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ABSTRACT

A study of 2p excitation of the hydrogen atom under electron impact
is reported. The major finds have been the resonance structure just above
the threshold of excitation, which was not predicted, and just below the
threshold of n = 3, which was predicted but which for higher angular
momentum states does not agree with theory. Resonance structure above
n + 3 has also been observed.

Dissociative excitation of H, and D, has been studied under high
electron energy resolution. Several new dissociation channels have been
identified. Gaseous filtering techniques to be applied to radiations in the
vacuum ultraviolet were studied. Some of the computer codes used on
this program are given in the report, along with abstracts and papers
published this year.
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1. INTRODUCTION

During the past year, primary attention has been focused upon the
collision of highly resolved electrons with hydrogen atoms leading to the
excitation of the lowest radiative state of the atom, i.e.,

e + H(1s) = H(2p) + e .

As in the case of elastic scattering of electrons from hydrogen atoms, in-
elastic scattering, particularly in the vicinity of the various levels of the

hydrogen atom, is dominated by the formation of the temporary compound
negative ion states.

In Section 3 of this report, the resonances found in the 2p channel
immediately above the excitation threshold are discussed; in Section 4,
those below and above the n = 3 level of the hydrogen atom are considered.
In Section 5, a comparison is made between the measured cross section in
the vicinity of threshold and the best calculated values.

Complementing the study of electrons colliding with the hydrogen
atom, a study has been made of the collision of electrons with the hydrogen
molecule and the subsequent dissociative excitation of the 2p state of the
hydrogen atom,

e + H, = H(2p) + H(is) + e

2
in competition with -
e+H2 =H(2p) +H .
. The contribution to 2p excitation from the second reaction is small. The

measurements made on Hy are unfortunately complicated by ultraviolet
radiation other than Lyman-alpha which passes through the few narrow

. windows in the O, filter. In Section 6, the results of a short study of
gaseous and chemical filters are discussed; in Section 7, the results of
dissociative excitation are reviewed.

Since the primary purpose of the program is to test theory and to
relate the results with the theory, we have been conducting under NASA's
support a small theoretical program. This program is discussed in
Section 8. '
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Because of the extreme complexity of the 2p excitation problem,
we have developed a number of computer codes to process and analyze
the data in next year's program. In Section 9 these codes are discussed
and are thus made generally available to the scientific community. Finally,
Section 10 presents a discussion of other activities that have complemented
the program,

Abstracts of papers presented at scientific meetings appear in
Appendix I, and articles that resulted from studies made on this program
are included as Appendix II.
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2, NEW INSTRUMENTATION

The apparatus used this year is essentially that used last year except
for minor changes in electronics and the addition of a photo detector on a
rotating table. The photo detector was designed to detect Lyman-alpha
radiation, During this period two types of photon counter were used. The
first was the iodine-filled Geiger counters developed some years ago in this
laboratory. This was replaced by an Electromechanical Research multiplier
photo tube with lithium fluoride optics. It is an 18-stage silver magnesium
dynode multiplier with a potassium bromide photocathode. The geometry
chosen had a side window.

The spectral sensitivity of the tube extended from 1050 A to 1500 A
with very high sensitivity at the Lyman-alpha level (1246 A). This new
photo tube has the necessary characteristic that long wavelengths are
amply rejected. The photo tube was chosen to replace the iodine-filled
Geiger counter for two reasons, First, estimates indicated that the photo
tube would be from a factor of 3 to 10 more sensitive than the Geiger
counter. Second, since the experiments required extensive counting times,
extreme reliability of all parts was necessary. It was felt that the photo
tube, which has essentially infinite lifetime, would be a sensible substitute
for the Geiger counter, which is unpredictable in its operating character-
istics and comparatively short lived.

Unfortunately, the expectations for the sensitivity of this tube have
not been met. At the very most, sensitivity has been increased by a
factor of 2. However, since the time of its installation six months ago, /
the photo tube has required no service even though it has been in continuous
operation for most of this time.

Between the photo detector and the interaction volume defined by the
electron and hydrogen atom beams, a 1-cm-long cell with lithium fluoride
windows is placed and is filled with molecular oxygen, It is a strange
quirk of nature that in the absorption spectrum of molecular oxygen, one
of seven very narrow windows is centered around Lyman-alpha, i. e., at
1216 A. For the chemical (gaseous) filter to pass Lyman-alpha, the oxygen
must be dry., If any moisture is present, the transmission of the cell can
be greatly reduced. Consequently, dried oxygen is continuously flowed
through the cell.




The experimental demands associated with the study of 2p excitation
of atomic hydrogen have been excessive. The experiments have required
the complete stability of the electronics, the electron beam, the hydrogen
atom beam, etc., over periods well in excess of 24 hr to collect a sig-
nificant number of data. In many experiments, data have been taken in
0. 015-V intervals with from 60 to 100 points per cycle. For each cycle,
then, the total interval is 0.9 eV for 60 data points and 1.5 eV for 100 data
points. The normal counting time per data point is 1 min., If there are
60 points per cycle, the time for one cycle is 1 hr, It is interesting to
compare the results that can be obtained from one cycle with those that
can be obtained when a number of cycles are summed together. An
example (Run 39C) is given in Figs. 1 and 2. Figure 1 shows one of
35 cycles, while in Fig. 2 all 35 cycles have been summed. In the single
cycle, no feature is recognizable. In the composite Fig. 2, the 2p
excitation threshold is clearly defined and the resonance near the threshold
can be seen. The randomness observed below threshold gives some idea
of the fluctuation of the background.

At the peak of the resonance, Fig. 2 shows approximately 300 counts
for the integrated signal. One standard deviation for the (signal plus
background) and background combined is approximately 30 counts. The
resonance peak, as shown in Fig. 2 and in many of the earlier runs, was
only slightly more than twice this standard deviation.

To define the first resonance above the 2p excitation threshold and
to determine whether or not there are subsequent resonances, it was
necessary to conduct an experiment that ran for 109 cycles, In this
instance, there were 40 points per cycle, The time required for continuous
running was in excess of 70 hr,
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3. THE 2p EXCITATION THRESHOLD

In this section, we discuss the excitation of H(2p) from threshold
to 0.6 eV above threshold. The collision region is shown schematically
in Fig. 3. A modulated rectangular beam of hydrogen atoms nearly 90% pure
is crossed with a rectangular beam of electrons with an energy distribution
that ranges from 0. 06 eV to 0. 18 eV. Electrons from a source 127°
electrostatic electron energy analyzer enter a magnetic and electric field
free region, cross the modulated hydrogen atom beam from below, and
pass into a collector in which a crossed electric field can be applied to
collect all the electrons. When this crossed field is removed, the electrons
can pass through the collector to a second electrostatic energy analyzer,
where the energy distribution of the electrons is measured.

Photons from the interaction of the two beams were normally detected
at an angle of 54. 5% with respect to the direction of the bombarding electrons.
At this angle the measured signal was proportional to the total 2p excitation
cross section. (1) Ions from the interaction region were accelerated along
the atomic beam axis into a Paul mass filter. As in previous experiments
at this laboratory, the linear extrapolation of the ionization efficiency curve
to its energy axis was used as a calibration for the electron energy scale.
The data were recorded automatically over many hours, as described in
Section 2. The system can be programmed to step through a prescribed
energy interval. All data were collected digitally; i.e., for each energy
interval, the signal plus background (S+N), the background (N), and the
electron current were recorded on punched tape to be processed later by
the computer. Every 8 to 12 hr, the excitation process was interrupted
and an ionization efficiency curve for atomic hydrogen was taken to help
fix the electron energy scale for excitation. Over more than 100 hr, in
many instances the reproducibility of the onset of the ionization efficiency
curves was within 0. 015 eV.

