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. Thls is the sixth Annual Repor't since the Sectlon (formerly Radiation
Phy31cs Sectlon) began to issue its own volume. The Sectlon s activities .in:
the past year were true to the trad1t1on of basic studies aimed at detailed
elucidation of radiation actions on matter in three areas — electron collisions
with molecules, photoabsorption and photoionization, and pertinent theories.
In response to current national needs, the Section also has expanded its goals
to include chemical physics of atmospheric-pollutant interactions resulting:
from non-nuclear energy technologies. Much of the Section's expertise is
useful for the ba,,sic'understanding of the characterization and behavior of
pollutant molecules as well as naturally occuring ones in the atmosphere.
, I-‘Aurtherm'ere‘,. the Section has added to its staff a new member, P. M. Dehmer,
who is. now developing a major program dedicated to atmospheric chemistry.
The papers in the present volume are ordered in accordance with the:
‘ s-ubjects treated. Papers 1—6 concern electron energy-loss spectroscopy;
papers 7—24 photoabsorption, photoionization, and photoelectron analysis;
';pap‘ers 25—34 electron collisions and related topics; pepers 35—-36 the delivery
ot radiation etlergy to matter; and papers 37—40 energetic collisions of atoms
ana molecules., | ' .
Examples of outr major achievements include the full operation of the.
electron energy-loss spectrometer (as described in papers 3 and 4), a versatile
theory of molecular photoionization and electron-molecule collisions (papers:
9-14 and 25), high-resolution photoelectron analysis (papers 16—18), the
initiation of photoion analysis (pape_r'19). In addition, notable achievements
concern theoretical studies on properties of highly stripped ions (papers 29
and 32); a subject of crucial importance to fusion-energy research. Work by
' Y.-K. Kim in this area has now received well-deserved recognition and support
by ERDA-DMFE, and will see fruition in the near future.
' . Finally, we are proud to have played major roles in various conferences
angl, organizations outside the laboratory. Examples of our recent activities |

in this respect include the Ninth Intemational Conf_efenc;e on the Physics of



- Electronic an;:l Atomic Collisioné, Seattle, 1975, the Second International
Conference on Inner-Shell Ioni'zation Phenomena, Freiburg, 1976, and NATO
Institutes on Photoionization’ (1975) and on Moleculva‘r Si)ectroscopy (1976).
Also, ‘the Section Head works on report committees of thé Interhationalv
Commission on Radiation Units and Measurements, as well as on the Editorial |

Board of Radiation Research.
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ELECTRON ENERGY-LOSS ANALYSIS OF CARBON TETRAFLUORIDE AND CARBON
TETRACHLORIDE*
f

“R. H. Huebner, R. J. Celotta, ' and S. R. MielczarekJr

Apparent oscillator-strength distributions for CF 4 and CClI 4 were derived

from the electron energy-loss spectra (shown in Figures 1 and 2) obtained with

'100-eV incident electrons scattered at 0°. Our results for CI-‘4 agree closely

'withv the previous electron-impact results:l obtained with 500-eV incident
electrons. Photoabsorption -results'z’3 for C'F4 show a similar spectral shape,
although the absolute magnitudes of the optical values are higher by as much
-.as a factor of two . The distributions obtained for CF 4 by optical and electron-
. ir'r‘xpact.techniques are compared in Figure 3.

The energy-loss spectrum of CCl, is in .qualitative agreerﬁent with that

4
-reported for 25- keV incident electrons below 14 eV, but does not show. many
of the sharp structures observed in- that work at higher energies. Oscillator

strengths we derive for CCl, between 11 and 21 eV agree to within * 10% of

" ‘'the photoabsorption vahies ?neasured by Person et al,, > when normalized at
'12.2 eV. The comparison is shown in Figure 4. Our results also agree closely
With the photoabsorption values reported-by Rowland and Mol'ina6 for the solar
window region (5—=7 &V) shown in Figure 5. Depletion of the stratospheric
.ozone layer. should result after photodissociation of C‘Cl by the same sequence

of events as described6 for chlorofluoromethanes, However, since CCl has

" been in 1ndustr1al use for many years, its effects on the photochemistry of

the stratosphere should already be reasonably near equilibrium.

*Extended abstract of a paper presented at the Annual Meeting of the Division

. ‘'of Electron .and Atomic Physics of the American Phys1ca1 Society, 6-8 Dec,
,1976 Lincoln, Nebraska.

" 'National Bureau of Standards, Washington, D.C.
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. PIG. 1.--The electron energy-loés

spectrum of carbon tetrafluoride
(CF4) obtained for 100-eV electrons
scattered within 20 mrad of the

. incident direction. The sharp

peak at 6.7 eV and structures
near 13 eV and above 20 eV are
due to slight amounts of mercury
and nitrogen impurities in the
system.,

(ANL Neg. 149-76-164)

FIG. 2.--The electron energy-
loss spectrum of carbon tetra-.
chloride (CCly) obtained for
100-eV electrons scattered with-
in 20 mrad of the incident
direction. . : ‘

(ANL Neg. 149-76-169)

FIG. 3.--Comparison of the
oscillator-strength distributions
for CFy: +, electron-impact
values, Ref. 1; solid line,
present work, and optical values;
x, Ref., 2; A, Ref. 3. The present
results were normalized so that
integrated f values for the bands
at 12.5 and 13,5 eV would agree
with values reported by Ref. 1.
(ANL Neg. 149-76-168) -
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FIG. 4.--Comparison of the ap-
parent oscillator-strength dis=-
tribution obtained for CCly with
optical results. The upper curve

"in the 14 eV region shows the

photoabsorption values of .

Person et al.,S it falls below the
electron- ~-impact results below
about 12.5 eV and above 17 eV,
(ANL Neg. 149-76-166)

' FIG. 5.--Comparison of the ap-

parent oscillator strengths (solid
line) obtained for CCly with the

optical values (+, Ref, 6) in the
solar window region,

(ANL Neg. 149-76-162)
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*
APPARENT OSCILLATOR STRENGTHS FOR WATER VAPOR

R. H. Huebner, M. E. O'Connor, f R.TJ. Celdtta? and S.R. Mielczareki

Electron energy-loss spectra for H_O were measured for 100-, 300-,

and 400-eV electrons scattered close to th2e incident direction (Figure 1). Ap-
parent oscillator-strength distributions were obtairied by the small-angle meth-
‘od, 1-3 and were all normalized at 14,58 eV to df/dE = 0.198 ev_l, which gave
the best overall fit to available optical data. This value is a factor of 1.3
-larger than the optical value of 0,1526 eV—l reported in Ref, 4 for the same

energy. Apparent oscillator-stength distributions derived from these spectra

3

WATER

N
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~
T

INTENSITY (COUNTS) X103

FIG. 1.--Energy-loss spectra of water
vapor for electrons scattered within 20
mrad of the incident direction: top,

T =100 eV; center, T= 300 eV; bottom,
T = 400 eV. '
(ANL Neg. 149-76-132) .
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Extended abstract of a paper submitted to the 1977 Joint American Physical
Society/American Association of Physics Teachers Meeting of the American
Physical Society, Chicago, Ill., 7—10 February 1977.

TArgonne Center for Educational Affairs Undergraduate Research Participant from
.Clarke College, Dubuque, Iowa.

iNational Bureau of Standards, Washington, D.C.



are nearly identical for energy losses less than 15 eV. These results show
excellent agreement w1th the composite of available photoabsorptlon data and
prov1de an 1ndependent source of f values for the many discrete transitions in
this" reglon.

The absorp,tion spectmrﬁ of H,O in the region from 6.60 to 8.60 eV

consists mainly of a continuum havinzg a maximum at about 7.4 eV. This ab-
sorption continuum has been measured by Watanabe et al., > Harrison et al.,
Tsubomura et al., 7 and Laufer and McNegby._8 Our values from the T = 300 eV
spectrum are compared with the data of these workers in Figure 2, Our yalues
are in excellent egreement with those of Watanabe et al, S The values of Laufer
and McNesby8 ere about 15% higher. The data of Harrison et al. 6 are nearly
30% higher-than ours, while measurements of Tsubomura et al.7 are about 30% .
lower. . Thus, our values are consistent with optical values for this band,
although the broad range of reported optical values does not permit a good test
of our accuracy.

The region from 8,60 to 9.90 eV consists of a continuum underlying a
seriés of diffuse bands. Our results (Figures 2 and 3) agree with observations
of these bands by Watanabe et al.5 The f values they derived are also in good
agreement with our values (* 3%). The structure was not observed by Laufer
and McNesby, 8 however, the shape of their curve and the f values they ob-

‘taivned agree to within + 4% of our values: This agreement between our values

and the optical data is excellent for this band.

' WAVELENGTH (nm) o '
200 190 180 170 160 150 140 130 125

p N N I N l [ [
lllll!ll.v

040 ———r—

FIG. 2.~~Comparison of the ap-
parent oscillator-strength dis-
tribution for water vapor (solid
line) with optical values (+,
Ref, 9; ©, Ref, 6; x, Ref, 8;
and < , Ref, 7) in the 6 to

10 eV energy-absorption region.
(ANL. Neg. 149-76-130)
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WAVELENGTH (nm)
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. 1
0.3' I . I, |.\ I . | | . L FIG. 3.--Comparison of the ap-.

parent oscillator-strength dis-
tribution for water vapor (solid
line) with optical values (+,
Ref. 10; ®, Ref. 12, x, Ref. 8;
and < , Ref. 9) in the 9 to 13
eV energy-absorption region,
(ANL Neg. 149-76-127, Rev. 1)
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"There are many discrete absorption bands between 10.00 and 12 50 eV
(Figure 3). Watanabe et al.9 measured the photoabsorptioh cross sections up
to 11.7 eV. Watanabe and.Iursa4 reported vaAlues in the region from 11.7 to
15.6 eV, Although their data are not shown in Figure 3, we see qualitatively -
the same structure up to 12,50 eV, although their values are slightly lower
than ours. An extensive set of optical values from 11.7 to 18.0 &V are avail-
able from the work of Katayama et al. 10 The direct comparison of these photo-
absorption data with the present data in the region from 10.00 to 12,50 &V is
complicated by the difference in energy résolution achievable by the two dif-
ferent methods. The higher resolution optical measurements show deeper
valleys, higher peaks, and narrower peak widths than the lower resolution
energy-loss data. This can be seen in Figure 3, where these data are compared;
However, the structure and average iﬁtensities are in'qualitatively good agree-
ment,

The diffuse bands observed in the region from 13.00 to 15.00 eV by
our electron energy-loss measurements, 6ver1ap those observed by Person and
co—workers11 and Katayama et al. 10 (Figure 4). The measurements of Person.
and co-workers are estimated to be accurate to £ 3%. The energy positions of
our peaks closely rﬁatch theirs throughout this region, but our intensities
gradually become larger than theirs as the energy loss increases above about

14.00 eV, This is true for all data sets obtained for different incident energies.
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FIG. 4.--Comparison of the ap-
parent oscillator-strength dis-
tribution for water vapor (solid
line upper) with optical values
(+, Ref. 10; ©, Ref. 12; and
solid line lower, Ref. 11) in the
12 to 16 eV energy absorptlon '
region.

(ANL Neg. 149-76-126)
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In contrast to the good agreement obtained for the low-energy reglons,
the deviation of our data from the optical measurements appears to increase
markedly above 15.00 (Figure 5). However, between our values and those of

Person and co—workers11 and Katayama et al. 10 there is no more than a 24%

P

‘difference. Data of Metzger and Cook,’“ on the other hand, differ from our
data by 28 to 64% over the same energy-loss region. We cannot fully explain
this behavior, but we suspect some instrumental distortion may be occurring
at large energy losses, -

Total f values for a given band between two energies, E1 and Ez, may
be obtained from the oscillator distributions we obtain by integration:

L © WAVELENGTH (wm) .
825 800 775 W®O  ®5 700 675 655

031 — N i FIG. 5.--Comparison of the ap-
parent oscillator-strength dis-
tribution for water vapor (solid

20, line upper) with optical values
o (+, Ref. 12; ®, Ref. 10; and

s solid line lower, Ref, 11) in the
Z 15 to 19 ¢V cnergy absorption

% orf region.

(ANL Neg. 149—76—131)
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Table 1 lists the values obtained for bands in the range 0 to 15 eV, Here a
difference of no more than + 13% from the a\}erage is observed. The total
integrated f values over the regions 0 to 15 eV agree for thé three runs to
within + 2,5% of' the éverage. These results indiciate that for energy-loss
values less than about 15.00 eV, the f values for HZO do not depend strongly
on the incident energy. For energy losses between 15 and 25 eV the three
distributions differ by no more than + 30%, although they gradually rice above
the vacuum ultréviolet photoabsorption measurements, Previously reported
electron-impact values in this spectral region are considefrabl? smaller than

both the optical data and our present results;

1

TABLE 1. Comparison of Integrated Oscillator-Strength Values for Water
for Different Incident Energies (T).

Energy Band Integrated F Value Between E. and E

1 2
El' ev EZ' eV T=100 eV T = 300 eV T= 400 eV . Average
6.60 8.65 0.0344 . 0.0400 0.0320 0.0355 -
8.65 9.93 0.0465 0.0498 0.0432 0.0465
9.93 10.08 0.0128 0.0129 0.0118 0.0125
10.08 10.30 0.0213 - 0.0219 0.0203 0.0212
10.30 10.49 0.0114 0.0119 0.0107 0.0113
10.49 10.69 0.00967 0.00986 0.00898  0.00950
10,69 10.88 0.00562 0.00564 10.00519 0.00548
10.88 . 11,08 0.0199 0.0223  0.0194°  0.0205
11.08 11.23  0.0182 0.0200 0.0182 0.0188
11.23 11.32 0.00377 0.00388 0.00348  0.00371
i1.32 11.47 0.0103 0.0100 0.00940  0.00991
11.47 11.59 0.00737 0.00761 0.00702-  0.00733
11,59 11.66 0.00228 0.00203 0.00200  0.00210
11.66 11.86 0.0216 0.0228 - 0.0212 0.0218
11.86 12.00 0.00796 0.00727 0.00706 0.00743
12.00 - 12.19 0.0193 °  0.0195 0.0184 0.0190
12.19  "12.31 - 0.0122 0.0121 0.0116 0.0120
12.31 12.38 0.0071 0.0069 0.0066 . 0.0068
12.38 12.50 © ' 0.0142 0.0143 0.0136 . 0.0140
12.50  12.56 0.0072 0.0072 '0.0069 0.0071
0.00 15.00 0.763 0.774 0.740 0.759
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IMPROVEMENTS IN THE ELECTRON ENERGY-LOSS SPECTROM'ETER

* .
H. Tanaka, R. H. Huebner, O. J. Steingraber, and D. Spence

Several design modifications and improvements in the EELS system
are  summarized. ' '

The design, construction, and preliminéry testing of the electron energy-
loss spectrometer (EELS) have been previously repofted. 1=3 During the past
year several design modifications and improvements have been made, such as
upgrading of the magnetic shielding of the instrument‘, improving the collis.ion
region design and shielding, and redesigning the electron monochromator and
associated electronic controls. The newly-designed high-resolution electron
- monochromator for the EELS system is described separately elséwhere in this
report.

A double-layer magnetic shield was designéd and fabricated to fit in-
side the vacuum chamber, and it surrounds the monochromator-analyzer assembly.
High-permeability magnetic-shielding material with an inner thickness of
0.0625 in and outer thickness of 0.,03125 in was used to construct the shields.
After fabrication the entire shielding assembly was vacuum annealed at 2050 F
+ 25 F for one hour and cooled at a rate of 450 F/hr t0.1600 F and then at a
rate of 600 F/hr to ambient temperature. | |

In situ meéasurement of the residual magnetic field with a Hall effect
probe indicated a residual 4-mG field in the vertical direction and a horizontal
.component.-of about 3 mG along the axis of the chamber. This is an improve-
ment of better than a faétor of 10 from the previous magnetic shielding used.

Some inhomogenieties »in‘ the magnetic field were observed, parﬁcularly near
the access ports and pumping orifice. In these regions the residual magnetic
field increased because of the concentration'an'd penetration of the magnetic

flux at the edges of the orifice. The variations in the magnetic field were

R .
Postdoctoral appointee from Sophia University, Tokyo, Japan.
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mapped out inside the chamber and did not exceed = 5 mG within 6 in of the
center of the chamber except close to the pumping port, where the measured
field reaches 20 mG at a few points, However, in the regions where the
electron beam passes at low energies, the residual magnetic fields are low
enough that no detectable effects are expected.

Figure 1 shows a cutaway diagram of the newly designed collision
region, It consists of gas jet, a 120° sector beam collecto’r, and an inner and
outer electrostatic shield. The gas jet was fabricated from molybdenum with
the length-to-diameter ratio of 10. Three jets with diameters of 0.015, 0,020,
and 0,025 in can be interchanged and are sealed to the support gas tube by
gold gasket of 0.005-in thickness. An inner electrostatic shield constructed
of molybdenim is a 0.,25-in diameter tube that fits snugly around the gas jet.
This defines the uniform potential region in the scattering volume above the
gas jet orifice. The electron beam enters through a slot, and electrons scat-
tered into the analyzer pass through a large diameter hole. The unscattered
beam passes through the slot on the opposite side of the tube and is intercepted
by the sector beam collector. In Figure 1 the beam would pass from left to

right for a scattering angle 90° into the analyzer.

FIG. 1.--A cut-away diagram of
the collision region assembly:

(1) gas jet, (2) inner shield,

(3) outer shield (bottom), (4) outer
shield (top), (5) outer shield for
beam collector, (6) 120° sector
beam collector, (7) support collar,
(8) support gas tube, (9) and (10)
insulators.
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The outer electrostatic shield support and beam collector are fabricated
from titanium., However, all inner surfaces surrounding the collision region are
screened with 100 X 100 mesh molybdenum wire (0.002-in diameter) cloth to
provide as uniform a surface potential in this region as possible., The mono-
chromator-exit and analyzer-entrance cones protrude inside the outer shield,
so that the effect of stray electric fields on the electron trajectories in the col-
lision region should be negligible,

The design of a hemispherical deflector monochromator for high-resolution
operation is described elsewhere.4 The electron optical lenses and hemi-
spherical deflectors were fabricated from a vacuum arc-cast, high-purity
molybdenum. A photograph of the completed monochromator assembly and the
collision regions are shown in Figure 2. Since the operating voltage require-
ments are different for the new monochromator, a new voltage control unit and
other electronic modifications were needed. These have also been completed.

The new control units utilize coaxial shielded cables for all voltage leads to

FIG. 2.--Photograph of the completed monochromator-analyzer assembly and
collision region assembly. (ANL Neg. 149-76-320)
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.reduce transient voltage pickup, and all battery voltage sources have been
‘repla(:ed by compact ac-dc constant-voltage output, low current power sup-
-plies, ‘Tests of the operation of the EELS system with all the incorporated

improvemerits will 'be initiated in the next fiscal year,
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ELECTRON-OPTICAL DESIGN PARAMETERS FOR A HIGH-RESOLUTION
ELECTRON MONOCHROMATOR

4 * ‘
H. Tanaka and R. H, Huebner

Detailed design parameters of a new, high-resolution electron mono-
chromator are presented. The design utilizes a hemispherical filter as the.
energy-dispersing element and combines both cylindrical and aperture electro-
static lenses to accelerate, decelerate, transport, and focus the electron beam
from the cathode to the interaction region.

Introduction

Methods for producing and focusing electron beams with an adjustable
mean energy and narrow-energy spread are well known. For applicatiéns at
intermediate and low incident energies (i.e., at less than a few keV) electro-
static‘ energy filters and_ electron-optical lenses have been widely used. How-
ever, design details of any electron-monochromator system can differ in various
ways, depending on the specific operating characteristics desired, In this
rebort we present a new design for an electron monochromator to be used with
the electron energy-loss spectrometer system, |

The new electrostatic energy selector was designéd to give the highest
possible currents fof an electron beam having a low-to-intermediate mean-
energy (=1 keV) and a full width at half-maximum (FWHM, the energy resolu-
tion width) thatis = 0. 050 eV. The design was also constrained to be com-
patible with the geometrical configuration of the electron energy—loss spectré-
meter (EELS) system.

Our design mainly follows the development set out by Simpson and
Kuyatt for the use of elect;ostatic energy filters of a hemispherical shape.
However', in the ove‘rall el'e'ctron optical design of the monochrqmator, we
have relied on' the principles discussed in Refs, 1—4., Figure 1 is a schematic

diagram of our monochromator,

*
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Faraday . .
Collector ‘FIG. 1.--Diagram of
Wa the high-resolution

electron monochromator.
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De51gn of Hemispherical Electrostatic Deflectors

_ ~ The energy-dispersing element used in the monochromator is an electro-
static hemispherical deflector with a mean radius of 1.5 in and virtual input
and exit apertures..

Energy Resolution

With entrance and exit virtual slits of equal width W f, and with mean

: radlus R. as well, the resolvmg power AE, / E_ at a given mean energy E. can

0 2 0 0
be estimated™ by
AE%/EO = W/2R , ) | (1)

where AE, is the FWHM of the monochromatized energy distribution. The base
2 .
width AEb of the energy distribution is given2 by
. 2

AE /Ej = W/R) +a” = 2.5 AE%/EO ' _ ()

‘where a is the divergence: half-angle of the electron beam at the entrance of

the hemisphéres given by
= W,/4R,) . - B)

Thus, for the selected value R0 =1,51in and Wf =0,02 in, Egs. 1-3 deter-
mine the parameters given in Table 1. -HoWéver, the value we actually chose |
is a somewhat more desirable compromise between intensity and energy

resolution,



TABLE 1. Parameters of the Hemispherical Deflector,

Parameters : " Calculated values

A /E . 0.006

L .

AEb/EO - 0.017

a, rad ’ ' . 0.058

Wm/.Ro ‘ 0.1

w /4G : 0.29

Eqr &V 2.5 5 7
4E,, eV 0.017 0.033 0.047
AR, &V 0.043 0.083 0.118
av, vV - 1,714 3.429 4,800
L, wA 0.52 1.40 2,30
I,. MA ‘

ag, M 0.09 0.47 1.10

Filling Factor )
The maximum deviation Wm of an electron from the central path is
: given2 by . :
: 2, -1
= + -+
w_/R, AE%/EO ta+ (W/2R) + aEL/E () (20) (4)

where Wf/ZR0 «'1-and AEL/EO < 1.
. 2

In order to tr_ansmit the whole divergent beam,‘ a separation AG=0.5 in
between fhe hemispheridal electrodes has been chosen. The rétio Wm/AG is
called the filling factor. For our design, Wm/R0 and Wm/AG can be simply
calculated and are given in Table 1. The separation AG also determines the

| potential difference AV that needs to be applied between eleqtrode; in order

for the electro'n beam to be properly focused at a given mean energy, EO. Then,

EO is given by _

AV =E (R,/R, — R /R) . R, >R, . ' (5)
where R1 and Rz, respectively, are the inner and outer radii of hemispheres,
The calculated values of AV at three values of EO are given in Table 1.

Space Charge in Spherical Deflectors

Once the value of AE; and the size of the deflector are chosen, only
2

N
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the mean energy, E_, at the spherical deflectors remains to be selected, The

0

0
) 2
- by Simpson and Kuyatt,  The total sp_ace‘-charge-limited current, Ii' entering

‘optimum value of E_ can be found by use of the space—bharge model discussed

‘the spherical deflector is given.by1
: A '

Ii 19.3 Eq AE%. (6)

The maximum monochromator current for a hemispherical monochromator with

o . o 1
virtual apertures is given™ by

1 .
LA, =19.3E;? (AE%)Z/AEK ' ‘ ‘ ' )
2
: Where AEk' =~ 0,25 eV for a thermionic source., The use of virtual apertures .
‘avoids the space-charge limitation on current passed through a real aperture
at a fixed voltage, allowing a greater flexibi'lity in choosing EO and the mono- '
-chromatized current. Table 1 gives typical values of these parameters for
arbitrary choices of E 0 The charging-up effect due to the contamination on

“the surface of a real aperture can be avoided by using:the virtual apertures..-

Herzog Correction

The fringing fields at the ~input.énd output planes of the hemispherical

I

deflector are compensated for by applying the Herzog .corre,dtion. This can
‘be done by adjusting either of the two parameters, de/AG and b/AG, where
b, dm' and AG are defined in Figure 2. We .choose dm =0,1 in and AG= 0.5
in, ‘and thus de/AG = 0,4, With this choice, b/AG = 0.56 is determined
from the graph in Figure 2 of the paper by,Herz.og..s Thus, the .diameter of the
“lens ‘élei'nenls adjacent to the entrance .and ‘exit planes - ot the hemispherical

deflector should be d = 0.28 in.

Hemispherical :

‘ —=dn ' ' FIG. 2.--Diagram of the parameters used
" Defléctor Cylinder Lens in the Herzog electric-tield correction.
AG—-D——
/,/ &




Des'ign of One-Stage Decelerator

The'el'ectrostatic lenses (Fig\ire 1) must be designed to produce an

0 a, and Wf and to focus it at

the virtual slit of the spheriéal deflector. The input lens Lb and output lens

- electron beam that has the optimum values of E

LA C image the entrance aperture WD and output aperture WAC onto tpe cor-

responding virtual apertures at the entrance and exit planes of the deflector,

1n eéch case with a magnification of 1.5. Both LD ahd LAC are dopble—cylinder
lenses; the former, acting as a single-stage decelerator, reduces the input
energy of the electron beam by a factor of 10, while the latter acting as a
single-sfage accelerator reaccelerates it by the same factor., With these lenses
' , and WACp
a region of relatively high kinetic energy, and the effects of surface potentials

the defining apertures (WD,. WAC' WDp

) intercept the electrons in

and space charge are minimized. The pupil diameter, 'WDp' limits the beam
half-angle at the entrance of the hemispherical deflector.' It is located at the '

second focal point of L_ so that its image is focused at infinity. This provides

fbr a zero beam angle a]f the monochromator entrance.- The design of these
lenses folldws the principles outlined by Kuyatt. ! The focusing properties of
these lenses are calculated from the lens equations of Spangenberg7 and from
the matrix method of. Kuya_tt; ! The double-cylinder lens parameters are taken
from the more accurate calculations in Ref, 8,

Initial Design Conditions

The initial design éonsideratiqns for the L_ lens suggest a decelerating

D
- lens with a 10:1 voltage ratio. We opted for a two-element cylinder lens to

do this job with aﬁ overall length of about one inch and with a filling factor of
about 0.5. The parameters of the hemispherical deflector (Table 1) also

required a magnification M__ = 1.5 and an initial object diameter =

AC

= 0,071 rad and
pf

= 0, we must position a pupil (see Appendix A) Qf appropriate size such

D. |
Wf/MD = 0.013-in diameter. To achieve the desired 8

ebf
that the initial pencil half-angle be restricted by '

R §
0 = 2] )2 =
ol My pf(vDi/vDo). 0.0336 rad.
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Parameters of Ly (and L, ., Lens

AC

Using the matrix method of"Ref. '8, the properties of a double—éylinder

' lens 'Fwith a spacing g=0.1 D can be calculated. Parameters of lens LD are

. .indicated in Figure B-1 of Appendix B, along with the appropriate lens equations.
The elements of the matrix B (see Eq. B-1) for a decelerating double-cylinder

lens with a deceleration ratio.10:1 can be obtained from Table II in Ref. 8, and

are b11 = 2.,0200, b21D = -1,2511, blz/D = 0.14412, and b22 =1,4762,
" . Substituting these values into Eq. B-2, we find
£ = 2.5270D E = 0.7992D
FO= 1.1799D Fi‘= 1.6140D . (8)
Thé Newtonian lens equation retains its usual form,
and the magnification M is given by the usual formula, <
MD)=“fo/p = q/fi . | . ';(10)
.For our design we choose M= 1.5 _an'd SO
p=fo/MD=2'5270D/1‘°5= 1,685D , - (11)
and. '
q= fi/MD =0,7992D x 1.5=0.533D.
The total length is then
2=p+F_+f +q=5.677D. (12)

. Filling Factor

We can calculate the beam size, dD' at the reference plane of LD by
projecting the size of the virtual aperture, Wf, back to the center of the lens;
thus o .
. ~ “+ + = 0. in + . .

dD Wf 2 (q Fi)oc 0.02in+0 305D
The filling factor is then given by’

dD/D = 0.305 + 0.02 in/D . , (13) -
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Pupil . ‘
The diameter of pupil _dp required at second. focal point of the lens L

. D
is

d_ = 2p x 0.0336 rad = 0.017-in diameter . - 9

The location.of the pupil should bev at Fo = 1,1799 D to make the beam angle

at the entrance of the hemispherical deflector zero. The values of CSD for

deceleratihg lenses (see AAppendix C) can be deduced from the values of CSA

that Read et al..9 caiculated for accelerating lenses. The relation is °
. 4 - . 3 . , " . -
Csp = My Caa (E/E)" . | | (15)

Angular Characteristic of a Beam

AC
|
8= W, /2 —F) T, S (16)

The beam half-angle for the output lens L is given

ABC ‘
‘where P — Fi' is the distancg between the focal point and the image of LAC
(see Appendix A for definitions). For a lens with a diameter D = 0.15 in, the
calculated parameters are shown in Table 2. The. ¢ohstfugﬁ6n 6f .o'utput lens

L

D* ‘

TABLE 2., Parameters of Lenses LD and Lc

Parameters Calculated valuesa Parameters Calculated value;sa
g 0.015 ) f] 0.852
£ 0.379» dD/D 0.44
F 0.177 d 0.017

o} P S0

f1 0.120 o eACp . 0.034
F1 0.242 eACb 0.02(:b
P 0.253 . ] ' ArD 0.004
q 0.180 ",erC 0.001

3A11 linear and angular dimensions given in inches and radians, respectively,

= 4 must be used for the lens L

b .
The spherical-aberration constant CSD D

with a magnification MA = I/MD.
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Design of Gun with Diode

. The electron source is a diode gun of the Pierce type. Its design ac-
- commodates either a hairpin throiated-iridium filameﬁt or an indirectly heated
dispenser cathode. Both the diameter Wy of the anode and its distance from

| the cathode are chosen to deliver the maximum space-charge limited current
(Ii ip Table 1) to the entrance virtual slit Wf of the spherical eiectrostatic
deflectors.

Space-Charge-Limited Current

In order to form a beam of known current density, energy, and geo-
: metrical parameters, we start with the spaceéchérge—limited diode as our initial .
electron source, as in the schematic diagram (Pigure 3). The space—charge—.
limited current density IA is easily calculated frorh the voltage and the spacing
6f, the diode:1 - _

T, =1,/5, =2.33 VA%/dz , o | 1 (17)
where SA is the area of the anode aperture. |

Location of Focal Point

Let VA be the acceleratingvoltage between the cathode and anode, and

€ (z) be the electric field at distance z from the anode. The expression Spangen.—
berg7 obtained (his Eq. 15.66 on p. 458) from the aperture lens formula assumes
that beyond the anode aperture the gradient of the potential is zero. A similar

. 1
expression.for a space-charge-limited diode, is given by

‘ ' FIG. 3.--Schematic diagram of the

electron-optical and geometrical
parameters relating the beam pro-
duced at the electron gun with beam
focused at the hemispherical de-
flector. :
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e(z)=(4VA/3d4/3)zl/3.v ‘ - . (18)

. The focal length of the anode is then

fAD=4VA(E(0)"G(d).)—1=—3d-_' S (19

Angular Characteristics in a Beam -

The beam half-angle is

0y = rA/3d , r, = WA/Z . : o | (20)

which depends on the radius I of the anode orifice. The path of an electron

emitted parallel to the cathode surface has a slope1 of

yé 20

A = (Ek/EA)Z = (vk/vA)2 . (21)

"whe‘n it regches the anode orifice, In this expression Ek = er =kT=0.,1 eV.
- Take the anode orifice to be the window for the system. This window, before

the anode lens, is formed by pencils with half-angle eAp and within the central”
~ray parallel to the axis. Hence, the pupil is at a distance -3d from the anode

1

lens. The size of the pupil can be shown to be
= 3dy . '
WAp | Y _ : (22)

Voltage of Anode

Assume that the final beam at the hemisphere entrance is space-charge

limited at voltage V i with convergence half-angle a and non-space-charge

D

radius wf/z = rpo In practice, re

the space-charge beam. Richtstrathert (brightness) is d.efined1 by -

can be made close to the minimum radius of

R=1(8 - do) " , (23)

where I is the current through a differential area S and d is the solid angle
subtended by the electrons., Conservation of current, together with the law of

Helmholtz and Lagrange,? namely V. dQ_ S =V .dQ S_, leads to

A°ATA  Di fff

8, = dt/ Vi 925 - \ | | (24)

dI/VA.dQ St

A
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Hence, we see that the ratio of Richtstrahlwert to electron energy is a con-
served quantity. Thus, '

=1 -2 _ 3 -2
R /V =0.74 vA Vk }d , Rf/va— 3.9 vV (wf/z) . (25)

3

where RA = IA/dQA, R.=1,/S.dQ., andI. = 38,5V .Eaz. Then VA is given by

f i E i D2
= [21.1 vDi%v @/ W, 121273 (26)
Total Current
The total current1 from the diode is
1A=1An(wA/2) =7.32.V, 3/2 (W,/2) 2 /4 » (27)

Anode Diameter

. To keep the alignment from being critical, make the anode orifice about
twice as large as necessary, say 0.026 inches in diameter. In this way, ‘edge
effects of the anode orifice will also be avoided. The selected values of the

'parame‘ters of the gun and of 'its constituent are shown in Table 3.

- Design of Condenser Lens

- To get a well-collimated beam at the entrance to the hemlspherlcal de-
flector, we de51gned a fixed decelerator (as discussed earller) with all aper-—
tures placed on the high-voltage side of this lens. Since the diode voltage
apd the input voltage to the decelerator are fixed by these considerations, we
‘need..an inte'rmediate ene;‘gy—matching lens. This lens should be capable of
opération over the range of VA shown in Table 3 and of VDi = Eo/e) shown in
Table 1, so that current can be varied with diode voltage, and final energy
qén be adjustable. Owing to its flexibility, we have chosen the three-element
aperture l.ené as our condenser lens, The electron-optical properties of such
lehses have been calculated in Refs. 10 and 11, and some specific quan;cities -
are identified in Appendix B. 'With such a lens we want to image the anode

.Iorificé of the diode onto the 0.013-in diameter entrance aperture of the de-

celerator with constant magnification. It is possible to use these asymmetric
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TABLE 3, Parameters of the Gun

Parameters . Calculated values °
Vk, \Y 0.1
d, in 0.215
WA = ZrA) (diameter in inches) .0.026
0 _, 0
B rad |
8yps Fad , 0,021 0.019 0.018
WAp (diameter in inches) 0.029 ~ 0,025 0.024
' ' ' 2. 5
A ‘ | 2.5 7
VA' v 52.9 . 66,7 - 74,6 ¢
' 10 15 . 1
IA’ HA . _ 7

~-lenses in such a way that with an object at a f1xed posm.on and energy, the
energy and magnification of its image may be varied at a fixed image p051t10n.
Such a lens is frequently referred to as a thre'e—element zoom lens. TFigure

B-2 in Appendix B defines the parameters of the three-element aperture lens,

Three-Element Aperture Lens
In order to operate the condenser lens as a zoom lens, we need to know
the relations between V__./V .. and V C3/V

c2’ C1 C1
distance P and mid-image distance Q. Read et al. have calculated this.

for fixed values of the mid-object .

relation for six different pairs of-values of A/D.' P and Q are measured to the
Aleft aﬁd right, respectively, of the central aperture in units. of the aberture
diameter D. Because of the limited space available, we cho'se A/D =1,
‘P=Q=5D, and D = 0.‘1 -in vdiameter, respectively. The voltage ratio

v../v_., for suc}; a lens.can be réad from the graph of ‘Figure 4,

Cc2" Ci1
Magnification

As the energy of the image is varied, its size and pencil angle also

vary. The three quantities are connected by the Helmholtz-Lagrange relation

(5] =
Me max 'c3 pi VCl'Y ! (28)‘ ‘
where M C max is the maximt.{m magnification, and y and epi are the pencil
angles at the entrances to the anode and decelerator lens, respectively. The
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minimum magr_lificaﬁqn is given by
Me min = Wp Wy - _ ' : ‘ (29)

The variation of the magnification of our zoom lens, as calculated in Refs. 10
and 11, is shown in Figure 5. The upper branch (AFED in Figure 5) of the curve

1s'for VCz < VCl and the lowe; branch (ABCD in Figure 5) for VCz > VCl'

Clearly for the case VC 2 >V C 1 the magnification is nearly unity over the entire

anticipated .range of VC3/V01'
Other Parameters
Thé filling factor, dC/D, the beam half-angle, 6 , at W__, and the

, Cb D
, calculated in the same way as previously, are as

spherical aberration Ar o

shown in Table 4,

Design of Energy-Change Lens
" The monochromator focuses the image at Wf onto its exit plane at er

with unit magnification. The electrons at er are accelerated by LA (sym-"""-

- metrical to LD) and focused at WAC' In traversing lenses, LECl and LECZ’ the

electrons from WA C are further accelerated to the desired final kinetic energy

of 10 eV.to 1000 eV, and are focused onto the beam of atoms and molecules.

| " Lens LECl can be used in two ways" (a) in the case of low incident"

~ energy, it works as a three-element einzel lens, and (b) in the case of high

incident energy it works as a double~-cylinder accelerator lens (see Appendix B).
" Lens I‘ECZ must ensure that the final image size and position at the

-target'bearh are independent of the final electron energy. For this we again

chbpse a three-element aperture zoom.lens (see Design of Condenser Lens and

Appendix B).

Lens LECl .

The LE ci lens is composed of our lens elements which can be combined
to form either a double-cylinder accelerator lens or a three-element einzel
lens. In either case, the_ object at WA -is, focused onto the virtual slit at
_the right edge of LECl
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‘ A/D=] . FIG. 4.--Plot of the voltage ratios V;/Vq
g , and V3/Vy for a three-element aperture lens
55 . such that it operates as a zoom lens, with
' fixed pairs of object and image positions, -

TTTT

_10¢ . P/D, Q/D, respectively (taken from Ref. 9).
> : .[Note: This diagram applies to both the
=t condenser lens V¢ and the second energy-

o1t \ . - change lens Vo2 and so the preceding
subscripts are suppressed here.] .

1l 1ot el

01 10 10
V3lVy

FIC. 5.--Tho magnification M of a three=
element aperture lens for fixed values of
P/D = Q/D = 5 with voltage ratio Vs3/Vco
(taken from Ref. 9).

0'5 raatel Pl M BN E R |
01 10 10
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TABLE 4. Parameters of Lens LC

Parameters . Calculated values

Vc1(= VA)' v 52.9 §6.7 X 74.6

Ves = Vm)' ' 25 50 70

VC3_/VC1 . 0.47 0.75 0.94

VCZ/VCI 3.5 4.6 5.3

ch, \) 185 230 371

MC max 1.9 1.3 1.1

MC min : 0.5

dC/Da 0.68 0.65 0.64 -
b ( !

er' rad A 0.026

ar, in€ 0.007 0.006 ~ 0.006

a -_—
For dc = WA + ZP'(eAb + eAp).
b

For 6, = (wD/z)/Q - F,, F,=0.25.

=1 from Refs, 10 and 11, a . =6, .+ 6

Y/
= 10" for MA D Ab Ap*

.
For Csp
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" Einzel Lens.

When the inner two cylinders of the four-element lens, , are tied

.
' EC1
, to the same potential, V . and the outer two to the same potential,

EC12 .
works as an einzel lens. The lens parameters are

Vec11™ Vec13’ Lect

identified in Figure 6a. - In our case, the values of D, P, Q, S, and g/D are
constrained to fit the geometric parémeters of our system; the values actually
- selected are D = 0.15 in diameter, P= Q=3.1D, S=2.0 D, and g/D = 0.1.
In the equationé for the general pair of lenses (Appendix B, Egs. B-3 and B-4),

'——f,,f'—>f,P'—>F2, and F,"" — F,_ . The

we make the replacements f, 27 1y 1 %1 2 1

. result is

% * _ . - _ _ _ * .
f.1 ¢f2 flfz/(ZPz S)'_ F Fz F, = F, +8/2 o | (30)
*

M o (1),

' *

P=p+F1*, Q=q+F (32)

*
2. "

From the values calculated in Ref, 9 for double—cylinder lenses having -

FIG. 6.~-Diagram depicting the electron-
optical parameters ot lens Lpcq used as
(@) an einzel lens, or (b) a double-
cylinder accelerating lens.
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g/D_=.- 0.1, it follows that VEClZ/VECII =7, f1*= 1.2 D, F = 2.0 D, f2 =

3.1 D, and F, = 1.7 D. Thus, we have ¥ =£"=2.7D,F =F,"=0.3D,
and P= Q= 3.0 D, since M = 1. The specific value of VECI‘Z/VECI'I

the best focus can be found empirically. Flexibility in this mode of 'operation

giving

'is an advantage. The results are shown in Table 5. ‘

Double—Cylinder Lens

To get a high incident energy, the output electrons from the mono-
chromator need to be accelerated in two stages because the energy ratio of
the lens éhould be less than'1.0 (because of lens.characteristics), When the’
first 'and second lenses are tiéd to one potenti‘al and the third and fourth ones

to a second potential, lens L works as dduble—cylinder lens for pre-

EC1 ..
ac;:elerating. The lens parameters are defined in Figure 6b. As in the preceding -
case in which LEcl was operated as an einzel lens, the values of D, P, Q,
and g/D are also chosen to fit the geometric constraints of the system; the

value of each of these. parameters can be determined from the graph given in

Refs, 10 and 11. Frpm the values :so determmed, we find that ,VEC].i/VECIO =
9 andfMEClD = 0.75. The paf'ameters are shown in Table 6.
Lens LECZ

The virtual object at WE is focused onto the gas jet at the collision

Civ

center by the final accelerator lens L

EC2 with required incident energies. The

. " -t a
TABLE 5. Parameters of the Einzel Lens LEClE

Parameters 4 ) Calculated values.
Mecie !

WECIV (diameter in inches . 0,013

© 9c1pr Td 0.034

eEClb' rad 0.015
Vec12/VEc11 7

VECIZ' \ 175 350 490
dECIE/D : 4 - 0.34.

ArEClB' in 0.0003

Vit = 'po’ Yec1e ™ Wac * %P Cacp * Pacy)’ CspT 105

. H = 3] .
(from Refs. 10 and 11) ap eACp + ACh

28



zoom‘—_lehs design of the asymmetric three—aper'ture electrostatic lenses is

the ,same as that already described

and also as in Appendix B, For D = 0,1-in

, d1ameter, P= Q=10 D and spacing = 0.1 D We use Flgure 4, taken from

Refs. 10 and 11, to choose the voltage ratlos V /v appropriate to the
EC22" "EC21
requ_ired values of V /v . The selected values of the parameters are
EC23" 'EC21 , .

l1sted in Table 7

TABLE 6, Parameters of ﬂ'}e Double-Cylinder Lens LE c lDa

Parameters Calculated values

Mecip 0.75

WEClV (diameter in inches) . 0.010

eEClp' rad 0.015

eEClb' rad 0.018

Vec12/Vec10 9

VECH, % 225 450 630

dECliD/D 0.34.

