,rO)— C S (k,r

L ) . _ ' (15)

0

The expansion éo‘éfficients CLI I are determined by imposing the continuity of



the wavefunction and of its derivative across the region II-region III boundafy.

.The basis functions are given by

m, —, <« _II A '
S. (kerg) = ) s oy kr) Yo, (R (16)
where the radial functions are the solutions to Eqs. 4 having the asymptotic
- form | ,
im s k) = 5., ylke) | | (17)
P e LL' 0O LU ’

where y(kr) vanishes exponentially for large r. Combining Eqs. 15 and 16

we obtain ‘ |
Y mI _ 11 A
ke T = Ly [ZL‘CL SLu (kro)] () - . (18)

Generating the Radial Functions

It is convenient to define the integer

NJ. = ('emax,j +1) ‘ . ' (19) »

where lmax j is the largest value of £ occurring in region Ij or (for j=0)
¥
region III expansions. Assuming for purposes of discussion that m ranges
from -¢ to +£ the required number of solutions to Eqs. 4 is N, in region Ij,
i .

2N . in region III for positive energies, and N . in region III for negative energies.

Eac?h member of these sets of solutions is genoerated by numerical integration
of the correspondiﬁg Nj coupled equations, with starting conditions given by
Egqs. 8, 12, or 17, respectively. The integration is outward for the atomic
region I, and inwasrd for region 1, A recent survey of integration methods is -
given by Allison.” Simplification can be achieved by factorization of the full
system of equations into uncoupled subsets of equétions characterized by the

irreducible representations of the molecular point aroup.

Multiple-Scattering Equations

To match the wavefunction at the various spherical boundaries, we
use the following expansions (Eqs. 13 and 15 of Ref. 2) for the wavefunction
in region II, with respect to the center of region Ij and the center of the

molecule, respectively:
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I
E v, (k r) = ZL { nl(Krj)+'j1xrj)
Oj Hi ij A
x EL' Lo Tpnt (=g B Ny v (r) . 20

_ _ I, :
\IfH(k, ro) EL [ Jl(KrO)

II. :
A
EiEL, BL, . an(xr )] Y (F) . (21)

. 1
The constant potential V I in region II determines « through k = (k2 —V )’2
The regular and irregular Bessel functions J (KI‘ ) and n (KI‘ ), and the structure
factors T, ) and N_ Y are defined in Ref. 2.

L' L L'L

Region I, - Region II Matching

Match.mg the region-~ I wavefunction (Eq. 9) W1th the region-II wave-
function (Eq. 20) at the surface of region I (r = p , the radius of the region),

"and a similar matching of the derivative of these functlons gives

I II0 0i

II,

+ Ej (1 —Srj) ij N,.LLj,i } }= BL-, t n, (KP'i) ‘ (22)
- and the equation obtained by the substitutions
I ' .
[, (o). ny ). 3, ‘“Pi’]
I ' .
[ LL' (kp,)s m) (Kn Do il (Kni)] . ' (23)

where we denote by primes derivatives taken with respect to ri. The sum over
L in Eq. 22 and its counterpart obtained by the substitution in Eq. 23 are in
principle infinite. "However, they are truncated in practice according to the

physical situation being considered. . In general, however, convergence inthe
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: I,
different regions 1 will require different numbers of terms. Thus, all AL1 and

II
B 1 are set to zero for L > (1 ' m, ) and all A O,are set to zero for
L max’ = i,max L
L> ) where the maximum values are chosen to ensure con-

m
0,max’ 0,max
vergence in each region.

Region II-Region'III Matching, Continuous Spectrum

In a similar way, the region-II wavefunction (Eq. 21) and the region-III

continuum wavefunction (Eq. 14) are matched atr

0 = p0 ., the region-III radius,

to give

Il 111
ZL [I\L LL. (kpo) B[ gLL. (kpo)

0 I
- 0 B LI:.l.' npkpg )] =AL'O'sz'("po) (24)

and the equation obtained by the substitutions

[ LLl (}‘po)l gLLl (Kp )l n£|(Kp0)l ]ll(KpO)]

A 111 .y
— [LL. (keg) . gLL. (kpy) e mp (kP ) 5 (Kpo)] . (25)
where here primes denote differentiation with respect to'ro. The coefficients
II1 III ' , :
AL and BL must be set to zero if L > (zo.ma 0 max) .

The wavefunction \IIHI(?) must satisfy K-matrix normalization at large

r Owing to Eqa. 12 the asymptut'u, furm of the wavefunction (Eq. 10)- in the '

0 L]
coupled formulation is the same as for the uncoupled formulatlon of Ref. 2.

Accordingly, K-matrix normalization is 1mposed by2

AT A N2 | | (26)
iI = - (k/Tf)E (27)

With these two relations, Eqs. 22 and 24 and their counterpérts obtained by

the substitution (Eqs. 23 and 25) from a well-determined'linéar inhomogeneous

system for the expansion coefficients of the wavefunction throughout the
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- multiple-scattering regions. Successive solutions of the linear system, with

L'_'varying from (0,0) to (£ , m ), vields, row by row, the entire K

0,max 0,max
matrix. :

Region II-Region III Matching, Discrete Spectrum

Matching of the region-II wavefunction (Egq. 21) and the region-III.

discrete wavefunctions (Eq. 18) atr

ZL[ L LL' (kpo)
II

35, (kpg) | =ay,” 1ptepg) (28)

and the equation obtained by the substitutions

0= P gives

[ Lo (ke Jong (e ) jl.‘(’xpo)]

»[sif.I(k )i my ko) 3y ko) |- @

The expansion in region III, Eq. 15, is truncated at L= (fo,max’ mO,max) .

Equations 22 and 28 and their counterparts obtained by the substitutions

(Egs. 23 and 29) form a well-determined linear homogeneous system for the -

wavefunction expansion coefficients. The discrete eigenvalues Ikil are deter-
mined as those values of Ik, for which the determinant of this linear system
vanishes.

Limit of Isotropi¢ Potentials

In the limit 6f isotropic potentials (Eq. 3 restricted to monopole terms),
Eq. 4 reduces to the set of Schroedinger equations for the uncoupled formula-
tion, Eq. 3 of Ref. 2. Accordingly, all of the radial functions are everywhere
zero unless L=1L1', and the multiple-sdattering equations reduce to those of

Ref, 2.

Dlscussmn A
Anisotropy in the multiple-scattering potentlals may be due to a

number of factors. Besides intrinsic anisotropies of the molecular charge
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density due to bonding and polar cﬁaracter, additional anisotropies can arise
through exchange 'and. polarization potentials, or thrbugh external fields, e.qg.,
due to a surface on which the molecule is absorbed. The only restriction on
these potentials is that they be expressed iﬁ terms of the multipole expansions
(Eq. 3) about the center of each multiple-scattering region. Any re-éxpansions
about différent centers that may be required.cari be carried out using sténdard
formulas. *

In conclusion, we have extended the multiple-scattering treatment of
'bound and continuum wavefunctions to include arbitrary potentials in the
spherical regions, without unduly sacrificing the computational simplicity of
the method. The resulting modifications in the multiple-scattering equations
can be readily incorporated into existing corﬁputer codes and permit the direct
investigation of potential anisotropies on electronic wavefunctions. Imple-

mentation of these equations is in progress.
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WAVELENGTH DEPENDENCE OF THE PHOTOELECTRON ANGUILAR DISTRIBUTIONS .
OF THE RARE GASES*

£ 1

J. L. Dehmer, W. A. Chupka, ' J. Berkowitz, ¥

and W. T. Jivery

Photoelectron angulér distributions for the valence p shells of the rare
gases have been measured up to a photon energy of 40.8 eV (48.4 eV for Ne)
by use of resonance radiation from a hollow-cathode discharge lamp. The ap-
paratus is shown in Figure 1. This Work extends the range of existing absolute
measurements on Ne, Kr, and Xe. Comparison with Hartree-Fock and RPAE
(random-phase approximation with exchange) calculations indicates excellent
agreement for Ne, as shown in Figure 2. However, the present results, par-

“ticularly for Xe (Figure 3), add to earlier evidence that data for Ar, Kr, and

Xe show systematic deviations from theory, especially in the higher photo-
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FIG. 1.--Schematic diagram of the éx— based on the Dirac-Slater model.
perimental apparatus.

*A full report was published in Phys. Rev. A 12, 1966 (1975), and was also
presented at the IXth International Conference on the Physics of Electronic
and Atomic Collisions, Seattle, Washington, 24—30 July 1975.

TPresen'c address: Dept. of Chemistry, Yale University, New Haven, Conn.
06520.

iPhysics Division, Argonne National Laboratory.
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AN ELECTRON SPECTROMETER FOR MEASUREMENT OF THE ENERGY DISTRIBUTIONS
+ AND ANGULAR DISTRIBUTIONS OF ELECTRONS EJECTED BY.IONIZING RADIATION

o T kl8ls ¢

J. L. Dehnifér

Ionizing collisions of all kinds result in ejected electrons which carry
with them information about the energy and angular 'momentum of the other col-
lision products, as well as information about the dynamics of the ionization
process. Consequently, electron spectrometry is a very flexible tool which
can be'applied to many diverse problems, e.g., photoionization, electron scat-
tering, heavy-ion-induced ionization, Penning ionization, chemi-ionization,
and Auger effect. »With a broad range of applications in mind, a new electron
spectrometer has been constructed which is flange mountable, has an easily
accessible source region, is rotatable over the range 25° = 6 = 335°, and has
a wide dynamicallrange and a wide range of resolving power,

Figure 1 shows a schematic diagram of the apparatus, set up to observe

photoionization of permanent gases.

‘ FIG. 1.--Schematic diagram of the
l (9 rotatable hemispherical electron
spectrometer. 1, inner and outer
hemispheres; 2, main mounting
plate; 3, Herzog lens; 4, deflector
-® - plates; 5, three-aperture lens oper-
ated as a "zoom lens;" 6, exit aper-
ture; 7, channeltron multiplier;
8, capillary tubing used to channel
the photons from the light source in-
to the collision zone; 9, entrance
aperture; 10, gas inlet; 11, capil-
lary-tube holder; 12, sapphire-ball
bearing to permit the analyzer to ro-
tate around the collision zone while
the capillary tube remains stationary;
13, main bearing upon which the
analyzer rotates; 14, drive shaft
coupled to drive train outside the
vacuum chamber; 15, standoffs used
to mount the entire assembly on a
10-in. O.D. conflat flangs.
(ANL Neg. 149-75-231)
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The fabrication of the hemispheres calls for special mention .. Normally,
hemispheres are machined from solid blocks of metal._ For this analyzer, hemi-
sphéres were hydroformed fro_m 0.125-in copper plate. M;er minor touching up
on a lathe, the finished product was lightweight and accurate to = 0,001 1n
This procedure is not only less expensive, but also permits making duplicate
sets 6f hemispheres at negligible costs. The light weight makes precision
alignment and movement of the resulting assembly easier.

The final assembly was aligned to ensure the top of the gas inlet tube
was at the center of rotation to within 0.002 in. Thé analyzer was placed in a
vacuum chamber lined with two layers of high permeability shielding, resulting
in a residual magnetic field of < 0.001 G. The performance of the analyzer in
its. high resolution mode (0.0ZO-in apertures and 0.75-eV analysis energy) is
shown in Figure 2, where a portion of the Ar speétrum resulting from Nel ex-
citation is shown. Under these conditions the_theoretical resolution is ~0.004
eV. The observation of 0.006-eV resolution indicates a 0.0045-eV residual

' width due to doppler broadening
and to the energy width of the

7’:::::::: : 7a4 R 26y incident radiation. Generally, the
| ’ oITTev ‘ resolving power of the spectrometer
% l can be varied from 0.5% to 5% by
é substituting entrance and exit
g \ sooens apertures. The dynamical range
: #{ - of the éntrance and exit lens per-
; / Tumw mits altering the electron eneray
s “'.‘-l.\sb&w.,-a.\./),\shy.‘a..-.-h3«!""..' Al ey

PHOTOELECTRON KINETIC ENERGY {eV)

oo N by a factor from 1/10 to 10. De-
‘ tection of electrons from near zero

(0.25 eV in practice) into the kilo-
FIG. 2.--A portion of the photoelgctron
specfrum resulting from Nel (744 A,
736 A) photoionization of Ar. I am pleased to acknowledge
(ANL Neg. 149-75-230) '

volt range is possible.
several colleagues who generously
contributed significant suggestions during the development of this device.