In Fig. 4, the total cross section measurements near threshold
are compared with th)eory and with the previously reported results of
Chamberlain et al This comparison is made primarily to show the
difference between the resolutions of the two experiments and the width
of the structure that one is looking for compared with what has been
observed experimentally. In the left-hand portion of Fig. 5, theoretical
results are compared with the theoretical predictions wherein the energy
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Fig. 3. A sketch of the electron hydrogen atom collision
region showing roughly the geometry used in the
experiment
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Fig. 4. The solid curve is the 2p excitation cross section calculated by
Burke et al. for the cross section observed at 90° to the direction
of the bombarding electrons. The open circles are the low reso-
lution data (0. 35eV) of Chamberlain et al. for the Lyman-alpha
measured at 90° to the electron path. The experimental value
has been normalized to the theoretical. The data represented by
the closed circles are for a resolution of 0. 07 eV. They too have
been normalized to the theoretical cross section but are propor-
tional to the total cross section rather than that at 90°.
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distribution, approximately 0.07 eV, has been folded into the theoretical
curve. As can be seen, the agreement between the measured and predicted
shapes of the first resonance is good. It follows, then, that the excitation
cross section does consist of a sharp rise, as predicted by Damburg and
Gailitis, (4) from a close-coupling approximation calculation that includes
the three lowest hydrogen atom states, 1s, 2s, and 2p, It is also clear
from our measurements that the sharp resonance predicted by Taylor and
Burke, (5) who also used a close-coupling approximation, does really exist
- within 0.03 eV of threshold. Burke and his associates have shown that the
total flux of this resonance is in the 1P channel of the H™ compound state.
This resonance unfortunately was not recognizable in the previous calcu-
lations of Damburg and Gailitis because of the coarseness of the energy
grid used by them.

In the experimental results immediately following the first resonance,
there appear to be at least two other broad resonance structures. Although
these structures have been recognized from ourearliest measurements,
it was only recently that the statistics were good enough to permit us to
say definitely that they exist. It was also necessary to make certain that
these small structures were not due to the excitation of some countable
ultraviolet from the collision of electrons with the residual Hp in the
system. Table 1 lists the positions of the most promient structures;
however, one must remember that these positions may not correspond
exactly to the positions of the resonances themselves, but rather to the
resonances with the electron energy distribution folded into them.

- The use of the finite number of terms in the close-coupling expansion
used to describe even these lowest states may be subject to some question
since it is not clear how quickly the expansion converges. In the case of
the elastic scattering resonances below the first inelastic threshold n = 2,
there is every indication that the convergence is rapid. However, it is not
yet clear that the ip ""'shape'' resonance described by the three-state
approximation above = 2 is not better described by an expansion that
includes the(f {st six or more states of the hydrogen atom. Unfortunately,
Burke et al. have carried out their six-state approximation calculations
only from j just below the n = 3 level down to within 0. 2 eV of the 2p
excitation threshold. Over the range where the three- and six-state
approximations overlap, i.e., inthe region from 0.2 to 1.0 eV above the
2p threshold, the six-state calculation gives a cross section value approxi-
mately 8% lower than that given by the three-state approximation.

Another calculation reported by Tayloi' and Burke(s) has been carried
out using the close-cupling approximation that includes the first three
states of the hydrogen atom and potential terms that describe the electron-
electron interaction (correlation) as a power series of terms involving ry,,
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the distance between the two electrons. Over the same energy range as
taken above, the later calculation gives a cross section value that is
approximately 20% below that given by the three-state approxir-ation.
Near threshold, the correlation terms have now shifted the calculated
resonance closer to the threshold and have considerably reduced its width.
This is in keeping with the experimental finding. The need for more work
on the theory has recently been recognized by Damburg and Geltman,

who indicate that another possible source of incompleteness results from
the lack of the inclusion of polarization terms of order a/r%. In the case
of 2s excitation, the inclusion of polarization has had a marked effect on
the calculated cross section.

TABLE 1
STRUCTURE IN 2p EXCITATION CURVE

Description of

Energy Structure Comments
10. 20 = 0. 02 Steep slope Onset
10.29 + 0. 02 First max Predicted 1P ""'shape'' resonance

10.45 + 0. 03 Second max
10.65 + 0. 03 Third max

11.65 £+ 0. 03 Small min Predicted 1s resonance
11.77 £ 0.02 | Possible min | Predicted 1D resonance
11.89 + 0. 02 Large min Predicted 1P resonance
12.06 = 0. 04 Broad max ""Shape' resonance at n = 3 threshold

412. 16 + 0, 05 Min
12.23 £ 0.05 Small max
12,35 £ 0. 05 | Small max

12




4. THE 2p EXCITATION IN THE VICINITY OF n = 3

Figure 5 shows details of the experimental cross section from
11. 35 eV to 12.55 eV, This region overlaps the n = 3 threshold. Bridging
the two threshold regions are low resolution measurements. Just below
the n = 3 threshold can be seen several recognizable resonances, the most
predominant of which appears near 11. 88 eV. A smaller resonance appears
in the vicinity of 14, 65 eV, Also shown in the figure is the calculation for
the six-state approximation showing a number of resonances. Folded into
the calculated cross section is the experimental energy distribution, which
is approximately 0. 07 eV, The agreement between theory(z) and experiment
is not considered good for the 1P resonance, while for the S resonances the
agreement is thought to be quite satisfactory.

At and above the threshold of n = 3 can be seen a prominent bump,
which is most likely associated with a ''shape' resonance just above the
n = 3 threshold.. Part of the flux for this resonance appears directly in
the 2p channel., Another portion, most likely the largest part, arrives
through cascade from the 3s and 3d states of the atom. The positions of
the resonance structure below and above the n = 3 level are included in

Table 1.

13




5. TOTAL CROSS SECTION MEASUREMENTS

Since it is impossible to measure the cross section absolutely, we
have determined it from a normalization to the Borne approximation at
energies in excess of 200 eV. Although this procedure is not entirely
satisfactory, at present there is no simple method available for making an
absolute determination. Data have been taken between the 2p excitation
threshold and 200 eV; the most precise data, however, have been taken
below 60 eV. In fact, continuous data have been taken every 0.1 V from
60 eV until threshold. We have found the most precise way to determine
our cross section is to normalize our data to those of Long, Cox, and Sn:xith,
who in turn have normalized theirs to the Born approximation. The relative
accuracy of their data is *2%.

Although we have not been able to assign to our data relative accuracies
as small as this, we have compared our data with those of Long, Cox, and
Smith (see Fig. 6). The cross sections defined by the two sets of data points
are indistinguishable. It is interesting to note in our data that the finite
excitation threshold is recognizable just above 10. 2 eV, even though the
resolution in this experiment is only 0. 18 eV. Also, one can see a hint
of the resonance structure in the vicinity of n = 3 and in the continuously
taken data below n = 4,

To obtain an accurate estimate of the cross section in the threshold
region, the high resolution data were subsequently normalized to the
lowest resolution data, thus fixing the cross section scale., The values
of the cross section given in Fig. 4 were fixed in this way. It is interesting
to note that the cross section thus obtained is only 80% of the lowest cross
section predicted. The approximation used to arrive at the cross section
closest to the experimental value is the three-state close-coupling approxi-
mation, which includes 20 electron-electron correlation terms.

