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FOREWORD

This is the ninth Annual Report of our Section, summarizing our work on
the chemical physics of atoms and molecules, especially .their interaction with
external agents such as photons and electrons. Fven though the volume of work
covered has increased and our activities have expanded into several additional
scientific areas, this year's report has been reduced in size for easier reading.

As before, our programs are designed to address themselves to several
of the DOE needs. First, we continue to determine cross sections for electron
and photon interactions with mclecules to provide a sound basis for the micro-
scopic analysis of radiation actions on matter, including biological substances.
We are also developing theories that predict the earliest events of radiation
action by use of cross-section data. Second, we are studying the chemical
physics of atmospheric-pollutant molecules (and related molecules) arising from
coal and other energy technologies. More specifically, work in this area con-
cerns electronic spectroscopy, as well as the kinetics of clustering of a small
number of molecules. All these efforts are supported by the Office of Environ-
ment, DOE. In addition, a part of our work deals with spectral and collisional
property of highly stripped ions — an important basic area of the fusion energy
technology, both in the magnetic-confinement approach and in the intertial-
heating approach. This part of the work is supported by the Office of Energy
Research, DOE.

The articles in this report are loosely arranged according to the subject
they treat although an article is often related to several topics. Papers 1-17
concern photoabsorption processes and their consequences. In particular, paper
1 reports on the initial operation of a new photoionization mass spectrometer.
Paper 2 also reports a new activity, i.e., measurements of the polarization of
fluorescence. Papers 18-32 concern electron interactions with atoms and molecules.
Notice that in the above-mentioned two areas, both theoretical and experimental
studies are conducted, often in close associatior.. Papers 33-34 treat basic
radiation physics, and papers 35-47 deal with various problems in theoretical

atomic physics. Many of the latter papers (e.y., papers 36, 37, and 45-47)



represent work related to fusion-plasma studies.

In addition to the work in our laboratory, we have made numerous other
scientific contributions. First of all, collaboration with workers at other insti-
tutions is too much to be listed here. An example is the new effort being
made with the National Bureau of Standards, as seen in papers 2, 8, 9, 10,
and 11. The addresses of the co-authors in this volume will give some idea of
the extent of our collaborative work. I thank all the co-authors for their
contributions to our programs, and sincerely hope that they feel it worth while
to work with us for years to come. Second, we have played major roles in
several scientific meetings; examples are the Sixth International Congress of
Radiation Research, May 1979, Tokvo and the Eleventh International Conference
on the Physics of Electronic and Atomic Collisions, August-September 1979,

Kyoto. Finally, M. Inokuti is a Councilor for the Radiation Research Society and

is Vice-Chairman of the Committee on Stopping Powers for the International

Commission on Radiation Units and Measurements.

Mitio Inokuti
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PHOTON FLUX MEASUREMENTS FROM THE NEW PHOTOIONIZATION MASS
SPECTROMETER

P. M. Dehmer

The Hopfield continuum of helium was generated in approximately 75 torr
of helium gas by a high voltage pulsed dc discharge generated by a Velonex
Model 350 high power pulse generator, which was used as the driver for two
additional stages of high power pulse amplification. The final output stage con-
sisted of a pair of Machlett 6544 triode tubes in parallel. The voltage pulse is
characterized by a 60 nsec rise time, 150 nsec width, and 9 to 10 kV amplitude.
The voltage pulse from this pulse generator has a more rapid cutoff than a pulse
from a typical thyratron pulse generator, thus allowing the use of a significantly
higher pulse repetition rate. For example, a pulse repetition rate of 80 to 100
kc/sec is used in the present apparatus, as compared with 9 to 10 kc/sec in a
typical thyratron triggered He continuum light source. The average power is
approximately 3 kW, of which 1 kW is dissipated across the capillary lamp. The
lamp emploved in the present measurements was approximately 50 cm long. The
McPherson Model 225 1m near-normal incidence monochromator was equipped with
a Bausch and Lomb 1200 line/mm MgF2 coated aluminum grating blazed for 800 E\
in first order. The grating size was 114.3 mm in diameter, and the ruled area
was 96 mm x 56 mm. The photon intensity as measured with an aluminum photo-
diode was 7 x 10g photons /sec/z at the peak of the helium continuum. This
value is reliable to +30 percent. A factor of approximately 5 improvement is
expected with such modifications as the use of purified helium for the sample gas

and the use of an osmium coated grating.



POLARIZATION OF FLUORESCENCE OF N; (BZE:I-): ALIGNMENT OF MOLECULES
VIA PHOTOIONIZATION

*
E. D. Poliakoff, J. L. Dehmer, A. C. Parr, K. H. ]'ackson,-r and
R. N. Zare'

The polarization of fluorescence of gas-phase atoms and molecules yields
information about their state of alignment in space. Viewed classically, an
excited molecule with no preferred orientation in space will radiate in random
directions with random direction cosines, yvielding zero polarization. 1 However,
an excited molecule, when aligned, will emit dipole radiation anisotropically, and
the resultant fluorescence polarization will be non~zero. Conversely, the pol-
arization of fluorescence can be used as a measure of the degree of alignment of
the molecular ion. For the case of photoionization, this degree of alignment of
the excited molecular ion can be related to the photoionization ajynamics in a
direct way.

Such a measurement has been performed, using radiation from the
Synchrotron Ultraviolet Radiation Facility II (SURF II) as an excitation source.
The specific reaction studied is given3'4 by

Nz(xzz;) +hy - N;(Bzz:) +e (eo_em)

¥
N;(xzz;) +hy . (1)

Here, a 2ou electron is removed via photoionization; dipole selzction rules re-
quire that the photoelectron leave via either the og or 1rg continuum channels.
An electron excited to the og continuum wave will leave the molecular ion
partially aligned with the incident radiation g vector. Since the transition di-
pole of the fluorescence is parallel with the internuclear axis, molecules excited
in this way will fluoresce with a positive polarization. In contrast, when the

Ou electron is promoted into the “g channel, there will be a negative polarization

*
Synchrotron Ultraviolet Radiation Facility, National Bureau of Standards,
Washington, D.C. 20234.

+Department of Chemistry, Stanford University, Stanford, CA 94305.



to the molecular ion fluorescence. Thus, a measurement of the polarizationl can
vield the cross-section ratio for the og and ng continuum channels.

The experimental apparatus used to perform the measurement is ilustrated
schematically in Figure 1. Measurements were performed with 660.5 £ )\ex <450 3
Thus, the cross-section ratio previously discussed could he determined as a
function of electron kinetic energy so the dynamics of the photoionization event
could be analyzed.

The results are shown in Figure 2. These results have not been cor-
rected for a polarization bias in the optical train (whose magnitude is less than
0.01). Quantitative measurements are under way to determine and correct for
any such pclarization bias. Qualitatively, one notes that the polarization de-
creases in magnitude as the wavelength decreases. This indicates that the
o and m_channels become balanced (in terms of cross section) for the outgoing

electron as the electron kinetic energy increases.
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FI1G. 1.--Diagram of experimental FIG, 2.--Polarization of N+(B > X)
apparatus used to perform the experi-~- fluorescence as a function of
ment. X indicates perpendicularity to photoionization wavelength.

plane of paper. GJ, gas jet; OB, optical
baffle; PD photodiode; L, lens; W,
window; P, polarizer; PMT, photomulti-
plier tube.



Although the results are preliminary, they are extremely encouraging.

A detailed theoretical analysis of these results is in progress, and further studies
are planned. In particular, investigations of more simple photoionization cases

is planned, as well as studies of photodissociative systems, given in general

terms in Eq. 2:

AB + hv » A*+ B
¥

A +hvy . (2)

The alianment of A* will be measured to determine parameters (branching ratios,
parent fragmentation lifetime, symmetries of dissociative surfaces) pertinent to

the spectroscopy and dynamics of photodissociation.

References
1. M. McClintock, W. Demtroder, and R. N. Zare, J. Chem. Phys. 51, 5509

(1969) and references therein.

2. An atomic photoionization analeg is given by C. D. Caldwell and R. N. Zare,
Phys. Rev. A 16, 255 (1977); A molecular photodissociation example is
given in E. D. Poliakoff, S. H. Southworth, D. A. Shirley, XK. H.
Jackdon, and R. N. Zare, Chem. Phys. Lett. 65, 407 (1979).

3. G. R. Cook and P. H. Metzger, J. Chem. Phys. 41, 321 (1964).

4. A. Lofthus and P. H. Krupenie, J. Phys. Chem. Ref. Data 6, 113 (1977).

cmom . i sar



PHOTOELECTRON SPECTRUM OF ALLENE USING A SUPERSONIC MOLECULAR
BEAM SOURCE

P. M. Dehmer and J. L. Dehmer

Cederbaum et al. 1 have recently calculated the photoelectron spectrum of
2
the "E ground electronic state of the allene ion which exhibits strong Jahn-Teller
effects. The spectrum of this state, which is shown in Figure 1, shows a well-

resolved progression in the torsional mode at low enerc¢y, followed by a longer

CszH; 2E

RELATIVE PHOTOELECTRON INTENSITY

l | I I L I { I LN { l T f 1 1

1.0 10.5 10.0 9.5
IONIZATION ENERGY (eV)

FIG. l.--Photoelectron spectrum of the ground ionic state of allene.



region of only partially resolved structure. The present data taken at a spectro-
meter resolution of 22 meV using a supersonic molecular beam source to rotation-
ally cool the target beam show considerably more detail than do the previously
reported spectra, some of which were taken at higher resolution but with a room

temperature sample.” We are presently in the process of performing a detailed

comparison between the experimental and theoretical results.

References

1. L. S. Cederbaum, W. Domcke, and H. Kgppel, Chem. Phys. 33, 319 (1978).
2. R. K. Thomas and H. Thompson, Proc. R. Soc. London 339, 29 (1974) and

references therain.



HIGH-RESOLUTION PHOTOABSORPTION AND PHOTOIONIZATION SPECTRA OF

HD AND D2

*
P. M. Dehmer, P. S. Dardi, and W. A. Chupka'

Relative photoabsorption and photoionization cross sections foroDz and
HD are reported in the wavelength region between approximately 805 A and
735 . Many members of the npo 123 and np7 lﬂu Rydberg series for low n and
low v were identified from previous assignments. An attempt was made to extend
the assignments to higher vibrational quantuz: numbers for n = 3-6, using pre-
viously reported spectroscopic constants. This attempt was only moderately suc-
cessful because of the overlap of vibrational bands at higher v. The increasing
complexity of the spectra at high v and at high n requires a more scphisticated
analysis such as would be provided by multichannel quantum defect theory
(MQDT).

Ionization efficiencies were calculated for all identified states. The ion-
ization efficiency was 1 for states which can autoionize by Av =1, i.e., the final
state of the ion has a vibrational quantum number 1 less than the autoionizing
state. In general, the ionization efficiency drops rapidly with Av >1. The
3pn IIIu state, which can autoionize only with a Av 2 7, has essentially an ion-
ization efficiency of zero, so decay must proceed by predissociation or molecular

fluorescence.

Introduction

The photoabsorption spectrum from the ground rotational state of
molecular HD or D2 consists of two interacting Rydberg series converging to
each vibrational level of the ion core. The lower members of the series correspond
to npo 12: and npw 1Hu series of states, but as n increases there is a transition
from Hund's case (b) to Hund's case (d) as a result of the effects of Zuncoupling,
and the series converge, respectively, to the N =0 and N = 2 rotational levels
of the ion core. During the course of the Z uncoupling the two series perturb
each other strongly, resulting in large energy level shifts and intensity varia-
tions. In addition to these interactions between the series converging to the

same vibrational level of the ion (Av = 0 interactions), there may be further

*
Undergraduate Research Participant from the University of Illinois, Urbana,
Illinois, 1979.

1'Department of Chemistry, Yale University, New Haven, Connecticut 06520.



intense perturbations from low n Rydberg states convering to higher excited
vibrational states of the ion (Av # 0 interactions).

The present work reports high resolution (0.016 R . FWHM) relative
absorption and photoionization cross sections for HD and D at 78°K in the
region from the ionization threshold to approximately 740 A

We were able to identify many peaks based on previous assignments
made by Monﬁlsl'2 and by Takezawa and Tanakaa'4 from very high resolution
photoabsorption spectra. An atteinpt was made to extend these assignments by
using (1) the vibrational and rotational term value expansion coefficients deter-
mined by the above workers and (2) the theoretical calculations of Kolos and
Rychlewskj5 for the 3pn 1IIu state. We were aided by being able to observe
the states in both absorption and ionization. For example, a state with low
principal quantum number, which must autoionize with a large change in v,

would be expected to have an ionization efficiency less than 1.

Experimental

A detailed description of the apparatus can be found in references 6
and 7. Only a brief surimary will be given here.

The light source was the Hopfield helium continuum pulsed at 100 kc/sec.
The light was monochroma_ﬂ_zed with a 3 m near-normal inciderice monochromator
before entcring the ionization chamber. The ions were extracted from the
chamber, focussed, and then passed through a quadrupole mass spectrometer
for detection. Sample gas pressure was on the order of 10 um. The resolu—
‘tion of the apparatus was observed to be 0.016 A (FWHM) using 10 um slits in
3rd order. Scanrung was done in increments of 1/300 A using a completely
automatag system.

l .O:rdinary D2'

without further purification. Hydrogen deuteride was made by the hydrolysis
of lithiurﬁ aluminum hydride with deuterium oxide. The HD produced was about

was used straight from commercial cylinders at 99. 5% purity

94% pure with impurities of 5% Hé and 1% Dz. The samples were cooled to liquid

nitrc'ogén temperature (78°K) before entering the ionization chamber.



- e

Slippage in the wavelength drive resulted in shifts in the absolute wave-
o
length scale of about 0.03 A in both the positive and negative direction throughout

the scanning range. Ccnsequently, accurate absolute wavelengths are best

taken from plate spectra, such as those taken by Monﬂlsl'2 and Takezawa and

Tanaka. 3.4

Results and Discussion

Spectra

Figures 1 and 2 show transmitted light and ionization plotted on the same

wavelength scale for D2 and HD, respectively, starting near their ionization

thresholds. The data for D o Were obtained from one continuous run. For HD,

the data were collected from three separate runs. Each run was scaled, using

the overlap between them, so that the final plot represents a smooth continuous
spectrum. |

Assignments

Our spectra were simplified because the samples were cooled to liquid
nitrogen temperature, so only trénsitions originating in the lower rotational
levels were observed. We began by using previously published assignments.
First, considering D 9° we were able to identify transitions to the 3pm state for
v = 9-15, using assignments made by Monfils. 1 Then, with the assignments of
Takezawa and Tanaka, 1 all the npo and npw transitions (n = 4-6) that they
identified in our wavelength region were identified. Also, some higher lying
states (n £ 10) were identified from assignments by Takezawa and Tanaka.4 For
HD the 3pm, v=7,8 and 4pw, v =5,6 can be found, based on the assignments of
Monfils. 1 In some cases peaks were reassigned cn the basis of relative intensities
in absorption and ionization. ) )

We next extended our assignments using publishes constants. Extension
of 3pw transitions was the easiest to make using our data since they distinguish
themselves by negligibly autoionizing. From the expansion coefficients for the
3pw state given by Monﬁlsl'2 and the theoretical energy levels calculated by
Kolos and Rychlewski,5 we were able to assign the 3pw state transitions very

nearly to the dissociation limit. Several other new assignments are also shown

in Figures 1 and 2.
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PREDISSOCIATION OF THE 3p7m D 1TI: STATE IN HZ' HD, AND D2

P. M. Dehmer and W. A. Chupka1~

Introduction
We have recently completed a study of the predissociation linewidths and
1 +
lineshapes of selected vibrational levels of the 3pn D Hu state of Hz, HD, and

D 2 which lie above the ionization potential, and we report new results for the

isotopic species HD and D In addition, we report linewidths for rotational

2
-1 +

levels of the B"B 1Eu, v = 7, 8, and 9 vibrational levels in Hz which lie very

close to the D lﬂu, v =9, 10, and 11 vibrational levels, respectively, and we

discuss the possible consequences on the predissociation linewidths of a mixing

of these electronic states.

Experimental

The relative photoabsorption and photoionization cross sec*ions for H 9’
HD, and D 2 were determined in tcf:e wavelength region between the ionigation
threshold and approximately 730 A at a wavelength resolution of 0.016 A and at
a temperature of 78°K. The apparatus has been described in detail previously. 1
Since the spectra were taken at only a single pressure, some of the rotational
lines of the D state (usually those originating in J" = 0) are very stroncly
absorbed and are not suitable for quantitative studies since saturation distorts
the shape. Hence, the present analysis is limited to lines originating in J" =1
or 2 which have values of (I'D -1) /Io of about 0.15, where Io and I are the
incident and transmitted photon intensities, respectively. As in the case of
H,_. no ionization is observed corresponding to any D state absorption in HD or

2

D 9’ indicating practically complete predissociation of this state. The entire

spectra of photoabsorptidn and photoionization for H 2 were published pre-

2
viously; however, no quantitative analysis of linewidths in absorption was

*
Summary of a paper published in Chem. Phys. Lett. 70, 127 (1980).
+Department of Chemistry, Yale University, New Haven, Connecticut 06520.
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made at that time. The complete spectra for HD and D2 will be published in

the near future. The measured linewidths T for Hz, HD, and D2 are given in

Table 1.

Table 1. mMmmmof@MDHZmHT}w,mdDZ

1 -1
Assignment J I', cm I', cm (Ref. 3)
H, v=7 R(1 2 11.3+ 1.5 11.0 + 1.0
v =28, R(1)% 2 12.3 + 1.5 10.2 * 0.2
v =9, R(1) 2 9.4 +1.0 9.0 + 0.6
HD v =7, R(1)® 2 6.9 % 0.7
v =9, R(1) 2 6.9+1.0
D, v =9, R(1) 2 3.9+ 1.0
v =9, R(1) 3 7.7 + 1.5
v =10, R(1) 2 3.9+1.0
v =12, R(1) 2 3.9+ 1.0

aOverlapped by one or more lines.

Results and Discussion

The present data for H o are in substantial agreement with those of Glass-
Maujean et al. 3 for v =7, 8, and 9; however, we were not able to confirm the
small upturn in the linewidth for v = 10 and 11 because of poor statistics in this
wavelength region. As in the case of H 9° the D2 data show that the calculations
of Fiquet-Fayard and Gallais4 using an RKR potential for the B' state greatly
overestimate the drop in linewidth as a function of vibrational quantum number.
The B' potential of T ulienne5 was a considerable improvement as a result of its

increased accuracy in the repulsive wall region. The next step in the calcula-

‘tions would be to use the recent Born-Oppenheimer potentials of Kolos and
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co-workers, 6.7 corrected for the effects of nuclear motion (adiabatic corrections)
and for the interaction with other electronic states (non-adiabatic corrections). '
Jungen and A'cabek10 have shown that multichannel quantum defect theory (MQDT)
obviates the need to calculate these corrections explicitly, and Jungen and

Dill11 recently extended MQDT to include the effects of rotational and vibrational
autoionization and obtained excellent agreement with our H 9 photoionization data.
The further extension of MRDT to include the effects of predissociation is now

of great interest, especially with the possibility of an additional predissociation

1

~1 +
pathway through interaction with the B"B Zu state at large internuclear

distances.
The B"B state is itself effectively predissociated by the B' state through

a homogeneous interaction. Very little autoionization is observed corresponding

. HD, and D,, indicating that predissociatio: is at

to the B"B absorption in.I-Iz 2 e
least 1 to 2 orders of magnitude faster than autoionization. ™’ We felt that a
comparison of the linewidths of the D state and the B"B state near the region of
the curve crossing might offer some insight into the consequences of an inter-
action between these two states. The present resolution of 0.016 Z. {which
corresponds to 2.5 cm-1 at 800 ?\) easily allows determination of linewidths as
small as 3 to 4 cm_l, and is sufficient to observe broadening of the J =1 and 2
rotational levels of the B"B, v = 7, 8, and 9 vibrational levels, which lie close

to the D, v = 9, 10, and 11 vibrational levels, respectively. Figure 1 shows
the spectra of ionization and transmitted light in the region of the D, v = 9

and B"B, v = 7 states. The latter assignments are based on the recent MQDT
calculations of Jungen and Atabek. 1 The widths of the J = 1 and 2 levels of
the B"B , v =7 state (which correspond to the upper levels of the R(0) and

R(1) transitions, respectively) are nearly identical, which is consistent with a
homogeneous perturbation,14 and are equal to approximately 4 cm-l. The width
of the J = 2 level of the D, v = 9 state is 9.0 to 9.4 cm-1 (see Table 1); however,
it is not possible to determine the corresponding width of the J = 1 level from

the present data because of interference from an overlapping absorption line

as well as from an emission line in the He continuum light source. We may

estimate the linewidth to be about 3 cm-l from the pure precession model, which
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FIG. 1.--Spectra of transmitted
light and ionization for ordinary
H2 (the ortho-para equilibrium

© Rl ay RO Rl mixture) at 78°K taken at a wave-
-]

] length resolution of 0.016 A.