They include B. Martinka and several machinists in the Building 203 section
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of the ANL Central Shops, W. T. Jivery, W. A. Chupka, D. Spence, and
’ , PO‘ M. Dehmef‘. ' ' ’ N : M\:\!T(iﬁ:jjrv"
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CROSS SECTIONS AND THRESHOLD EFFECTS FOR ELECTRON-IMPACT
‘ *
EXCITATION OF THE (282)18 AND (2 sZp)3P STATES OF HELIUM

- David Spence

The energy and intensity of scattered electrons resulting from excitation
of the (Zsz)ls and (ZsZp)3P autoionizing states of helium have been measured
as a function of incident electron energy. For incident energies only slightly
higher than the threshold for (252)18 excitation, postcollision interactions be-
tween the scattered and ejected‘electrons cause the slowly moving scattered
electron to lose an amount of energy proportional to t:;}l{' 25%0.05 (Where
Eéx is the energy the scattered electron would have had in the absence of a
postcollision interaction). The energy dependence, shown in Figure 1, com-
pares yvell with an ‘energy gain of the ejected electron proportional to E;}i ! 2,

R S — . obtained by previous workers. L Measure~

' ments of the intensity of scattered electrons
_ |.o? 1 show that both IS and 3,P total cross sections
g I peak at threshold, as shown in Figure 2,
% 1 ‘ and have magnitudes about 2.0 and
% - - 4.0 x 10720 cmz, respectively, then rise -
& or0l # :‘ to hroad ma_>;i(;na ozf magnitudes about- 2.5

L ' 2 and {5 x 10 cm” ahout 4,0 2V abhove

0'08,— S S '|'o-.o their thresholds. A subsidiary peak at

FICESS FHERGT ev) 69.0 eV in the 31" cross saction is attribu-

ziiégslf.;-}:fg%;lzgf gll:t((zai éc;l{es ted tozd;cay ?f the p;‘eviously télnidentified
state of He as a function of (2s2p7)"S H? state - into the P3 channgl.

excecs energy Eay obtained The magnitude, energy, and width of this
from measurements of the
scattered electron energy. The 3
slope, -1.25, compares with ~  with theoretical predictions.
the value -1.2 obtained by Smith

et al. 1 from ejected electron

spectra.

resonant structure in the 3P channel agree

* , ‘
Summary of a paper published in Phys. Rev. A 12, 2353 (Dec 1975).
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FIG. 2.--Total cross sections for electron impact excitation of the ‘2s2)1S
and (2s2p)3P states of He. The cross-hatch below the apparent (2s )1s
threshold indicates that we cannot measure this cross section below 58.8 eV
from measurements of the scattered electron (as the incident" electron never
emerges from the intermediate complex), and not that the (Zs ) S excitation
cross section is zero between 57.82 and 58.8 eV. The sharp nse at threshold
of both cross sections is probably due to the (ZSZZp) P and (2s2p ) D He™
states which occur just below the inelastic thresholds. The "hump" at 59.0
eV in the (252p)3P state is interpreted as decay of the broad (ZSZDZ)ZS
resonance into the P channel.
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CLASSIFICATION OF FESHBACH RESONANCES IN ELECTRON-MOLECULE
SCATTERING '

David Spence

The genealogy of Feshbach resonances, first introduced by Sanche and
-Schulz,.1 describes a positive ion core (which may be in either its ground or _
an excited state) as a grandparent state. Addition of an electron to the grand-
‘parent state may give rise to many' rydberg states of the neutral molecule
which are referred to as parent states. Addition of another electron to the
parent states gives rise to negative ion states, i.e., resonances. Such neg-
ative ion states are called Feshbach resonances if they lie energetically below
the parent excited states. ,

Feshbach resonances are a general phenomenon which, nevertheless,
form a subclass of the broader problem of understanding the dynamiés of two
excited electrons moving in the field of a positive ion core, i.e., electron
correlation effects in Coulomb-like fields. Related phenomena in this broader
category in which electron correlation effects play a dominant role (and are

thus difficult to handle theoretically) include threshold electron excité.tion_
and ionization,“’” and doubly-excited states. 4,3 .

For Feshbach resonahces in molecules, the problem is further compli-
cated since the ion core is aspherical in shape and has inteérnal structure (ro-
tation, vibration, and pérhaps‘ elec';ronic excitation). |

Despite all these complications, however, spectra of Feshbach reso=
nanées are often strikingly simple, permitting straightforward. analysis and
configuration assignment. Further, despite the large number of all conceiv-
able resonance confiqurations, the number of étmng rasonance features ob-
served in electron-molecule scattering is fairly small, | a situation which must

imply stability rules (some of which are known) for pairs of electrc_)ﬁs in

*
Excerpt from a progress report presented at the Ninth Int. Conf. on the

Physics of Electronic and Atomic Collisions, Seattle, July 1975. A full text
will appear in Invited Papers and Progress Reports, Ed. J. S. Risley and R.
Geballe (to be published by the University of Washington Press).
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excited orbitals 1n Coulomb-like fields. For instance, to get a quaéi—bopnd
state, one must put two electrons in orbitals of similar size ("dynamic screen-
ing" in Rau's words 3).

Though mahy bands of resonances and isolated resonances have been
located by electron scattering from atoms and molecules, 6 the assignment of
electron configurations has, in general, required detailed angular distribﬁ—
tion measurements of resonant electron scattering. 6 Though such measure-
ments will produce great detail of the resonant scattering processes, they are
time-consuming and difficult. There have also been limited attempts to deter-
_mine resonance electron configufations by comparison between resonance
spectra and the spectra of neutral excited states in iso-electronic atoms and
molecules. 7 _

Studies of Feshbach resonances in electronically similar moiecules
and comparisons between recent experimental and theoretical results for '
resonant electron-atom scattering make it possible to derive certain system;
atics which often allow a simple determination of resonance configurations By
a comparison.between resonance spectra and known rydberg-state spectra.
These systematics are important in -the following respects.

(i) Determination of resonance grandparent states and the system-
atics of the binding energies of pairs of rydberg electrons in
diatomic molecules;

(ii ) The binding energies of electrons w1th various values of n and ¢
to parent rydberg states;

(iii) Application of guidelines prov1ded by the above systematics to
new systems.
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ADDITIONAL RESONANCES IN ELECTRON SCATTERING BY ATOMIC OXYGEN™

David Spence

Four new resonénces, located at 10.73, 12.55, 14.40, and 15.65 eV

are observed in electron scattering by atomic oxygen. Two of these resonances,
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FIG. 1.--Energy level diagram

of OT states, together with their
respective parent (O) states and
grandparent (O%) states. A triad
of resonance configurations, 352,
3s3p, and 3p“, is associated with

cach of the 4—3, 2D, and 2P states.

(ANL Neg. 149-6635

located at 10.73 and 15.65 eV, have been
predicted theoretically 1 to occur at 10,63
(*s)3p% ®p) and 15.75 ev (P)3p° ‘D),
respectively. We attribute the two other
resonances at 12,55 eV and 14.40 eV, to
the configurations (ZD)3s3p and (ZP)353p.
With the addition of these new identifications, -
a total of ten resonances is now known to
occur in atomic oxlyge_n, 243 completing the
triad of resonance configurations, 352, :
3‘s3p, and 3p2, associated with each of the
three lowest (4S, 2D, 2P) positive ion |

states shown in Figure 1,
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FESHBACH RESONANCES ASSOCIATED WITH RYDBERG STATES OF THE
HYDROGEN HALIDES*

David Spence.and Tetsushi NoguchiT

Using an electron-transmission spectrometer, we locate Feshbach
resonances, which consist of two rydberg electrons bound to a positive ion
core, in the hydrogen halides HF, HCl, HBr, and HI. An example of these
resonance spectra, that for HBr, is illustrated in Figure 1. Resonances in HCI,
HBr, and HI are analogous to those previously observed in the isoelectronic
rare gases Ar, Kr, and Xe, 1 an example of which (Kr) is shown in Figure 2.

By dividing the resonances in Figure 2 into two series, each associated with
a particular component of the ion core spin-orbit splitting, we plot the ladder
of neutral and resonance states of Kr (Figure 3). The resonance electron con-
figurations of Figure 3 are deduced from the requirements of minimized mutual
screening of the ion core by the pair of rydberg electrons. Resonance con-
figurations determined from rare-gas spectra are transferred to the analogous
spectra for HC1, HBr, and HI, leading to resonance configurations of the type
shown in Figure 4, which illustrates HBr as an example.

' We find that most of the observed resonances whose grandparent
positive-ion states have term value XZII, are associated with rydberg parent
states of symmetry (X2m)nso, (X211)npo, and (X2m)nd\. In HF, only one
resonance series, associated with the (X21)3s0l:3 11 rydberg state is observed.

FIG. 1.--Derivative of the trans-
mitted current vs. electron energy
in HBr. Structures marked 1 to 6 de-
rive from the addition of pairs of
rydberg electrons to the XZH 3 and
H% positive ion cores. Thezsepara—
tion of features marked n(1 to 4) -
n(l to 4)A is equal to the spin-orbit
splitting of the ion core. Band "a"
derives from the addition of a pair of
550 electrons to the 2X % positive ion
S NS N NN RYIR B core. (ANL Neg. 149-6541R1).
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*
Summary of a paper published in J. Chem. Phys. 63, 505 (1975).

: TUndergraduate Thesis student, Dept. of Physics, Kalamazoo College,

Kalamazoo, Mich., 49001. Present address: Dept. of Physics, University
of Chicago, Chicago, Ill., 60637.
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FIG. 2.~-Krypton resonance spectrum

of Sanche and Schulz “showing how we
separate the resonance features into two
sets, each associated with the appropri-
ate X2P3 1 ion core. For Kr there are
four mafn 2sets of features; as in the
spectra for HC1, HBr, and HI. The
numbering system used in this spectrum
is that used in Ref. 1. (ANL Neg. 149- .
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FIG. 3.--Energy-level diagram

of excited states and resonance
states in Kr. By separating the
observed resonance into two sets,
cach associated with a particular
component of the XzP.g.,% positive
ion core, we identify the appro-
priate parent excited state of each
observed resonance and deduce
likely resonance electron config-
urations. The numbering system
of the rare gas resonanoces is

6566) . that used by Sanche and Schulz
(see Phys. Rev. 5, 1672 (1972).
(ANL Neg. 149-8570)
noH , -
[—(R"'DBERG STAT_ES’—I ' FIG. 4,--Energy-level diagram of rydberg
- (P%EEssg“?N[EETSA) - states and resonance states observed in
g e HBr. By analogy with the electron config-
- _ urations and the approximate electron af-
no- & S : .
4 finities of rydberg states observed in the
s — gPA' . isoelectronic atom Kr, the parent rydberg
& [ el —ew—3  EQ7] py (2] states of the observed resonances in HBr
2 T &1 E ? = o % are determined. Also by analogy with _
9o = B - krypton, we see that indeed we do expect
[ —— — to observe a resonance (associated with
4 | the 3n1 parent state) at the’ sr_nall feature
‘j;b“ E ........... —'EA'A' marked 2 in Figure 3. Most resonances are
T observed to be associated with states whos
8o — " 7 rydberg electron has 0 symmetry. (ANL
Neg. 149-6567). '
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FESHBACH RESONANCES IN THE METHYL HALIDES

.David Spence

We have previously reported measurements: of’ Feshbach resonances in
the molecular halogens 1 and in the hydrogen halides. 2 Both of these previous:
studies have enhanced our understanding 6f resonances from observation of
systematic change‘s in resonance energies as a function of molecular size..
We complete this study of resonance systematics by reporting here measure-
3C'»l, C’H3 Br, and CH3I- The apparatus we use for

these studies is a standard electron-transmission spectrometer of the type pre-

ments we have made in CH
viously described by Sanche and Schulz.3

Results
3I, CH3Br-, and CH3CI are

shown in Figures 1—3. These resonances consist of pairs of rydberg electrons

Spectra of resonances we observe in CH

~ ‘bound to a positive ion core (which may be in the ground state or in some

excited state)‘.3 Such resonances may be visualized as an electron binding to
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FIG. 1.--Derivative of the trans- FIG. 2.--Derivative of trans-
mitted electron current vs. electron mitted electron current vs. electron
energy in methyl iodide ' energy in methyl bromide
(ANL Neg. 149-75-243) (ANL Neg. 149-75-241)

71



- T T an already existing rydberg state of

%; 2 i - the molecule, with the-resultant

'é ‘ /, o resonance (negative ion state) lying
é / energetically below this neutral

g /..f-/ﬁ ‘ rydberg state; |

ié: | , The energetically lowest lying

% _— resonance in Figures 1-3 are clearly
; " associated with rydberg states formed
% by the promotion of an npm halogen

QSD e L e lone-pair electron into an (n+1)sc

ELECTRON ENERGY (eV) . ’
orbital, where n=5 for I, 4 for Br,

FIG. 3.--Derivative of the transmitted and 3 for Cl. Addition of another

electron current vs. electron energy
in methyl chloride - electron leads to resonance conflgura—

(ANL Neg. 149-75-238) tion { (n + 1)sc} In Figures 1 and
' ' 2, the doubling of the resonance
features 1 —1"' is clearly associated with the 2E3 1 spin-orbit splitting of the

2tz

positive ion core. The positive ion core splittings for CHSI and CH3-Br were
measured by Potts et al., 4 using photoelectron spectroscopy, and found to be
0.62 eV and 0. 33' eV, respectively, which compare well with "c'he splitting of
the associated negative ion states O'.625 eV and 0.35 eV observed in the pre-
sent experiments. The additional features l1a —1a' of Figuré 1 are vibrational
structures associated with 1 — 1", the vibrational splitting 1 —1a, 1'—1a' being
0.15 eV, which compare with the v=0 — v=1 splittir_lg observed in the XZE
positive ion core of 0.156 eV.'4
In previous experimentsl' 2 we found that the binding ehergy of a pair
of rydberg electrons to a positive ion core i.e., the ionization potential minus
the resonance energy) decreased'monotonically (for electronically similar
molecules) as the molecular "size" increased. ‘This observation is found to
hold in the present measurements, where the binding energy of the (s o)z
resonance pair to the XZE positive ion core 1s determmed to be 4.22 eV,

3.86 eV, and 3.64 eV for CH Cl, CH3Br, and CH3I
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At present we are not able to assign unambiguous resonance configura-
tions to the structures marked 2 and 3 in Figures 1, 2, and 3. Although these
structures are very broad and "weak" compared to structures 1, they are never-
theless very reproducible. These additional structures may be associated with
excited states of the positive ion core, or altematively, consist of pairs of
rydberg electrons with £ > 0 associated with the ground state of the positive
ion core. Although in the past we have been able to attribute high-lying
resonances in the hydrogen halides to both these configurations, 2 such simple
»classifications as we achieved previously do not appear applicable to the
higher resonances of the methyl halides. In this respect, further analysis of

the present data is necessary.
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PRELIMINARY TOTAL CROSS SECTION MEASUREMENTS USING A HIGH
TEMPERATURE RAMSAUER APPARATUS ' '

*
D. Spence, T. Noguchi, and O. J. Steingraber

" In this report we describe construction and testing of an apparatus to
measure total cross sections for electron scattering from substances which
are gaseous only at high temperatures. : -

Our motivation for measuring the total cross sections for scattering of
eléct'rons by high temperature vapors is their relevance to the MHD (magneto-
hydrodynamic) power-generation program.