-ArECID’ in 0.0006

a . . 1 = .

Vec10 © Vpo! ¥ec1p = ECIV/Z)/(Q F))iFy=1.3D;
Cg= 4 @p= 8 cp " ®cp -
B ) . - ‘ a
TABLE 7. Parameters Qt’ Lenq LECZ

Parameters Calculated values

Mo o1 ’

WECZV (diameter in inches) N.010 ~ 0,.M3

O op’ Fad (a) 0.067 ~ 0.024 (b) 0.030 ~ 0,011

Or oo fad (a) 0,013 (b) 0.010

Veca3'VEc21 ' 0.25~2

Vecz22Veca1 1~4

Vecaz' VO (a) 6.25 ~ 140 (b) 56.25 ~ 1260

Veazzt V (a) 25 ~ 280 (b)225 ~ 2520

dEcz/P (a) 1 (b 0.76

Ar,'ﬁcz, in 0.042 ~ 0.005

eca1 T VEc13’ dgc@ = Wpoqy ¥ 2P (Ot eEClb)zand ,
ECZ(b) Eclv + ZP(OEC1p + ehClb CSD =3.6x 10" ~1.4 x 10~ for
M, = 1 from Ref. 10, ' ‘
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APPENDI.X‘A. Defini'tion of Some Electron-Beam Characteristics

At least two defining' apertures are needed to collimate an electron

' 'beam; These def1ne the beam and pencil half-angles 6 and Gp, respectively.

It is the pencﬂ half-angle Gp that appears in the Helmhk:)ltz -Lagrange relation
+ linking the angular. characteristics of the electron beam at different points in
a. focusing syétem. One aperture called a "window" serves to define the radial
~ 'extent of .ah object or image. A second aperture called a "pupil" defines ep
of the rays coming from é_ach point in the object, In the absence of real ’
apertures, one still can posit the‘ existence of "virtual windows"' and "pupils"'
" at aniy object or image position that is determined by a pair of real apertures
and-the electron-optical focal properties of the system, These are shown
diagfamatically in Figure A-1, The pupil is located at the cross-over point
for rays extending from points at the window, and the combination of the two
'a,lso defings the beam half-angle, Gb, as shown in Figure A-1. At the cros s—

over, Gp and 6, become the beam and pencil angles of the image formed there.

b

FIG. A-1.--Angular parameters for
a beam passing through limiting
apertures,

Object(orimage) - Crossover
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APPENDIX B. Lens Equations for Two- and Three-Element Cylindrical Lenses

Parameters of a twb—'element cylinder l;ens,are shown in f‘igure B1 with
the reference plane of the ‘lehs indicated by a vertical dashed line. According

to Kuyatt, a matrix B can be defined

y b b. F/f,. (F.F, —f £)/f o
B'= 11 12 _ 1 i | 0°i 01" (B-1)
Par Pa Yy TR/

for a decelerating lens of this type. This matrix transforms the position and
angular coordinates for any ray entering from the lett to the corresponding R
coordinates of the exiting ray on the r‘ight; It can also be used to relate any
object distance P to its corresponding image distance, Q. The focal points

and Pi’ are related to the elements

0
of B by

f and fi’ and the mid-plane focal points, PO

3 -1
f =b b21/(b

0~ 12 Yoo o o F = 05175

11222 0

The properties of a three-element cylinder lens as shown in Figure B-2 can
also be calculated.. Equations for a pair of cylinder lenses separated by a

distance S are given as

* ' ' _ *= I - -
f2 —fzfz/(F1 +F S) ,fl f1f1 /(F1 +F S) . .(B.3)

2 2

. *
. F. = f1f2/(P1 +F

*
1 —S)'+S/2, F, =F'-f fz/(Fle—S)+S/2,

2 2 .72 1

where all quantities are defined as in Figure B-2, (B-4)

The diagram of the equivalent _three—element aperture lens is shown in
Figure B-3. The focal properties of such lenses have been discussed exten-

sively by Harting and Read. 10,11
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FIG. B-1,--Electron optical para-
meters of a two-element cylinder lens.

FIG. B-2.--Electron optiéal
parameters of a three-element
cylinder lens,

B.—3; --Electron optical parameters of

a three-element aperture lens..



APPENDIX C. Spherlcal Aberration -

If a point object emits rays which have a maximum inclination ac to
the lens axis, and if the correspondmg spread of image due to the sphencal
aberration has a radius Ar__ in Figure c-1, the sphencal-aberrat.lon coefficient

9 C.
CSC is defined by

3 ~
Ars = MpCsc%c - (C'.l)

where M, is the magnification for the acceleratmg lens.

A
V V.
‘ I - : FIG. C-1.--Diagram depicting the spher- 7

. ical aberration parameters of an electro-
- ~ static.lens, E
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APPARENT OSCILLATOR-STRENGTH DENSITIES FROM ELECTRON ENERGY-LOSS
MEASUREMENTS*

'R. H. Huebner

Electron energy-loss intensities depend on both physical and instru-
mental parameters of the measurement. Although the energies of the spectral
features are readily compared among data of different workers or with optical
data, direct comparison of ‘intensities is usually meaningless. Even if the
phﬁ/sical parametérs are the same, spectrometers of different designs do not
necessarily produce identical ene'rgy—los“s spectra. The spectral differences
arise mainly from different instrumental characteristics, such as energy resolu-
tion and angular acceptance, |

However, it is possible to relate the measured energy-loss intensities
to the oscillator strength of a transition, provided the momentum transfer (%K)
is kept sufficiently small. Two complementary methods have been developed
for the determination of oscillator strengths from electron energy-loss measure-
ments: The extrapolation method and 'the small-angle method. It is important
to note that both methods necessarily involve extrapolation to (Ka O)2 = 0.

This is so because in order to conserve both energy and momentum in any
actual collision, a nonvanishing minimum amount of momentum:must be trans-
ferred. However, in any real scattering experiment, the acceptance angie of
the analyzer is nonvanishing, thus permitting inelastic scattering correspon-
ing to a range of momentum transfer values that changes with the amount of
energy lost., Correction for this factor is of particular importance in the deri-

-vation of oscillator-strength densities by the small-angle method,

Summary of a symposium lecture presented at the 1976 Canadian Association
of Physicists-American Physical Society-Sociedad Mexicana de Fisica Joint
Congress, 14—17 June 1976, Quebec, Canada. Also, two lectures concern-.
ing this topic were delivered at the NATO Advanced Study Institute on High
Energy Chemical Spectroscopy and Photochemistry, Nijenrode Castle,
Breukelen, The Netherlands, 9-20 August 1976.
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" A variety of atomic and ‘molec.ula\r gases has beep analyzed :ecgntly by
the small—amjle mefhod. Comparisons with optically determined oscillator
strengths show good agreement (+ 15%) with optical values genefally considered
reliable. However, diécr'epancies as large as factors of_ two to four have been
found in somé comparisons, clearly indicating certain opf’ical values to be jn
error. Also, for sharp, discrete bands the integrated f values obtained by
electron. impact are free from line—satu'rat'ilon errors that beset optical measure-
ments when the instrumental resolution exceeds the natural absorption line
width of the transition. Such values are needed for comparison with ab initio
théoretical calculations that are now beginning to achieve spectroscopically
significant accuracies for transitions to Rydberg as well as valence states.

For many cémplex molecules reliable oscillatbr—'strength densities are
still not available over significant spectral regions. Many such moleculeé
are becoming of increasing environmentai concem, particularly where energy
absorption or energy transfer piayS a role in their decomposition and ph‘oto—'
‘chemical reactivity. Electron energy-loss measurements pro'vide an increas-
ingly important way of stﬁdying the energy-absorbing properties of those

molecules,
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ELECTRON-IMPACT SPECTROSCOPY: AN OVERVIEW OF THE LOW-ENERGY
ASPECTS

" R.T. CelottaTand R. H. Huebner

Electron-scattering experiments have become a major tool in elucidat-
ing the energy-absorbing properties of atoms and molecules. In this chapter
we confine our attention to low-energy aspects, i.e., for incident energies
below one kilovolt. This review emphasizes the results of electron scattering
experiments rather than techniques. Our focus is further restricted to collisions
of electrons with electrically neutral targets in their ground state. Recent
developments are ‘highlighted within a unifying framework dictated'by the
controlable physical parameters of the electron—scattering process.

The chapter is organized into four major sections: (1) a guide to
theoretical aspects, (2) single-parameter experiments, (3) multi-parameter™ .
experiments, and (4) practical applications and future research directions.:
Special attentio.n'is focusec_i on the analysis of electron energy-loss measure-
ments to yield transition oscillator strengths.

A preliminary draff of the chapter has been completed and is being

reviewed and edited. Publications is expected within the coming year.

* : .
Abstract of a chapter to be published in Electron Spectroscopy, Vol. II.,
C. R. Brundle and A, D. Baker, Ed_s. . Academic Press, New York.

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

) !
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ABSORPTION CROSS SECTIONS AT HIGH ENERGIES. SCATTERED LIGHT
CORRECTIONS AND RESULTS FOR ETHANE FROM 22 TO 58 eV '

J. C. Person and P. P. Nicole.

A new lamp has been utilized to make measurements of the absorption
cross section for ethane in the energy range from 22 to 58 eV, and a new pro-
cedure is applied to correct the data for the effects of scattered light.

Introduction
The oscillator—strength distribution is a valuable input to theoretical

radiation physics, and the differential 'o;cillator strength is directly propof—
tional to the absorption cross section o. _Furthermore, reliable ¢ v_alues are
valuable in many fields, such as photochemistry and the chemistry of planet-
arﬁz atmospheres. We have previously reported1 12 accurate 0 values that were
measured using lamps emitting either the hydrogen many-line spectrum or the
helium Hopfieid continuum. At photon energies E above 21.2 eV, we have
- reported only a few valuesZb measured using r'esonance radiation in helium or
neon. The present report describes a major increase in the energy range of
our apparatus as the result of our new lamp, which provides a multitude Qf
closely-spaced lines giving good light intensities up to 44 eV — with qseful
light up to 57.6 €V. In the high-energy region there is an increase in the
relative importance of the contribution from light that is scattered into ihe
absorption cell. Iherefore, we have developed an improved correction for the
effects of scattered light, and we have applied the correction to data for

ethane,

Apparatus
3
The monochromator, together with the double ion chamber that is used
to determine 0 by measuring the ratio of the ion currents in two chambers, have

1

been described previously, The new lamp, 4 a VUV Associates. model LS101,
was used with a low pressure (<1 torr) of argon. A 0.25 MF capacitor was
charged to 3.4 to 4.7 kV and diséharged through the lamp at 60 Hz by a rotating

spark gap.
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Correction for Scattered Light

. One of the experimental difficulties encountered when using a mono-
chfomator is the presence of light scattered through the exit slit. This light
does not have the same energy as the true light that has been diffracted at the
grating, and the scattered light can produce errors in 0 — the scattered light
may have a different value of ¢ and some of the scattered light may be off the
optical axis and enter the front chamber preferentially. (The off-axis light
Amakes the apparent ¢ too large.) The contribution of the off-axis light has
been reduced somewhat by the introduction of a collimator hole in front df the
front chamber (an 0.53- x O.‘2‘5—cm hole located 0.64 cm behind the exit slit).

[

In the past, we have corrected for scattered light by measuring the
ion currents when the monochromator is set a few eV above the high-energy ’
emission limit of the lamp, and then subtracting these currents from the values
measured at lower energies. The error in assuming a constant contribution
from scattered light was reduced b? using only data where the estimated scat-
tered-light current was less than 4% of the measured current. This proced@re
is increasingly difficult to apply as E increases and the grating efficiency de-
creases. Also, we can make better use of the data if we recognize that the
rapid change in the true light intensity that occurs at an emission line prodﬁceé
a wide variation in the relative contribution of scattered light, for the scattered-
light intensity will change more slowly than the true light intensity. Thus, we -
can test for errors in the séattered—light correction because an error in the
correction will result in a systerﬁatic correlation between the calculated ¢ value
and the light intensity.

The new scattered-light correction is determined by first correcting the
measured ion currents : iF and iB (the subscripts F and B refer ‘to:the front and
back ion chambers, respectively), lpy subtracting the ion currents, i and

HF

IHB' that result from scattered light as measured with the monochromator set
*, at high energy (=~ 69 eV). At lower energies, the ion currents from scattered
1 i i, i i . +4i__andi___ +1i i d i
light, 1SF and ISB are .gl\lfen by lHF ICP an lHB ICB' wherg ICF an ICB
are the corrections required‘by the vari"ation of the scattered-light intensity

with energy. If we express the Beer-Lambert law as
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u = exp (-onLy) , | . (1)

where n is the humber of molecules per unit volume and L_ is the length of the

F
front chamber, and we assume the Beer-Lambert law holds in the absorption

cell, then

lp = iggp = 1gp)/ g ~ tgp — oy "R= (L =W/ =", (@

where m = (LF + LB)/LF and LB is the length of the rear chamber, We find that

our fitting procedure works better if we combine the effects of i CF and i CB :

and fit

c=isp =i R » . o (3)
We approximate u over a narrow energy range (i.e., a range of approximately
a full line width) by

= +
u=a, azE, , (4)

5
and we use a nonlinear, least-squares fitting procedure to evaluate c, a1,
and a 2 If the iF values have not changed by more than a factor of three in

the energy range, the c values are poorly determined, and we disregard them
when we construct a moving average of c. The averaged c values are then used
to compute 0 from Eqgs. 1 and 5, where

(p = igp = 0/ )= (1 —w/(lu—-u") . | (5)

F~'H ~lyp

Re _sults for Ethaﬁe

_ We héve tested the lamp and scattered—light correction using data for
ethane. The ethane was Phillips Research Grade with a stated purity of 99.96
mol percent, We toQk data in four energy regions: Region 1, 22.3 to 28,2 &V;
Region 2, 27.6 to 31,4 eV; Region 3, 28.3 to 36.9 eV; and Region 4, 34.3 to
57.6 eV, In Region 1 the entrance and exit slits weré each 10p wide (giving
a resolution ~ 0,006 eV fwhm), in Regioﬁ 2 the exit slit width was increased
to 50, and in Regions 3 and 4, the entrance slit width wés also increased to
50p (giving a resolution_ in Regions 2 to 4 _of 0.03 to 0.12 eV). The ethane
pressure and the lamp operating voltage were the same in Region 2 as they were

in Region 4, Figure la shows the phqton flux entering the absorption cell in
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arbitrary units _(on‘e. unit a;_'3 ><_1O4 photons/sec); the flux was estimated from
the ion c?urrents by éssuming that ethane has an ionization vield of unity in
'this energy range, Itis evideﬁt from }the figure that the lamp produces a pro-
fusion of lines, and many of the lines are from argon ions (e.g., the Ar VI |
lines at 44 eV, the ArVII lines at 42 eV, and the ArV lines at 36.5 eV)., We
were pleased by the good intehsities for energies below 50 eV. At higher
energies the grating efficiéncy decreases rapidly, with 57,6 eV representing

the highest usable energy,

¢ Values

We determif;_ed iHF and iHB for _eac_h of the four énergy regions so that
the averaged c values plotted in Figure 1b are not directly comparable among
the four regions, Also, we analyzed the high energy (Region 4) data in two
different ways, and the ¢ values agree withm 10% in the region of overlap.
’i’he arbitrary unii:s for c' ar1e the same as for the photon flux in Figure 1la, so
the ¢ values are small enough that they are important only when the flux is low
(e.g., E ~ 46 eV and E > 50 eV).

One form 6f scattered light is light of a nearby energy that comes into
‘the cell by a reflection at the exit slit or at a baffle. Such light should have ‘
a structure, depending on the emission spectrum, and the structure in Region 1
may be evidence for this type of scattered light, The lower resolution used in
| the other regions may tend to remove any structure during the averaging procedure;
the difference in the shape of c in Regions 2 and 3 may result from different
averaging. The flat regions on the ends bf the curves result from an artificial
extension of the moving average to the ends of the region. This extension may

need improvement for E > 50 eV, and further experience with the method is

necessary.

Preliminary Absorption Cross Sections

The o values calculated by using the u values from Eq. 5 have been
smoothed somewhat, and a crude estimate has been made of the uncertainty

(the estimate neglects uncertainties in the electrometer calibrations and in the

1
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FIG. 1.--Photon flux (a) and scattered-light correction (b) vs. photon energy.
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PIG; 2.--Absorption cross sections for ethane (1 MB = 10_18 cmz)._
pressure measurement and it probably underestimates the uncertainty in the
correct1on for scattered hght) Figure 2 shows the‘cr values as 1;ne segments
u connecting the points shown with error bars (the error bars are nearly within
the width of the line for much of the 30 to 40 eV region), 'and Figure 3 shows
the data for Reglon 1 on an expanded scale in order to illustrate the density of
pomts in this reglon. The units of 0 are Mb 1 Mb = 10 -18 cmz. The 4 to 5%
offset for the data of Reglon 3isa matter of some concern (the data of Regions
1 and 2 agree w1th1n 1% 1n the narrow region of overlap). We do not expect
the scattered hght correctlon to be the cause of this offset because of the

'

large photon flux in this energy range, but the offset may 1ndlcate an error in
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FIG. 3,--Absorption cross sections .for ethane in Region 1.

the electrometer calibration., A calibration error would> produce an error ap-
proximétely' twice as large in Region 3 as it would in the other regions, since
the data in Region 3 were taken using a low opticél density (u= 0,59 to 0.77).
Thus, a calibration error of ~ 3% could explain the offset.

The data in Region 1 shown in Figure 3 could have been influenced by
sepond-order light, which would have a much lower ¢ value, However, the
smodthne'ss of the decline in ¢ shows the contribution of second-order light to .
be small (also, in Figure 3 the -éverage only includes o \_ralpes determined at
energies where the photon flux in Figure la is at least 50, so thaf the intensity
of first-order light is always large). '

‘ Thus, Figures 2 and 3 show that the ¢ valugs féi‘ ethane decrease rather
srhoothly for 22 < E < 58 eV, and the values should be accurate to ~ 5% when
the photoﬁ flux is large. At higher energies we expect uncertainties of 10 to
50%, and more WOrk is needed on the error estimates, Thus, the data are
preli{ninary, but fhe results are encouraging for our goal of providing accurate

o values over a'wide energy range.
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COLLISIONAL. IONIZATION OF HIGHLY EXCITED RYDBERG STATES OF
POLYATOMIC MOLECULES* ,
' I C Person, R. L Watkms, Tand Daria.Lee Howardi

The ionization préduced by collisions of highly excited Rydberg states
‘of the rare gas atoms has been studied by several workérs, and very large
ionization rates have been reported when the colIisidhsﬁ are with polyatomic
molecules. 1,2 Since highly excited Rydberg states have long radiative life-
times, molecular Rydberg states will have long lifetimes when their nonradia~-
- tive decay processes, such as predissociation, are slow. Thus, it has been
possible to observe collisional ionization for Rydberg states of molecules
(see Ref, 3 and referencesv therein), However, little is known about the rate
of constants for the collisional ionization or unimolecular decay of Rydberg
states of polyétomic molecules, 'These rates are of practical intérest as .
Rydberg states may ‘be . useful mtermedlate states in isotope separatlon

schemes, 4-6

In the laboratory we have observed7_10 collisional ionization in
acet',one—,_ll-6 and d 6’ .acet‘alde'hyde—h 4 and d 4’ ethyl bromide--b_5 and gs, methyl

brom1d_e—_‘}13'and da, methyl acetate-g6 and .‘51.,5' methanol-h 1 and d 4’ propyne-h 4

and 94, acetylene—h2 and gz, and ethylene—g4.,

crease in the apparent ionization vield (the fraction of photon absorption events

Figure 1 illustrates the in-

that lead to ionization eVents) as the pressure increases. From the high-
pressﬁre limit on such plots, we find ncy* where e is the fraction of coilisions
that produces ionization and y* is the quantum vield for producing the Rydberg
sfates. We also evaluate ‘kz'y*/kl, where k, and k. are the specific rate

1 2
constants for

Summary of a paper published in J. Phys. B: Atom. Mol. Phys. 9, 1811 (1976).

TUndergraduate Research Participant, Fort Hays Kansas State College, Hays,

Kansas 67602,
¥

Undergraduate Research Participant, Wisconsin State University—Superior,
Superior, Wisconsin 54881, ‘
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o /“’"___'_ - FIG. 1.--Apparent ionization
: _ —| vield plotted against pressure

—| (pressure adjusted to 0 C) for

— acetone E= 9.69, 9.68, and

—1. 9.66 eV, curves A, B, and C,

. 7| respectively.

Pressure (Torr)

Neutral products
k
and . 9
M" + M —— Ionic products,
and Table 1 gives the results at excitation energies E in the range -of 0.01 to
0.08 eV below the ionization potential I. In gas mixtures, there can also be
ionization by collisions with the added gas molecules
K, .
. .2
M +A

Ionic products ,

and the k /k ' values given in Table 1. show that the polyatomlc molecules are
much more effectlve at producing collisional ionization than are the atomic~
gases. We may use ionization yield data7' I for E values slightly above I to
estimate y* values of 0.15, 0.20, 0.20, 0.40, and 0.20 for acetone, acetyl- .
dehyde-h |

4 - -
and 3 show o .'ar;d kz'/kl‘ as functions of AE (= I—E). The rapid decrease of

and g‘4, methyl bromide, and ethylene—_q4, respéctively. " Figures 2

kz/k,lu qé AE increases is pfimarily the result of (a) the increase in k1 (due to

the incvre"ased electron density in jche core ion of the Rydberg orbital) and (b)

the‘ smaller fraction of coilisions that are able to supply the large AE values.
Our results for four polar molecules are 'most' consistent with large

values of the collisional ionization rate constant k 2 and with k 1 being

determined by the predissociation rate (e.g., at AE = 0.02 eV, k /k ~ 10
3 -9 -7 3 -1 8 10 -1

cm , 10 _kzslo cm s~ and 10 _k1<10 ). For ethylene—g

-17

1
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TABLE 1. Collisional jonization results.®

(1) @ @) . (4)

k. /k!
*
. _ kv /kg 22
- * . : . :
-Gas .E,ev ncy 10-18 cm3 He Ne Ar N2-
CH3COCH 9.69  0.070 £0,003 3.7 = 0.3 2000 800 2000 1200
= 9.705 eV ° 9.68 0.078 + 0,006  1.10. +0.06 1000 500 1400 900
. 9.66° 0,05 *0.02° 0,20 *0,03 500 — 800 800
9.65 0,022 £ 0,007  0.11 *0.03 700 200 300 300
9.64 0.007 £ 0,002  0.06 +0.04 200 80 — 300
CH,CHO 10.20 0.167 £ 0,005 1,74 +0.06 700
[=10.23 oV 10.18 0.18 +0.05 - 0,30 %0.02 1400
s .17 —b 0,09 %0.01 —
10.15 - 0.01 #0.01 0.04 +0.01 —_
CD,CDO ~10.20 0.20 +0.06 0.73 +0.06 1600
e _ 10,18 — | 0.16 +0.02 22000
1=10.235 &V - 415,17 b 0.06 +0.01 3000
’ . 10.15 —b 0.028 + 0,005  —
CH,Br ' 10.52  0.264£0.005 8.1 £0.3 1700 "> 3000
[=10.54 eV 10,50 0.40 #0.09 0.73 +0.04 1000 1200
B _ 10.48 —b " 0,09 £0.02 23000 500
"C,D, . 10.56  0.019 £0,005  0.13 *0.02 L=
I 10.53 eV 10.54 _ 0.014 £0.003  0.24 *0.06 300
T 10.52 0.024+0.003 0,15 #0.01 20
10,50 —b 0.021 £.0,004 ' 40
10.4¢ —P ' 0.008 £ 0.003 50

8 This table supercedes the preliminary one 1.n Ref. 10.

Pressure range insufficient to provide estimate..

12 T T T T T 1
0_9'_ , R l FIG. 2.--The collisional ionization yield
[ - 1 . . calculated from ney after estimating y*.
s o | The symbols Y, +, X, Z, and * represent
06k £ o . the data for CH3COCH3, CH3CHO,
k. , v : ] CD3CDO, CH3Br and C,Dy, respectively.
03 ‘ v o - ' |
[ 1 ] 1 | 1 1 M1 :
0 T 002 004 006 008
A E(eV)
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FIG 3.--The ratio kz/k calculated from
kzy /k1 after est1mat1ng y*. The symbols
have the same meaning as those in
Figure 2. The two lines are fitted to the

~ data with AE = 0.06 eV.. :
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we find smaller k /k1 values, which we interpret as indicating a decrease in
2 (e.g., at AE = 0,02 eV, k/k ~ 2 x 10 1gcm3and10 11 k2<10 ™9

3

-1
cm s ). For the polar molecules the large k values 1mply that the electron

, 2
transfer occurs while the collision partners are far apart; these rates can be

understood in terms of the collisions of slow electrons, although the detailed
mechanism remains unclear, For CZD4' the smaller k, values also can be

2
explained by electron collisions, or by processes such as excitation transfer

to vibrationally excited molecules or associative ionization. Thus, the
" Rydberg states of polyatomic molecules behave like the Rydberg states of

atoms, except that k, is likely to be much faster as a result of predissocia-

1
tive processes.
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MOLECUILAR EFFECTS ON INNER-SHELL PHOTQABS(SRPTION. K-SHELL
SPECTRUM OF NZ’

J. L. Dehmer and Dan Dill

K-shell ph,otoab.éorpt'ion spectra of the :,first—r\ov;z \di.atomi-.c molecules .

N2 r CO, and NO are knowh to depart drastically from the behavior character-
istic of K-shell excitation in atoms. Below the K-shell thresholds these spectra
are dominated by a single, very intense peak rather thah by normal Rydberg
structure, and the first 10 to 20 eV of the continuum exhibit a broad band of
enhanced absorption, rather than a monotonic decrease. The experimental

data from Ref. 1 are shown in Figure 1'. We use the multiple-scattering model
to compute the discrete part and the first 100 Ry of the photoionization con-

tinuum for K—,sheil photoionization of N The discrete spectrum and the low-

energy continuum are shown in Figure 22, and the entire continuum in Figure' 3.
This calculation accounts for both novel features described above and shows
that they arise from centr'i‘vfugal-barrier effects manifested as shape.resonances
in high-¢ components of the final-state wavefunctions. These effects are |
molecular in origin, and result from the interaction between the photoelectron

and the anisotropic molecular field., The full paper also discusses the energy

10| ' ‘ .
2 FIG. 1.--"Pseudo-photon" absorption
spectrum of N3 in the vicinity of the

K-shell edge (409.9 eV) by Wight et al. *

INTENSITY (arbitrory units)

1 I | 1 1 2 I
400 410 420 430
ENERGY LOSS {eV)

T_Summary of a paper, J. Chem, Phys,, in press.

* .
Alfred P. Sloan Foundation Fellow and consultanfc, Radiological and Environ-
mental Research Division. Permanent address: Department of Chemistry,
Boston University, Boston, Massachusetts 02215.
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FIG. 2.--Partial photoioni-
zation cross sections for the
four dipole-allowed channels
for K-shell photoionization
of Nj.

(ANL Neg. 149-76-33)

FIG. 3.--Partial photoionization cross
sections for the K shell of Np. Dashed
line represents twice the K-shell cross
section for photoionization of atomic
nitrogen, as computed from a Hartree-
Slater potential.

dependence of the photoelectron angular distributions, Kronig structure in the

high-energy continuum, the bearing of the preserit results on valencefshell

spectra, and the likelihood of widespread observation of shape resonances

in ionization processes in other molecules.

Reference

1. G. R. Wight, C. E. Brion, and M. J. van der Wiel, J. Electron Spectrosc.
Relat, Phenomena 1, 457 (1973).
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HALOGEN K-SHELL PHOTOIONIZATION IN HF, Fy, HCI, AND sz

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

We have calculated K-shell photoionization from the hydrogen halide
and diatomic halide forms of fluorine and chlorine using the multiple-scattering
method, and we have compared the results to the corresponding atomic cross
sections calculated with the Hartree-Slater model, to elucidate specifically
molecular effects in photoionization.

Multiple-Scattering Method

The multiple—scattering methodl_‘3 represents the electron-molecule ‘
interaction in terms of a multicenter potential (Figure 1) composed of sbherical
regions centered on the constituent atoms and an outef sphere surrounding the
molecule as a whole: ~regions Ii are the atomic spheres, region III is exterior
to the outer sphere, and region II is the interstitial volume between the atomic
and outer spheres. Only the monopolé component of the molecular potentiéll
in regions I and III is used, and the potential in region II is set to a constant:

1

value. Electron exchange is 1nccrporated by the Slater ‘statistical approxi-
mation. A key advantage of the method is the accurate representation of the
nuclear singularities., The success of the method in accounting for the f(£=23)
resonance at 0.8 Ry in the K—shellphotoionizatioh cf N2 attests to the im— -
"('For an overview and refer-

14

portance of such an accurate representation.

ences to resonance effects in other molecules see, e.g., Ref. 8.)

Molecular X-Shell Photommzatlon

Molecular K-shell photoionization can be thought of as a two stage

process consisting of (1) the photon absorption proper, within the K shell,

+

Summary of a talk given at the Annual Meeting of the Division of Electron
and Atomic Physics, Am, Phys. Soc., 6—9 Dec. 1976, Lincoln, Nebraska.

*
Dept. of Chemistry, Boston University, Boston, Mass. 02215.
t

Alfred P. Sloan Research Fellow and Consultant, Radiological and Environ-
meéntal Research Division. - :



FIG. 1.--Multiple-scattering regions.
(ANL Neg. 149-5951)

resulting in an electric-dipole s —p trgnsition, and '(2) the escape of the p
electron from the core region to the exterior of the molecule. The electron
experiences a torque during this escape oWing to the ahisotropic molecular
potential, and this results in dispersion of photoelectric current into a range
of orbital momentum channels. 'Owing to the cylindrical symmetry of the

molecular potential we can analyze this dispersion separately for A=0(Z—Z)
and A=1(Z— 1I) ionization. The II photocurrent corresponds to electronic
mot;'on about the intemuclear axis, whereas the £ photocurrent corresponds to
motion in the plane of the intemuclear axis. Thus, I photocurrent probes the.
most symmetric regions of the molecular potential, while Z photocurrent
probes the singularities at both nuclei. Accordingly, the Z photocurrent is
frequerifcly the more sensitive probe of molecular effects. (The f resonance in
N2 is of £ symmetry.)

Integrated Cross Sections

Specifically, we have computed the squared.moduli ]A “;(A) ]2 of the
continuum p-electron amplitude within the K shell, with A= Z (11) (Figures 2
and 3), for each contributing orbital momentum £ in the exterior of the molecule.
.Adding the contribution from each £, we obtain the integrated cross section for
each A in units (4/3)11’2ahv R}z)s, where R s is the K shell s —p energy-
normalized, electric-dipole transition an?plitude. This amplitude only varies

by several percent over the spectral range studied, 0 to 5 Ry.
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Consider first I-symmetry ionization (Figure 2). For HF and HCI the
photocurrent is confined almost entirely to the p channel. For FZ and Clz,
however, the photocurrent is dispersed throughout channels from =1 to £=4

or 5 (£=0 cannot contribute to the I photocurrent). The F, photocurrent remains

in ‘lower channels, while thfe Cl2 photocurrent is more eve?uly dispersed over
the range of £ channels. For all four molecules no single feature stands out
at any particular energy, and thus the overall cross sections for I symmetry
show a nonresonant variation with energy, as seen in Figure 4,

Consider next the Z results (Figure 3). Again, for HF and HCI the p
channel dominates, But now there is some contribution from the s and d chan-
nels owing to the increased anisotropy in the Z channel. This increased

anisotropy is most pronounced, however, for F_ and Clz, for which there is

considerable current with 1' as high as 6, with %:lramatic shifts in the channel
of dominance. But, as with II symmetry, no single channel sufficiently over-
whelms the others at any particular energy to yield resonant variation in the
overall cross section.

Finally, consider the £~ and [I-symmetry cross sections (Figure 4). As
expected, there is no dominant feature, but the detailed structure clearly cor-
relates with the £-channel variations. The effect of the hydrogen atom is to
enhance the cross section at threshold relative to the atomic halogen result,
with a subsequent drop below the atomic value. On the other hand, the effect
of one halogen atom on the other is to depress the cross section at threshold,
with subsequent enhancement. This may be a general pattern in (neai‘) homo-

nuclear diatomic molecules. The effect is so pronounced in N,_, for example,

2
that a resonant enhancement results. 6-8 The overall similarity of the HF and
HC1 spectra reflects the similar spectral variation in their orbital momentum

distributions.

Angular Distributions

The angular distribution of the photocurrent depends on whether the

molecules are randomly oriented (for ;a general discussion see, e.g., Ref. 9),
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as in the gas phase, or have a definite‘ori‘entation;,v 12 as by adsorption
onto a surface. In particular, the random-orientation distributions are
restricted by conservation of parity and angular momentum to the form
a+b cosze, 13 while the fixed-molecule distributions are restricted in com-
plexity only by the orbital momentum composition of the photoeléctric amplitude.
- The random-molecule results are expressed in terms of the asymmetry '
parafneter B which ranges from p=+2 for é cosze distribution, peaked along
thé electric vector of the light, through B=0 for an isotropic distribution, to
B=-1 for a sinze distribution, peaked perpendicular to the electric vector. For
all four molecules, B is close to 2 (Figure 5), the more so as the energy in-
creases. That B does not equal exactly 2, as it does for atomic K-shell ion-
ization, reflects mainly the inequivélence of the £ and J1 ionization channels
(see e.g., Ref. 14), which vanishes at high energy. The structure for ('Jl2
reflects the rich f£-channel distribution at low energy, where the Z-1I in-
equivalence“is greatest; ' | ‘ .

We have computed fixed-molecule angular distributions for the molecules
-aligned along or perpendicular to the electric vector of the light, which accesses
separately Z- and 1-symmetry ionization, respectiveiy. The photoelectron
ejection angle is measured from the internuclear axis; hydrogen is set at
6 = 180°,., The results mirror closély the ﬂ—channel composition of the photo-
current, albeit with further richness due to the interference between ionization
amplitudes with different £. (Such interference vanishes in the integrated
cross section.)

Thus for 11 symmetry (Figure 6) the distributions for HF and HCI are
essentially p-like, peaked along the electric vector of the light. For Fz the
components in higher £ channels yigld a small dimple, while for Cl 9 the more
pronounced and structured dispersion into higher £-channels superimposes a
ripple effect on the overall p-like structure. |

A The greater £-channel diépersion for symmetr? results in correspond-
ingly richer distributions‘(Figuré 7). The photocurrent is again peaked along
the electric vector, which is now along the internuclear axis. Further, we see

clearly the enhancement at threshold for HX, and the depression for Xz. The
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swinging of photocurrent between 6= 0° and 180° in the HX spectra 1s due to-
.interference of £-channel amplitudes of differing parity. The Fz and Cl
distributions are similar in spite of dlffermg orbital momentum compos1t10n

. the photccurrent is concentrated in an extremely small solid angle about each

atom,

Conclusicn

The anisotropic molecular t)otential disperses inner-shell photoelectric.
current among a range of orbital momentum channels. This dispersion is
largely hidden in random-molecule experiments unless there are extreme
(resonant) variations with energy in £-channel composition. In contrast,

fixed-molecule experiments probe directly the orbital momentum dispersion.
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SPECTRAL VARIATION OF FIXED-MOLECULE PHOTOELECTRON ANGULAR
DISTRIBUTIONS*

Dan Dill, K

Jon Siegel,i and J. L. Dehmer

We have computed the angular distribution of electrons ejected by
electric-dipole interactions from the K shells of CO and N2 molecules held
fixed in space, e.g., by adsorption onto a surface. The predicted distribu-
tions are very rich in structur"e, manifesting directly the spectral variation of
the orbital momentum composition of the photocurrent, Experimental determina-

tion of such distributions will provide a sensitive and detailed prube of
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FIG. 1.--Calculated fixed-molecule K-shell photoelectron angular distributions
" for CO and Ny. The vertical scale has been adjusted in each plot to obtain a
maximum size of the surface. See Figure 2 for the same surfaces on an absolute
scale. The plane of the two horizontal axes represents zero cross section.

For CO, carbon is at 6=0, oxygen is at 8=m. (ANL Neg. 149-76-220)

* .
Summary of an article published in J. Chem, Phys. 65, 3158 (1976).
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(ANL Neg. 149-76-219)
molecular photoionization dynamics. The main results are seen in Figures 1
and 2, which show the or‘iented—molécule’angular distributions for the K
shells of N 2 and CO on a relative scale (Figure 1) to bring out the structure
of the surfaces and on an absolute scale (Figure 2). The large four-lobed peak
(as a function 6f energy) for light polarization oriented along the molecular
axis (MP = 0) is a clear manifestation of the f-wave shape resonance dis-
cucsed car-lier1 for Nz. o |
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. *
FIXED-MOLECULE PHOTOELECTRON ANGULAR DISTRIBUTIONS

Dan DillT

. Expressions are obtained for the angular distribution of electrons
e]ected by electric d1pole interaction from molecular targets fixed in the
laboratory eoordmate frame. The ana1y51s is geometrical and mdependent
of any particular dynamical description of the photoionizduon process. Thus,
the results will serve as the framework for study of the dynamics of particular -
processes, such as photoionization of molecules oriented on surtaces or by

molecular-beam techniques.

* - .
Abstract of an article published in J. Chem. Phys. 65, 1130 (1976).
T

Alfred P. Sloan Foundation Fellow; consultant, Radiological and Environmental
Research Division. Permanent address: Department of Chemistry, Boston '
University, Boston, Massachusetts 02215,
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FIXED-MOLECULE PHOTOELECTRON ANGULAR DISTRIBUTIONS OF CO FOR
FIXED SOURCE-DETECTOR ORIENTATION

*t

*
S. Wallace, D, Dill, and J. L. Dehmer

Dill, Siegel, and Dehmer1 02 have computed fixed-molecule photo-.
electron angular di'strib}utions (FMADs) for fixed source-molecule orientation.
Here we treat the alternative case of fixed source-detector orientation for all
possible target orientations, an arrangement which corresponds to that‘ of
typical photoelectron spectrometers. We have computed carbon K-shell ion-
ization of CO at the Z(f) resonancez’_-4 (0.8 Ry kinetic energy) for several

detection directions using dipole transition amplitudes computed by the multiple-

’

' scattering formulation of inner-shell photoionization,

Geometrical Conventions

A diagram of the coordinate system ié given in Figure 1. The orienta-
tion of the molecule is given by the set of Euler anglesi /ﬁ ={a,B0} which
carries the laboratory frame (primed) coordinates into the molecule frame
(unprimed) coordinateé. . The first two rotations, through a and 8, align the
directions z (defined as either the axis of linear polanzatmn or the propaga-
tion direction for natural and circular polarizations) and z (defined as the inter-
nuclear axis, with oxygen at the positive end). The third rotation, through y
about the transformed axis /z\' is moot since this is the molecular symmetry
axis, and y is arbitrarily set at zero.

The orientation of the detector is defined as ’ﬁeY = (0,4¢), the usual
polar angles specifying the detection direction with respect to the laboratory
frame axis /z\'. The angle ¢ is arbitrarily measured from the source-detector

-plane.

* ' ' ‘ _ .
Department of Chemistry, Boston University, Boston, Massachusetts 02215,

T

Alfred P, Sloan Research Fellow and Consultant to Radlologlcal and Environ-
mental Research Division, :

¥

Conventions on Euler angles, spherical harmonics, rotation matrices, and
angular momentum phase factors are those given in Ref, 7.
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FIG. 1.--Coordinate system for fixed-
ny f detéctor FMAD. Euler angles {a,B, 0}
k 4
N specify the molecule orientation, polar
X A 4
angles k Y = (0,%) specify the detection
6”(\3 A : € A A ' ‘
. — Ot ~ direction; z' is either the axis of linear
L7 ; ~~s : "/);' )
Q'/\/#O d

polarization, or the axis of propagation

for natural and circularly polarized light;
A .
z is the intemuclear axis, with oxygen at

the positive end, (ANL Neg. 149-77-5)

Working Expression for Cylindrically Symmetric Target

The general formula for the FMAD as measured from a position fixed
with respect to the light source is Eq. 23 of Ref, 2,

dcr(E;Y) m+m -m o 1
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Here a is the fine structure constant, G[ is the Coulomb phase shift .

argT(¢+1 - i/ke) . Dg;irl;oy is th¢ dipole transition am/pilitrde, DI\I/;— MeY &Y)
is the rotation matrix element, and RY: { O'BY'YY }=R. " is the set of
Euler angles which carries the molecule frame into the laboratory frame. The
- polarization quantum number is mp= 0 fér linear polarization, mp=d:_ 1 for
left- and right-circular polarizations (positive and negative helicities),
respectively. After simplification of Eq.. 1 by impbsing cylindrical syrnmetry;

. . S -
we obtain the working expression

dc(lz;y) Z mpA Y5 |
VNS = - A (k )y . (B,2), . . (2)
dq (e, B) mp KM KM | e KM ' .
where * :
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FIG. 2.--Differential cross secﬂons for K-shell photoionization from carbon
in CO, at 0.8 Rydberg kinetic energy, as a function of molecule orientation
and detection direction. (ANL Neg., 149-76-308)
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All dynamics are contained in the transition amplitudes D m (key). Details

of the derivation are given elsewhere.

Dependence of the Cross Section on Helicity

In the usual gas phase photoionization experiment the angular distribu-
tion is independent of helicity because of the random orientation of the target.
Fixed-molecule distributions, however, exhibit a definite handedness. This
follows in the present example from the relation: | |

-m m_*
D p

, . - y . )
AKM. (el¢lke ) =A (el -d)lke ) ’ (5)

KM

~ which yields a mirror symmetry between the cross sections for ionization with
alternative helicities: (mp = *1). At our choice of $=0 at the source-detector

plane this mirror symmetry simplifies to

do(e,0) | _ do(e,0) | o ©
de (e, B) m ds (-a, B) —mp' ‘ -

That is, the cross section for negative helicity is given by the mirror image in

the angle a of the cross section for positive helicity,

Angﬁlar Distributions

The calculated differential photoioﬁization cross sections for the K
shell of carbon in CO for se_veral detector angles are plotted in Figure 2. Since
the kinetic energy of the electron is given by the difference betv_veen the
energy of the ionizing radiation and the K-shell ionization potential of the cor-
responding atom, the distr-'ibutionv from‘ each atom may be probed selectively by
k'inetic energy analysis at the detector, _

Geometrical [ealures in the distributions may be understood by refer-
ence to Figure 1., (1) All distributions are invariant with respect to a at
B=20°, 180°, since here the molecule and laboratory frame z axes are aligned -
and', therefore, rotations through o are about the molecular symmetry axis.