3pr M, v=2 apa 'E}, v=7

()] (8"B)

)

TRANSMITTED LIGHT
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u g
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mental resolution.
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predicts that the width should scale as J(J + 1). Thus, the widths and the
resulting predissociation rates k (where k = 2ncl') are nearly equal for the

J =1 level of the D, v = 9 and B"E, v = 7 states, and as a consequence, a
small admixture of the B"B , v = 7 state in the D, v = 8 state wave function is
not expected to have much effect on the predissociation rate of the latter state.
A similar mixing of the states for the J = 2 levels could actually reduce the pre-
dissociation rate of the D, v = 9 state, since the B"B , v = 7 state linewidth is
only about one half that of the D, v = 9 state. The relative predissociation
rates of the D and B"B states would have to be reversed at the point of the
curve crossing in order for this mechanism to explain the upturn in the line-
widths for the J = 2 levels of the D state observed by Glass-Maujean et al.;
however, the present data do not support this reversal. We observe the R(0)
transitions for the B"B , v = 8 and 9 vibrational levels at 772. 57 .Z and 766. 48 2\
respectively. 15 (The B"B . v = 9R(0) level was originally assigned 8pg, v = 4
R(0), Ref. 16, but has been reassigned on the basis of more recent MQDT cal-

culations.) In both cases the J =1 linewidth is approximately equal to that
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observed for the v = 7 vibrational level. The J = 2 levels are either not observed

or are badly overlapped with another state; however, they should have the same

linewidth as the J = 1 levels, since the presidssociation is homogeneous.
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OSCILLATOR-STRENGTH DISTRIBUTIONS FOR OXYGEN, CARBON DIOXIDE,
WATER, METHYL CHLORIDE, AND CARBON TETRACHLORIDE

James C. Person and Paul P, Nicole

New measurements of photoabsorption give oscillator-strength values for
the following gases and energy regions: O_, 7,34 to 11.79 eV; CO,, 7.34 to
11.77 eV; HZ0, 6.62 to 11.80 eV; CH4CL,” 6.14 to 11.25 eV; and CCl4. 6.14
to 11.49 eV. Comparisons are made with some values from the literature.

As part of a program to determine accurate oscillator-strength distribu-
tions we are measuring the absorption cross section o over a wide range of photon
energy E. We recently improved our apparatus for measuring o at low eflergies,
and we have used the apparatus for measurements in the energy range from
5to 11.8 eV for a number of cases. We are now in the process of improving the
computer programs that process the data so as to incorporate additional cor-
rections. This report presents preliminary data on oxygen, carbon dioxide,
water vapor, methyl chloride, and carbon tetrachioride; our data are compared
with representative data from the literature.

The apparatus has been described previously; 1 it consists of a hydrogen
lamp, a McPherson Model 225 monochromator, an absorption cell with LiF windows
and a split-beam detector system. Unless stated otherwise, the data were taken
using a bandpass of 0.09 nm (FWHM). Gas pressures were measured with cap-
acitive manometers manufactured by MKS Instruments: a Baratron Type 77H-1
was used for pressures below 1.1 torr, and a new Baratron Type 310 BH-1000
was used at higher pressures. The split-beam system uses photomultiplier
detectors, and o is determined from the transmitted light flux FT and the inci-
dent light flux FI by the Beer-Lambert egnation

o= ln[FTOIFIO) I(FTn/FIn) 1/(nL) ,

where L is the cell length (8.486 cm), and the subscripts 0 and n refer to mea-
surements with the cell emptﬁf and with a gas density of n, respectively. The
differential oscillator strength, df/dE, in units of (1/eV) is then found by
multiplying the o values (iﬁ Mb unils) by 0.0091116.
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The df/dE values we present in this report are representative of a larger
mass of recent data, and we are still developing the computer programs to apply
corrections. The data presented here are not in final form in respect to energy
scale corrections, corrections for thermal transpiration, and corrections for the
effects of light that make three passes through the cell by being reflected at the
windows. In addition, the scattered-light corrections are preliminary, the pres-
sure gauges have not been calibrated, and the gas purity has not been independ-
ently verified. Also, we have not yet averaged o values taken at different gas
densities, or even verified that the Beer-Lambert equation is justified. The data
are presented from scans at only two or three different gas densities, and the
range of gas densities may not be large enough to provide accurate values in the
peaks and valleys of the absorption spectra.

Figure 1 shows a comparison of our new data for oxygen with the relative
df/dE values derived from the electron energy-loss (EEL) experiments of Huebner
et al.2 The EEL values were renormalized by multiplication by 1.02, and the fit

of the Schumann-Runge continuum in the 7 to 9 eV region is remarkably close.
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FIG., 1.--Oscillator-strength distribution for oxygen. The breken line shows
data from Ref. 2 after multiplication by 1.02.
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The four small peaks that are superimposed on the continuum in the EEL data at
8.14, 8.37, 8.61, and 8.84 eV are not present in our results; this indicates that
these peaks result from optically-forbidden transitions, which is consistent with
their assignment as the v =0 to 3 of the (3sog) 3T[g Rydberg state. *~ The

shape of the continuum is a matter of some dispute, and the region between 8.7
and 9.0 eV is smoother in our data than in the optical data given by Watanabe,

or the EEL data of Geiger and Schréder. 5 Cartwright et al.6 have discussed how
the continuum is composed of several overlapping transitions, and Figure 1 shows
that the shoulder near 9.15 eV shows a different behavior in the EEL data. Thus,
the transition responsible for this shoulder has a shape for the generalized
oscillator strength at low momentum transfer that is different from that of the
532; state responsible for the bulk of the absorption in the Schumann-Runge
continuum. At energies above 9.8 eV we see more differences between our data
and the EEL data. Our data in this region were taken with a bandpass of 0.044
nm, and this may not be narrow enough to avoid errors on sharp peaks, but
many of the differences in relative peak areas between our data and the EEL data
must be related to the different transitions having different shapes of the gen-
eralized oscillator strength at low momentum transfer.

In Figures 2 and 3 we compare our results for CO2 with those reported
by Nakata, Watanabe, and Matsunaga. 7 On the sharp peaks and valleys shown in
Fig{.lre 2, our bandpass of 0.09 nm is not narrow enough to avoid errors, but our
data in Figure 3, taken with a resolution of 0.044 nm, closely match the data of
Nakata et al., 7 which were taken with an even narrower bandpass. Some of the
discrepancies in the match of the energy scale between our data and those of
Nakata et al. are the result of small errors in our new device for deplotting, the
Bit Pad, manufactured by Summagraphics Corporation. Most of the points have
a position error of 0.05 cm or less in comparison with the original figures, and
this corresponds to a wavelength error of about 0.05 nm (or any energy error
of 0.002 to 0.006 eV) and an error of about 3% in df/dE (the original data7 are

on semi-log plots). We do find two peaks at 11.53 and 11. 55 eV, where Nakata

et al. 7 report one broad peak at 11.53 eV.
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FIG. 2.--Oscillator-strength distribution for carbon dioxide at low energies
The broken line shows data from Ref. 7.
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FIG. 3.--Oscillator-strength distribution for €0 at higher energies. The
broken line shows data from Ref. 7.
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We do not find such good agreement on the magnitude of df/dE with the
data of Watanabe, Zelikoff, and Inn8 for the case of water vapor. Figure 4 shows
that our data are consistently higher, especially for the data below 9.9 eV; at
higher energies the valleys agree fairly well, but our peaks are higher. Also, we
see a peak at 11.29 eV that is not in the data of Watanabe et al.; 8 however, this
peak is present in the data of Glrtier, Saile, and l<.och9 and Wang et al.l"

Figure 5 shows the better agreement with the data of Laufer and McNesby.1
although their bandpass of 0.66 nm (0.03-0.05 eV) prevented them from resolv-
ing the structure of the 9.7 eV band, and it may have caused some error in their
df /dE values for this band. Our bandpass of 0.09 nm may not be sufficiently
narrow to avoid errors on the sharp features above 10 eV, but our peak values
agree fairly well with the high resolution data of G'ﬁrtler, Saile and Koch. 9 This
well-resolved spectrumg was obtained using synchrotron light as a source. As
shown in Figure 5, their data show greater absorption in the valleys than do
ours. Figure 6 shows a comparison of their data at higher energies with our
earlier data,12 and here their data are lower than ours. The wide energy range
of the synchrotron light source makes it possible that second-order light is
present in the output of their monochromator, and this could make their df/dE
values low in the high-absorption region of 13 to 21 eV, and it would make their
values high for the low-absorption valleys in the 10 to 12 eV region. Figure 7
shows a combination of old and new data, and a comparison with the EEL data
obtained at the National Bureau of Standards. 13 For this comparison, the EEL
data are renormalized by multiplication by 1.10 in order to give a better fit at
lower energies. The comparison does not agree as well as for other gases; 1.2,12
the EEL data apparently have a background that increases as the energy increases.

We have also taken data for the molecules in the choromethane series, and
Figures 8 and 9 show two examples. Figure 8 shows a comparison of our data
for methyl chloride with that of Raymonda, Edwards, and Russell,M which we
deplotted using the Bit Pad. Our bandpass may be too wide, or the gas density
too high, to avoid errors in the region of sharp structure, and Raymonda et al.
find higher peak values. Otherwise, there is good agreement except for three
regions: (a) we find the intensity of the 7.76 eV peak larger; (b) Raymonda
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et al. find lower absorption in a region around 9 to 10 eV, and (c) our results
are larger for energies above 11 eV. For the 7.76-eV peak and the 9- to 10-eV
region, we agree better with the data reported earlier by the same group,

but the overall agreement is much better with the later data. 14 In Figure 9, we
show a comparison of our present data for E < 11.49 eV and our earlier data at

12

higher energies™ with the

a of Russell, Edwards, and Raymonda15 for carbon
tetrachloride and with EEL data of Huebner, Celotta, and Mielczarek. 16 In this
case, the agreement with the EEL data is within 15% over a wide range—indeed,
the shape of the EEL data for E < 13 eV agrees better than do the other optical
data. Part of the disagreement with the optical data may result from our errors
in deplotting their data15 from a wavelength axis, but a comparison of the data
for methyl chloride in that paper15 with their later data14 suggests that the

data in Ref. 15 are not corrected for a drifting baseline. Further comparisons

will be made after we have completed corrections on our data.
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SELF-CONSISTENCY AND SUM-RULE TESTS IN THE KRAMERS-KRONIG
ANALYSIS OF OPTICAL DATA: APPLICATIONS TO ALUMINUM*

k%
E. Shiles,+ Taizo Sasaki,* Mitio Inokuti, and D. Y. Smith

An iterative, self-consistent procedure for the Kramers-Kronig analysis
of data from refiectance, ellipsometric, transmission, and electron energy-loss
measurements is presented. This procedure has been developed for practical
dispersion analysis since experimentally no single optical function can be readily
measured over the entire range of frequencies as required by the Kramers-
Kronig relations. The present technique is applied to metallic aluminum as an
example. The results are then examined for internal consistency and for system-
atic errors by various optical sum rules. The latter provide tests of agreement
with both theoretical constraints and independently measured properties such
as electron density, dc conductivity and stopping power. The present procedure
affords a systematic means of preparing a self-consistent set of optical functions,
provided some optical or energy-loss data are available in all important spectral
regions. _The analysis of aluminum discloses that currently available data exhibit
an excess oscillator strength, apparently in the vicinity of the L. edge. A pos-
sible explanation is a systematic experimental error in the absorption-coefficient
measurements resulting from surface layers—oxides present in thin-film trans-
mission samples. A revised set of optical functions has been prepared by an
ad hoc reduction of the reported absorption coefficient above the L edge by 14%.
These revised data lead to a total oscillator strength consistent with the known
electron density and are in agreement with dc conductivity and stopping-power
measurements, as well as with absorption coefficients inferred from the cross

sections of neighboring elements in the periodic table. The optical functions

*
Abstract of a paper to appear in Phys. Rev. B.

¥ Solid State Science Division, ANL. Present address: IIT Research Institute,
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resulting from this study provide evidence for. both the redistribution of
oscillator strength between energy levels and the effects on real transitions of |

the shielding of conduction electrons by virtual processes in the core states.
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AN ANGLE RESOLVED PHOTOELECTRON SPECTROMETER FOR STUDIES OF
ATOMS AND MOLECULES USING SYNCHROTRON RADIATION*

A. C. Parr,+ R. Stockbauer,TB. E. Cole,TD. L. Ederer,-r
J. L. Dehmer, and J. B. Westt

The rapid growlth in the field of photoelectron spectroscopy over the
past few years means that this has become a standard technique, used in studies
of, for example, band structure in solids, molecular structure determinations
and electron correlation effects in atoms and molecules. Now that synchrotrcn
radiation has become more generally available, with the possibility of a contin-
uous photon energy range and a polarized source, variable wavelength photo-
electron angular and energy distribution measurements are also possible, adding
a wealth of information in the fields above. Compared with a line source such
as the He I resonance lamp, however, the intensity available at the exit slit
of a monochromator mounted on a synchrotron radiation source has generally
been one to two orders of magnitude lower. This deficiency has resulted in low
resolution spectra in general, usually adequate for atomic and solid state experi-
ments, but generally inadequate for molecular spectroscopy. The new high flux
normal incidence monochromator installed at the NBS Synchrotron Storage Ring,
SURF 1I, has sufficient intensity and resolution to permit vibrationally resolved
molecular spectra to be taken. The effects of autoionization and other resonances
in the ionization continuum of molecules on the vibrational intensity distributions
within the electronic bands can be studied. We describe here an electron spectro-
meter designed specifically for the SURF II monochromator, ! permitting measure-
‘ments of both photoelectron angular distributions and partial cross sections to be

made in the photon energy range 5 to 35 eV.

*
Summary of an article to appear in Nucl. Instrum. Methods.

+National Measurement Laboratory, National Bureau of Standards, Washington,
D.C. 20234.

:FDaresbury Laboratory, Science Research Council, Daresbury, Warrington WA4
4AD, England. ’
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The basis of the photoelectron spectrometer is two copper hemispheres
of 5 cm mean radius, with variable focal length lenses focussing the electron
source onto a virtual entrance slit and onto the channeltron detector after energy
analysis. This analyzer has been described fully e]sewhere.2 Figure 1 shows
the layout of the spectrometer in its vacuum chamber, which is shielded from
external magnetic fields by two layers of annealed u-metal near the chamber walls
inside the vacuum. The spectrometer rotates about an axis in the plane of
Figure 1 coincident with the light beam direction, and is driven externally by
a stepping motor. A 2 mm capillary tubing light guide is used to channel the
photons leaving the exit slit of the monochromator into the interaction zone.
Prior measurements indicated that there were negligible losses in photon intensity
by using this device and thus the geometric loss involved in having the inter-
action region of the electron spectrometer some distance from the exit slit of
the monochromator was avoided. The capillary was also found to have a neg~
ligible effect on the polarization of the light leaving the monochromator.

The use of a 1000 £/s closed cycle helium cryopump permitted a high
density gas jet in the interaction region, while still maintaining a vacuum of
2 x 10-4 torr in the chamber. All materials inside the chamber were compatible
with a clean vacuurh, and a base pressure of 2 x 10“8 torr was routinely obtained
without bakeout.

The polarization of the incoming ﬁght was measured by a three-mirror
polarizer similar in principle and reflection angles to the device described by
Horton et al.3 In the wavelength region of interest here, it has a rejection ratio
of approximation 20:1 against the component perpendicular to the reflecting
surface and is used as a polarization analyzer. This analyzer is shown in
Figure 1 and rotates with the electron spectrometer. A tungsten grid was
placed at its entrance to monitor the incoming photon flux. A tungsten plate
was placed at its exit to monitor the beam after the three reflections. The gold
coatings on the mirrors were connected to a +45 V battery to provide bias for
the tungsten diodes. The resulting currents were measured by vibrating

reed electrometers.
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FIG., 1.--Cross section drawing of electron energy analyzer and associated
mechanical components situated in the vacuum chamber. The main chamber has
an inside diameter of 34.3 cm and a height of 51.5 em. For clarity of pre-
sentation, not all the details of the devices are shown in this diagram.
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The experiment runs under computer control and is based on a CAMAC
system interfaced with an LSI-11 computer stationed in the CAMAC crate. The
computer drives the monochromator to the desired wavelength, then sets the
electron analyzer angle with respect to the E vector of the incident radiation.
The user chooses these initial parameters, as well as setting the voltage range
over which the electron spectrometer will scan. The electron pass ene
the analyzer is kept constant, and the voltage ramp is superimposed on a preset
retarding potential, thereby maintaining constant snergy resolution. A second
channel on the ramp generator {CAMAC power supply controller) is used to
control the focus potential on the entrance lens of the analyzer, which has to
be varied with incident electron kinetic energy. The computer program scans
the electron spectrometer repetitively over the voltage range selected by the
user, adding each scan to the previous one until a given maximum electron count
in any one voltage channel is reached. The data are then stored on a floppy
disc drive and plotted on an X-Y plotter; the analyzer is moved to the next
angular position and the scanning cycle repeated. The multiple scan technique
avoids the effects of long-term drifts in gas jet pressure, channeltron gain, etc.
The electron counts are referenced to the photon flux at each voltage using the
tungsten mesh photodiode. Through the voltage-frequency converter this signal
is fed to the input of one of the scaler channels, which inhibits the counting
process after a preset count is reached. The data ramp voltage, electron count,
photon intensity count, polarization analyzer reflected count, and time are then
stored and the spectrometer repositioned at the next angle. Typically each
voltage scan would take between 1 and 5 min, the total number of scans depend-
ing on sample cross section and photon intensity. The system also provides
facilities via a CAMAC module to interrupt the program in a controlled way,
giving the user a choice of continuing the present run, terminating it and stor-

ing the data, or abandoning the present run.
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WAVELENGTH AND VIBRATIONAL-STATE DEPENDENCE OF PHOTOELECTRON
ANGULAR DISTRIBUTIONS. RESONANCE EFFECTS IN 50 PHOTOIONIZATION

OoF co*

B. E. Cole,+ D. L. Ederer,+ nger Stockbauer,1L Keith Codling,
Albert C. Parr,*j. B. West,* E. D. Poliakoff, and J. L. Dehmer

The dynamics of molecular photoionization have recently been shown
to vary rapidly with internuclear separation in the presence of a shape resonance.
In a prototype calculation1 on the 3og photoionization channel of N 2" the 9,
resonance shifted by > 10 eV and exhibited large, asymmetric variations in
intensity and width over a range in R spanning the ground vibrational state of
N 2° This leads to a breakdown in the Franck-Condon (FC) separation and was
predicted1 to cause non-FC vibrational intensities and v-dependent photoelectron
angular distributions. The effect of shape resonances on vibrational branching
ratios has been confirmed experimentally in connection with the analogous f-wave-
dominated ¢ resonances in the 5¢ channelz of CO and the 30_ channel of N 2
By contrast, the available dataq-9 on vibrationally-resolvedgphotoelectron angu-
lar distributions in shape-resonant channels is too fragmentary to establish the
pattern of the shape resonance effect. Here we report measurements of vibra-
tionally-resolved photoelectron angular distributions for the 5¢ channel in CO,
performed in the range 16 eV £ hv £ 26 eV utilizing synchretron radiation, in
order to establish the gross pattern of variation of the asymmetry parameter B
in the vicinity of the ¢ shape resonance at hv v 24 eV, 10-15 As discussed below,
unresolved autoionization structure, also capable of producing v-dependent B's
is also observed and partially masks the expected shape-resonance effect. Al-

though mainly a compilation in this particular study, detailed studies of resolved
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autoionization effects are of great importance and are being pursued separately.
The wavelength dependence of the R's for the first four vibrational
levels of CO2 X22+ is given in Figure 1. We note that the v = 0 curve is rather
flat and agrees, within combined stated errors, with the vibrationally-unresolved
data of Marr et al. 16 and the multiple-scattering calculations of W~"lace et al. 17
and that a systematic tendency to be slightly lower than the vibrationally-
unresolved data16 reflects the small admixture of the higher vibrational levels
which were resolved in this work. Also note the good agreement with the He I
data of Hancock and Samson7 for v=0and 1. In interpreting the gross patterns
in the data, we follow the discussion of the vibrational branching ratios in Ref. 2
by tentatively defining two spectral regions with different dominant effects.
Below v 21 eV, we presume the main vibrational effects are caused by unresolved
autoionization structure and th:-eshold effects associated with the B 22+ state
of CO+ at 19.7 eV (although sha} e resonance effects are also likely to extend
into this region). Above 21 eV, we assume18 the structure is caused mainly by
the shape resonance centzred at v 24 eV. 10-15 Focussing briefly on the "auto-
ionization" region below ~ 21 eV, we note that a broad dip occurs in R for each
vibrational level, with a successively deeper minimum centered at v 19 eV.