Quite recently, Fite et al. (8) have determined that the Lyman-alpha
radiation emitted by hydrogen 2s atoms in a weak electric field is polarized.
Consequently, all earlier measurements or estimates of the 2s excitation
cross section are in error since no allowance was made for this polarization.
Once the cross sections have been corrected for the polarization, at the
cross section maximum, which is in the vicinity of n = 3, the value obtained
is only 80% of the lowest predicted cross section resulting from the six-
state close-coupling approximation.

14
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It is an informative exercise to estimate the size of the combined
excitation cross section for the 3s and 3d states of atomic hydrogen. These
data are reflected in the total cross section measurements for the production
of the Lyman-alpha radiation since the 3s and 3d cross sections can only
couple with the ground state by passing through the 2p state. Although our
total excitation cross section for the 2p state does not agree in absolute
magnitude with that predicted by Burke et al., it is quite obvious that below
the n = 3 level the general shape of the measured and calculated cross
sections is the same., Consequently, there is some justification in normal-
izing the magnitude of the calculated cross section to that of the measured
cross section in the region just above the n = 2 level. Having done this,
we observe that the calculated portion of the cruss section for the 2p state
above n = 3 is considerably lower than the total measured cross section
(Fig. 5, broken line above n = 3). To a first and perhaps crude approxi-
mation, the difference between the measured and normalized theoretical
curves can be said to be due to cascade. This difference is shown in Fig, 7.
No attempt has been made to include any contribution for the shape reso-
nance above n = 3 in the calculations or to allow for the addition of states
above n = 4 in the theory.

It is now possible to compare this difference with the predicted cross
sections of Burke et al. As shown in Fig. 7, the agreement between experi-
ment and theory is satisfactory. In fact, even with this crude approximation
in which no attempt has been made to account for polarization or other
factors, as in the case of 2p excitation, the value of the estimated cross
section again lies slightly below that of the predicted cross section. This
result is not at all in agreement with the recently published data of
Kleinpoppin and Krase 9) for Balmer-alpha excitation. Since our result
depends upon a normalizing of the six-state approximation to the results
below n = 3, we hesitate to say their result is in error, Furthermore, it
is not clear that the six-state approximation necessarily gives an accurate
description of the region above n = 3, although it seems reasonable that it
is not in error by much.
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6. GASEOUS FILTERS

One of the most important problems associated with the study of the
excitation of atomic hydrogen is the unequivocal detection of Lyman-alpha
(1216 A). Provided a large enough signal is available from the experiment,
one can use a vacuum ultraviolet spectrometer. However, in experiments
such as those performed in this laboratory where the number of photons
available is very small, it becomes absolutely necessary to have the largest
possible collection efficiency and reasonably large angle of acceptance.

It has long been recognized that the Geiger counter, filled with either nitric
oxide or iodine and with lithium fluoride optics, could be used to detect
vacuum ultraviolet radiation in the vicinity of Lyman-alpha. However, to
ensure the unequivocal detection of the Lyman-alpha and particularly to
eliminate the molecular radiation normally associated with the bombard-
ment of residual Hy in the experiment, it was necessary to find a filter
that would preferentially pass the 1216 A radiation.

It was observed by Watanabe(io) and others that in the absorption
spectrum of O, in the vacuum ultraviolet and in the vicinity of 10 eV there -
are seven very deep transmission windows, one of which is centered at the
Lyman-alpha. It has been the repeated observation in our laboratory that
in the study of the excitation of atomic hydrogen to the n = 2 level, the
combination of the chemical filter filled with oxygen and either a Geiger
counter or a photomultiplier has been an effective detector of Lyman-alpha.
However, in the study of the dissociative excitation of HZ’ either by proton
or electron impact, it has been recognized that there is a large contribution
of molecular radiation, which passes either through the other windows or
through the optically thick portion of the chemical filter.

To effectively study the dissociative excitation process it is therefore
necessary to eliminate this background radiation. To do this, a series of

‘experiments was carried out in which differ¢nt gases were used as the

optical filter. In Fig. 8 we show a schematic diagram of our experiment.
In all cases the gases used in the chemical filter ilowed through the filter
continuously. However, in the case of CO, the rate of flow was much

slower than in the cases of nitrogen, helium, and oxygen, which were

virtually the same. The pressure in all filters was slightly in excess
of 1 atm.
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In Fig. 9 we show the relative number of photons reaching the counter
as a functivn of electron energy when electrons bombard H,. Four different
gases have been used in the chemical filter. The electron energy for these
experiments ranges from approximately 10 to 20 eV, an interval which
embraces the onset of the molecular radiation at approximately 10. 3 eV and
the onset of dissociative excitation in the vicinity of 14. 7 eV. Figure 9 shows
the results when the Op filter was used. The onset of the molecular radiation
is clearly visible at 10.3 eV, as is the onset of the dissociative excitation
of the hydrogen atom in the 2p state near 14,7 eV. From this curve alone
we can judge that, once we have moved a few electron volts from the
threshold of dissociative excitation, the molecular contribution to the total
curve is in the vicinity of 20%. Near threshold for dissociative excitation,
of course, the molecular contribution is proportionately larger. Looking
at Fig. 9, one can see virtually no difference in the magnitude and shape
of the curves for He and N, (b and c, respectively), verifying what we
already know, i.e., that both He and N2 are transparent in this optical region.

Now that we recognize in curve (a) the onset of the dissociative excita-
tion, we can use curves (b) and (c) to estimate the relative contribution of
Lyman-alpha and other molecular radiation as seen by the counter. A
reasonable extension of the curve, from below the dissociative excitation
threshold to above, gives us this information. Above approximately 16 eV
we estimate that the radiation from dissociative excitation is in the vicinity
of 20% of the total radiation. This estimate, of course, is approximate,
but it is reasonable. In curve (d) the complicated absorption spectrum of
CO, is seen reflected in the structure of the curve.

To generate Fig. 10, the helium curve has been normalized to the O,
curve in the vicinity below 14 eV and the helium curve has been subtracted
from the O, curve in this region. The residual signal is shown in Fig. 10.
The fine structure below 14. 7 eV appears to be real for it is present in the
curves when either helium or nitrogen is subtracted from the oxygen data.
In both cases there is a sharp onset in the vicinity of the dissociative
excitation threshold. It is interesting to note that above 16 eV, structure
is quite pronounced in the curve.