In MHD power generation a conducting fluid (usually an ionized gas)
is passed through a supersonic duct, with a magnetic field perpendicular to
the direction of motion. The interaction of the moving charges with the magnetic
field causes a current of electrons to flow in a direction perpendicular to both
the magnetic field and the direction of bulk gas flow. With suitably placed
electrodes, this current can be picked up and passed through an external cir-
cuit. In the open-cycle MHD generétor, electrons are usually produced by'
thermal ionization of K atoms (i.e., seed atoms). The high temperatures
needed for this are provided by buming a suitable fuel in the presence of air p
or oxygen. Typic:'al fuels are methane, kerosene, fuel oil, and coal; potassiurh ‘
© s introduced‘in the form of potassium sulphate. At the temperaturés necessary
to produc;e reasonable ionization of the potassium (=~ 3000 C), a partial list of
o, ¢o,, CO, 0,, O,

, 2 2 2
H? . N,, OH, K, and KOH. 1 The main reaction for electron production is -

molecular species present in the MHD duct i-ncludes_ H

K=K + e, and that for electron removal is OH + e —OH . In the MHD duct
the electrons perform trochoidal or epicychoidal motions in the E X B field,
and make many collisions with neutral molecules before being collected. As
the electron energy in a ‘_chermal duct is low (at most a few eV), the most im-

portant cross sections necessary for an analysis of the system are elastic

* i R .
Summer student 1975. Present address: Department of Physics, The Univer-
sity of Chicago, Chicago, Illinois 60637. , , : '
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cross sections and vibrational excitation cross sections of all the constituent
molecules. One of the principal constituents in the open-cycle MHD generator,
for which electron collision cross sections are urgéntly needed, is KOH,'1
because of its large dipole moment, total electron-scattering cross sections
are expected to be large at low electron energies. At present no measurements

are available for MHD duct constituents such as KOH.

The Apparatus

The oldest, and probably still the most reliable, method for measuring
total electron-scattering cross sections is that developed in the 1920's and
1930's by Ramsauer and Kollath.2 The basis of the technique of Ramsauer and

Kollath is best described with reference to Figure 1.

FIG. 1.--Schematic diagram of
the apparatus '
(ANL Neg 149-75-240)

T“HEAT SHIELD

“_HEATER WINDINGS

OVEN
COLLECTOR . "\_ SCATTERING CHAMBER

' Electrons are emitted from a heated filament or cathode, and are

1 Sz, énd S3, and a
uniform magnetic field applied perpendicular to the plane of the drawing. The '

selected for momentum by the combination of 3 slits, S

selected beam of electrons collides with a target gas in the scattering chamber,
and the transmitted electron signal at the collector is studied as a function of
gas density in the scattering region at a particular value of electron energy.

0 0 = IO' enters-the scatter-
is that part of the current entering the scattering

Assume that a current of electrons, Ic + IS

ing chamber, where Ico

region that would reach the collector in the absence of scattering and IS 0 is.
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that part of the current entering the scattefing chamber which would reach the
scattering chamber walls owing to mechanical imperfection in the absence of
scattering. Then, in the presence of scattering, the current reaching the col-

lector is given by

IC(E) = IcO (E) exp [—Gt(E) N x] ., (1)

where Gt(E) is the total cross section, N is the gas density, and x is the path
length of the electron beam through the scattering region, and E is the electron
energy.

The current reaching the scattering chamber is given by

Is = ISO + IcO [1 —exp (-_Gt N x] . : o (2)
Then, combination of Eqs. 1 and 2 gives
In [(1c +,IS)/IC] = 1n[(1CO + ISO)/ICO] O Nx . ' (3)

The total cross section is directly determined by meésuring the slope of a plot
- of the left-hand side of this equation vs. N at a constant energy. |
For measurements on high-temperature targets, we have modified the
design of Ramsauer and Kollath by the very simple addition of a heated jacket
around the.scattering chamber. This jacket heats the scattering chamber uni-
formly by radiatibn, removing the tendency for hot spots on the collision
chamber. The heated jacket is provided with heat shields to prevent undue
heét loss. As it will be necessary to determine gas densities of targets such
as KOH and NaOH solely from calculations using known thermodynamic prop-
erties, it is essential that the’ scattering chamber be uniformly heated, Mea-
surements made by platinum-platinum-iridium thermocouples attached to the
sides, bottom, and top of the scattering chamber indicate thét the temperature
variation over the scattering chamber surface is < 2 K at a temperature of
1000 K, much higher than necessary to provide sufficient target gas densities.
All current-collecting electrodes have been provided with guards to minimize
electrical leakage at high temperatures, and all insulators are optically
shielded to prevent deposition of condensate. The entire apparatus is con-
structed from 304 stainless steel bécause of this material's great resistance

to corrosion from molten KOH and NaOH .
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There is a ten'd-ency of 304 stainless steel to become magnvetic at high
temperatures. However, this condition is readily noticeable, and residual
magnetization is removed by application of a large degaussing field generated

by a solenoid surrounding the apparatus.

Results

In order to check the general performance of our apparatus we have
meésured relative total scattering cross sections in molecular ﬁitrogen —a '
system which has received previous detailed 4rstudy‘. ‘We measured the relative
rather than the absolute cross section in this case as our apparatus has no’
facility for absolute pressure measurement, a facility not required for high-
temperature vapor measurements. We have measured the e — Nz cross section
at both room and elevated temperatures. A representative set of data taken at

a gés temperature of 731 K is shown in Figure 2, together with a comparison {of

T T T T T I T

FIG. 2.--Comparison of total cross sections
in Ny obtained in the present experiment
with that obtained by Ramsauer and Kollath.
The data have been normalized at 2.5 eV.
The large peak in the data at 2.3 &V is due
to resonant scattering by the NZ'X state.
Open circles, present data —731 K; line, ,
Brode” —room temperature. :

(ANL Neg. 149-75-244)

CROSS SECTION ({arbitrary units)

2 4 6 8 10 12 14
ELECTRON ENERGY (eV)

earlier measurements compiled by Brode. 3 Our data are normalized to the
earlier measurements at 2.5 eV, and the functional agreement between the

two curves is excellent. No noticeable difference in data is observed between
Toom and elevated temperatures, indicating no dimensional distortion of the

apparatus due to thermal stress.
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The system has been operated at high temperatures while containing-
a charge of KOH, and long-term stability over many hours is achieved. For

now, however, no complete set of data has been taken for KOH.
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BASIC ASPECTS dF SECONDARY-ELECTRON DISTRIBUTIONS”

'

Yong-Ki Kim

Graphical methods proposed by Platzman and by Fano are applied to
the analysis of the basic features observed in secondary electron spectra.
These methods are useful not only in checking the consistency of experimental
data, but also in extrapolating the spectra to the range of primary- and
secondary-electron energies not covered by experiments. Illustrative examples
include He, Ne, and NO. For incident protons of moderate energy (< 300 keV)
charge transfer to the hydrogen continuum accounts for a substantial fraction
(< 25%) of the total ionization cross section. Suggestions are given for
desirable experiments that would be useful in determining reliable secondary-
electron spectra.

- : :
Summary of a progress report presented at the IXth Int. Conf. on the Physics

of Electronic and Atomic Collisions, Seattle, July 1975. A full text will be
included in Invited Papers and Progress Reports, edited by J. S. Risley and

R. Geballe (University of Washington Press). Also, a lecture on closely
related topics was delivered at the Symposium on Distributions of Secondary
Electrons from Ionizing Collisions, London, Ontario, Canada, December 1974,
and its text appeared in Radiat. Res. 64, 96 (1975).

ENERGY DISTRIBUTION OF SECONDARY ELECTRONS. II. NORMALIZATION AND
EXTRAPOLATION OF EXPERIMENTAL DATA™

Yong~Ki Kim

A simple but powerful method of constructing a consistent set of eneryy
. distributions for secondary electrons produced by electron impact is presented.
The method uses graphical presentations known as the Platzman and the Fano
plots. Recommended energy distributions for He and N, are given for a wide
range of primary-electron energies (50 eV to 100 keV). - Data necessary for
extrapolating the distribution to higher incident energy are also included.

&
_ Abstract of a paper published in Radiat. Res. 64, 205 (1975).
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EFFECTS OF PARTIAL CROSS SECTIONS ON THE ENERGY DISTRIBUTION OF
SLOW SECONDARY ELECTRONS™

Henry C. TuckwellJr and Yong-Ki Kim

The shapes of the energy distribution of secondary electrons can be
predicted for fe st incident charged particles by using dipole oscillator strengths
in conjunction with the Bom formula. Target atoms or molecules may have
one or more ionization potentials close to the first one, and the corresponding
partial photoionization cross sections are sometimes large. Allowance must
then be made for the differences in kinetic energies of photoelectrons that
leave alternative ionic states. This produces a siygnificant change in the
expected secondary electron spectrum at low energies. The photoionization
data for NO are analyzed, and the predicted shape of the secondary electron
energy distribution agrees well with that of the experimental distribution at
those secondary electron energieés wheara a comparison is possible. Predicted
low energy results from a preliminary analysis for N o are also reported.

* . o
Abstract of a paper published in J. Chem. Phys. 64, 333 (1976).

TP-resent address: Department of Mathematics, University of British Columbia,
Vancouver, B.C., Canada.
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ELECTRON-COLLISION CROSS SECTIONS FOR ENERGY-DELIVERY ANALYSIS

1l

Mitio Inokuti

Although the study of individual collisions of electrons with molecules
has been a major enterprise of atomic physics for over half a century, our
knowledge remains fragmentary for any given molecule. For this reason, |
Platzman and co-workers devised a series of methods, such as use of suitable
plots, for testing the consistency of cross-section data with independent in-
formation. The quantities treated include the spectral distribution of the oscil-
lator strength, the total inelastic-collision cross section, the discrete-excita-
tion cross section, the ionization cross section, and especially important,

‘the secondary-electron energy distribution. On the basis of cross sections
thus constructed for several basic gases, we can describe the earliest phase
'of the energy deposition in much greater detail and with much greater certainty
than ever before. The analysis also lends itself to systematic extensions to
many gases.

In amplification of Fano's plenary lecture 1 entitled "Platzman's Anal-
ysis of the Delivery of Radiation Energy to Molecules," it is appropriate to
make several remarks, including an indication of areas that call for future study.

.One general point of emphasis is that we need a comprehensive deter-
mination of electron-collision cross sections for a given molecule. The word
"comprehensive" here implies cross sections in absolute units for all major
processes (which account for say 99% of the stopping power) at all incident
energiés. This emphasis distinguishes our interest from the interest of a pure
physicist who looks for novel phenomena, which are often specific to a par-
ticular process, a particular energy, or a particular molecule. Indeed, the
need for the comprehensive determination of cross sections is not at all

- limited to radiation research, but is common to modeling studies of macro-

scopic phenomena, e.g., plasma simulations, chemical aeronomy, dynamics

* .
Excerpt of an invited paper presented at the XXIIT Annual Meeting of the
Radiation Research Society, May 1975, Miami Beach, Florida.
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of gas lasers. An obvious corollary of this emphasis is a persistent inquiry

as to the possibility of kinetic competition among different processes. Every ‘
time someone brought up a new process for consideration, Platzman used to
ask, "Does that process effectively compete with all other known processes?" -
This attitude is crucial to successful execution of the energy-delivery analysis.

Some of the present outstanding problems are as follows.

1. Secondary-electron spectra. Experimental data on very slow sec-
ondary electrons (with energies below several eV) are scanty in general, and
appear inconclusive or Aimcomplete for a few examples so far reported on.
Although a semi-empirical analy;sis 2 provides reasonablé estimates, their
verification by direct measurements is highly desirable.

2. Electronic excitation by slow electrons. Despite its long history
and its obvious importance to many applications, the absolute measurement of
discrete-excitation cross sections for neér—threshold electrons remains a dif-
ficult task. Also, currenf theories bearing on the subject matter are rudimentary.

3. Inner-shell excitations. Much of the energy-delivery énalysis has
so far dealt with aspects chiefly related to excitation and ionization of the
valence shell. Although inner-shell excitations are rare, they involve large
energy transfer per event; indeed, they account for nearly 20% of the stopping
power for atoms in the first row of the periodic table, and a greater fraction for
heavier atoms. A vacancy in an inner shell of a light atom le_ads through a
succession of Auger effects to a highly chargéd ion, and therefore possibly to -
many chemical and biological consequences.3 The role of inner-shell excita-
tion i.n the radiation-energy delivery awaits further scrutiny, especially in the
light of contemporary cross-section data. The recognition 4 of notable molec-
ular effects on the K-shell ionization exemplifies new elements to be con-
sidered in this respect.

4, Systematics of cross sections énd,related properties for many atoms.
A full analysis of cross sections for any single atom or molecule is a major
task demanding over a man-year effort. In order to clarify general implications
of such an analysis, ;/ve need to understand variations of cross sections from

one atom to another. Our effort toward this end 5.6 has led to certain
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important systematics for atoms up to krypton. A comparable study on mole-
'cules is desirable. ’ |

5. Subexcitation electrons. .Once an electron becomes too slow to
excite electronic levels of molecules, its energy loss is much less efficient.
The major energy-loss processes of subexcif:ation electrons 7 are vibrational
excitation, rotational excitation, and elastic scattering. The current. know-
ledge of cross sections for these processes is éertainly incomplete, but ap-
pears substantial enough to justify sbme application to electron moderation
calculations.

6. Later stages of radiation action. By use of a set of comprehensive
cross-section data, one evaluates cumulative consequences of many electron
collisions and obtains yields of initial species, e.g., ions and excited states.
It is important to appreciate that these yields 'pertain to the earliest stage in

. the radiation action. Thermal collisions of the initial species with other -
molecules (mostly in the ground state) may cause inter-conversion. Indeed,-
most observations in radiation chemistry (even in the fastest Qf pulse-radiolysis
measurements) concern species that have experienced thermal collisions.