Although this is similar to the structure in the "shape resonance" region dis-

cussed below, it is significantly different in that this gross structure comprises

1
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A

unresolved series of autoionizing structures. Separate studies on a much finer
energy mesh are being pursued to study details of incividual autoionizing struc-
tures. Above n 21 eV, we believe the present eata are the first to map the pat-
tern of variation of v-dependent R's directly reflecting the effects of a shape
resonance. The following pattern emerges, as illustrated by the hand-drawn
dashed lines i:1 Figure 1: First, the v = 0 curve is relatively flat at 8 ~ 1. The
vibrationally unresolved da.ta16 (dominated by the v = 0 component) exhibit a
broad, shallow dip at ~ 28 to 30 eV, in agreemeni with theory. 17 Second, the

v =1 curve is substantially lower above 22 eV and exhibits a discernible minimum
at ~ 24 eV, the position of the shape resonance. Third, the v = 2 curve continues
the pattern of a deeper dip (note the ordinate scale change on the lower part of
Figure 1) centered at lower photon energy. Finally, the v =3 curve, although

of marginal statistical significatnce owing to the vanishingly small branching ratio,
appears to indicate a deeper plunge. We emphasize that our interpretation of

this pattern as a shape resonance effect is tentative, as we cannot definitely

rule out influence by weak autoionization structure in this spectral range.

{As noted in Ref. 2, a number of autoionizing structures have been observed18
throughout the 20 to 23 eV region; however, these are extremely weak, doubly~
excited features and are assumed not to significantly interfere with the dominant
one-electron character of the process discussed here.) However, the interpreta-
tion is plausible in view of related definitive work on vibrational branching ratios,
particularly Refs. 1 and 3, and qualitative agreement of the present results with
recent multiple-scattering model calculationslg further supports this interpre-

tation.
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MEASUREMENT OF THE EFFECTS OF SHAPE RESONANCES ON VIBRATIONAL
INTENSITY DISTRIBUTION IN MOLECULAR PHOTOIONIZATION*

R. Stockbauer,-rB. E. Cole,TD. L. Ederer,TI. B. West,*A. C. Parr,+

and J. L. Dehmer

We report striking non-Franck-Condon vibrational intensity distributions
associated with the shape resonance in the 5o photoionization channel of CO.
This example confirms the recent theoretical pred:iction1 that shape resonances
are very sensitive to internuclear separation, leading to different resonance

energies and profiles, and non-Franck-Condon intensities in alternative
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vibrational channels. Analogous effects are expected in connection with the
widespread occurrence of shape resonances in both inner- and outer-shell
molecular photoionization spectra.

The results are presented in Figure 1 as ratios of intensities of the
v=1, 2, and 3 levels of CO+ X22+ to that of the ground vibrational state of the
ion, as functions of incident photon energy. Immediately apparent in Figure 1
is that, aside from the structures at ~ 19.5 eV, attributable to unresolved auto-
ionization structure, the gross pattern of spectral variation of these ratios
strongly resembles tirat predicted1 for the analogous states in N 2" Specifically,
the (v =1)/(v = 0) curve shows an oscillation with a minimum at + 22.3 eV and
a peak-to-trough ratio of ~ 3. The (v =2)/(v =0) curves are less well defined
but clearly show successively greater enhancement at ~ 22 eV, relative to their
weak background levels. Accordingly, we interpret the present results as the
direct observation of the effects of shape resonances on vibrational intensity

distributions.

Reference
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SHAPE-RESONANCE-INDUCED NON-FRANCK-CONDON VIBRATIONAL
INTENSITIES IN 30g PHOTOIONIZATION OF N2

John B. West,TA. C. Parr,*B. E. Cole,*D. L. Ederer,:F

Roger Stockbauer,* and J. L. Dehmer

We report a broad pattern of non-Franck-Condon (FC) vibrational inten-
sities extending over v 25 eV of the 30g photoionization continuum of N 2 The
effect was recently predicted1 theoretically to arise from shape-resonance-induced
breakdown of the FC separation of electronic and nuclear motion. Here experi-
ment and theory are directly compared for the first time. Qualitative agreement
verifies the basic theoretical concept, yet significant quantitative differences
indicate the need for further work.

Branching ratios for the v =0, 1 levels of N; Xzz:; are given as a function
of photon energy in Figure 1. The present data are denoted by solid dots with
error bars indicative of the precision of the computer fit to the v =0, 1 peaks in
the experimental spectrum. The theoretical prediction1 is given by the solid
line. Other points of reference include the FCF = 9. 3%,2 which would apply if
nuclear and electronic motion were completely separable, and data (&) in the 16
to 23 eV region and at 40.8 eV taken by Gardner and Samson3 using laboratory
line sources.

The central message in Figure 1 is that, as predicted by theory, L the
vibrational branching ratio exhibits a gross oscillation relative to the FCF over
a broad « 30 eV spectral range. This verifies, by direct comparison between
experiment and theory, that shape resonances invalidate the Franck-Condon
separation and that the resulting vibrational effects can extend far beyond the

resonance half-width, ~ 5 eV in this case. Several secondary points also stand

out in Figure 1. First, the branching ratio exhibits a seemingly erratic behavior
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in the 16 to 26 eV region (several data points from Gardner and Samson3 are out
of the frame of Figure 1). We attribute this to effects of incompletely resolved
autoionizing states which are populated in this wavelength range. In this case,
autoionization effects ok scure the mapping of the shape resonance effect, but are
the primary focus of parallel studies performed on a much finer energy mesh.
Second, experiment and theory agree rather well in magnitude at the lower and
higher energies in Figure 1 and in the location of the maxima and minima; how-
ever, theoretical results overestimate the branching ratio by about a factor of
two at the maximum. Thus, while the qualitative basis for this effect has been

firmly established, future work is needed to achieve a quantitative theory.
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NUCLEAR-MOTION EFFECTS IN THE PHOTOIONIZATION OF CO2

J. R. Swanson,  D. Dill, ¥ and 7. L. Dehmer

A calculation of the photoionization cross section of CO 2 reveals that

the Ou shape resonance at approximation 19 eV, accessed by the 17rg and 4og

valence levels, is reduced and broadened by coupling to the ground state

vibrational motion. Off resonance the effect of nuclear motion is negligible.

Results are compared with experimental branching ratios.
Both fixed-R and R-averaged cross sections for the l'ng and 4og levels

are shown in Figures 1 and 2. For both levels the nonresonant channels are

“unaffected by averaging, while the resonant peak in the e:ou channel is reduced
and broadened. For 1'ng the effect of R-averaging leaves the resonance barely

discernible in the total cross section dominated by the non-resonant e:cSu channel.

For 40 the resonant cross section is reduced by 70%. In Figure 3 (top) we

compare our fixed-R results with the experimental branching ratios measured by
Gustaffson et al.1 Figure 3 {bottom) compares the same experimental results

with an R-averaged calculation. The theoretical cross sections have been multi-

plied by (1-0.16B), where B is the photoelectron asymmetry parameter, to account
for the experimental geometry. L We find that R-averaging has only a slight

effect on the lnu and 30u levels, since they do not access the resonant
continuum channel.

Although it is apparent that the vibrationally averaged results are in
substantially better agreement with experiment, it is equally apparent that a
discrepancy remains in the 4cu channel. There are several possible explanations
for this disparity. Calculations of analogous resonances in atoms show that
models, such as the Hartree-Slater or the MSM, which use a statistical exchange

approximation, yield cross sections which may be several times larger than those

*
Summary of a paper to be publsihed in J. Phys. B.
TDepartment of Chemistry, Boston University, Boston, MA 02215.

Consultant, RER Division.
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calculated with an exact treatment of exchange. 2 Another possibility is the
presence of strong interchannel coupling. The shape resonance would then be-
have as though it were a bound state imbedded in the continuum of another
channel and oscillator strength would be transferred to the other channel by
interelectron Coulomb interactions. A third possibility is that the vibrational
modes we have neglected play a larger role than suspected. Resolution of these
problems will be facilitated by experimental results on vibrationally-resolved
cross sections and photoelectron angular distributions. Vibrationally-resolved
(o]0 9 spectra have been calculated and will be reported elsewhere.

This work illustrates that nuclear motion cannot be neglected in the

vicinity of shape resonances. Their energy and width are sensitive to nuclear
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motion, because the potential barriers which support them depend cn the nuclear
configuration. On the other hand, regions of the spectrum not affected by shape
resonances can be realistically treated by calculations at the equilibrium nuclear

configuration.
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EFFECTS OF VIBRONIC INTERACTION AND AUTOIONIZATION ON THE
PHOTOELECTRON SPECTRUM OF NZO *

P. M. Dehmer, J. L. Dehmer, and W. A. Chupka+

Introduction

Recently, Frey et al. 1 reported the high resolution threshold photoelectron

spectra (TPES) of the X ZH and A 2):+ states of N O+. In contrast to the more

familiar fixed-wavelength photoelectron spectra (PZES) in which ejected photo-
electrons are energy analyzed using a dispersive analyzer, TPES uses a variable
wavelength photon source and detects only zero energy photoelectrons. The
TPES often show non-Franck-Condon intensity distributions as a result of auto-
ionization of intermediate neutral states that are nearly degenerate with the
molecular ion state to which they decay; in fact, Frey et al. observed very
intense peaks in the TPES of the X 2r[ state of N 2O+, corresponding to excita-
tion of one and two quanta of the bending mode. These transitions, which had
not been observed in earlier Hel 584 Z fixed~wavelength PES,2 are normally very
weak or abseént in linear-linear transitions. Symmetry selection rules forbid
the excitation of a single quantum of bending vibration, 3 although this mode

’

may be induced through vibronic coupling. In addition to the appearance of
the bending mode of the X 2II state, the TPES alsoc gave intensities for the sym-~
metric stretch in the X ZH and A 22+ states which are significantly different from
those observed in previous Hel PES. 2

In order to explore in more detail the occurrence of vreak bands correspond-
ing to excitation of the bending mode and the differences in relative intensities
in the Hel PES and the TPES of N ZO, we have measured Hel PES of N Z0 at a
spectrometer resolution of 12 to 16 meV, using both effusive and supersonic

(rotationally cooled) molecular beam sources.

*
Summarv of a paper to appear in J. Chem. Phys.

1-Department of Chemistry, Yale University, New Haven, Connecticut 06520.
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In order to help interpret the differences in the relative intensities in the

TPES and the Hel PES, we also measured the high resclution photoionization
+ +
mass spectra of N,,O and its fragments in the regions of the X "Tand A ZZ

convergence limits. The observation of autoionization structure that is nearly

degenerate with ionic convergence limiis helps to explain many of the observa-

tions.

Experimental N
Photoelectron Spectra
2 2_+ 2 2_+
Photoelectron spectra of the X "II, A £ , B'II, and C "¢ states of NZO

were measured at a resolution of 16 meV or better with a rotatable hemispherical
photoelectron spectrometer. The details of the analyzer and the hollow cathode
lamp used to produce the Hel 584 A ionizing radiation have been given pre-
viously. 6,7 In the present experiments, photoelectrons were sampled at 90°
relative to the incident light beam in order to maximize the counting rate. With
" 0.05 cm diameter entrance and exit apertures on the analyzer, and a photo-
electron analysis energy of 2 eV, the observed photoelectron resolution was

16 meV on atomic xXenon using an effusive molecular beam source. A portion of
the spectrum due to the X 21’[ state was measured at even higher resolution

(12 to 13 meV) in order to resolve the Renner-Teller splitting in the (0,1,0)
band. A supersonic molecular beam source was used for this measurement in

order to reduce both Doppler and rotational broadening in the target gas.

Photoionization Mass Spectra

Relative photoionization cross sections were measured in the wavelength
region of the X ZT[ vibrational convergence limits (965 Ato 940 A) for N O and
in the wavelength reg1on of A ZZ vibrational convergence limits (760 Ato
730 A) for N O NO , and O , using an ionization chamber that was cooled to
approx1mate1y 130°K. The wavelength resolution was 0. 07 A for the parent ion
and 0.14 A for ti.e fragment ions. The apparatus, which consisted of a He
continuum light source, a 3 m near-normal incidence monochromator, and a

quadrupole mass spectrometer for ion detection, has been described in detail

, 8
previously.
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Results and Discussion

The data for the X 2II state will be discussed here as an example of the

results of the present measurements. Figure 1 shows the photoelectron spectrum
of the X ZH state of N 2O+ taken at a resolution of 16 meV using an effusive
molecular beam source. Several features are evident that were not observed in
the lower resolution spectrum of Brundle and Turner,2 most notably the appear-
ance of the (0,2,0) band, corresponding to 2 quanta of bending. The present
assignments for the higher vibrations are revised slightly from the earlier work,
and are in accord with the N20+ A 22+ - X ZH emission studies of Callomon and
Creutzberg. S The asymmetric appearance of the (2,0,0) band is the result of
one of a number of weak impurity lines in the undispersed light source, in
this case the Hel 591.4117 3 line photoionizing the (0,0,0) level.

Figure 2 shows a portion of the spectrum taken at a resolution of 12 to
13 meV using a supersonic molecular beam source to reduce Doppler and rota-
tional broadening. The position of the (0,1,0), (0,2,0), and (1,0,0) levels
referenced to the (0,0,0) level were drawn on Figure 2 from the spectroscopic
data of Callomon and Creutzberg, 3 i.e., the lines were not forced to match the

observed structure. The weak features definitely correspond to three of the

Q
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components of the (0,1,0) level, which are labelec in Figure 2 with their vibronic

term symbols.

2 2 2

+ - . , -
The 21/2, A3/2, and 21/2 vibronic components are observed, and of

these, the Z‘i‘ /2 component is the most in;ense, almost 2ce::tainly because it gains
intensity as a result of a mixing of the X "I and the A "I electronic states.

In Table 1, the relative intensities from the present Hel PES are compared
with those from the TPES. (The TPES intensities for the X 2N and A I states
are obtained from Figures 1 and 2, respectively, of Ref. 1.) Each set of data
has been normalized on the (0,0,0) band. Two things are immediately apparent:
(1) the 22+ component of the (0,1,0) band is enormously enhanced in the TPES
and (2) the remaining bands, and in particular, the (1,0,0) and (2,0,0) bands
are all slightly more intense in the TPES than in the Hel PES. In a recent study
of photoionization processes in N 2O using both variable wavelength PES and
TPES, Baer et al. 10 determined that, in the energy region between the X ZII
and 22+ states, about 10% of the Rydberg state autoionization produces vibra-
tionally excited X 2II ions. The ejected electrons associated with this process,
which the authors termed resonant autoionization, have a distribution beaking at

zero energy and have a width of about 40 meV. The high-resolution photoionization
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Table 1. Comparison of intensities in the Hel PES and TPES for the N,0" X 2II

and A 2:* states.

State Band Relative intensities Ratio
(v,,v,,V,) Hel PES TPES?2
17 72" "3
X 2n (0,0,0) 100.0 100.0 1.00
2 +
(0,1,0) 21/2 0.3 11.8 42.1
2 2_-
(0,1,0) A3/2 21/2 0. 15
0,2,0° 2r 1.0 3.1 3.0
(1,0,0) 4.2 22.0 5.3
(0,0,1) 2.8 4.9 1.8
(2,0,0) 0.7)¢ 6.0 9.2
(1,0,1) 0.7
(3,0,0) 0.1
%Ref. 1.

bLower 211 components at 12.996 eV.
[e]
cOverlapped with Hel 591.4117 A on (0,0,0) band.

mass spectrum of N 2O+ in the energy region of the X 2II convergence limits
determined in the present work is shown in Figure 3 and reveals weak auto-
ionization structure not previously observed throughout the region. This
structure has not been identified, but is near several low-lying Rydberg states
converging to the A 2£+ state of N20+. 11 The most intense autoionizing peak
in this region is nearly coincident with the (0,1, 0) 22+ convergence limit,

and almost certainly accounts for the unusually large intensity in the TPES.
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THEORETICAL PREDICTION OF SHAPE-RESONAMNCE-ENHANCED NUCLEAR
MOTION EFFECTS IN MOLECULAR PHOTOIOUNIZATION*

J. L. Dehmer, D. D111,+ and Scott Wallace

Shape resonances in molecular photoionization are predict=d to induce

strong non-Franck-Condon effects over a spectral range several times broader

than the resonance half-width. This is manifested by large deviations from

Franck-Condon vibrational intensity distributions and strong dependence of
photoelectron angular distributions on the vibrational state of the residual ion.
These effects are illustrated for the 30g photoionization channel of N 2 in Figures
1 and 2, using the multiple-scattering model and the adiabatic nuclei approxima-
tion.

Of central importance in Figure 1 is the clear demonstration that resonance
positions, strengths, and widths are sensitive functions of R. In particular,
for larger separations, the effective potential acting on the £ = 3 components of

the o wave function is more attractive and the shape resonance shifts to lower

kinetic energy, becoming narrower and higher. Conversely, for lower values

of R, the resonance is pushed to higher kinetic energy and is weakened. This
indicates that nuclear motion exercises great leverage on the spectral behavior
of shape resonance, since small variations in R can significantly shift the deli-

cate balance between attractive (mainly Coulomb) and repulsive (mainly centrif-

ugal) forces which combine to form the barrier. In the present case, variations

in R corresponding to the ground state vibration in N 9 produce significant

resonant behavior over a spectral range several times the FWHM of the resonance

calculated at R = Re'

*

Summary of both a paper appearing in Phys. Rev. Letters 43, 1005 (1979) and

part of a paper presented at the XIth ICPEAC, Kyoto, Japan, Aug. 29-Sept. 5,
1979 [J. L. Dehmer and Dan Dill, Electronic and Atomic Collisions, N. Oda and

K. Takayanagi, Eds., North-Holland Publ. Co., Amsterdam, pp. 195-208

(1980) 1.
+Consu1tant, Radiological and Environmental Research Division. Permanent ad-
dress: Department of Chemistry, Boston University, Boston, MA 02215.

qECem:er for Materials Science and Engineering, M.1I.T., Cambridge, MA 02139.

64



o (Mb)
0 5 10 15 20
1 1 ]

|

T | | 1
0 10 20 30 40

KE (eV)

FIG. l.~-Cross sections 0 and asymmetry parameters B for photoionization of
the 30, (vi = 0)level of Nj. Top, fixed R (----) and R-averaged, vibrationally
unreso%ved (—)results, Bottom, results for resolved final-state vibrational

levels, vf = 0-2.

<+
o FIG., 2.--Vibrational state
- branching ratios o(vf)/o(vf =0)
/ > for photoiornization of the 3¢
g ‘\ level of N,. g
9 [a¥] ll \\ )
wol / \\ I:0
j ! ~
! \\~
- .. , ———
.. ;
. N // \\ 2 O
O = 7 e
N T T T T 1
0 10 20 30 40
KE (eV)

65



Effects of nuclear motion on individual vibrational levels are shown in
the bottom half of Figure 1. Looking first at the partial cross sections, we see
that the resonance position varies over a few volts depending on the final vibra-
tional state, and that higher levels are relatively more enhanced at their resonance

position than is vf = 0. This sensitivity to £ arises because transitions to

alternative final vibrational states preferentially sample different regions of R.

In particular, v_=1,2 sample successively smaller R, governed by the maximum

f
overlap with the ground vibrational state, causing the resonance in those vibra-

tional channels to peak at higher energy than that for vf = (0. The impact of
these effects on branching ratios is clearly seen in Figure 2, where the ratio of

the higher vf intensities to that of vf = 0 is plotted in the resonance region.

There we see the ratios are slightly above the FC ‘factors1 (9. 3%, vf =1; 0.6%,

vf = 2) at zero kinetic energy, go through a minimum just below the resonance

energy in vf
intensities peak, finally approaching the FC factors again at high kinetic energy.

=0, then increase to a maximum as individual Ve > 0 vibrational

Note the maximum enhancement over the FCF's is progressively more pronounced

for higher Ve i.e., 340% and 1300% for vf
Equally dramatic are the effects on B(vf) shown in the lower right-hand

=1,2, respectively.

portion of Figure 1. Especially at and below the resonance position, the B's
vary greatly for different final vibrational levels. The Ve = 0 curve agrees well
with the solid curve in the upper half, since the gross behavior of the viration-

ally unresolved electronic band will be governed by the R of the most intense

component.

Reference
1. D. L. Albritton, private communication.
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SHAPE-RESONANCE-ENHANCED VIBRATIONAL EXCITATION AT INTERMEDIATE
ENERGIES (10 to 40 eV) IN ELECTRON-MOLECULE SCATTERING*
¥

D. Dﬂ1,+]. Welch, J. L. Dehmer, and J. Siegel

The importance of shape resonances in the low energy portion (< 10 eV)
of the electron-molecule scattering spectrum is widely appreciated (see, for
example, Ref. 1). The m d-wave (2=2) resonance at 2.4 eV in e -N 2 scattering
is perhaps the most thoroughly studied example. 2,3 Such resonances stand out
clearly above the nonresonant background, have widths on the order of an eV,
and are usually dominated by a single asymptotic angular momentum, which im-
poses a well-defined angular distribution characteristic of that 2. Here we
emphasize a new class of shape resonances, falling in the intermediate-energy
range (10 to 40 eV), which have emerged in the course of our current survey
studies c;f electron-molecule scattering, using the multiple-scattering method
(MSM) .4'5 Compared with their low-energy counterparts, these resonances are
broader, are usually barely detectable in the elastic or total scattering cross
sections, and often are composed of significant contributions from several asymp-
totic angular momenta, whose mixture can vary significantly within the resonance.
These properties are consistent with the picture of a quasi-bound state lying
near the top of its centrifugal barrier. These weak resonances are, however,
very sensitive to changes in the molecular geometry and can, therefore, couple
significantly to nuclear motion. We have found that these features are thereby
enhanced in vibrational excitation and appear prominently, all the more so
because the ncnresonant background is negligible in the vibrationally inelastic
channels.