It must be realized that by subtracting the helium (or nitrogen) data
from the O, data, we have eliminated part of the dissociative excitation
signal in the vicinity above the dissociative excitation threshold. However,
this is small (20% of 20%), approximately 4% of the total signal. From
this study it is clear that the estimates of the total cross section made
earlier by Fite and Brackmann(!) are high by approximately 20%,
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7. DISSOCIATIVE EXCITATION OF MOLECULAR HYDROGEN

From the discussion in Section 6, it is clear that the originally
reported value for the dissociative excitation of the 2p state of atomic
hydrogen from H) was in error due to a large contribution of molecular
radiation coming from the interaction region. As can be seen in Fig. 11,
the cross section for H, is nearly 20% lower than the original measure-
ments of Fite and Brackmann. (1) It is also clear from Fig. 11 that the
dissociative excitation of D, has a cross section that is only 90% of that
of Hy. This isotope effect is in keeping with the predictions of Platzman,(“)
who pointed out that there are a number of molecular states that lie above
the first ionization potential. In general, there are two major deexcitation
paths available for such excited states, autoionization and predissociation.
The first of these processes is nearly mass independent; the time for it
therefore should almost be independent of isotope substitution. The time
required for dissociation depends on the velocity with which the particles
separate and therefore is strongly mass dependent. A similar isotope
effect has recently been reported by Burrows and Dunn{12) and by Vroom
and deHeer. (43) Shown also in Fig. 11 is the maximum of the Balmer-
alpha excitation curve of Burrows and Dunn. The shape of the curve is
very similar to our H; curve,

In our preliminary data, the break in the total excitation curve in
the case of Hj is at a higher potential than in the case of D,. Itis clear
from the figure that in the case of D, the channel that includes excitation
plus proton formation does not play a major role, whereas in the case of
H; the onsets of both the formation of two excited states and the formation
of the (2p) atom plus a proton are below the major structure that appears
in our curve. No doubt this is associated with the isotope effect, details
of which are not yet completely understood.

In Fig. 12 we show the excitation curve near threshold. The data
shown are only relative. This curve is one from which the energy distri-
bution of our beam has been largely removed. Three sets of data are over-
lapped. The structure that appears at the end of the first also appears in the
beginning of the second; similarly, the structure that appears at the end
of the second appears in the beginning of the third. The onset is in the vicinity
of 14.7 eV. There follows a rather straight portion of the curve with very
little structure. Then, in the vicinity of 15.8 eV the onset of nearly 12 small
ripples, which are fairly evenly spaced, is seen. The spacing between the
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ripples is in the vicinity of 0. 14 to 18 eV. This series of ripples shows a
change above the ionization potential, 15.43 eV. In fact, the continuous
ripple form goes on until nearly 17. 8 eV, the dissociation limit of HZ
Above this the nature of the structure changes, and the orderliness seems
to disappear. The larger ripples which are apparent in Fig. 10 then seem
to dominate. The cause of this structure is not completely understood. It
is possible, although not likely, that it is due to the structure in the molec~
ular radiation in the background of our signal, which has not been completely
removed. If, however, this structure is related to the dissociative excita-
tion of H, into the 2p channel, then one is prompted to suggest either that
it results from a temporary formation of an H£ compound state, which
decays into several modes, one the dissociative channel and the other the
excitation of molecular levels, or that it reflects competition between
predissociation and autoionization, i, e.,

b3
e+H2—>Hz+e,

followed by

£
HZ - H(2p) + H(1s)
competing with

E]
H_+e.

o P e et
- o N




8. THE THEORETICAL COMPLEMENT

During this contract period, Professor J, C. Y. Chen, University
of California, San Diego (UCSD), has participated in our study of electron
hydrogen collisions. His activities at Gulf General Atomic and at the
University have covered the following subjects:

1. The application of Faddeev's equation to a number of
atomic problems

a. (e-H) elastic scattering resonances
b. (e-H) excitation threshold
c. (e*-H) elastic scattering and positronium formation

2. Close-coupling calculations (or the (e-H) system in momentum
space)

3. Electron resonance scattering from molecules

Work is also under way at UCSD on a new variational calculation for (e-H)
scattering and on the field detachment of H".

Included in Appendix Il is an article that resulted from these studies.
In it, Ball, Chen, and Wong have investigated various solutions of the
Faddeev equation for Coulomb potentials, and a practical method for
solving the Faddeev equations below the three-particie breakup threshold
is developed. The method is then applied to the (e, H) system in which
the H- bound state and the lowest members of the compound states in both
the singlet and triplet series are calculated. The calculated position of the
lowest 1S resonance is in excellent agreement with the experiment, while
the width of the lowest 1S resonance is slightly less than that found
experimentally.

Also during this contract year, with the support of NASA and Gulf
General Atomic, a series of colloquia on atomic and molecular processes
(CAMP) has been conducted. Many of the colloquia were given by people
who are actively participating in electron proton and positron hydrogen atom
scattering studies. A list of colloquia speakers and their topics is given
in Section 10.
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This spring a two-day ''working session'' on electron hydrogen atom
collisions was held in La Jolla, The primary purpose of this session was
to consider the programs presently under way and to determine what
information could best be obtained from experiment to direct further
theoretical studies. The program for this successful working session is
also listed in Section 10,
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9. DATA PROCESSING FOR ELECTRON-ATOM ELASTIC
AND INELASTIC EXPERIMENTS AND A PROGRAM LISTING

The output data from the experimental devices are on punched paper
tape. In order to process these data using the 1108 FORTRAN IV programs,
the data first must be converted to punched cards or magnetic tape.

Because of the ease in handling, storing, etc., the latter was chosen.

To aid in understanding the descriptions and the instructions for the use of
the various programs involved, a brief listing of terms and definitions is
presented below.

9.1, TERMINOLOGY

Paper TaEe

Data word: a fixed number of digits plus separator character

Data block: a block consisting of four data words--channel chamber,
signal + noise, noise, and current, respectively

Data section: a section of paper tape that contains a finite number
of data blocks

Leader: a section of paper tape that is comprised of feed characters

Illegal character: any punch or combination of punches that does not
represents digits 0 through 9, a separator, or a feed character

Magnetic Tape

FD (Field Data CodJ 2 octal digit code representation for character
and digit

Floating point: the form in which a number containing an implied
decimal must be before computation in FORTRAN IV can take place
with meaningful results

Image tape: magnetzc tape on which the image of a paper tape is
written, except 111egal characters, which are represented as slashes

(/) (FD forinat)
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Library tape: magnetic tape in which many data sections are stored
for later retrieval

Scratch tape: tape used for one computer run only; its contents
are not saved

Backup tapé: a copy of any magnetic taps, used for protection purposes

9.2. PAPER TAPE FORMAT

The paper tape must contain a minimum of five feet of leader before
the first data section. The leader must be marked "START" in large letters.
Each data section must be separated by a minimum of 18 inches of feed
characters. Five feet of 'cader must follow the last data section.

9.3. DESCRIPTION AND INSTRUCTIONS

This section contains a description of the function of each of the
following programs used in conjunction with the electron scattering experi-
ments, along with a detailed set of directions for use and a listing of the
complete program for each.

Program Name Program Function
1. READPT Used with the 1004 paper tape reader to read the paper

tape and write the information on a magnetic tape.
A slash (/) is written on the magnetic tape for any
illegal character in the paper tape.

2. TEDIT Reads the magnetic tape as written by READPT, con-
verts data from FD to floating point format, and stacks
information on a library data tape. Output consists of
printed tape and printer plots. Eliminates any illegal
characters (slashes) by linear interpolation or direct
substitution.

3. TREAD Reads the data library tape written by TEDIT and lists
all runs on this tape.

4. ABEAMA4 Reads the data library tape written by TEDIT and pro-
vides various calculations and printer plots as requested
by user.

5. COPY Reads the data library tape and copies the information
: onto backup tape.
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6. UPL'ATE
7. LEOF

8. SMOOTH
9. SIMGCUR
10. SIMTAB

by the user.