This is certainly true in condensed phases and probably so in gas phases un-
less the gas pressure is very low. Evidence of thermal-collision effects has
been established in ionization yields of some gases; an appreciable fraction of
excited states convert into ions by chemi-ionization processes. This obser-
vation points to the importance of studying the interactions of excited species
with other molecules, as a link of the energy-delivery analysis to radiation
chemistry. Also, these interactions are important to some other applications
such as chemical aeronomy, gaseous magnetohydrodynamic power-generation

processes, and gasfdynamic laser developments.
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TOTAL CROSS SECTIONS FOR INELASTIC SCATTERING OF CHARGED PARTICLES
‘BY ATOMS THROUGH THE THIRD ROW OF THE PERIODIC TABLE

*
Mitio Inokuti, J. L. Dehmer, and J. D. Hanson

The systematic study of the Bethe cross sections has now been ex-
tended to include all neutral atoms through the third row, i.e., Z = 36.

For a structureless particle of charge ze and velocity v = Bc, the

total inelastic-scattering cross section, 0, ., is given as

tot
2 2
8vra_. =z ‘ 2
O = —-—g { Mtotz In (—ﬁ——z ) - Bz] + Ctot} . (1)
mv /R 1-8

where a0 is the Bohr radius, R is the Rydberg energy, m is the electron rest

2 .
mass. Two nontrivial parameters, M and Ctot’ embody the atomic dynam-

tot
ics pertinent to total inelastic scattering-at sufficiently great v. In the non-

relativistic domain, Eq. 1 may be put in the form

_ _ 2 2 2
A 41ra0 z" (R/T) Mtot In (4CtotT/R) . (2)
_1_.2 . 1
where T =smv , and Ctot is related to Ctot through
C..=M 2 Inc, . +1n (chz/R)
tot tot [ Ctot )]

2 R
=M, * [lnc . +11.2268] . (3)

Extending an earlier s’cudy2 on atoms with atomic number Z = 18, we
evaluated Mtozt and Iln Ciot for all neutral ;toms with 19 = Z = 36 by the use of
Hartree-Fock and Hartree-Slater models. .

' Figures 1 and 2 summarize our results. The dependence of Gtot on Z

is primarily governed by Mtoz , which may be regarded as represeriting the

t

* . .
Appointee, Undergraduate Research Participation Program, Fall 1974, from
Kalamazoo College, Kalamazoo, Mich., 49001. Present address: Lawrence
Livermore Laboratory, Livermore, California 94550. :
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FIG. 1.--The total dipole matrix
element My¢“ as a function of
atomic number Z. The points con-
nected with heavy lines show the
Hartree-Slater values obtained in
the present work; those connected
by broken lines show the Hartree-
Fock values taken from the literature;
and the circles show accurate
theoreltlcal values also taken from
the literature. The triangles re-
present values computed from exper-
imental oscillator-strength distri-
butions.

FiG. 2.--The quantities Mo In
Ciot (solid line) and In ¢4y (broken
line) as [uucllons Of atomic humber
Z. The points connected with heavy
lincs represent results from a coimn=
bined use of Hartree-Fock and
Hartree-Slater data, and the ‘open
circles reprecvent results including
more accurate theoretical data.



squared atomic size because of the relation

2 e .2
Moy = (%D o (4)
where xj is a Cartesian component of jth electron coordinate and (...) denotes
‘. ) . 2
the ground-state expectation value. The strong variation of M, . with Z,

tot .
shown in Figure 1, clearly arises from the periodic shell structure. In contrast,

the variation of In Ctot is only moderate, and becomes. especially weak for

19 = Z = 36 (see Figure 2). Considering the weak variation and fhe moAdest

size of In Ciot compared to the constant 11.2268 in Eq. 3, we can readily see

that the parameter'C tot is nearly proportional to M Therefore, o . in the

2
2 tot* tot
relativistic domain is proportional to Mtot to a good approximation, especially
for 19 =7 = 36.
A comprehensive account of the present series of work will be soon

prepared for publication as a journal article.

References

1. Inokuti, M., Y.-K. Kim, and R. L. Platzman, Phys. Rev. 164, 55 (1967).

~ 2. Inokuti, M., R. P. Saxon, and J. L. Dehmer, Int. J. Radiat. Phys. Chem.
7., 109 (1975). '

3. Dehmer, J. L., J. D. Hanson, and M. Inokuti, this report, paper 25.

87



- MOMENTS OF THE DIPOLE OSCILLATOR-STRENGTH DISTRIBUTIONS FOR ATOMS
IN THE THIRD ROW OF THE PERIODIC TABLE

*
J. L. Dehmer, J. D. Hanson, and Mitio Inokuti’

Our ongoing study of the systematics of the Z:dependence of moments
of the dipole oscillator-strength distributions has now been extended to in-
clude the atoms of the third row of the periodic table, K through Kr. .

,

As in the earlier phases of this study we employ the realistic atomic
potentials tabulated by Herman and Skillman.3
The quantities of primary interest are the moments S(p) and L(p) defined
as ' '
M = [ (E/R" (Af/dE) dE , (1)

_and

LG = [ (/R"In(E/R) (@f/dE) dE , | BRC)

where the integrafion over energy includes a summation over the discreté
transition energies. Thé moments defined in Egs. 1 and 2 Af‘or 19 =7 < 36 and

-6 = u=2are listed in Tables 1 and 2. For p =0 the accuracy is < 0.1%.
The accura‘cy declines for p=1 (~1%) and p= 2 (5 to 10%) beéause of trunca-
tion at the high energy limit of the integrals in Egs. 1 and 2, which is usually
~500 Ry. - ‘ |

The earlier study on the first two rows of the periodic table exhibited

pronounced periodic behavior in the moments and in the physical quantitles
‘which depend upon them. In most cases, the period structure could not be
discemned from the sparse experimental data which are typically limited to the
rare gases. This attaches great sigﬁificance to realistic theoretical estimates
of these quantities. The purpose of extending the study to the third row was

to elucidate the effect of the filling of the 3d subshell on these systematics.

* .
Participant in the Fall 1974 Undergraduate Research Participation Program from
‘Kalamazoo College, Kalamazoo, Mich. 49001. Present address: Lawrence
Livermore Laboratory, Livermore, California 94550. '
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TABLE 1. The Moments S{u) =6 s p =1

Z

19
20
21
22
23
24
25
26
27
28
29
30
31

327

33
34
35
36

TABLE 2. The Moments L) -6 <

z

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

5(-6)

5.538 + §
8.572 + 4
4.119 + 4
2,295+ 4
1,394+ 4
1.763 + 4
5.792+ 3
4,197 + 3
2.904+ 3
2.122+ 3
3.078 + 3
1.164 + 3
8.979 + 3
1.087 + 3
2,091 + 2
5.643 + 1
1.896 + 1
7.381+ 0

L(-6)

~-1.217 +
-1.520 +°
-6.806 +
-3.574 +
~2.058 +
-2.846 +
-7.720+

- =5.374+

~3.544 +
-2.481 +
-4.135 +

L -1.248 +

-1.540 +
~-1.326 +
-1.784 +
-3.222 +
-6,509 +
-1.126 +

O O = N W B W W W W W s s DN s O

5(-5)

6.154 + 4
1.455 + 4
7.895+ 3
4.840 +
3.189 +

3.518 +

3
3
3
1.529 + 3
1.167 + 3
8,576 + 2
6.594 + 2
8,051+ 2
3.989 + 2
1.670 + 3
3.312+ 2
9.164 + 1
3,267 + 1
1.374 + 1
6.466 + 0

L(-5)

-1,352 +
-2.580 +
~-1,304 +
~7.530 +
-4,702 +
-5.663 +
-2.035 +
-1.493 +
-1.045 +
-7.699 +
-1.077 +
-4.2087 +
-2.945 +
-3.821+
~7.286 +
-1.702 +
~4,100 +
-7.205 -

5
4
4
3
3
3

3
3
3
2
3
2
3
2
1

S(-4)

6.842 + 3
2.471+ 3
1.51§ + 3
1,023+ 3
7.309 + 2
7.057 + 2
4.044 + 2
3.254 + 2
2.539 + 2
2,055+ 2
2,122+ 2
1,371+ 2
3.400 + 2
1.089 + 2
4,282+ 1
1,996 + 1
1.045 + 1
5.918+ 0

+
A
—

L(-4)

-1.503 + 4
-4,380+ 3
-2.499+ 3
-1.588 + 3

-=1.075+ 3

-1,130+ 3
-5.369 + 2
-4,149 + 2
-3.085+ 2
-2,391+ 2
-2.816+ 2
=-1,461 1 2
-5.208 + 2
-1,162 + 2
-3.109 +1
-9.,236+ 0
-2.582+ 0

-3.811-1

S(-3)

7.618 +
4,204 +
2,919 +
2.171 +
1,685 +
1.435 +
1.077 +
9,138 +
7.572 +
6.452 +
5.703 +
4.751 +
7.941 +
3.957 + 1
2,159 + 1
1.299 + 1
8.391+0
5.700+ 0

= e e e e NN NN NN

L(-3)

-1,670 +
-7.436 +
-4.795 +
-3.352 +
-2.462 +
~2.266 +
~-1.417 +
-1.1584 +
~9.101 +
-7.420 +
-7.387 +
- 4,993 +
-1.087 +
~3.782 +
-1,386 +
-5.122 +
=1.577 +
-5.004 -

89

5(-2)

8.648 + 2
7.260+ 1
5.742 + 1
4,726 + 1
3,994+ 1
3.082+1
2,959 + 1
2,652+ 1
2,336+ 1
2,098 +1
1,645+ 1
1,708 + 1
2.247 +1
1.632+ 1
1,200+ 1
9.168+ 0
7.245+ 0
5.869+ 0

L(-2),

-1.848 +
-1.256 +
-9,148 +
-7.029 +
-5.585 +
-4.510 +
-3.685 +
-3.153 +
-2.631 +

C.2.249 +

-1.891 +
-1.655 +
-2.556 +
-1.305 +
-6.234 +
-2.654 +
-6.7589 -
4,635 -

— — e e e e e e e e NN

- - OO -

st-1)

1.302+1
1.500 + 1
1.380 + 1
1.280+ 1
1.197 + 1
9.664+ 0
1.056 + 1
1.010+ 1
9.556+ 0
9,130+ 0
7.497 + 0
8,362+ 0
9.522+ 0
9.146 + 0
8.618+ 0
8.132+ 0
7.709+ 0
7.337 + 0

L(~1)

-1,759 +
_-1.843 +
-1.459 +
-1.1174 +
=9.518 +
-5.574 +
-6.139 +
-5.049 +
-3.924 +
-3.038 +
-7.993 -
=1.545 +
-3.230 +
-1.358 +

3.969 -

1,785 +

2.876 +

3.750+ 0

O O O © O C = bt et

o O = O o D

2.501 +

s(0)

1.900 + 1
2,000 +1
2,101 +
2,201 +
2.301 +
2,401 +

2.601 +
2.701 +
2,802 +
2.903 +
3.003 +
3.103 +
3.203 +
3.304 +
3.404 +
3.504 +
3.604 +

L T T e

L(0)

4,783 + 1
4,979 + 1
5.336+ 1
5.711+ 1
6.100 + 1
6.596 + 1
6.917 + 1
7.328+ 1
7.762+ 1
8.197 + 1
8.730+ 1
9,094 + 1
9.449 + 1
9.839+ 1
1.024 + 2
1.066 + 2
1.108 + 2
1,150+ 2

S

1.350 +
1.520 +
1.699 +
1.850 +
2.092 +
2.304 +
2.534 +
2.774 +
3.028 +
3.295 +
3.570 +
3.871 +
4.186 +
4,517 +
4,865 +
5.230 +
5.613 +
6.015 +

W W W W W W W W W W W W W W W W W W

L(1)

7.787 + 3
8.916 + 3
1.013 + 4
1.144 + 4
1.285 + 4
1.435+ 4
1.599 + 4
1.773 + 4
1.959 + 4
2.157 + 4
2.363 + 4
2.592+ 4
2.833 + 4
3.089 + 4
3.363 + 4
3.652+ 4
3.959 + 4
4.280 + 4



The first results of this analysis concern total inelastic cross sections and
are discussed elsewh‘ere.4 These analyses are being extended to other
physical quantities. |

One.example of these quantities is the mean excitation energy I that

0
appears in the Bethe stopping-power formula and is defined by

In (1,/R) = L(0)/S(0) = L(0)/Z . | 3)

: 1
Because I0 is roughly proportional to Z, it is customary ™ to consider the

rativo IO/Z and its Z dependence. Figure 1 shows our results: the ratio IO/Z

varies with Z periodically with

20 T T T T T T T

maxima at rare gases and at
~ Cr (z=24) and Cu (2=29), and with

shallow minima in between. The

16

14 7

periodic behavior chiefly arises
12r - )
/\ from valence-shell structure.. In-
~— " ’
4 \_/\/\— deed, the variation of IO/Z becomes

damped for atoms with higher and

lo/Z in eV

z highef Z, because a greater and
greater fraction of electrons belongs

to inner shells. Our results also

FIG. 1.--The ratio of the mean excita-  agree with the general experimental

tion energy I for stopping power to conclusion that I_/Z ~ 10 eV for

atomic number Z, plotted as a function -0 ’

z. ‘ ’ large Z

Poforcneca , _

1.. Dehmer, J. L., Mitio Inokuti, and R. P. Saxon, Fhys. Rev. A 12, 102
(1975).