To illustrate these ideas, the spectrum for the excitation of the symmetric-

stretch vibrational mode in CO2 is shown in Figure 1. Here the "u resonance

%
Summary of a paper published in Phys. Rev. Lett. 43, 1236 (1979).

1-Consultant, Radiological and Environmental Research Division. Permanent ad-
dress: Dept. of Chemistry, Boston University, Boston, MA 02215.

*Departmen'c of Chemistry, Harvard University, Cambridge, MA 02138.
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CO,: (000) - (100) FIG. 1.--Cross section for excitation of
« the symmetric-stretch mode in CO; by
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~ taken from Ref. 6.
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is very strong, as it is in the vibrationally elastic spectrum, but in addition,

the og and Ou resonances stand out clearly as well. The Sg resonance does not
contribute appreciably since it is oriented perpendicular to the symmetric stretch
and therefore is coupled weakly to it. Tironc et al. 6 observe the strong 'ITu
induced excitation and two much weaker ard broader excitations at 11 eV and
29,5 eV, with no evidence of a third ( Gg) we2ak feature, thus confirming our

results.
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SPECTRAL VARIATION OF MOLECULAR PHOTOELECTRON ANGULAR DISTRI-

BUTIONS: VALENCE SHELLS OF N, AND CO *

Scott Wa]lace,-r Dan Diﬁl,q: and J. L. Dehmer

v

Angular distribution measurements probe the interference between
alternative angular momentum components of the wave function of electrons
ejected from a given subshell. Accurate description of these measurements
requires a detailed knowledge of the relative phases of these components. These
so~called phaseshifts measure the deviation of the molecular ion from a unit
positive point charge. The calculation of these phaseshifts req:ires a real-
istic description of the interaction of the photoelectron with the molecular core,
especially at short range where deviations from a pure Coulomb field are most
pronounced. When the resulting forces affect alternative angular momenta dif-
ferently, i.e., are anisotropic, then effects on the angular distribution will
be most pronounced. While the main sources of anisotropic forces in atoms
are many-electron interactions, anisotropic forces in molecules are considerable
even at the one-electron level, because while atoms are spherical, molecules
are not.

Photoelectron angular distributions have been calculated, with the
multiple-scattering methodl’2 for electrons ejected from the outer shells 2¢0 ,
l'rru, and 3crg of Nz, and 40, 1m, and 50 of CO from threshold to 10 rydberggs
electron kinetic energy. Results are given in Figure 1. Clear evidence of
the o f-wave (% = 3) shape resonance is seen in the 3og spectrum of N 2 and in
all three spectra of CO. Agreement with very recent wavelength-dependent
measurements made at the Bonn synchrotron by Marr and Holmes3 is generally
good, but more detailed measurements and further theoretical work are needed

to eliminate remaining discrepancies.

*
Summary of an article which appeared in J. Phys. B 12, L417 (1979).
+Center for Materials Science and Engineering, M.I.T., Cambridge, MA 02139,
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FIG. 1.~-The photoelectron asymmetry parameter 8 as a function of electron

kinetic energy for photoionization of the levels 208, lmy, and 3cg of N2, and

4o, lm, and 50 of CO; ——,calculation., Experimental values: +, Marr et al.;
O , Hancock and Sampson;4 ©, Morgenstern et al.5 and Niehaus and Ruf;6

A , Carlson and co-workers.’
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ANGULAR DISTRIBUTION OF MOLECULAR K-SHELL AUGER ELECTRONS:
SPECTROSCOPY OF PHOTOABSORPTION ANISOTROPY *

*%
D. Dill,TI. R. Swanson,:F S. Wallace, and J. L. Dehmer

Atomic K-shell vacancies are isotropic, and hence electrons emitted by
Auger decay of such vacancies have an isotropic angular distribution. B
Molecules are different, however, for two reasons. First, molecular photo-
absorption is highly anisotropic. both in the discrete, because excited states
have definite symmetries but generally different energies, and in the continuum,
where shape resonances can enhance photoabsorption along characteristic direc~
tions of the molecule.” - As a result, molecular photoabsorption produces
neutral molecular excited states with definite, characteristic orientations, and
shape-resonant photoionization produces molecular ions with energy-dependent
orientations characteristic of each resonance. Second, subsequent decay oi the
K-shell vacancy is a fast process compared to molecular rotation, so that the
orientation of the molecular excited state/ion will be reflected in the angular
distribution of the emtted Auger electrons. For example, in CO and N 2 there is
a very intense discrete absorption of m symmetry about 1 Ry below the K-shell
ionization threshold and a kroad o-symmetry shape resonance centered about

6,7,19, . ,
7.19.11 Thus photoabsorption to the m excited states

1 Ry above threshold.
preferentially creates excited molecules perpendicular to the electric vector of
the light while photoionization within the ¢ shape resonance yields molecular
ions preferentially parallel. The angular distribution of a particular Auger
electron wﬂl mirror these alternative orientations produced as one scans through
the photeoabsorption spectrum. Thus, molecular Auger-electron angular distri-

butions, as a function of photcexcitation energy, provide us with a spectroscopy

*
Summary of a paper submitted for publication.

T Consultant, Radiological and Environmental Research Division. Permanent ad-
dress: Department of Chemistry, Boston University, Boston, MA 42215,

Department of Chemistry, Boston University, Boston, MA 02215.
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of the anisotropy of molecular photoabsorption spectra, whereby they can be

decomposed into their component symmetries.
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CONNECTIONS BETWEEN MOLECULAR PHOTOIONIZATION AND ELECTRON-
MOLECULE SCATTERING WITH EMPHASIS ON SHAPE RESONANCES*

J. L. Dehmer and Dan Di]lf

Most of our detailed information on the spectroscopy and dynamics of the
electronic continuum of molecules is based on the complementary probes—
photoionization and electron scattering. Though usually studied separately,
it is most useful to appreciate the connections between these two processes
since our understanding of one is often the key to interpreting or even generat-
ing any new results in the other. We approach this subject in two steps. First,
we very briefly outline the well-established connections, e.g., the Bethe-Born
theory and comparisons of isoelectronic systems. Then we focus on a point of
contact—tfle role of shape resonances in molecular photoionization and electron-
molecule scattering—for which a substantial amount of new information has
become available. Specific topics include mapping of resonances from the
neutral (hv + molecule) to the negative ion (e + molecule) system, angular

distributions, and interaction with vibration.
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ELECTRON-POLAR MOLECULE SCATTERING AT INTERMEDIATE VALUES OF J:
A CLOSED-FORM TREATMENT*

Jon Siegel and C. W. Clarkf

The bulk of the total cross section for electron-polar molecule scattering
results from small angle scattering at large impact parameter, for which per-
turbative treatments (e.g., the first Born approximationl'z) or semiclassical
mechanicss’4 are acequate. Scattering into intermediate and large angles from
closer collisions; calculation of accurate differential and momentum-transfer
cross sections therefore requires that the short- and intermediate-range dynamics
be represented realistically in the context of an overall quantum mechanical cal-
culation (Siegel, Dill, and Dehmer, Ref. 5, to be referred to as SDD; Collins
and Norcross, Ref. 6, to be referred to as CN). As this analysis suggests, the
dipole scattering problem naturally subdivides, by geometry and dynamics, into
three parts: (1) the core region, where the multicenter molecular potential
determines the electron's motion; (2) the intermediate region,where the essentially
pure fixed dipole field is still strong enough to couple the electronic motion to
the molecular axis, and (3) the outermost region, where rotational dynamics
dominate as the electron can no longer follow the molecule's rotation. Clark7
took advantage of this quasi-separability in applying frame transformation theory8
to dipole scattering, but his final formulation still required propagation of a
large array of coupled differential equations through all three regions of space,
matching function and derivative at two boundaries.

Although the influence of the outermost region on the total cross section
is large, its effects on each individual partial wave is so small that it may be
neglected for partial waves which penetrate into the inner two regions (SDD,
CN). The effects of rotational dynamics on the higher-4% (and therefore non-
penetrating) partial waves, necessary to converge the forward-scattering cross

.9 . .
section, ~ may be taken into account analytlcally10 so that no solution need be

*
Excerpt from a letter published in J. Phys. B 13, L31 (1980).
1'Daresbury Laboratory, Daresbury, Warrington WA4 4AD, England.

75



propagated through the boundary between the outermost and intermediate regions.
By further exploiting centrifugal barrier effects, one can construct (SDD, CN)
an accurate hybrid S matrix in which the lowest-% partial waves are calculated
using a conventional body~-frame expansion including an explicit representation
of the molecular core; intermediate-f% partial waves, excluded from the core by
their centrifugal barriers, are calculated using a point-dipole potential; and the
highest-£ S matrix elements are obtained using the first Born appro:n:ima‘ationl'2
in which rotational dynamics are included explicitly. Here, we present results
of closed-form expressions for the S and K (reactance) matrices for fixed (i.e.,
body frame) point-dipole scattering, and show that these results are equivalent
to the close-coupling results for rotationally adiabatic scattering (e.g., E >0.2
eV for LiF), when transformed geometrically to the laboratory frame. Further-

more, the closed-form S and K matrices are energy-independent, and need be

calculated only once for application to the entire energy range for which the
scattering process is adiabatic with respect to rotation. We illustrate the ranges
of eguivalence of these various approaches through Figure 1, which depicts the
integrated cross section o;r=0+1 as a function of the total angular momentum J

for e-LiF scattering at 5.44 eV.

FIG. 1l.--Rotational cross
sections 0 g, for

e~LiF scattering at 5.44
eV: X, closed-form
treatment, J =2-33; g ,
body-frame close-coupling
molecular core potential,
J =0-17; © , laboratory
frame close coupling,
cut-off dipole potential,
J =0~-15;0, the first Born
approximation, J =0-33
although J =0-4fall off
scale. (The first three
Born cross sections are
19.7, 29.5, and 16.4 & 2,
respectively. The lower
value for J =0 reflects

the lack of zn f£+8-1
component. )

poaa g boave o bas e oo e Ve Ly
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J
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Since %=~ 7 for the j =0 ~+ 1 transition, the figure illustrates the validity
of treating separate ranges of ¢ by different approximations. By J ~ 25 to 30,
all approximations yield equivalent results. The Born results behave as
o:r (Born) « 1/(J +1) in the adiabatic range. This formula overestimates the
cross section as J decreases, reflecting the incipient violation of unitarity. For
J 25, the equivalence of the closed-form, laboratory-frame, close-coupling, and
body~-frame molecular core results demonstrates the validity of the adiabatic
approximation as well as the unimportance of the core region. Finally, the
differences in the results for J < 4 reflect differences in the approximate repre-
sentations of the core. Note that the few low-2 partial waves which penetrate
to the core region have profound impact on the differential and momentum-transfer
cross sections (SDD,CN), especially at large scatte ring angle 6.

In summary, we stress two points: (1) The plot of UI vs J brings out,
in a manner easily understood, how a given range of J may be associated with a
specific region of configuration space. Because the source of this effect is the
centrifugal barrier, the association is strongest for low j,j' (as in Figure 1), so
that 22 J: The adiabatic recoupling (Refs. 11 and CN) necessary to calculate
scattering from higher initial or final rotatonal states, where each J has con-
tributions from a larger range of 2, may obscure the association. Since many
phenomena of interest in electron collision studies (e.g., vibrational or electronic
excitation processes) occur in well-defined regions of configuration space,
similar plots may bring out the range of J where these phenomena have effect.
(2) Finally, the key point of this work is that the closed-form point-dipole method
provides extremely accurate S matrix elements for dipolar scattering, and should
become the method of choice in the applicable ranges of J and energy due to

the economy, accuracy, and physical insight which it brings to the problem.
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DIFFERENTIAL CROSS SECTIONS FOR e-LiF SCATTERING*

Jon Siegel, J. L. Dehmer, and Dan Dill "

Here we present differential cross sections (DCS's) for {vibrationally
and electronically) elastic electron-LiF scattering from 1 to 20 eV and compare
them to experiment and other theory. They were calculated using the hybrid
method described by Clark and Siegel.1 The lowest~ % partial waves, which
penetrate to the interior of the molecule, are calculated by a model which
includes an explicit representation of the molecular core potential. Inter-
mediate-{ partial waves, excluded from the core by their centrifugal barrier,
are calculated using a point-dipole model potential., Finally, the highest-2%
partial waves are calculated in the first Born approximation which includes
dynamic effects of molecular rotation.

Although similar in general strat:gy to the hybrid approach of Collins
and Norcross,2 the present calculation treated the low-£ and intermediate-2
ranges differently. For the former, where they used a single-center expansion
of the molecular core potential, we employed the multiple-scattering method *
(MSM), including the dipole potential5 in the outer sphere. For the latter,
where Collins and Norcross2 performed a laboratory-frame-close-coupling
calculation at each energy, we used the closed-form point-dipole method
detailed by Clark and Siegel.l This economical and accurate method yields an

energy-independent dipole scattering S matrix based on a single matrix

diagonalization.
At each energy, a body-frame hybrid S matrix was constructed of

MSM elements S; for £ and 2' g zmol , and closed-form elements for £ or

2'

, Where £ is a convergence parameter determined empirically. This

L' >
mol mol
matrix was transformed to the laboratory frame using, e.g., Eq. (3.15) of

. 2 s
Collins and Norcross, and, Ior transitions having Aj # 1, that portion of it

*
Summary of a paper to be published in J. Phys. B.

+Consu1tant, RER Division. Permanent address: Department of Chemistry,
Boston University, Boston, MA 02Z15.
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having J ng(jt;t) was used to calculate DCS's.S'7 For the j =0+ 1 transition,

this matrix was supplemented with elements calculated in the first Born approxi-
8.9 j(j?) , and then the closure formulae'lo was used( ];c; obtain
effective convergence to infinite J. Convergence of g'mol' and Ijj'
on the DCS and is discussed in detail in the full paper we are publishing in

mation up toJ

, was based

J. Phys. B.
Figure 1 shows the differential cross sections from 1 to 20 eV, plotted

as a surface. Note that no resonance structure interrupts the smooth spectral
variation of the DCS within this energy range. At the lowest energies, where
only s and possibly p waves penetrate to the core, the shape is Born-like al-
though the magnitude is much smaller (see Figure 2). At 3or 4 eV, the DCS
passes through a minimum and starts a slow rise, except at very small 6 (not
shown) where the monotonic decline from threshold continves. This rise, a
deviatigon from the k-2 behavior at lower energies, reflects the increasing effect
of the molecular core. Above 5 eV this effect is seen even more emphatically
in the structure at v~ 40° and ~ 100°: Both the shape and the angle at which
this structure appears confirm its non-dipolar origin. Thus, although only a
few partial waves penetrate to the molecular core, their effect on scattering
dynamics is significant at all except small angles. Both the DCS and the

X 11 . . .
momentum-transfer cross sections, = therefore, require a realistic core potential

for their accurate evaluation.

FIG. 1l.~-Differential cross
section spectrum for e-LiF
scattering from 1 to 20 eV.
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In Figure 2 we compare some of these results to experimem:12 at 5.44
and 20 eV as well as to the theoretical results of Collins and Norcross2 and the
first Born approximation. Note especially the good agreement with experiment,
as well as the failure of the Born approximation to reproduce the intermediate
and large angle behxvior of the j = 0 ~ 1 partial cross section at these low
energies.

In sv. r ary, the good agreement demonstrated here between cut results
and experime .t confirms the accuracy of the three models employed in this
study, as well as the suitability of the hybrid S matrix approach used to com-
bine them. The calculations are economically feasible, requiring only v 3
minutes /fenergy on an IBM 370/3033 computer from the core MSM calculation
through the total DCS. This allows the economical production of detailed

spectral surfaces such as Figure 1, which bring out subtle variation of the DCS

better than calculation at a small number of widely-spaced energies. In addi-
tion, use of the MSM for the molecular core means that a wide range of molecules,
of arbitrary symmetry and complexity, may be ireated. Extension of thi‘s work
to polyatomic molecules (e.g., HCN, KOH) and vibrational excitation (e.g., HCI),

plus a more detailed description of the LiT calculation, 1 will be reported else-

where.
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CLOSURE FORMULA FOR VIBRATIONAL EXCITATION IN ELECTRON-POLAR
MOLECULE SCATTERING

Jon Siegel, J. L. Dehmer, and Dan pin*

Application of the closure formula to electron-dipolar molecule scattering
is straightforward if the nuclei are frozen at R = R,. Here we apply it to
vibrationally inelastic scattering, focussing particularly on the R dependence of
exact and Born approximation T matrix elements. This R-dependence must be
the same for the two levels of approximation if the closure formula is to be

applied.

In our hybrid treatmentl_3 of electron-polar izolecule scattering, S-
matrix elements are combined from three sources: (1) Low-2 elements are cal-
culated in the body frame using a potential which incorporates the molecular
core interaction; 4.5 (2) intermediate-% elements are calculated in the body frame
using an exact formulation with a point-dipole potential; 1 and (3) high-4% elements
are obtained in the laboratory frame using the first Born approximation with a
point-dipole potential. 6.7 In the calculation of rotational transitions having
Aj =3§' - j= x1, elements from sources 1 and 2 are combined into a matrix which
is transformed geometrically8 into the laboratory frame before being combined
with the Born elements, source 3. In order to calculate converged cross sections

from this matrix, a closure formu1a1_3'7' 3,10 must be applied in the final step

of the calculation, due to the large number of partial waves (> several hundred)
which would otherwise be required for convergence.

Here we present the extension of the hybrid method to vibrational
excitation within the constraints of the adiabatic approximation, 1 with emphasis

on the validity of the closure formula. The S matrix in the vibrational adiabatic

approximation is given by

AL
S =f dev (R) Sn_n (R) xv'(R\ , (1)
f i'f i

*
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where Xv is the Hermite polynomial of order v; R is the internuclear distance
coordinate; and n represents all quantum numbers besides v necessary to specify
a particular (body- or laboratory-~frame) molecular state so that Sn n {R) may
represent an S-matrix element from any of the three sources just mier;tioned,
specified now as a function of internuclear distance R. In order to apply the
closure formula to vibrational excitation, it is necessary to establish that matrix
elements from all three sources share the same functional dependence on R.
Reference 1 established this connection between sources 1 and 2, and here we
will establish it between sources 2 and 3. To do this, we will first examine
matrix elements in the first Born approximation (in both laboratory and body
frames), whose dependence on the dipole moment is simple and analytic. Then,
using exact body-frame point dipole matrix elements obtained using the closed-
form point-dipole formulation, 1 we will show graphically that they approach the
Born elements for sufficiently high £, £' and thus share the same functional
dependence on the dipole moment and internuclear distance.

Assuming separability of rotational, vibrational, and electronic motion,

the complete molecular wave function in the Born approximation may be written

> >
(Born) > > > 1 dk-r " )
fom, ®FED = e T2, ®) Vi B (2)
> >
-lik-r
where (27) e is the electronic wave function,
_ -l
R R =R (R) (3)

is the rotational wave function, and the spherical harmonic ijj(R= OR’ ¢R) is
the rotational wave function for a linear molecule in a % electronic state.

-
Rand r represent internuclear and electronic coordinates, respectively; k

represents the momentum of the electron so that ]~:2 is its kinetic energy in

Rydberg units.
Using Eq. (2), the amplitude for dipole scattering in the first Born

approximation may be written
> > . -
F(ki.vi.ji,mji—r kf.vf.Jf,mjf)
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2m v . m V,,i..m, i
'f Jg 1,
vk = -2 R0 (5)
r

where D(R) is the molecular dipole moment in a.u. as a function of internuclear
distance, Pi is the first order Legendre polynomial, and cos-l(R . ?) is the angle
between internuclear and electronic axes.