Allows tae user to make certain changes to the data
on the library tape. A new library tape is written
and the original library tape remains unchanged.

Read$ the data library tape, lists all experiments by
number, and writes end of file on the tape. (It was
designed to place an end of file on the library tape
when it was omitted by TEDIT through oversight on
the part of user or through a fault of the computer
during a TEDIT run.)

Fourier-smooths data, unfolds a given Gaussian
electron energy distribution from the data, and gives
the results in tabular form. At present only the
derivatives of the data are given. The program is
prepared to accept card input. The deck of cards
needed is generated as one of the options in ABEAM4,

Folds into any given function a Gaussian distribution
of specified full width at half maximum. The results
are generated in both tabular and graphic form.

Folds into any function in tabular form a Gaussian
distribution of specified full width at half mmaximum.
A ninth-order polynomial i iterpolation scheme is
included in this program. The results are given in
both tabular and graphic form. ‘

STEP 1: READPT

The information contained on the paper tape is transferred to a
magnetic tape.by the READPT program. The READPT program is an
integral part of the 1108 system; therefore, no program deck is required

The paper tape must be in the format described in Section 9.2. A
data card must be punched for each data section on the paper tape
to be read by READPT. The format of the data card is as follows:

e e e e e e
Jats]t siofe]:[2]2us]elzi3]atol tiaf2|ulstsrielalof )2t 3lE sl 208) a0l I2is [k ds)6l 7I8]oloit 2| 31015167 181910 1H23ibi5i6]7]8]9]e  J2] 3julsie Nzl £ o]0
whummil.il [T SO A O U A U I N G T NS T U A G T G0 Y N T O O O 00 O 0 O O U O O Y O
P W} 12 1t 1 S D O L1114 311 31t} ) YO 11419 L1 1 Ll S D T T T B 1
11t 1.3 F I S T | jA b L1 I At it | N J ] 1111 11 111 1410 VI ) U T
it ) Ll | 0 T I Al 1 i} bl 1l ] I 1,201 3111113 i1 3 k% 1131 131432 boi 1 LU T O
11 1.2 1 214 L3141 L 114 J '} L1 il I S | 11ptl VI ] YO | 11t 11 13 I T I O U W I
I R 11111 Ll it i1 111 11 11 4Ll f 111t 1201 NI 0 N O 0 O 30 O § 1 3 1.t 4 i 141 12}
Lit it i 111 ¢t ) i1 1t la L it o I N S S IS O TUS 0 100 N N T A B B B | 111t 111t 4 Jog L33 § |
3 W S li11.4 Lt k) L1131 L JEE S ] 148 b1 Lot 101 1} 1113 it SIS
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The information in columns 1 through 7 is mandatory. The information
starting in column 19 for identification of each data section is arbitrary.
Below is an example READPT input deck for a paper tape containing three
data sections.

A AR E N AR A AR e R H BE R A REREE AR ARE AR R RE AR R R B R E AR RE AR AR R E B AR AERAR
:* 1 Ll g a b i dayaey L le s bty Lot g g de s by
0§I&N$|A|| ' T :IEKICE&X 14114 L ts b e pp gt b g ke fas oty ggy
MM_U_{J_L;FM : J NN NN SN RS E NS NN NN NN NN
MMLL“—*——LLU—LM‘MM Lt to1a g4 gy W VI W S AN SV B 50 5 % T | 1.t bt
N TN T N N TN TR SN TR N TR W E N U EEWEEE NN I NI A
NN NS TSNS ST AN NSRS RN NS NN NN U E NN TR S NN NN RN
N TS I N NN AN NS IS SR I NEN NSNS RN DN I WA S IS IS W I I
td g g bt g e vty gy g x oy les e g a s v s beov s gyl vy b daiaag

The printed output from READPT consists of three data blocks per
line. Slashes are substituted for any illegal characters in the paper tape.

Prior to the start of step 2, the TEDIT program, the output listing
from READPT is examined for errors. A data section is made up of one
or more cycles. Thé channel numbers normally run sequentially, starting
at 00000, to a maximum of 00099 for each cycle. In order for TEDIT to
recognize the start of a new cycle it is mandatory that each starting channel
number be all zeros (00000) and contain no slashes. TEDIT will correct
all other channel numbers that contain slashes.

On the output listing from READPT, columns 1, 5, and 9 are the
channel numbers. If errors in the paper tape have caused the channel
numbers to shift from these columns, the paper tape must be corrected
and step 1 repeated until all errors of this type have been eliminated.

The computer program is not included in this report since it is a
standard library program held at the computer center.
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STEP 2: TEDIT

TEDIT reads a data card, then reads a data section from the magnetic
tape written by READPT. It converts the tape data from FD to floating point
and a fixed point (integer) and writes the information on the library tape
(to be used by ABEAM4 program). The printed output from TEDIT contains
the following:

1. A listing of each data section by cycle

2. A printer plot of (signal + noise) - (noise) = signal
3. A printer plot of current by cycle
4,

After processing each data section, a listing of 2* signal,
Z(signal + noise), T noise, I(signal/current), I((signal +
noise)/current), Z(noise/current) is given. Also, aprinter
plot of £ signal and Z(signal/current) is given.

When a blank data card is encountered, an end of file is written on
the library tape and processing is completed.

The data card for each data section must be in the following format:

Column Name of Variables FORTRAN Format
1-6 -Experiment number Ab
7-12 Gas type Ab
13-18 Current variance F6.0
19-24 Time of starting experiment Ab
25-30 Resolution F6.0
31-36 Voltage interval .F6. 0
37-42 Initial voltage . F6.0
43-48 Time interval (sec) F6.0
49-54 Approximate minimum signal F6.0
55-60 Approximate maximum signal ' F6.0
61-66 Approximate minimum current F6.0
67-72 Approximate maximum current F6.0

*% is defined as the summing of each respective channel number over
all cycles.
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73-79 Date of experiment A6, A1

80 . When a new library tape is to be I1
created, a one (1) must be punched
in column 80 of the first data card
only. Otherwise, this column is
left blank.

Data cards must be in the same sequence as the experiments (data
sections) on the paper tape. The information from the data cards is also
written on the library tape (except column 80).

Below is an example deck setup consisting of three experiments. The
last card must be a blank card.

AR HBBBERH BBk HHEE AR BEE 8 AARR AR AREEE R A EE ER A H A RRRE R AR REBEE R

PR N U U 00 A T U U VOO VA W O W T G U 00 U TN T W W N 0 I O 00 0 A O I O O B |

14 14 P41t} L4t i) i) 111 I S Ll 11 111121 %

Mﬁma NN TN NN TSN

mﬁ LJXII%AIJLJ Il 4 £ Lt i34 Lt L4 ) IS NS
_LML.LI&L*.J_A_A_LM o3 |, 0.0 500041 D0 11,000 AduUNGT
L IR U R | . .0 . . 00 | D0 11,600 FUANGT.
| Tas . MY 2.8, 0830 b, L8 0. . 0 50,8 . 00l 1000 1.00ECHT, ]
AT BUTTES P B CARD WIST. BE HEREL, LASTT LCARD [ v b ooy vy
Lt Lt 1 1.1 it 1 411 1 ¢ 421 A 4 L1 1 B S T T O T O T e I N | 14 3 44 £ ) 1 ) 1131 1 i IS B U |
1t 441 i . 1 _J 1.4 11 ] i L1t i {11 14 1 t1 B 41441 11111 ] L4 11 10114 U I

On the 1108 run request form, check '"Do Not Rerun This Job.'" The
number of experiments that may be stacked on the data library tape depends
on tape size; the maximum number is 200.