2. Inokuti, Mitio, R. P. Saxon, andTJ. L Dehmer, Int. J. Radiat. Phys. Chem
7. 109 (1975).

3. Herman, F. and S. Skillman, Atomic Structure Calculations,. Prentice Hall,
Inc., Englewood Cliffs (1963).

4. Inokuti, Mitio, J. L. Dehmer, and J. D. Hanson, this report, paper 24.
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. *
DEGRADATION SPECTRA AND IONIZATION YIELDS OF ELECTRONS IN GASES
‘ 1

¥

Mitio Inokuti, D. A. Douthat, Tand A. R. P. Rau

Notable progress in the microscopic theory of electron degradation in
gases recently made by Platzman, Fano, and co-workers is outlined. The
theory consists of two principal components: first, the comprehensive cat-
aloging of all major inelastic-collision cross sections for electrons (including
secondary~-electron energy distribution in a single ionizing collision), and
second, the evaluation of cumulative consequences of individual electron
collisions for the electrons themselves, as well as for target molecules (the
so-called bookkeeping problem). Although current atomic physics offers a
considerable volume of pertinent cross-section data, one must assess the
data consistency and reliability through every possible means of critical
analysis, and then extrapolate the data to the ranges of variables (such as
electron energy) left unexplored by individual measurements. It is precisely
for this reason that a series of plots devised by Platzman turns out to be
especially powerful. By the use of realistic cross-section data thus estab-
lished, the electron degradation spectra have been obtained through numerical
solution of the Spencer-Fano equation for all electron energies down to the
first ionization thresholds for a few concrete examples such as He and Ne.
Remarkable systematics of the solutions thus obtained not only have led to the

~ recognition of approximate scaling properties of the degradation spectra for
different initial electron energies, but also point to new methods of more
efficient treatment. At the same time, certain systematics of the ionization
vields and their energy dependence on the initial electron energy have been
recognized. Finally, we point out a close relation between the Spencer-
Fano equation for the degradation spectra and the Fowler equation for the
.ionization and other yields; the two equations are tightly linked with each
other by a set of variational principles. ‘

*Abstract of an invited paper presented at the Fifth Symp. on Microdosimetry,
Verbania-Pallanza, Italy, 22—26 September 1975. A full text will be included
in the Proceedings to he published by the Commission of European Communi-
ties, Directorate General for Dissemination of Information, Luxembourg.

TKehnedy—King College, Chicago, Illinois 60621. Consultant, RER Division,
"~ Argonne National Laboratory.

iDepartment of Physics and Astronomy, Louisiana State University, Baton Rouge,
Louisiana 70803.
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*
ENERGY DEPOSITION BY ELECTRONS AND DEGRADATION SPECTRA

D. A. DouthatJr -

The energy distribution of particles in an irradiated system — the de-
gradation spectrum — is perhaps the most fundamental piece of information in
a description of the radiation field acting on the system. We discuss recent
progress in the calculation of electron degradation spectra as well as some
systematics of electron degradation spectra and compare.this method with
other viewpoints, e.g., CSDA, Monte Carlo, and Fowler-equation calcula-
tions. Deficiencies in the available data, as well as prospects for further
calculations, are pointed out.

*Summary of a paper presented at the Symp. on Distributions of Secondary
Electrons from Ionizing Collisions, Centre for nterdisciplinary Studies in’
Chemical Physics, The University of Western Ontario, London, Ontario,
Canada, December 5~7, 1974. A full text appears in Radiat. Res. 64, 141
(1975). :

o

Kennedy-King College, Chicago, Illinois 60621. Consnltant, RER D;Vlsmn,
Argonne National Laboratory, Argonne, Illinois 60439

CALCULATIONS OF ELECTRON DEGRADATION SPECTRA. II.

\/ D. A. Dou’chatJr

The sensitivity of computed electron degradation spectra with respect
to the choice of cross-section data is under investigation. Fano'e critcrion
for the validity of the continuous-slowing-down approximation was tested.for
the degradation of electrons and emerges-as perhaps the most important factor
affecting this benuitivity :

We have previously di‘scussed the spectrum of electrons in an irradiated

1 .
medium.  This spectrum is called the degradation spectrum and is represented

0
electrons, and T is the spectral energy. A more detailed definition was given

by the function y(TO,T), where ‘T, is the energy of _thé (monoenergetic) source -

TKennedY-King'College, Chicago, Illinois 60621. Con_sultant, RER Di'vision,
Argonne National Laboratory, Argonne, Illinois 60439,
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by its inventors, Spencer and Fano. 2 Our initial calculations 3.4 dealt with
gaseous helium and employed as input a self-consistent set of cross—section
data assembled bﬁ/ W. F. Miller. S Althdugh these data are still reliable in
their major aspects, the difficulty of acquiring and analyzing data for other
species 6,7 pointlto the following question: How sensitively do the computed
spectra depend oﬁ the input data? This question has become especially im~
portant in view of the fact that other investigators have performed extensive
calculations 8,9 for electron degradation in more complex gases than helium.
The data for these media are less complete than those for helium. Furthermore,
" few investigators have employed consistency checks as extensively as Miller.
The last certain part of the input data is the low-incident energy portion
~of the secondary electron distribution. There has been substantial:progress

récently in both the experimental accumulation of such data 10,11 and in the

analysis and extrapolatioﬁ of the data by Kim and co-workers. 12-15 Mi ller s
use of the form q(T,E) = C(T)E_ % for the low-incident energy (T < 400 eV)
differential ionization cross section is still reasonable. Here E is tha energy
loss. The total ionization cross section dictates the choice of the function
C(T). Other workers also use similar analytic forms for q(T,E).

We find that changing n from 2 to 3 produces a decrease in the hélium
spectrum by about 10% at the ionization threshold'. This result was obtained
for T0 = 2 keV, but the scaling properties 3 of the function y(TO,T)/T0 permit
a simple extension to other source energies.

Our most important numerical result is the following: For factorizable
q(T,E), i.e., those of the form £(T) g(E), degradation of the primary electron
follows the continuous-slowing-down approximation (CSDA) to surprisingly -
-low spectral energies. More specifically, the primary electron spectrum
y(T , T) calculated from the Spencer-Fano equatlons remains only a few percent
lower than the reciprocal stopping power, s (T) » over virtually the entire
spectral range. The only regions where the dlfference is substantial are
a) near the source energy where the transient effect ralses y (T . T) well above

(T) , and b) for T within a few eV of the ionization threshold Thus, the

usual criterion for the validity of the CSDA — that the energy losses be only
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, 16
a small fraction of the incident energy — is too restrictive. Fano pointed
this out in 1953, but his analytic result does not seem to be widely appreciated.

17,18 found little

Our result explains in part why other ‘invesvtigators
- difference between the CSDA result and more accurate resul;cs. The non-factor-
izing terms of the cross sections were of small magnitude.

We have not yet tested this result for the full degradation spectrum,
i.e., the primary eiectron éﬁd all consequent secondary electrons. We expect
that the transient 16 associated with the generation of each secondary electron
will raise the full spectrum relative to the CSDA reéult. We plan to perform a

calculation to test this expectation.
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- VARIATIONAL METHODS FOR IONIZATION YIELDS: A NUMERICAL APPLICATION

*
D. A. Douthat

Our first numerical application of a recently devised variational
method for the calculation of ionization yields gives a mean energy per ion
pair of 43.5 eV for 1000 eV electrons in gaseous helium.

Variational principles were recently employed 1 in the elucidation of
several features of the theory of electron energy degradation in gases. One
result of this work is a unification of the two major bookkeeping methods:
the Fowler equat‘ioh and the Spencer-Fano theory. By the term "bookkeeping"
we mean, following Platzman, the enumeration of the initial events in a medium
as a consequence of the slowiﬁg down of an electron within the medium. |

More specifically, if the incident electron of energy T 1s stopped
completely within a volume of dilute gas, a number, Ni(T) , of ion pairs are
produced. The mean energy per ion pair is W(T) = T/Nl(T) . The Spencer-Fano
approach 2 for the computation of N i(T) (or any other primary product) consists
of calculating first the degradation spectrum and then use of this reduced dis-
tribution function to compute the yield of ion pairs. Solution of the Fowler
equation gives the number Ni(T) directly. ; Tile merits of the various theoretical
methods have been discussed elsewhere. '’

The results for Ni(T) obtained by numen'cal2 solution of the Fowler equa-
tion suggests a simple analytic solution. Inokuti proposed that Ni(T) ~ (T-U)/ Wa

for high T and verified the validity of this solution for He, H,_, and Ar. Further-

2
more, he deduced expressions for U and Wé1 in terms of the cross sections for
electron impact. While his results for W(T) are substantially better than

Fano's earlier result, > the values for W(T) are still several percent lower than

the accurate results of full numerical solution of the Fowler equation.

* .
Kenncdy -King College, Chicago, Illinois; consultant, RER Division,
Argonne National Laboratory.
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' The variational expression (Eq. 28 of Ref. 1) permits an improvement

on Inokuti's result. In this expression,
' 0
V(Ty) = N, (T) — If dT L (T, T) [N, (D) — 0,(D] , (1)

Nit(TO) is a trial approximate solution of the Fowler equation for Ni(TO) .
Lt(TO’T) is an approximate degradation spectrum, i.e., solution of the Spencer-

'Fano equation for an electron of initial energy T cri(T) is the total ionization

Ol
cross section, and QT is the operator that generates the Fowler equation. The

factor in brackets vanishes if Nit(T) is exactly Ni(T)' Hence, V(TO) given by
this equation is a variational estimate of Ni(TO) . The statements of this para-
graph are amplified in Ref. 1.

As a test for the method, we computed V(TO) for helium for several
values of T0 . The input for the calculation consisted Qf a) Inokuti's form for
the trial Nit(T) ] b) Smith's data 6 for ¢ | (T), and c) a palynomial fit to a function
closely related to the degradation spectrum y(TO, T). The function chosen for

(c) is
' tot

tot ., . T
4 '(g) =7 Y(TO’T)NclllelastiC

(D In (T /7 . (2)
from which the values of Lt(TO'T) = Ny(TO,T) are computed., The number density:
of atoms is N, I is the ionization energy, and§ = In (T/I)/In (TO/I) . Quasi-

[

invariance of this type of function permits extension to valuco of T, other

0
than the initial choice (T'0 = 2 keV) for the third-order polynomial fit. Data for
y(TO,T) were taken from Ref. 7 and data for the total inelastic cross section

from Miller's thocio. 9

Results
The results of the calculation are satisfactory, and, in view of the
relative simplicity of the calculation, suggest that variational methods for

degradation problems will be very useful. With an accurate fit to the functions _

tot tot
o) d ird- i i
i(T) an oinelastic(T) and our third~-order polmomal fit to.z (¢), we found
W = 43.5 eV for T0_= 1000 eV. The more accurate Fowler-equation result is

46.3 eV, Fano's formulation5 gives 40 eV using Miller's data, and Inokuti's
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expression gives 42.9 eV. The variational results of several values of T0

are given in Table 1, together with values computed from Inokuti's expression.

TABLE 1. Mean Energy in eV per Ion Pair for Helium

Ty eV w(T) = Wa (T/(T - U))3 W riational % difference
500 43.52 44.13 1.40
1,000 ) 42.90 43.51 1.40
4,000 42.45 43.03 1.35
16,000 42.34 42,91 1.35
32,000 42.32 42.90 1.36

awa =42.3, U=14.0.

Remaining problems include 1) full use of the expression for V(TO) as
a variational principle, i.e., the stationary nature of the results, and 2) ex-
tension of the calculation to improve approximate values of other quantities
including the function y(TO, T), and 3) tests of the sensitivity of V('I‘O) to the

choice of input data.
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MODELING OF THE ELECTRONIC ENERGY LOSS PROCESSES RELEVANT TO THE
YIELDS AND DISTRIBUTIONS OF PRIMARY SPECIES PRODUCED BY THE PULSE
RADIOLYSIS OF AQUEQOUS SYSTEMS™

C. A. Naleway, f Yong-Ki Kim, M. C. Sauer, Jr. ,T and A. C. Wath

A refined understanding of the physical stages of energy transfer as-
sociated with energy deposition by high enefgy electron or heavy ion beams is
necessary in obtaining initial radical and electron distributions to be used as
input into a classical diffusion kinetics model. A program has thus been in-
itiated to investigate both the radical distribution functions and total yields
of presolvated electrons and radicals. A parameterized form of the first order
Born approximation properly correlated to parallel experimental scattering data
has been implemented to obtain the required cross sections for energy= loss.
The ca'scading processes of energy loss have been simulated by use of a multi-
leveled Monte Carlo procedure.

This program has been implemented in the investigation of both elecfron
and heavy ion incident beams. Discussion focuseg on various levels of sophis-
tication (parameterization) used fhroughout these studies. Comparison between
the obtainéd initial yields and experimental gas phase yield has been found to
be encouraging. Readjustment and further refinement pertinent to the losses

within a condensed phase are outlined, and preliminary results are presented.

. .
Abstract of a paper presented at the E. J. Hart Int. Conf. on Radiation
Chemistry, Argonne National Laboratory, July.1975.

TChemistry Division, Argonne National laboratory.
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SPECTRAL AND ELECTRON COLLISION PROPERTIES OF ATOMIC IONS*'

K. D. Chao,TI L. Dehmer, U. Fano, 1:M Inokuti, S. T. Manson,Jr
A, Msezane,TR F. Rellman,TandC E. Theodosmui

The aim of this study is to delineate the systematics of various proper-
ties of positive atomic ions over a wide range of nuclear charge, Z, and elec-
tron numbef, N.. These properties include energy levels, transition rates,
electron collision éross sections, and other directly observable 'qu-'antities.
From a theoretical boint_of view, many of these properties are derived from a
few basic quantities: phase shifts of partial waves, § l(e) , (including both
€ > 0 and € < 0) and their derivatives, enhancement factors, « z(e), and
oscillator strength distributions, df/de. It is these quantities that we cal-
.culate and map extensively over Z and N. The point of view taken here has -
been presented in a study1 (hereafter called FTD) of these same basic quantities

.for neutral atoms.