(A special case occurs for 6 = 0°, at which source and detector are aligned:
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distributions are independent of a for all values of B.) (2) For linear polariza-
tion there is a mirror symmetry about a=0°, or equivalently, abouf a= 180°.
This may be seen immediately from Eq. 6 with mp= 0, and is dug to the fact
that, at a given value of B, the interaction for equal displacements a on either
side of the source-detector plane must be equivalent. (3) The distributions
for right- and left—circulafly polarized light are mirror images in o of each other,
as may again be seen from Eq. 6. (4) Because natural polarization is expres-
sed as the incoherent sum of right- and left-circular polarizations, as a con-
sequence of (3) the distributions for natural polarization are symmetric about
a=0°, ora=180°, (5) The distribution for a given detector angle 6, and with
B varying from 0° to 180°, is the same as the distribution for a detector angle

m— 0, with B varying from 180° to 0¥, i,.e.,

do(wr -6, 9) _ dcge,gz 7)
da(a,B) m de(a, m-B) m !

as follows from Eqs. 2—4. (6) A special case of (5) is the mirror symmetry in
B for all polarizations at ©=90°, as follows immediately from Eq. 7.

Dynamical features of the distributions arise from three effects: (1) the
degree of alignment of the electric vectbr of the light and the molecule, .(2) the
degree of alignment of the molecule and the uetector, and (3) the orientation of
the carbon end of the molecule with respect to the detector. In general, the
cross section should be large when the molecular axis is most nearly aligned
with the electric vector of the light, since this prébes the £ resonance, and
when it is most nearly aligned with the detection direction, since at the
resonance electrons are ej' ected preferentially along the molecular axis,
Conversely, when the molecular axis is perpendicular to either the electric
vector or the detection direction‘, the cross section is, in general, quite
small, 6 Degree of alignment_with the idnizing electric field seems to bé the
dominant criterion when the two conflict. The orientation of the carbon end of
the molecule affects the differential cross section because of scattering from
the oxygen: when the carbon is directed away from the detector the cross

section will be smaller than when it is directed toward the dctector.
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Dill, Siegel, and Dehmer2 explored the dependence of the distribution
upon detection direction alone for a particular target orientation. Here the
distributions are more complicate'd owing to the interplay of geometry and
dynamics. For linéar polarization at 6=‘0° . the distribution is symm.etric
about a=0° at all B since the source and detector are aligned, and is greater
at B=180° since here the carbon end is toward the detector. At 6=90°, the
source and detector are perpendicular. When the mélecule is also perpendic-
ular to the‘source (at B=90°), the cross section nearly vanis'hes; yetas B
varies slightly from 90°, the molecule begins to respond again to the light.

At intermediate values of 6, however, the distributions are not so easily
explained in terms of limiting cases. The dominant feature in the distributions
for 6= 22.5° and 8=45° (linear polarization) falls close to those values of
“a and B which align the cérbon end of the molecule with the detection direction
(x=180°, B = 180° - 8). In the distributiohs for circular and natural polarl
izations at the same values of 8, however, the corresponding feature is shifted
toward lower values of B, i.e., toward values that would place the molecule
nearer the plane of the rotating electric vector., (Direct comparisons of dié—
tributions for linear and circular polarizations must be made with allowance
for the different definitions of z' in the two cases.) Such complex interplay
between geometry and dynamics is seen throughout the distributions.

The. differential cross sections for oxygen are very similar to those for
carbon in gross features, but structural (£ —component).differences do arise.
Provided that the oxygen is rotated into the position occupied by the carbon
B—m—-B,a—a+ m), the distributions may be compared directly to reveal

the differences in dynamics between the two atoms, all of which are contained
(-)
Im
angles 6 will be found elsewhere, 8

T
in the dipole amplitudes D 0 (keY). - Cross sections for oxygen at selected

Conclusion
Fixed-molecule angular distributions provide a means for determining
the orientation of molecules aligned in space — and we have in mind partic-

ularly species adsorbed on surfaces. The treatment here of arbitrary detection
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angle is particularly appropriate to the arrangement of typical photoelectron
spectrometers, If interactions with the surface are small, theory and expéri—
ment may be compared directly to determine orientation; even if the molecules
are not perfectly aligned, the theoretical expressioné may be integrated over
appropriate tolerances in the orientation angles to fit the observations. If
surface effects are non-negligible, they will need to be included in the compu-
tation of the dipole amplitudes, and such cases as those in which molecular
symmetries had been assumed will need to be generalized once again to include
the geometry of the perturbations. But.even without this effort, some of the
adsorption-site geometry may be inferred simply from the magnitude and 'per—’
iodicity of the perturbations. Consider a carbon monoxide molecule standing
on end in an interstitial space formed by four metal atoms of a surface. As
the molecule (surface) is rotated about the molecular axis, perturbations from
cylindrical symmetry, four in number and of equal or unequal (depending on the
site) magnitudé, should be observed. Further, which end profrudes —~— carbon -
or oxygen — may be inferred from the argument that the more perturbed atom
will give the more perturbed distribution, provided that the difference in effect
at embedded and protruding ends is discemible. Further simplifications of
these proposals, based on integration over all detection directions rather Lharn
molecular orientation ("integrated FMAD"), will be provided. 8

Finally, the handedness of the interaction for circularly polarized light
expressed in Eq. 6 deserves further study. This result, as mentioned, was
heretofore unseen because of failure to resolve molecular orientation in the

usual random-molecule gas phase of calculations.
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MOLECULAR EFFECTS IN INNER-SHELL PHOTOABSORPTION. SHAPE RESONANCES
AND EXTENDED X-RAY ABSORPTION FINE STRUCTURE (EXAFS). *

J. L. Dehmer and Dan DillT

' With few exéeptions, inner—.shell photoabsorption spectra of molecules .
exhibit vs.tror'lg shape resonances near threshold, weak fine struétul”é éxtending
far into -the continuum, or both. Wwe establish the main characteristics of '
these one-e'le‘ctron effects by reviéwing selected éxperimental_daté. Then we
describe. recent calculations based oﬁ the ml'iltiple-‘scattérinc‘_:y model which
show inldetail how these effects are caused By the anisotropic molécular field,
which mixes high-£ partial-wave components into the final-state wavefunction.
Finally, we predict how these.mol,ecular effects will manife‘sf themselves in
future experiments on photoelectron angular distributions from randomly-

oriented and fixed molecules,

* : ' ) ;
Abstract of paper published in Invited Papers, 2nd Int. Conf. on Inner-Shell
Ionization Phenomena, March 29—April 2, 1976,  Freiburg, West Germany,
W. Mehlhomn and R. Brenn, Eds., University of Freiburg, p. 221 (1976).
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' : *
RYDBERG STATES OF BUTADIENE

K. B. Wiberg,TpK. S. Peters,Jr T

G. B. Ellison, " and J. L. Dehmer

The ultraviolet spectrum of butadiene is a key element in interpreting
the spectra of the conjugated polyenes (see, e. g., Ref, 1) In this work, a
spectroscoplc problem in this prototype system is resolved by use of hlgh—
resolution photoelectron spectroscopy. The questlon of 1nterpretatlon concems
a Rydberg state of 1,3-butadiene appearing between 56,000 and 63,000 cm -1
in the uv absorption spectrum, shown as the lower curve in Figure 1.
Mcharmld2 suggested that, in addition to the Rydbero series with origin at
A in Flgure 1 there were two additional series with origins at 59,121 cm -1
and 60, 312 cm (marked B and C in Flgure 1). »

Comparison of the uv absorption spectrum and the high-resolution
photoelectron spectrum shows that peaks B and C occur in both spectra. If we
make the reasonable assumption that the vibrational structure of a Rydberg

state is similar to that of the molecular ion, we are led to the conclusion that

peaks B and C are, in fact, vibrational structures associated with a single

1UNIZATION POTENTIAL (EV]
a.0 9.1 9.2 8.3 9.4 9.5 8.8 9.7 9.8 3.9

FIG. 1.--Comparison of the
ultraviolet spectrum (lowest
curve) and the photoelectron
spectrum (upper curves) for

1, 3-butadiene. :
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Rydberg series whose origin is peak A. In fa_ct, these two features correqund

very well to sums of fundamental vibration frequencies, i.e., B and C represent
+ j . ‘

vyt Vg and 2v4, respectively
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WAVELENGTH DEPENDENCE OF THE PHOTOELECTRON ANGULAR DISTRIBUTIONS
FOR ATOMIC OXYGEN*

. J. L. Dehmer and P. M. Dehmer

The importance of photoionization of atomic oxygen in.the'ionosphere
has recéntiy stimulated several calculations of the photoelectron angular
distributions. 1-3 ‘We report measurements of these angular distributions for
the o1 “s°, 2D°, and %P° final states with Hel, II radiation. The atomic
oxygen is produced in a microwave discharge and the ejected photoelectrons
are observed with a rotatable hemispherical electrostati¢ analyzer. In addi-
tion, photoionization branching ratios are determined for Hel, II. Comparisons
will be made with theory and with a previous méasﬁremen;t of 584 A branchiny

ratio.
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ANGULAR DISTRIBUTION OF Xe 5s =~ ep PHOTOELECTRONS. DIRECT
EVIDENCE FOR ANISOTROPIC FINAL-STATE INTERACTIONS*

-J. L. Dehmer and Dan'DillT

Photoionization of the Xe 5s subshell by electric dipole interaction can
be written schematically as ‘
2_61
p- S., T

~ + 62 A
Xe(5s°5 =+1)+vy(j =1, m =-1) — Xe (585 S,,m™ =+1
0 Y(JY v P- 8., )

0

+e_[£s, Tre=(—1)£.] . o . (1)

'I‘he orbital momentum £ of the photoelectron is restricted by the angular-
momentum balance

= + i = ' + ; i . .
J=Jg+ ] y Jots+d | (2)
to the range £ < 2. Further, the parity of the phot'oelectron is T, = -1 (odd)

owing to the parity balance
T=T"T T, = -1, =TT =(—1)£n . : (3)
' Toec c .

Hence, the orbital momentum is fixed at the single value £=1.
A simple analysis of the differential cross section for reaction 1 pre-
dicts a pure 00526 angular distributioh, relative to the electric vector of the

light. The distribution is just that of the continuum p wave with £z= 0, i,e,,

do _ 0 . -
= 41r‘.[1+L’>P2(co., 0)] Y

2 2 A .
P accos .8, (4)

10

corresponding to an asymmetry parameter f=2.
In sharp contrast, our measurement of the angular distribution gives

the asymmetry parameter B=1.4%0.1 at 304 f\ The discrepancy is due to

* -
Summary of a paper published in Phys. Rev. Letters 37, 1049 (1976).
; .

Alfred P. Sloan Research Fellow and consultant, Radiological and Environ-
mental Research Division. Permanent address: Department of Chemistry,

Rnston University, Boston, Massachusetts 02215,
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the assumption implicit in the simple analysis that the photoelectron exper-
iences no anisotropié ihteractions during its escape from the rest Qf the atom.
Such interactions result in angula,r—momeritum exchanges which can change the
orientation of the photoelectron orbital momentum and thereby its angular
distribution. 1 In this spectral range of process 1'the interéction' likely re-
presents the combined effect of coupling with the Xe+(5525p5, 2PO) + ed (and -
€s) electron cdhtinuum (by Cbulomb and. spin—drbit interactions) and of coupling
of the continuum p electron with its own spin. We summariZe the results of .
our analysis by noting that spin-orbit coupling is essential in this case, but
that spin-independent int’eréctions, such as interchannel coupling, arc expected
to play a major role. We leave the question of the relative importance of ‘

these or other effects (such as initlal-state correlations) to be resolved by

detailed calculations now possible in other laeratories';

Reference

1. Dan Dill, Phys. Rev. A7, 1976 (1973).
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WAVELENGTH DEPENDENCE OF THE BRANCHING RATIO FOR THE 5p
SUBSHELL OF Xe

J. L. Dehmer

Viewed separately, recent measurements by Samson et al. and by

Wuilleumier et al. lead to different wavelength dependences of the 2P3:2Pl

. 2 2
branching ratio of the 5p subshell of Xe. The interpretation may be clarified

somewhat by combining a new measurement with both earlier sets of data.

Recently, Samson et al. ! combined some new data with reanalyzed
earlier data i.n order to describe the wavelength dependence of the branching
ratio (BR) for the 5p subshell of Xe (BR-Xe 5p) from the 2P1 threshold to a
photon energy of 40.8 eV (304 A) This work strongly suggests the BR-Xe 5p
has a constant value of 1.54, Data in the soft X-ray energy range, 60 eV to
110 eV, have now been obtained by Wuilleumier et al., 2 using the ACO stor-
age ring in Orsay, together with a grezing incidence monochromator. Their
data imply the BR-Xe 5p has a constant value of 2.0 in this energy range,

Clearly, some data in the photon energy, (40 eV— 60 eV) between these
two sets of measurements are desirable to resolve this apparent inconsistency.
Using undispersed radiation from a hollow-cathode lamp, I was able to obtain
a value of BR-Xe 5p=1.75 + 0.1 at 48.4 eV (256 .IOX). A hemispherical spectro-
meter set at the magic engle 54°44' was used for the measurement, The
entrance lens was tuned to optimize the intensity and resolution of the ZP}_
and P1 peaks produced by 256 R (Hell) radiation, and it was assumed the
transmlssmn of the spectrometer was equal for the correspondmg 36.3 eV and
35.0 eV electrons.

Uniting the three independent measurements, to_gether with the flex-
ibility afforded by the respective stated errors, the following picture emerges
for the wavelength dependence of the BR-Xe 5p: Near the 2P_1_ threshold, the
BR-Xe .Sp has a nearly constant value of 1,54. Preferentiall; using Samson's
frlost recent measurements, taken with a cylindrical mirror analyzer, it is

easy to argue that the BR-Xe 5p begins a slow rise at fiw ~ 25 eV. The rise
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takes the curve smoothly through Sams'on's 304 i value (~ 1.63) and the present
256 A point (1.75 % 0.1) to mesh with the high-energy points which lie very
near the statistical value of 2.0. Certainly more éxteﬁsive study of the energy
dependehce 'of this -quantity is nécessary to confirm the tentative interpreta-

tion presented here on the basis of the new intermediate energy measurement.

References

1. J. A. R, Samson, J. L. Gardner, and A, F. Starace, Phys. Rev. A 12,

1459 (1975). o . : ‘

2. ‘F. Wuilleumier, M. Y. Adam, V. Schmidt, N. Sandner, and W. Mehlhom,
Book of Extended Abstracts, Intemational Conf. on the Physics of
X-Ray Spectra, August 30—September 2, 1976, National Bureau of
Standards, Gaithersburg, Maryland, p. 329; full paper to be published. .
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PHOTOION ANGULAR DISTRIBUTION FROM DISSOCIATIVE PHOTOIONIZATION

OF H2
J. L. Dehmer
Photoionization of H2 by 304 li radiation can produce the 2pqu, 2p1r.u,
+ .
and 2_scrg repulsive states of Hz. The angular distributions of energetic (>2 eV)

protons from these states have been measured relative to the incident unpolar-
ized light beam with a rotatihg hemispherical electrostatic analyzer. Axial
recoil conditions apply in this situation, so that the photofragment angular
distr‘lbution1 should exhibit asymmetry parameters =2 for Z-Z electronic
transitions and B=1 for Z-II transitions. Unlike photodissociation processes
forming neutral products, the present process leads to the ejection of photo-
electrons with alternative symmetries. Consequently, measurement of the
photoion angular distribution in dissociative photoionization yields the branch-
ing ratio between the alternative channels available to the photoelectron,"

which cannot be deduced by observation of the photoelectron itself.

Reference

1. R. N. Zare, Mol. Photochem. 4, 1 (1972).

'TAbstract of a paper contributed to the Annual Meeting of the Division of

Electron and Atomic Physics, Amencan Physical Society, December 6—8, 1976,
Lincoln, Nebraska.
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HIGH-RESOLUTION EHOTOIONIZATION STUDY OF ION-PAIR FORMATION IN

HZ' HD, AND DZ'

, R Ttt
+ W. A. Chupka, P. M. Dehmer, and W. T. Jivery

" A new photoionization mass spectx:ometer which is significantly superior
to previous instruments in both wavelength resolution and ion intensity has
been used in the study of photon-induced ion-pair formation at 78°K in para-
H,., ordinary H_, and D, (the ortho-para equilibrium mixtures), and HD in the

2 2 2
wavelength region from 718 Rto 7004 ata wavelength resolution (FWHM) of

0.035 A for para-H,, 0.07 A for ordinary H, and Dz, and 0.15 A for HD. The
threshold for formation of ion pairs from para-H, occurs at 715.753 8832

A (17.3223 + tggggi‘ eV), and this value together with the accurately known

values of the dissociation energy of H, and the ionization potential of atomic

- 2
hydrogen yields a value of the electron affinity of the hydrogen atom of

0.7542 + 0.0013 eV, in excellent agreement with the theoretical value of

0.75421 ec’zl. ggfsulated by Pekeris. t The observed thresholds for ion-pair form-
ation in D2 and HD are also in excgllent agreement w1th the calculated posi-
°o .

tions. For para—H2 the region within 0,5 A of the threshold has a continuum-
like appearance and contains window resonances which are interpreted as
predissociating members of a Rydberg series converging to H;(v=9, N=2).
The continuum results from closély—spaced predissociating Rydberg states
converging to HZ (v=9, N=0), which were not resolved in the present experi-l

ment. A number of other tentative Rydberg state assignments were made for
para—Hz, based on the résults of an analysis using multichannel quantum de-

fect theory. No Rydberg state identifications were attempted for the other

A full report is given in J; Chem. Phys. 63, 3929 (1975).
. f The major part of the work was done in the Physics Division.
¥ Physics Divisision, Argonne National Laboratory.

* % .
Present address:  Department of Ch%mistw, Yale University, New Haven,

' Connecticut 06520, '

Tt Present address: 402 Lake Avenue, Ironwood, Michigan 49938,
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systems because of the greatiy increased complexity of their spectra. For HD, -
which can dissociate to veither: H+ + D orH + D+, the H_/D_ ratio is ~ 2
just above threshold and appears to decrease with decreasing wavelength;
however, this is due, at least in part, to discriminatibn by the detection

system against the more energetic H ions.

Reference
1. C. L. Pekeris, Phys. Rev. 126, 1470 (1962).
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HIGH-RESOLUTION PHOTOIONIZATION STUDY OF, RYDBERG SERIES IN Hy—
SERIES CONVERGING TO H}(2Z], v=1-6)"

_P: M. Dehmer and W. A. Chupka |

fntroduction ..

The photoabsorption spectrum from the ground rotational state of
molecular hydrogen consists of two interacting Rydberg series converging to
each vibrational level of the ion core. The lower members of the series cor-
resp_ond to npo 12: and npw 1IIu series of states, but as n increases there is
a transition frpm Hund's case (b) to Hund's case (d) as a result of the effects
of ¢ uncoupling, and the series converge, respectively to the N=0 and N=2
rotational levels of the ion core. During the course of the £ uncoubling the
two series perturb each other strongly, resulting in large energy-level shifts
and intensity variations. In addition to these interactions between the series
converging to the same vibrational level of the ion (Av=0 interactions), there
may be further intense perturbations from low n Rydberg states‘converging to
higher excited vibrational states of the ion ( Av#0 interactions). During the
last several years, the multichannel quantum defect theory (QDT) method for
the analysis of spectral data has been applied to the problem of interpreting
these interacting Rydberg series.1

In the present work, the two-channel quantum defect theory methods
employed by Herzberg and Iungen2 are used to identify members of autoioniz-
in'g Rydberg series in para—I%I2 (?2;, v=4-6), thus extending the analysis of
Herzberg and Jungen. In addition, observed autoionization intensities are
compared with intensities calculated from two-channel quantum defect theory,
and observed linewidths are compared with those calculated using a perturba-

tion approach.

*
- A full report is given in J. Chem. Phys. 65, 2243 (1976).

Physics Division, Argonne National Laboratory. Present address: Department
of Chemistry, Yale University, New Haven, Connecticut 06520.
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Results and Discussion

Relative photoionization cross sections were measured for para-H, at

78 K and at a wavelength resolution of 0,016 .& in the wavelength region f?om
805 to 715 .3,.» The data are shown in Figure 1, The regions near the vibrational
convergence limits are shown in more detail in Figure 2.

The QDT method of analysis uses the concept of a single channel to

Rydberg series. The level positions are described by a quantum defect g,
and an ionization potential I, and the level intensities are described by an
oscillator strength density df/dE, Configuration interaction is replaced by
the concept of channel mixing, Two=channel mixing may then be used to
describe the two interacting R (0) Rydberg series in para=H, or the interacting

. R(1) series in ortho-H,. Higher order interactions may be included via a

perturbation approach fzbllowing Herzberg and Jungen or, alternatively, the -
two-channel QDT may be extended to include a larger number of vibration and
rotation channels. In our work, the level positions, intensities, and widths
were calculated in the manner described by Herzberg and Jungen, and the
results are compared to the quantities we measured, Representative results

+2 .+
for the series converging to the v=1 and v=4 vibrational levels of H, "2 are
3

given in Table 1, The complete results are given in detail elsewhere,
In general, we find that the agreement between calculated and observed
quantities is excellent in regions of the spectrum where Av# 0 interactions

are weak or absent, However, as one goes to higher energy, the spacing

of the H; potential curve, This results in increasingly significant overlap of
Rydberg series convefging to fhe higher vibrational levels, and as a conse-
quence, the number of Av# 0 interaction is greatly increased, Thus, the
simple two-channel quantum defect theory becomes ingcreasingly unable to

reproduce the observed spectrum.
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TABLE 1. Calculated and Observed Line Positions, Intensities, and Widths for R(0)
Rydberg States in Para-H3

Series converging to H;(22+, v=1)

2070 19.843 791.579
16p2 20.256 791.509
21p0 21.018 791.389.
22P0 21.883 791.269
17e2 22.360 791.208
23e0 23.048 791.127
2up0 23.951 791.032
18p2 24.653 790.965

791.605 17.0
791.523 33.1
791.385 39.8
791.259 34.2
791.196 17.1
791.127 8.3
©791.030 16.7
790.960 31.5

g
CALCULATED ‘OBSERVED
* . -
State ng A ) Intensity® I (cm 1) A A Intensityb’cr (cm-l) ¢
702 7.214 803.213 . 803.166
[:3:40] 7.936 800.856 89.3 3.7 B800.855 100.0 5.1
8p2 8.306 799.882 4.2 2.7 799.895 5.7 2.8
9P0 8.972 798,432 66.8 1.7 798.u4u8 55.8 2.4
9p2 9.443 797.587 0.0 2.9 797.722 27.5 2.3
10P0 10.008 796.730 47.4 0.6 796.724 60.9 0.9
10p2° 10.625 795.947 4.4 2.7 795.934 3.8
11F0 11.055 795.478 30.0 0.1 795.479 47.6 1.3
12pP0 11.817 794.768 15.6 1.7 794.766 1.1
11p2 12.152 794 .499 10.9 0.2 794.498 32.7
13pP0 12.943 793.944 22.0 0.8 793.942 32.3
12p2 13.388 793.674 0.1 1.0 :
1490 14.013 793.338 17.6 0.2 793.338 16.7
13pP2 14,730 793.004 4.7 1.3 793.008 .2
1500 1%.113 792.843 8.0 0.0 792.845 8.5
1670 15.945 792.538 12.2 0.4 792.539 8.8
14p2 16.450 792.374 0.0 0.8 792.384 1.3
17p0 17.038 792.202 9.3 0.0 792.202 10.0
18P0 17.876 791.985 7.1 0.5 791.991 2.1
1522 18.286 791,889 0.8 O 791.097 9.9
1920 19.015 791.734 7.2 0.1 791.737 14.4
4.6 0.3
0.9 0.2
S.4 0.0
4.2 0.2
0.1 0.3
3.8 0.0
3.9 0.1
0.8 0.5
1.7 0.0

e 8 e 4 8 & 2 4 @ o @ 4 v 0 e b+ o

25P0 25.147 790.921 790.920 0.6
Series converging to H;(zz;, v=4)
CALCULATED OBSERVED
* - -
State n, X (&) Intensity T (cm l) (A Intensity I (cm 1)
4p0 3.719 803.177 804.151
4p2 4.115 793.924 793.838
5pP0 4,741 783.978 783.703
Sp2 5.129 779.630 . 779.728
6B 0 3.774 Tlu. 328 775.593
6P2 6.153 771.976 T71.941
7P0 6.816 768.793 768.570
7pP2 7.190 767.383 767.451
8P0 . 7.867 765.328 76.2 20.8 766.480
8p2 8.246 764.397 12.2 7.7 764,510 1.7
9p0 8.921 763.026 61.5 10.7 762.990 98.1 16.1
9p2 9.332 762.335 1.4 9.6
10P0 9.975 761,424 46.7 4.5 T61.424 23.3 8.4
10p2 10.456 760.849 0.6 10.3
11pP0 11.929 760.262 32.2 1.1 760.275 25.4 4.1
11p2 11.618 759,747 6.0 9.7 .
12p0 12.096 759.384 18.4 0.0 759.389 13.8 0.0
.13P0 12,793  758.926 14.2 5.6 758.853 35.0 6.2
12p2 13.205 758.689 5.5 1.3 758.656 5.5 1.6
1420 - 13.934 . 758.320 17.5 2.5 758.319 20.7 4.8
13p2 14,409 758.109 c.0 4.1
15p0 15.035 757.862 13.0 0.4 157.870 15.4 1.7
14P2 15.696 757.632 4.8 4.7 757.651 19.3 2.9
16P0°  16.158  757.u88 5.1 , 0.2
17p0 1€.926 757.274 - 10.0 1.5 757.283 5.5
15p2 17.433 " 757.148 0.1 2.8
18P0 18.061 757.007 7.0 0.1 757.009
19P0 18.812 756.856 5.5 1.7 756.857
.16P2 19.276 . ., 756.772 0.7 1.2 756.789
6.0 0.2 756.662

20pP0 20.017 756.649

aIntensities are calculated only for states which may autoionize with Av= -1 and
are normalized separately (very roughly) to the observed intensities for series
converging to different vibrational levels of the ion.

bAlI ohserved intensities are normalized to 100.0 on the 8po v=1 state.

cObserved linewidths and intensities are given only for those states which may
autoionize with Av=—1. ’
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DECAY OF RYDBERG STATES OF Hy ABOVE THE IONIZATION THRESHOLD —
COMPETITION AMONG AUTOIONIZATION PREDISSOCIATION, AND
PLUORESCENCE*

P. M. Dehmer and W, A. ChupkaJr

Unimolecular decay processes that can compete significantly with

:

autoionization of Rydberg states of H, are predissociation and emission of

light. These processes result in valjes of ionization efficiency (défined here
as the ratio of ionization to absorption) less than unity. High resolufion
(0.016 .&, FWHM) photoabsorption and photoionization data on parg-n-H2 and on
the ortho-para equilibrium mixture taken at 78 K have been analyzed in order
to extract the ionization efficiencies of those states of low n which are ex-
pected to decay significantly via channels other than autoionization. A 2 1?\
region of th‘e photoabsorption and photoionization spectra of ordinary I-Iz is
shown in Figure 1 as an example of the data. Data were taken in the wave-
length region from 805 to 750 3 The values of ionization efficiency are given
in Table 1.

It is possible that fluorescence can account for a significant fraction
of t‘he decay of certain states for which both autoionization and predissociation
are very slow, Autoionization is weakest for those states which have pure =
characfer, and can autoionize only by a large change in vibrational quantum
number of the ion core. Such states are the IH; states [the upper states of
the Q() transitions] with minimum value of n, and hence maximum values of v
for a given total energy. These states are only weakly predissociated as well,
since the strong predissociation of np 1II states is due to interaction with
np(rlZ states (with the same value of n), Wthh can only predissociate the
1Hu components (P and R branches). The data on the Q(1) lines are particularly

regular and amenable to straightforward interpretation for the most part. The

*
A full report is given in J. Chem. Phys. 65, 2243 (1976).
T .

Physics Division, Argonne National Laboratory. Present address: Depart-
ment of Chemistry, Yale University, New Haven, Connecticut 06520.
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in the region from 794:to 796.5 A showing all of the as51gned states in this

region.
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TABLE 1. Autoionizafion efficiency for Rydberg states of H,.

, o a
% Autoionization

State -Av R(0) R(1) Q(1)
) _

I, States 3pw, v=7 7 0 0 0 .

8 7 0 0 0

9 8 0 0 0

10 g 0 0 0

11 8-gP 0 0 0

12 9 0 0 0

4prm, v= 4 4 12 (9)c 8
5 4 85 18 6)°

6 T4 3 8 80

7 4 31 22 93

8 5 c . c god

Spr, v= 2 2 100 96 94
3. 3 67 55)°¢ 40)°

4 3 79 90 yu

5 3 84 67 109

6pm, v= 2 2 2 (81)¢€ 81

3 2 >90 >90 100

4 2 100 100 95

E 2 86 c 91

% Autoionization

State T Av R(0) R(1) P(1)
1+ ‘ '
> States 4po, v=5 5 <2 5 c
u
6 5 c c E 0
7 6 0 3)° c
Spe, v= 3 3 (e} 4 c
4 3 77 - 75 (100)€.
5 3 88 62 81
6por, v= 2 2 100 98 c
’ .3 2 (35)¢ c c
7po, v= 2 2 71 @)°¢ . 61°
.3 2. c c c
4 2 c (77)€ c

a_ . ) :
States which may autoionize with Av=1 were assumed to be 100% auto-
ionized.

bOnly the R(0) and R(1) branches of the 3pm, v=7 1Hu state may autoionize
with Av=8. The Q(1) branch autoionizes with Av=-9,

cThe state is either not observed or is badly overlapped with another state.
When the percept autoionization is given for such a state, it may have a
substantial error of as much as 20%. :

dThe Q(1) 4pw, v=8 state is calculated to appear at 757.64 K using
65 (v=8) = —0.1065 and E, =138 493,9 cm~1, An intense peak in both
absorption and ionization is observed at this wavelength and is assumed
to be Q(1) 4pm, v=8.
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general trend of increasing autoionization efficiency with decreasing Av is
strikingly obvieus, and even the detailed behavior is in accord with expectations.

+
1IIu states (the upper levels

. The analysis of the decay of the 12:: arid
~ of the P and R transitions) presents greater difficulties than that of the 11'1:'1
states (upper levels of the Q transitions). The dominant competing decay
modes are autoionization ana prediss.o\ciation. Both of these decey' rates are
much more sensitive to perturbations A_than are the fluorescence rates of the
I states; and observed erratic behavior oi autoionization efficiency as seen
in Table 1 is not surprising. However, the gross overall behavior of auto-
ionizing efficiency is as expected, namely for low values of n and consequent-
ly large values of Av for autoionizetion, prediss'ociation predominates, while
for largerri and hence decreasing Av for autOieniz'ation, the autoionization
predominates.

A full quantitative treatment of the data of Table 1 will require the

extension of the present quantum defect theory methods to include the effects

of ‘predissociation. This is now being undertaken by Dill and Jungen, !

Reference

1. D. Dill (Boston University, Boston, Massachusetts) and Ch. Jungen
(Universite de Paris-Sud, Orsay), private communication.
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. . ' *
MECHANISM FOR VIBRATIONAL AUTOIONIZATION IN H2
P, M. Dehmer and W. A. ChupkaJr

Introduction

Rydberg states of H, that have energies within a few volts of the ion-

ization threshold autoio.nize2 through vibration-electron interaction, that is,
vibrationai energy of the iorl core is converted into kinétic energy of the out-
going electron. Berry1 showed that the autoionization rate is larg}est for
Av=1 transitions and decreases rapidly for Ay= 2 and Av=3 transitions, with
the higher order processes acdounting for only about 6 or 7 percent of the total
autoionization rate. On the basis of more detailed calculations, Shaw apd
Berry2 confirmed the genef'al nature of this rule, but prédictéd that i1 a AIe"v'v
cases for which autoionization via Av=1 is energetically allowed, autoioniza-
tion actually proceeds substantiélly (or even predominantly) via Av=2,

;.I‘he present experiment yields new information on the final vibrational

state distributions for autoionizing Rydberg states in H, in the region between

2
the ionization threshold and 735 R. In this energy region ions are left in

vibrational states from v=0 to v=5., Our work uses the fact that the reactions

H: + He Heﬂ+ + H . (1)
H; + Ne NeH  +H . . : (2)

: *
have cross sections that are very sensitive to the vibrational state of Hy..

Both reaction cross _sectiohs increase rapidly as a function of v for v = 5.
‘Con sequently, if two Rydberg states autoionize leaving very different final
vibrational state distributions of Hz, this will be reflected in the reaction
rates with He or Ne, Thus, th1s experiment tests the predictions of Shaw and

*

Summary of a paper presented at the VIII Meeting of the Division of Electron
and Atomic Physics, Lincoln, Nebraska, December 6—8, 1976. To be
Tpubhshed in J. Chem. Phys.

Physics Division, Argonne National Laboratory. Present address: Department
of Chemistry, Yale University, New Haven, Connecticut 06520,
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Berry concerning preferential autoionization via v=2 in the presence of an
avéilable v=1 autoionization channel. It also determines if all the Rydberg

+
states between the v and v+ 1 convergence limits in H,_ autoionize to give the

2
same final vibrational state distribution, or if autoionization via v > 1 gives
a broader distribution, as might be expected if the propensity rule breaks down

for these larger changes in Av.

Result and Discussion

+ +
The relative photoionization cross sections for para-H,, HeH , and

NeH+ were determined at a wavelength resolution of 0.08 1& (F%/VHM) in the
region from 805 to 725 ;\., and the results are shown in Figure 1. The optically
allowed Rydberg series converging to the vaﬁous vibrational and rotational
levels of HZ are indicated on the figure. The high resolution photoionization
mass spectrometer used to obtain the data has been described previously_.4 .
The relative cross sections for reactions 1 and 2 were determined for the
autoionizing levels shown in Figure 1 by measunng the relative heights above

the background continua for the rare-gas hydride ion and the H ion peaks.

The ratio of the heights of corresponding peaks is then proportizonal to the
cross section for the reaction of H; in the final vibrational state distribution
produced by the autoionization proc.ess. The results are shown in Figure 2.

Two general results ‘are apparent from the data shown in Figure 2.
First, the final vibrational state dist-ribufion rémains approximately the same
for all the autoionizing Rydberg states between any two H; vibrational con-
vergence limits v and v+1, as is evidenced by the near constancy of the HZ
reaction cross sections in these regions. Second, between any two vibra-
tional convergence limits, autoionization via Av=1 and Av> 1 gives nearly
the same finai vibrational state distribution, with autoionization via Av> 1
vielding a slightly larger fraction of lowep vibrational levcls,

Shaw and Berry predicted that the ratio of the autoionization rates
jk(Av 2)/k(Av 1) would be 2.8 for the 9pc v=35 state and is 2.1 for the:
'10190 v=_5 state, as. compared with the more typlcal value for this ratio of .

approx1mate1y 0.05, The data of Figure 2 show that this is certainly not the
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FIG. 1(a).--Relative photoionization cross section for para-Hy (top) and rela-
tive reaction cross sections for formation of NeH*t (middle) and HeH* (bottom)
from the reaction of para-H} with Ne and He. All data were taken at 78 K and
at a photon bandwidth of 0.08 A.
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2

of the Hy autoionization level.

The open circles denote Rydberg states which may autoionize with Av=1, and
the closed circles denote Rydberg states which must autoionize with Av>1,
The dashed vertical lines indicate I—I}' 22'5 vibrational convergence limits, and
the dashed and solid horizontal lines are the averages of all the points between
the v and v+ 1 convergence limits which autoionize with Av=1 and Av>1,

(ANL Neg. 209-76-469)
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case, since the'9pd states in qu'estion have ratios crh dride

/ T + in good
agreement with the other values in their respective Rydbery senczas. Thus these
data contradict the predictions of Sha-w and Berry regarding significant competi-
tion from the Av=2 autoionization process in the presence of a Av=1 channel.
From a consideration of the absolute decay rates for these 9p0 states deter-
mined from the observed half widths of the H2 autoionizing lines, we concluded
that Shaw and Berry s calculation severely underestimated the decay rate for
the ‘Av=1 ’auto.ionization process.

" The data presented in Figure 2 also show that the reaction cross sections
for states which autoionize with Av>1 appear 5ystematica11y lower than .tAhe
cross sections for states which autoionize with Av=1. This is especially true
for the five states above the v=3 convergence limit that autoionize with Av>1,
A detailed analysis of the relative cross section data for these states showed
that autoionization still proceeds predominantly (275%) via the minimum change
in Av, but in these cases, there is a slightly broadened distribution of final

vibrafional states.
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COMPETITION BETWEEN AUTOIONIZATION AND RADIATIVE EMISSION IN THE
DECAY OF EXCITED STATES OF THE OXYGEN ATOM*

t t

. P. M. Dehmer, W. L. Luken, ' and W. A. Chupka

Introduction 4 ‘

. According to the selection rules for LS coupling,1 it is possible to
make electric dipole transitions from the 3P ground state of the oxygen atom
to excite.d electronic states of 3SO, A3PO, and 3DO symmetries. All of these
_excited states may decay by re-emission of electromagnetic radiatioﬁ, and,
in addition, those states with energies above that of the ground state of the O+
ion may also decay by autoionization. At energies between those of the ground
| state and first excited state of the O+ ion, there are cdntinua.of 380,. 3D°, and
| other symmetries, but there is no continuum of 3Po symmetr}". Consequently,

only the 3So and 3Do states in this energy range decay rapidly by LS-allowed

autoionization at rates :of the order of 1012 sec-1

. Autoionization of the 3Po
states is forbidden in LS coupling, and occurs primarily as a result of spin-
orbit induced breakdown of LS coupling. Consequently, the autoionization
rates of the 3Po states are smaller than those of the 3So and 3Do states by
factors of roughly 103. As a result, the (LS-forbidden) autoionization rates of
these states, which are of the order of 109 sec—l, are comparable to the .
(LS-allowed) radiative vemis sion rates for these states, and it is péssible to
observe the decay of these states in photoionization2 as well as photoemis-
sion,

In addition, because the autoionization of these states depends on the

spin-orbit interaction, the rates of autoionization depend on the total angular

momentum J of each state., Consequently the lifetimes of these states, and

*
Summary of a paper presented at the VII DEAP Meeting in Tucson, Arizona

December 3-5, 1975. A full report will be published in the Joumal of
Chemical Physics,
TDepartment of Chemistry, Duke University, Durham, North Carolina 27706.
iPhysic_s Division, Argonne National Laboratory. Present address: Departmént
of Chemistry, Yale University, New Haven, Connecticut 06520,
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the branching ratios for autoionization vs. radiative emission, are differerit

for each 3P;)" fine étructu'ré- level. As a result, both the photoionization and
‘photoemission spectra for these states exhibit unusual multiplet intensity
distn'butions.3 It should be noted that among the states in this dategory, the
3s"3Po and ZSZp5 3PO states are responsible for the two mbst prominent

features in the photoionizétion spectrum of oxygen. 2 Evidence for similar

" competitive decay phenomeha has also been found in the photoemission spectrum

of the beryllium atom.4

Results and Discussion

The work described here reports new measurements of relative photo-
ionization cross éections for a number of excited states of the oxygen atom,
The data were taken with'a high resolution apparatus at wa{relength resolutions
of 004.& (FWHM). . . In previouéiy reported photoionization measuremen‘ts,2
the wavelength resolution (0.16 Ji, FWHM) was not sufficient to separate com-
ponents of the 2p4 BPI,, —>3s"3PIo, multiplet having the same value of J". In
this work, all but two components of this multiplet are cleanly resolved. From_
thése new data, along with previously reported photoemission data, 3 improved
branching ratios for autoionization vs. radiative emission were determined.

In addition, the lifetimes of the 252p5 3P° and 3s"3F'o were detennined using
these (experimental) branching ratios and theoretical 'emiss_ion rates calculated
using the non-closed shell many-electron theory (NCMET) of Sinanoglu. 57
The lifetimes determined in this manner are found tn be in excellent agreement
with values determined by means of beam-foil spectroscopy. *

The lifetimes of severél rapidl}f (LS—allowed) autoionizing states were
also determined in this work by observing the lifetime broa.dening' in the mea-
sured linewidths of these states,

The relative photoionization cross se.ctionls for the 3s" and 252p5 3Po

states are shown in Figures 1 and 2, réspedtivél?. The relative emission

* ‘ )
The details are discussed in a paper submitted for publication by the authors
of this report. :
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FIG. 1.--Relative photoionizatgon cross section for O I 3s" 3P° taken at a
wavelength resolution of 0.04 A (upper trace). For comparison tlole emission
spectra for this state taken at a wavelength resolution of 0.02g A is also shown
(lower trace) and is described in more detail in Ref. 3.
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spectra for this state taken at a wavelength resolution of 0,085 A is also

" shown (lower trace) and is described in more detail in Ref. 3,
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, . I '
cross sections reported previously are also shown for comparison. Relative
intensities of the fine structure components within each multiplet were deter-
mined from several scans and the results are summarized in Table 1.

" The fraction of decay by emission Be and by autoionization Bé are given

by .
B0 = ¢ I (7", T)/g(1", 1 | (1a)
B (") =c L G".7)/g(1": T, | | (1b)
‘where
B,(") +B. () =1. ¥ (1c)

Here.g is the relative absorption probability for each line in LS coupling at
the temberature appropriate to the experiment (T‘ = 300 K for llie dulvionization
Experiments and T = oo for the 'emiSSion'experiments), I and I are the reiative
autoionization and emission intensities, respectively, and caand Ce are,
constants to be determined from the I/g values. In the 3s"3P multlplet the
(1,1) and (1,0) lines were oniy partially resolved in the present ionization-
experiments. In order to obtain an Ia/g value for the J'=0 state, a decon‘-,‘
volutien was performed by assuming that the Ia/g value for the (1,1) transition
is the average of the Ia/g values for the remaining two states with T'=1
(i.e., the (0,1) and (2,1) transitions). The Ia/g values for these two states
are in excellent agreement, differing by less than 0..5 percent, A least squares
fit determined value of ca andA c 15:03be)0.314 and 0.606 for the 3s"3Po state,
and 0.451 and 0.504 for the 2s2p P state. The ratios Ba/Be for each J'
level are given in Table 1 for both states.

States of low principal quantum number which may autoionize iﬁ aﬁ
LS couplmg scheme should have sufficiently short 11fetimes for broadening to

be observed in the measured linewidths., Such states are the 4s' 3Do 34’ 380

and 3Do, and‘possibly the 44 3So and 3Do levels. Broadenmg is clearly

. observed for the 4s’' 3DO, and the 3d' 3So and 3D states, while the 44’ 3 s° ‘
and’ 3D states appear to be the resolution Width (0.04 A) The measured w1dth
of the broadened 11nes (at the1r half helght) is 0 0525 + 0, 002 A The natural
linewidth is given by . : T o
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TABLE 1, Determination of Branching Ratios for Autoionization versus Radiative Emission for

the 3s” 3Po and 2s2p

P~ States of Atomic Oxygen,

Relative Intensity Ratiosb

Branching Ratio

Spe i@ » - C X d "o e
State .1 AA) I 179300 /% R(')=B,/B, B, + B,
3s"°Pp (0,1) 879,529 19.1 2,12 0.50 2.19 0.97
(1.2) 879.088 18.3 1.17 1.05 0,58 1.00
1,1) 879.007 2.13f 0.57 1.93 1.01
37.6 :
(1,0) 878,960 1.429 1.05 0.70 1.08.
(2,2) 877.876 100.0, 1.00 1.00 0.52 - 0.92
(2.1) ~ 877.799 71.1 2.13 0.55 2.01 1.00
y (o]
252p5 3P (0,1) 792,951 h h
28.7 1.17 0.97 - 1.02
1,2) 792,951 .
1.1 792.501 12.0 1.28 0.95 1.21 1.06 “
(1,0) 792,231 15.3 1.22 0.74 1.48 0.92 o,
2,2) 791,966 100,0 1.00 1.00 0.89 0.95
(2,1) 791.508 43.3 1.30 0.90 1.29 1.04

13
%peak assignments and wavelengths are from R. E. Huffman, J. C. Larrabee, and Y. Tanaka.

b
9300
respectively.

cThe error in the absorption intensities Ia is approximately + 7%.