Defining the usual coupled rotational basis functions

M , -~ -
% (R0 = }r; (am.gm (L) ¥y (Y, (R (8)
m,

]

7
gives for the scattering amplitude, in parallel with Itikawa,

H ->
" F(ki,vi;] 'mjl > kf vf'Jf'm f) 4/—

-4
.1 f _ , |
X E Z i (’Qfmj. mj 'mej 'Im.)
] zizf i f )i

gm, -—m, £

x(2.0,im, [Tm, ) (22, + ¥ ¥ (k)
1! ]i ]i 1 f ]f

xfdrjz (ker)i, (k) deXv (R) D(R) x,, (R)
f i f i

xieke P R e 1) [5,2) L (7)
i where 7
<szf[P (R- r) |]iz> [[der ™ (R,r)
£
- ™M A
XPl(R r)? i2 (R,r) . (8)
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Note that if D is independent of R and v, = Vi. then Eq. (7) reduces to

f
. 7 .
Eq. (A.3) of Itikawa,  as it should. We may take advantage of the parallel

with Itikawa' s Eq. (A.3) 1c immediately write the T-matrix element in the Born

approximation
Jvv'(Born) _
BYRTY 'de va(R) T(R) Xvi(R) . (9)
_ J{(Born)
TRY =Cjy jig PRY (10)

=]

J(Born) _ _ o e . |
Cigjrp =~ kK _/-d”zﬁ(kfr)’zi(kir)
0

* gl Py (R ) 52 5 (11)

Equation (10) shows that the T-matrix element depends linearly on the dipole
moment, and (9) confirms that the vibrational excitation is properly treated with
the adiabatic approximation [cf. Eq. (11)]. Matrix elements (9) comprise the
highest~2 part of the hybrid T matrix.

In order to use the closure formula to calculate vibrational excitation,
it is necessary to establish that, for sufficiently high 2 and &', the exact body

frame point dipole S or T matrix may be factored analogously to Eq. (10), i.e.,

that
m T, (D)~ Gy, D ,
%, 8w

where we have suppressed the R dependence implicit in the expressed dependence

(12)

on D. The closed-form point-dipole formulation1 allows straightforward calcula-
tion of the exact T matrix, but does not furnish a simple analytic formulation for
the individual elements because a matrix inversion must be performed during
their calculation. Therefore, to establish the relationship (12) we turn to the

Born approximation in the body frame.

Chandra13 has shown that, ior scattering from a fixed point dipole in

the Born approximation, the T matrix is given by
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A(Born) = J\(Born)D

Tow Con ' e
QB o ()P g ar(an v 1y (20 + 't
t
) Lo 1 L2 sin (2-2") /2 (14)
A A0 0o o o/ (L -

Because (13) clearly exhibits the desired factorization, it will be sufficient for
us to establish that the exact T matrix elements approach the Born elements for
high enough 2, %',

We show this graphically in Figure 1 for several values of A and D. The

quantity plotted is 022' /Cii,Bom), where [cf. Eq. (12)]
¢’ =T1* @ 15
u'_Tu'( Y/, (15)

and the exact matrix elements T; o (D) were obtained using the closed-form
point-dipole formulation. The most striking aspect of the graph is how close
the ratios are to unity, even for relatively low &: TI'he graph displays only the
limited range from 0.980 to 1.002. At low &, deviation from unity is greatest
for small A. As % increases, the effects of A become subordinate to the effects
of D so that by £ =25, the lines are grouped in threes by dipole moment. At

2 = 28, all values of A and D shown in the figure exhibit ratios close to or

greater than 0.998, with those for D = 0.5 and 1.0 a.u. being treater than 0.999.

8 _""T""jﬁ"'l"T'lr"‘)"
! FIG. 1.--The ratio Cygr/Cpse "™
as a function of 2 for L7 =4+1,
I A=0,5, 10 and D =0.5,1.0, and
2 { 2.0 a.u. Lines for A =0 enter
-E; o3 B from the bottom of the graph;
o lines for A =5and 10 start at
r %2 = 5and 10, respectively. With-
r in each A-triplet of lines, the
- highest represents D =G.5a.u.,
o+ \ underneath which are D =1.0and
S b dixA I e b e e b 2.0 in that order.
0 5 10 15 20 25
l
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In our calculations 1-3 of differential cross sections from hybrid T matrices, we
have found the ratios of 0.995 to 0. 998 are sufficient for large matrix elements,
with proportionately larger deviation being permissible for smaller (higher-12)
elements, which contribute less to the cross section.

Because Eq. (13) displays the same dependence on dipole moment {and
therefore on R) as Eq. (10), this confirms graphically that the body frame
vibrational matrix elements

T} =ct, fary, RDpm® x ®) . (16)

v, V! L9 v! v
after geometric transformation to the laboratory frame, will join smoothly to the
Born elements so long as the requirement of vibrational adiabaticity is met.
The closure formula which may then be applied is (cf. Ref. 10)
{Born)

do o]
vi,v'ii' _ _vi,vi' (Born) _
) - ZL:(AL AL)P, (cos 9) (17)
(Born) _ 4 2
dovj,v'j' 3 (fd R xv|(R) D(R) XV(R))
jA
> k' 2 2 -1
x Z+1) E— (k"+ k' - 2kk' cos 9) R (18)
RS USRS 1) Y (RS (19)
where the coefficients AL and AIEBorn) were calculated from the hybrid and

Born T matrices, respectively, using the general formalism of Blatt and

Biedenharn. 14,15

Proper application of this formula requires that the scattering be adi-
abatic with respect to vibration as well as rotation. Because vibrational spac-
ings may be as large as a few tenths of an eV, it cannot be used to as low
energies as the pure rotational closure formula. Deviations from adiabaticity
may be seen in the 5 to 10 eV range, and become much larger below 5 eV.
However, because of the extreme economy of the overall hybrid method as

described here (the intermediate~f# T matrix is energy-independent,1 requiring

calculation only once by a method which avoids all integration of radial equations

and requires only a single matrix inversion), we have found it useful 6 to
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extend our calculations as low as a few eV to investigate, e.g., gross features

in e~HX (X = halogen) vibrational excitation. While such calculations cannot pro-
vide a definitive treatment of, e.g., resonance mechanisms, they can be qualitatively
reliable and point the way for future calculations by more sophisticated methods

which take vibrational dynamics into account.
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VIBRATIONAL EXCITATION IN ELECTRON-DC! SCATTERING

*
Jon Siegel, J. L. Dehmer, and Dan Dill

Experimental measurements1 of low-energy, vibrationally elastic
(v =0+ 0) and inelastic (v =0+ 1,2) electron-HC! scattering show two prominent
features: (1) a sharp rise at each threshold, and (2) a broader peak starting
at v 3 eV above threshold. Several contradictory explanationsz' 3 of the threshold
feature have been suggested, although none has been confirmed by a full
ab initio calculation. Gianturco and Thompson3 have performed fixed-nuclei,
single-center calculations in the vicinity of the second feature which indicate
that it is a ¢ shape resonance, followed at slightly higher energy by a similar
resonance in the w channel.

We have initiated fixed-nuclei and adiabatic calculations of the e-HCl and
e-DCl systems, which will address both of these problems directly. To our
knowledge, this is the first calculation of electron impact vibrational excitation
of a polar molecule to incorporate simultaneously both short-range core and
longer-range dipolar vibrational effects. Qur calculations are performed in the
rotational4 and vibrational5 adiabatic approximation: 6 the use of DCI rather
than HC1 therefore allows calculation to substantially lower energy owing to its
smaller Be and W (Table 1). However, the results presented here should still
be regarded as somewhat schematic because of partial breakdown of the adi-
abatic approximation at the near-threshold energies involved. This paper is

a preliminary report of our results; the computational methods have been

detailed elsewhereé'5 and the full tabulation of the calculational conditions will

be postponed until the full report.

Eigenphase sums for the energy range 0.0l to 8 eV are shown in Figure 1.
These reflect body-frame dynamics only, and are restricted to partial waves
£ £7. The o channel shows evidence of activity at threshold, and again

starting at ~ 3 eV. However, in neither case could these slight rises be

*
Consultant, RER Division. Permanent address: Department of Chemistry,
Boston University, Boston, Mass. 02215.
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Table 1. Comparison of Spectroscopic Constants in HCI1 and DCl.7

B, cm-1 W, cm"1

e e
HC1 10.59 2989.74
DCI1 5.45 2090.78

FIG. l.--Electron-DCl scattering eigen-
phase sums from 0.0l to 8 eV. Note the
activity in the 0 channel threshold,

and again starting at v 3eV. However,

r 1 no true resonances are present.

6 (m radians)
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] n N
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5
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termed resonances in a strict sense. In contrast, Gianturco and Thompson's3
single-center result displays very suggestive evidence of a ¢ resonance
centered at v 2.7 eV (showing a sharp rise by ~ /2 in the eigenphase sum),
and indicates the presence of a m resonance as well. At the current stage of
our investigation, we do not have an explanation for the differences between the
two calculations.

In Figure 2 we present differential cross section (DCS) spectra at several
angles, comparing our calculation with the experimental data of Rohr et al. !
This comparison suggests strongly that both the threshold and higher-energy
features are modeled reasonably well by our model. The threshold rise is clearly
seen especially at 10° and 20°, while the later rise is seen at all angles. Further
investigation is planned into the nature of these two features as revealed by,
e.g., individual components of the eigenphase sums.

For the calculation of vibrational excitation, fixed-nuclei calculations

were performed at nine internuclear distances and the resulting S matrices were
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FIG. 2.--Differential cross section spectra for e~DC1 scattering, presented at

several angles as a function of energy.

mental results of Rohr et al.l
internuclear distance R = Re.

. 5
treated using the method detailed in the preceding report.

@ , this work;

+, from the experi-
Results calculated at the fixed equilibrium

At present, this

calculation has been performed at only one energy, 3 eV, chosen to permit the

comparison with published experimental results shown in Figure 3 for both

v=0-+0and 0~ 1 transitions.
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FIG. 3.--Vibrational DCS's for e-DCl scattering at 3 eV, showing rotational
transition from j = 0 and total. Solid line, this work; W , experimental
results of Rohr et al.l normalized at 90°, Figure 3a, vibrationally elastic
as calculated at fixed R = Re; Figure 3b, v =0 +1.

displays good agteement in basic shape, deviating slightly only in the ranges
about 40° and 120°, Agreement for the v =0~ 1 transition is good as well,
with both theory and experiment being essentially flat for all except very small
angles. The experimental data, which extend only to 6 = 30°, never display
the characteristic dipole-induced rise near 6= 0, while the theoretical points
seem to start increasing in value at 8 40°, where the experimental data remain
constant. We are pursuing the source of this discrepancy; however, the basic
good agreement indicates that our hybrid method, with the incorporation of
adiabatic vibrational excitation, can provide a realistic model of the dipocle

vibrational excitation process.
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HYBRID CALCULATION OF ELECTRON-POLAR MOLECULE SCATTERING:
INTEGRATED AND MOMENTUM-TRANSFER CROSS SECTIONS FOR LiF *

Jon Siegel, J. L. Dehmer, and Dan Dill-r

We describe in detail a hybrid method for calculation of electron-polar
molecule scattering in which (1) low-2% S-matrix elements are calculated in the
body frame using a potential which incorporates a realistic representation of the
molecular core; (2) intermediate-{ elements are calculated in the body frame
using an exact method with a point dipole potential; and (3) high-2 elements
are calculated in the laboratory frame using the first Born approximation with a
point dipole potentiél. By taking into account the dominant interactions of
each f-range when choosing the coordinate frame, potential, and calculational
method, this hybrid framework achieves an exceptionally high level of efficiency
and economy of calculation without sacrifice of accuracy. Using this method, we
have calculated integrated and momentum-transfer cross sections for e-LiF

scattering from 1 to 20 eV (differential cross sections have been reported

Se 3
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FIG. l.--Electron-LiF scattering FIG. 2,--Electron-LiF scattering mo-
integrated cross sections for rota- mentum-transfer cross sections.
ticnal transition from initial j =0 Notation and conditions as in Figure 1.

to indicated final j', plus total.

*
Abstract of a paper to be submitted for publication.
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elsewhere). The integrated cross section (Figure 1) is dominated '(> 99%)
by the j = 0+ 1 rotational transition, whereas the momentum transfer cross
section (Figure 2) is composed of comparable contributions from transitions to
final j' = 0 through 3, owing to its de~-emphasis of small-angle scattering.

Eigenphase sums show no sign of resonant activity in this energy range.
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ELECTRON SCATTERING FROM CsCl

*
Jon Siegel, J. L. Dehmer, and Dan Dill

Cesium chloride (CsCl) is a highly polar (D =4.09 a.u.)}, 1.2 72-electron
molecule whose electron scattering spectrum has been of great theoretical and
experimental interest, in part because its large dipole moment exceeds the so-
cailed "critical value" for binding of an electron. 3.4 However, no calculation ’
of e -CsCl scattering to date has incorporated the core potential in a realistic
manner. This potential, which must reflect the strongly attractive singulari-
ties due to nuclear charges of 55 (Cs) and 17 (Cl), as well as the repulsion
and exchange contributions of 72 electrons, will strongly influence the scatter-
ing at close range. In our hybrid method.s' 9 it is easily included by performing
multiple-scattering calculationsm_12 for the low-2% partial waves. In contrast,
the other hybrid method in current use5 relies on a single-center expansion of
the core potential, which might experience convergence difficulties with singu-
larities such as occur at the Cs nucleus.

We have commenced a spectral study of e-CsCl scattering, starting with
the energies 5 and 20 eV where comparison with experimental differential cross
sections13 is possible. We used the hybrid method given in Refs. 8 and 9,
under calculational conditions to be presented in our full report. L Differential
cross sections are presented in Figures 1 and 2.

At both energies, agreement is good over the entire angular range. At
5 eV (Figure 1), the calculated dip at ~ 120° is more pronounced than the
observed dip. This slight discrepancy persists, although to a much reduced
extent, at 20 eV (Figure 2). Note that, at the higher energy, both theory and
experiment display a shoulder near 30°. This is unusual behavior for dipolar
scattering, which is typically extremely smooth in this angular range.

The only significant disagreement with the experimental data concerns

the overall magnitude. The original data furnished to us by Vuskovic13 were

*
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FIG. 1.--Electron-CsCl scattering
differential cross section at 5 eV.
Rotational partial cross sections
from initial j = 0 to final

j' = 0-6 are shown, but not identi-
fied owing to their complex shapes.
Lower final j' dominates at small
6, and higher j' at large 8. The
uppermost solid line is the total
summed over j'. O , experimental
results of Vuskovic, normalized

at 30°.
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FIG, 2.--Electron-CsCl scattering
differential cross section at 20 eV.
Lines and symbols as in Figure 1.

in absolute units, having been normalized to the e-He cross section obtained

under similar conditions in the same apparatus. However, in order to achieve

the agreement shown in our figures, the absolute data had to be rescaled at

both energies. In general, the dipole (small 8) component of the differential

-1
cross section should behave as E ', as do our results. The absolute results

of Vuskovic, however, do not, leading us to believe that the difficulty lies

with the experimental normalization.
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ELECTRON SCATTERING FROM HCN

Jon Siegel, 7. L. Dehmer, and D. Dﬂl*

Using our recently-developed hybrid modell'2 of electron-polar molecule
scattering, we have calculated scattering of electrons from first-row diatomics
(LiF); 2.3 large, strongly polar systems (CsCl);4 and systems showing pro-
nounced vibrational effects (HC1, DCI]) .-5 The extension to HCN, for which
initial resuilts are reported here, marks both (1) the first such calculation on a
polyatomic molecule, and (2) the first such calculation on a strongly polar system
expected to display a characteristic shape resonance within a few eV of threshold.
This reéonance is related to the 2.4 eV = resonance6 in N 2 with which HCN is
isoelectronic. (Note that Gianturco and Thompson  calculated shape resonance
in e-HCI scattering, but this molecuie's dipole moment is so weak that no special
techniques had to be used to accommodate it.)

A detailed account of the hybrid calculational methodl'2 has already
been published; parametric details of the calculation will be given in our full
report. Figures 1 to 3 compare our differential cross section (DCS) results
with the experimental data of Srivastava et al. 8 at 3, 5, and 11.6 eV. At all
three energies the agreement in shape is generally good, demonstrating that
the core as well as the lenger-ranged dipole interactions are modeled well by
our hybrid treatment. The experimental data had to be renormalized to obtain
such good agreement, as did the CsCl data4 provided by the same group. At
this early stage of our investigation, we are not able to say where the source of
this discrepancy in magnitude lies.

The most significant part of this investigation concerns the expected
m-channe' shape resonance, whose study will require calculation on a much finer
energy mesh than is presented here. Such resonances are accompanied by a
sharp rise of v 7 radians in the eigenphase sum associated with their particular

channel; trial calculations by us, 9 for which the dipole potential was omitted

*
Consultant, RER Division. Permanent address: Department of Chemistry,
Boston University, Boston, Mass. 02215.
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FIG. l.--Differential cross section
3 ev for e~HCN scattering at 3 eV.
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8 Solid lines, rotational partial
o~ DCS's from initial j = 0 to final
= j' = 0-6 (unlabeled), and their
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3"‘ m » experimental data of Srvistava
.g et al.,® normalized at 90°.
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for economy, clearly showed such a rise in the 7 channel in the expected

energy range. The enhancement of the integrated cross section associated

with this resonance is expected to be ~ 10 to 25 2\2, far smaller than the "back-
ground" cross sections due to the HCN dipole moment. However, the dipole

cross section is restricted to small 8, while resonant scattering is not. Therefore,

we expect to see marked resonance effects in both the DCS and momentum-transfer

Cross section spectra.
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A PROPOSED TECHNIQUE FOR THE ABSOLUTE MEASUREMENT OF THRESHOLD
STRUCTURES IN THE TOTAL VIBRATIONAL EXCITATION CROSS SECTIONS
OF MOLECULES BY ELECTRON IMPACT

P. D. Burrow and D. Spence

Many recent electron-impact eXcitation experiments have revealed the
existence of sharp structures tens of meV wide or less, at the threshold for
excitation of vibrational levels of diatomic and polyatomic molecules,1 and at
the threshold for electron-impact excitation of electronic states of atoms and
molecules. 2 Measurements indicate that in the case of vibrational excitation,
these threshold structures cannot be explained solely on the basis of the mol-
ecular permanent dipole moment. Attempts have been made by Taylor et al. 3
to interpret HCI vibrational threshold structures on the basis of a resonance
model, and by Dube and Herzenberg4 from a consideration of virtual states.
However, the real physical mechanisms responsible for the observed threshold
structures remain unclear,5 and any additional inforration concerning such
structures is clearly of value.

In the case of most molecules studied to date, the physical reality of
these structures is in no doubt. However, in other molecules such as COz,
the widths of the observed structures are very narrow and there is some
question as to whether the observed structures may be of an instrumental nature.
This question arises because most observations of threshold structures have
been made by electrostatic analyzers, where instrumental transmission properties
for almost zero energy scattered electrons are notoriously difficult to character-
ize. One technique in which the "transmission" function remains constant down
to essentially zero energy (within the instrumental resolution) is the trapped
electron technique. 6 Unfortunately the resolution of the trapped electron tech-
nique is, in general, too poor (2 80 meV, typically) to observe very narrow
threshold structures.

However, it has recently been pointed out, and demonstrated,7 that
the measured ratio of two (or more) inelastic cross sections is totally independent

of instrumental resolution. Consequently, a measurement of the ratio of a
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cross section which peaks at threshold to one which decreases monotonically
towards threshold will show a rapid increase as the scattered electron energy
approaches zero from above. Spence7 has recently demonstrated the existence
of a sharp structure of width < 1 meV in He 218 cross section by a measurement
of the 1S /3S ratio, even though the instrumental resolution was more than 100
times larger than the width of the structure. We propose that sharp structures
in vibrational excitation cross sections be measured by this technique by making
such measurements in a mixture of the gas in question and molecular hydrogen.

The v =1 level of H2, at v 0,52 eV is sufficiently far removed from vibrational

levels of most other molecules for this measurement to be feasible. Moreover,
the cross section for electron-impact excitation of the v =1 level of H 9 is known
to decrease monotonically towards threshold from above, and the slope of the
cross section is known absolutely.8 Consequently, it should be a relatively
straightforward procedure to determine the magnitude of threshold structures

in other gases on an absolute basis. The best resolution available to the trapped
electron technique (v 80 meV) 9 is sufficient to fully resolve the H2 v =1 level

from at least the first vibrational level of all other gases.
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TECHNIQUE TO ENHANCE AND-SEPARATE NEGATIVE IONS FROM NEUTRAL
AUTOIONIZING FEATURES IN SCATTERED ELECTRON SPECTRA IN THE
IONIZATION CONTINUUM: APPLICATION TO NEGATIVE IONS IN NEON *

David Spence

Identification of autoionizing states in scattered electron, positive ion,
and unresolved photoemission spectra following electron-impact excitation is
often hindered by additional structures caused by the decay of Feshbach reso-
nances (negative ions) associated with those autoionizing states. We describe a
technique whereby negative ion structures in scattered electron spectra may be
enhanced and energetically separated from structures caused by neutral auto-
ionizing states, providing for an unambiguous identification. We apply this
technique to negative ion states in Ne in the energy region 40 to 50 eV, where
we locate 11 negative ion resonances. From a systematic study of possible
neutral parent states, electron configurations are assigned to the 12 known
resonances in this energy region. Our assignments are in good agreement with

previous identifications, where comparisons can be made with other techniques.