Since any property of the ions can be considered as a function of two
variables, Z and N, our data can be analyzed in terms of at least three alter-
native pictures: isoelectronic (N kept constant), isonuclear (Z'kept éqnstant) ,
and isionic (z = Z - N kept constant). Each of these pictures brings out dif-
ferent aspects of the variation of a given quantity over Z and N. ‘

The isoelectronic picture is the most straightforward from a computa-

tional viewpoint and is widely used. In addition, it is directly applicable to
1/2Z expansions.2 Each of the properties approaches the known hydrogen values
asymptotically3 when plotted vs. 1/Z (1/Z — 0). The isonuclear picture

. simplifies the variation of ionic properties from one order of the spectrum to

* ’ -
Summary of a paper presented at the IVth Int. Conf. on Beam-Foil Spectro-

scopy and Heavy-Ion Atomic Physics Symposium, Gatlinburg, Tennessee,
September 1975, A preliminary report of the work has also appeared in
Abstracts of Papers, IXth Int. Conf. on the Physics of Electronic and Atomic
Collisions, Seattle, July 1975, J. S. Risley and R. Geballe, Eds., University

of Washington Press, Seattle, p. 693 (1975).
TDepartment of Physms Georgia State University, Atlanta, Georgla 30303.

iDepar1:ment of Physics, The University of Chicago, Chicago, Illinois 60637.
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the next. In particular, we shall see that inner—shell- properties are virtually
unaffected by stripping outer shell electrons. Further, the isonuclear picture
is most suitable for certain applications. For example, if we consider a given
impurity contamination in a CTR plasma, the many ions of that impuritylwhich
are relevant constitute an isonuclear sequence. This is aiso true for astro-
physical applications.4 The isoionic picture maintains a constant asymptotic
potential, (z‘+ 1)/r, in the ion, and focuses on the interplay between increas-
ing Z and increasing N. This provides a framework for the transfer of the
extensive experience with neutral atoms, z = 0, gained by traditional speétro—
scopy and collision physics,

The calculations presented in this paper are b'ased on single-electron
Hartree-Slater (HS) wavefunctions.5 The HS model is used since it is quite
- amenable to large-scale célcmlations. In addition, HS functiOns have been
shown to be reasonably realistic for neutral atoms by FTD 1 and can be expected
to be better for ions. We view this study as the beginning of a first approxima-
tion to the (Z,N) mapping of ionic properti.es. This initial ‘surve? attempts 'té
elucidate gross systematics and to identify areas for deeper examination, in-

!

corporating, e.g., correlation and relativistic effects. In this paper we
present seyeral results exemplifying the usefulness of the different pictures.
o Ae an evxample of the isoionic picture, Figure 1 shows the phasé shift,
%(0) =T which characterizes the scattering' of zero-energy electrons in the
field of ions at various stages of ionization. Two striking features are ob--
served, First, the behavior of 62(0) shows the known:L rich struc';ure (associ-
ated with chemical properties) for the first spectrum (neutrals). This structure
still persists to a lesser extent for the second spectrum (singly ionized species),
but disappears completely for all higher-order spectra. Second, in the gener-
ally smooth behavior of § ﬂ(O) for each higher-order spectrum, prominent changes
of the slope appear at the same Z for all partial waves. These slope discon-
tinuities occur whenever the total number of eiectrons equals .28, 10, and 2.
These values correspond to the complete filling through the n = 3, 2, and 1

shells, respectively, of a hydrogenic atom. Accordingly, we' expect to obsetve

a similar behavior of 62(0) for ions with 60 electrons which will correspond to
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FIG. 1.--Quantum defects, p,, as a function of atomic number, Z, and spectral
order (denoted by the roman numerals above each set of data) -

the n = 4 shell., This is in contrast to the neutral stom case where "closed-

shell" systems occur when the electron number is 86, 54, 36, 18, 10, and 2,

i.e., the noble gases.

As a second example, Figure 2 shows photoionization cross sections

(or rather, oscillator-strength distributions) for the 3s subshell along the -

Z = 26 (Fe) isonuclear sequence. Note that the cross sections are plotted

agéinst photon energy, rather than photoelectron energy. Displaying the data

020 —

010 -

O (Mb)/Electron

Folumovo vV vl v X

6 12 8 24 30
hv (Rydbergs)

FIG. 2.--The-3s subshell photoioniza-
tion cross sections for the Z=26 (Fe)
isonuclear sequence. The roman numer-
als indicate the order of the spectrum
(i.e., Z-N+1).
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in this fashion reveals an important
simplification: the cross sections
for the neutral, singly ionized, and
doubly-ionized species lie on a
corhm_on curve, apartA from the obvious
shift of the threshold. This is in
sharp contrast to the members of the
sequence of higher ionicity, which .
follow independent curves. In other

words, successive removal of outer



4s electrons maintains the cross section on the common curve. The rerhoval

of the 3d electrons, i.e., electrons with the same principl_e quantum number

as the 3s, however, alters the internal dynamics enough to make the cross
sections deviate significantly. As a generalization of this result, we expecf
that the remdval of outer-shell eléctrons waould leave inner-shell pfopefties
largely unaffected. A consequence of this generalization is' extremely important,
namely, that a large portion of our knowledge of neutrals is diréctly appl_icable
to positive ions; in addition, the amount of calculation necessary for the Z,N '

inapping of lonic properties has been greatly reduced.
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RELA’I;IVISTIC EFFECTS IN THE RESONANCE TRANSITIONS OF LITHIUM-LIKE
IONS

Y.-K. Kimand J. P. DesclauxT

Radiative-transition data for highly stripped ions are needed in the
Tokamak-type fusion reactor studies, both for estimating the energy loss through
impurity ions in the plasma and for plasma diagnosis. ! Some experimental data
on allowed transitions are availablez for lithium-like ions of Z < 30. However,
measurements on heavier atoms such as Mo (Z=42) and W (Z=74) would be
difficult under ordinary laboratory conditions. To study relativistic effects in
the data for high~Z ions, we calculated the dipoleA oscillator strengths (f values)
for the 2s — 2p and 2s — 3p transitions from the nonrelativistic and relativistic
Hartree-Fock (NRHF and RHF) wavefunctions. 3

" The f value'is defined as the product'of the excitation energy E and the
line strength S (see Ref. 4, Eq. 10), i.e., f=ES/3gR, where R=13.6 eV and g
is the degeneracy of the initial state. The relativistic effect in f could come
from either E or S, or from both."

- For the 2s — 2p transition, the excitation energy vanishes in the non-
relativistic hydrogenic limit, and hence the nonrelativistic f values diminish
as Z increases. In reality, however, the spin-orbit interaction splits 2p; and
2p3 . and our RHF results show that only 2p; excitation energies diminisfl as
1;h<=:2 state is degenerate with 2s; in the relafizvistic hydrogenic lirhit. The 2ps
excitation energies increase dr;stically for high Z (Table 1) . On the other ’
hand, the RHF results on S for the 2p excitation resemble the NRHF results
closely. The combined effect is that the RHF f values for the 2p 3 excitations
become far greater than the NRHF results for higher Z (Table 1). °

The situation for the 3p excitations is just the opposite. The RHF

results on S‘for the 3p excitations show a significant reduction from the NRHF

* .
Summary of a paper presented at the IXth Intemational Conference on the
Phyeics of Electronic and Atomic Collisions, Seattle, July 1975 .

) TInstitut Laue-langevin, 38042 Grenoble, France.
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TABLE 1. Dipole Oscillator Strengths f and Excitation Energies of
Lithium-Like Ions

‘N (Z=7) Mo (2=42) W (2=74)
f E, Ry f E, Ry S E, Ry
2s — 2p
Adopted ® 0.235 0.7348 — — — —
NRHF 0.239 0.7381 0.0316 5.704 0.0175 10.19
REF,° 2p, 0.0796 0.7402 0.0112 6.558 - 0.0069 15.80
Zp: 0.160 0.7424 0.0565 15.77 0.129  126.1
Z expansiaonc - .
N 2ps —_ 0.9941 _ 15.43 — 105.5
25 == 3p :
Adopted? 0.233  4.354 — S —
"NRHF 0.235  4.345 0.405 229.6 . 0.418 733.3
REF, P 3p, 0.0784 4.349 0.134 237.7 0.136 824.7
3pf§_ 0.156  4.349 0.240 240.0 1 0.183 - 857.6
®Ref. 2.

bNonrelativistic: f values should be compared with the sum of the pi and p3
relativistic f values. e 2

~ Ref. 5.

results. The RHF 3p excitation energies, on the other hand, show close
| agreement with the NRHF results, Thus, the RHF f valuee bccome smaller
than the NRHF values as Z increasés (Table 1).

'he sum of the f values for the 2p and 3s transitiohs, however, is
nearly the same for the NRHF and RHF results. In other words, the f value for
the 2p 3 excitation builds up'at the expense of the 3p excitations. The excita-
tion er:ergies obtained from the relati\iistic Z—expansion: method by Doy1¢ S
agree with our results only for intermediate Z (Table 1). - .

Similar calculations 6 on the Be sequence show that ths f values for
?..sz 1S — 2s2p, P1 transitions deviate appreciably for 2 > 40 from values

2
exlrapolated from low-Z ions.
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: | .
RELATIVISTIC EFFECTS IN OUTER SHELLS OF HEAVY ATOMS "~
T

J. P. Desclaux and Yong-Ki Kim

The relativistic contraction of innér—shell orbitals affects outer shells
through the self—consistency requirements of the atomic field. The self- |
consistent field relativistic effects increase the binding energies of the 631
electrons of Au and Hg by about 30%, whereas those for the 4f and 5d electrons
are decreased by about 15% compared to the nonrelativistic results. Also, the
oscillator strengths for the resonance transitions (65 — 6P) of Au and Hg are
reduced by about 30% as a consequence of the self-consistent field relativistic

effects.

* .

Abstract ot a paper published in J. Phys. B: Atom. Molec. Phys. 8, 1177
(1975).

T

Institut Laue~Langevin, 38042 Grenoble, France.
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REMARKS ON THE SIGNIFICANCE OF ELECTRON CORREILATIONS IN TWO
OSCILLATOR-STRENGTH SUM RULES*

Mitio Inokuti

' Sum rgles for the dipole oscillator strangth are powerful as a check on

" cross sections for photoabsorption 1 and for inelastic collisions of fast charged
par'ticles.2 Let df/dE be the density of the dipole oscillator strength per unit '
interval of excitation energy, E, measured from the ground state of an atom, and
consider the moment S(u) = f (E/ R)H (df/dE) dE, where R is the Rydberg energy
and the integral includes summation over discrete excitations. In particular,
S(-1) and S(1) are expressed 1.2 in terms of ground-state expectation values

(denoted by { ) ) as

241 & 2 —~ -
| 5(-1) = Bag") [ () + ijk;zk“j-_’ N | (1)_
aO being the Bohr radius, and as
4 ., o -
S(1) = (4/3R) [),,(p, "/2m) + ijkﬁ (p -¢pk/2rp>] N )

where }: and 1_): are the position and.the momentum of the jth electron. The

proof of Eq. 2 rests upon the relation
~ (ihm) (E [, |0) = ('E[[H,?}HO)=E(E|r;|0)* . (3)

where H may be the standard nonrelativistic Hamiltonian including solély
Coulomb interactions between a fixed nucleus and electrons, as well as among
the electrons.

In contrast to the first terms of Egqs. 1 and 2, which a;e-single—electronv

expectation values, the second terms

= ) s —’ . T d [ = y —> ’ —>
%7 Lyl 5 R and R T Ly (R0
manife_stly depend upon angular correlations of electrons, and, therefore,

deserve special attention in the following respects.

Summary of a paper presented at the IXth Int Conf. on the Phys1cs of Electrom(
and Atomic Collisions, Seattle, July 1975. -
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1, Within the Hartree-Fock approximation, Qr = 0 and Qp =0 .in general.
Moreover, these two quantities receive contributions only from pairs of elec-
trons that have the same spin but have orbital angular momenta differing
unity. ‘

2. The above statement also holds for central-field approximations in
which all atomic electfons are subject to a single local potential. Further, in
thése approximations, Qr and Qp are numerically connected to each other be-
cause of Eq. 3. (Note that Eq. 3 holds for central-field approximations as
well as for rigorous many-electron theoriés, 'but not for the Hartree-Fock
"approximation.) More interestingly, Qi“ and Qp are expressed in terms of prob-
abilities of radiative transitions between hole states, i.e., inner-shell fluor-
esence rates tabulated by Manson and Kennedy. 3

3. When one goes behond the HF (or other independent-electron) approxi-
mations and fully incorporates angular comelétions, then Qr and Qp can bg
modified considerably. For the ground state 4.5 of He, as an example, Qr <0
but Qp > 0; the signs of these quantities can be easily understood from ele-
mentary analysis of either Hylleraas or configuration-interaction wavefunctions.
Surprisingly many authors (see, for example, Table 10, Ref. 6 and Refs, 7 and
8) incorrectly state the sign of Qp, which also gives rise to the specific 2
nuclear-mass effect on atomic spectra.9 Also, for the Li ground state, >
2, > 0. ‘ |

4. For atoms other than He, Li, and possibly Be, the modification due
to electron correlations is usually too small Lo offset the negative sign of the
HF Qp value. For example, data 10 based on configuration-interaction wave-
functions for Ne show Qp < 0. The quantity Qr is invariably negative in all
existing data.

1

5. Recent data 2 show other systematics of Qr and Qp concerning

their magnitudes relative to the first terms in Eqs, 1 and 2.
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THEORETICAL ASPECTS OF ELECTRON CORRELIATIONS IN ELECTRON
COLLISIONS*

Mitio Inokuti

Electron-correlation effects manifest themselves in diverse facets of

“electron collisions with an atom or molecule. A fast incident electron acts
largely as an external agent, and its inelastic collisions probe the structure,
including correlations within the target (in both the initial state and the final
state), nearly in the same way as photoionization processes do. In inelastic
collisions of a slow electron, the central object of study is the correlated
motion of the incident electron and an electron excited out of the target core.
This elementary observation is illustrated by many examples and is elabor-
ated by remarks on some current theoretical methods.

*'Brief summary of lectures delivered at the NATO Advanced Study Institute
on Photoionization and Other Probes of Many-Electron Interactions,
Carry-le-Rouet, France, 31 August — 13 September 1975 (to be published by
Plenum Press, New York).