. 3
dEmission data from P, M. Dehmer and W, A, Chupka.

approximately £ 5-7%.

cThe sum of Be + Ba should equal 1.0 fox_’ all transitions. See Eq. la—1c of the text,

f'I‘hc average of the Ia/g values for the (0,1) and (2,1) states,

gObtained by deconvoluting the partially resolved (1,1) and (1,0) lines.

h

and 9, are the theoretical relative absorption probabilities at T = 300°Kand T =

The errors in the Ie/g values are

"Effective" 1I/g values., A measure of the intemal consistency for these values would be

to calculate the theoretical 1/g values for this unresolved pair using the average 1/g values

forJ' = 1 and 2 obtained from resolved lines. This procedure gives effective 1/g values of

1.11 for autoionization and 0.9A7 for emission, both in good agreement with the observed values,
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yielding a natural linewidth of 0.034 = 0.004 A. The decay rate k is given

by :

k = 2mc AN\ . o ‘ (3)
and is equal to 9.6 + 1.1 X 101! sec™? for the 4s' °D° state and .
9.9 £ 1..2 X 1011 sec_1 for the 3d' 380 and 3DO states. This corresponds to
lifetimes of theé order of 1 X 10_12 sec.

Based on the experimentally determined natural linewidth for states
with n* =~ 3, the natural linewidth for states with n* = 4 should be approxi-
mately (3/4)3 X 0,034 .K or 0.014 ;\ The predicted observed linewidth is then
0.042 .R, which is only slightly larger than the»resolution width and probably
cbuld not be distinguished "from a line having the resolution width, - This ié in
agreement with the present observation that there is minimal lifetime broaden-
ing for the 4d' states. The statistics of the data for the 4d' states are poorer
than those for the other states studied at high resolution; however, little or no
broadening is observed for fhese lines as determined from two separate scans
of these states.

The probability of autoionization from a discrete state d to a continuum

state c is given by8'9
. . . 2 : ‘ '
k=2m|(w,| ), r, w0 : (4)
i>j O

in atomic units. Preliminary calculations based on Eq. 4 have yielded the
value of 2.4 X 1012 sec_1 for the aﬁtoionization rate -of the 3d* 3SO state of
the oxygen atom. This calcuiation méde usé of Hartree-Fock discrete (ls, 2s,
2p, and 3d) oijitalslo' 1 and a hydrogenic (s-wave) continuum oijital.g' 12
Because of the approximate treatment of the continuum ofbital accuracy of
only an order of magnitude is expected in this calculation. J Consequently,
this result is in satisfactory agreement with the experimental value of

1 X 1012 sec-1 obtained above,
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Conclusions

The results of this work regardmg the production and decay of the
43 3P state of the oxygen atom are summanzed as follows. This state can
be treated initially by the absorption of a photon by a ground state oxygen atom,
Subsequently, it can re-emit a photon and return j:o the ground state. In addi-
tion, i_t is energetically possible to emit an electron yvielding a ground state
O+ ion., Within the restrictions of LS c¢coupling, the 3s" 3Po' étate does not
interact with any of the available continua. However, because of the spin-
orbit interaction, the nominal 3s" 3P state contains small amounts (of the order

of one part 1n 10 ) of 3So, 5SO, and 3Do character, allowing theJ=1 and J=2

levels to interact electrostatically with the adjacent 380, 5So nd 3DO
continua. Likewise, the nominal O+ 480 ground state contains a small amount
of 2Po character, giving a small amount of 3PO character to the corresponding
s-wave and d-wave continua, which can then interact electrostatically W]'.th;
the dominant component of the 3s" 3Po state.
The situation for the 3d' 3Po states are similar, but more complex be-
cause of their strong mutual interactions. The 252p5 3P° state is especially
interesting bécause the 2s2p5 configuration gives rise to only two LS-coupled
terms (3Po and 1PO), neither of which is found among the (LS-coupled) continua
energetically available to the 252p5 3P0 state, Consequently, the spin-orbit
interaction within this configuration makes no contnbutlon to the observed auto-
jonization rates. However, this state interacts so strongly with the 3d' 3Po
state (eleclrostatically) that a relatively large portion o_f the 232p5 3PO state
autoionization rate may result from spin-orbit interaction of the 3d' 3PO state

with other 2p33d terms, which then interact electrostatically with available

continua.
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ELASTIC ELECTRON-MOLECULE SCATTERING. INTEGRATED CROSS SECTION

FOR N, BETWEEN 0 and 1000 &V *

Dan‘DillT and J. L. Dehmer

" ‘We present the integrated elastic cross section for electron-nitrogen
scattering for incident energies 0 to 1000 eV.. The calculations were based on
the multiple-scattering model utilizing fixed-nuclei and Slater-exchange ap-
proximations, and represent the prototype for application of this method to
larger molecular targets for which it is primarily intended. Withiri the.limited
ﬂexibility of the modei we are able to reproduce the position of the ﬂg shape

resonance at 2.4 eV and achieve quantitative agreement with absolute mea-
surements at high incident energies by respectively adopting two potentials
Whose difference is at least partially understood on physical grounds. More-
over, new insight into the dynamics of electron-molecule scattering is
gained by inspecting the. decomposition of the total cross section into com-

ponent symmetries over the entire energy range covered,

¢

* A .
Abstract of a paper to be submitted for publication.

n

Alfred P. Sloan Research Fellow; consultant to the Radiological and Environ-
mental Research Division. Permament addres's;'Department of Chemistry,
Boston University, Boston, Massachusetts 02215. :
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FESHBACH RESONANCES IN CH3X(X=CI, Br, I). CLASSIFICATION OF
RESONANCES AND PREDICTION OF RYDBERG' STATES * '

D. Spence

Using an electron transmission spectrometer we locate Feshbach

“reéonances in the alkyl halides, Combination of data from the acid halides

and alkyl halides indicate that for structurally related molecules the energies

of Feshbach resonances En L (m) are related to the appropriate ionization |
(m) = A

potentials I(m) by the relationship, E I(m) where E (m) is the

nt' nig' ntg'
nth resonance with excited electrons ot angular momenta £ and £' in species
m, and An“, and Bnu' are constants independent of molecular species. This '

relationship permits easy identification or prediction of resonance energiés in
chemically related compounds. We show how low Rydberg state energies may .

be obtained from Feshbach resonance spectra.

N . .
Abstract of a paper to be presented at the Annual Meeting of the American
Physical Society, Chicago, 7—-10 February 1977.
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CLASSIFICATION OF FESHBACH RESONANCES IN Ne, Ar, Kr, AND Xe.*

)
ot D. Spence

We show that the energy location E (m) of the nth resonance with

ngf'
excited electron angular momenta ££ ' in Ne, Kr, and Xe is related to the ap-
" propriate ionization potential I(m) by the equation

(m) = I(m) + B

nig' ,M' nfg'

where An 00 and B neg’ are constants- independent of atomic sp;ecies. We show
how almost all resonances known in the rare gases (x50 with "P3 cores alone)

can be c¢lassified according to this simple scheme. These resultas imply that for
Feshbach resonances, electron-electron interactions dominate over electron-

ion core interactions.

* : R
Abstract of a paper presented at the 8th Annual Meeting of the Division of
Electron and Atomic Physics, Amencan Physical Society, Lincoln, Nebraska,
6—8 December 1976.

LONG-RANGE ELECTRON EFFECTS IN ELECTRON-IMPACT EXCITATION OF
AUTOIONIZING STATES. *

D. Spence

Exchanges in energy between scattered and ejected electrons following
near-threshold electron-impact excitation of short-lived autoionizing states
have recently been discovered. In this Comment we focus on the techniques
and observations Which have served to expose this novel long-range interaction,

with special emphasis on the (Zsz)_S state.

Abstract of a paper pubhshed in Comments Atom. Mol. Phys. 5 (6), 159-172
(1976)
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)
SPECTROSCOPIC AND BETHE CROSS-SECTION DATA FOR SODIUM-LIKE IONS

*
Y.-K. Kim and J.-P. Desclaux

Wavelengths and dipole oscillator strengths for the 3s — 3p and
3s — 4p transitions of sodium-like ions are computed from the relativistic and
nonrelativistic Hartree-Fock wavefunctions, The relativistic wavelength data
for Pv and heavier ions agree with available experimental data to 1% or better.
As expected, the dependence of the oscillator strengths on the nuclear charge,
Z, shows the same qualitative behavior observed in the resonance transitions.
of the Li sequence., For heavy ions (Z > 40), the sum of the relativistic
oscillator strengths for the 3p and 4p transitions is 5 to 30% higher than the
sum of nonrelativistic values., The Bethe cross sections, which contain the
leading terms of the plane-wave Bom approximation, indicate that the rela-
tHivistic cross sections for heavy ions are 10 to 40% smaller than the nonrela-
tivistic cross sections. ‘

Introduction

Spectroscopic data, such as excitation energies and dipole oscillator
strengths, (f values), for highly stripped ions are needed in the fusion reactor
studies both for estimating the energy loss through impurity ions and for plasma
diagnosis. In particular, the resonance transitions of alkali- and alkaline- ~
earth-like ions are expected to stand out in the plasma because of their large
oscillator strengths, 1

With computer programs developed by one of usz we ‘have calculated
transition energies and f.values for the 3s —3p and 3s — 4p transitions, using

both relativistic and nonrelativistic Hartree-Fock (HF) wavefunctions.

Spectroscopic Data

The excitation energies were computed by taking the differences in the
total energies. All orbitals were made self-consistent for each state, and
therefore, our results correspond to the '"relaxed core" calculation, The rela-
tivistic energies include all one-electron terms from the Dirac Hamiltonian,

and the Coulomb repulsion and the Breit operators for the two-electron terms,

" .
Centre d'Etudes Nucleaires de Grenoble, 38041 Grenoble, France.
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Only the average configuration‘values for the Breit operator were computed,
though the rest of the terms were calculated for a specific total angular
momenturh, J. The f values were computed in the length form, i.e., with T
operator, The matrix elements were calculated only between vaience electrons,
retaining contributions from both large and small components. Contributions
from the core-valence terms, as well as other relativistic operators (e.g., v
retardation effect when the transition energy is high), were igno'ted. The com-
bined effects of the neglected terms are expected to be a few percent at the
most. ;

The transition wavelengths and probabilities calculated from the rela-
tivistic HF wavefunctions are compared with available experimental data?’_A6
in Table 1. The f values from Ref, 3 are based on both experimental and (non-
relativistic) theoretical results. As in the case of the Li sequence,7 the rela-
tivistic HF results agree very well with available experimental data.

The nonrelativistic hydrogenic formulas show that the excitation energy,

2
E, scales as Z°, where Z is the nuclear charge, whereas the line strength,.

s= 2 |(np|r'|3s‘)]2 2y  a,=0.529A (1)

scales as Z_-z, Hence, the aoscillator strength

f = ES/6R, R=13.6 eV (2)
is 'constaht in Z,

Both relativistic HF (Table 2) and nonrelativistic HF (Table 3) data show
very-little of the hydrogenic behavior, "Qualitative differences between the
relativistic and nonrelativistic data for the Na sequence are similar to those
observed in the Li sequ,ence.8_10

In Figure 1, we présent the sum of the f values as a function of Z. We
note that (@) s 1 h»pl transitions follow the nonrelativistic pattern, but (b)

51 —~Dp3 tran51tions depart drastically from the nonrelativistic pattem. In the
3; —»353 trans1ﬁen, the increase in the excitation energy is responsible for
the incrzease in the f values for high Z. In contrast, in the 3s—4p 3 transition,

the decrease in the line strength is responsible for the decrease in the f values
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TABLE 1, Comparison of the relativistic Hartree-Fock data with empirical and semi-empirical results for
the Na sequence.

Relativistic HF Other results

Ion Transitiona Wavelength (X) f Wavelength (A) f Reference
Na I 3s — 3p* 6268,2 0.329 5897.6° 0.327 3
. —- 3p - 6263.0 0,658 5891.6 " 0.655
‘— 4p* 3456.0 0.004 3303.9 0.0048
—- 4p . © 3455,7 0.0089 3303.3 0.0094
Mg II 3s — 3p* 2890,1 0.318 2803.5 0.313 3
—- 3p - 2882,8 0.637 2796.3 0.627
— 4p* 1271.3 . 0.0001 1240.4 0.0001
—4p 1270.8 0.0002 1239.9 0.0002
Al III 3s — 3p* 1894.3 0.293 1862,8 . 0.291 3
— 3p 1886.2 0.58Y 18547 U.585
— 4p* 707.33 0.0039 696.21 0,0037
—- 4qp 706.95 0.0074 695.82 0.0076
PV 3s — 3p* 1133,7 0.247 1128.0 0.222 3
— 3p 1123.6 0.499 1118.0 0.448
— 4p* 331,48 0.018 328,77 0.018
— 4p 331.17 0.034 328.47 0.037
Ar VIII 3s — 3p* 713,09 0.196 713.81 0.187 3
—~ 3p 699.70 0.401 700.24 0.380
— 4p* 159,81 0.038 159,17 0.041
—~ 4p 159.56 0.074 158.92 -0.083
vV X111 3g — 3p* 441,51 0.145  443.48 4
— 3p. 421,18 0.306 422,81
— 4p* 72.136 0.064 72.025
— 4p 71,918 0.122 71.799
Fe XVI 3s — 3p*. 358.79 0.125 . 360.80 ‘ 5
— 3p 333.85 0,272 335.41
— 4p* 50,616 0.076
— 4p 50.409 0.141
Kr XXVI 3s — 3p* 218.05 0.086 220.6 6.
— 3p 177.79 0.216 179.6
— 4p* 21,374 0.0995
— 4p 21,186 0.176
Mo XXXII 3s — 3p* 174.55 0,0730 177 . . 6
— 3p 126.87 0.206 129
— 4p* 14,565 0.108
— 4p ‘ 14,384 0.184

|w
.

a. p*=p_1_: P=Pp
2

2
b. Vacuum wavelength,
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for large Z. The sum of the f values tabulated in Tables 2 and 3, however,
show ~ 30% difference at Z=90, as compared to less than 10% for the Li

. sequence,

Bethe Cross Sections

11 2 '
The Bethe parameters, M~ and In ¢, for the resonance transitions
were also calculated from the relativistic and nonrelativistic wavefunctions.
The plane-wave Born cross section ¢ for the excitation of an ion to a discrete

state by an electron or proton of velocity v is given by

2
4ma 0 2
——=— M" In(4CT/R) , ‘ (3)
where T =1 rhvz with electron mass m. For incident particles with relativistic
velocities (T > 5 keV), a relativistic form of Eq. 3 should be used:

2 2

4ma,. o | 2 :
c=—'—BOé———— {M?[ln(l—iLBZ—)—pz]+C} : (4)
where ' :
C=M%(ln c+11.23) . (5)

In Eq. 4, a is the fine structure constant., Although Eqs. 3 and 4 are based on
the plane-wave Born approximation (PWBA), it is easy to shéw that the leading
term containing M.2 [M2 In 4T in Eq. 3] does not change in the Coulomb-Bom
approximation, 12 A compérison of some numerical data on dipole-allowed
tran_sit'iéns indicates that the Coulomb-Born cross sections convercje toward
the PWBA results rafhér quickly for fast.incident particles, Therefbre, the
Bethe parameters in Tables 2 and 3 would provide a dependable check for the
asymptotic behavior on the Coulomb-Box;n cross sections.

Comparison of the Bethe cross sections for the 3s — 3p excitation of
Mo31+'by electron impact (Figure 2) show that the relativistic cross sections
are smaller than corresponding nonrelativistic values. The cross sections are
smaller because of (a) the relativistic contraction of orbitals, i.e., reduced

geomsetrical cross sections, ‘and (b) the reduced range of momentum transfer
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TABLE 2. Relativistic Hartree~-Fock Data for the Na Sequence

a b c d d
ATOM 2 10> <N} Es2ee2 SeZee F ' Moo LN C
NA 11 35 3Pe 0.1201D-02 0.1643D 04 0.3290D0 00 0.2263D 01 0.1303D 01
NR 11 33 3P 0.1202D-02 0.3285D 04 0.6533D 00 0.4525D 01 0.1301D0 01
NA 11 35 4Pe 0,2179D-02 0.1201D 02 0.4362D-02 0.1654D-01 0.1108D 02
NR 11 33 4P 0.2179D-902 0.2441D 02 0.8868D-02 0.3363D-01 - 0.1092D 02
MG 12 35S 3Pe 0.2190D-02 0.8703D 03 0.3176D 00 0.1007D 01 0.6917D 00
MG 12 38 3P 0.2195D-02 ©0.1741D 04 0.6369D 00 0.2015D 01 0.6354D 00
MG 12 35 4Pe 0.4978D-02 0.1222D 00 0.1014D-03 0.1415D-032 0.3344D 03
MG 12 38 4P 0.4980D-02 0.1927D 00 0.1599D703 N.2230D-03 0.4291D 03
AL 13 38 3Pe 0.2847D-02 0.6179D 03 0.2931D 00 0.6094D 00 0,3952D 00
AL 12 33 3P 0.2899D-02 0.1e236D 04 0,5891D 00 0,1219D 01 0.32851D N0
AL 13 33 4Pe 0.7623D-02 0.3063D 01 0.3898D1-02 0.3026D-02 06.2719D 01
AL 12 338 4P 0.7627D-02 0.5821D 01 0,?7399D0-02 0N0.5740D-02 ©0.3134D 01
F 13 35 3Pe 0.35730-02 0.41460 03 8.24680 00 0.3071D 00  5,.8427D-01

P 15 35 3P 0,.32604D-02 0,8302D 03 0,4937D 00 0.6149D 00 0.6456D-01
P 15 3S 4Pe 0.1222D-01 0.8669D 01 0.1765D-01 0.6421D-02 -0.3150D 01
P 15 35 4P 0.1223D-01 0.1667D 02 0.3393D-01 0.1235D-01 -0.3107D 01

HR 18 33 3Pe 0.3%44D-02 0.29860 03 0.1363D 00 0.1536D 00 -0,1429D 00
AR 18 38 3P 0.4020D-02 0,5937D 03 0.4011D 00 0©.2080D 00 -0,1835D 00
AR 18 35 4Pe 0.1760D-01 0,1312D 02 0.3349D-01 D.5750D-02 -0,4336D 01
AR 18 3% 4P 0.1763D-01 0.2514D 02 0,.7337D-01 10.1293D-01 -0.4330D 01

v 23 35 3Pe 0.3902D-02 0.2233D 03 0.1452D 00 0.7034D-01 -0.3266D0 00
Y 22 38 3P 0.4090D~02 0.4483D 03 0.3060D 00 0©.1414D 00 -0.42510 00
N 22 35 4Pe 0.2323D-01 0.1618D 02 0.6441D-01 0.50990-02 -0.5173D 01
W 23 3% 4P 0.2395D~01 0.3051D 02 0.1218D 00 0,9614D-02 -0.5185D 01
FE 26 33 3Pe 0.3757D~-D2 0,.2003D 03 0.1254D 00 0.4939D-01 -0.3930D 00
FE g2g& 35 3P 0.4033D~02 0.4037D 02 0.2717D 00 0.9953D-01 -0.5424D 00
FE &6 35 4Pe 0.2663D-01 0.1703D 02 0.7560D-01 0.4199D-02 -0.5520D 01
FE 26 35 4P 0.2674D0~01 0.3170D0 02 0.1413D 00 0.7317D-02 ~0.5536D 01
KR 25 35S 3Pe 0.3225D~-02 0.1609D 02 0,8646D-01 0.2069D-01 -0.5323D 00
KR 35 38 3P 0,3%55D~-02 0.3271D 03 0.2156D 00 0.4207D-01 -0.9514D 0O
KR 36 3S 4Pe 0.3290D~-01 0.1313D 02 0.9952D-01 0.2334D-02 -0.6343D 01
KR 36 35 4P 0.33190=-01 0.31900 02 0, 17450 00 0,4103D-02 =0.e7%eD Q1

MO 42 35 3Pe 0.2960D-02 0.14300 032 0,7302D-01 0.1399D-01 -0.5934D 00
MO 42 35 3P 0.4072D-02 0,3032D 03 0.2058D 00 D0D.2865D-01 -0.1246D 01
MO 42 3% 4Fe 0.3547D-01 0,1832D 02 0.1033D 00 0,1731D-02 -0.6709D 0Ot
MO 42 38 4P 0.35%2D-01 0.3076D 02 0.1841D 00 0.2907D-02 -0.6770D 01

RXE 94 38 3Pe (.

25700-ne  0.1302D 02 0,5601D-01 0,.7473D-02 -0.7014D 00
“E 54 35 2P 0.4

3

4

7
35Dh-02 0.,2727D 03 @.2152D 00 0.1558D-01 -0.1947D 01
233D-01  0.1822D 02 0.1136D 00 0.1042D-02 -0.7287D 01
27vD-01 0.2714D 02 0.1822D 00 0.1551D-02 -0.7396D 0t

XE S4 35 4Pe  D.:
%E S4 23S 4P 0.

3% 3Pe 0.2220D-02 0.1105D 02 0.40360-01 0.3362D-02 -0.3873D 00
W v 33 3P 0.7231D-02 0.2399D 03 0.289%20 00 0.7303D-02 -0.3299D0 01
1} ¥4 33 4Pe 0.4451D-01 0.1744D 02 0.1296D 00 0.5307D-03 -0.7999D 01
W 74 3% 4P ‘0.4666D-01 0.1887D 02 4.1467D 00 0.5743D-03 -0.8210D 01

ALY 79 33 2Pe 0.2172D-02 0.10%9D 02 0.3833D-01 0,2328D-02 -0.9373D Q0
AU 79 3% 3P D.2178D-02 0.2328D 03 0.3174D 00 0.6218D0-02 -0.3647D 01
AU 79 33 4Fe 0,4589D-01 0.1716D 02 0.1312D 00 0,4582D-03 -0.8146D 01
AU 73 38 4P 0.432350-01 0.1657D 02 0.1335D 00 0.4424D-03 -1.8386D 01
TH 290 35 3Pe 0.2102D-02 0.9580D 02 0.3357D-01 0.1971D-02 -0.1045D 01
TH 90 38 3P 0.1036D-01 0.2170D 03 0.3927D0 00 0.4465D-02 —-0.4409D 01
TH 90 33 4Pe 0.4890D-01 0.1644D 02 0.1340D 00 0.3332D-03 -0,.2443D 01
TH 90 3RS 4P 0.5249D-01 0.1144D 02 0.1001D 00 0.2355D-03 -0.8729D 01

a, Initial state.

b. Tinal state, p* = p
c. In rydberg,

d, In atomic units.

1, P = P3.
2

njw
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TABLE 3,

Nonrelativistic Hartree-Fock Data for the Na Sequence

ATOM 2

b.

d

ton® N Eozee2 © TeZeeZ F Mooz & LN C

MA 11 33 2P O,lléBD—UE 1.4941D U4 0,9262D0 00 0,6206D 01 0.1207D 01
MA 11 3% 4P 0.21760-02 0.3572D ¢2- 0.1298D-01 0.492%D-01 1.1117D 02
Mz 12 3= 3P D.ElBBD—ﬁE n. 26190 04  0,3926D 00 0,30321D 01 0.53235D 04
M5 12 33 4P 0.49520-02 0.3219D 00 0.3245D-03  0.4535D-03 0.3127D 032
AL 13 éS 3P 0.2838D-02 0.1260D 04 0,.3791D 00 0,1834D 01 3,329980 00
AL 12 335 4F 0.7606D0-02 0.9237D 01 .1184D-01 0.3202D-02 0.2638D 01
P 1S5 33 3P n.3552D=02 0.12500 04 0.739&0 00 0.92%60 00 0.9179D-01
F 15 35 4P 0.1218D0-01 n.262rDd 02 0,.5334D-01 .1946D-01 -0.31%4D 01
AR 13 35 3P D.3307D-02 0,9022D 02 0.5375D 00 0.4441D 00 -0.1306D 00
Ar 18 35 4P 0, 17520-01 0.3373D 02 0.1162D 00 0.2047D-01 -0,4334D 01
W 23 3T 2P 0.3836D-02 0N.&7232D 03 0.4336D 00 0,2137D 00 -0,3041D 00
\ 22 3T 4P 0,.23630-01 0.43250 02 0,19450D 00 . 1552D-01 -0.5170D 01
FE 26 3P 0.2E73D-02 0.61100 02 Q.3741D0 00 0.1507D 00 -0.3827D 00
FE 26 4P 0.2636D-01 N.S1920 02 0.2224D 00 0.1281D-01 -0.35512D 01
4 36 3P D.30760-02 0.49950 03 0.25610 0C¢  0.&424D-01 -0.4593D 00
KF 26 4P 0.3222D-01 0.Sa070 a2 n.3012h 00 0.7211D-02 ~-0.&6331D 01 -
MO 42 3T 3P 0,2769D-02 0.4662D 02 0.2152D 00 0,.440SD-01 -0,5038D 00
MO 42 3IT 4P 0,.3442D-01 0.S71eh o2 0.3282D 00 0.5397D-02 -0.&692D 01 L
=E 54 32T 3P 0.2290Db-02 0.4271D 03 0.1820D 00 0,.2441D-01 -0.54632D 00 .
=E 94 3% 4P N,.37520-01 0.5819D0 02 0.38390 00 0,3326D-02 -0.72600 01
1] 74 3% 3P ﬂ.1?64D—ﬂE 0.323346D 032 0.11600 00 0.1201D-01 -0.58233D 00
] T4 3T 4P .40450-01 0.5293D 02 0.3973D 00 0,1793D-02 —-0.7347D 01
AU 7 35 3P U.1668D;DE 0.38935D 03 L10232D 00 0,10400-01 -0.52920 00
A 79 38 4P 0.40960-01 0.5903D 02 0.4029D 00 0.1576D-02 -0.R0870D 01
TH 20 3% 3P 0,1507D-02  0.383040 03 Q557D-01 0.7827D-02 -0.82A70 - N0
TH 90 2L 4P 0,4133D-01 1.59190 02 ﬂ 4123D 00 0.1218D-02 -1.83660 N1
a, Initial state.
b. Final state, p*=p,, p = p;.
c. In rydberg. 2 2
d. In atomic units.

T | T T LE— T I

No SEQUENCE- FIG. 1.--Sum of f values versus nuclear

charge 7., All transitions are from the 3s
state. Dashed curves marked NR represent
nonrelativistic results. Open circles are

the f values recommended in Ref. 3.
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- FIG. 2.--The Fano plot (equivalent to col-
lision strength vs. logarithm of incident
energy) for the electron-impact excitation
of Mo31*ion. The curves marked R and NR
represent relativistic and nonrelativistic
results, respectively., All transitions are
from the 3s state. The excitation thresholds
are shown as dashed lines. T is incident
electron energy. See Eq. 3 of the text for
other notations.

In(T/R)

to be integrated over (mainly increase in the minimum momentum transfer)
owing to a relativistic increase in the excitation energy. Cross sections for

the 3s—3p 3 transitions are affected most by (b) above, resulting in the ratio
2

o(relativistic)/o (nonrelativistic)~ 0.6 — 0.8 for Z > 40.

The relativistic change of the momentum—transfer range is reflected mostly in
the values of Inc. A éompaﬁson of ln. ¢ values in Tables 2 and 3 indicates that
the relativistic effects are discernible (>20%) even for the phosphorus ion
(z=15). It is obvious, therefore, that appropriate relativistic data should be
used to estimate dependable cross sections for stripped ions. All qualitative
conclusions on thé Bethe cross sections for the Na sequence presented in

this report are also true for the Li sequence, according to our (unpublished)

Bethe cross sections for the Li sequence,
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ATOMIC FORM FACTORS AND INCOHERENT-SCATTERING FUNCTIONS OF
- Cst AND Aut ' '

*
Sara Dawson, and Yong-Ki Kim

Atomic form factors and incoherent-scattering functions of Cs+, Cs,
Aut, and Au were calculated. These data are necessary for estimating total
inelastic cross sections for total cross sections for inelastic scattering of
heavy ions by background gases.

Introduction

Recently, R. Martin and R, Amold of Argonne National Laboratory have
proposed the release of thermonuclear energy from a small pellet 'containing a
D~T gas mixture that is ignited by fast heavy ioné -(at éppljoximaiely 0.5
GeV/nucleon). ! Incoherent-scattering functions, Sinc (K), for heavy ions
(e.g. . Cs+) are needed to estimate the total cross 's'ectionvfor inelastic scatter-
ing by background gases (NZ,OZ, etc.) in a heavy-ion accelerator. Once Sinc (K)
is determined, the Born approximation may be used to calculate upper limits to
theé desired cross sec'cions.z'3 Ionization of the projectile ions will put them
~ out of phase with the accelerating field and eventually the ions will be lost
from the beafn. Thus, the pressure of the background gas must be reduced to
prevent an excessive attenuation of the beam. An accurate determination of -
the vacuum requirement is necessary to estimate the cost of such an accelera-
tor,
| Since both C’s+ and Au+ have closed valence shells, they are not easily
ionized and so are good candidates for use in an accelerator. The calculations
given here are based on Schroedinger Wavefunbtions ;: however, for an ion as

heavy as gold, more accurate description requires the Dirac relativistic wave-

functions,

* B
Participant in the Undergraduate Research Participation Program, ANL Center

for Educational Affairs, June 14—August 20, 1976. Present address: Depart-
ment of Physics, Duke University, Durham, North Carolina 27706.
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Data are available in the literature ™ for the atomic form factors of a
limited class of heavy ions but not for the incoherent-scattering functions of
heavy ions. Thus, we carned out the present calculations, and the incoherent—

scattering functlons for Cs and Au are the first of their kind.

Baekground
The atomic form factor, F(K), and the incoherent-scattering function,

(K), for an atom or ion are defined as follows:5

inc
N |
FK) = ), (exp(K-r)), (1)
BT |
5. ®=NT[ Y (exp[iF- G-tp - [0l . @

J.k=1
where () is the expectation value in the ground state, N is the number of
atomic electrons, and r; is the position vector from the nucleus to the jth
"electron. The momentum transfer K is defined in terms of the 1nit1al and final

momenta, ko and k , as

—

kg~ k_ . (3)
smfG{Z! _ X
T 4wt

In x~-ray scattering, the followmg variable is frequently used:
Here X\ is the photon wavelength and © is the angle at which the photon

K =

scatters,

Applications of F(K) and Sinc(K) to various problems in atomic scatter-

. . 5
ing are discussed elsewhere.

Results and Dlscus s1on

A Hartree- Fock wavefunctlon program developed by Desclaux6 was
used to calculate wavefunctions for Cs, Cs , Au, and Au . Atomic data from .
these computer calculations are shown in Tables 1-3. For small K, Sinc(K)

has the form

l 22 , o . f
Sy ®) = My (Kag)™ + ooe (@)
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TABLE 1. Orbital Energies ih. Rydbergs

Orbital Cs+ Cs Au+ Au
1s 2545,8938 2545.5377 5414,2216 5413.6667
2s 396.6432 396,2876 914,9184 914.3655
2p 372.9879 372.6321 878.3655 877.8120
3s 85.7413 85,3861 - 219,0755 218.5221
3p 75,5473 75,1917 201.7993 201.2452
3d 56.8078 56,4522 169.9916 169.4373
4s 17.7452 17.3911 49,2608 48,7079
4p 13.8920 13,5370 41,6959 41,1414
4d 7.1137 6.7590 27.8662 27.3109
4f —_— _— . 9.2116 8.6566
5s. . 2.8129 - 2,4632 - 18,1720 7.6178
5p . 1.7175 1.3669 5.6300 5.0687
5d — — 1.6013 1.0420
6s — 0.2473 — . 0.4416

‘Rydberg’ = 13.6 eV

TABLE 2. Total Energies in Hartrees

Cs+
Cs
Aut
Au

a

~7553,8141
-7553.9356
-17865.1909
-17865, 4099

Hartree = 27.2 eV
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TABLE 3. ¢( rz) for Valence Orbitals and Mtotz in'ao2
. 2
Orbital . (r) Mot
st 5p .  5.099637 9.4865
Cs 6s 44,988506 24,2628
Aut 5d . 2,746265 8.5142
Au 6s 15.888460 14,0554
a, = 0.529 R



and M 2 is defined as
_ tot
e

2 _ | 2 '
M, . = ,-Zk (x,%,)/a," (5)

where x is a Cartesian component of?.

Atomic form factors and incoherent-scattering functions for Cs and Cs+
are given in-'I"able 4 and those for Au and Au+ in Table 5. These data are plot-
ted ih Figures 1 and 2. The maximum point in each of these graphs is the
number of electrons in the atom or ion as opposed to the nuclear charge. For
example, F(K) of Au has a peak value of 79 at K=0, while that of Au+ has a
maximum value of 78.

The value of F(K) and Sinc (K) afe in a sense complementary. Coherent
scattering, 'represented by F(K), is the major process at low K; as the momentum

transfer increases, incoherent scattering becomes dominant and -the atomic

s

form factor diminishes to zero. Some incoherent scattering, however, is ,
present, even at very low values of K, and it is necessary to go to extremely
large values of the momentum transfer (K = 100 atomic units) before F(K)

decreases almost to zero.

30-0

= FIG. 1.--Atomioc form
N factors F(Q) as func-
h . 2
o N , tions of Q = (Kag)“,
B _ where K is the mo-
T ' mentum transfer and

ag is the Bohr radius
(ag = 0.529 A).
TN ‘ , ===, Au; —.—,
N\ ' Aut: —, Cs;

N T ce.as CsT,

£
15:0
/
L

30-3

15-0

0-0

j*. o 10° 10' 10
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TABLE 4

COHERENT AND INCOHERENT ATOMIC FORM FACTORS FROM THE HARTREE-FOCK
HWAVEFUNCTIONS

P e e e e e e e e e e e e e e e e e e e e e e e e = e e e e vk e e e e -

8.0
2.01
z.o2
©.23
&.04
&.25
&.o86
.27
6.88
g.29

.19
G.2e
@.30
G.40
&g.5¢
&.66
&.76
o.80
G.96

1.80
2.00
3.0
4, 6&
5.6
8.08
7.88
8.00
S.0a&

16.08
12.08
14.02
16.06
18.086
20.06
25.06
30.04
35.08
NG. 00
45,00
S6.06
80.00
79.8&
80G.06
96 .06

ERRREERRREREREREN

@.55886066D
@.54839688D
2.54684773D
@.545349@3D
&.54389755D
&.54249@633D
&.54112459D
¥.53873777D
@.53858756D
&.53725159D

.53682798D
&.52521858D
&6.51618142D
@.58825449D
@.58126688D
@.49441678ED
&.48818565D
&.48238854D
&.4767133@D

&.47139&37D
&.42887635D

B, 39922458D

@.37766627D
@.359314489D
@.34456313D
€.33182165D
@.32853735D
©.31636555D
. 38188562D
. 284684148D
.27645136D
. 258@6828D
.24728592D
.23761688D
.21815722D
.26349746D
. 19258998D
. 18296&28D
. 17537369D
. 16889659D
.15794867D
.14858923D
. 14@28114D
. 13254@52D

6.0
G.66281876D
©.813692@5D
©.9563@646D
©.18989434D
G.1218573@D
©.13486143D
&.1455983@D
@.15671661D
@.16739652D

&,17768871D
&.26635232D
&.348631694D
Z.46615480D
&.46664485D
£.521833106D
£.57183113D
£.61981699D
£.66328183D

&.70444374D
&.18246297D
&.12515287D
&.14248877D
&.15618488D
&,16738361D
&.17686988D
&.18516933D
&.19282172D

&,19844856D
©.21173523D
&.22269989D
&.232667810
@.24182746D
&.256386316D
£.269€3836D
©.28494638D
8.29859776D
@.31839526D
@.32865494D
&.32963824D
&.344681238D
Z.35665345D
&.36685833D
&.37528579D
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@.540806060D
5.53912672D
©.53825836D
©6.53738476D
©.53653587D
£.535681806D
G,534832494D
€.53398775D
£.5331477¢D
€.53231226D

6.53148139D
6.52341683D
&.51577386D
@.56852276D
2.56163664D
8.49588875D
@.48885775D
@.48292176D
8.47726118D

&.47185796D
g.42885676D
2.39911888D
G.376914580
@.35926368D
&.34454881D

‘&.33182813D

&.320548839D
@.31838565D

8.38118861D
£.28466474D
6.27646787D

@.25868151D

B.24726892D
6.237624160
©.21815965D
6.20347983D
B.19288782D
B.18295465D
@.17537744D
G.16887864D
©.15793339D
©.1486131@D
&.14625183D
&.13255888D

g.0

&.94317778D-

@.18749733D
@.27957913D
@.37058116D
B6.468652317D
7, 549424280
&.63732362D
&.72417758D
Z.816€6587D

3.89498535D
©.18945128D
&.241496799D
@.38664868D
&.368619568D
&.42893424D
&.47156681D
@.518673954D
Z.56275763D

@.68426651D
8.92571619D
&.11524884D
&.13253699D
@.14626378D
@.15739862D
©.16887458D
©.17517347D
&.18262529D

@.189449886D
@.26173554D
&.21269853D
&.222668839D
©.231831441D
©.24831638D
B.25865148D
@.27496815D
&.28866867D
@.36646218D
&.31065843D
@.31963912D
@.33461887D
@.34665186D
B.35665557D
&.36520599D

1
(1]
(1]
1%



TABLE 4 (CONTINUED)

60%.02
08 . 66
806 .0Q
80L .o

1606 .0&
2000 .56
3004 .60
HORE . 0
S0LL .00
68060 .08
7008 . B&
8000 .00
902e . 6&
1000E . 6GG

cs ' CS+

FLa) S(@) FQ) 5¢0)
©.12544779D G2  ©.38268194D G2  §.12542535D G2  B.3726638@D &2
@.78347145D @1 @.4292@6763D &2  ©.78368817D &1 2.41921226D @2
©.59352663D &1 ©.45394@960 @2  ©.59374132D &1 G.44394443D &2
©.528535060 @1 ©.478288877D @2  £.56836756D &1 @.468@8851D @2
@.45856299D &1 @.48177517D @2  ©.45862304D &1 @.471774839D @2
@.42317122D @1 ©.49671341D @2  .42385723D @1 Z.48871355D @2
@.38549666D @1 ©.49777472D @2  &.385568178D @1 Z.48777212D @2
Z.35688485D @1 ©.58345294D @2  §.35614782D &1 @.49345344D @2
@.32657298D &1 2.52889593D B2  ©.3265996@D @1 @,49889651D @2
©.3@448@35D &1 ©.51193424D B2  6.30449735D @1 Z.50193476D @2
©.16941198D &1 ©.52985938D @2  ©.16945567D ©1 &.51985996D @2
2.12356145D @1 2.53613362D B2  ©.12355456D &1 @.526133685D @2
G.12372683D &1 G.53968536D 82  ©.16379788D &1 &.529686839D @2
©.93715315D @@  ©.542@7934D G2  £.93681987D B8  ©.5328794SD &2
©.86484533D @&  ©.54379973D @2 . £.86385421D @&  §.53379991D @2
©.846876246D @@  ©.54586822D @2  ©.84619116D 86  .535@6839D @2
©.73796975D @@  &.546@3575D @2  £.73737438D @86  @.53683593D @2
©.72143686D &  &.54676648D B2  £.94317779D-81 £.53876661D. @2
©.595321960 @& ©.54734433D 82  ©.18749793D &G ©.53734448D @2

3

: A

1] ’
So /'f'lf.
‘;’—q /‘/
,fr:%/‘
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107 107" 10° 10! 1.0’ 10° 10*
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FIG. 2.--Incoherent-scattering functions Sin C('Q') as functions of Q= (Kao)z,
where K is the momentum transfer, ag is the Bohr radius, and N is the number

of electrons,

---, Au;
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TABLE 5

COHERENT AND INCOHERENT ATOMIC FORM FACTORS FROM THE HARTREE-FOCK
WAVEFUNCT IONS

AU AU+
0=u<a§) FiQ) 5(Q) FL@: 5(0)
g.e &.798866GEa8D &2 8.0 ©.78880028D B2 G.&
e.01 @.78893321D B2 ©.61291718D @& ©.77920964D @2 &.84773496@D-61
e.@2 Z.78787647D @2 @.72357182D @&  ©.77842886D @2 @.16885736D @6
&.33 &.78682956D &2 2.83285642D 8&  £.77763544D B2 @.25211311D @G
z.84 &.,78579224D @2 ©.93845868D BG G.77685276D @2 B.334699780 86
@.65 @.7847R43GD @2 G.1@428579D &1 €.77687281D @2 8.41657627D0 86
Z.28 @.78374553D &2 B.11453328D @1 &.77529557D0 &2 2.49775137D @G
z.a7 @.78273572D @2 8.12459556D B1 B.77452183D @2 &.57823373D &6
g.e38 @.78173467D @2 ©.1349479688D @1 §.77374918D @2 @.658@3198D &G
@.@9 G.73&74226D @2 @.14419216D &1 B.77297999D B B.7371%431D GO
Z.10 @.77975811D @2 &.15373931D &1 B.77221345D @2 @.515668927D B
6.2 @.77834167D @2 &.2413@223D B1 G.76469088D @2 @.156519810 81
.30 @.76159788D @2 @.31741775D &1 ©.75741798D0 @2 B.22563887D 81
G.4@ &.75341828D @2 @.385@6744D &1 5.75838161D B2 @.28958315D &1
2.5@ @.74569491D @2 @.44628629D B1 &.74356974D @2 G.349893422D @1
@.80 @.73838436D @2 ©.58216648D ©1 ©6.73697091D @2 &.46428651D @1
G.7G Z.73442644D B2 ©.553889858D0 &1 @.73857454D B2 @.45582894D G1
@.8@ Z.72477956D @2 @.6620669GD @1 G.72437674D @2 ©.56421127D0 &1
@.98 &.718%1887D @2 ©.684721977D 81 G.71835629D @2 &.549692260 @1
1.8 &.71229@38D @2 ©.68975541D &1 B.7125@455D @2 ©.59257525D 81
2.80 Z.661122550 &2 Z.18218618D @2  &.66289882D @2 &.92458G38D 81
3.88 2.62199192D @2 &.1262@959D B2  &.62268576D G2 ©.11618732D @2
4. 88 2.59@46263D @2 @.14586641D &2  B.58@84759D @2 @.135684282D @2
5.8 &.56427@039D @2 &.162953290 B2  B.56441465D 82 &.15285787D &2
6.6 @.54262829D @2 @.17826152D G2  &.54281234D B2 @.16797258D @2
7.8% Z,.52286161D @2 ©.19218832D B2  £.52269161D @2 ©.18193921D @2
8.88 2.58594268D G2 2.284963089D B2  £.58577972D &2 @.194761120 @2
9.6 &.498572668D @2 ©.21673778D G2  ©.49878575D B2 B.266578130 @2
18. 2@ Z.47753477D @2 @.22762538D B2  ©.47734278D G2 B.21749988D @2
12.00 Z.45422564D @2 @.2497@9157D 82  ©.45485435D &2 - ©.237B@575D &2
14 .66 Z.434472620 @2 ©.26395483D B2  ©.43433918D B2 B.25388589D G2
16.06 &.431738836D G2 ©.27868551D @2  B£.41728676D @2 ©.26882246D G2
18. 8@ .4G266689D @2 ©.29186835D B2  G.42288883D B2 ©.28188777D B2
20.6@ &.38833386D @2 ©.38321887D B2  §.3883@664D &2 &.29316857D @2
25.606 @.35878175D G2 @.32739477D B2  &.35888366D B2 ©.31734721D @2
36.20 &.334@6172D G2 @.34692832D &2 &.33446364D B2 &.33689354D @2
35. 6@ @.31278557D B2 @.363455841D B2  ©.31282918D G2 .G.35343183D B2
4G . GG @.29418735D @2 ©.37791887D B2  6.29422927D &2 @.36789979D @2
45,80 &.27788855D @2 @.39888722D @2  B.27783745D &2 @.38@85569D @2
5G.0G &.26336@432D @2 G.49264775D B2  ©.26332756D @2 ©.36263963D &2
8G.6@ B.23899889D &2 G.42352486D @2  &.23899857D @2 2.44352412D B2
76.00 %.2197@132D @2 @.44166965D B2  ©.21978574D @2 Z.43167587D @2
8C.0 @.2@432309D @2 8.45772979D B2  ©&.20438763D @2 @.44774192D @2
9C .8 @.19191648D &2 ©.47213@@8D @2 ©.19191886D &2 B.46214581D 82
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TABLE 5 (CONTINUED)

106 .68 @.18187546D &2 ©.48516872D &2 ©8.18184948D G2 8.47518394D &2
200.00 &.13412636D0 @2 2.57867172D &2 8.13412833D @2 &.56066917D B2
306.0G &.16937666GD @2 &.61489518D &¢ B.18838544D @2 G.684894868D0 B2
GG .88 &.9@36G7288D &1 ° &.64193648D &2 8.96315915D G1 &.83133968D @2
562 . 8% &.761431437D &1 & ,66855387D &2 g.761254943D @1 Z.65@855785D &2
68G& .00 Z.868212419D w1 2.87443657D @&z &.86227677D @1 2.66443333D &2
788 . GG @.59168572D ©1 @.68536858D G2 $.59136873D @1 &.67536988D &2
8G0 . 6o Z.538208E7D0 ©1 &.694329880 @2 2.53835837D G1 &.68432878D &2
oBE .86 $.5@316941D G1 . &.786189567D &2 ©.58332142D &1 @.89188471D G2
1800 . & @.47372286D G1 @.7@841485D &2 @.47481511D &1 &.69841345D @2
2000 .06Q &.32705369D @1 &.74586875D G2 Z,32688766D G1 &.73566633D &2
3000 .66 &.226798661D @1 &.75992322D &2 2.22887874D @1 g.74992361D Gz
HOBE . & &.1755596@1D @1 G.76731847D B2 ©.17539363D0 ©1 @.757316820 @2
SGGE . B @.14342256D @1 &.77178248D &2 ©@.14353446D 81 Z.76176263D @2
8226 . 66 @.126885583D &1 G.77467371D &2 &.12696576D @1 ©.76467982D B2
2862 . B& &.13839267D 1 &.77688751D &2 5.13838722ED @1 2.76688768D @2
80@G . GG &.18757659D @1 &.77864248D &2 &,18753539D ©1 &.76864264D B2
9BBE . BE &.11778845D @1 &.758886543D &2 $.11767693D @1 &.77886557D @62
18666 . 6G @.9555@2230 26 @.78126166D &2 2.95511124D @@ 2

. 771261880 @2
4
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FIG. 3.--Incoherent-scattering functions Sinc(Q) as functions of Q= (Kao)z.
..., Xe; —, Cs™; N is the number of electrons. :
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The data obtained here were compared with those published earlier for
neutral atoms and almost identical resulfs were obtained. InvFigure 3, our
resqlts for Cs+ were also compared with the data for xenon.4 The calcul_étions
are seen to be similar, demonstrating that the number of electrpns in the atom

. or ion is the dominant feature in determining the shape of these curves.
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COMPARISON OF THE BORN AND GLAUBER CROSS SECTIONS FOR THE
2s — 3p TRANSITION OF H

i

*
-F. T. Chan, C. H. Chang, T M. Lieber, f and Y.-K, Kim

Minima in the generalized oscillator strength for the 2s — 3p transition’
of H deduced from the Glauber approximation are found to shift from the Bom
approximation results in qualitative agreement with known experimental data
on the resonance transitions of rare gases and Hg. :

Introduction _

The Born cross sections for discrete excitations often show undulations
in angular distributions arising from the zero minima in the corresponding
generalized oscillator strength (GOS). The structure in the GOS comes from a
combination of the nodes in the initial- and final-state wavefunctions of the

,

target atom and the nodes in the transition operator. Predictions from the
Born cross sections have been verified qualitatively in many experiments.