A program listing follows.




AR BRpay T

*(3dV1d) 3dVL *OVW NO 39VWI 3dVL ¥3dvd HOVI ¥3d 3NO ¢ONVD VLIVO NIVW QVIn ~ *°3

NIWOIS ‘ANIL “1SLI0A ‘AT0AQ *S3Y 43WIL 4¥YA 43dALY ‘WNN (TTIS)IQYIY OT " eg2

22

’ 0 = NI9o3Br’ T ete

o 3dVLY ONIMAY T T Tege’

3dVid ONIMIY ~ TTegy

/7 T AH9/33L ¢/ =HO/SANIW 47 T T ey

w HO/W3LSY ¢/ T GMO/IATI I TTTT/HOZHSYIS 47T Ho/NY8 YAV T ey
- o T o 43n8 NOWWOD ~— T eor
T . © T 331 M3 fT T ey

| QY e2uY3 O TUYI (HOUYI GUILSY TIATS THSYIS HNVIS cadng NIOAUNT T T eat”

T T 0T S 3dVAY 06T 3dvid HILIWVNYE TRy

TTrootYoNNST T T TTY 27

©(00TISHNS ¥ (00T)IHNNS ¢ (OOTICHWAS "+ (00TIZWNS 7 (00T) TWNS NOTISNIWIO 1T
T . T T (2)3190 d(2THN0NN3 F(2LIGNON T eor
T 4(06)44N8 ¢ (00TIHUYI 4 (00TICUYI ¢ (00TIZHYI ¢ (00TITHYI NOISNIWIG ~———  o¢
. N : - R NYH) ¥3931INT i

- 3ISION W3y~ T e T

(20THA 4 (20TIX ¥ 9

4(00TIOIS (00TINUND ¢ (00TIISION ¢ (0OTINSNIAS ¥ (00TINVHI NOISNIWIQ g T

3  *4

SIdVL VAVO AUVNEIY ¥V N0 9 Teg
*OdNI 3HL JLIYM ONV 3dvi SIHL L103 *S3dVL Y3dVd 3HOW ¥O 3NO 40 IoyWI 9 ez~

3HL ONINIVINOD 3dvi °*OVW ¥V QVI¥ OL ST 3NILNOY SIHL J0 3ISOJNUNd FHL **) ey~

. o 000000 LNTOJ AMING WYNOOUd NIVW

L026T20T AV 89 AVW 20 NC INOQ SYM NOTLVIIINOY SIMY
8hT9hd 6200 TO22 I3IAIY AL NYHLNOY S0TT IVAINN
1103411031 ¥0d4 @




{ /7 *2°0Td ¢ IN3YHND °*XVWHECT XO0T // 42°0ta € ~ ~~~“epg

¢ ANIYYND NIWHET XOT // ¢2°0Td¢ TYNOIS °*XVWHZT XOT // ¢2°01d 2 *6h
VNOIS °NIWHZT XOT // 42°93 ¢ WAYIINI IWILHNT XOT // 42°03 XT 30T . “egy
VAT0A ONILNVISHLT XOT // ¢2°94 XT ANIWIYINI 3JOVLTVOAHLT XOT )iviWdod owwgsxs..nc.
XVWHND *NIWHND *XVWOIS *NIWOIS INIL 1SLT0A +1I0AC (OT49)3LTuM oo

| ‘ (72%932 *ch

XT *S3yHh XOT /7 *9V XT *3INILHH XOT // ¢2°94 XT % IINVINVAHOT T~ “egy
XOT //49Y XT SYSHE XOT // 49y +XT +HIGWNN NN¥HOT X6 STHT )AVWY¥Od LY g
S3Y IINIL UVA *3dALT SWAN (LT49)ILTHM T Tezy

- 0= }||L|.!W.od$

*OU3Z 04 SAVHYY. YH¥ND ONY 3SION ‘NSNIMS *NVHD ¥O4 ¥3INNOD X3IONI 135 **9  *0h

. 0°0 = (I)GWNS ST *6¢

) T0%0 = (IGWNST T T T ege

0°0 = (I)HWNS’ *Le

T 0°0 = (IIEWAS  egg

oo T - 0°0 = (I)2Wns *gg’

T T .Qoo = An~d23m!!....l.-:lo.~ﬂ

o T o0Ter=I ST 00T T T ege

T o TTT 0= ANNOY WY T e’

*0Y¥3Z 01 9vId 3WJAD LSV L3S ¢0M3Z 0L ¥ILNNOD FVIAD IZIWILINI *°3 S {-

2

d0is

T {3dv¥id) IM3Y8 Wy T
{(3dve) IM3Y vy 27
4T 0L 09 (INVIS*3INCWAN) 2T

( TI o1V 49V ¢0°948 49V ¢0°94 soVZ $Lvndod TY
INILT ¢(2)31VQ ¢(T)3LVA *XVWUND *NIWUND SXVYWOLIS ¢ T

s0e
*62’

I
*Le

" 203SS3308d N330 39VWI 3dVL ¥3dVd. 1SV IHL SYH ¢ g2

52
T en2

36




Y31Sv = (M) ¥ouy3
*HO¥Y3 NI 38 OL QUOI3Y NI GHOM X OVd **d - *9L

T +9/1 =9 sy

3A1d = (D3dne e
0L 0L 09 (33L°3N*(I1)43NG° ANV HSYIS IN® (1) ddn@rdT -
o © 09 0L 09 (0°03°(9¢1)00WIAT =~ ey

2L¢1=1 0L 0Q OS i T

*U3LIVHVHD HOVI 40 ALITIVO3T 3HL ONILSAL NIOAG  **9 gz

. ) a omu.oh 09 e69°
T o T = HILMST T ege
o B 09 0L 09 (0°3ANSNY4Y T 7T Tez97
*SYNVI TV ¢31I4 ONI NV ONOI3M SIHL SYN **9 ~'s99—
e T T 08 0L 09 atham.zuuu-‘.U:»i!&..m@l!

*0S 01 09 QHOI3Y 3HL NI SUILOVUVHI WOINIT J¥IM IYIHL 41 ¢#0 o9

MNVII8 = (1)H0M¥M3 S~ T g9 T

) 2TT=1 SH 00~ T e29

(N ¢QNOM ) INdNI® YWY  ~ ~TTTerg "

’ - *°0¥093Y 3LVISNVYL **5 Teg9 T
T € TV06 ILVWHOS Th ™~ "~ Te6sT
T (064T=I 4(1)44N8) (THe3dvidIOVIYN O egg

*3dvid WoUd GUOIIY 3NO QV3Y *°D "egg

.