MINIMA IN GENERALIZED OSCILIATOR STRENGTHS FOR INITIALLY EXCITED
HYDROGEN-LIKE ATOMS

¥

Michio Matsuzawa, Kazem Omidvar, ¥ and Mitio Inokuti

Generalized oscillator strengths for transitions from an initially excited
stale of a hydrogenic atom to final states (either discrete or continuum) have
complicated structures, including minima and shoulders, as functions of the
momentum transfer. Extensive calculations carried out in the present work

" have revealed certain systematics of these structures. Some implications of
the minima for the energy dependence of the inner-shell ionization cross
section of heavy atoms by proton impact are discussed.

— :
Ahstract of a paper submitted for publication.

TVisiting Scientist, October 1972—March 1974. Permament address: Dept. of
Engineering Physics, The University of Electron~-Communications, Chofu-shi,
Tokyo, Japan.

1:NASA Goddard Space Phght Center, Greenbelt, Maryland 20771.
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NUMERICAL TESTS OF THE WEINBERG SEPARA.TE“POTENTIAL METHOD, THE
ORTHOGONALITY-CONSTRAINT METHOD, AND OTHER RELATED METHODS”

T ¥

Smio Tani, Augustine C. Chen, " and Mitio Inokuti™"

We tested the three methods in the title with regard to the numerical
efficienty of their respective modified Born series. Our example concems
model potentials that are pertinent to the low-energy electron-hydrogen single-
S scattering. The Weinberg method gives an excellent result.

If a bound state can be formed by reduciny the energy of the system
below zero, the Born series for scattering in the same channel does not con-
verge at low energies. The force (a certain potential in the Hamiltonian) that
causes the bound state is treated by a nonperturbative method, and other
forces in the system will be treated by means of a modified Born series that
retains convergence. If the wavefunction of the bound state is knqwn, we. may
utilize it in a specific way to formulate the modified Bom sér’ies. Our purpose
is to test the numeriqal aspects of two such methods, Weinberg'sA spearable- '
potential and the orthogonalit'y—constraint methods, |

Weinberg 1 developed a method of using a separable potential

— v -1
Vi = Ve (ev](evey T, (1)

whers |¢) is the bound-state wavefunction, This potential reproduces the
bound state exactly and provides a set of distorted waves which becomes the
basis of a convergent modified Born series. The original potential, V. is

rearrangod as

A ' ’ : S
VeV, AV SV V-V (2)

A .
The modified Boru series in V converges, while the simple perturbation series

*
Summary of a paper presented at the IXth Int. Conf. on the Physics of
Electronic and Atomis Collisions, Seattle, July 1975.

T

Physics Department, Marguette University, Milwaukee, Wisconsin 53233.

iPhysics Department, St. John's University, Jamaica, New York 11432,
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in V fails to do so. The numerical aspects of this metﬁod have been tested
for the Yukawa and exponential potentials, 2 but have never been tested for a
realistic potential pertinent to atomic physics.

In the method of orthogonality constraint,3 one tackies the scattering
problem after the bound state is worked out. The subspace orthogonal‘to the
bound state will turn out to be sufficient for the scattering calculation. When
the kinetic-energy operator is projected to that subspace, an eigenfunction
satisfies

1

[y r/a® + o) Cove) (94) T =Ely) . 3)

According to Levinson's theorem, the phase shift becomes equal to 7 in the
zero energy limit when there is one bound state. This will never follow from
the simple perturbation calculation, because any individual term of the simple
Bomn series for phase shift vanishes at zero energy, and hence the sum must
vanish if the series converges. The eigenfunction that satisfies Eq. 3 pr_oduces
a phase shift that becomes equal to 7 at zero energy. Hence, we may use such
an eigenfunction as a basis of convergent modified-Born series. Theoretical
advantages of using the orthogonalized subspace have been discussed earlier,4
but the rapidity of the convergence has not been examined for any realistic
potential.

As far as the analytic property as a function of potential strength is
concerned, the Padé approximant is on a firm basis. Let the potential strength
be \ and the Hamiltonian for a variable \ be written as |

HM\) =T+ AV , (4)
where T is the operator of kinetic energy. For the physical problem A = 1.

One can show (see Ref. 5 and réferences therein) that the scattering length,

a, is a meromorphic function of )\, i.e.,

a=-AY s /0= h (5)

where the >\n is a pole and the sn determines a residue. The Padé& approximant
is a continued fraction in )\, and it may closely represent a truncated form of

the right-hand side of Eq. 5. The Padé approximant of a sufficiently high order
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actﬁaily becomes a close approximation to the exact result. The exact
result follows by an analytical continuation from the original Born series
outside its radius of convergence. The Padé approximant may closely répresent_
the analytically continued form of the ~seri,es, if its order is sufficiently high.
We shall examine how high the order should be to obtain a sufficient accuracy
in the present problem. 6 | ‘

We examined several potentials that suppqrt a bound state with binding

energy 0.0555 Ry and have an asymptdtic form at a large distance
. 4 |
V() ~=(09/2)r * , ~ (6)

where 9/2 is the electric dipole polarizability (in atomic units) of atomic
hydrogen. These potentials are pertinent to the-e-H scattering in the 1S state. |
Spécifically, they include:

A. Biermann potential 7 (exponential approach to the asymptotic form)

V, == 0/2r " [1 - exp (- 6/r) ]

ry = 1.2355 ; _ . ‘ - (7)

“B.. Buckingham-Bates potential 8.9 (inverse power approach to the

a asymptotic form)
. w2 2=

r02=1.0688 .o ‘ S )
The numerical resnlts obtained by the Padé-approximant method are

listsd in Table 1., The computation was carried out using 16-digit double-

>p1"eci'sion arithmetic, and the results were truncated in Table 1. The exact

result can.be obtained analytically for the V, ; far the convenisnoc of compari-

3on with the exact result, an extra digit hasbbeen added inside the parentheses
for that potential. Besides the discussion of the modified-Born series, some
review of the properties of the simple Rorn series may be in order. For this

" purpose, the first six terms of the Born series are listed in the lower pori:ion

' of Table 1,

As can be seen from Eq. 5, the nth order Born approximation to the
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scattering length takes the form

-(n-1)

2 - ym Vi S A . A | (9

. The poles are arranged according to their magnitude

B R R » (10)
One may rewrite Eq. 9 as
- () n, n—1 n—1 . .
= - + s e o .
a W/ ) I8+ g/N) s, 1. (11)
TABLE 1. Scattering Length Obtained by the Pade Approximation The first few terms in the

Method for Potentials Va and Vb

series dominate as the order

Potential - n grows because the ratios

Order \ \'s .

3 . b Xl/)\m (m=2,3,...) are less

L@ 15.719 64.974 (3) than one. A ratio of two suc-

(2.2) 5.264 - 5.159 (1) , o
3.3) S5.216 4.952 (3) cessive Born approximations
.4 5216 4.962 (0) tends toward the constant
Exact , '4.96128459

()\/)\1.) as n grows. Such a

" Born approximation®

trend can be read off clearly

aM - a.111 - 3.419 .
a? - 5.187 (1.262) - 3.599 (1.053) around n = 6.
(3) '
- 7.882(1.520 --4.886 (1.358 .
@ (1520 (1.358) In determining the coef-
a ] -12.131(1.539) - 6.819(1.396)
a® -18.697 (1.541) - 9.560 (1.402) _ficient of the continued fraction,
(6) '
-28.821(1.542 -13.414(1.403 .
2 ( ) ( : a ratio of two determinants
3the ratio of successive terms a(n'_l)/a L given inside the made of a (k) (k=1,2,...) must

parentheses.

be determined accurately. For
example, to determine the (N,N) approximant we need a reliable estimate of

a . . . a(N+1) | a(l) . . - . a(N)

a(zN) a(N) a(2N-1)

0w,

(12)
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(n)

The general trend of a for large n discussed after Eq. 11 causes each
determinant to become small when N is large. To determine each determinant
and hence the ratio accurately, higher-order Born approximations must be ob-
taiﬁed to an extremely high precision. Thence, despite the firm theoretical
basis for its convergence, numerical applications of the Padé approximant
are impractical beyond a cer?:ain order, Table 1 demonstrates that the (1,1)
approximant,

L @) /(-1

[1-(a

is very poor. An accuracy of 0.02% error may be achieved by using the (3,3)

approximant. Our computation beyond the (3,3) approximant may be somewhat
uncertain because of the difficulty discussed below Eq. 12. These results
agree with observations made by Moiseiwitsch 10 regarding the applicability
of the Padé approx1mant. The entries in parentheses in the lower portion of
Table 1 show that the ratio a( )/a( ) used in the (1,1) approx1mant is not a
yood approx1mat10n to )\/)\1 (roughly 30% in error), whereas the value of

1 - (>\/)\1)

. is crucia'lly important in determining the first term in the series of Eq. 5, which
dominates near a zero-energy resonance., This is vne reason why the (1,.1)
approximant is poor.

The results obtained by Weinberqg's separable potential are showﬁ in
lable 2, Before corrected by the highef—order terms of the modified Bom series
(reqarding (\7 of Eq. 2), the result is already within 6,13 and 7.23%, respectively
for va and Vk;, of the (3,3)-Padé approximant. When the modified Born seres
is summed up to the second order, the result agrees with the (3,3)~Pad®
approximant within 0.02%. Since the latter is in error up to 0.02 to 0.03%,
the modified Born series summed up to the second order is in error perhaps
by 0. 5% Thus, yielding both an excellent uncorrected value, as well as a
rapidly converging modified Born series, Weiriberg's niethod is superior in
dealing with the scattering length in electron-hydrogen scattering. It can be

shown that thiis is generally true when the system has one loosely bound state.
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TABLE 2. Scattering Length Obtained by the The results obtained by the Orthogonality_

Weinberg-Separable-Potential Method for s .
Potentials V_ and V, constraint method are listed in Table 3 for

the potentials. The modified Born series

) . Potential
Order v A converges slowly. The slow rate of con-
gW(o) s ssg 5 322 vergence can be enhanced by deriving the
SW(” ~0.348  -0.332 Padé approximants, which are shown in
A (2) : _ : i .
Sw 0.009 0.011 the lower portion of Table 3, Let the bind-
Sum -5.217 4.963 ing energy be —Kz Ry in the Schroedinger

equation; the parameter « in our problem
TABLE 3. Scattering Length Obtained by the

Orthogonality-Constraint Method for Potentialsv is 0.2356. According to the effGCtive'
V_and Vv
a b range theory, the scattering length is
Potential close to k= 4.235. In all examples to
Order v Vb . .
‘ a which we applied the orthogonality-
~(0)
ac(alr)th 8.926 8.828 constraint method, the scattering length
3 -1.257 -1.115 i
i?zf)th uncorrected by the modified Bormn series
a -0.706 -0.615 - . - .
s is of the order of 2k = 8.470. This
aorth -0.497 -0.464
S(()Llr)th 0.355  -0.361 discrepancy is likely to be inherent in the
current method. Therefore, although the
Sum 6.111 6.274
; uncorrected value is much better than the
(1,1)-Pade 6.058 6.343 .
(1,1)-Pade approximant, an improvement
(2,)-Pade 5.220 4.990

demands future study. It should be
emphasized, nonetheless, that a converging modified Born series for scattering

becomes available by simply limiting the subspace orthogonal to the bound state.
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A PROGRAM TO TRANSIATE PUNCHED PAPER TAPES

Paul P. Nicole

A computer program is described that enables a user of the ANL IBM-
370/195 computer system to process data punc_:hed in standard ASCII code on
a paper tape as though they were punched on standard IBM cards.

Introduction
Paper tépe is usually read into the ANL computer system through a
‘remote access data station (RADS station). The RADS station reads the hole
patterh in the tape and produces a corresponding bit pattem in storage. This
'is done one character (row of holes on tape) at a time until 79 characters have
been read. An 80—character card image. made up of hexidecimal (hex) 00 fol-
lowed by the 79 characters is then assembled. These qard images are sent to
the computer to be processed. 1 | '
' A translation is necessary before thei data read by the tape reader can

be processed in a normal way. Even after translation the way in which the
. characters are arranged on the card images may make them hard to-read. Multi-
vdigit numbérs . for example, may be split between two card images. There may
also be characters that must be removed or handled in a special way, such as
carriage returns, line feeds, and other control .characters.

A new program translates ASCII (American Standard Code for Information
Interéhange) coded tape, does some minor edi‘ti'ng, reformats the resulting data,
and then writes a card image da.taset, whiéh may be punched as a deck of

-cards, rcad directly by another program, or listed on the printer. The method
used here could be easily adapted to translate codes other than ASCII as long
ac there is a one-to-vne correspondence betweén input charactefs on the tape
and 6utput characters. Also, the output records could easily be changed from
80 characters (card images) to either longer or sﬁorter records by making some

minor changes in the program.
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Theory
In this discussion, paper tape patterns will be represented by combin-

ations of X's, O's and periods. An X represents an unpunched hole, an O
represents a punched hole, and é period represents a sprocket hole. We will
deal only with 8-level paper tape, which has room for 8 X's or O's, and 1
period per line (character). In this scheme, X300 .XXX would represent a line
with no holes punched (blank tape with only a sprocket hole), and OO000.000
would represent a line with all holes punched. Columns will be numbered from
right to left. So, XOXOX.XXO has punches in columns 1, 5, and 7. Also, all
numbers preceded by a Z will be hex (base 16) numbers. '

When the computer reads the tape, it produces a binary bit pattem that
is the same as the pattern punched in the tape with all punches (O's) becoming
1's and all unpunched positions (X's) becoming 0's. The result is a binary
number in storage with a value equal to the value of the punches on the tape if
we count column 1 as 1 (=20), column 2 as 2 (=21), up to column 8 as
128 (= 27). Thus, the letter R, which is XOXOX.XOX on the tape, shows up in
storage as 01010010. The computer displays its storage-S binary bits (1 byte)
at a time as 2 hex digits. The first four bits of the R (0101) become Z5, while
the remaining bits (0010) become Z2, resulting in Z52 being displayed. In
order to print or punch the character R, the computer must have a ZD9 in
. storage. 2 The translation requires that each Z52 be replaced by a ZD9, and
that a corresponding replacement be made for each of the other printable
characters.