In the Born approximation, the GOS as a function of the momentum
transfer, ﬁﬁ, is independent of the incident energy, and hence the positiéns
of the minima and maxima in the GOS remain fixed as incident energy is varied.
» The minima in the Bom GOS occur wheh the transition matrix element changes
éign, and therefofe, the GOS vanishes at the minima. |

- Experimental data, however, differ from the Born results in three aspects:

- (@) the "experimental" GOS does not vanish at the minimum, (b) the magnitude
of the GOS at the minimum increases as the incident energy is reduced (down
to ~ 15 times the excitation energy), and (c) the position of the first minimum
(expressed in I?) is shifted toward smaller K at intermediate to low incident
electron energies (< 500 eV), Owing to the low intensity for large angle scat-

tering, subsequent minima at higher K have not been observed in any experiment

so far,

* . . ) . .
Participant, Center for Educational Affairs Faculty Research Participation Pro-

gram, June 1—August 23, 1976. ,
TDepar'tment of Phy_sics, University of Arkansas, Fayetteville, Arkansas 92701.

iSee Ref. 3 and references therein,
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Recently, the Glauber approximation was shown to produce cross
sections in excellent agreement with various electron-impact data on small
atoms at lower incident energies where the Born cross sections compare poorly
with the experiment.* One drawback of the Glauber approximation is that
various integrals needed for the transition matrix eiement are so complicated
that in practice only analytic (Roothaan-type) wavefunctions can be used.
Unfortunétely, high—qhality, analytic wavefunctions for excited states are
scarce, and production of such wavefunctions are costly compared to numer-
ical ‘wavefun‘ctions . : '

To provide for a sensitive test of the Glauber approximation at lower
incident energies, we studied the dependence of the minima and maxima of the -
"Glauber" GOS on incident energies. The "Glauber" GQS, fG(K), is deduced
- from the Glauber cross séction, using the same relation as that between the
Born cross section and the Born GOS E

2
ch E k (Kéo)

W="ag » ¥ 2z ° @

0

where dGG/dQ is the differential cross section in the Glauber approximation,

E/R is the excitation energy in rydbergs, ao is the Bohr radius. The momentum
transfer, E% , is defined in terms of the incident-electron momentum before and

after the collision, E% and 1?1“1 , respectively:

—

K=k -k . | ()

Contrary to the Bormn GOS, the Glauber GOS is dependent on the incident energy.
To avoid uncertainties from approximate wavefunctions, we chose the
2s — 3p transition of H, which is the simplest case for which the GOS has

minima both in the Borm and Glauber approximations,

The Borm GOS

The GOS in the Born approximation is defin_ed as

* .
See, for instance, Ref. 4 and references therein.
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iKer 2 S
Bx) = gz | (3pm|e — J2s)|” R . (3)
m (Ka ) |

ool

where r is the position vector of the bound electrons, aﬁd m is.the niagnetic
quantum number. When appropriate expressions for the wavefunctions5 are
substituted in Eq. 3, we get - '
8 .
2 2 28 .2

LR -EV o+ Y ehT, ()

B
f7(K) =
3 15’

o [

where E/R = 5/36 for the 2s — 3p transition, Q = (Ka ) ,and \ = 5/6 Note
that only the m = 0 substate of 3p contributes to f (K) when K 1s taken as the
axis of quantization. The Bormn GOS has two minima at the roots of

2 282 14

i.e., at © =0.139 and 1.16,.

The Glauber GOS

The Glauber cross section,dGG/dQ is giVen in terms: of the scattering

amplitude FG

dch

e " f Y [F%@s—spmix)[*, | (5)
m .

where the amplitude is defined, in tum, as

—~— —

. — 2in g .
G_ ik * Al |b=s | — iK+b 2 =
F o= 2nf¢3pm (r)[l—( > . ]¢25(r)e d“bdr

b
| (6)
where n-= (ka‘o)_-l. Customary assumptions.and d;finitions of variables of the
Glauber approximation are adopted in Eq. 6 also. Forinstance, b and K are
perpendicular, to f, and ;i.s the projection of T (of the bound electron) on the
_ plane perpendicular to P With the axis of quantization aloﬁg E: the aﬁlplitude
FG fbr m = 0 vanishes, _and: FG for m = +1 and -1 are the same. 6 Hence, Eq. 5

- becomes
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o - 2(k'/k)'FG (25*3p,m=1;K)]2 .. . (5a)

The scattering amplitude, FG, can be expressed in a closed form, though

complicated, in terms of a generating function:7

27 |oxt3 2112 3 )

2N )N ] A=5/6

where ¢ is the azimuth of fin the plane containing gand I—<: and the generating

2 3
! 2
P(Zs 3p, 1K) 1¢'\/_2|81 21 1 81

function I is given by

16mm> -1 (K3 \#n
10GEK) = ™ ~Tn 2 3 A
: e '—e A (Kao) Ve
x § (1—-1in) F (2—in, 1—in;1;—>\2/K2a 2)
4 0201 0
~ (1+1),F, (2—in, 1—in;2;—>\2/K2a02)} : - ®

with the 'hypergeometric functions, After some manipulation, one can

F
_ 2°1°
reduce I(\,K) to a form suitable for the high incident energy limit, (n—0):

I0LK) = I 00 K) +inI, () + O(n) | ©)

where x = )\2/(Kao)2 and

I K = 8(Ka) > (143077, | o)

and
-2 -3, -2 <

I,0MK) = X 7 (Kay) S+ x)

x {-2+x@+Iny) + @ +x " —x)In(+x)} . )

In the limit n— 0, the substitution of Eq. 10 into Eq. 7 produces

B . )

[f (K)] = f (K), as expected. For lower incident energies, one can calcu-

late the m1n1ma and maxima of the Glauber GOS by takmg the roots of -
of /a(K ) = 0 after substituting Eqgs. 5a, 7, and 8 1nto 1. The resulting

expressions are too cumbersome to reproduce here, but the trajectories of the
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minima and maxima of the Glauber GOS as functions of n = (kao)--1 are pre-
sented in Figure 1. The values of the Glauber GOS at the first minumum and

the following maximum is listed in Table 1.

Conclusion

First of all, since the Glauber amplitude is complex (Eqs. 8 and 9), the
minima in the Glauber GOS do not vanish, and this is in accord with experi-
mental observations. * Secondly, not only do the positions of.the minima
change as the incident energy is reduced, but also the number of minima ap-
parently depends on the incident energy. At very high incident energy, the
Glauber GOS reduces to 'the Borm GOS, with corresponding maxima and minima.
As is shown in Table 1', heights of the GOS at the extrema increase as the |
incident energy is reduced to ~ 15 times the threshold energy (1.89 eV) and
the heights reduce as the incident energy is lowered fu&her. The increasing
heights are in qualitative agreement wiich the experimental data8 on the reso-

nance transition of Hg., There are, however, no experimetal data to check the

decrea smg helghts .

"THRESHOLD 7= 6//5
—o-0-0o- GLAUBER, |
MINIMUM |
—o-0-0-0- GLAUBER, -
: MAXIMUM . , .
2 /R iy BORN . FIG. 1.--Trajectories of the minima and
MINIMUM | maxima in the generalized oscillator
———- BORN, strengths ‘as a function of the momentum
T MAXIMUM 1 transfer (in a.u.) Kag and n = (kao)
s (Kan)? max B where kao is the incident electron momentum
W o i in a.u. The outermost curve marked
. | ) (Kao)zmin and (Kao_)zmax are the lower and
: . upper limits of the momeéntum transfer.
& -
ol @by B ot v
02 10" 100 10’ 102
(K00)2

. .
For the best illustrations of the energy dependence of the expenmental GOS
see Rel. 8.
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"TABLE 1. Values of the Glauber GOS at the First Minimum and

Maxlmum
n T/1 Ea Qmin mein Qmax Gmax
{(x 10-3) (X 1072)
0.10 720 0.137 0,635 0.295 0.962
0.15 320 0.134 1.367 0.289 1.054
0.20 180 '0.130 2,287 0.282 1.176
0.25  115.2 0.125 3.307 0.274 1.322
0.30 80 0.120 4,334 0.266 1,483
0.35 58.8 0.114 5.287 0.257 1.651
0.40 45 0.108 6.099 0.249 1.818
0.45 35.6 0.102 6.726 0.241 1.975
0.50 28.8 0.0962 7,152 0.233 2,116
0.75 12.8 0.0698  6.770 0.193 2,488
1.0 7.2 0.0501  4.841 0.152 2,412
1.1 5.95  0.0440  4.163 0,135 2.339
1.2 5 0.0392 3,598 0.121 2.270
1.3 4,26 0,0343  3.126 0.107 2,213
1.4 3.67  0.0305  2.742 0.0956 2.171
1.5 3.2 0.0271 2,427 0.0852 2,142

a s . '
T/E = incident energy in units of the excitation energy (1.89 eV)

With the remarkable progress in measuring the electron-impact cross
‘sections of the metastable hydrogen atom,9 we may not have to wait long for
an experimental verification of the Glauber theory in greater detail, although
the second and third minima and maxima are too small in magnitude for experi-

mental detection.
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SYSTEMATICS OF ZERO-ENERGY PHASE SHIFTS FOR ATOMIC IONS

/

* *
C. E. Theodpsiou, J. L. Dehmer, U. Fano, and M. Inokuti

In an ongoing study to map out the gross systematics of properties of
atomic ions, we have employed the Hartree-Slater model to calculate the zero-
energy phase shifts for atoms between He and Rb at all stages of ionization,
The results, presented here as phase-shift surfaces, indicate several pro-
nounced trends in the electronic structure of atomic ions.

At an ionization threshold there is a union between discrete states,
usually characterized by their quantum defects and treated by spectroscopic
methods, and continuum states, usually characterized by their scattering
phase shifts and treated by collision theory. Quantum defect theory, 1 among
other things, shows that the apparent discontinuity between these two mani-
folds of states can easily be removed by suitable renormalization. This reveals
the Rydberg series to be an appendage to the continuum so that the most basic
wavefunction parameters, phase and amplitude, vary smoothly through
threshold. In particular, the guantum defect at the limit of the 'R-ydberg series

and the zero-energy scattering phase shift are related simply by
— 00 = =
TH, (n )=6 ’ (E=0).

In approaching the problem of mapping out the behavior of phase shifts as a
function of both atomic number and ionic charge, we decided to begin by
limiting the scope of the study to a single standard energy. We have chosen
as our standard energy the ionization limit where the asymptofic local kinetic
energy of the one-electron states equals zero. Consequently, our discussion
pertains directly to properties of nearby states both below and above the
threshold fér ionization. These data are presented as absolute quantum de-
fects, HI(Z'Z)’ in Figures 1-3 for0 =£=2, 1 <72 =37, and 0 =z =Z-1.
The gross behavior of the three surfaces in Figures 1-—-3 is understand-

able once one identifies wu_as the phase shift relative to the regular solution

£

* . ' .
Department of Physics, University of Chicago, Chicago, Illinois 60637
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" of a hydrogenic field of charge z+1, Consequently, H! is zero along the iso-
electronic cut z=7Z — 1, corresponding to a single electron moving in a pure
Coulomb field of charge Z. Elsewhere on the ”g (Z,z) surfaces one must con-

sider the strength of the attractive core potential V

CORE (r), wheré,

Veore® 1= 1V

CORE

TOTAL(r)I ~ |2(z+1) /x|,

since it is the addiﬁonal attraction of the partially séreened nuclear field in
the ionic core which induces the phase difference between the ionic wave-
function and the hydrogen-like function characteristic of a pure Coulomb field
with the net charge of the ion. Generally sp-eakinbg, isonuclear cﬁts exhibit
decreasing p y with iricreasing ionic charge brought on by an increasing refer-
ence phase. For an isoionic cut, the reference phasé is fixed and pﬁ increases
with‘increasing Z as the core potential becomes more attractive with increas-
ing nuclear charge.

Comparing the three surfaceé in Figures 1—3, it is clear that for a

given (Z,z), M, > This is a consequence of the repulsive centrifugal

2+1°

potential, £(¢+1)/r2, implicit in V (r) abové, which causes the net

TOTAL
\Y (r) to decrease with increasing angular momentum, Put another way,

locwcc)aiEangular momentum electrons approach the nucleus more closely during
their penetration into the core and, therefore, accumulate more phase shift,
For instance, s electrons can penetrate with finite probability all the way to
the K shell, whereas p, d, etc. electrons can penetrate only into the L, M,
etc. shells. .

The most outstanding substructures on the surfacés in Figures 1-3 are
the creases along the isoelectronic paths Z-z=10 or 28. These electron
numbers correspond to the closing of the L and M shell, respectively, accord-
ing. to hydrogenic ‘ordering of subshells, and do not correspond to the most
stable neutral electron numbers of 10 and 18, As discussed in more detail
:below, the delicate balance between Coulomb interactions and centrifugal

forces in neutral atoms that results in the filling of levels according to the

Aufbau principle shifts very rapidly toward hydrogenic ordering with the re-
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FIG. 1,--s-wave, zero-energy
quantum defects for all atomic
ions with 1 =Z = 37.

FIG. 2.--p-wave, zero-energy

quantum defects for all atomic:
ions with 1 =2 = 37.

FIG. 3.--d-wave, zero-energy
quantum defects for all atomic
ions with 1 =<Z = 37,



moval of one or two electrons (for the ranges of Z treateld here). Consequently,
nearly all atomic ions will exhibit their greatest local stability at the magic
numbers 10, 28, 60. This closed-shell stability will be reflected in many other
atomic parameters which will be discusséd élsewhere. In the case of zero-
energy phase shifts, ions in these isoelectronic sequences represent the start-
ing points for uptums in the function p Je(Z,'Z) with increasing Z. This is most
clearly observed in the £=1,2 surfaces and is due to the starting of a new

shell in the core which adds to the phase shift producing capacity of VC ORE"
Due to the generally larger penetration of lower £ wavefunctions, reflected in
their larger phase shifts, the magic-number crease is less pronounced for low

£ than for high £. The crease is most dramatic at the N=10 isoelectronic cut
for £ =2, where My remains vanishingly small until the n=é shell begins to fill.
Owing to the large centrifugal repulsion for £=2, d waves have finite penetra-
tion only as far as the M shell. Consequently, the core must contain an M
electron before the £=2 phase shift departs appreciably from the hydroggnic
limit, For the case of f waves, departure from H3 ~ 0 is delayed until Z-z>60,
which accounts for the absence of an £ =3 surface in this report.

The third level of substructure is the jagged and, for £=2, step-like
variations in the isoionic curves z=0,1. The z=0 curve has been discussed
extensively by Manson2 and Fano et al., 3 and the jagged structures have been
accounted for., Generally they derive from the delicate balance between
Coulomb interactions and centrifugal forces in neutral atoms, which causes
the subshells to fill in an irregular fashion as the periodic table is traveréed. ’
The order of filling obeys the Aufbau principle fairly well although there are
several exceptions. Thus, the 4s subshell fills before the 3d except for
Zz=24, 2.9, where a 4s is transferred to the 3d shell to achieve the enhanced

stability of a d5 or d10 configuration, These discontinuities in the order of
' filiing result in discontinuities in all atomic properties, even those involving
deep inner shells, and are clearly reflected in the zero-energy phase shifts.

For £=2, the balance among the forces acting on the electrons is known4
to produce a potential barrier on the fringes of the electron distribution

(r ~1-2 a.u.). This potential barrier separates the inner atomic well from the
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‘ weaker .Coulomb attraction outside the atoms so that a bimodel potential is
formed.v This causes the stair—like variation in #2 (Z,0) as the d wave cannot
smoothly benetrate the core with increasing Z. Rather, it is held outside the
core in the outer well until the inner well can support an entire loop of a d-type
wavefunction, This occurs one atomic number before a d subshell becomes
occupied in fhe ground state and is accompanied by a sudden increase in phase
by ~ m as a loop of the wavefunction rapidly penetrates the classically for-
bidden region at the position of the barrier.

Noté thét for z% 1, the jagged structure persists, although it is dimin-
ished, and by z=2 it is gone. The stair-like structure for £=2, however, has
completely vanished for z=1 since the additional charge is enough to shift the
balance between Coulomb and centrifugal forces resulting in a monotonic
potential atr ~ 1 -2 a.u. .

We ekpress our gratitude to Dr. J.-P. Desclaux for providing his

Hartree-Slater program, which we used to generate atomic-ion potentials.
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ON THE THEORY OF IONIZATION BY ELECTRON COLLISIONS®

t

U. Fano and Mitio Inokuti

Cross sections for inelastic collisions of fast electrons have long been
accessible to rather dependable calculation by the (first) Bom approximation,
This approximation fails at lower energies, notably in the range of the cross-
section maxima and nearer the threshold. Alternative methods of calculation
have been applied in this range, but with only limited success, owing, we
think, to our poor understanding 'of the basic features of the low-energy col-
lisions. [For example, it is often difficuit to disentangle effects of two kinds
of approximations; schematization of the Hamiltonian (such as the use of a
phenomenological potential) on the one hand, and an analytical or numerical
approximation of its solution on the other,] However, our qualitative under-
standing has recently progressed considerably to a point where we may attempt
at least a sketchy survey of the whole problem. Our immediate objective is to
point out the areas in which one can proceed confidently by current techniques
and those where further development work seems in order.

In low-energy collisions, the incident and target electrons intermingle
to such an extent that we feel it necessary to treat them as a single many- |

electron complex, except for the cases of high incident angular momenta in

which the incident electron fails to penetrate the target. ' An ioniziﬁg collision
is then represented by a state of the continuous spectrum of this complex, which
evolves from an initial channel with a single electron outside the target to a
final channel with two detached electrons. .
Detachment of two electrons from a complex has been pooriy stu‘died"

thus far. Accordingly, current computing methods are inherently incapable of

* .
Summary of an Argonne topical report, ANL-76-80 (June 1976).

1LDepartment of Physics, The University of Chicago, Chicago, Illinois 60637.
Also Appointee, Faculty Research Participation Program, Center for Educa-
tional Affairs, ANL. Work performed in part through Contract No. CO0O-1674-
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calculating .the probability of this transition from the initial channel to the
final ‘channel under general conditions. However, a new R-matrix approach
proposed here should permit one to characterize the critical central state of the

transition by an effort comparable to a few-configuration SCF calculation of

discrete spectrai levels. It is suggested that such calculations alone might be
adequate to estimate total ionization cross sections to about 10 to 20%, and
that they'could be .pr.ogramrﬁed (at this level of accuracy) with a rather modest
effort. When the initial target itself an ion of sufficiently high charge, the
transition probability should be amenable to evaluation by a first—order per-
turbation theory. ' o

We treat collisions of electrons with both neutral atoms and ionized
atoms with considerable emphasis on the latter. However, most of our con-
siderations will apply to molecules and to molecular ions as well.

. A comprehensive framework for our discussion is provided b};' cross-
section formulas employed extensively by Seaton, 1,2 and also from a compie—
mentary point of view, by Platzman's school (as described in Ref. 3). These
formulas 'represent cross sections as sums of numerous terms, ahd we shall map

-out which of the terms can be calculated appropriately by various methods for
various ranges of incident energy, types of transitions, or-properties of targét .
species. The formulation also lends itself to applications of sum rules rang—
ing from familiar ones to others wth)se existence is merely suspected at this

time.
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BORN-APPROXIMATION CALCULATIONS OF THE ENERGY AND ANGULAR DISTRI-
BUTION OF ELECTRONS EJECTED BY PROION—IMPACT IONIZATION OF HELIUM
* R N " .
D. H. Madison, R. Calhoun, f S. T. Manson,’i and
A, Msezane§‘

Cross sections for the energy and angular. distributions of electrons
ejected by proton-impact ionization of helium have been calculated in the Bom
approximation. Results are presented for incident energies from 1 keV to
200 MeV.

Electron spectroscopy is a powerful to‘ol which .can be used to obtain
information on the details of ion-atom collisions. In addition, the energy and
angular distribution of ejected electrons is of importance in numerous areas.
including plasma physcis, atmospheric and space phyéics, and radiation
physics. Recent workl_3 has shown Born-approximation.calculations of

proton-impact ionization using fairly good non-hydrogenic atomic wavefunctions
for initial discrete and final continuum states to be rather good for ionization

of helium in most ranges. The major exception is for small angles in the proton
energy range from ~ 50 keV to several MeV where another process, i.e., charge

14

transfer to the continuum is of great importance.

In this paper extensive results are presented for the energy and angular
distribution of electrons ejected from helium by proton-impact ioniza‘tion over.
a range of incident energies from 1 keV to 200 MeV. The célculations were | .
performed using nonrelativistic Hartree-Slater wavefunctions.6 with no core

relaxation via a formulation described in Refs. 1 and 2.
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Department of Physics, Drake University, Des Moines, Iowa 50311

' TDepar’cment of Physics, Drake University, Des Moines, Towa 50311, Work
supported by the Research Corporation.
1

Consultant, Radiological and Environmental Research Division, Argonne
National Laboratory. Department of Physics, Georgia State University,
- Atlanta, Georgia 30303. '

§Department of Physics,. Georgia State University, Atlanta, Georgia 30303.
Work supported by NSF and U.S. ARO, :

148



TABLE 1. Doubly differential cross section dzcr/dedQ measured in units of
m2 eV-1 steradian-1 for proton-impact ionizatio of helium. In the heading
E(RYD) denotes the kinetic energy of ejected electrons and THETA (DEG) is
the angle of electron ejection measured in degrees from the incident proton

direction.

Each page shows a different proton kinetic energy, T, which is

indicated in the heading. The FORTRAN notation is used: e.g., 2.46 E~26
means 2.46 x 10726, '

F(RYD)
Fzy)

THETA(CEG)
2
g
10
15
29

25
35
35
49
45
52

sS

[}
D

&5
79
75
89

85
¢
95
140
105
112

115
120
125
130
135
149

145,
150
155
169
165
172

175
124

2.46E-26
2.,46F-26
2,45E=26
2.43E-26
2.40€E-26

2436E-26
2432E=-26
2.28E-26
2.23£-26
2.19E=-26
2.14FE-26

2.009E-26
2.04E-26
2.00E=-26
1.96£=-26
1,82F-26
1.8RE=-26

1.85€-26

1.86E-27

1.86g-27
1,84€-27
1.82E-27
lo7QE'27

1.76E-27
1.72E-27
1.6RE-27
1.63€-27
1,58€-27
1,536-27

1.,4RE-27
1.43€-27
1.38E-27
134827
1.29E~-27
1.25€-27

1.21E-27

1,82E-26 1.1RE-27

1.79E-26
1.77F=-26
l.7aE-26
1.73F=26"

1-71E-26
1.70E=-26
1.,68E-26
1.67€=-26
1.66E-26
1.65€-25

IOGSE-26
1.64E-26
1.64E-26
1.6“E-26
1.,63E-26
1.63E-26 -

1,636-26
1063E-26

1.15E=-27
l1.126-27
1.09€-27
1.07€=-27

1.04E=27
l1.028-27
1.01E-27
9,91£-28
9.,77£-28
9.65E'28

9.55€-28
9.47£-28
9.40E=-28
9,.34E-28
9,.30E-28
9.26£-28

9.25E-28
9.24F-28

PROTON

S4.4

3.42E-29
3.41g-29
3.39€-29
3.355‘29
3.29€-29

3.22€-29
3.14€-29
3.06E-29
2e96E-29.
2 «86E~-29
2+T6E-29

2.65E-29
2+55E=~29
2.45E~-29
2.35€-29
2426E-29
2.17€E-29

2.08E-29
2.00E-29
1.93£~-29
1.86€-29
"1.80€-29
1074E'29

1.69€E-29
1.64€-29
1.60E~-29 .
1.57E~29
" 1eS3E-29
1.50E-29

1.48€E-29
1.46E-29
1 44E-29
1.42€-29
lo“lE-Zg
1.41€£-29

1.40E-29
1.40E-29

ENERGY

6
81.6

1.71E-30
1,71-30
1,70E-30
1.68E-30
1.65E-30

1.62E-30
1.58E-30
1.54€-30
1.50€E-30
1.45E-30
l.40E-30

1.35€-30
1.30E-30
1.25E-30
1.20E-30
1.15E-30
1.10E-30

1.06E-30
1.02E-30
S.80E-31
9.44E'31
9.10E-31
8.80E-31

8.,52E-31
8.26E-3l
8.03E?3l
7.82£-31
T.64E=31
Te47E-31

7.33E£-31
7.21E-31
7.11E<31
7.03E-31
6.96£-31
6.92€-31

6.,89E-31

6.,88E~31-
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T.23E-32.

«001

8
108.8

1.62e-31
loeaE-al
1,61E-31
1.59E=31.
1.S7TE-31

1.54E-31
1.50E~31
1.47E-31
l.“3E‘3l
1.38E-31
1.34E-31

1.29€-31
1.,25€-31
1.20E-31
1.15E~31
l1.11€-31
1.06E~31

1.02€-31
9.81E-32
9.43E-32
9.07E-32

.8.T4E-32.

8.43E-32

8.14E-32
7.88E-32
7.64E-32.
T.43E-32

T.06E-32"

6492E-32
6479E=-32
6.68E=32
6+60E=-32
6.53E=32
6+48E=32

6.,45€E=32
6.44E-32

MEV

12
163.3

4,24E=-33
4,23e-33
4,21E-33
4.17E-33
4.12E-33

4.,05E-33
3.97E-33

3m88£“33

3.78E-33
3.67E-33
3.56E£-33

3.45€E-33
3.33€-33
3.21€-33
3.09€-33
2.98E-33
2.87€-33

2.T6E-33
2.66E~33
2.56E-33
2447E-33
2.38E-33
2.30E-33

2.23E-33
2.16E-33

2.10E-33.

2.05€-33

2+00E~33

1.95E-33

1.91E-33
1.88E-33
1.85€-33
1.83E-33
1.81€E-33
1.80E~33

1.,79€=-33
1.79E=-33

16
217.7

2.53€-34
2.52F=-34
2.,51E-34
20“9E-34
2.46E-34

2.43E-34
2.39E-34

 2434E~34 .

2.29€~-34
2.24E-34
2.18E‘3“

2.13E-34
2.07e-34
2.015-34
1.95E-34
1.90E-34
1.84E-34

1.79E=-34
l.74E=-34
1.69E-34 .
1.64€£-34
1.60E=34..
1.56E-34

1.52E-34
1.49E=34
1e46E-34 .
1.43E-34
1+40E-34
"1438E-34

1.36E~34%
1.34E-34
1.33E-34
1.,32E-34
1.31E-34
1.30E~34

1.30E-34
1.30E-34

24
326.5

3.93€-36
3.92e-36-
3.91E-36
3.88E-36
3.84E-36

3.80E-36
3.75E-36
3.69E<36
3.63E-36
3.56E-36
3.48E-36

3.40E-36
3.32e-36
3.24E-36
3.16E-36
3.08E-36
3.00E-36

2.92€-36
2./85E-36
2.T7E=36
2.70E=36
2464E=36
2.5TE-36

2.52E-36
2.466'3&
20‘16-36
2.36E~36
2.32€E-36
2.29€-36

2+25E-36
2.22€-36
2.20€=-36
2.18€-36
2.16E-36
2.15€-36

2.15€E=-36
2.14E-36



PROTON ENERGY = . .005 MEV

E(RYD) ] 2 4 6 8 12 16 - 24
E(EV) 13.6 27.2 54.4 8l.6 108.8 163.3 217.7 326.5
THETA(DEG) _
0 3.45€~24 5,91€£-25 2,66E-26 2,06E-27 2.,37¢-28 8,036-30 5.88g-31 1,25€-32
5 3.43€~24 S5,87€-25 2,64E-26 2,05E-27 2.36E£-28 7,98g-30 5.85g-31 1.,24E~32
10 3.,37E~24 S,7SE-25 2,59€E-26 2,01E£~-27 2,31E-28 7,86E-30 5,77€-31 1,23E-32
15 3.27E~24 5,56E-25 2,50E-76 1.94E-27 ?.74F-?8 7.A5E=-30 5.64E=31 1,21€=32
20 3414E~24 S,31E-25 2,39E-26 1.85E-27 2.15E=-28 7.38E-30 5.46E-31 1.18E-32
25 2499€~24. 5,02E=25 2.25E-26 1.7SE-27 2+04E=28 7.,05E-30..5.24E-31 1.14E-32
30 2e82E~24.4,69E-25 2,10E-26 1.64E=27 1.92E-28 6.68E~30 5.00€-31 1,09E-32
.3% 2465674 4.3AF-25 1.95E=2A 1.52E=27 1.79E=28 6.38E-30 4.73C-31 1,04C-3F
4 294BE~24 4,02E-25 1.79E-26 1.40E-27 1.65E-28 5,86E-30 4.45E~31 9.93€-33
45 2031E~24 3,70E~25 1.63E-26 1.28E-27 1.52E-28 5.44E-30 4.16E-31 9,.39E-33
50 2.15E~24 3,39E-25 1.49E-26 1.16E-27 1.39E-28 5,03E-30- 3.88E~31 B8.85E~33
S5 2,01E~24 3,11E-25 1,35€-26 1.06E-27 1,27E-28 4.62E~30 3.60F-31 8,31E-33
60 1.8BF~24 2,85E~25 1.22E-26 9.57E~28 1.16E-28 4.24FE-30 3,34€£-31 7,.78£-33
65 1,77€~24 2,62E-25 1,11E-26 8.67€-28 1,05€-28 3,89E-30 3,08E£-31 7,27E-33
72 1.67E-24 2,42E-25 1,01€-26 7.87E~28 9.59E-29 3.56E-30 2.85F-31 6.79E~33
75 1.58E-24 2.25E-25 9,21E~27 7.15E-28 8.74E~-29 3,26E~30 2.63F~31 6.33E-33
80 1,51E-24 2.10E-25 B,436-27 6.52E-28 7.98E-29 2,98£-30 2.43E-31 5.90€-33
85 1.45E6=24 1,97E-25 7,75E=27 5.96E-28 7+30E=29 2.74E-30 2.24E-31 S.S5I€-33
S0 1.40E-24 1,86E~25 7.17€-27 5.48E-28 6.70E<29 2.52E~30 2.08E-31 S5.14E-33
95 1,36E=24" 1,76E-25 6.66E-27 S5.05E-28 6.17E=-29 2.32E-30 1.93E-31 4.81E-33
169 1.336-24 1.68E-25 6,23E-27 4.69E-28 S5.70E=29 2,15E-30 1.79E-31 &4.51E-33
155 1.30E~24 1.62E=25 5,86E~27 4.37E-28 S.29E-29 1.99E-30 1.67E=-31 4.23€-33
110 1.28E~24 1.56E-25 S5.54E~27 4.09E-28 4.94E-29 1.86E-30 1.56F-31 3.99€-33
115 1.26E~24 1,51FE-25 S5,27E-27 3.85E-28 4.63E-29 1.74E-30 1.47€-31 3.77€-33
120 1.258-24 1,47E=25 S.03E-27 3.65E~28 4.35E-29 1.,64E-30 1.386-31 3.57€-33
125 ' 1024E=24 .1 ,44E-25" 4 ,84E~27 3.47€E-28 4412E-29 1.54E-30 1.31€-31 3.40£-33
130 1,23E-24 1,41E-254,67E~27 3.32E-28 3.92E-29 1.46E-30 1.25€-31 3.24E-33
135 1,22E~24 1.39E-25 4,52E-27 3.19E-28 3,74E-29 1.40E-30 1.19€-31 3.11E-33
140 1.21E=24 1,37E-25 4,40E-27 3.07E-28 3.59E-29 1.34E-30 1.14E-31 2.99E-33
145 1.21£-24 1.35E-25 4,30E-27 2.98E-28 3.47E-29 1.29E~30 1.10E-31 2,89E-33
150 1.21€-24 1,34F-25 4,21E-27 2,90E-28 3.36E-29 1.24E-30 1,06E-31 2.81€-33
155 1.20E=24 1,33E-25 4.15€-27 2.84E-28 3.27E-29 1.21E~30 1.03E-31 2.74E-33
1690 1.20E-24 1.32E-25 4,09E-27 2.79E-28 3.21£-29 1.18E-30 1,01E-31 2.68E-33
165 1.,20£-24 1,31E-25 4,056-27 2,75€-28 3,15€E-29 1,16E-30 9,94E-32 2,64E-33
176 1.206-24 1.3JE-25 4,02E-27 2.726-28 3.126-29 1.15E-30 9.81£-32 2.60E-33
175 14208-24 1.31E-25 4,00E-27 2,71E-28 3.09E-29 1.14E-30 9.,74E-32 2.59€-33

188 1.20£-24 1.31E-25 4,00F=27 2.70E-28 3,09€~-29 1,13E-30 9.71E-32 2.58F=33

150



E(RYD)
E(EV)

THETA (DEG)
5
19
15
20

25
30
35
49
45
S0

€5
A0
£S5 .
70
75
2Q

85
9¢
95
1¢o
155
110

115
120
125
139
135
140

145
150
189
169
165
170

175
199

1.64£-23

.S.SBETZQ

"3.975-24

© 3.96F-24

1.88E-23 S.0lE-24
lne6E-23 4.96E-2“
1.82F-23 4,80E-24
1.74E-23 4,55E-24
4,24E-24

1.53F-23
10405-23
1,27¢€-23
1.14F=-23
1.036-23
9.,16E-24

3.87e-24
3,49€-24
3,1068-24
2.73E-24
2.39F =26
2.09FE-24

8,19E-24
T.356£-24
6.,64FE=24
6,05€£-24

1.82E=-24
l.A0FE=-24
l.41E-24
1.25E-24
1.13E-24

S.20E-24 1,02E-24

4.905-26
4,67F=24
4 .49E-24
4, 35F-24
4.245-24
4.17E-24-

9.38E‘25
8.7CE~-2S
8.15E-25
7.7)E-25
7..35E-25
7.06E-25

6.82E-25
6.63E£=-25
6047E-25
6-34E-25
6.24E'25
6.15€=-25

4.11€-24
“oOGE‘Z“
4.,03E-24
4.01E-24
3.99E-24
3.985-2“

3.97€=24 6,.09E-25
6,03E-25
S5.99E-25
5.95E-25
5.93F-25
5.915=25

J.96E-24
3.96€-2¢

3.96F~24

3,96E-24
3.96E=-24

S.90E-25
5.90E~25

PROTON ENERGY =

S4 .4

3.51e-25
3.47E-25
3.,36E-25
3.18€£-25
2..95€E-25

2+69£-25
ZOAZE-ZS
2.,15€£=-25

1.89E-25
1.65€=-25

1.43E-25

1.,24E-25
1.08E-25
9.43E-26
8.28E-26
7.31E-26
6.51E~-26

5.85E-26
5.30E-26
4 ,85E-26
4,4TE~26
44.16E-26
3.91€E-26

3-69E’26
3.51€E-26
3.37E-26
3424E-26
3. 14E-26
3.05€-26

2.98E-26
2.93E~-26
2.88E-26
2.85€-26
2.82€E-26
2.80€E-26

2.79E=26
2.78E-26

6 8
81.6 108.8

J.59E-26 S5.11E-27
3.56E-26 5,06E-27
3.45E-26 4,92E-27
3.28E-26 4 469E-27
3.06E-26 4439€E=-27

2.80E-26 4,04E-27

2.54E-26 3,67g=27
2.26E-26 3,30E-27
2.00E-26 2.93E-27

.1076E'26 2.585‘27

1.53E-26 2.26E-27

'1.336-26 1,97E-27.

l.16E-26 1.72E-27
1.01E-26 1.50E-27
8.82E-27 1.31E-27
ToT4E=2T7 1,14E~-27
6.83E-27 1.,01E-27

6.,07€-27 8.,93E~-28

5.644E-27 7.95€-28

4491E=-27 7.14E-28
4.“6E-27 6-45E-28
4409E~27 S5.87E~-28
3.78E=-27 S5.38E-28

3;52E'27 4.,97E~-28
3.30E=-27 4.,62E-28
3.12E-27 4.33E-28
2497E-27 4.,08E-28
2.84E-27 3.87E-28
2.73E-27 3.,69E-28

2.64E=~27 3.54E-28
2.,5TE=-27 3.42E-28
2.51E~27 3.32E-28
2.46E=27 3.,24E=-28
2042Ef27~3c186-28
2.40E-27 3.,14E-28

2.38€-27 3.12E-28
2.38E-27 3.11E-28

151

<010

MEV

12
163.3

2,00E-28
1.98E-28
1.93€-28
1.85E-28
1. 74E-28

1062E-28H
1.49g-28

1.35€-28 .