T + ANNOY = INNOM ) *9S

*3NO A YIINNOD 3ITIAI ANIWIUINTI *°d ~~ *g5 °

( THT JAVWHO4 T€~ ~ g ™
TR mmrosc s es e e s (1€49)ILTHM 0C ~~—'sgg "~
’ ( 7 49¥2 XT ¢31v0HH ¢)OT )LVWHOS 6T °25

_*18

(2)31VQ 4 (T)3LVO (6T¢9)ILTINUM

37




"

G® + (M)QUOM = (TINVHD T *n0T
00€ 01 09 (00T°*19° NI *€oT
+39VHOLS ‘O3AYISIY ONIAIIIX3I ¥Od4 1S3L **d - e201

T+1z 7 eron
feNeT= £ OTT OQ 00T  *00T
0=3AVSP T 66

*SAVHNY ¥3dO¥d OLNI SQNOM TW 3Jv1d ITIAD MIN ON **J  °86

3INNIINOD 06 °L6

06 02T ‘06 ((r)QNOM)ST YT egg
e ey = T ege "
heNenzH 06 00 S8 *H6

2r =N T g6
T T _sgor09 TTTTe2e”
8 =N *16

49 0L 09 (8°19°N)JI 22 ~ 7 °06
- - S8 0L 09 T 68’
=N T eg®

28 0L 09 (#°19°N)2T *u8
00T OL 09 (T°O3I°ANNON®ANY*0°03°1IdI 08~ °98

*0¥3Z VNB3 TIIM (S)ICNOM MO (S)IQHOM™ 3 °G8

«({T)ONOM ¢QNOIIY Q3ILVISNVYL 1SV NIHLIM ONILNVLS SI 37949 M3N ¥V 4T 335 %) *n8

{ N +QuOM ) LNdNI9 TWI °ce

*GIHSYIS ON *ATINO SHNYIE ONY SLISIO SNIVINOD MON GYOI3M 4QY0O3Y wh<4mz<1hux **3d 20

IONTILNOD OL *19
YNVIE = (I)ddn@ T e08
0L OL 09 (MNVI8°03° (1)33n8)3T 09 *6L

L d

.QF

oL 01 09

38




M ) HOHY3 NI ST (I)¥uNd ¥O (INISION ¢(IINSAS 41 , 9 *IeT
w ‘=1 31NL1LSENS HONYI NI SI (IINVHI 41 ¢oyd BOUY3 HOVA 1S3L **) *0LT
“.

! (S+/HYOUYI = (N HYUN3 OCT ‘621
(2+/)Y0¥YHI = (TIcHNT - oeg2t
e (T+r)HOUY3 = (TM2uy3 X4 4
(FHYOYYT = (T THN3 T e92t
M .?296.: =T (Hyund | T eger T
H (2+40)QHOM = (1) 3SION *H2t
| o T T (Ter)adOM = (VINSAWS  C eger
M T T T T s e e () QHOR = (DNVHY ™ " ezeyT
_ T T © 77T 7 7 T00g 0L 09 (00T°19°MIr T Teyey T
) *39YY04S G3AN3SIY INIO3IIXI ¥Od 1S3L °°5 ~ ep2r T
. - R - . . e e R T+1= 1 . (Ii.!lu.l!oaﬂﬂ..-..
aOeTz=p 0T 0G ~  Tegrr
T o = 3JAVSP =% T T *
ﬁ T T 7 77T 0%T 01 09 (TeB3CIAVSPIST T Tegpp T
; £ =3IAYSE T egTt
i 0 = HOINST 02T~ enlt
o *QHOJ3Y LSV NINLIM SLUVAS 1K) MINV **9 "~ sgpy °
. , . ) . O 0L 09 T emyyT
. (€+/H)YOYYT = 7 (MNo¥¥I OTT T eriy
T Zeryuo¥NI = (igMMI T eoup
(T+/r)YOUY3 = (TH2YN3 T g0t
(PIYOUNI = (THTH¥Y3 T egot
T (E+r)0¥OM = (VIWIND T et
(2+r)Q¥OM = (DHISION *90T1
(T+r)CHOM = (TINSNIdS *S0t




s

(T= 19 ¢T ¢8 ¢3IJVLVINVYIN T¥) .
#8T 0L 09 (T*BI*INILINAT
T = NIs38l
28T 04 09 (0*3IN°NIO3EI)AX
*YLVYQ 3704 SIHL HiIM 3dVY11 3Lvadn
3NNTANGD 08T
(2IIYUNJ + (TI=2131V0N3/7(2I=1)1v0 4= ( (TIIUHNI=(21IHYND) = (1IHEND
C8T 0L 09 (UNVIS°D3° (1)n¥NIIAT 8LT
(2I)y3StoN 1
+ (T1=21)1v0Md4/(2T1=1)1VOTI4*((TI)ISION=(21)3SION) = (I}ISION
2T 01 09 (ONVIE*D3* (1)£3M3INIT 2LT
- (CIINSNWIS T
+ anntun.H(OJL\.N~|n~h<OJuQaAan.ZWDJ&MIANH.zw:J&wv = (IINSNTWIS
2LT 01 09 (NVIE*D3I*(1)2HYIIIT OLY
T+l = 21

T=1 = TI 097

0LT 01 09
-7 =21
2=1 =11

09T 04 09 (1°3N°I)JI OST
. 0LT 0L 09
¢=21
=11

L

0ST 0L 09 (T*3N°I)idX
T=1 = (IINVHD (JINVIS°3N® (I} THYI) 4T
TeT=r 08T 0Q Ont
*3NTA SAT ¥0d 31VI0dY3INT

d

*estT
L5t
*9SY
*SSt
‘4SSt
‘¢St
*2st
*1ST
*0ST

6nT

R
‘ot

*gnt

.Ao#d,

*Ght

ent
*InT

S eont

*6€T
*geT
*LL
*9tt
13 ¢
‘HEY
‘eer

e2et

LNt




e LTI

(IINSNIS + (I12WNS = (I)SHNS
(1)191IS + (I}TWNS = (I)THWNS

(I)3SION = (IINSNIS = (I1)91S
LT0A0#(T=1)1V01d + LIS1T0A = (T+I)X
74§21 06T 00
XYWOIS = (2+NA
. NIWOIS =  (T)A
1T0AQ%(T=TI4V0VS + 1SLI0A = (2+T)X
T 4S170A = (Tyx T T
T*ONILL0Td ¥OJ 3NTIVA TWNOIS ILVINIIVI 623~
3dviT 3714 ON3 -
1SV (3dviTILINA
e, o z =18y — —
(T=1 ((DHYYNS ¢ (1)ISION ¢(IINSATS ¢ (TINVHI) (3dviNI3LTuM
T ¢INNON (3dVINI3LIYM 90T
1SV (3dvi3LTum
) 0 = 1Sv1 S8t
- ) 98T 0L 09
(2)31VQ 4(TIILVO *XVYWUND INIWEND ¢XVYWOIS *NIWOIS =
*AINIL ¢1S170A ¢1T0AQ +S3IY 43IWIL ‘UVA ¢IJALT *WNN (IdVITIILIUR 48T
4SY1 (dviNILTun
: T = 1Sv1 ¢81
SST 0L 09 (T°19°INNON)JI
3dvi7 3IVdSNIVE
(T~ ¢@ «3IdVLTINVELIN TIVD 20T

€8T 0L 09

3dvin 3IavdsSxIve -

'Ot
*ngT
ccot
291
*191
087

Te6lt

*8LT
*Lit

‘gLt

R1-74 §

net

I

2L
*TLY

eoLy

*691
‘89t
L9t
*9s5t
6ot
"vot -
*eot
291
19t
2097
*6StT

<



¢ €°0T4 sxh 1 o2t

40°43 4TV IXZ 20°Ld 42V X2 40°Ld 42Y 4XZ ¢ST 42V 4X6T )LYWHGA 902 112
{ V9T=1 4(I)OIS 4(IIYHND ¢(I)4¥¥3 ¢(I)ISEON T o eot2