Table 1. Comparison of Ne- energies In eV, obtained in present experiments, with previous data

Present Sanche and Wilden et al.2 Roy et al,3 Bolduc et al .4 velllette and Mean
experiment Schulz! Marchand S value
4213 41 .98 42,10 42,11 42.08
43,09 43.05 43.07 43,12 43.0 43.06
43.71 43,67 43,68 43.67 43.72 43.69
44 .00 44,04 44.06 44,10 44,05
44,37 44,35 44 .40 44 .36 44,37
45,15 45.18 45.18 45.18 45,17
45 .42 45.43 45.47 45.39 45 .41 45 .42
46,59 45.58 46.50 46.39 46,52
46,89 46.86 46,90 46.88
47 .61 47 .58 47 .60 47 .60
48.00 48.00

49,06 49,03 49,05 49,02 49 .04

*
Summary of a paper to appear in J. Phys. B: Atom. Molec. Phys.
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Table 2, Comparison of electron configurations of N_~ resonances from present and previous experiments.
‘Where there is agreement between different” experiments, the configurations are underlined.
The rosonance energies listed are the mean values from Table I.

Resonance Resonance Configurations

energy, ev Present Wilden et al, 2 Roy et al. 3 Sanche and Schulz 1+
42,08 28’20t Crastap 252204 Cr3s?3p 252204 Cp13s?3p(p) 2s22p1%p) 342
43.06 2520529382 %9) 202p°(%9) 35 %5) 2520%%5)35%(%s) 2520°(%8)3s
43.69 2s2p°(g)3s3 2520°C9)3x3p 2520° 35)353p(%p) 2a2p%®s)3s
44.05 28%2p*(%p)383p° 2s2p° 3s3p 2522p4 Cr)3s302 Cg)
"3 25%2p4 3 ) 383p° 2s%2p*Cr13s30% (D) 2s%2p% 3s3p
45.17 252204 (A D)as?3p 2s%2p* (1 D)3s? 2s2p%32(%s)
45.42 282p°(Cg)3p° 25208 (%)3p2 252204 n)3s23p(%p)
46.52 2825551482 2520% 90452 Cs) 25205 Co)as’Cy)
46.98 2s20%(%5)4s4p
47.60 252p8(%s)5855
48.00 25208 (s)6s6p
49.04 2s%2p4({g)3s®3p 2s22p4(*9)3s%3p(%p)

1Probable parent state configuration only.

The results of our measurements are tabulated in Tables 1 and 2, together with
comparisons with energies and electron configurations of various Ne states
obtained by previous workers. Figure 1 is an energy level diagram showing
Ne~™ states obtained in the present experiments, together with the energy

levels of their probable parent autoionizing state.

Reference
1. L. Sanche and G. J. Schulz, Phys. Rev. A 5, 1672 (1972).
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COMPARISON OF ENERGY LEVELS OF AUTOIONIZING STATES OF Ne
OBTAINED BY NEAR-THRESHOLD ELECTRON-IMPACT TECHNIQUES*

D. Spence

Studies of autoionizing states of Ne by near-threshold electron impact
have included the scattered electron measurements of Grissom et al.1 and
Spence,z' 3 electroionization measurements of Bolduc et al. ,4'5 broadband photon
measurements of Veillette and Marchand, 6 and ejected electron spectra of
Sharp et al.7 and Wilden et al. 8 However, when a comparison of the energy
location of autoionizing states is made, as shown in Figure 1, it is clear that
the discrepancies among the various experiments is often welloutside the quoted
experimental error of 0.05 eV. Some of these near-threshold electron-impact
measurements have given autoionizing state energies and identifications which
may be in doubt for the following reasons.

Sharp et al. 7 suggested that electroionization measurements and broad-
band photon measurements may be subject to postcollision interaction (PCI)
effects (Read, 3,10 and references therein), yielding incorrect energies in some
cases. Additionally, Wilden et al. 8 suggested that these same spectra may
also be contaminated by unidentified Feshbach (negative ion) resonances.
Spence3 has recently confirmed that the former suggestion is indeed correct
for electroionization measurements. In the present report, we demonstrate that
the latter suggestion of Wilden et al. 8 is true for broadband photon measurements,

but not for electroionization measurements. Furthermore, we demonstrate that

T T T T T T 1 T T T T
AUTOIONIZING STATE ENGRGIES Ne
MARM'ET I Pl |11 I I FIG. l.--Comparison of energy
MARce:i:ND [ | W rre levels of autoionizing states in

ool Ne obtained by different threshold
others | I ! | I and near-threshold electron-impact
SPENCE | Lo el techniques, showing large dis-
55‘.!‘." | 1l crepancies among the various

l ] 1 : l l | | ' | techniques. (ANL neg. 149-80-24)

4 43 45 47 4 3]

ENERGY (aV)

*
Synopsis of part of a paper submitted for publication.
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broadband photon measurements are unaffected by PCI. The threshold scattered
electron measurements of Grissom et al. 1 are, of course, als¢ subject to PCI
effects, and we show that thelr spectra exhibit only neutral autoionizing states

and not a superposition of neutral- and negative-ion states as the authors believed.

1. Broadband Photon Spectra

Comparison of Energy Levels
The suggestion by Wilden et al. 8 that broadband photon spectra may

contain negative-ion structures arose from their observation that some structures
in the data of Veillette and Marchand6 occurred near energies of know Feshbach
resonances. A detailed comparison of such energy levels is now possible fol-
lowing several recent experiments which have accurately located many Feshbach
resonances in the autolonization region. 1 The results of this comparison are
shown in Figure 2 where the center column lists the energies of structures oo-
served by Veillette and Marchands in broadband photon spectra. Where they had,
in fact, identified Feshbach resonances as such, we have indicated these levels
by the zero above the level. In the right-hand columnwe show the energy levels
of Feshbach resonances known to exist in this energy region. We have used the
mean values of several authors as tabulated by Spence. 11 OCne should note that
the energy differences between the six different sets of data tabulated by
Spence11 rarely exceeded 0.025 eV. In theleft-hand column of Figure 2, we
have listed all the known reliable energy levels of autoionizing states compiled
from the many different techniques listed in Section 3 of this paper. Excluding
the 3 structures identified by Veillette and Marchand6 as negative-ion states,

we find 9 other resonances to be only an average of 0.039 eV displaced from
broadband photon structures. This is within the error and energy resolution
guoted by the authors. On the other hand, these same broadband photon
structures are, on the average, 0.096 eV displaced from the listed neutral auto-
ionizing states, which is outside the quoted experimental error and resclution

of Velllette and Mairchand. 6 There does occur some correspondence between
broadband photon structures and known neutral states, as is indeed expected,

but Figure 2 demonstrates that agreement with resonance spectra is much closer

where resonances are known to exist.
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FIG. 2.--Energy level diagram showing a comparison between the energy locations
of structures observed in the threshold electron-impact broadband photon
detection spectrum of Veillette and Marchand’ and those of known negative 1ont!
and neutral autoionizing states.l? The three states identified as negative
ions by Veillette and Marchand are indicated by the zero above the energy
level. Energy levels derived from broadband photon spectra are on the aver-
age only 39 meV from known negative ion resonances, within the error and
resolution of the broadband photon experiments. These same structures are an
average of 96 meV removed from known neutral autoionizing states, outside the
error quoted in the broadband photon experiments. (ANL neg. 149-80-14)
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Comparison of Threshold Scattered Electron and Broadband Photon Spectra

Before making a comparison between threshold scattered electron and
broadband photon spectra, we must first ask, "Are Feshbach resonances ex-
pected to appear as strong features in broadband photon spectra in Ne?"

From a comparison of neutral- and negative-ion structures in resonance-
enhanced threshold electron spectra, broadband photon spectra, and electro-
ionization spectra in He, we have been able to show12 that the ratio (negative
ion/neutral) structure from the three types of experiment occurs in the ratio
2:1:1, respectively, i.e., resonance {negative ion) structures in broadband
photon spectra will be about half as strong as in resonance-enhanced scattered
electron spectra, when compared to neutral features. Furthermore, the above
comparison in He suggests that whereas PCI energy shifts are observed in
scattered electron and electroionization spectra, PCI is inoperative in this
respect in broadband photon spectra.

With the knowledge that broadband photon data will contain resonance
structures of about half the relative strength as in our resonance-enhanced
spectra, and that broadband photon spectral features are almost certainly un-
affected by PCI energy shifts, we show a comparison between our resonance-
enhanced threshold scattered electron broadband photon spectra and the broad-

band photon spectrum of Marchand6 in Figure 3.

Note that our " resonance-enhanced"ll' 12 threshold spectra are very

different in shape from the purely inelastic scattered electron spectrum, 2
latter containing only neutral autoionizing states. The locations of negative-
ion resonances in the lower spectrum of Figure 3 are indicated by the straight
vertical lines. Although the locations of several resonances in this spectrum are
obvious, most of them can only be obtained unambiguously from a previous
publication. 1 The whole of the lower spectrum of Figure 3 is, in fact, com-
pletely dominated by the often overlapping resonances, and it is not possible

to extract any neutral state energies unambiguously from this spectrum. Al-
though the indicated resonance structures are smaller than the underlying
neutral structures in the broadband photon spectrum in the upper trace of

Figure 3 (by about a factor of 2, as expected from the above argument), the
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FIG. 3.~-Comparison between broadband photon spectrum (upper curve), Vaillette
and Marchand® and the present threshold scattered electron spectrum with
enhancement of negative-ion structures (lower curve). The resonance locations
in the lower spectrum obtained by Spencell are shown by the vertical lines
marked A to K. Structures identified as neutval autoionizing states by
Veillette and Marchand® are labeled A to Z in the upper spectrum. The great
similarity between the two spectra is discussed in the text. 1In addition to
demonstrating that many strong features in the broadband photon spectrum are
caused by previously unidentified negative ions, this figure provides evidence
that the broadband photon spectrum is Dot subject to energy shifts caused by
postcollision interactions. Note specifically the large peak due to the
(232p63s)ls in the lower spectrum which is shifted by PCI to 44.12 eV and
split by resonance E, is unshifted from its true threshold of 43.66 eV in the
broadband photon spectrum, and is split instead by resonance D.

(ANL neg. 149~80-23)
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similarity betwesn the two curves is striking. The similarity of the broadband
photon curve to the present "resonance-enhanced" scattered electron spectrum
suggests that it is also dominated by a convolution of resonance structures. At
first glance, it would appear that a major difference in the two spectra of
Figure 3 occurs in the energy location of the large double feature centered on
43.66 eV in the upper spectrum, and at slightly higher energy, 44.12 eV, in
the lower spectrum. The reason for this is the PCI shift of neutral states in
the threshold scattered electron spectrum, but not, as argued above, in the
broadband photon spectrum. This shift causes the large neutral Zs2p6 1S
state feature to be shifted upwards by about 0.4 eV from its true threshold in
the scattered electron spectrum, the 3s 1S structure being split by the over-
lapping resonance labeled E. This state is not shifted in the broadband photon
spectrum and occurs at its true threshold of 43.66 eV, overlapping and beinc
split by resonance D. This is the only notable difference in the two spectra,
and is, in fact, additional support for our suggestion that brcadband photon

spectra in Ne, at least, are not subject to PCI threshold shifts, but are completely

dominated by resonance structures.

2. Comparison with Electroionization Measurements

In the electroionization technique, structures are observed in the total
ionization cross section as the incident electron energy is swept through the
autoionization region. These structures arise from decay of both negative-ion
states, e + X » (X **-) > X+ + 2e, and the neutral a}titoionizing states,

*% *% + -
e+X+X +e, followedby X +X +e . However, for reasons similar

to those given above for broadband photorie J:;:zfra, electroionization measure-
ments have been criticized as being subject to misidentification of negative-ion
and neutral-autoionizing states, and also to PCI energy shifts. From a series
of curve-fitting procedures, Bolduc et a1.4’5 were able to identify several of
the most prominent features in their Ne electroionization spectrum as arising
from decay of negative-ion resonances. There is little correlation in energy of
the 10 features in the electroionization spectrum of Bolduc et al., 4.5 nct identi-

fied as negative-ion states by them, with other known negative-ion states (in
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contrast with the broadband photon spectrum). It appears, therefore, that, in
general, electroionization spectral analyses have not confused negative-ion states
and neutral-autoionizing states.

However, there is considerable evidence that electroionization spectral
features are subject to large energy shifts because of PCI. This effect is
graphically illustrated in Figure 4, which is an energy level diagram showing a
comparison between the energy locations of neutral autoionizing states obtained
from electroionization spectra (set a) and from the present threshold scattered
electron spectra12 (set b). The excellent agreement in energy between these
two sets of data is obvious, and is as expected from the above discussion.
However, our threshold electron spectra are known to give incorrect energies
because of PCI. The corrected energy locations of this set of states, obtained
by using higher analysis energiesll and thus eliminating PCI effects, are
shown in Figure 4 as set ¢, the shift in energies being indicated by the sloping
dashed lines. TFor the sake of completeness, we have included in Figure 4 a

set of energy levels shown by lighter lines, obtained from techniques where PCI

1,12 . .
is not a complicating issue.l Note that there is no disagreement between

set a and set b, although many disagreements between set a and the energetic-

ally correct set ¢ are obvious.

3. Comparison with Prev.ous Threshold Scattered Electron Spectra

Ve

Previous studies of near-threshold scattered-electron spectra in neon
in the energy range 40 to 50 eV have been made by Grissom et al. 1 A compari-
son between the spectrum of Grissom et al.l and the present near-threshold
spectrum12 shows them to be essentially identical, although more fine structure
is apparent in the present experiments because of the slightly better resolution.
From the excellent energy calibration in their spectrum, Grissom et al., 1
recognized that none of the features in their spectrum, except that located at
45.53 eV, coincided with any then known neutral-autoionizing state of Ne. The
reason for this lack of agreement is, of course, now known to be due to PCI
energy shifts, although this mechanism was unknown to the authors at the time

of publication. Figure 4 shows the PCI threshold shift of the 45.53 eV peak to

114



(b — J l
AL
B £
a O o =8
~ R e
3 T 3
o o (=5 —
:\_, N%; 33 4 %CZ 6nn(3D\
< =& 4 5 T
NEON 3 = 2s2¢5ns ('9)
L i 1 y | 1 ! i | L
42 44 46 48 50

ENERGY (eV])

FIG. 4.--Comparison of energy levels of autolonizing states in Ne obtained by
Bolduc et al.%#»3 from electroionization spectra (set a), present threshold
scattered electrom spectrum (set b), and the 1.9 eV residual scattered electron
energy spectrum of Figure 2 (set ¢), in which the postcollision interactiom
energy level shifts have been eliminated. Knownlocations of autoionizing
statesl2 are listed at the bottom. This figure vividly demonstrates that the
threshold electron-ionization spectrum of Bolduc et al.4s3 is serously affected
by PCI and cannot, in general, provide correct threshold energies of short-

lived autoionizing states., (ANL neg. 149-80-17 Rev. 1)

be very small, of the order of 0.05 eV, explaining the agreement of Grissom
et al. 1 with previous data. Because of lack of agreement between the rest of
the structures in their spectrum with known neutral energy levels, Grissom
et al. ! suggested they may all be caused by decay of negative-ion resonances,
especially the peak at 44.00 and dips at 44.51 and 49.86 eV. All of these
features are reproduced in the present threshold spectra12 which have been

1
shown here and in a previous publication, 1 to be free of any negative-ion
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11,12
resonance structures. In particular, it was shown unambiguously that
none of the features in the threshold scattered electron spectra are negative-ion
resonances. One must conclude that none of the structures in the threshold

trapped electron spectra of Grissom et al. 1 were negative-ion resonances either.

Conclusions

The most important conclusions of the present report can be summarized
as follows:

1. From a detailed comparison between the present near-threshold scat-
tered electron spectra and broadband photon spectra, we conclude that the
broadband photon technique of Marchand and co-varorkersﬁ'la-15 appear not to
be subject to near-threshold PCI energy shifts.

2. We have demonstrated that broadband photon spectra are, however,
in the case of Ne and He at least, completely dominated by negative-ion reso-
nance structures. This has resulted in the misidentification of resonances as
neutral autoionizing states in broadband photon spectra. It is not possible,
using the broadband photon technique alone, to separate negative-ion and
neutral features, and this technique thus appears unsuited to the spectroscopy
of autoionizing states.

3. In spectra obtained by the electroionization technique of Marmet and
co—workers4'5' 16 it is possible by curve fitting to separate negative-ion and

neutral features, and criticism of misidentification of structures, for these

reasons, appear to be unfounded.
4. We have conclusively demonstrated that electroionization do suffer

exactly the same PCI-induced energy shifts as do threshold scattered electron
spectra. Unlike threshold scattered electron techniques, the electroionization
technique has no adjustable experimental parameter by which the PCI-induced
energy shift can be determined. It appears, therefore, that the electroioniza-
tion technique is also unsuited to the location of neutral autoionizing states.

5. Through lack of knowledge of the PCI mechanism, structures ob-
served in previous near-threshold trapped-electron spectra in Ne in the energy

range 41 to 52 eV had been misinterpreted by Grissom et al. 1 as Feshbach
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resonances when, in fact, none were present.
6. Though we have made no detailed comparison here, it is likely by

extension of arguments given above that electron scavenger-type threshold
techniques will also be unsuitable for location of autoionization states, as this

technique also is unable to account for PCI shifts.
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MEASUREMENT OF THE RATIO OF THE He 2151233 ENERGY INTEGRATED TOTAL
CROSS SECTIONS FROM THRESHOLD TO 0.10 eV: COMPARISON WITH THEORY#*

David Spence

We point out that the measurement of energy-integrated total cross
section ratios near their thresholds is independent of instrumental resolution
when a trapped-electron technique is used. Relying on this fact, we have
measured the He 2181235 cross section ratio, which we find to decrease mono-
tonically from = 8 at 3 meV to 2 1,0 at 100 meV above threshold, in excellent
agreement with theory. 1 Our measurements clearly indicate a sharp structure

of width of a few meV near the ZlS threshold, which has been predicted to

arise from a 2S virtual state. 2.3
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AUTOIONIZING STATES OF Ne IN THE ENERGY RANGE 41 TO 52 eV DERIVED
FROM NEAR-THRESHOLD SCATTERED ELECTRON SPECTRA*

David Spence

Near-threshold electron-impact spectra in neon, demonstrably free of post-
collision~interaction (PCI) effects and negative-ion resonance structures, have
been obtained as a function of scattered energy over the incident energy range
from 41 to 52 eV. Detailed comparisons with previous experimental data obtained
by techniques were PCI and resonance structures are not a complicating issue
are made in order to identify the autoionizing states in our scattered electron
spectra, which have been published ina previous report. 1 We find that single-
electron transitions 2522}36 -+ 252p6 n{ dominate over two electron transitions

2322;)6 > 2322p4 nin'®', and that states of symmetry 1S and 3P are preferentially

excited.
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FIG. l.--Energy level diagram showing a comparison of singly-excited (252p6n2)
autoionizing state energies in Ne obtained from 5 different techniques. The
technique used, source, and preferential symmetries excited in each of the data
sets are: (1) low-energy scattered electron, present data, 1S and 3p; (2) 150

to 250 keV ion impact, Edwards and Rudd,2 1,35 and 1’3P; (3) low-energy impact-
ejected electron detection, Sharp et al.,3 1s and 3p (1P weak); (4) 10 keV
electron impact, Seigbahn et al.,% 1s and 1P; (5) photoabsorption, Codling

et al.,? P, (ANL neg. 149-80-18)
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Table 1. Comparison of the values obtained by different authors for singly-excited autoionizing states,

(2s2p%,nz), in neon.

All energies are in eV.

Autoionizing Edwards and Sharp et al.? Siegbahn Codling et all} Mean
state Present data  Rudd 2 et al.b

355 43.41 43.41
1s%s 46.50 46.50
5555 47.48 47.48
3sls 43.64 43.68 43.67 43.645 43.66
4s's 46.65 46.66 46.66 46. 66
ss's 47.50 47.56 47.54 47.53
6sls 47.90 47.92 47.91
3pp 45.45 43,44 45.45 45.45
ap’p 47.07 47.06 47.065
Sp-p 47.68 47.66 47.67
6p P 47.94 47.94
3plp 45.54 45.54 45.545 45.547

aplp 47.14 47.16 47.123

splp 47.71 47.745 47.694

6p'p 48.01 47.967

7p 48.116

8p 48.207

9 48,271

10p

48.313
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Table 2. Comparison of the values obtained by different authors for doubly-excited autoionizing states (2522p4,n9.,n' £') in neon.
All energies are in eV.