1.21€£-28
1.08E=-28
9060E‘29

8.48E-29
7.48E-29
6.59E~-29
5.81E-29
S5.14E-29
4,55€-29

4.05E-29
3.62E-29
3.25E-29.
2.93E-29
2.66E-29.
2+42E-29

2.22E-29
2.05E-29
21.91E-29
1.78€-29
1.,68E-29
1.59€-29

-1451€~29 °
1,45€E-29
1.40E-29
1.36E‘29
1.33E-29
1.31€E-29

1.305-29
1.30€E-29

16
217.7

1.54€-29
1.53E-29
1.50£-29
1.44E-29
1.37E-29

1.29€-29
1.,19¢=-29
1,10€E-29
9.98E-30
9.02E-30
8.10€-30

7.25e-30
6.46E-30
5.75€-30
S.11E-30
44,55€-30.
4.06€E-30

3.62E-30
3.25€E-30
2.93E-30
2.656-30
2.40€-30
2.20E-30

2.02E-30
1.87€=-30
1.73€-30
1.62€-30
1.53€=30
1.45€~30

1.38€-30.
1.32E-30
1.28€-30
1.24E~-30
1.21€-30
1.19€-30

1.186-30
l.lPE-30

24
326.5

3.32e-31
3.30E-31
3.24€-31
3.14E-31
3.01E-31

2.86E~-31
2.68g=-31
2,50E-31
2.31€-31
2.12E-31
1.94E-31

1076E'31
1.60E-31
1,45€E-31
1.31e-31
1,18£-31
1.07e-31

9.,73E-32
8.85E-32
8.,07E-32
7.39€-32
6.79E~32
6.27€E-32

S.81E-32
S.41E-32
5.07E~-32
4.T7E-32
4,51€E-32
44,29E-32

4.11E-32
3.95€-32
3.82E-32
3.72E-32
3.64E-32
3.59€=32"

3.55E=32
3.54E-32



E(RYD)
E(EV)

THETA(DEG)
0
5
10
.15
290

25.
30
a5
40
45
50

85

95
100
125
110

115
120
125
1320
135
1490

145
15¢-
155
l160C
165
170

175
130

B8.61E-24

"8e22E-24

1 2
13.6 27.2

5.,186-23 2,43€-23
S.14E-23 2,4CE-23
S.02E~-23 2.32E-23
4,82€-23.2.19E-23
4,56E-23 2,03E~-23

1.83E-23
1.62E-23
1l.41E=23
1.20E-23
1.01E-23 .
8.40E=-24

4 .25E=-23
3.89E-23
3.851F=21
3.136=-23
2.76E=-23
2440E-23

2.09€-23
1.81€E-23
1.57€=23
1.,38€£-23
1.22€-23
1.10£-23"

6.97E=-24
5.79€=-24
4.84E-24
4009E'24
3.51€=-24
3.07E~24

1.01E-23
9.43E-24
8.95E-24

2.7T3E=-24
2,48E=24
2,2RE-24
2.14E=-24
2.03E-24
1.95E-24

B439E=-24
8,24E-24

Bo16F~24 1.8BE-24
8.11E-24 1,R3E~24
8.09E-24 1,79E-24
B.09€-24 1.76E-24
8.11E-24 1,74FE=-24
8.12F-246 1.,72€E-24

8.14f-24
8.17E~24
B.19E-24
8.,20E~24

1.71E-24
1.70€E-24
1.69E=-24
1.6RE-24
1.67E-24

8.23E-24 1,67E-24

8.23E~24
8,23E-24

1.675-24
1.,67€=-24

PROTON ENERGY

4
54,4

6
8l1.6

3.88E-24 5.70E-25
3.,82E-264 S5.61E-25
3.64E-24 5.33E-25
3.36E-24 4.90E=25 .
3.01E-24 4.38E-25

2+63E-24 3.81E-25
2.24E-24 3.25E-25
1.87e=-234 2.72E-235.
1.535-2“ 2.24E_25
loZSE-ZA 1.83E-25
1.01E=24 1.49E-25

1.22E-25
9.97E-26
8.22E-26
6.84E-26
5.76E=-26
4.90E-26

8.18€-25
6.66E~25
Se47E-25
4 .55E-25
3.84E-25
3.29€-25

4423E-26.
J.T0E-26
3.28£-26
2.94€E-26
2.67E-26
2.44E-26

2.87€-25
2.55E-25
2.29E-25
2.,09€E-25
1.93E-25
1.80E-25

2.26E-26
2.12€-26
2.00E-26
1.90E-26
1.81E-26
1.75E-26

1.70E-25
1.62E-25
1.55€-25
1.49€-25
1.45€-25
1.41€-25

1.69E-26
l.64E-26
1.61E-26
1.58E-26
‘1.56E-26
1.54E-26

1.38E-25
1.36E-25
1034E‘25
1.33€-25
1.31E-25
1.31E-25

1.30€-25.
1.30E-25

1,54E-26
1.53E-26

152

«020

8
108.8

9.82€E-26
9.67E-26
9.21E~26
8.52E-26
7.67E-26

6e74E£-26
S.80E~26
4eR1E-26
4.10E-26
3.40E-26
2.80E-26

2.30E-26
1.90E-26
1.57E~26
1.31E-26
1.10E~-26
9.32E-27

7.99€-27
6.92E-27
6.06E~27
5.37€-27
4.80E=27
4435E-27

3.97€-27
3.66E-27
3.40E-27
3.19€-27
3.02E-27
2.87E-27

2.75E-27

2.65E-27-

2-586f27
2.51E=-27
2.4TE=27
2.44E-27

2.42E-27
2.41E-27

MEV

12
163.3 .

S.13E-27
S.06E-27
4.86E-27
4.54E=27
4,14E-27

3.70E-27
3.23E-27
2« 70C-27 -
2037E‘27
1.99E-27
1.66E-27

1.39E-27
1.15E-27.
9.60E-28
8.03E-28
6.75E-28
S5.71E-28

4.88E-28
4,20E-28
3.65E-28
3.20E-28
2.83E-28
2.53E-28"

2.28E-28
2.07£-28
1.905728'
1.75E-28
1.63E~-28
1.53E~-28

1.45E-28
1.38E-28
1.33E-28
1.29€E~-28

1.25E-28

1.23E-28

1.22E-28

1.21E-28

16
217.7

24
326.5

4.54E-28 1.00E-29
4.49E=28 9.90E-30
4,32E-28 9.60E-30
4.06E-28 9,14E-30
3.736-28 8,54E-30

3.36E=-28 7.84E-30
2.97€-28 7.10E-30
2:59E-28 6.356=30
2.23E-28 S5,61E-30
1;90E-28-4'92€-30
10615-28 4-28E'30

1.35E-28
1.14E-28
9.61€£-29
8.12E-29
6.90E-29
5.89E-29

3.71E-30
3.20€-30
2-76E-3°
2.3BE-30
2+06E-=30
1.786=30

S.06E-29
4.386-29
3.82E-29
3.35€e-29
2.97E-29
2.65E-29

1.55E-30
1.36E-30
1.19€-30
1.06E-30
9.42E-31
8.45E-31

2+38E-29
2.15€E-29
1.97e~29
1.81E-29
1.68E-29
1.57€=-29

7.65E-31
6.97€-31
6.40E-31
5.92E-31
5.52£-31
5.19€-31

4.91E-31
4.68E-3]
4.50E‘31
4.35E-3l
4.24E‘3l
4416E-31

1.48E-29
1.41€-29
1.35€6-29
1.30E-29
1.27E-29
1.24E=29

4.12E-31
4.10E-31

1.23E-29
1.22€-29



PROTON ENERGY = «050 MEV

FARYD) 1 2 4 6 8 12 16 24
E(EV) 13,6 27.2 S4.,4 81.6 108,8 163.3 217,7 326.5

THETA (DEG)

2 S.41E-23 3,36F-23 1,59E-23 7.89E-24 3,36E-24 3,91E-25 4.46E-26 1,27E-27

5 5.40E-23 3.35F-23 1,58E-23 7.75E-24 3.25€-24 3.76E-25 4.326-26 1.24E-27
19 5.35E-23 3.33E-23 1.56E-23 T440E-24 3.,00E-24 3,3BE-25 3.95F~26 1.16E-27
15 Se28E=23 3,28E-23 1,51E-23 6.92E-24 2.69E-24 2.94E-25 3.47E-26 1.05E-27
20 5.18E=23 3.21F-23.1.44E=23 6.30E-24 2.35€-24 2.47E-25 2.95E~26 9.17E£-28
25 S.036-23 3,106-23 1,34€-23 5,52E-24 1.95€-24 2.00E-25 2.42E-26 7.77E-28
30 4.84F=23 2,95E-23 1.21F-23 4.64E=-24 1,55E=24 1.556-25 1.93€-26 6.41E-28
as 4.59E=-23 2,76E-23 1.06E-23 3.74E~24 1,19E-24 1.17E-25 1.50E-26 S.18E-28
4n 4.306-23 2,52F-23 R,93E-24 2.91E-24 8,81E~25 B8.72E-26 1.15E-26 4.11E-28
45 3.97E=23 2.258-23 7,27E-24 2.19E-24 6.41E-25 6.41E-26 B.67E-27 3.22E-28
59 3.61F=23 1.96E-23 §,726~24 1.61E=24 4,62E=25 4.T1E-26 6,55£-27 2.51E£-28
55 3.22E-23 1.66E-23 4,39E-24 1.17E-24 3,33E-25 3.48E-26 4.95E~27 1.94E-28
€0 2.84E-23 1.38F-23 3,31€-24 B8.52E-25 2.42E-25 2.60E-26 3.76E-27 1.51E-28
65 2.476-23 1,126-23 2,49E~24 6.26E-25 1.79E-25 1.97E-26 2.B8E-27 1.18E-28
70 2.14E-23 9,11E-24 1.8BE-24 4.70E-25 1.36E-25 1.51E-26 2.24E-27 9.29E-29
75 1,84F=23 7,39£-24 1,45(-24 3.62E-25 1,06E-25 1,19€-26 1,76E-27 7.38£-29
an 1.60€-23 6,07F-24 ], 156-24 2.BRE-25 8,42E-26 9.46E-27 1,40E-27 5,94E-29
s 1.41E-23 S5.086-26 9,43E-25 2.36E-25 6.89E-26 T.68E=-27 1.13E-27 4.83E-29
a5 1.266-23 4,38E-24 7.98E-25 1.99E-25 5,77E-26 6.35E-27 9.26€-28 3.,99£-29
95 1.16F=23 3,8RE-24. 6,96E-25 1.72E-25 4.94E-26 S5.34E-27 7.70E-28 3.33E-29
100 1,096-23 3,55E-24 £.24E-25 1.52E-25 4.32E-26 4.56E-27 6.50F-28 2.82E-29
15 1.04E-23 3,32E-24 S.72F=25 1.37€-25 3.83E-26 3.95E-27 S5.56E-28 2.41E-29
1" ‘1492F=23 3,176-24 S5.33E-25 1.26E-25 3.46E-26 3.46E€-27 4.R1E~28 2.09€E-29
115 - 1401E=-23 3,9RE-24 5,05E-25 1417E-25 3.16E~-26 3.08E~27 4.22E-28 1.83E-29
129 1,01E-23 3,02€-24 4,836-25 1.10E-25 2.92E=26 2.77E=27 3.74E-28 1.62E-29
125 1,02E-23 2.99E=24 4.,6TE-25 1.04E-25 2.72E=-26 2.52E~27 3.36E-28 1.45E-29
120 1.03E-23 2,97E-24 4,54F-25 9,94E-26 2.56E-26 2.31E-27 3.04E-28 1.32€-29
135 1.05E=23 2.965-24 4.43F-25 9.57E-26 2,43E-26 2,15E-27 2,79€-28 1.20E-29
142 1.06E-23 2,96F =24 4,35E-25 9.27E-26 2.33E-26 2.01E-27 2.58FE-28 1.11E€-29
145 1.0RE=23 2,96E~24 4.29E-25 9.02E~26 2.24E-26 1.90E=-27 2.40E-28 1.04E-29
150 1.09F-23 2,967 =24 4,23E-25 8.82E-26 2.17E-26"1.81E-27 2.27E-28 9.79E-30
155 1.10E-23 2,96F=26 4,19E-25 B.67E-26 2,12E=-26 1.,73E-27 2.156-28 9.32E-30
160 1.11£-23 2,9AFE-24 4,16E-25 8.54E-26 2.07E-26 1.68E-27 2.07E-28 8.95€-30
165 1,12E-23 2,97FE=24 4,14E-25 8445E-26 2.04E-26 1.63E=27 2.00E-28 8,67E-30
170 1.12E-23 2,976-24 4,12F-25 8,39E-26 2.,02E-26 1,60FE-27 1.96E-28 8.49E-30
175 1.136-23 2,97E-24 4.11€-25 8.35E-26 2.00E-26 1.58£-27 1.93E-28 8,37E-30
189 1.13F-23 2,97E-24 4,11€-25 B.34E-26 2,00E=-26 1.58E~27 1.92E-28 8,34E-30
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PROTON ENERGY = <070 MEV

E(RYD) ¥ 2 4 6 8 12 16 24
E(EV) 13.6 27.2 S4.4 8l.6 108.8 163.3 217.7 32645

THETA (DEG) .
0 4,326-23 2.57E-23 1.27€-23 7.86E-24 5.03E-24 1.44E-24 2.52E-25 8.18E-27
5 4,31E-23 2.57E-23 1.27E-23 7.84E-24 4,96E-24 1.38E-24 2.41€-25 7.93E-27

12 4,30E=23 2.58E~23 1.276-23 T+78E=24 4,BlE=24 1.26E-24 2.15E-25 T.27€-27
15 - 4.,295=23 2,58E-23 1.27E-23 T.66E=24 4,59E~-24 1.12E-24 1.84E~-25 6435E=-27
20 4,26E-23 2.58E-23 1.2TE=-23 7.43E=24 4,25E-24 9.43E=-25 1.51E£-25 5.33E-27
25 4,20E-23 2.57E-23 1.256-23 7404E~24 3,7BE-24 T+49E-25 1.17E-25 4¢31E-27
3¢ 6,126=23 2.53F-23 1.,216-23 6.44E-24 3,20E-24 S5.65E-25 B.74E-26 3.37€-27
as 4.,00E=23 2,068 23 14140=20 5:040-24 2,3TE=24 4,10kE~-25 bed2E=2b 2456E-27
40 3,84F =23 2,34F-23 1,03E-23 4.71E=24 },97€-24 2.8BE-25 4.49E-26 1.92E-27
45 3,66F=23 2.18F6-23 9,01E-24 3.72E-26 1,43E=24 1.98E-25 3.16E-26 1.42€-27
SN 3,39E~-23 1.98E-23 '7,506-24 2.,81E-24 1,01E-24 1.36E-25 2.23E~26 1.056-27
55 3,11E-23 1.7SE~23 5.996-24 2.04E-24 6,98E-25 9.39E-26 1.58F-26 7.7SE-28
66 2.806=23 1,506-23 4,61E-24 1.45E-24 64,82E~25 6.58E-26 1.10E-26 5.75E-28
65 2.48F~=23 1.25E-23 3,45€-24 1.03E-24 3.,37E-25 4.72E-26 8,36E-27 4.30E-28
79 2.17E=23 1.03E-23 2.57E-24 T.36E-25 2.42E-25 3.48E-26 6.256-27 3.26E-28
75 1.88E-23 8.31F =24 1.,92E-24 5.40E~25 1.79E-25 2.63E-26.4,76E~27 2.50E-28
23 1.,63F-23 6.,T4E-24 1,46E-24 4,10E-25 1,38E-25 2.05E-26 3.71E-27 1.95€£-28
85 1.436-23 5,53E-24 1.156-24. 3.24E-25 1.10E-25 1.63E-26 2.94E-27 1.54E-28
S 1.26F=23 4,656-24 9,41€-25 2.66E-25 9.02E-26 1.33E-26 2438BE-27 1.24E-28
E) 1.,14F=23 4,.03F =24 B,01E~25 2.26E-25 7.64E-26 1.11E-26 1.96€E-27 1.01€-28
140 1.05E=23 3.61E-24 7.06E=25 1.98E-25 6,64E=26 9.48E-27 1.64E~27 8.43E-29
185 9,97F=24 3.33E-24% 6.,42E-25 1.78E-25 5,89€-26 8,20E-27 1.39E-27 T11€-23
110 9,6TE=-264 3.,16E-24 S,9T7E=-25 1.63E-25 5,32E-26 7.20€-27 1.20E-27 6.,09€~29
115 0 ,55F-26 3,06E-26 5,60E=25 1.52E~25 4,87E-26 6.,41E-27 1.05E=-27 S5.2BE-29
12¢ 9,56E-24 3,00F-24 5,43E~-25 1.43E-25 4,52E-26 S5,78E-27 9.27E-28 4 ,64E~29
125 9,65E-26 2,9RE~24 S5,27E-25 1.36E-25 4.23E-26 5.27E=-27 B.30E-28 4.13E-29
136 9.80F=24 2,97E-24 5,14E~-25 ‘1.31E-25 4,00E-26 4.85E-27 7.51E-28 3.72E-29
125 9,9RE=24 2,9RE-24 §,04E-25 1.27E-25 3.81E=-26 4.51E-27 6.87€-28 3.39€E-29
146 1.026=23 2,99E-24 4,97E-25 1.23E-25 3.66E-26 4.23E-27 6.35£-28 3.12E-29
145 1.,04E-23 3,006-24 4,91E-25 1.20E-25 3.53E-26 4.01E-27 5.92E-28‘2\90E-29
150 1.056=-23 3.02E-24 4,87E-25 1.18E-25 3.43E-26 3.82E-27 5.57€-28 2.,73E-29
185 1.076=-23 3,03F-24 4,83E-25 1.,16E-25 3,35E-26 3.67E-27 S5.30£E-28 2.59€-29
160 1.0RE=23 3,06F=26 4,80E-25 1.164E-25 3.,29E~26 3.56E-27 S5.09E-28 2.,48E-29
165 1.09E-23 3,056-24 4,796-25 1.13E-25 3.,24E-26 3.47E~27 4.,92E-28 2.40E-29
170 1.106~73 3.0AE-24 4,7TE=-25 1.13E-25 3,216-26 3.41E-27 4.82E-28 2.35E-29
175 1.105=-23 3,06E=24 4.T6E-25 1.12E-25 3.19E-26 3.37E-27 4,75€-28 2.32E~29
180 1.10E-23 3,0hFE-24 4.76E=-25 1.12E-25 3.18E-26 3.36E=-27 4.,72E~28 2.31E-29
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FARYD)
E(EV)

THETA(DEG)
0
5
18
15
20

as.
S5
95
1¢0
1¢5
110

115
1290
125
130
135
1490

145
150
155
. 160
165
170

175
129

13,6

-2
?Te2

PROTON ENERGY

4
54 .4

3.17E-23 1.76E-23 8.02E~-24

3.18E£-23
3.19€-23
3.20c-23
3,21E-23

3.22E-23

.3.226-23

3.19E-23
3.135=23
3.06E-23
2.91E-23

2.74E-23
2.54€-23
2.30E-23
2.06F=23
1.81£-23
1'.58E-23

1.38€-23
1.21E-23
1.08E-23
9,.82c-24
9.16E-24
B TTE-24

‘8.59E-24

8.56E=-24
8.64F=24
B.,7Rg=24
B,97€~24
9,18E-24

1.77€-23
1.78E-23
l.‘!lE-23
1,84£-23

1.87€-23
1.R9F~23
1.90E-23
1.89€-23
1.84E-23
1.75€-23

1,62E-23
1.45E-23
1.26£-23
1.06E-23
80725‘24
7.09E=-24

5.76€=-24
4,T4E-24
rQQOOE‘24
3.49€-24
3.16E=-24
2.96E=-24

2.R4E=24
2.TRE=24
2 . 765-24
2.77E=24
2.79e-24
2,81E-24

8-065-24
ﬂolgE-Zh
8.39¢=-24
8 ,65E-24

8.92E~-24
G 14E-24
9.23E-24
9.09E~24
‘B.HOGE=24

7.84E-24"

6.75€-24
5.51€-24
4.,29E-24
3.22E-24
2.38E-24
1.76E-24

1.33E-24
1.04E-24
8.53E-25
7.31E-25
6.52E-25
5.02E-25

S«68FE-25
Se4b6E=25
5 . 326"25
5 .225"25
S.15€=-25
S OOQE‘ZS

9.39E-24 2.84E-24 S5.06E-25

9,58E=-24
9076E-24
9.91E-24
1.,00E-23

-1.01E-23

1.02E-23
1.02€-23

2.8%E-24
2491E=-24
2,93E-24
2.94E~24

2.95€-24
2.,95E-24

.5.03E-25
S.01E-25
S.00E-25
4 ,99E~25
4 ,98FE~25

4,97E=-25
4.97€-25

6
8l.6

5.,02E-24
5.05E-24
S.14E-24
5.28E-24
5,44E-24

5.59E~-24
S5.65E=-24
5.55E£-24
S.21E-24
4 o62E-2‘0
3.84E~24

2.98E~24
2.19E-24
1.55€E-24
1.07E-24
7.51€E-25
5.39€-25

4.04E-25
3.17€E-25
2.61E-25
2.24€-25
1.81E-25

1.69E-25
1.60E-25
1.53g-25
1,47£-25
1,43E-25
1.,40E-25

1.37E-25
1.,35E-25
1.33E-25
1.32€E-25
1.31E-25
1.30E-25

1.29E-25
1,29E-25

155

= .100

8
108.8

3.70E-24
3.72E~24
3.77E-24
3.84~24
3,90E-24

3.89E-24
3.77E=-24
3.48E-24
3.02E-24
20Q3E-24
1.82E~24

1.28E-24

B.69E-25
5.80E-25
3.91E-25
2.71E-25
1.96€£-25

1.49E-25
1.18E-25
9.79E-26
8.“0E'26
7.41E=26
©.68E-26

6.14E=26
S.71E-26
S.38E-26
SQIIE-26
4 ,89FE=-26
4,T1E=-26

. 4.5TE=-26
4 4S5FE=26
4.365-26
4428E-26

- 4423E~-26

4419E-26

4416E-26.

4,16E-26

MEV

12
163.3

2.29E-24
2424E-24
2.16F=24

2.,10g-24

1,96E-24

1.73E-24
1.44E-24
1.12€-24
8 07E"25
S.49E-25
3.59E-25

2.31E-25
1.50E-25"
9.96E-26
6.85E~26
4,90E-26
3.66E-26

2.84E‘26
2.28E-26
1.88E-26
1.60E-26
1.38E-26
1.22E-26

1.09€E~-26
9-82E'27'
9.00£-27
8.32€-27
7.77e=27
7.32€-27

6.95E-27
6.64E-27
6.41E-27
6.22E-27
6.07E-27
S.98E-27

S5.92E~27
5.89E-27

16
217.7

1.06E-24
9.90E-25
B8.75E-25
7.88g-25
6,68E-25

S.19€-25
3.78e-25
2.62E-~25
1.74€-25
1.13E-25
7.29€~-26

4.75e-26
3.16E=-26
2.17E-26
1.54€=26
la13E‘26
8.53€-27

6.64E=-27
5.30€E-27
4.33e-27

3,626=-27

3.06€E-27

2.64F=-27

2.31E-27
2.05e-27

1.84g-27.

1,67e=-27
1.52e=-27
1.41€-27

1.32E-27
1.24€=-27
1.19€-27
1.14€-27
1.10€-27
1.08€-27

1.06E=-27
I . OSE-27

24
326.5

6.956~26
6.49E-26
5.57E=-26
4,65-26
3,72E-26

2.79E-26
2.00E-26
1.39E-26
9.53E-27
6.49E-27
4.43E-27

3.05e-27
2.13€-27
1.52€-27
l1.10£-27
8.17€-28
6.18E£-28

“.78E‘28
3.76E~28
3.03E-28
2.48E£-28
2.07E-28
1.756-28

1.51£-28
1.31E-28
1.16g-28
l . 0‘0E’28
9.45£-29
8,68E-29

8.05€-29
T+S5€E=29
7+16E-29
6.85€-29
6.62E-29

6.48E-29

6,38E-29
6.,33E-29



E(RYD)
E(EV)

THETA(DEG)
0

5
10
15
20

25
30
15
49
45.
50

S5
60
65
78.
75
890

as
90
95
1990
125
110

115
120
125
130
135
1640

145
159
155
160
165
179

175
1ad

1.056-23
1,05€-23
1.06E-23
1.0R€£-23
1.11E-23

1.15€E=23
1.1RF£-23
1.23E~-23
1.27e-23
1.30E-23
1.32E-23

1.338-23
1.,32E-23
1.29E-23
1.23€-23
1.16E-23
1.06€-23

9.61FE=-24"

8.586-24
7.63F-24
6080E‘24
6.13E-24
5.63E-24

5.,30E~24
50115-24
S.04E-24
5.06E=-24
S.16E-24
S.27E-24

5.925-24
S.57€-24
S.71g=-24
S.84F =24
5.95E=24
6.063E-24

6.08E-24
6<10£-24

PROTON ENERGY

4,75E=-24 1.57E-24
4,78E-24 1,.,58E-24
4,R7E-24 1 ,62E-24
5.01E-24 1.69€-24
S.2)E-24 1.,79E-24

Se4TE=24 1493E-24
S.78E-24 2.11€-24
6.136-24 2.33F-24
6.525=24 2,59E-24
6.90E-24 2,BT7E-24
T.23E-24 3,15€-24

T 4bF =24 3.38E-24
T.53E-24 3,47F=-24
7.376-24 3.38E-24
6.98F =24 3,0TE~24
6.36E-24 2,60E-24
S.59E-24 2.07E~-24

4.,76E-24 1.,57E-24
3.,96E-24 1,16F-24
3.27E‘24 8.595-25
2,71E=24 6,55€-25
2,30E-24 S.24E-25
2.0YE-24 4,43€-25S

24 3,97E-25
=24 3,72E-25
SE-24 3.60£-25
1.ARZ=24 3,558-25
l.70E~-24 3,55E-25
1.73F-24 3.58F-25

W W
1mm

A
7
6

bt ot Pt
e o o

Poes

1.77E-24 3.61E-25
1.81E=-24 3,65E~-25
1.,85£-24 3,68E=-25
1.88E-24 3,72E-25
1.91E=24 3,74E-25
1.93£-24 3.76£-25

1.94E=-24 3,77E-25
1,94E-24 3,77€-25

7.42E’25

7.50E-25

7.74E-25

8415E-25

8.78E-25

9.65E=-25
1.08BE-24
1.23E-24
l.42E-24
1064E-2“
1.85E-24

2.02E=24
2.06E’24

}e93E-24

1.63E-2¢

»1025E’2“

8.95€E+25

6.14E-25
44.18E~25
2.94E-25
2.17€-25
].72E-25
l.46E-25

1.31E-25

'1.22E-25

1.,18E=25
1.15E-25
l.14E-25
1.13E-25

1.13E-25
1.126-25
1,12€-25
1.13E-25
1.13E-25
1.13E-25

l.13E-25
1.13E-25

156

= «300

8
108.8

4.32E-25
4.,37E-25
4.5“E‘25
4+83E-25
S.28E-25

S5.91E-25
6.79E-25
~ T«95E~-75

9.43E-25

1.12E-24
1.28E~24

1.39E-24
1.37E<24
1.19€E-24
9.19E-25
6.37E-25
4415€-25

2.6SE-25
1.73E=-25
1.20E-25
8.89E-26
7.11E-26
6.0TE=26

S.45€-26
S.07TE=-26
4 482E-26
4o.66E=-26
4454E-26
4.,46E-26

4439E-26
4434E=-26.
4.30E-26
4,2TE~26
4.25E-26
4.24E-26

4,23E-26
4 ,22E-26"

MEV

12
163.3

2.12€-25

16
217,7

l1.41E-25

24
326,5

1.06E-25

2.15E-25 1,43E-25 1.08E-25

2.26E-25
2.45E-25
2.75€E-25

3,19E-25
3.81€~-25
4.67F=75
5076E-25
6.94E-25
7.83E-25

7.80E-25
6.60E~25
4.73E-25
2.98E£-25
1.7SE=25
1.03E-25

6,25E-26
4.08E-26
2.89E-26
2.22€E-26
1.81E-26
1.56E-26

1.39E-26
1.27€-26
1.186-26
1.11E~-26
1.0SE~-26
1.01E-26

9.7QE‘27
9., 44E-27
9.,20e-27
9.01E-27
8.87€-27

8.77TE-27

8.71E-27
8,.,69E-27

1.52E-25
1.68£=-25
1.93E-25

2.31E-25
2.85£-25
1.5RF-25

44 43E-2S

S.14E-25
S.20E~-25

4.35€-25
2.98E-25
1., 76E=25
9.70E-26
S.35E-26
3.10E-26

1.94E-26
1.32E-26
9.,70E-27
7.61E-27
6.27€-27
Se36E-27

4,71E-27
4,22e=27
3.83e-27
3.53e-27
3.28e=-27
3.08€-27

2+.91E-27
2.78€-27
2.6Tg=27
2.59€=27

2.52E-27

2.48E=-27

2.45E-27
2.44E=-27

1.16E-25
1.326-25
1.576-25

1.93E-25
2+39€E=-25
?.APF=25
2.92€-25
2.48E-25
1.67€-25

9,36E~26
4.B0E-26
2445E-26
1.31E-26
7.58E-27
4. 77€-27

3.24E-27
2.34E-27
1.79€-27
10“2E’27
l.16E-27
9,76E-28

8,36E-28
7.286-28
6044E-28
S.77E-28
5.23£-28
4.81E-28

4.46E-28
4.18E-28
3.97e-28
3.80E-28
3.67E-28
3.59€-28

3.53E-28
3.50E-28



E(RYD)
E(EV)

THETA(DEG)

55
50
65
70
75
an

a5
)
35
130
125
116

115
129
125
139
135
140

145
150
185
160
165
179

175

194

1
13.6

€.l6E-24
hel7E-24

6.26F-24

6.40FE=-24
6.61E-24

6.B86FE-24
Tel6E=-24
T.49E=-24
T.84E-24
A.1RE=-24
B,49C-24

B,72E-24
8.A5FE=24
R.ASE=-24
B.6RE-24
8,358-24
7.875—2&

7.28E=-24
Sogﬁg'éa
S.34F=-24
4,80F=-24
4,37F=24

4.05E-24
,R48-24
3.72F~24
3.69FE=24
3.71E=-24
3-775-24‘

3.86F-24
3.976-24
64,0720
4 1TF=-24
4.25¢-24
4.316=-24

4,35F-~24
4.36F=-24

2
27.2

2,538-24
2.A5E-24
2.78E-24
2.906-24

3.0AE-24
3.26E-24
3.49E-24
3.76E-24
4,95E-24
4.,36E-24

G ANE =24
4.805-24
4,89E-24
4 ,B3F =24
4 ,60E=-24
4,22E=-24

3,73E-24
3.20E-24
2,695=24
2,24E<24
1.88€-24
l1.61€-24

1.435-24
1.,32F-24
1.266£-24
1,24F=24
1.24E=24
1.26E-24

1.29€-24
1.32E=-26
1.36E=-24
1.288-24
l.41E-24

1.43E~-24

1.44E=-24
1.,44E-24

PROTO

4
S4 .4

7.89E=-25
7.95E-25
B.15E-25
R.49E-25
R,99E~25

9 .686‘25
1.06E-24
1.18E-24
1.32F-24
1.50E-24
1.70E-24

1.91E-24
?.09E-24
20196-2“
2.17E-24
2.01E-24
1.72E-24

1.38E-26
1.06E-24
7.89€-25
5.90E=-25
4 ,55E-25
3.68E-25

3.15E-25
2.86E-25
2.T1E-25
2.66E-25
20656-25
2+68E-25

2.72E-25
2.T7E-25
2.81E£-25
2.85£-25
2.89F-25
2.91€-25

2.92€-25
?2.93E-25

N ENERGY

6
81,6

3.42E-25
3e46E-25
3.56E~25
J.74E~25S
4.00E=-2S

4,38E~25
44+90E~25
S5+60E-25
6.52E-25
7.71E-25
9.15E-25

1.07E-24
1.21E-24
1.29E-24
1.25E-24

«S500

8
©108.8

1,83E~25
1.85E-2S
1.91E-25
2402E=25
219E-25

2.43E-25
2.78€E-25
3.25E-25

3.91E-25

1.0GE=-24"

8,59E-25

6.23E-25
4.31E-25
2.95€-25
2.07E-25
1.53€E-25
1.22E-25

l.04E-25
9 .48E'26
8.99E-26
8,77E~26
8.71E-26
8,72E-26

8.77E-26
8.8B4E~26
8.90E-26
8.96E-26
. 9.01E-26
3,05E-26

9.07€E-26
9.0RE-26
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4,79E=-25 .
5.91E-25

7.17E-25
8.27€-25
8.70E-25
8.06E-25
6.50E-25

4.64E=25

3.06E-25
1.96E-25
1.27€-25
8.65E~26
6.37E=26
5.09E-26

4.38E-26
3.98E-26
3.77E-26
3. 65E‘26
3.58E-26
3.55€E-26

3.54E-26
3.53E-26
3.53E-26
3.53E-26
3.53E-26
3.53E=-26

3.53E-26
3.53€E-26

MEV

12
163.3

7.52E-26
T.62€E-26
T7.94E-26
8.51E-26
9.41E-26

1.08E-25
1.27€~25
1.56E-25
1.99E-25
2.59E-25
3.39E-25

4,26E-25
4.,86E-25
4,70E-25
3,73E-25
2.49E-25
1.49E-25

8.55E-26
5.03E-26
3.16E-26
2.17€-26
1.63€E-26
1.33E~26

1.15E-26
1.04E-26
9.74E-27
9,24€-27
84,89E-27
8.,61E-27

8,.39E-27
8.22E-27
8.08E-27
T.97E-27
7.89E-27
T.83E-27

T.79€-27
T.78E-27

16
2177

4,13E=-26
4.20E-26
4.41E-26
4.79E-26
S.40E-26

6.35€E-26
7.79£-26
9.99E-26
1.33€-25
1.83E-25
2.4T€E-25S

"3.07E-25
3.21E-25
2.64E-25
1.736-25

T 9.69E~26
5.16E-26

2.81E-26
1.64E-26
1.06E-26
7.496-27

S.78E-27.

4,78€-27

4, 14E-27
3.70€-27
3.39g-27
3.15€-27
2.96E-27
2.81€-27

2069E-27
2.59F-27
2.51E-27
2.44E=-27
2.39-27
2.36E-27

2.34E-27
2.338-27

24
326.5

2.03E-26
2.07E-26
2.21E-26
2.48E-26

2491E-26

3.62E-26
4.TSE-26
6.59E-26
9.48E-26
1.35E-25
1.72€-25

1.73E-25.
lo%GE-ZS
7.01E-26

3.40E-26

1.63E-26
8.35E-27

4.71E-27
2.96E-27
2.04E-27
1.52€-27
1.21E=27 .
9.98£-28

8,49€~-28
7.41E-28
6,5BE~28

5.92E-28

S.41E-28
4,99€-28

4.64E~28
4,38E-28
4.16E£-28
3.99€-28
3.87e-28
3.78E~-28

3.736-28
3.73E-28



E(RYD)
E(EV)

THETA(DEG)
D

5
10
15
2¢

25
30
3%
%4
45
S50

S5
69
£5
76
75
83

A5
9§
95
100
135
110

115
128
125
135
135
1490

145
150
155
160
165
170

175
189

13.6

3.01E-24
3.03E-24
3.08E-24
3.17E-24
3.30E-24

3.45E-24
3.63E-24
A.84F =24
4,07E-24
‘? -31E‘24

4.77E-24
4,95E~24
5.07€E-24
S.11F=-24

.5.06E~24

4.,92E-24

4,68E-24

4,38E-24

4403E~-74
3.66£-24
3.32E-24
3001F‘?4

2.76E-24
2.575-24
2.43E-24
2.36E-24
2.32€-24

2.356-24

2.396~24
2.43F=24
2.48E-26
2.52F-24
2.556-24

2.57E-24
2.58E=-24

1.21E=24
1.22E=-24
1.24E=24
l.28E=-24
1.34€E-24

1-42E‘24
1.52E-24
1.604F =24
1.79€E-24
1.95€6-24
2.13E=-24

2.32E-24
2.,49F-24
" 24635-24
2.71€-24
2.71E-24
2.61E-24

2.42€E-24
2.17E<24
1.89E-24
l.61E-24
1.36E-24
le16E-24

1.01E~-24
9,.03F-25
R.36E-25
8.00E-25
7.86€E-25"
7.89F-25

8,01E-25
8.,19F-25
8.,38E-25
8,56E~25
8.71E~2%
8.R3E~-25

80905"2‘;
8,92E~-25

PROTON ENERGY

3.38E-25
3.46E-25
3.,58E-25
3.77€-25

4.05E-25
4 4,42F =25
4.91F=25
5.53E-25
6+32E-25
7.30E-25

8.45€-25
9 .69F‘25
_l 0086‘2‘0
1.15E=-24
1.16E-24
loloE-ZQ

S.68E-25
8.00E-25
6.27E-25
4o TOE~-25
3.60E-25
2.80€-25

2.29E-25
1.98€-25
1.81€-25
1.72€-25
107GE‘25
1.71F=-25

1.74€-25
1.79€-25

1.82E-25 S5:9RE-26

1.86E-25
1.88£-25
1.90E-25

1.91F-25
1.91E-25

)
8l1.6

1.47€E-25
1.47€-25
1.49€E-25
1.53E~25
1.60E-25

1.72E-25
1.88E-25
?.11F=-25
2.44E-25
2.89E-25
3.48E-25

4.23E-25
S.12E-25
6.01E-25
6.64E-25
6.70E-25
6+.10E-25

4498E-25
3.72E-25
2.63E-25
1.84E~-25
1.31E-25
9.67€-26

T.64E-26
6.57E-26
6.05€-26
S5.76E-26
S.65E-26
S.72F=26

5.86E-26
S.94E-26
6.10E-26

6.26E-26
6.31E~26

6.22E-26
6.14E-26
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= 1.000

8
108.8

6.94€E-26
6.89E~-26
6.8B7E-26
T.17€£-26
T.T79€E-26

8.57E-26
9.53E=-26
1.10E=25
1.32E-25
1.62E-25
2.03E-25

2.57€-25
3.26E-25
3.97E-25
G 44E-25
4439€E=-25
3.79E-25

2.86E-25
1.95E-25
1.26E-25
B+33E-26
5.69E~-26
4.03E~26

3.11E-26
2.72€-26
2.53E-26
2.37E=26
2.29E-26
2.35F=26

2.38E-26
2 0‘02E‘26
2.43E-26
2.44E-26
2.56E-26
2.54E-26

2+39E-26
2.29E-26

MEV

i2
163.3

2.83E-26
2.65E-26
2.38E-26
2.49E-26
2.91E-26

3.27E-26
3.59€-26
a.2RE=26A
5.52E-26
7.20E-26
9.41E'26

1.29E-25
1.78E-25
2.27E=-25
2.50E-25
2.28E~25
1.73€-25

1.10E-25
6.30E-26
3.68E-26
2,33E-26
1.51€~-26
1.00E-26

7.94E-27
7.42E-27
6.79E=27
6.02E-27
5.87E-27
5.89F-27

5.93E-27
5,95€-27
5.96E-27
S.98E=-27
6.30E-27
5.97€-27

S.44E-27
5.11E-27

16
’ 217.7

1.46E-26
1.31€~-26
1.10E-26
1.18E-26
1.46E-26

1.64E-26
- 1.78€-26
2.21E-26
3.01E-26
4.026-26
5.55€-26

8434E-26
1.23E-25
1.56€£~-25
1.60€-25
1.29€-25
8.23E-26

4432E-26
2.20E-26
1.31E-26
8.09€-27
4.61€-27
3,41€-27

3.47€E-27
2.95€-27
2. 75e=-27
2.64E-27
2.57€-27
2439e-27

1.74E-27
1.70€-27
l.42€-27
1.31€-27
1.31-27
1.33E-27

1.33€-27
1.34E-27

24
326.5

1.89€-27
2.86E-27
4. T7E-27
5.58E-27
6413E-27

6.86E-27
T.53E-27
1,09€E=26
1.39E-26
1.90E-26
3.22E=-26

5.53E-26
7.86E-26
8.61E-26
7.11E-26
4.29E-26
1.876-26

7.32E=-27
4.80E-27
3.48E-27
1.19E-27
T.14E-28
6.07E-28

S5.48E-28
4.58E-28
2.35€-28
2.21€-28
2.21E-28
2.13E-28

2.03-28
1.91€-28
1.86E-28
1.796~28

1.756-28
1.75€-28

1.75e-28
1.74E-28



"PROTON ENERGY = 2.000 MEV

E(RYD) 1 2 4 6 8 12 16 24
E(EV) 13.6 27.2 S4 4 81.6 108.8 163.3 217.7 326.5

THETA (DEG)

) 1.52E=24 S.9AF =25 1.58E-25 5.91E=26 2.80E=26 9,61E=27 5,52E=-27 3.67E-27
5 1.53E=24 6.,00E=25 1.59E-25 S5.99E=26 2.85E=26 9.6BE=27 4.97E=-27 2.54E-27

10 1,56E=24 6,11E=25 1.,62E~25 6.18E-26 2.9TE=26 9. 76E=27 4.,01E-27 6.67€E-28
15 1.61E=24 6,31E-25 1.67E-25 6.41E-26 3.07E=26. 9.98E=-27 3.97E=~27. 5.43E~28
20 1.68E=24 6,59E-25 ].,74F~25 6.72E-26 3.21E=26 1.06E=-26 4.,92E-27 1.87E=-27
25 1.76E=24 6,97E=25 1.86E-25 7422E~26 3.47E=26 1418E-26 5.80E=27 2.42E-27
kI 1.86E-24 7,46E-25 2,02E-25 7.95€-26 3.,87E-26 1.33E-26 6.,06E-27 1.72E~27
35 1.98E=24 B,06E-25 2,23E-25 B.91E-26 4.38E-26 1.51E~26 6.62E~27 1.T1E=27
40 T 2.11E=24 B,BNE-25 2.50E-25 1.02E-25 S5.,10E-26 1.83E=26 8.72E=27 3.42E-27
45 2.265-24 9,65E~25 2,84E-25 1.20E~25 6.18E=26 2.37E-26 1.21E-26 5.26E=27
S0 2.41F=24 1.06E=24 3,29E-25 1.44E-25 7.73E-26 3.12E=26 1.59E-26 6.34E=27
55 2.55E=24 117624 3,84E-25. 1.77E=25 9.83E-26. 4.19E=26 2.21E=-26 9.65E=27
59 2.69E=24 1,27E-24 4,48E-25 2,17E=25 1.27E-25 S5.90E-26 3.4TE=-26 1.91E-26-
65 2.80E-26 1,375=24 5,17E=25 2,66E=-25 1,64E-25 B8,43E-26 S.47€-26 3.28E-~26
79. 2.87E-24 1,45E-24 S,78€-25 3.156-25 2.03E-25 1.12E-25 7.46E=-26 4,27E~26
75 2.90E=24 1,49E-24 6.,156-25 3,48E=-25 2.29E=-25 1.27E-25 B.,23E-26 4,11E-26
a0 2.87E~24 1,49€-264 6,18E=25 3,51E-25 2.28E-25 1.20E-25 7.16E-26 2.90E~26
’S 2.79E~24 1,43E-24 S5,80E-25 3,17€-25 1.97E-25 9,30E-26 4,85E=26 1.47E-26
Q0 2.66E-24 1,33E-24 S5,095-25 2.59E~25 1.,49E-25 6.00E-26 2.61£-26 S.62E-27
$5 2.49F =24 1,19€=24 64 ,20E=25 1.94E=-25 1.03E-25 3.49E~26 1.29E-26 2.60E=27
100 ' 2,30E-24 1,04F=24 3,326=25 1,39E-25 6,B0E-26 2.)10E-26 7.76E=-2T 2.07E-27
155 2.10E-24 B8,96E-25 2,56E=25 9.92E-26 4,STE=26 1.36E=26 S.25E=27 1.27E-27.
110 1.92F=24. T.69F=25 1.,99F=25 7,21E-26 3,17E€-26 8.61E-27 2.,87€-27 8,53E-28
115 1.75F=24" 6,66E=25 1,59F=25 S5,48E-26 2.,30E-26 5.58E-27 2.20E-27 T7.41E-28
120 - 1.62E=24 S5,R9E=25 ],33E-25 4,45F~26 1.84E-26 4.TBE-27 1.87€-27 6.19E-28
175 1.a51F=24 5.355-25 1.17E~PS 3e89E=26 1,64E=26 4,73E=27 1.,66E-27 6.04E-28
130 . 1.44FE=24 5,00F=25 ]1,08E=25 3.60E-26 1.51E-26 4,04E-27 1.486-27 4.93€-28
135 1,40E=24 4,82E-25 1,04E=25 3.4TE=26 1443E-26 3.,37E-27 8.85€-28 9.59E-29
140 1.37E=24 4,7SE=25 1.04E=25 3.46E-26 1.44E-26 3,2T7E-27 1.,33€-27 6.72E-29
145 1.37E=24 4,76E=-25 1.05E-25 3.52E=26 1.50E-26 3,18E-27 1,43E-27 S5.38BE-~29
150 1.3RE=24 4,R3F-25 1.076-25 3.59FE=26 1.51E-26 315E-27 1.55€~27 4.66E-29
155 1.39€=24 4,92E=25 1,10E=25 3,64E-26 1.,52E-26 3.4TE-27 8.24E-28 S5.07E-29
160 1.41E=24 5,01F-25 1,12E=25 3.71E~26 1.54E-26 3.,72E-27 6.11E-28 S5.52E-29
165 1.42F=24 S,10F-25 1,13FE=25 3.79E-26 1.61E-26 4.69E-27 4,09E-28 S5.88E-29
170 1.44F=24-5,17F-25 1.14E=25 3.83E-26 1.62E-26 4,57E-27 3,89E-28 S5.87€-29
175 1,45F-24 5,21E-25 1,15E=25 3.83E-26 1.56E-26-3,16E-27 3.89€-28 S5.86E-29
180 1 45E=24 5,22F=25 1,15FE~25 3.82E-26 1.51E-26 2.24E-27 3.89E-28 5.85E~29
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E(RYD)
E(EV)

THETA (DEG)
0

5
10
15
20

25
30
as
49
45
0

55
60
65
70
75
80

as
90
95
100
105
110

115
120
125
130
135
140

145
150
1ss
160
165
170

175
180

13,6

5.85e-25

S5.90E=25S

6,04E-25

6.229E-25

6.63E-25

7.06E-2%
7.57€E=2S

8.17E-25..