This replacement is accomplished by having the original value in stor-
age select the proper element of an array (L) (see program listing in Figure 1)
that contains the needed replacement value (see Figure 2). First the original
value is read, using FORMAT(1X,79A1), into array NIN, which is a 79-element
INTEGER*2 array. This gete rid of the Z00, which is always the first character
of card images generated when tape is rea/d, and makes the other 79 characters
INTEGER*2 variables. INTEGER*2 variables take up 2 bytes (8 bits/byte),
while our original characters took up only 1 byte of storage. The unused bytes

are filled by the computer with Z40's. The letter R then becomes 25240. We
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PROGRAM T3 READ PAPERTAPE-TJ CARD I4AGE FILE

IMPLICIT INTEGER¥*Z2(N,L) '

DIMENSI3N NINC79),NIUT(80),L(128)

DATA LF/Z4040/,NP/Z8000/

DATA L/31K 3,0 P50, v, v, 60, "%, &5 ZTD40, "'y ") %) *% ',
l l*""l'l-l ..')26140).0'0'l"'2','3.I'A.J'5'I'6"'7"'8"

N
IR L R e T I PO R DT R B VS - LY v LT RUSLY SA SRS S
3 TG, tH Y L, T, K st MY, N, TP, G, RS, T, U,
4 VTN X, Y, LN, ), e, 33% Y ' ’
IFLAG=0
NI=0

READ(50, 102)L1G1,L1G2,L1G3,LIG4,LDL1,LDL2,LDL3,LDL 4
1 LSP1,LZPI1,LSP2,LZP2,LSP3,LZP3,LCIL,LREC
102 FIRMAT(EC1X,124),815)
LCLSP1)Y=LCLZPD)
L (LSP2)=L(LZP2)
LC(LSP3)=L(LZPD)
10 READ(50, 100, END=999) NIN
100 FARMATC1A,79AL)
D3 {1 N=1,79 .
IFCNINCGNY «LT. 0) NINCN)=NINCN)-NP
IF(NINCNY .EQ. LDLI1Y G2 T4 200
IF(NINCN) <E@. LDL2) G3 TJ 200
IFC(NINCN) +E@. LDL3) G9 TI 200
IF(NINCN) EQ. LDL4) G3 T3 200
IF(NINCN) «EQ. 64) GI T3 t1i
IFCNINCNY .E@. LIG1Y GJ T3 11
IFCNINCN) .EQ. LIG2) GI T3 11
IF(NINCNY .EQs LIG3) GI T3 11
IF(NINC(N) EQ. LIG4) G3 T3 11
IFCIFLAG -EQ. 1) G3 T3 201
12 NI=N1+1
NJ=NIN(N) 7256
NOUTINI)I=L(NJ)
LF(NQUT(NI)Y .EQ. L(58)) G3 TI 206
13 CONTINUE :
IF(NI .EQ. LREC)> G3 T2 20S
11 CONTINUE i
G2 T2 10
101 F3IRMAT(80A1)
200 IFLAG=1
. G0 T3 11
201 IF(NI .EG. 0) G3 T3 203
IF(NI .EQ. B80) G3 T) 202
NB=N[+1 '
09 202 1aNB, 80 -
NIUTCIY=LF
T 202 CINTINUE .
WRITEC60,101) NJUT
203 IFLAG=0
N1=0
G3 T2 12
205 WRTTEC60,101) iN3Ul
N1=Q .
2 T2 11
2064 IFCLCAL +EQ. 0) NI=NI-])
IFCLCAL EQ. 2) WNAUTENIY»=L(32)
G2 T8 13 .
999 NB=NI+1 :
IF(NI .EQ. 0) G2 T3 99
IF(NI . EQ. 80> G2 T7 90!
DA 902 I=2M0.:A8N
NIUTCI)Y=LF
902 CANTINUE
901 WRITEC60,101)OXNJUT -
99 ST?P
END

FIG. 1.--Program listing
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L(NT)

IN NJ OUT IN NJ L{(NJ) OUT IN NJ L(NJ) OUT
0140 01 7A40 : 2C40 44 6B40 5740 87 E640 W
0240 02 7A40 2Da0 45 6040 S840 88 E740 X
0340 03 7A40 : 2E40 46 4B40 . 5940 B9 EB40 Y
0440 04 7TA40 s 2F40 47 6140 / SA40 90 E940 z
0540 05 7A40 : 3040 48 FO040 0 SB40 91 7940 C
0640 06 17A40 : 3140 49 F140 1 SC40 92 CF40
0740 07 7A40 : 3240 S0 F240 2 SD40 93 4940 1
0B40 08 7A40 : 3340 S1  F340 3 SE40 94 BO40 ¢
0940 09 7A40 : 3440 52 F440 4 SF40 95 6D4a0 -
0A40 10 7A40 : (a) 3540 53 F540 5 6040 96 TA40 :
0B40 11 7A40 : 3640 S4 F640 6 6140 97 7TA40 :
0C40 12 7A40 : 3740 55 F740 7 6240 98 7A40 :
0D40 13 7A40 :(b) 3840 56 F840 8 6340 99 TA40 :
OE40 14 7A40 : 3940 57 F940 9 6440 100 7TA40 :
OF40 15 7A40 s _3A40 58 7A40 : 6540 101" 7A40 :
1040 16 7A40 : 3B40 59 SE40 6640 102 TA40 :
1140 17 7840 : 3C40 60 4C40 < 6740 103 TA40 :
1240 18 7440 : 3D40 61 7TE40 = 6840 104 TA40 :
1340 19 7A40 : 3E40 62 6E40 > 6940 105 7TA40 :
1440 20 7A40 : 3F40 63 6F40 2 6A40 106 TA40 :
1540 21 7A40 : 4040 64 TC40 @ 6B40 107 TA40 :
1640 22 T7A40 : 4140 65 C140 A 6C40 108 7A40 :
1740 23 7A40 : 4240 66 C240 B 6D40 109 TA40 :
1840 24 7TA40 : 4340 67 C340 C 6E40 110 7A40 :
1940 25 7440 : 4440 68 C440 D 6F40 111  7A40 :
1A40 26 7A40 : 4540 69 €S540 E 7040 112 7A40 :
1B40 27 7A40 : 4640 70 C640 F 7140 113  7A40 :
1C40 28 7840 : 4740 71 C740 G 7240 114 7A40 :
1D40 29 7A40 : 4840 72 CB40 H 7340 115 7A40 :
1E40 30 7A40 : 4940 73 €940 I 7440 116 7A40 :
1IF40 31 7A40 : C4A40 T4 D140 J 7540 117 7A40 :
2040 32 4040 @ SP 4B40 75 D240 K 7640 118 7A40 :
2140 33 SA40 ! 4C40 76 D340 L 7740 119 7A40 :
2240 34 TF40 " 4D40 77 D440 M 7840 120 7A40 :
2340 35 7B4a0  # 4E40 718 DS540 N 7940 121 7A40 :
2440 36 5SB40 $ 4F40 79 D640 3 TA40 122  TA40 :
2540 37 6C40 2 S040 80 D740 P 7B40 123 7840
2640 38 S040 & 5140 81 D840 @ 7C40 124 7A40 :
2740 39 7D40 ' 5240 &2 D940 R 7D40 125 7840 :
2840 40 4D40 ¢ 5340 83 E240 [ TE40 126 7TA40 :
2940 41 5D40 ) S440 84 E340 T TF40 127 7A40 :
2A40 42 SC40  * 5540 85 E440 u
2B40 43 4E40  + 5640 B6 ES40 V-

(a) LINE FEED
(b) CARRIAGE RETURN

FIG. 2.--Translation table
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also need Z40 fillers in our output character list. The output R is then ZD940.

Next, the input is checked to see if the parity hole (column 8) was
punched. Depehding on the tape punching system, this hole may or may not
be punched for any given character., Our R with the parity hole punched is
ZD240 instead of Z5240. The bit generated by the parity punqh makes the value
of our input negative Awh.en looked at by the computer as an integer. To ignore
the parity punch we check our input to see if it is a negative integer, and, if
it is, subtract Z8000. If positive,‘the number is left as is. The value is then
divided by 256 (Z100) to get rid of the Z40 filler., Our R is now 240052, or, as
a deciman integer, 82 (=5x 16 + 2). We make element 82 of ’array L contain
ZD940 (R) so that each R input on tape will give an R output character. This
same procedure is followed in selecting the other elements of array L. The
values in array L are initialized by a data statement at the beginning of the

_program. Note that any value could be put into a particular element of L to
cause a different output character to result from a given input character. The
program allows for three such nonstandard translations.

After ignoring the parity punch, but before translation, the input char-
acters are searched for special characters which have been designated either
as delimiters or as characters to be ignored. If a delixi;lter i& encountered, a
flag is set. When t_he next translatable character or an end of file is read,
the remalnder of the 80-character record being assembled is filled with blanks,
and the record is written to the output device. If a character to be ignored is

encountered, the next character ic rcad. Uupunched tape (20040) is ignored.

Use

The proyram réeads one card which specifies all the changrable para-
meters in the program. This card is read according to FORMAT (8(1X,1Z24),815)— -
that is, 16 5-column fields. The first 8 fields are read as hex variables, while
- the last 8 are read as linteger variables. The card is read into variables:

L1G1, L1G2, 1L1G3, L1G4, LDL1, LDL2, LDL3, LDL4, LSPlA, LZP1, LSPZ, 1LZp2,
LSP3, LZP3, LCOL, LREC. Variables L1G1 to 4 aré hex representations of

input characters to be ignored. Blank tape (20040) is automatically ignored.
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If no characters are to be ignored, put b0040 into L1G1 to 4. For example, if
all Q's are to be ignored, put b5140 into L1G1 (see Figure 2), where b is a
blank.

LDL1 to 4 are hex representations of input characters which are to be
used as delimiters. The delimiters trigger the start of a new record when the
next translatable character is read. If more than one delimiter is read at one
time, only one new record will be started. A delimiter can be any character
that can be punched on the tape (parity holes ér,e ignored). Common examples
are carriage return, b0D40, line feed, bOA40, and blank tape b0040. If fewer
than 4 delimiters are needed, unused positions can be filled with repeats of
used delimiters.

LSP1 to 3 are array L element numbers which are to be changed to be
the same as a corresponding LZP1 to 3 element number. For example, if all
A's (element 65) are to be translated as C's (element 67), LSP1 would be bbb65,
and LZP1 would be bbb67. This can be done with any character that can b?e
punched on the tape. For example, line feeds could be translated as L's by
entering LSP2 as bbb10 and LZP2 as bbb76. Line feeds, in this case, cannot
be also used as a delimiter because delimiters are not translated. Unused
pairs of LSP's and LZP's can be filled with any equal numbers.

LCOL determines how a colon (:) is to be handled. In the translation
array (L) all unprintable characters are filled with colons. If LCOL is 0,
all colons are ignored. If LCOL is 1, all colons are written as colons, If
LCOL is 2, all colons are replaced by spaces.

LREC sets the maximum number of characters that will be written on a
record before a new record is started. If, for example, data are in groups of
25 characters followed by carriage returns .and line feeds, setting LREC to 25
would starl a new record cvery 25 characters, even though the carriage retﬁms
and line feeds were sometimes missing. '

A étandard card for translating a tape from a teletype machine would
ignore rubouts (7F40), use carriage returns and line feeds (0D40, 0A40) as
delimiters, have no nonstandard translations, print colons as colons, and

set a maximum line length of 80. This card would be b7F40b0000b0000bL0O000O
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| b0D40b0A40b0A40b0A40bbbb1bbbb1bbbbibbbb1bbbb1bbbblbbbb1bbb80.

The job control (JCL) cards needed to run this program to make a card
imag-e dataset from a standard teletype punched tape using the above described
parameter card would look like this:

//TOBNAMEDbJOBb (FXXXXX, 2,0, 1) , REGION=64K

ACCOUNT CARD '

//STEP1bEXECbFGILG, PRELIB=' LOADLIBRARYNAME', EP=' MAIN'

//GO. SYSLINbDDbDISP=SHR, DSN=LOADLIBRARY NAME (MEMBER)

//GO.FT60F001bDDbDISP=(NEW, CATLG) , DCB=(RECFM=FR, T.RECL~=80,

~ BLKSIZE=1680),

//bbbbUNIT=LONGSHRD, SPACE=(TRK, (10, 2) ,RLSE),

//bbbbDSN=DATASETNAME '

//GO.FT50F001bDDb* |

b'7P40b0000b0000b00OOb0D40b0A40b0A40b0A40bbbb1bbbb(1bbbb1bbbb1 _

bbbb1bbbb1bbbb1bbb80 o

/*SYSINbDDbPT |

SPECIAL CARD TO SPECIPY DELETE AND EOT CHARACTERS

/*ENDbOFbFILE } '

'~ Two things in thé JCL should be explained. First, the "special card" to desig-
nate a teletype RUBOUT CHARACTER as the delete character and CNTL D as the
end of the tape mark will have, in column 1, punches 2,3,4,5,6,7,8, and 9,
and in column 2, punches 2 and 7. More information on feeding tape into RADS
stations can be found in Ref. 1. Second. the //GQ,FTA0F001 card and the
following two cards, which are continuations, designate where the output is
going; If these three cards are replaced with the card- //GO.FT60F001bDDb
SYSOUT=A the result will be a listing on the printer instead of a dataset. If
lhie three cards are replaced with the card //GO.FT60F001bDDbSYSOUT=B
the result will be a card deck instead of a dataset.

T would like to thank Dr. J. C. Person and'Mr. P. H. I-‘roehlé for many
helpful suggestions, both while writing the program and while writing this

_ report.
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