Present data

Veillette and

Andersen and

Edwards and  Wilden et al® Codling et al.5

Configuration
Peak label Energy Marchand6* Olsen 7 Rudd2 Mean 2p*(core){nf,n'L']
a 41.90 41.95 11.87 a1.91 Pryasiy
A4.45 44,50 44,48 44.48 3pr1asae®e1%e) or Py
45.00 45.02 44,97 44,98 14.98 (opt) (P} 3s3p(P)1(*P)
45.15 45.12 45.14 ('py3s®('p)
45.65 45.65 Ceriasaene) or by
d 45.90 45.95 45.93
47.10 47.10 Certastsidsy e
47.30 47.25 47.28 'miasap e’
47.55 47.55 D) 13s30¢°P) 1¢%P) or (D)
47.70 47.70 (3P)[3s3d(3D)1(1D,F.P)
e 8.2 48.22
£ 48.35 48.40 (20.1) 48.%0 48.35 rrae?mndo)
v 48,65 48.60 (20.1) 48.63 Sera®Cendss
h 8% 48,90 48.90 48,907 48.91 (opt)  ('p)(3s3p(’P) 3P
i 9.1 49.15 43.13 dsiasticds)
: 49.35 49.45 49.40 ereselion
49.88 49,88
k 50.00 50.00 50. 00 (p)r3sad(’py3
50.25 50.21 50.23 Ceyeapdidsn
1 50.50(£0.1) 50.50 (20.1) 50. 45 50. 48 'prr3saa’oy
50.95 51.05 51.00 51.00 (opt)”  (°P)3d3p(’P)
m $1.30 (£0.1) 51.30 (20.1) 51.25 51.24 51.309 51.31 (opt)  (°P)3d3p('P)
51.60 (0.1) 51.70 51.61 51.64 oyiaedcen
51.81 51.81
52.08 52.04
n 52.60 (£0.1) 52.60 (20.1) 52.63 52.62 52.62 (opt)  ('8)(3s3p('P)1('P)
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FIG. 2.--Energy level diagram showing a comparison of doubly-excited

(2522p4 pin'%') autoionizing state energies in Ne obtained from six techniques.
The techniques used and source of these six sets are:
electron, present data; (2) threshold electron-broadband photon detection,
Veilette and Marchandb (mainly levels above 48 eV); (3) low-energy (0.5-15 keV)
ion/neutral impact, Andersen and Olsen;’

Edwards and Rudd;2

detection, sharp et al.,3 Wilden et al.;

(ANL neg. 149-80-19)

‘ The energies and energy level diagram of singly-excited autoionizing

states are shown in Table 1 and Figure 1, and those of the doubly-excited

states in Table 2 and Figure 2.
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CROSS SECTIONS FOR NEAR-THRESHOLD ELECTRON-IMPACT EXCITATION OF
THE (2s22p23s) 4P and (2s2p4) 4P STATES OF ATOMIC NITROGEN WITH
IMPLICATIONS FOR [N] MEASUREMENTS IN THE AIRGLOW*

David Spence and P. D. Burrow+

Because of the difficulty in producing beams of atomic nitrogen of suf-
ficient density in the laboratory, previous measurements of electron-impact
excitation cross sections have been restricted to observations of the optical
emission from dipole-allowed transitions. 1 Of necessity, these experiments were
performed with rather poor electron beam energy resolution, and the measure-
ments included contributions from cascading.

Although atomic nitrogen is # minor constituent (about 3 or 4% of the
total species) above 100 km alti’cude,2 it plays an important role in thermo-
spheric chemistry. 3.4 Recent rocket measurements in the thermosphere™ indi-
cate that the density of N inferred from 1200 Z emission, (2522p235)4P +>
(2522p3) 4S, differs by approximately 40% from that inferred from 1134 R
emission, ( 252p4) 4P +> (2322p 3) 4S, using currently available cross section
data, 1 and from the measured electron energy distribution in the upper atmo-
sphere, 6 which is known to peak sharply at an energy of about 10.0 eV.

For these reasons, we have re-examined the cross sections for electron-
impact excitation of these states of atomic N in the region near their thresholds
using improved electron energy resolution (v 0.10 eV). The experimental

technique we used for these experiments has been described in a separate

publication and will not be discussed here.

Results
The results of our measurements are shown in Figure 1. We find that
the (3s) 4l:’ cross section rises very rapidly at threshold, within our experiment

resolution of about 0.10 eV, then falls off monotonically to half maximum about

*
Summary of a paper to appear in J. Phys. B: Atom. Molec. Phys.

1'Consultant, RER Division.
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} Ml 3P FIG. l.~-Cross sections for
u electroa-impact excitation of
| 1 the (25°2p2(3p)3s) %P and
HHH _ (2s2p%) 4P states of atomic
“ b 25 2p%p nitrogen as a function of
f 1 incident electron energy.
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0.45 eV above threshold. This threshold behavior is a fairly common feature in
electron-impact excitation of states which have a temporary negative jon state
(Feshbach resonance) close to the threshold energy. 7 In this particular case,
the (3s) 4P threshold structure could be caused by a resonance of configuration
2522p2(31>)332 just below threshold or, more likely, a core-excited shape reso-
nance such as 2522p 2353p just above threshold.

The near-threshold cross section behavior of the (3s) 4P state obtained
in the present experiments is at first sight in apparent conflict with the threshold
behavior obtained by Stone and Zipf1 from observation of 1200 Z emission from
the (3s) 4P state following electron-impact excitation. Stone and Zipf1 obtained
a cross section which rose monotonically from threshold, reached a broad peak
at about 30 to 40 eV incident energy. and then decreased slowly to a value about
half the peak cross section at 400 eV. However, their measurements were made
only at energy intervals of about 1.3 eV between threshold and 20 eV, which,
combined with the use of unmonochromated electron beams, would preclude ob-
servations of the threshold structure.

The cross section for electron-impact excitation of the (2p4) 4P state
increases monotonically above threshold, as shown in Figure 1.

Several recent theoretical studies of electron scattering from atomic
nitrogen have been carried out. 8 Using the R-matrix method, Berrington

et al. 8 have calculated the total cross section for excitation of the (2p 4) 4P
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state in addition to that of several higher-lying states. Unfortunately, for
computational reasons excited state configurations containing electrons in the
n 2 3 were not included, even though the (3s) 4P state is energetically the lowest~
lying excited configuration of atomic nitrogen. Omission of this target state
will certainly affect the accuracy with which cross sections for excitation to the
higher ctates can be caiculated. Because the (2p4) 4P cross section of
Stone and Zipfl contains contributions from cascading, a definitive comparison
with the calculated cross section is not possible. Nonetheless, the shapes of
the two cross sections are in good agreement. The experimental cross section
of Stone and Zipf at maximum is 2.0 x 10"16 cm2 + 40%, about 2.7 times larger
than that calculated by Berrington et al. 8 The threshold dependence of the
theoretical cross section is entirely consistent with the present experimental
measurements cver the limited range cf our data.

To determine whether the additional structure we have observed in the
(3s) 4P cross section near threshold is of importance in aeroncmy, our relative
value must be put on an absolute scale, We have done this by renormalizing the
theoretical peak cross section of the (2p4) 4P state at 25 eV (7.3 x 10-17 cmz) )
to the experimenta: value1 (2.0 x 10_16 cm2 + 40%) at this energy. We then
used the renormalized (2p4) 4P theoratical cross section at 0.15 eV above its
threshold to determine the cross section scale used in Figure 1. To the extent
that cascading processes enter into the cross section of Stone and Zipf at its
maximum, this procedure yieids an upper bound to our measurement at threshold.
However, an extrapolation of our (3s) 4P cross section to 11.0 eV vyields a cross
section value for the state in good agreement with the 11.0 eV value of Stone

and Zipf, 1 which is their lowest energy data point for this cross section.

Discussion

The recent in situ rocket measurements by Meler et al. 2 show that the
o]
atomic nitrogen concentration in the thermosphere, as determined from 1200 A
4 2.3 4
emission ( (3s) P to (2s 2p ) 'S transitions), is 40% greater than that determined
2

o 4 4
from 1134 A emission { {2p°) P to (2s 2p3) 4S transitions) when the concentra-

tions are derived from the atumic nitrogen excitation cross s ~ctions of Stone and
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Zipf1 in combination with thermospheric photoelectron flux measured by Doering

et al. 6

o]
It is unlikely that the apparent discrepancy between the 1200 A and
o]
1134 A rocket measurements can be explained by the large probable errcrs

(+40%) in the cross section measurements of Stone and Zipf as this error is
likely to be of the same sign for both the (3s) 3P and (2p4) 4P states. At
altitudes above 100 km the photoelectron flux has a maximum at about 10.0 eV,
close to the (3s) 4P threshold, and decreases by an order of magnitude between
10 eV and 20 eV. To examine the increased yield of 1200 3. photons one would
expect from the (3s) 4P state because of the threshold peak, we have con-
voluted measured photoelectron fluxes in the thermosphere6 with a combination
of the present and previous (3s) 4P cross sections, and find that the threshold
peak we observe accounts for only an additional 4 to 5% increase in photon yvield.
This is an order of magnitude too small to explain the observations of Maier

5 .
g2t al.,  and an alternative explanation must be sought.
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ANGULAR DEPENDENCE OF THE SCATTERED ELECTRON SPECTRUM OF Ne
IN THE 43 eV TO 51 eV ENERGY LOSS RANGE

M. A. Dillon and David Spence

In the Born approximation the differential cross section, o, for electron
impact excitation to bound states is given qualitatively by the hydrogenic form,
~ »2(m-1)
L

(aZ + K2)L+m+5

(1)

on

Here C is a constant,

2 3
- 2kokncos 9) (2)

2
K=(k +k
o n
is the momentum transferred by the projectile electron, and

a= V2l + /Z(I-W) . (3)

The quantities ko and kn are the magnitudes of the incident and scattered wave
vectors, and 8 is the scattering angle; I and W are, respectively, the ionization
potential and excitation level of the target atom or molecule. The integer m +1
is the index of the first non-zero transition moment according to electron impact
selection rules and L = ' + £ where &' and % are the angular momentum numbers
of the initial and final target states. Equation 1 shows that the angular distri-
butions of inelastically scattered electrons corresponding to various excitation
levels of an atom can provide a means of identifying the term symbol of the
excited state. As an example the differential cross section for the 118 > 21P
transition in He, where m =0 and L =1, falls off much more rapidly with angle
than the cross section curve for the 1ls > ZlS transition (m=1, L=0). Itis
natural to inquire whether similar propensities in the angular distribution of
inelastically scattered electrons can be used to delineate the nature of quasi-
discrete autoionizing states.

Electron impact spectra of Ne in the 43 eV to 51 eV energy loss range are
displayed in Figure 1. The spectra were determined with 200 eV incident electrons
and an instrument resolution of 70 meV. The general description of the scatter-

ing apparatus used in this work is given elsewhere. 2 The scattered electron
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intensity varies by a factor of 15 over the 12° angular interval presented in the
figure, and the spectra show marked changes. Under the operating c~nditions
described above the structures in the 43 eV to 51 eV energy loss range arise
entirely3 from singlet excitations. We will concern ourselves with only the single-
electron transitions of the type 2522p4 + 252p6 ng. The locations of the leading
two prominent series with term symbols 1S and 1P are included in the figure.
Peaks corresponding to the allowed P series decrease much more rapidly with
scattering angle than the optically forbidden S series. For example, the intensity
of the first member of each series appears as if it could be represented quali-
tatively by Eq. 1. If such behavior proves characteristic of single electron
transitions, then the angular dependence of electron-impact spectra in an auto-

ionization region should provide an additional tool for spectral classification
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ATOMIC PROCESSES PERTINENT TO RADIATION PHYSICS*

Mitio Inokuti

The physics of electronic and atomic collisions is a key element in the

understanding of action of ionizing radiation on matter. Studies on radiation

action in turn are fundamental to various aspects of the nuclear fission and.
fusion energy technology, most notably its health aspect. The present lecture
illustrates through selected examples the use of electron-collision cross-section

data in radiation physics. The cross-section data for this use must be absolute
and comprehensive (i.e., referring to all major final states of a target atom

or molecule and covering a wide range of independent variables such as inci-
dent energy). For the determination of a comprehensive and trustworthy

set of electron-collision cross-section data for a given atom or molecule, various
theoretical constraints prove to be useful. Various outstanding problems, both

experimental and theoretical, are suggested for work in the future.

*

Abstract of an invited lecture presented at XIth International Conference on the
Physics of Electronic and Atomic Collisions, Kyoti, 1979. Proceedings, edited
by N. Oda and K. Takayanagi, North-Holland Publ. Co., Amsterdam, p. 31

(1980).
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STATISTICAL FLUCTUATIONS IN THE IONIZATION YIELD AND THEIR RELATION
TO THE ELECTRON DEGRADATION SPECTRUM*

Mitio Inokuti, D. A. Douthat.Jrand A.R.P. Rau*

We discuss various indices that characterize the statistical fluctuations
in the ionization yield for electron incidence. The indices include the variance,
the momente, the contral! momeiits, and ihe cumulants, all defined in terms of
the probability P(T 0,3‘) that an electron of kinetic energy T 0 causes, upon
complete slowing-down, exactly j ion pairs. Like the mean ionization yield, each
of the indices is expressible as an integral over the current energy T of electrons.
The integrand is a product of the Spencer-Fano degradation spectrum y(TO,T)
for source energy T 0 with another factor, and displays contributions from dif-
ferent values of T to the quantity of interest. It has been shown for the first

time that the cumulant of any order (including the variance as a special case)

receives contributions from different T in nearly the same way as the mean ion-

ization yield. Therefore, for T greatly exceeding the first ionization threshold,

0
every cumulant is roughly proportional to T 0° just as the mean vield is. This

leads to a generalization of the Fano factor. Thus, our findings reinforce the

importance of the cumulant notion in statistical physics in general.
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3
0 FIG. 1.~-The electron degradation

spectrum y(Tg,T) in Hy for the
1074 source-electron emergy Tg =10
keV. Data are taken from Ref. 1.
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Summary of a paper to appear in Phys. Rev. A.
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Numerical work on molecular hydrogen as an example substantiates the
general conclusion and predicts the value 0. 30 for the Fano factor for an electron

of initial energy 10 keV. The four figures illustrate some of our results.

FIG. 2.-~The Fano plot, i.e., the

7 product Toy{T} plotted against In T
o8 for H,. More precisely, the verti-
g, cal gcale is dimensionless since R
= is the Rydberg energy (13.6 eV)
et and ag is the Bohr radius (0,529 x
§ } 10~8 cm). The slope of the asymp-
T2 totic straight-line behavior is

i 0.721, and represents the total di-

pole matrix element squared mea-

sured in ag”.
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FIG. 3.--The mean number N_.(T.) and the variance D(TO) of ion pairs in H2 for
the source electron energy Tp = 10 keV. These quantities are expressed2 as

T
0

N (1) =_)tf d(1n T)y(T,T) To (1),
I

and

T
(r,) = X .[0 d(ln My(T,,1) TP(D),

I
where # is the number density of molecules and I is the ionization threshold
energy. The symbol o4 (T) represents the ilonization cross sections for electron
of energy T, and p(T) a quantity of the cross-section dimension. The area under
the solid curve represents Ni(Tg)/Tg. The data were obtained by multiplying
the values in Figure 1 and the values in Figure 2. The area under the broken

curve represents D(TO)/TO-
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ELASTIC AND INELASTIC ATOM-ATOM CROSS SECTIONS AT HIGH VELOCITIES
FOR Z £18*

George H. Gillespie+ and Mitio Inokuti

<

When two complex atomic particles collide at high relative speeds, a variety
of phenomena can occur. Bates and Griffingl initiated a study within the Born
approximation of the various possible processes for collisions between two hydro-
gen atoms. Subsequent work2 has provided calculations for many different pro-
cesses, although only the simpler atomic systems have been studied in detail.
More recently some work has been devoted to the establishment of certain general
systematics of the relative importance of various phenomena relevant to fast col-

’

lisior.s between complex atomic particles. In extension of that work, we have
undertaken a systematic study of the asymptotic (high~velocity) Born cross sec-
tions for atom-atom collisions. S
Because of the great number of possible final states of such collisions, it

is useful to simplify the problem by grouping the processes into a few broad clas-
sifications. In particular, we consider four types of collision which can be cate-
gorized according to whether each of the collision partners is scattered elastically
or inelastically. For atoms A and B initially in their ground state (g), these pro-

cesses and their respective cross sections are the following:

_a2,0,2
A(g) + B(g) ~ A(g) +B(g): Ol el - 81130 (7) Iel,el . (1)
2 Vo 2
A(g) + B(g) ~ A(g) + B(D): elin = Bﬂao (T) Iel'in (2)
2 Vo
A{g) + B(g)} » A(XZ) + B(g): %n, el = 8ﬂa0 (—\)-‘) Im,el , (3)
2 Yo
A(g) +B(g) » A(Z) +B(2): o =8mag ()L . (4)

X
Abstract of a paper presented at the XIth International Conference on the Physics

of Electronic and Atomic Collisions, Kyoto, Japan, 29 August-4 September 1980.
A full paper will appear in Phys. Rev. A.

T Physical Dynamics, Inc., P.O. Box 556, La Jolla, California 92038.
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where in processes 1 to 4 we indicate by I that all possible inelastic processes,
either excitation or ionization, have been included.

At high velocities the collision strengths (Iel,el' etc,) are independent of
v and may be expressed in terms of compact momentum transfer integrals over
products of aiomic form factors or incoherent scattering functions for the atoms
involved. 3-5 We have numerically calculated the collision strengths appearing
in processes 1 to 4 for all possible combinations of atoms with Z <18, using the
tabulations of these functions given by Hubbell et al. 6

As a result, we now answer questions such as, "What is the dominant col-
lision process at high velocities?" In Figure 1 we display the answer as a

(A) and Z(B). For atomic numbers of 3 or less, the doubly in-

function of Z
elastic collision process is dominant, as noted by Bates and Griffing for H-H
collisions.1 At higher atomic numbers, purely elastic collisions are dominant. 3
When one of the collision partners is H (and in select cases He) then singly in-
elastic collisions are dominant if the other collision partner has an atomic number

greater than 3.
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*
STOPPING POWER FOR PARTIALLY STRIPPED IONS

Yong-Ki Kim and Kwok-tsang Cheng

The Bethe formula for the stopping power for bare ions1 is extended to
the collisions between partially stripped ions and neutral atoms. The resulting
formulas can be presented in the same form as the original Bethe formula by
replacing the nucleqgr charge of the projectile Z and the mean excitation energy

. ) _ 2
I by Zef and Ieff’ respectively: -dE/dx = const. x Zeff In (4T /Ieff) . where
T =3imv, , with the electron mass m and ion velocity v. . Both 2 and

ion ion eff
Ieff contain contributions from excitatioas (including ionizations) of the target
by the projectile, excitations of the projectile by the target, and mutual excita-
tions. They are defined in terms of projectile and target properties that can
be calculated from first principles. Expressions for Zeff and Ieff reduce to

those in the Bethe formula for bare incident ions. Details of the formulas for

40

FIG. l.--Stopping powers for
Ar5* in Ar gas at different ¢
as functions of incident energy.
Solid curves are based on the
present theory, and the circles
represent the experimental data
by Martin and Northcliffe.2

~dE/pdx (keV-cmP/pug)
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*
Summary of a paper in Phys. Rev. A 22, 61-67 (1980).
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atom-atom and ion-ion collisions are presented in the paper to appear in the
Physical Review A. Comparison with experimental data on Ar ions in Ar gas2
indicates that the new formula is reliable for projectile energies greater than a

few MeV/amu (Figure 1).
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BETHE CROSS SECTIONS FOR THE IONIZATION CF 03+, N +. AND O

Y.-K. Kim and K. T. Cheng

Introduction
, 1 . ,
A sum rule for the Born cross sections™ gives the total cross section for

inelastic scattering of fast electrons in the form:
=(A InT+B_+ . 1
A (A nT Bt Ct/T)/T (1)

where the Bethe parameters At' Bt’ and Ct are derived from the properties of
the target ion, and T is the incident electron energy.

Since Eq. 1 includes al} discrete, ionizing, and inner-shell excitations,
we get the ionization cross section (including autoionization of inner-shell

excited states) by subtracting the sum of all discrete excitation cross sections,

Ud.

Theory
Cross sections for discrete excitations also have the same form as

Eq. 1 for fast incident electrons:

od=(Ad1nT+Bd+Cd/T)/T . (2)

Thus, the ionization cross section based on the sum rule is given by:

o=(A, InT+B, +C/T)/T . (3)
i i i i

The ionization cross section o, can be improved further by intorducing an
exchange correction based on the Mott formulal

o, = (const/Tz)Zj ln (/T) + 1IN, (4)

where Ij and Nj are the ionization potential and the occupation number of the
jth orbital. Equation 4 reduces to the Ochkur approximation at high T, and it
is valid when 1/T << 1. The ionization cross section with exchange, O‘x' is

i

hence given by

*
Presented at the XIth International Conference on the Physics of Electronic
and Atomic Collisions, Aug. 29-Sept. 4, 1979, Kyoto, Japan.
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= T .
% (Ai InT + Bi + Ci/T + Di InT/T) /T (5)

Details
We calculated the Bethe parameters of ¢ 3 directly from the Dirac-Fock

{DF) wave functions for the Li-like ions (2s - nf{: n=2-7, £ =0- 4), and
extrapolated them to higher n%, using the quantum defect method.