8 ,84E-25

9,57€=25 .

1.03€=-24

le11E-24
1.19€-24
1.,26E=-24
1.31E~-24
1,35€-24
1.36E-24

1,35€-24
1,31£-24
1.25E-24
1.17€-24
1.096-24
9.96E-25

9.11FE-25
8,35£-25

T.70E-25:

7.19£-25
6.80E-25

6+52E-25

6.33E-25
6.22E=25
6.16E-25

6414E-25 .
6.14E-25

6.15€-25

6416E-25
6.16E-25

2.34E-25
2.36E-25
2.41E-25
2.49E-25
2.62€-25

.2.TBE=-25

2,99E-25
3.24€£-25
3,556-25
3.92E-25
4034E‘25

4e81E=25

5.31E=-25

5.81E£=25

6.26E-25
6.60E-25
6.76E-25

6.70E-25
6.42E=-25
5.95E-25
5,36E-25
4,73€=25

- 4,12E-25

3.59£=25
3.16E-25
2.83E-25
2.59€-25
2 .44E-25
2.34E-25

2.29E-25
2.28E-25
2.29E-25
2.31E-25
2.33E-25
2,35€-25

2.36E-25
2,37E=-25

PROTON

S4,4

6.06E-26
6.09€E-26
6.20E-26
6.39E~26
6.69E-26

T.10E~-26
7.67E~-26
..Be42E=-26
9.40€E-26
10075‘25
1.23€-25

1.43E-25 -
1.68E-25
1.98E-25.
'2.28E-25
2.53€-25
2.67E=25

2.65E-25 .
2.47€E-25
2.16E=-25
1.79€-25

ENERGY =

6
81,6

2.11E-26
2.15E-26
2.,23E-26
2.32E-26
2442E~26

2459E-26
2.84E-26
3.17['26
3.58E-26
4.16E-26
4.98E-26

6.07€E=-26
7e49E-26
9.31E-26
1.15E-25
1.35E-25
1.48E-25

1.47E-25
1.31€E-25
1.06E-25
8.06E-26,

.1443E-25 5.91E-26

10136-25

9.04E£-26
"Te45E-26
6p39E‘2§
Se72E-26
Se34E-26
Se16E-26

S.11E-26
S.le'?ﬁ
Se24E-26
Se32€E-26 .
'5439E~26
S.43E-26

S.45€-26
S.46E-26

4,35E-26

3.28€-26
2,57€E=-26
2.14E-26
1.91E~26
1.79E-26

1e73E-26

1.72E-26
1.75E-26
1.79E~26
1.82€-26
1.83E-26
1.86E-26

1.90E-26

5.000

8
108,.8

9.6TE-27
1.01E-26
1.08E-26

. 1e12E-26 .

1.92E-26

160

l1.14E-26

1.21E=-26
1.34E-26
1.51€E-26
1.70E~-26
2.01E-26
2+.48E-26

3.14E-26
4.03E-26
5.27E-26
6+90E-26
8.56E-26
9.59€-26

9.,42E-26
8,06E~-26
6.10E-26
4.25E‘26
2.89E-26
2.01E-26

1.45E-26
1.09E-26
8.94E~27
8.03E-27
T.59€-27
7.32E-27

7.28E=-27
T.S0E=27
7.75€-27
7.85€E=-27
T.87E=2T -
8.04E-27

8.31E=-27
8.46E=-27

MEV

12
163,3

2.29€e-27
2.786-27
3.58€E-27
3.745'27
3.43E-27

3.57e-27
4.33€E-27
S.01E-27
S.46E-27
6.,55€-27
8.,81E-27

1.19E-26
1.60E-26
2.29E-26
3.37€=-26
4.55E-26
5.22E-26

4.94E=26
3.83E-26
2.51€-26
1.50E-26
9.21E-27
6.09E-27

4,08E-27
2.83E-27
2.335f27
2.19E-27
2.04E-27
1.90E-27

IQQZE-27
2.05E=-27
2.,08E-27
20105-27
2.12E-27
2.14E-27

2.19E-27
2.24E-27

16
217,17

4.,65E~-28
.9+36E~28
1.69€-27
1 77E=27
1.83e-27

1.91€E-27
1.97€-27
2.30E=-27
2.89E=27
L3.77E=-27
4,10€-27

S<73E=-27
7.87€=-27
1.24€E-26
2.05€-26
2.94E-26
3.36€E-26

3.00E-26
2.08E-26
1.17E-26
6.01E-27
3.57€-27
2.35€-27

1.43€-27
9.54E-28
3.21E-28
8.90£-28
8.18E£-28
7.49E-28

T.32E-28
7.11E~28
'7.06E-28
6.86E-28.
6. T4E=28
6.T0E-28

6.63E-28
6.60E-28

24
326,5

2.40E-28
2.44E-28
2.50E-28
2.55E-28
2.92E-28

3.39€-28
6.48E-28
7.08€-28
7.80E-28
B.4TE-28
1.51E=-27

2.05E~-27
2.90E-27
5.68E=-27
1.10E-26
1.62E-26
1.75E-26

1e36E-26

7.51€-27
3.04E=-27
1.38E-27
1.04E=27
6.03E~-28

5.52E-28
4.62E-28
3.58eE-28
2.51E-28
1.73E-28
1.63E-28

1.55E-28
1.50E-28
1.48E-28
10476‘28
1.46E-28
1,45E~28

l.44E-28
1.44E-28



E(RYD)
FEA(EV)

THETA(DEG)
2
5
1.0
15
20

25
39
3s
4
45
S

S5
60
S
78
75
89

85
S0
395,
1¢9
1¢S5
119

115
129
125
130
135
149

145
150
155
160
165
170

175
120

2.97E-25
3.05€E-25
3.19€=-25
3.3IRE~-25

3.62€-25
3.91E-25
4,245 -25
4,628-25
5.03E-25

S.93E-25
6,37¢-7%
6,79€-25
T.14€-25
70405-25
T.54F =25

7.54E-25
7.40E=25
7.13€-25
6.76E-25
6.32E-25
S.83c-25

5.35FE=-25
4,90F=-25
“.50’:-25
44a16F=25
3.89€£-25
3.67F=25

3.51E-25
3.39¢-25
3.31E-25

-3.2%E-25

3.22E-25
3.20E-25

3.19€=25

3.18€-25

l.

1

2-
2'
3.
3.
3.
3.

3.
3.
3.
3.
2.
2.

2.
'1.
1.
1.
1.
l.

1.
l.
l.
1.
1.
1.

1.
1.

2e94E=25 1.17E=?25
1.
1.
l.
1'

1RE=-25

215-25

25E-25
32£-25

41E-25
L5PF-25
1.
l.
2.
2.

66E-25
A28-25
02E-25
24E-25

49¥-25
T6E-25

s N4E=25

31€-25

52E-2S

66£~25

68E-25
S8E-25
38E-25
10F-25
78€-25
45g-25

15£-25
90€E~25
70E-25
S4F-25

42F =25,

35E-25

29£-25
27E-25
2SE~-25
25€-25
25E-25
25£-25

25E-25
2SE~25

PROTON ENERGY

2.96E-26
2.98€-26
3.04E-26
3.15€=-26
3.,30E-26

3.52E-26
3.81E-26
4,18BE-26
4.66E=-26
S5.27E-26
6.066-26

"7.05€-26

RO3OE-26
9,78£<26
1.14€-25
1.29€-25
1.39€-25

le42E-25
1.36E-25
1.23E-25
1.05€-25
BOSQE-ZG
6.91E'26

S.58E-26
4.,59€-26
3.91£-26
3,45€-26
3.16E=-26
2.99€~-26

2.91E-26
2.89F-26
2.90E=-26
2.92E-26
2.94E-26
2e96E-26

2.96E~26
2.97E=26

6
81,6

1.05€-26

l1.06E-26
1.10E-26
1.14E-26
l.lgE-26

1.26E-26
1.38E~26
1.53E-26
1.73E=-26
1.99€-26
2'36E-26

2.86E~26
3,52E-26
A.38E-26

5.“4E‘26

6.57E-26
T46E-26

7.74E-26
Te26E-26
6.16E-26
"4 4BLE~26
3.65E-26
2.,73€-26

2.08E-26

1.63E-26

1.33€-26
1.16E-26
1.07€-26
1.01E-26

9.85E-27
9.88E-27
1.01E-26
1.02E=-26
1.02E-26
1.04E-26

1.06E-26
1.07E~-26

161

10.000

8
108,.8

4454E-27
4. T0E-27
S.01€E=-27
S.23E-27
S.37E-27

S.70E-27
6.31E-27
7.09€~27
7.98E~-27
9.27E~27
1013E-26

1.462E-26
1.81E-26
2.37E-26

3.13E-26

4.02E-26

G4.74E-26

4496E-26
4.53E-26
3.64E-26
2464E-26
1.84E-26
1,30e-26

9.44E-27
7.05e-27

S.59%€E-27

4.88E-27
4,53E-27
4,26E~27

4.11E-27
4,19E=-27
4.30E-27

4.35E‘21

4436E-27
4439E-27

4,64E=-27
4eT9E-27

MEV

12
163,3

1.06E-27
1.27€-27
1.64E-27
1.73€E-27
1.70E-27

1.84E-27
1.96E=-27
2.28€-27
2.4TE=2T
2.85E-27
3.74E-27

5.06E-27
6.73E-27
9,41€-27
1.40E-26
2.01E-26
2.52E-26

2.64E-26
2.28E~26
1.63E-26
1.02E-26
6.19€=-27
4,10e-27

2.84E-27
1.92E-27
1,42E-27
1.326-27
1.29€-27
1.14E-27

1.04E-27
1.09€-27
1.14E-27
1.16E-27
1.24E-27
1,29€-27

1.41E-27
1.57€-27

16
217,7

2.49€-28
2.52E-28
2.62€-28
2.73€-28
3.15€-28

S5.83g-28
8.51€-28
1.02€-27
1., 06F=-27
1.11E-27
1.63E-27

2.36E-27
3.12g-27
4,58E-27
7.78E-27
10246-26
1. 62E-26

1.66E-26
1.34E-26
8.46E-27
4.49€-27
2.44E-27

1,63g-27

1.12E-27
6.61€-28
4.T2E-28
5.20E-28
S.32€-28
4.12E‘28

3.39e-28
3.24F-28
3.126-28
3.26E-28

3.34E-28.

3,83e-28

3.92€-28
3.94€-28

24
326,5

l.42€-28
1.“56-28
1.,45E~28
l.47E~-28
1.54E-28

1.63g-28
l1.75E-28
1.92E-28
2.46E-28
2.93E-28
5.26E-28

8.68E~28
1.02-27
1.63E-27
3.586-27
6.526-27
B.65E-27

8.33E-27
5.82e-27
2¢92E-27
1.15E-27
5.99E£-28
4,75¢-28

2.78E-28
9.69E~29
9,15E-29
8,56E-29
8.36E-29
6439E-29

5.89E=-29
5.53E-29
5.26E~29
S.22E-29
6.396-29
9.56FE=29

1.54€-28
1.85€£-28



z (RYD)
£(EV)

THETA(CEG)
0

SS
€3

75
R

as
98
a5
130
1.5
110

115
129
125
130
135
140

145
154
155
16%
16S
179

175
180

13.6

10235-25
1.25F~=25
1.28E-25
1.34F-25
1.43£-25

1.564£-25
1,678=-2%
1.825-25
1.9RE-25
2.17F-25
2437£-25

2.588=-25
2.79(-25
2.99F-25
3.16£-25
3.30F-25
3.39€-25

3.428-25
3.39E-25
3.30E=-25
3.16E-25
2.97€E=25
2.,77¢-25

2.55E-25
2434F=25
2.15€-25
1.97£-25
1.828-25
1.70E=25

1.60E-25
1.52¢-2%
1,458=-25
1.41€-25
1.37-25
1.356-25

1e34FE=25
1.33€-25

4,67 =26
4.71E=-26
4,.,85E-26
S.07€=-26
5.38E~-26

5.,79€-26
6.,305-26
6.92E-26
T65E=-26
8.50E=-26
Q.48F =26

1.06E-25
1.18E-25
1.305-25
1.43E-25
1.53e-25
1.61E-25

1.64E-25
1.628=-25
1.555-25
1.45E-25
1.32E-25
l1.18E-25

loﬂSE‘?S
9,29F =26
" B.2RE~-26
T.46E£-26
6.81r=-26
6.,32E-26

'5.,956-26
5,60F=26
5.51E-26
5.29E-26
5,21E-26
5.26F<-26

5.264E-26
5.23E-26

PROTON

S4.4

1.18E=26
lolgE‘26
1.22E-26
1.27E-26
1.34E-26

1.43€-26
1.55E-26
1.71E-26
10906-26
2.15€-26
2047E-26

2 .86E~26
1.36E-26
3.96E-26
4.63E~26
5.29E~-26
5 +82E~26

6.07E-26
S.98FE-26
Se54E-26
4.87E-26
4.10E-26
J.38E-26

2.T7E-26
2.31€-26
1.96E-26
1.72F=26
1.55E-26
1.43E-26

1.37£-26
1.33€=-26
1.31F~-26
l.30E'26
1.29€-26
‘1.29E'26

1.29E-26
1.28E~26

ENERGY =

6
8l.6

4,35e-27
4.38E-27
4+49E~-27
4.65E-27
4487E=-27

5.,18E-27 .
S5.61E-27
6.18E-27
6.93E-27
71.92E-27
9.29€-27

l.11£-26
1.36E-26
1.69E=26
2.10E-26
2.58£-26 .
3.00E-26

3.23E-26
3016E-26
2.80E-26
2.29E-26
1.78E~26"
1e36E~26

1.05E-26
8434E-27
6.83E-27.
5,87E=27
5.,28E-27
4.90E-27

4.66E‘27
4,57E-27
4.56E£-27
4 ,55E-27
44,53E-27
4.55E~27

4.64E-27
4.68€£-27

162

25.000

8
108.8

1.84E-27
1.87€-27
1.95E-27
2.03E=27
2.12E-27

2.,25g-27
2.,46E=27
2.75E=-27
3.10E-27
3.57E=-27
4'286-27

S.31E-27
6.73E-27
8.73E-27
1.15€-26
1.51E-26
1.85E-26

2.04E-26
1.98E-26
1.68E-26
1.28E-26
9.19E-27
6.60E-27

4 ,86E-27

3.66E~-27
2.87E-27
244E-27
2.20E-27
2.02€-27

1.90E-27
1.88E=27
1.826-27
1.81E-27
1.85€-27
1.88E~-27

1.98€=-27
2.05E=-27

MEV

12
163.3

4,79E-28
5.18E-28
5.97€-28

.6434E-28

6.26E-28

6,43€-28
T.27E=-28

B.41E-28

9.36E-28
1.06E-27
}.33e-27

1.77€-27
2.36E-27
3.23E=-27
4.T4E=-27
T.02E-27
9.45E-27

1. 08E-26

1.02E-26
7.95E=-27

S.28E-27.

3.29E-27
2.18E-27

1.54E-27
1.06E-27
7.55E-28
6.66E-28
6.,48E-28
5.69F-28

4,93E-28
4.85E-28
4.,70E~28
4.83E-28
4.97E-28
S.22E+28

6.66E-28
7.58E-28

16
217.7

1.00£-28
1.53E-28
2.51E-28
. 2.81E-28
2.85€-28

2.88g-28
. 2.95FE=-28
3.70E-28
3.86£-28
4 ,06E=-28
S.42E=-28

7.84E-28
1.0SE=-27
1.46E-27
2.39g-27
4.04E-27
S.88E-27

6.85E-27
6.26E-27
4 ,4TE=-27
2.57€E-27
1.38e-27
8,83£-28

6.34E-28
3.91€£-28
2.41E-28
2.30€-28
2.19€-28
2.17E-28

2.156£-28
2.156-28
2.28£-28
2.32e-28
2.38£-28
2.62€-28

3.11£-28
4,06E-28

24
326.5

2.42E-29
2.97€=-29
3.42E-29
4417€-29
5.30E-29

6.5“E'29
8,14E-29
1.33E-28
1.03E-28
7.05E-29
l1.42E-28

2.71€-28-
3.38eE-28
4.38£-28
9.07€-28-
1.91€E-27
3.04E-27

3.55€=-27
3.02€-27
1.85E-27
8.11E-28
3.32E-28
2449E=-28

1.99€-28
T.84E£-29
7.23E-29
6.34F£-29"
5.86E-29
S5.83E-29

S.81E-39
6.06E-29
6.26E-29
6.49E£-29
8.37E-29
8.83E-29

1.30E-28
1.57€-28



PROTON ENFRGY = 50,000 MEV

E(RYD) 1 2 4 6 8 12 16 24
E(EVY 13.6 27.2 S4 .4 81.6 108.8 163.3 217.7 326.5
THETA (DEG)
0 T.72E-26 2.,4TE-26 S.90E-27 2.20E-27 9,56E-28 2.79E-28 B,50E-29 4.35E-29
5 TeTTE-26 2,49E-26 5,96E-27 2.22E-27 9,62E-28 2.83E-28 9,37E-29 4.51€-29
10 7.93E-26 2.56F=26 6,13E~27 2.27E-27 9.87E-28 3.00E-28 1.05E-28 4.67E=29
15 Bo19F =26 2.68E~26 6.41E~27 2.36E-27 1.03E~27 3.16E~28 1.17E-28 4.79E-29
20 B.SEE=26 2.84E-26 6.80F=27 2.48E=27 1.08E=27 3.25E=-28 1.256-28 4.87E-29
25 9.03F=-26 3.06E-26 T74316=27 2.65€-27 1.156~27 3.36E-28 1.33E-28 S5.05€-29
30 9.61E=26 3,33E-26 7.96FE=27 2.8TE=27 1.24E=27 3.64E=-28 1,40E-28 S.12E-29
35 1.03F-25 3,65E-26 B.78E=-27 3.16E-27 1.38E~27 4.15E-28 1.72E-28 5.23E-29
40 1e11E-25 4.,04F=26 9,B1E=-27 3.556-27 1.56E=27 4.69E-28 1.92E~28 5.36E-29
45 1019F=25 4,48E-26 1.11E-26. 4404E-27 1.79E=27 S.31E-28 2.05E~28 5.59E-29
59 1.29F =25 S5.00E-26 1e27E-26 4.71E-27 2.13E-27 6.45E-28 2.54E-28 S.90E-29
55 1.39E-25 S.STE-26 ) 4TE-26 5.62E~27 2.61E-27 8.43E-28 3,57E-28 1.13E-28
&9 1.,49E-25 6.20E-26 1.726-26 6.84E~27 3.30E-27 1.12E-27 4,88E-28 1.56E-28
65 1.59F=25 6.B6E-26 2,02E-26 8+44E=27 4.24E-27 1.52E-27 6.68E-28 1.94E-28
70 1.68F=25 7,526-26 2.37E-26 1.05E-26 5.58E=-27 2.19E-27 1,05E-27 3.59£-28
75 1.756-25 8,10E-26 2.72E-26 1429E-26 7.33E-27 3.276-27 1.80E-27 7.85£-28
an 1.R0E=25 8,53F=26 3,01F-26 1.52E~26 9.14E=27 4,53E-27 2,74E-27 1.37€-27
85 1.82E-25 B,76E-26 3.17E-26 1.66E-26 1.,03E=26 S.40E-27 3.,40E-27 1.76€E-27
90 1.81E-25 B,73E-26 3,16E-26 1.66E~26 1.03E-26 S.33E-27 3.31E-27 1.65E-27
95 1.77€-25 8,44E=26 2,9BE=26 1.50E-26 9.00E-27 4,.35E-27 2.52E-27 1.12E-27
100 1.71E-25 7.94E-26 2,66E-26 1.25E~26 7.04E-27 3.00E-27 1.53E-27 5.356-28
135 1,626-25 7,30E-26 2,28E-26 9,93E-27 S5,17€-27 1,91E-27 8,33F-28 2.16E-28
no 1.5PE=25 6.60F~26 1.491E-26 7.73E=27 3.76E=27 1.27E-27 5.226-28 1.43E~-28
115 1,42E=25 5,91F-26 1.58F~26 6.06E-27 2.,80E-27 9,04E-28 3,77€-28 1.21E-28
120 1.32E-25 S5.27E-26 1e33E-26 4484E=27 2.12E=27 6.37E-28 2.44E=-28 S5.69E-29
125 1.22€-25 4,T2E=26 1¢13E=26 3.97E-27. 1.67E~27 4.5B8E~28. 1.52E~28 1.26E-29
130 1.136-25 4.25E-26 9.90E~27 3.40E-27 1.40E-27 3.92E-28 1.44E-28 2.21E-29
135 1.056-25 3,87E-26 8.87E=27 3.02E-27 1.24E-27 3.74E-28 1.39€-28 2.65€-29
140 9,8BE=-26 3,57FE=26 B¢14E=-27 2,76E~27 1.12E-27 3.29E-28 1.28E-28 3.18E-29
145 9,36E-26 3.34E-26 T7.64E=27 2.58E=27 1.,03E~-27 2.83E-28 8,77€~29 3.28E-29
150 B 94E=26 3,17E-26 7.31E-27 2.48E-27 1.,02E-27 2.72E-28 8,52E-29 3.35E-29
155 Bo61E~26 3.03F-26 7.10E-27 2.44E-27 1.01E=-27 2.57E-28 B,42E-29 3.50E-29
‘160 Bu3TE=26 2.94E-26 6.97€-27 2.40E~-27 9.90E-28 2.68E-28 8,30E-29 3.58E-29
165 8.19E=26. 2 ,BTE-26 6.8TE-27 2.36E-27 9.52E~28 2,72E-28 8,59E-29 3.67E-29
170 8.07E-26 2.83E-26 6.80F=-27 2.35E-27 9.,54E-28 2.81E-28 8,89E-29 2.71E-29
175 B.00E=26 2.80E-26 6.76E-27 2.38E-27 1.00E-27 3.03E-28 9.08E-29 3.73E-29
180 . T.98BE-26 2.79E-26 6.7S5E~27 2.40E-27 1.03E~27 3.20E-28 9,19E-29 3.7SE-29
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E(RYD)
E(EV)

THETA(DEG)
0
5
10
15
29

25
30
35
49
45
S0

5S
60
65
70
75
80

170

175.
190

1
13.6

3.17E~-26
3.20E-26
3.32€-26

3.,51€-26.

3,77E=-26

4.11E~26
4,51F-26
4.97E-26
5.50F=-26
6.07E-26
6.69E-26

7433626,

T«97E=-26

8.59F=26

9.15E-26
9.61F-26
9.94E-26

1.01£-25

1.01E-25
9.92E-26
9.58E-26
9.10E-26

8,53E-26

7.90E-26
7.26E-26
6.63E=26
6.04F=26
S.S1E-26
5.03E-26

b.62E-26
6027E‘26
3.98E-26

3,75E=-26"

3.58E~26

‘J.46E=-26

3.38£-26

3.36E-26

.1.53E~-26

2.09E-26
2,34E-26 5,75€-27.

PROTON ENERGY =

2 4
27.2 S4.4

lolRE-26
1.19€-26
1.23E-26
1.30E-26
1.,40E-26

2+95E=-27
2.98E-27
3.07e-27
3.23E-27
3.456=-27

3.73E=-27
10685’26 A-09E-27
1.87E-26
S.08€=-27

2.62E~-26 6.,58E-27

2.94E-26
3.28E=-26
3.64E=26
4.00E=-26
4.32E-26
4,56E=-26

7061E227
8,89€-27
1.04E-26
1.22E-26
1e40E~-26
1,56E-26

4,7T1E-26
4.,71E=26
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Table 1 presents the doubly differential cross section (DDCS)‘ for
broton—impact jionization of helium. The cross section is differential in the
energy and solid angle of the ejected electrons, i.e., we present dzcr/dedsz,
where € is the ejected electron energy. The DDCS is given in units of
m? ev steradi'an_l'. The results given span the space of electron ejection
angle, 6= 0° to 180°, ejected electron energy, € = 1 Ry ('13.6 eV) to 24 Ry
(326.4 eV) and proton energy, T=0.001 MeV to 200 MeV. To obtain cross
sections for values of ©,.€, T not presented, we expect that graphical inter-

polation would provide reasonable (10—20%) approximations.
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' *
CALCUIATION OF THE.ENERGY TO FORM AN ION PAIR FOR PROTONS

Hans BichselT and Mitio Inokuti

The specific ionization j (the number of ion pairs per unit pathlength)
for high-energy protons in a pure gas can be calculated from the following
data: 1. the'total ionization cross section, O"i (Ep ). for a proton of energy,
Ep; 2. the distribution. o(e, E‘p)d‘e of kinetic energy € of secondary electrons
in an ionizing collision; 3. the mean energy W(e) for an ion pair for an
electron of energy €. For'a gas of unit molecular density, the number j1 of
ion pairs directly produced by protons is Gj (Ep), the number j2‘ of ion pairs

due to secondary electrons is given by

= JIe/Wel ole Ede (1)
and W

-- —_ . + .
If the stopping cross section S(Ep) of the gas for protons is known, then one
obtains the "differential W value" as

‘ m(Ep)? = S(Ep)/j . (3)

If w(Ep) is established for the entire range of Ep, one may calculate

the (integral) W value as .
T

o b
E/WE)= [ [SE)/w(E)]dE,
P P I

where I isthe (first) ionization energy of the gas. However, our calculation

. o ‘
Summadary of a paper presented at the 24th Annual Meeting of the Radiation

Research Society, San Francisco, 27 June—2 July 1976. See abstract in
Radiat. Res. 67, 613 (1976). ‘

Department of Radiology, University of Washington, Seattle, Washington
98195. Work supported in part by National Cancer Institute Grant No.
CA~124411,
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is restricted to w(E ) at high Ep.

Equations 1 3 have been used to evaluate w(E ) for Ar, CH,, and N

' .
- It may be noted that Jacobi and Stolterfoh’c1 used the same set of e:uations <ziif-
ferently; they estimated j2 from the knowledge of j1 and W(Ep). ‘ Qur resulte
are summarized below,

Ar

For Ep 1 MeV, we obta21rl]1 1.25 by the use of o (E ) evaluated
through integration of Toburen's o(e,E ) We obtain ]2 2 .05 by using

2-4 , .
the Toburen data and a semiempirical express1on

Wie) = Wae/(G—U) . : - (4)

which reproduce several theoretical calculations for € much greater than fhe ion-
ization energy, W and U being constants with the energy dimension. (For Ar,
we take5 U=11 eV ) As a consequence, we arrive at w=30.2 eV.

) 8The total 1on1zat10n cross section Oi (Ep) has been measured directly,
too. The results in Refs. 6—8 are larger than the integrals of the Toburen
data by about 25%, and lead to ji= 1.,57. If we renormalize the Toburen data
and use them in Eq. 2, we obtain j2 = 2.57. Thence, we have w=24.1 eV,
This value is somewhat closer to the experimental result,9 w=26,6%x0.5 eV

for 3.6-MeV protons.

cHy

For Ep = 1 MeV, the Toburen data lead to j1 =1.66. We have caiculated

_j2~ by use of the Toburen data and two sets of W(e) values. First, the experi-

mental data by Waker and’ Booz10 give j, = 1.55, and thence w=28.,5 eV,

Second, W(e) of Eq. 4 with U =9 eV givzes j2 = 1.99 and thence «=25.1 eV.
The first result is closer to experimental W values ranging from 29 eV to 31 eV,
although the distinction between w and W should be 'bome in mind. No experi-
mental w values seems to be available. Calculations for E = 0.3 MeV give
w=27.7 eV by use of the_ data of Waker and Booz,10 and w=24,1 eV by use of

Eq. 4.
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Again for E = 1 MeV, we obtain j1 = 1,33 from cri (Ep) derived from the
Toburen data.” - The combination of the Toburen data and the Cole measure-

1 4
. ment ! of W(e) leads to j2 = 1.43, and thence w=32,4 eV. This is somewhat

lower than the known W value of about 36 eV. (No experimental w value is
available.) The use of Eq. 4 with U = 9 eV leads to jz = 1,83 and w = 30.3 eV.
' Finally, we discuss estimates of uncertainties in the data, The un-

certainty of the stopping cross section may be 2 to 4%, and that of the directly

measured o, (E ) may be about 10%. The absolute uncertainty for O'(G,Ep) is

| stated -4 as 25%. The uncertainty iz measured W(e) is difficult to assess.
o If we assume that the calculated w(Ep) is uncertain by 20% or so, we

must conclude that W(e), given by Eq. 4, is consistent with experiment for Ar

(but not for CH, and Nz). The experimental W(e) for CH, and N2 give bette‘r

4 4
co(E'_p) results.

" References

1. W, Jacobi and N. Stolterfoht, Proc. Third Symposium on Microdosimetry,
Stresa, Italy, October 1971, H. G. Ebert et al., Eds., Commission of
" the European Communities, Luxembourg, EUR-4810 d-f-e, p. 109 (1972).
2. L. H. Toburen, Phys. Rev, A 3, 216 (1971)."
3. W. E. Wilson and I.. H. Toburen, Phys. Rev. A 11, 1303 (1975).
4. Personal communication from Dr. L. H. Toburen, Battelle Pacific North-
west Laboratory.
5. M. Inokuti, Radiat, Res. 64, 5 (1975). :
" 6. J. W. Hooper, D. 8. Harmer, D. W. Martin, and E. W. Mc¢Daniel, Phys.
. Rev, 125, 2000 (1962).
7. S. Wexler, J. Chem. Phys. 41, 1714 (1964); 44, 2221 (1966).
‘8. L. I. Pivovar and Yu. Z. Levchenko, Zh. Eksperim, i. Toer. Fiz. 52, 42
' [English transl.: Soviet Phys. —JETP 25, 27 (1967)].
9. J. E. Parks, G. S. Hurst, T. E. Stewart, and H. L. Weidner, J. Chem.
. Phys, 57, 5467 (1972).
10. A. J. Waker and J. Booz, 2nd Symposium on Nentron Dosimetry in Biology
and Medicine, Neuherberg/Munich, October 1973, G. Burger and H. G.
Ebert, Eds., Commission of the European Communities, Luxembourg,
EUR-5452, d-e-f, p. 455 (1975). :
11, A. Cole, Radiat. Res. 38, 7 (1969).

169



ELECTRON ENERGY DEGRADATION IN MOLECULAR HYDROGEN

*
D. A. Douthat

We have calculated the degradation and the subexcitation spectra in
dilute molecular hydrogen produced by monoenergetic source electrons with
energies of 2 and 10 keV. The cross-section data of Gerhart were re-examined
and refined. A new code for computation of degradation spectra is discussed,
and sensitivity of the results to variation in the input data is examined. A
previously discovered scaling of the yield of ions is also examined for this
case.

In our earlier work on helium, 1,2 the primary purpose was to demon-
strate the possibility of accurate calculations of complete electron degradation
spectra (DGS) in the media for which reasonably complete inelastic-collision
cross-section data are known. We were also concemed with some systematics,
e.g., the slow variation of the mean energy per ion pair with the sourcé energy,

T In view of recent progress — in both experiment and theory — much ac-

cgrate data are now being vaulred and analyzed for a variety of gases. -
There have also been several recent studies of electron energy degradatlon
and energy deposition, including applications to mix’tures6 and to partially
ionized H2'7 Very extensive studies by Sato and co-workers (see Ref. 6'and
'Ref. 8 and references therein) based on schematic cross sections (obtained
from a binary-collision model) exist for more complex gases and mixtures,
Although it is difficult to assess the accuracy of these results, they are none-
thelesé very interesting as a first step.

The present calculation is based on Gerhart's data3 which were com-
piled from a variety of experimental and theoretical sources. Gerhart's data
analysis included extensive consistency checks as a means of assessing the

trustworthiness of the experiments. The final data were required to meet a number

* _
Consultant, Radiological and Environmental Research Division. Present
address: The Centre for Interdisciplinary Studies in Chemical Physics, The
University of Western Ontario, London, Ontario, Canada.
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of constraints, including several sum rules. Furthermore, all cross sections
possess the correct high-energy (Bethe) form. This approach to the degrada-
tion problem was suggested by P‘latzman and has been recently reviewed by
Féno9 and Inokuti et al. 10

There were several aims of this calculation. They included the pro-
vision of data on molecular hydrogen (for complete degradation and subexcita-
tion spectra and primary yields), systematic exploration of the sensitivity of
these spectra and yields with respect to variation of the input cross sections,
and further testing of scaling propertiesl’ 11 associated with the DGS. We
- intend also to utilize the data in this report in studying the systematics of
irradiated systems and in computation of electron thermalization times.

Since our calculations extended to higher enercjies than did Gerhart's,
we foﬁnd some inconsistency in his data. However, other studies of H27' 12-15
employed cross-section data that were subjected to fewer intermal and external

checks than those used by Gerhart.

- Method of Calculation

Our code for the computation of electron degradation spectra represents
1 .
a modification of the earlier version™ and is much faster. In fact, we are able
to compute complete degradation and subexcitation spectra and all primary

. vields in 1.3 minutes for T, = 10 keV on the CDC Cyber 73 system (1.2 million

0

operations/séc). The required computation time depends on T, as In T0 (vs.

0
T, in the earlier code).

° We feel that the Spencer-Fano approach to the study of primary yields
now recommends itself fdr two reasons: (1) The DGS, as we demonstrated
earlier, provides a more informative viewpoint than any other method in current
use, In additioh, A.R.P. Rau has recently found16 that knowledge of the DGS
provides, in principle, a comglete description of the irradiated system, in-
cluding fluctuations in the vields; (2) Our code compares well in speed with
the fastest method for determining primary yvields now in use, i.e,, the con-

tinuous slowing down approximation, and is considerably faster than any other

method of comparable accuracy.
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While the more expensive stochastic methods (such as the Monte-
Carlo method) may provide the only tractable solution if additional variables |

such as angle or depth of penetration .are under consideration, 1 the use
of stochastic methods in dete;mini'ng primaiy yields seems less desirable than
direct numerical solution of either the Fowler equation or the Spencer-Fano
equation. In any case, the ?ields should be equivalent since the early work
of Knipp, Equchi, Ohta and Nagata22 effectively demonstrates the equivalence
of Fowler-equation results and stochastically computed yields. (The equi-
valencé of yields computed from the DGS and the Fowler eqﬁation was recently
provided. 10) In view of these connections, the recent numerical comparisons
of Garvey and Green14 reflect the expected equivalence of yieids based on

the various exact methods.

The accuracy of our method was checked by comparison of 'the mean
enexlgy per ion pair computed in 3 ways: (1) from the DGS, (2) from solution
of the Fowler equation, and (3) from the subexcitation spectrum. Methods (1)
and (2) agree within about 1% and are lower than method (3) by about 4%. As
an additional accuracy check, the energy balance equation (Platzmanzs) is
satisfied to within 0. 6% with a source energy T0 = 2 keV and 3.7% for Ty = 10
keV,

There remain two obvious sources of error in the calculation: (1) error
‘in the use of the Spencer-Fano approximation (which is used for T > 600 eV)
and (2) error due to rémaining inconsistencies in the cross-section data, e.d.,
the 5 to 10% difference between values of the stopping power computed from
the cross sections for energies between 2 and 10 keV gnd the Bethe result for

the stopping power (which is used implicitly in the Spencer-Fano approximation).

Modification of Gerhart's Data

Since this calculation extended beyond the energy range of Gerhart's
data, we found that his value of Mi2 and ci aré inconsistent with his choice
of the Rapp—G:olden24 total ionization data below 1 keV., We chose to modify'
the data in two ways, referred to as I and II and representing "extremes" with

regard to the total ionization cross section, o, (T), For case I, we chose
_ i
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2 ) .
Mi = 0,721 and ci = 3.825, which give a smooth junction of the Bethe result

for i.(T) and the Rapp-Golden data at 1 keV. A reduction by about 28% in each
-of the excitation cross sections was required in order to satisfy both the IKP
sﬁm rule25 for the total inelastic collision cross section and the oscillator-
strength moment S(-1). We also chose the differential ionization cross section -
do(T,E)/dE = C(T) g3t '

of the exponent as -3.1 gives a continuous curve for the stopping power through

for T = 300 eV, where E is the energy transfer, Choice

300 eV, For case II, we used the Gerhart value; of Mi2 = 0.623 and c, = 1.63.
This choice suggests a reduction of the Rapp-Golden data by a factor of 0.7665
«if'the Bethe form is assumed to be valid for T around 1 or 2 keV. For T < 300

eV do(T,E)/dE = C(T) E °* 1
Gerharf were required for the functions ¢(E) and C(T) in the form for doT,E)/dE

was again used. Different values from those of

with T > 300 eV. ‘ (The product of these functions partitions the differential
ionization ‘cross section into the hard and soft components.) .

Neither the case I nor the case II modifications produced perfect agree-
ment between the high-energy stopping‘power computed directly from the cross
. sections and the Bethe result. The differences were smaller for the case I

" data — about 5 to 10% for the region 1 — 10 keV.,

Results

Figure 1 displays the DGS for source energies T, of 2 ahd 10 keV., The

rise at low energies and the smoothness are familiar fea?tures. (Structure near.
‘the sq‘utfc'e enefgy is not shown.) The two curves for TO = 2 keV represent the
results from case I and case II data. The differences are substantial, ranging
from 20% at 100 eV to 50% at 16 eV. More 'detailed data, e.g., the Value of a
in the low-T fbrm do(T,E)/dE = C(T) e % are less important. We found earlier26
that chahging, o from 2 to 3 produced a change of only 10% in the DGS of helium
near the ionization threshold and smaller chénges at higher energies, In other
words, the current 10 to 20% spread of values in measured total ionization

24,27-29

cross sections leads to far greater uncertainty in computed spectra

and vyields than does a 10—20% uncertainty in the shape of the secondary

30,31

electron ejection cross sections. Furthermore, the sensitivity of the
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-yield: results is also higher than expected. The case I data give a mean
enefgy per ion pair of 35 eV, while case II data give 49 eV at T0 =2 keV.
The possible importance of collateral ionization3 remains unsettled by these
calculations.

Figure 2 displéys the "quasi-invariance" of the ionization yield with

respect to the initial energy T This behavior was demonstrated empirically

0.
for helium1 and a theoretical explanation was provided by Fano and Spencer. !
As we would expect from the absence of inner-shell electrons, quasi-invariance

is also exhibited for Hz.

Table 1 gives the yield NS per source electron for each state s, the
total energy NSEs initialiy utilized in exciting N‘S states with excitation energy

Es, and the corresponding percentage of the source energy T, that NSES

0
represents,
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TABLE 1. Vadous Yields for Tg = 10 keV Calculated from Case-1
" Cross Sections

; Transition Ns (per primary) ES Ns’ ev Energy absorbed,
% of total
Lyman 96.8 1210 11.7
Wermner 112.1 1457 14.0
H (2P) 5.6 - 84 .8
Slow H (2s) . 29.6 - ) 453 4.4
’ FastH (2s) . © 5.3 175 1.7
' H (n=3) : 3.2 oy 0.5
ﬁémaining 12.2 ) 177 1.7
Ions ' 295.6 4759 45.9
. Triplets ~ i 102.6 . 1036 10.0
Subexcitation electrons 295.6 975 9.4

Total 10370 eV -
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TOTAL CROSS SECTIONS FOR COLLISIONS BETWEEN ATOMIC PARTICLES AT
HIGH VELOCITIES |

Mitio Inokuti

General principles governing elastic and inelastic collisions between
particles with electronic structure are presented. The treatment presumes rel-
" ative translational velocities far exceeding the mean orbital velocity of
‘electrons in either of the colliding particles, and closely follows the Bethe
theory for the collisions of a structureless particle with an atom or molecule.
For illustration, numerical results are given for collisions between two hydrogen-
like ions.

Introduction

o The well-known Bethe ’cheoryl_3 treats collisions of a structureless
charged paftic’le with an atom or molecule at high relative velocities, Con-
siderations of the impact of more general atomic particles, i.e., particles "
having internal electronic structure, do not seem to have .been put forth sys-
tematically, although Bohr4 explained qualitatively that electrons orbiting
_' around the particle at speed less than the particle speed will be efficiently
stripped off upon collisions with an atom or molecule.

Following is an initial report of new work aimed at extending the Bethe

theory to collisions between particles with electrons for application to radio-

. logical physics, heavy-ion physics, and plasma physics.

Basics
' Consider the collision

A+B—A_ +B_,
m n

whe.re‘ A and B represent atomic particles (atoms, molecules, or ions) in their
- electronic ground state., The suffix m or n denotes an electronic state, either
discrete or continuum,., Throughout the discussion, thé relative velocity v of
colliding partners is taken as much greater than the mean orbital velocity of

electrons in either A or B.
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. For definiteness, let us take as A and B atomic ions that have nuclei
with charges Zae and Zbe, as well as Né1 and Nb electrons, respectively., The

total Coulomb energy of the interactions between A and B is given as

,Nb |
V'=ZaZbe2R—1 - zae2 _E |§’+_r]’(]"1 :
L PR e S
"% j=; Rogl e 121 12;1 Bl I ()

where I_{is the vector distance from nucleus A to nucleus B, —r; is the position '
of the jth electron in A measured from nucleus A, ‘,andr; is the .position of the
kth electron in B measured from nucleus B, An alternative expression’is

271 2 - =
V= (2r qu {zazb exp(-iq * R)

N N -
b —_— — — a —_— — —
- Za Z_ exp[-iq* (R+ rk)] - Zb Z_ exp[-iq* (R — rj)]
k=1 - =1
N .
+), ), ew[-iqg-(n —r +R)}, - (2)
=1 k=1 )

where 'q*is a variable of the Fourier integral. When one applies the tirst-order
‘perturbation theory (i.e. , the first Born approximation), the cross section for

the process is given as i
“do__ = 4ma Pt/ [o_(0) %] ()] *dlka)?/(ka)t 3)

‘where a; = /m e? =0, 529 % 10 8cm, and Vo = ﬁ/e2 = c/137 = 2.188 X 10°

cm/sec. The factor (v /v) may be expressed as
(vo/v) =R/T | - ‘ IR ¢

in terms of the Rydberg energy R = mee4/2ﬁz = 13.6 eV and of the symbol

;T = lmevz, m being the electron (rest) mass, used in Ref. 3. Further, ’ﬁf

is the momentum transfer in the collision, and its magnitude 1s given by
(Ka ) —.Z(M/m ) (T/R) {1 —m E/ZMT -(1-m E/MT)‘ cos e} C(s)
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where .M is the reduced mass of the colliding particles, 6 is the scattering’
angle, and E is the sum of electronic excitation energies Em and En in A and

. B, respectively. Finally, ¢m (K) is a matrix element between eigenstates of

pérticle A -
, N
a —_— — .
¢m(K)- = (m ,‘Za - jzl exp(iK . rj) ,'0) . o (6)
| Similar.ly,
S, |
¢ K = |z, - k};i exp(iK - r,)[0) . (7)

foF particle B. Notice that c|>m (K) is a property of particle A only and ¢n(K) is
a property of .particle B; in other words, ¢m(K) and ¢n(K) refer to different
partic-les and are independent of each other. To remind us of this distinction,
'I4 adhere to fhe stipulation that suffixes m and j always refer to particle A and
" the suffixes n and k to particle B throughout the present article.
| 'f‘or brevity of presentation, .the present discussion will be restricted to

nonrelativistic velécities Ve Extensioh to relativistic velocities is straight-
~ forward insofar as one excludes extremely relativistic velocities for which
radiative effects such as coupling with Bremsstrahlung become appreciabie.
Thi.slqualification is the same as in the Bethe theory 4for structureless charged
particles (cf. Sec. 2.3 of Ref. 3). o

The goal of the present analysis is to integrate Eq. 3 6ver all possible'
mdme.rltum.transferS' (or altematively, over all vécatten'ng angles 0) and the-reby
to derive compact éross—-section formulas for high (but nonrelativistic) v.

The first step deals with the behavior of ¢ (K) and ¢ (K) at small K.
The familiar Taylor expans1on of the exponentlals, together w1th the ortho-

lgonallty of elgenstates, leads to

o v _ 2,2 4 4 -

$® =2 - N_ * (Kgo) X% g/2 = (Kag) " X7) /24 + ..., (8)
- éngi. . | : | _
Pilo (K)‘= -1(Ka,) X) +‘(Ka0)‘2:(xz)m/2 +i(Ka0.)3(x-3)m/6 —'(|<a0)4(){42n /24
' + ee. : ' ' (9)
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where

N
a o
and
x),, = m[x"[0) L k=1.2,3,4,...) . (11)

Therefore, one obtains

0, 1) [% = @, ~ N )%+ 2 = N)Kap) 0 + ... (2)
and ' o
i 2 2 2 1 2 2
""m;zo(K)' = (Ka )" |@) |7 + 3| & ) |
x 3 * 4 ‘
LN S TR T B [ R ;)

in accordance with Ref. 3 (p. 313).
. Equations 8-—13 refer to particle A; Similar equations hold for particle

B; one obtains them by replgqenient: Za — Zb’ N —ﬁ'Nb; m —n, and j — k.

The different behavior of l¢m(K) |2 or [¢n(K) Iz at small K makes it
necessary to treat three classes of collisions differently: (1) elastic col-,
lisioris,'i.e. , m=0 and n = 0; (2) singly inelastic co}'lisions, i.e., either
m#0 andn=0orm=0 and n # 0; (3) doubly inelastic collisioné, i.e.,
m# 0 andn # 0. ‘

‘The meaning of the labels m ahd n for the electronic states of atomic
particles must be made more precise. In what follows, it is assumed that the‘
"atomic particles are either spherical or randomly oriented in the iniﬁal state,
Furthermbre,. one always implies by labels m and n thafc the customary summation .
over mag'netic quantum numbers of the final state of the atomic pa;ticle‘is to be
carried out. (In other words, the rotational symmetry is assumed for each
atomic particlzla.) Under this stipulation, |¢m(-K) |z or |<1>n(K) Iz is an even

" function of K. Thus, it is justified to use the variable

Q=(Ka0)z IR | - e
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for concise expression and regard the. l¢|2 as a function of Q. 'In what follows,
. 2 . , :

the notations |i1>m‘(Q)A|2 and ,d)ri(Q) | will be used. Thus, one may rewrite

Eqges 3 as

dU,’m'n = 4na_02-(R/T) EX(e) |j2;|¢n(o) 10 %40 , (15)

with the use of Eq. 4.

Elastic Collision

The total collision cross section for elastic collision is given as

Q

max

2 _ 2 2 -2
90 = 4T, (R/T) { 00 |7 [4,5@["Q “da (16)
according to Eq. 15, where ¢a0(Q) andA¢b0(Q) are ground-state expectation
values [Egs. 6 and 7] for A and B, respectively. The lower limit of the Q-
.integration is zero because the minimum value of the mementum transfer for

elastic collision is zero. The upper limit is given by

. 2 . . 4 .
Q ., = 4M/m ) /R . (17)

From the low-Q behavior of l¢an(Q) |2 (Eq. 12), -one immediately sees
that -0.00 is divergent unless Za = Na or Zb = va, i.e., unless one of the col-
. liding particles is neutral. This observation is not at-all surprising; indeed,
‘the Rutherford scattering has a divergent total cross section owing to the long-
range .TCQulomb force. Therefore, we shall assume that B is neutral, i.e.,
Zb =2Nb H
O(Q") for small Q, and thus the integrand of Eq. 15 is analytic for Q = 0.

however, A may be either neutral or charged. Then, l¢ob (Q) ,2 =

Because Qmax as given by Eq. 17 is large, it is appropriate to write

the integ'ral of Eq. 16 in two terms
wo W
0 Qmax :
The first term is independent of T.. the second term may be evaluated approxi-

. mately as
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[ 18, @7 8 @%@ 20
Q | -

max

i . _
2.2 -2 -2
=22, {2 Q “dQ+olQ . )
max

=32 "2, m /M ®/m) + O /M )

Consequently, one obtains

on

2 - 2 2 -2
(T/R) (0, 0/4ma ") = fo 900 @ | |4, (@ |7 Q “dQ

- %zazzbz(me/M)z(R/T) + O( (me/M)4(R/T)2 ) . : - (18)

Note that the right-hand side is very nearly independent of T, the second term

being extremely small because me/ M is 10_3 or smaller.

Singly Inelastic Collisions (for Individual Excitation)

To be specific, let us consider the case in which A becomes excited
but B remains unexcited (i.e., m# 0 and n = 0). The total cross section. ' is
given as

' Q
oo = 4ma ’(R/T) é

max

, ) |
mo o @[* s, @[*Q%aq. . 9

min
Here, the lower limit of the Q integration is nonvanishing; it has the value

o . = (Em2/4RT) [1+%(mE_/MT) + Of (meEm/MT)z)] , (20)

min

exactly the same as the value for inelastic collisions of A with a structureless

particle [cf, Eq. 2.17 of Ref. 3]. Similarly, the upper limit is given by

Quax = 4(T/R) (M/me)? [1-3 (meEm/MT) + O( (meEm/MT) )] . (1)

To analyze the T dependence of the integral, it is convenient to write
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Jog, @17 = 1@, - N) +e@1”

' =@, -N) r2@, - N)e @+ @ . (22)

* According to Eq. 8; the function ¢ (Q) behaves like Q. at small Q. Accordingly,
the integral in Eq. 19 may:be separated into:three terms as

Q..

max ' . 2 2 _2.
/ |90 @ [“ 8, (@17 @7 dQ
min

Q

2 max 2 =2
P N)T [ e @]7Q TdQ

min

|
N

Qmax ~ ' %) -2
+2(z, =N fQ o (@ IA 2 (QQ “dQ

min

Q

Qrfmaxlqa( 2 2, -2 or
L@[7¢"QaQ "do. (23)

min

The first term has precisely the same form as in the standard Bethe theory for

a structureless particle with net charge Z, — N, . Therefore, the value of the

b b
first term of Eq. 23 can be expressed.as
o 2 Qmaxu 5 g
(z; - N,) (f) fo @[7Q “aQ
min.
=@ -N)% M (e, 1/R) +y_R/IT + OE_2/17) (24)
b b" m T m m: ’ m ! )

accérding to Eq. 4.18 of Ref. 3, where Mm2 is the cquarcd dipolc moment

(measured in atomic units)

-Mm2= l(m ]’xlo)lz’. o (25)
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and cm and Yo are parameters defined by Eqs. 4.14 and 4.19 of Ref. 3.
The second integral of Eq. 23 is now being considered. The integral
is analytic forQ = 0, and therefore may be separated into three parts as

Qmin

©0
- -f -
0 Qmax

o— 8

The first part is obviously independent of T. The second part may be evaluated
by the use of Eqs. 12 and 13 as

Qmin

[ e @%@ a0
0 .

0@._. %

+
Ob mm min

=3 |« )| x°)

=(X2)0bM ZE /(8RT) + O _ 4/Rsz) o (26

To evaluate the th1rd part one must only recall the high Q asymptotic -behavior
[¢ (Q) , =0(Q ) or smaller and ¢(Q) = Nb +0O(Q~ ), as given by Rau and

N I'-‘ano.6 Therefore,

/e @Fe@eae=0w . (27)

max
an extremely small contribution. Combining Eqs. 26 and 27, one arrives at

© “max '2 _s
(2, — N,) _(f) 0, ]" (@ Q "dQ

min
=22, - N) fo ¢ (Q) lch(o) o %40

2

2 2, 4,2 2
- (Zb - Nb)(X )Ob Mm Em /(4RT) + O(Em /R°T7) . (28)

Similarly, the last integral of Eq. 23 is given as
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" “max - . ,
[ @ s*@e an
Q

min
v 2 2 -2 ' 2,22
=ff0 l¢m(Q)| ¢ (QQ "dQ +‘O(E.m‘/R o (29)

Consequently, the cross section for the singly inelastic collision takes

the form

(/R /ama ?) =z, —N)? [M_Zin(4c_/TR) +y_R/T]

+2, ~NJ[ [ |¢ @%@ ?do - 02, E_*m_%/8RT)
+ [ lo_@]%0" @a 2dq + ok _*/r’TH . (30)
0

. Total Cross Section for Singly Inelastic Collisions

The sum of GmO of Eq. 30 over all m # 0 may be called the total cross

section o 0 for singly inelastic collisions.., The method of Inokuti, Kim, and

Platzﬁan7 .8 may be readily extended to the evaluation of 0 The basis of

*0°
~ the method is a sum rule (Eq. 3.17 of Ref. 3)

Z# & (Q)l @), (31) -

a1nca
. m

where Sinc a(Q) is the incoherent-scattering function of A and is defined in

’

terms of the ground-state expectation.values (denoted by (...} ) as

N_ N_
Namca(Q)‘<|JZ=16XP(1K‘r)l)—(Jzﬂexp(lK-r)) . (32)

' Considering the limit Q — 0 of Eq. 31, one obtains

a
: 2
M =), limj¢ (Q) /Q = (( Ja) ). (33)
1}1—1)/0 I 1%\;{. , , ;1 XJ 0 ,
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The sum Z %OM 2 is called7 the total squared dipole matrix element and is
denoted by Mt ot,a 2. (See Eq. 3.18 of Ref. 3.) |

_ Let us consider the summation of Eq. 30 over m # 0, The first line of
the right-hand side is precisely the same as the Bethe cross secfion treated

in Refs. 7 and 8, Therefore, one mey immediately write

Z (Zb - N )2 [an ln(4cmT/R) + Y R/T]

m#0 b
_ y _1g (1) _1 :
- (zb ) [ Mtot a ln(llctot,aT/R) -4 Sa (1)R/T 4NaR/T] ‘
2 . A (34)
where Mtot,a has been defined already, and Ctot,a fs given by
M2 Inc .=l ~-I,-2L-1)]_ . (35)
tot,a tot 1 72 a

1 and Iz, as well as L(-1), are properties of A dlscussed in

Ref. 7 (and also in Sectlon 4,3 of Ref. 3)., The summation Z #OY has been
( ) '

The quantities I

expressed as -— (1) by use of the notation in Ref 3. In other words,

(1)

m#0

(1) =), (€ /R[AL (Q/dQ] g

-1 €, /R Qo (@ ]%/a01 o o -~ 6)
' m#0 : : -

where f (Q) is the generalized oscillator strength for the transition 0 —m in A.
'Accordmg to Ref, 8, S (1) (1) may be replaced by Na to a good approximatlon, :
as will be done hereafter in the present treatment. [The above evaluation of
E ms0 ¥ has also neglected a contribution of the small magnitude -1 (ine/ M)Na'
which arises from the second term of Eq. 4.19 of Ref. 3.]

The summation of the second line of Eq. 30 is simpler, .and proceeds as
follows: A

o -
L, 2% =)L 14, %0(@ @2 a0 — &%), B 2m 2 /arr)

m#0
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_ -2 1,2 A
=2(z, - N )[f Na inc,a@¢@Q “dQ - F&) 8 (IR/T] ,
‘ (37)
where use has been made of Eq. 13 and Sa(l) is defined by
2. 2
s ()=) (E/Rf =) (E/R°M “, (38)
a m#0 ™ 0 ™ m :
fn.1 being the dipole oscillator strength for the transition 0 —m in A, According
to the well-known sum rule (Eq. 3.29 of Ref, 3), Sa(l) may be evaluated as
N
S (1)—(4/3R) <(Z p) /2m ) o (39)

where p is the momentum of the jth electron in A.

The summation of the third line of Eg. 30 gives

amca

> S i¢m(o>l 2@ q*do = f N @ 2 (@ Q %dq,  (40)
m#Z0 O _

again by the use of Eq. 31. ‘
Finally, one rﬁay combine Egqs. 34, 37, and 40 to arrive at

(T/R) (G*O/4Tra02) =2, - Nb)2 [Mfot’aln (4c T/R) —3. N_ R/T]

tot,a

- " 240 _ 142 .
+ 202 - Nb”»{) N, 8¢ 2@ ¢@Q "do - & X7 8 ()R]

a 1nca

N8 @el@Q o+ o® /MY . (41)
0

Doubly Inelastic Collision

When both atomic particles A and B become excited (or ionized) after
a single collision, I call that collision doubly inelastic, The cross section
for exciting A to state m and B to state n is written as

Qmax

O = 78 ®/D) [ e @7 |8, 0] 0 a0, (42)

min
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according to Eq. 15. The lower limit of the integration is given by

Q

L En)2/4RT] {1+ %me(Em + En)/MT‘A

+ O((me(Em + En)/MT) )}, | (43)

and the upper limit by
Qmax = 4(T/R) (M/me){ 1+ O(me(Em + En)/MT)'} . . (44)

Because ,¢m(Q) Iz and .|¢n(Q) ,2 both behave like Q for small Q (as’
seen in Eq. 13), the integrand of Eq. 42 is well-behaved near Q=0. The same
integrand decreases at least like Q_8 for large Q, according to the result of
Rau and Fano, 6 so that the upper limit of the integration may be extended to
infinity without introducing an appreciable error, Thus, one may write the

integral as

Qmax °°
;-

Q

min

.o% o

min

to obtain

2 < 2 12 ~2
o__=4ma " ®/T) { 6 (@] [¢ (@] @ “dQ

min 2 9 -9 '

- e @] e @@ a0 | . | (45)

0 .

The first term in the square bracket is 1ndepende_nt of T, and the second

term may be eva_luated by the use of the ldw—Q behavior of l¢ l's (Eq. 13) as

“min 2 2 -2 2.2 2
{) |00 @17 10,@]7Q "dQ = M, "M "Q ,, + O, )
| 2 2 2,2
= Mszn €+ En)‘ /4RT + O[(E_ +E ) /T7]
‘ . 2 2 .
= — (R/4T) fmfn (E.m/En+2+En/Em) + O((Em+En) /T ) . (46)
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where use has been made of Eq. 43, and fm and fn are dipole oscillator .
strengths of A and B, respectively, for transitions 0 —m and 0 —~n. _

For large T/R, Gmn is almost proportional to R/T, with a small cor-
rection given by the second term of Eq. 45 or by Eq, 46.

Let us now consider the sum of Gmn over all m#0 and n#0. -Using

Egs. 31, 45, and 46, one may write the total cross section, 0__, for doubly
inelastic collisions as’ ‘
g, = Z o
%%
m#0 n;0 mn
= 4ma, (R/T) 3 A N_ sinc’a(Q) N Sinc,b(Q)Q .dQ
1 - ’ - ’
L(R/T) [S,(1) S, (-1) + 25_(0)8, (0) +5_(-1)8, ()] { . (47)

where Sa () and Sb(pt) are the moments of the dipole oscillator strength defined

(Section 3.3 of Ref. 3) by

_ e - |
s (W) = 1;;!0 ._(Em/R) o | | . (48)
and - : : ) S . :
s,=) @€/R%E . | .. . (49)
- n#0

The second term in the square bracket of Eq. 47 is always negative.

Collisions Between Two Hydrogen-Like Atomic Ions as an Example

When the colliding atomic particles A and B have one electron each,
all the quantities appearing in the present treatment may be readily evaluated.

For this purpose, one should note the following analytic results:

6, @ 1% = [z, - 1+a@ ™%, (50)

0, @17 = 1z, - b %, | 6D
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Y ole @)%=s,  @=1-@+a™ 2

m#0 |
2 _ -4 - -
g;:!o 9, @17 =8 (@=1-(+bQ) ", | (53)
Where ‘ _ '
a= 1/(4za2) , | S 3 (54)
and . |
b= 1/(4zh2) . ; ~ : (55)

As a corollary of Egs. 52 and 53, one may also note that

2 .2 .
Mtot,a = l/z.a | : , | | (58)
and
2 2
Mtot,b 1/Zb . (57)

For simple presentation, I give below only the leading terms of the

cross sections O g
00’ 0

" and o wge N the followingAequations, I imply by the
notation .... terms of the order Qf magnitude R/T or smaller. 4

For consideration of elastic collisions, it is presumed that B is neutral,

i.e., Zb’ = 1 and therefore b= 1/4. (Otherwise the total elastic-collision
Cross séction diverges..), Substituting Eqs. 50 and 51 into Eq. 18 ana carrying

out elementary integrals, one obtains

(T/R)GOO/4wa02 = { [z, — ( +a®) 2% 11 - 1+ 741Q7%dQ + vun

2 § ‘
=2, —22,C +Cy+uen | (58)
where
C,=7b/3 , , ' (59)
, ) |
C, = (12a° +19a% - 26ab” + 76 b” (b —a)"*/3
_ 2(6a% —5ab+b2) ab° (b~a) > In(b/a) , | (60)
and |
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Cz = '(4a5 - 30a4b+ 121a3b2 - 11a2b3 - 31ab4 +7b5) b2 (b - a)'_,6/3

— 4(11a® —7ab+b%) ab° (b—a)" In(b/a) . | (61)

Despite their appearance, Egs. 60 and 61 are nonsingular at a=b, as

they ought to be. Indeed, one can readily verify that C‘1 —31b/30 and

C'2 —71b/105 as a—b. In other wérds, fora=b=1/4 (i.e., for collisions

between two hydrogen atoms), Eq. 58 reduces to

(T/R)cfo.o/4'rra02 =33/140 + ..i0 & : ' (62)

In another limit a—0 (i.e., Za >> 1), both 01 and C2 tend to 7b/3.

In other words, Eq. 58 reduces to

(1/R)o,,\/4ma 2 _ 7@_ - D2/ 12+ ..., , | (63)

0

a result readily obtained from the Bethe theory for collision of a structureless
“particle having net charge Za — 1 with a hydrogen atom.

For singly inelastic collisions leading to excitation of A only, sub-

stitution of Eqs. 51 and 52 into Eq. 41 gives

+2(be1)D1+D Faveu s (64)

(I/R)a*0/4na02 =@, - %D )

where

0

D, =2, [In(I/R)+0.449469 ~2 In Z_] , (65)
according to Ref, 7,

D1 = ab[(8a3 —29a2b+ 34a.b2 —b3) (b—a)_4/3

+. Z(a4 - 5a3b+ IQazbz - 10ab3 + 2b4) (b - a)-5 In(b/a)] , (66)
and
. 4 -
D2 = ab [(7a5 - 46a4b+ 135a3b2 - 261a2b3 +116ab — 11b5) (b —a) 6/3
+ 4(11a% —7ab+b%) b b -a) " n(b/a)] . (67)
' Here ag'ai'n, D1 and D2 are nonsingular at a=b, In fact, D1 —101b/30
and D, —~58b/35 as a—~b. Whenb—0 (i.e., when Z,_ is so large that B may

2 b
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be regarded as virtually structureless), D1 — 0 and D2 —0; in other words,
Eq. 64 reduces to the result of the stancard Bethe theory.

The total cross section for doﬁbly inelastic collisions is obtained by

use of Egs. 47, 52, and 53. The result is

(T/R)G**,/4“a02 = ab[(a +b) (9a4 - 53a3b + 118a2b2

— 53ab°+ 9b4) (b- a)'6/3

3.3
+ 4(a6—7a5b+21a4b2—35a b +21a2

b4—7ab5+b6)
X (b-a)" Inb/a)] + veur o (68)

This expression tends to 533b/105 as a—b, .

Commentary on Collisions Between Hydrogen.Atoms..:

Let us review the results of the previous section in the special case of.
two hydrogen atoms, i.e., Za=Zb= 1. First of all, for each class of collision,
the cross section is proportional to T_1 for large T. The quantity (T/R)o/4wa 2

'
which may be called the collision strt}ength,9 is SinWTL in Table 1. ‘ ° :
| Second, the doubly inelastic collisions ére the mbst probable (with
"over 50% relative probability), singly inelastic collisions next most probable,
and elastic collisions the least probable, as noted by Bates and Griffing. 10,11
To understand why this order of different cross sections arises, let us start
with Eqs. 50—53, which give probabilities for each of the hydrogen atoms to '

stay either excited or unexcited after a collision with a given Q. To put the

TABLE 1. Collision Strengths (T/R)d/4w ao2 for Two Hydrogen Atoms at Large T

Class of collision Collision strength Percentage

Elastic collisions 33/140 = 0.2357 10.10
Singly inelastic collisions
resulting in excitation of 29/35 =0.8286 35.51
either one of the two atoms

Doubly inelastic collisions 533/420 = 1, 2690 - 54,39

Total 7/3 = 2.333 ' 100: 00
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content of those equations simply, the probability wOQ_2 dQ for one hydrogen

atom to stay unexcited is given by -
' 2
W, = 1-9", (69)
- where

f= (1+Q/4)_2 . - (70)

Likewise, the probability w *Q_de' for one hydregen atom to become excited

is given by ‘
=1-£ . ' | | (71)

By subtraction of Eq. 69 from Eq. 71, one obtains

w, —w, = 2f(1 -9 . | (72)

The right-hand side of Eq. 72 is non-negative because 0 < f <1 according to

Eq. 70. Therefore, w = WO. Moreover, the equality holds only when f= O

orf=1 (i.e., when Q=0 or «),
Now, each cross section for collisions between two hydrogen atoms

is, in essence, an integral of the product of w's, Because w, S w0 at all

Q <0, it is obvious that W*Z Sw,w, S wo2 at all Q < 0. Consequently, the

doubly inelastic collisions are the most probable, the singly inelastic col-

lisions the next, and the elastic collisions the least — the conclusion we )

wanted to understand.,

Commentary on Collisions Between an JIon and a Neutral Atom

Let us start with a simple example, namely collisions between H and

_ b
for different classes of possible collisions. Every class of collisions, except

2
He+ (i.e., Za‘= 1, Z. =2). Table 2 shows the collision strength (T/R)cr/wa0

+
those leadmg to H + He , has a colllslon strength tending to a constant at

large T. The collisions resulting in H + He have a collision strength
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TABLE 2. Collision strengths for collisions of H and He at large T. The
asterisk signifies any of the possible excited states, either discrete

or ionized.
Final states of the colliding Collision strength Percentage
particles at T/R=10
H + He' (elastic collisions) 1.045 - . " 19.09 -
+ *
H + (He') 0.2619 4,78
. .
H +He' In(T/R) + 1.2867 65.57
* + *
H + (He) 0.5777 10,55
Total in(T/R) + 3.1713 100.00

increasing with the logarithmic T dependence and, therefore, dominate at
large T. The reason for the logarithmic T dependence is familiar in the Bethe
theory; Y it arises from the dipole interactions with long range; i.e., at
small momentum transfer,

i The dominance of the inelastie, collisions due to any charged particle
is universally tl'ue for any pair of colliding partners ai high relative speed, as

pointed out by Bohr, 4

Commentary on the Dependence of Cross Sections for Collisions between
Hydrogenic Ions upon Nuclear Charges Za and Zb

T have generated a considerabl,e. number of numerical data for collision
strengths in a vaiiety of cases by use of Eqs. 58—68, It is not easy to sum
up all of the data in a few words. In an attempt to give an idea of systematics
of the data, I present Figures 1—3. All inelastic cross sections behave
like Za”2 for large _Za. Every curve in Figures 1—3 shows the behavior mon-‘-‘ 4

otonic in both Z2 and Z, .
a b

Concluding Remarks

The foregomg treatment rests on the vahdity of the first Born approx1-
mation., It is generally believed that the first Bormm approximation will be valid
for collisions at sufficiently high velocities, i.e., velocities far exceeding
the mean orbital velocity of electrons within colliding particles. For collisions
between ions (i.e., when Z # N and Z # N ) in particular, the net Coulomb
force between the colliding partners may distort the trajectory appremably
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FIG. 2.--The collision strength (T/R)0x,/4ma

FIG. 1.--The collision strength (T/R)0%x/
41Ta0z for doubly inelastic collisions between
hydrogenic ions with nuclear charges Z4 and
Zy. Each curve shows the collision strength
for fixed Zp (as indicated) as a function of
Zy. All curves are independent of the relative

" speed so long as it is sufficiently high, and

approach a Za‘z' behavior for large Z;.

2

for singly elastic collisions between hydrogenic
ions with nuclear charges Zy and Z,. IonA be-
comes excited or ionized, and ion B remains un-
excited after the collisions. The collision strength
contains a logarithmic dependence of speed v, and
the plotted values are for v/vg=10, where vg=e 2 /n
is the Bohr speed. Each curve shows the collision
strength for fixed Z}, (as indicated) as a function of
Zg. All curves approach a Z;~2 dependence for
large Zy
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even at high velocities; then, a Coulomb-Born approximation for the relative
motion will be required. Furthermore, the validity of the first Born approxi-
mation is likely to d‘ep.end also ui)on the magnitude of momentum transfer, as .
that is the case for electron collision with atoms and molecules.3 For col-
lisions between heavy pérticles, the role of the momentum transfer as a cri-
terion for the first Born approximation does not seem to have been stﬁdied in
detail, _In this respect, I suggest the following 'approach, which follows a
highly successful development in electron-collision studies (cf. Sec.. 3.1 of
Ref. 3). Suppdse one measures the differential cross section domn/dw per

unit solid-angle element dw for the collision

A+B-—~—A +8B
: m n

at various scattering angles and at various T. From the resulting data one’

1

evaluates

= (/R ) Q% do_ /a0,

and checks whéther 'I’mn is a function of Q only. If the first Bom approximatior
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holds, & n is not only a function of Q, but also must factorize into
|¢m Q) , and ld)n(Q) ,2 according to Eq. 15. This factorization can be probed
either by taking data for alternative sets of m and n of the same colliding
partners A and B, or by studying alternative combinations of A and B. Actually,
the determination of dcrmn/dw for a completely specified set of m and n takes
multiple coincidence measurements which would be prohibitive in time and
effort. But the suggested idea also applies to more modest experiments in
which one determines the final state m of particle A only, for example. Then,
one may obtain the sum Enémn’ although Q no longer will be uniquely deter-
mined owing to its dependence on En (Eq. 5). Nevertheless, the resulting
uncertainty in Q may be insignificant sometimes, for example, when B is an
electronically loose system such as a negative ion.

The following remarks pertain to earlier studies relevant to the present
treatment. Perhaps the earliest work on atom-atom collisions at high relative
velocities was carried out by Bates and co-workers., >,10-13 (See Chapter
23 of the treatise14 by Massey, Burhop, and Gilbody for fuller documeptation.)
Attentioﬁ of that series of work was focussed chiefly on cross sections for
individual classes of collisions (i.e., for selected sets of m and n), in contrast
to a comprehensive survey of all collision consequences and their relative
probabilities — the goal of the present treatment, Later detailed studies on
individual collisions of simpler particles such as H, He+, and He, are
abundantly found in the literature. 14

The sum-rule method for collisions between atomic particlece was men-
tioned by Bates and Griffing, 10 as well as by McDowell and Peach, 15 and was
later developed by 'Victor16 and by Levy. 17 Recently Gillespie18 has applied
the same method very successfully to collisions of H with H and He. All of
the findings in these earlier studieslo_18 of the asymptotic behavior of cross
sections are consistent with the general concluegion of the present treatment.

Finally, the present article has been intended to illustrate a close con-
nection between electron collisions with atoms and molecules, on the one hand,

and interatomic or intermolecular collisions, on the other hand. The basis of

this connection lies in Eq. 2, which faclurizes interactions between A and B
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into functions of electron coordinates—r; of A and_f; of B, At least'ir; the

domaih of validity of the first Born approximation, the cross sections for col-
lisions between A and B factorized into individual properties of A and B (Eq.
_3), and éach of those properties may be studied by electron collisions with
A of B. This point of view warrants extensive studies in the future. Indeed,

this general idea has been successfully explored in several examples by Green

and co—workers19 —21 and by Huo. 22
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CHEMI-IONIZATION REACTIONS IN ACCELERATED URANIUM-O, CROSSED

MOLECULAR BEAMS * .
C. E. Young, f P. M Dehmer‘, R. B. Cohen,:t L. G. Pobo,T

and S, WexlerT

Chemi-ionization and electron transfer reactioné in accelerated uranium-
atom-oxygen-molecule collisions have been studied by cross molecular beam-
techniques: |

U+0 2

U+ Oz

U+ O2 —ut+ (O2 +e), electron transfer (3).

- Cross sections for the three ionization channels were measured as a function of

+
— UO2 + e, associative ionization (1);

— UO+ + (O+e), ‘rearrangement (reacﬁve) ionization (2);

relative coilision energy from 0.2 to 60 eV. The thresholds observed for chan-
néls (2) and (3), which are closed at thermal ‘energies, are in good agreement
with values calculated from thermochemical data. The cross section for as-
sociative ionization varied inversely with v, the relative collision velocity,f‘
 as predic_ted for weak autoionizing transitions. With the use of a rough ab- 7
solute calibration and a 1/vr extrapolation to lower energies, the UOZ cross
section was found to be in agreement with the previously reported value meaa;
sured with thermal beams. In the case of rearrangement ioniz.ation, the croS's
' section rose rapidly at threshold, peaked near the threshold for the electroni.
transfer process, and then declined with increasing collision energy-. .The
electron transf_er cross section increased with a power-law dependence of the
excess energy above threshold throughout the range investigated. The maxi-

-17
c

mum absolute cross section measured was 1.4 X 10 mz. The dynamics of

ionization processes (2) and (3) were elucidated from the energy dependence

* _ .
A full report is given inJ. Chem,. Phys. 64, 306 (1976).

TChemistry Division. A major part of the work was done in the Chemistry
_Division, ‘

iVisiting Scientist from the Chemistry Department, Illinois Iﬁstitute'of Tech~
nolugy, Chicago, I1linois 60616. Present address: The Aerospace Corporation,
- El Segundo, California 90009. : '
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of the cross sections and from measurements of the angular and kinetic energy
distributions of the product ions. The résults s'upport the conclusion that re-
arrangement ionization proceeds by a " spectator-stripping" mechanism. Both
the UO+ from this reaction and the U+ from electron transfer are scattered

predominantly in the forward direction.

SURVEY OF CHEMI-IONIZATION REACTIONS IN ACCELERATED ATOM- o2
CROSSED MOLECULAR BEAMS * _

¥ T

C. E. Youny, t R. B. Cohen,

P. M. Dehmer, L. G. Pobo,
S. WexlerT

and

The chemi-ionization reactions, associative ionization, and rearrange-
ment (reactive) ionization, and the electron transfer reaction have been investi-
gated in the crossed-molecular beam collisions of more than 20 accelerated

(by sputtering) metal and nonmetal atoms with O molecules. The observations

support a generalization on the scope of these cleenli—ionization reactions and
their relation to electronic structure, namely that associative and rearrange-
ment ionization reactions do not occur for collision partners for which the thermo-
dynamic threshold energy for electron transfer is lower than the hthresholds for

the chemi-ionization. On the other hand, rearrangement and assoéi&a‘tive ion-
ization may be prominent reaction channels when their thérmodynamic thfesholds

are less than that for elect_ron transfer,

. iR _
A full report is given in J. Chem. Phys. 65, 2562 (1976).
T

Chemistry Division. A major part of the work was done in the Chemistry
Division. :

1:Vlsltmg Scientist from the Chemistry Department, Illinois Institute of Tech-

nology, Chicago, Illinois 60616. Present address: The Aerospace Corporatlon,
El Segundo, California 90009. 4
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'~ EXACT NUMERICAL SOLUTION OF THE SCHROEDINGER EQUATION WITH THE
- LENNARD-JONES POTENTIAL

* 1 , *
S. Tani ' and Y. M. Jan

The series solution of a differential equation in an immediate neighbor-
‘hood of an irregular singularity has a finite convergence radius. For the
Lennard-Jones potential, devised as a model for Lit-He scattering, the con-
vergence radius is so small that the repulsive potential is still extremely
strong at a point near the convergence limit. Consequently, any standard
numerical method cannot start from such a point, In the domain intermediate
between the convergence limit of the series and the starting point of a stand-
ard numerical integration, the solution involves a part that varies rapidly. A
special numerical method has been developed to deal with the solution in this
domain, '

Tani -and Inoku.ti1 examined the low-energy Li+—He scattering, using
the Sutherland potential. It is believed that the results obtained there are
good qualitative representations of the general features of the system, in 3:‘7’3
spite of the fact that the Sutherland ‘potential has a sharp spike right outside ,"j
its hard ‘core; The spike is narrow but unrealistic in shape. In order fo check
this point, we have receﬁﬂy investigated the same problem using the more S,

realistic Lennard-Jones (8.4) potential. In the course of this investigation, we [

L I

developed.a method of precision integration for the Schroedinger equation with
~ a singular potential, and encountered a problem that does not appear to have
heen fully discussed before.

Using the same notations as employed in Ref. 1, Lhe partial-wave
‘Schroedinger equétion may be written as

g+ «[kz - 42249—8 + 429_4 — 2(L+ 1)p'2]¢ = 0. (1)

The strength of the short-range repulsive singular potential is determined by

an additional parameter £, whose numerical value is

g =1,035958 . L (2)

*
Physics Department, Marquette University, Milwaukee, Wisconsin 53233,

TCo'nsultant‘, Radiological and Environmenlal Rescarch Division, Argonne
National Laboratory.
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This value is so chosen as to satisfy the condition that the system at zero
energy and zero anguiar momentufn is précisely at the midpoint between the
seventh and eighth zero-enérgy bound states. The value of the parameter ¢ is

¢ =27.000, ‘ (3)
as ft is in Ref, 1. |
| Since the siﬁgularity at r=0 is irregular, we have to develop the Laurent
series for the wavefunction ¢ of Eq. 1.. The standard method of dealing with the
Laurent series is to set the wavefunction in the exponential form )

y=exp0o, : | . : (4)
and solve the Riccati equationz, ‘

o+ 02 e k® — 2t 2 e i =0, - (5)

Quantum mechanics of a system with a singular potential was discussed by

_ Case3 in his classical paper, and some other aspects, for example fche non-
analytic property in potehtial strength, were further studied by Tiktopoulos and
Treiman4 and others. Mathematical study of a differential equation in an im-
mediate neighborhood of an irregular singularity is presented in Ince's book. 2

The series solution of 0' may be assumed to take the form
2 -4 1 w _ n
o'= g£“p -+ 2p +E,§np . , (6)
n=0 ‘

The four coefficiéents a_ (n=0, 1, 2, 3) are

ag=—t@eH) 7,

a1 =0,
a,= [2(e+1) - 2] (2t
a,=t 0. W

The general term for n which is larger than three satisfies the equation

2 -1 . n .
33 = —(2887) [(n+4.)an+jz=1 a,_d_4]s @=1,2,3,..; (@)

it may be determined throhgh an arbitrary n with a straightforward éalculation
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with a computer by substituting previously-determined coefficients on the
right-hand side.

The computer result shows that, for n larger than 50 or éo, the an
altermates in sign and its magnitude starts to increase steadily. That the
m agnitude of an does not increase until n becomes at least as large as 50 is a
consequence of a large parameter (2 (,gz) ~ 54 in the denominétor of Eq. 8. For
most parameters of the Schroedinger equationl, the ratio of two adjacent terms

is of the order.of -1,6 for n around 100:
an+1/an ~-1.6, n ~ 100 . : (9)

On that score, we guess that the convergence radius p 0 of series 6 is of the
order of 0.6, i.e., ‘

Py~ 0.6 . . (10)

. Assume that the asymptotic form of an for very large n takes the form

x
iy

nn .
= (-~ + .

a_ (-1) X" C(n) Al (11)

where X\ is a constant and A isa small fluctuating term that tends to Zero as

n tends to infinity,

lim An =0., | (1.2)

n-—

and the quantity C(n) is slowly varying but tends to unity as n tends to
infinity: ‘

lim Cn)=1. | (13)

In—

Then it may be shown that Eq. 11 is consistent with Eq. 8. However, we will
have to undertake further work before we can derive a formula of the type of
- Eq. 11 forcefully as a consequence of Eq. 8.

The wavefunction ¢ of Eq. 4 starts to oscillate in the outer region where
the éttractiv’e potential dominates and will have a node at some finite distance
from the origin. At a node of the real function ‘-.p, the logarithm o' must diverge.
This proves that the series for 0' cannot represent an entire function, but its

convergence radius must be finite,

Suppose we choose a point p =Py within the convergénce radius of the
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series for ¢',
Py < P : ' : - (14)
and determine the value of ¢' at that point by using Eq. 6:

o) =x, - \ - (15)

Clearly the repulsive potential is still very strong at that point so that a
standard method of numerical integration, such as the Runge-Kutta method, is
not applicable. Therefore, we must develop a special numerical method that
deals with the solution in the intervening region.

In the intervening region, we assume that the function ¢' is of the

form .
o' = ggzp—4 = 2p-1 - g,(z:gz)'1 + &(p) , (16)

where the value of the function & at p = pa is determined by the series solu-

tion

o) =w =x,_—[t&p,  +2e Tl —r2eh 7l . (17)

The function & is a rapidly growing function. The value of W is small when
pa. is sufficiently small, but its value at the starting point of the standard

‘numerical method is. substantial, .The differential e'quation satisfied by & is

o+ 20060 + 207 —r(26h) e 4 0
+ 12— 20+ D]p "t - @pe %!
v K2+ ;2(4g4)'1] =0. - e

As compared with the origiﬁal Ricéatl equation (Eq. 5), the singular
2.4 -
term of the highest order { £ p 8 has been eliminated from Eq. 18, but there

4, akin to the original irregular singularity, left,

is still a singular term ggzp'
To. eliminate any term which is more strongly singular than p-z, we factor an

exponential function out of &

®=exp[2h] *+ Q. ~ : (19)
with the exponent A |
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a=te? 3 —2mp+reh e (20)
N The function A satisfies the equation

A= - el e 2 g egd Yy (21)
The differential equation to be satisfied by Q is | |

Q' + exp(2A) Qz

+exp(-2A){ [2 - 2+ 1)) o0 = 20 ¢ 20 Th e P+ tPagh Ty 0.
4 - | (22)

In Eq. 22 any term which is more strongly singular than p_2 has been eliminated.
The 6n1y problem that remains with Eq. 22 is that the exponential factor,
exp(24), varies over a wide range as p varies from the starting value, pa,
through the end of the intervening region. To tackle this problem, we inte-
grate :che differential Eq, 22 step by sfep over a relatively small range of p
in which the relative change of the exponential factor exp(2A) remains withi'h
a certain bound.

Suppose the vglue of q> of Eq. 16 is known at p = pi, '

@(pi? =@ . (23)

" Then we try to integrate Eq. 22, by way of its modified version, in the interval
. < < + = . . 4
PY=P P T ¥ T Piyg (24)
Let us assume that & takes the form

&(p) = exp[2B,] Qi(P) , (25)
where : :

B,() =6 —AG) . @6

The differential equation to be satisfied by Qi is closely similar to Eq. 22,

but the exponential function will be replaced by exp [ZBi] ;
. 2 A
'+
M exp(ZBi) Q;

+exp(-2B){ [2 — 2(e+ D] 2 — 20g 20T + i + tPagh Ty = 0.
27
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Since we have

B(p) =0, o . ) (28)
.the initial value of @, is
() =0, . - S | (29)

Since there is no term whose behavior is problematic in Eq. 27, it may be
integrated numerically using the Runge-Kutta method in the intervél defined by

Eq. 24. We monitor the value of B, as the deviation of p from p 4 grows. If

i
the condition

B,Go, +v) [>T S e

: \
is satisfied for the first time atp =p i + vy i while repeating the Runge-Kutta

cycles, then we evaluate the value of & at p = pi from

2Py 4 q) = 9 4q = SXPI2By(py, )T 0 Moy, ) | (253)
The @ g thus determined will be used as the initial value for the next interval

< < —_—
Pis1 P SPiyg ¥ Y5415 Pigp e (24a)

The parameter T in the inequality (30) may be chosen as 4.60, say; then the
variation of the exppnential factor in Eq. 27 will be limited by

exp(-9.20) = 107% < [exp(rtZBi)f < exp(9.20).—€104,. . (31)

The standard numerical integration of the original Schroedinger equation (1) may

start from p = Py say. The logarithmic derivative of the wavefﬁnctioh at
P=ry ‘

4 o)/ bley) = 9" (o)) o S (32)

may be determined by the method shown above with a high precision.
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