To calculate the Bethe parameters for crt, one needs the ground state
wave function and the f values for all allowed transitions from the ground state.
Again, we used the DF wave functions for n < 8, and extrapolated to higher
n by the quantum defect method. Reliable continuum f values, however, are
difficult to calculate, and we used the Dirac-Slater (DS) approximation for the
continuum wave functions.

The DS approximation gives too low an ionization potential for the 1s
electron, and it is likely to underestimate (by < 10%) the ls contribution to B t

in Eq. 1. We included an estimated correction for the low ionization potential of

1s.

Results
The Bethe parameters for %y are listed in Table 1. In Figures 1 to 3,

our Uix are compared with the electron-im;;act databy Crandall et al. 2 and also
with Coulomb-Born calculations by Moores  and by Golden and Sampson.

The Fano plots presented in Figures 1 to 3 are powerful in checking
consistency of asymptotic behavior of the experimental data. The slopes of the
Bethe cross sectinns in the figures are reliable to a few per cent. Heights of
the Bethe cross sections, however, are uncertain by v 10% because of the
inaccuracies in the continuum f values. Near the kinks in the experimental
data (e.g., at T = 250 eV for CS+) , some autoionization peaks (1s - n&)
are expected. The Bethe theory accounts only for dipole-allowed transitions
among the K-shell excited states, whereas in reality, some forbidden transitions

may be prominent near the threshold.
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Table 1. Bethe parameters for ionization as defined in Eq. 5 (0jy in 10~ cm
and T in eV).

Cs+ N4+ 05+
Ai 5.12 3.55 2.65
Bi -11.0 - 9.57 - 8.33
C, 7196 7910 8513
Di ~1954 -1954 - 1954
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FIGs. 1-3.--Fano plots for the
o ionization of C3*, N%', and 05+
~ by electron impact. In these
Vo figures, 0, Crandall et al., experi-
‘.“5 ment,Refs. 2,3; —, Kim and
o k- Cheng, Bethe, present work;
5 -~--, Moores, Coulomb-Born,
- b Ref. 4; —-—-, Golden and
Sampson, hydrogenic Coulomb-
Born, Ref. 5.
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THE BETHE TOTAL CROSS SECTION FOR INELASTIC COLLISIONS OF FAST
CHARGED PARTICLES WITH C~, O, AND F~ IONS*

Mitio Inokuti, Kwok-tsang Cheng, and J. L. Dehmer

’

Recent experiments by Peart, Forrest, and Dolder on electron detach-
ment from C_, O-, and F_ by electrons of kinetic energies up to 990 eV have
prompted us to study the topic in the title. The general framework of our study
has been fully described earlier (see in particular Sec. 4.3, Ref. 3; Ref. 4) and
it merits have been illustrated for the H ion; 4 indeed, the present work is an
extension of that work in many respects.

The total cross section Gtot for inelastic collisions of any structureless
particle of charge ze and speed v (assumed nonrelativistic for brevity) with
any atomic or molecular target is given3 by

22 2
Opor = 4m a,z (R/T) Mtot In (4CtotT/R) . (1)

where T = ;‘_smvz, R=13.6 eV, and a0 =0.529 x 10-8 cm. The two quantities

2
Mtot and ctot depend on tiie target electronic structure only, and their depend-

able evaluation is the main object of our study.

2
f w ntities,
Of the two quantities Mtot

evaluate; it is the sum of the squared dipole matrix elements (measured in a(Z))

is both conceptually simpler and easier 1o

over the entire spectrum that includes all continua as well as discrete spectra.

2
The guantity Mto can be evaluated by virtue of a sum rule from the ground-

t
state wave function of the target. We have thus obtained M to:cz =7.76 for C ,

4. 55 for O_, and 3.78 for F_ by calculations within the Hartree-Fock (HF) ap-
proximations. For F-, we have deduced a better value, M 2 = 3.6 from the

tot
configuration~interaction calculations of Tanaka and Sasaki. S

For comparison with the experiment,l'2 we should first note that Otot

should be a close upper bound to the electron-detachment cross section o det

for all three negative ions because there appear to be no discrete bound states

*

Abstract of a paper presented at the XIth International Conference on the Physics
of Electronic and Atomic Collisions, Kyotok Japan, 28 August-4 September,
1979.
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accessible by a dipole-allowed transition to the best of our knowledge. 6 Next,
recall that a good way of analysis of any cross-section data for high incident
speed is by the use of the Fzano 1.11(..t,3’7 (as exemplified by Figure 2 of Ref. 1
and by Figure 3 of Ref. 2), in which one plots Todet or Totot against In T. The

slope of the linear asymptote, as suggested by Eq. 1, should be comparable to
2
tot” 1.2
With these ideas in mind, we have examined the experimental data, '~ and

our theoretical values for M

have come to a tentative conclusion that for F and O the slopes of the Fano
plots of these data at highest energies are probably compatible with our theo-

retical results, within uncertainties of 10%. For C-, the theoretical slope is

much larger than the experimental.
A more detailed result is forthcoming. By zeveral means we are evaluating
a (i.e., the second quant.iy in Eq. 1, which determines the intercept in the

tot
Fano plot).

We thank Professor Dolder for communicating the experimental results

far in advance of publication.
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NEAR-THRESHOLD STRUCTURE IN THE ATOMIC K~SHELL SPECTRA FOR
IONIZATION BY PHOTONS OR FAST CHARGED PARTICLES*

Steven T. Manson+ and Mitic Inokuti

Spectra of the optical and generalized oscillator strength for the K-shell
ionization of all free atoms with Z < 30 have been calculated within the framework
of a Hartree-Slater central potential.1 A major result of this study is our find-
ing that the spectra (at fixed small values of momentum transfer including the
optical limit) are rich in structure. In other words, the spectral strength is non-
monotonic in the kinetic energy of an ejected electron near the K-shell threshold,
for all atoms with Z 2 8. This is in sharp contrast to the hydrogenic result,
according to which the spectral strength for every shell monotonically decreases
with kinetic energy.z’3 The magnitude of the near-threshold =tructure some-
times amounts to as much as 30%, but this varies, as does the spectral shape,
along the periodic table.

The structure arises from the energy dependence of the normalization of
the continuum wave function which, in turn, is determined by the potential over
its entire raage. 1 Thus it is seen that the spectral shape of an inner subshell
can be strongly affected by the behavior of the potential outside the subshell.
Among the important implications of these results is that great care must be taken
in the interpretation of any structure in molecular and solid-state photoabsorption

and photoemission data near threshold.
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A GENERALIZED POWER SERIES REPRESENTATION CF PHOTOIONIZATION
OSCILLATOR-STRENGTH DISTRIBUTICNS

M. A. Dillon

A polynomial representation of continuum differential oscillator-strength
distributions as a function of ejected electron energy is proposed. The
representation is obtained from a simple analysis of the independent electron
dipole matrix element. As examples, oscillator-strength curves of He, Li,
Na, and K are reproduced by the least-square fitting technique.

In the course of analyzing and collating photoionization cross sections it
is convenient to have a means of representing data points by a semi-empirical
formula. A similar consideration led to the development1 of a generalized power
series representation for electron collision measurements. The method employed
in that study can be readily adapted to the case of photoabsorption.

The differential oscillator strength, f, for photoionization is given by

2 —_

f=A"(k)f , (la)
where

- 2 2

f =2WC (k) IMI . (1b)
All quantities are in atomic units; W =1 + ¢ is the excitation energy, I the ion-
ization potential, and € =} kz is the ejected electron energy. The product AC
is a coefficient that normalizes the continuum final states on the energy scale
with the hydrogenic contribution C given by

3 2.3 -2n/k, %

C=(1+k)/(1-e ) (2)

for the £ =1 Coulomb wave. In Egs. la and 1lb the quantity ACM is the electric

dipole matrix element where for s + p transitions,

_ 47 2
M= 3 wo(r) r wk(r) r dr (3)
. ; . ; . r 1/3~1. -xr
in the independent particle approximation. Here ¢ —— (r Je with

A= ZI)J"; wk is a complete analytical function of k= and wk n r in the neighbor-

hood of r = 0.
We would like to express M as a power series expansion in the variable
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g = g(e) which converges for all positive €. In order to find a plausible form

for g, it is first necessary to locate the singularities of M in the complex k plane.
1

An application of the technigque employed by Lassettre™ shows that only two

singularities exist in the finite k plane of M located at
k=%ix , (4)

The function

g= S (5)
k2+>\2 e+l

3 = N .
is the natural expansion variable for f in the photoionization of atomic hydrogen.
This is also true in the present more general case, for when M is considered a
function of g, the singularities at *iX are mapped to » in the g plane, and a

singularity at k = = is transformed to the circle of radius |g| =1. Hence, we

can write
n=o
|M[2= Z angn , (6)
n=0

where Eq. 6 converges for all positive e. The excitation energy W and the
factor (1+ kz) in Eq. 2 can be absorbed in the power series Eq. 6. The
exponential factor in Eq. 2 becomes important only for ejected electron energies
larger than the 0 to 200 eV range considered here. Hence, we can put

n=cw

f= z: b g" . (7
n
n=0

The normalization factor A in Eq. 1 makes a significant contribution to the var-
iation of f with € in the case of inner-shell ionization.4 -When needed, A can be
constructed from eigenvalue data. > In the simple cases treated here, it is
assumed that f and f differ at most by a constant which is independent of «.

In order to test the fitting properties of Eq. 7, simulated photoionization
data were generated for four diverse but simple s - p continuum transitions.
Optical oscillator strengths for He{ls -+ p), Li{2s » p), Na(3s + p), and K(4s + p)

transitions were obtained from calculations by Dehmer et al.6 using the
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independent electron model employing a Hartree-Slater potential from a tabula-
tion of Herman and Skillman.

Data points normalized to unity at €= g = 0 are presented in Figures 1 to 3.
For He, Li, Na, and K, respectively, the upper limit g~ 0.9 corresponds to
235eV, 55 eV, 51 eV, and 45 eV ejected electron energies. The solid curves of
Figure 1 represent least-square fits of Eq. 7 to the He and Li continuum oscillator-
strength distributions. The choice of a third degree polynomial is used only for
the purpose of illustration. For example, the complete range of He is well
represented by a polynomial of second degree. The sodium and potassium
oscillator-strength distributions displayed in Figures 2 and 3 exhibit a Cooper
zero near €=1 eV and 0.5 eV, respectively. The curves show how rapidly the
polynomial fit converges, even when the distributions contain complicated structure.

As long as the energy range is not too great, Eq. 7 can be used to fit
the continuum oscillator strengths for outer-shell ionization of most simple atoms.
When the ejected electron energy is so large that g > 0.9, then the polynomial in
Eq. 7 must be furnished with an appropriate convergence factor. For example, in

~3. 2
the case of an s + p continuum transition, f must tend asymptotically to € 3 5.

YU U ST S W1

df/ de
df/de

PR W T

FIG. l.--Differential oscillator FIG. 2.~--Differential oscillator
strengths for the photoionization of strengths for the photoionization of
He and Li. The curves are least-square Na. Broken and full curves compare,
fits of a third-degree polynomial respectively, least-square fits with
to the simulated data points, third- and fourth~degree polynomials.
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A METHOD FOR IMPLEMENTING ELECTRON COLLISION CROSS SECTION
CALCULATIONS BY USE OF EXPERIMENTAL DATA

M. A. Dillon

A method is proposed in which data collected in the Born region can be used
to implement the application of formulations more complicated than the Born ap-
proximation. The technique is applied to the electron-impact excitation of the
2!S and 31S levels of helium in the Coulomb projected Born approximation.

In order to ascertain the merit of a particular theory it is necessary to
compare a careful calculation with experiment. A satisfactory comparison is
quite difficult in the field of electron atom inelastic collisions because of the re-
quirement that such calculations incorporate accurate target wave functions.
However, it is sometimes possible to use either experimental data or the results

of simple theoretical calculations to facilitate the application of a more complicated

approximation.

Formulation
An electron molecule scattering event may be characterized by a differential

cross section, GOf' averaged over target orientations;

kf 2
U &, g l?>. (1)

All quantities are in atomic units; k 0 and kf are the initial and final wave vectors

of the projectile electron and the scattering amplitude, AOf’ is given by

_ -1
Ay =(m T

0f
—- +
T0f=<‘1’ v vy > : (2a)
=<y; gty . (2b)

- —+
Here ¥ and ¥ are the exact solutions of the Schrgdinger equation for the

scattering problem and in the plane wave representation;
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¢t =¥ Iy (1) (3a)
ok ) (3b)

In this prescription ¢ 0 and ¢ £ are the initial and final state wave functions of
the bound electron coordinates symbolized collectively by ri and r is the posi-

tional coordinate of the projectile electron. For collisions involving target

atoms
- 1 _z
v Ei: ‘r_ri| = Sof (4)

We are interested in a class of approximations where

— %

*a
¥ o=y @) <I>f(ri)

in Eq. 2b or
-+ +
¥ =y (r) @.(r) (5)
in Eq. 2a. For example, with Eq. 5, Eq. 2b becomes
_ - 1k0r
where
v0f=<¢0]v|¢f> . (7)
It is convenient to write V of as the inverse of its Fourier transform Vo f;
- -3 -ig-rgy
V= (2m fe ¥V dq . (8)
where
V=4 -ig- = 4r
Vor =7 <21 De o,y = F@ . (9)
The generalized oscillator strength defined by
W2 -2 2
=S KK TFE) | } (10)
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is a quantity that can be measured at high incident electron energies. Here W
is the excitation level of the atom and X = ’150 - _lgf is the momentum transferred
by the colliding electron. The function,-(( ZIKZ)F(K)) is the collision amplitude

in the Born approximation. When the quantity, <I>0<I>f, is independent of angle,
2 2
C IF(K)|"D =[F(K)]

so that

F=x(4)} . (11)

Hence, in the case of angular independent transition densities, F can be mea-
sured in principle and inverted by Eq. 8. This suggestion immediately applies
to inelastic electron collisions involving transitions between the s states of an

atom.

Application
1
In the case of 118 + n S electron impact excitation, a minor variation of
2 3
the procedure used by Lassettre and Vriens shows that F may be represented
by a rapidly convergent power series;
2 2 n

K A K (12)

(K2+a2)3 n K2+a2

F

where
a=Yy2A + /20 -W)
and I is the ionization potential of the atom. Then Eq. 8, together with Egs.

11 and 12, gives

-1~ %n d n+2 Zn -xr
Vot X wemn (G2) *C e 13
n=0 dx

Thus we obtain the an by fitting series (12) via Eq. 11 to either experimental

or calculated data, and then T o in Eq. 6 is reduced to a single three-dimension-

al integration.
As an example, we consider the Coulomb projected Born approximation

4,5
introduced by Geltman to take into account interaction of the projectile
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electron with the atomic nucleus. His approach consists in letting

—*=ei1rc -ikp-r

r'(l-1iag)e 1Fl(icr,l,iknrﬂcn er) , (14)

X

where o= z/kn and 1F1 is the confluent hypergeometric function. The resulting

integration can be performed analytically;

3 n=ew a n42
__ 210 n _d 2n
Ty = am (_———-ch;) Z r ( 2) b3 le=a ' (15)
l1-e n=0 dx
where
7= k2+xH 19 2 okx e a0 (16)

In order to pursue this example further we consider the electron-impact excita-
tion of the 118 + ZIS and 113 - 318 transitions in helium for which accurate
values of £ have been calculated by Kim and Inokuti.6 The polynomial coefficients
an for both transitions were obtained by a least square fit of the tabulated

values to Eq. 12,
It is convenient to define an apparent generalized oscillator strength by

WI.‘R‘
(=

o . (17)

W2
i =5k

=]

When k5, k_ + « F_-+ 1 and Eq. 17 approaches the Born approximation of Eq. 10.
0"n 11

The K~ dependence of fa for the two transitions is shown in Figures 1 and 2.
The Born approximation limit labeled B in the figures were obtained by letting
kn = 1010 in Eq. 15. The resulting f values differ from the original calculaticms6
by less than 0.1%. In general, the fa curves in Figure 1 exhibits a trend with
E=1% kg czharacteristic of what is observed experi.mentaxlly.7 The magnitudze of
fa near K= = 1 decreases with decreasing E while the reverse occurs for K~ 2 5.
This behavior tends to conserve the integral, f fa d In K so that the total cross

section  is given approximately by 0

Q0
o f
Q—Ew A fadan

remains roughly the same regardless of whether fa or the Born f is used in the
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integration. This observation is in general accordance with both experiment7 and
the results of previous calculations.

The calculated curves displayed in Figures 1 and 2 serve to illustrate the
general utility of the procedure outlined above. The method can be applied to
electron atom elastic scattering as well as to excitations where the transition
density contains angular terms. In the latter case, it would be necessary to use

calculated rather than experimentally derived Born amplitudes.
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*
RELATIVISTIC RANDOM-PHASE APPROXIMATION

t 3 xh tt
W. R.Johnson, ' C. D, Lin, K. T. Cheng, and C. M. Lee

The relativistic random-phase approximation (RRPA) is developed from
linearized time-dependent Hartree-Fock theory. Applications of the resulting
relativistic many-body equations to determine excitation energies and oscillator
strengths along the He, Be, Mg, Z2n, and Ne isoelectronic sequences are
discussed and compared with other recent experimental and theoretical work.
The multichannel RRPA treatment of photoionization is described and applications

are given to total cross sections, branching ratios, angular distributions and

to autcionizing resonances.

* Abstract of a paper published in Phys. Scripta 21, 409 (1980).
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SPIN POLARIZATION OF ns + ep PHOTOELECTROMNS FROM XFNON, KRYPTON,
AND ARGON ATOMS*

K. T. Cheng,+ K.-N. Huang,:Fand W. R. Johnson

Photoelectrons ejected from ns subshells of closed-shell atoms by
unpolarized radiation are polarized as a result of the spin-orbit interaction.
This usually small effect is dramatically enhanced near the "Cooper minimum" of
the ns cross section. We present theoretical values of the spin polarization
photoelectrornis from outer ns subshells of the rare-gas atoms Xe, Kr, and Ar,
obtained in the relativistic random-phase approximation. It is shown that a
degree of polarization ranging up to 53% is possible for unpolarized radiation
incident on Xe atom near the 5s cross section minimum. Furthermore, it is found
that for linearly polarized radiation, up to 99% polarization can be achieved

while for circularly polarized radiation, photoelectrons with up to 70% polariza-

tion can be produced.

*

Abstract of a paper published in J. Phys. B. 13, L45 (1980).
+Postdoctoral appointee from the University of Notre Dame.
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THEORETICAL STUDY OF SPIN POLARIZATION OF PHOTOELECTRONS FROM

NOBLE GASES*
i

K.-N. Huang,+W. R. Iohnson,+and K. T. Cheng

1 . N
Recent measurements by Heinzmann et al.” of the spin polarization of

photoelectrons ejected from xenon by unpolarized light are in serious disagree-
ment with various theoretical calculations. This letter reports an ab initio
study of spin polarization with use of relativistic random-phase approximation.
Excellent agreement is obtained between the present calculations and the experi-

mental measurements by Heinzmann et al. for xenon, Krypton, and argon.
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*
RELATIVISTIC ENERGY LEVELS OF Fe XXI

J. P. Desclaux,+ K. T. Cheng,* and Y.-K. Kim

Energy levels of carbon-~like iron, Fe XXI, with configurations
2522p2, 252p3, and Zp4 are calculated with the multiconfiguration Dirac~Fock
method. The relativistic electron-electron interactions represented by the

Breit operator are calculated with wave functions of definite angular symmetry

instead of averaging over configurations. We find that the Breit interaction

substantially improves the agreement between theory and experiment on the fine
structures of the triplet states, while the Lamb shift corrections are very
important in attaining accurate transition energies between configurations. Our
results for energy levels agree with experiment to within 1% for all of the

eighteeen levels compared, whereas corresponding non-relativistic results are

off by 10 to 30%.

*

Abstract of a paper published in J. Phys. B 12, 3819 (1979).
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ELECTRIC DIPOLE AND ELECTRIC QUADRUPOLE TRANSITIONS BETWEEN
LOW-LYING STATES OF Ni-LIKE IONS*

K. T. Chengf and Y.-K. Kim

The low-lying spectra of Ni-like ions are studied usiny the relativistic
multiconfigurational Hartree-Fock method. Electric dipole and electric quadru-
pole transitions from the ground state 3d10 1S to the upper excited states
3d94sl'3D and 3dp4p1'3Po are calculated in both the length and velocity gauges.
The theoretical wavelengths of the forbidden E2 transitions 3d10 (J=0) —
3d 945 (J = 2) of Ni-like Mo are in good agreement with the observed lines in

the soft x-ray spectrum of the TFR Tokamak. 1
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ENERGY LEVELS, WAVELENGTHS, AND TRANSITION PROBABILITIES OF
Cu-LIKE IONS*

K. T. Cheng+ and Y.-K. Kim

Wavelengths, oscillator strengths, and transition probabilities for the
electric dipole transitions between low-lying states (n=4, 5, 6) of Cu-like

ions are presented. The data are calculated from relativistic Hartree-Fock

wave functions.

*
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