*(1)CUY3 (IINSNTIES ¢(1)ZH¥3 ¢(TINVHD ¢(I)TH¥3) (902¢9)3LIuN *602

(/ SHT 4XOT 4IHT ¢XOT NMT X6 T *802

INOSHE XS *NYHIHG X9'  // *C1 4319ADHS XS 4OV NNMHH ¢X22 )LVHHOd 002 “102
ANNOX SWNN (h0249)3LIWM  ~ +902

s (1£49)31TuM ‘g0z

*37945 SIHL ¥0d4 VIVQ T 1SI7 **3 . *ho2

(9 9% 420T 4247 ¢4 4X 1107Td TWD T egoR
(H¥End = (T+154 €02 T oe202
qe1=1 €02 00 *102 -
CXYWYND = (244 . T e002
NIWHND = (D)A g6t
{ €I ¢3TDAIHG XS ¢9V  NN¥HH XS ANIWUND JO LOTIHST eXoE )IVWHO4 202 *86T ,mnM
) INNOY SWNN (20249)3iTHM T o161
A (1£49)34T5m s96t .

£ *1NINUND 40 SINTWA 107d **3  *Set
o (9 49 40T 4247 ¢A X 1107d TWD BT Y
*IYNOIS 40 S3INWA 107d *°3  °g6T

€ €1 ¢3DAIHS XS *OV  NNYHH XS TYNOIS 40 107IdHHT “#X0C ,»<:zou 102 *261
INNOY ¢WAN (T024933LT¥M 002 ~  *TeT
. (1)91S = (T+I)A 06T *067 )
(1)MHNI/(1)ISTON + (IIOWNS = (1)9WNS *68T
(1) U¥NI/ (IINSAES + (IISWNS = (1)GWNS B ) O
(I)UYNI/(1)9IS <+ (1)4WNS = mn.axam .81

_(I)3SION + (IIEWNS = (1IEWNS oy




{ 9Y NNYHE XS TYNOIS 40 NOILVWWNS 9, 107dHLZ XOE ) LVWNOS 192

WAN (192¢9)3114M 092

(1€49)3LIUM 042

*SLT0A *SA WYNOIS 40 NOILYWWNS ¥04 S3NIYA 107d
*39VWI 3Advl ¥3dvd SIHL 40 ON3I-**9

(E+41)Y0HY3
(2+1)y0yy3
(T+1)y0¥Y3

(1)¥0¥¥3

(C+1)Q¥OM =

(S+1)Q¥0M =

(T+1)CH¥OM =
S°* + (I)QuoMm

o€ oL 09
(M H¥Y3

(MeYy3

(M 2uy3

() THY3
(Muuno
(M 3SION

(NNSAS
= (NINVHD'

00S 01 09 (00T*19°7) 41
*39VHOLS 03AY3SI¥ ON103IONI HO4 1831 %+

heNIIAYSP=T 0T2 00

T+z1

0 OL 09 (0°D3I*IAVSA)AY

0 ="

oou‘

ote

*0Y3Z OL SAVYYHY YHND ONV 3SION NSNS NVHD ¥03 MILNNOD X3IONT 13534 **2

*39yNI 3dvy y3dvd AN3S3¥d NO 371040 M3N V YO 3uVdIYd **d°

0h2 OL 09 (0°3N"HILMSI) 4T
*39YWI 3dVl ¥3dVd 340 ON3 ¥Od4 1531 *°)

{  *031V70dY3LNT N338 SVYH 3nTWA MIN 3HIHIC X / *HILIVHVHI wo3t

7T NV O3NIVINOD LHOIM 3HL OL 3NTIVA 3HL S3LVIIAGNT *HO9 X9 )1l'7WHOd 902

(802¢9)3)1un

43




*(S)39VSSIW =2I1SONOYIO* 0 ~  *oNILSI™ 40 aN3

oN3 * g2

21 04 09 *962

{ *QDYONOI VAVA 40 H3IONIVWIY HLZ / °STISNNVHD 00T NVHL JHOWT *L52
SNIVINOD HES 91 ¢3TDAIHG ¢XE 49V INNY »sHO¥HIe» HHT ¢THT )LVWHOS TOC “0s2
INNOX *WAN (TOS¢9)3LTuM 00 = °SS2

0T 0L 09 T engZ

( H°ST3LdT ‘Xh ¢8I )LVWHOJ €52 3]

( 0T=1 4(1)9WNS ¢ (I)SWNS 1 *252

S(IINANS ¢ (TICWNS ¢ (TIZWNS ¢(T)TWNS ¢(T+IIX ¢(TINVHI) (£62¢9)ILINM R {-Y
; ( 7 I/NHE XTT 2 " e0G2
1/(N+S)HL X6 1/SHE XET NHT XCT N4SHE XE€T SHT X2T SLI0AHS XOT 1 ‘6h2
*NVHIHS XS // S319A9 T 40 NOILVAWNSHEZ XS ¢9Y NNYHE XO0G ) LVWYHOJ Z62 " *onz
WON (26249)3LTHM *Lh2

{1€49)3LTUM | ‘94z

( 9 9% 4001 ¢ +HWNS ¢X ) 107d TWI © o eghz

( 9V NNYHE XS ANJUUNI/IVNOIS 30 NOTLVWANS 30 LOTJHSE XOE )LVW¥od 162 “whg
WON (162¢9)3LTuM ‘ehz

*SLT0A *SA INIWUNI/IWNSIS 40 NOILVWWNS ¥0d S3NIVA 10%d  °**9 262’

, (1€09731THM ”~s~

(9 ¢9h ¢0OT ¢ 4TWNS *X ) L07d TWI ‘0n2




3HL Y3IAILVHM Y03 OVId V SY 3IANIS 0L ST NOIS vno3 3H
*ATALVIQINT ITHIWNN=YHJ

SIi Quvd aHy zuI».o¢<u V NO Q3123130 SI N9OIS vno3
‘LI9I0 ‘YWNVTIE ¢YWWOD *NOIS SANIW M0 SNTd V NYHL ¥3HL
*QuY) diINvVIE 1V

*HIAWNN ANIOd ONIAVOTd LSV 3HL GNNOA3IS 3dvdsS 3NO
4SY3AT Lv ONNO4 SYM NOIS INOI NV Ld3IX3 (£ SV ANWYS
*J13 .aﬂ-oxor NI 3NO aNOJ3S ¢(T)QMOM NI Q3¥01S

SI 1SYId 3HL *S3NIVA INIOd ONILVOI4 N Q3NIVINOD qQuvd
*NOIS IWNO3 NV 304 1d43IX3 HNVIE 7 SVM oyvd
*JTUBNNN=VHJITIY SYM ONYD

**'WYHO0Yd NIV 3HL OL ONIMOTI0d4 3HL

*LVWYH0J TV2L ONISN N3LLIMM N3IHL

*O4NI JIYINNN=VHAIY YOI WYNOOMd NIVW 3HL NI 2. NOISNIWIO ‘3@ isniy IS o
*NOTLVWHOJNI Q¥YD 3HL SIUOAS 3INILAOY SIHL HOTHM NI AVMNVY 3HL SI QUOM **) ~ g
*VHWOD ¥0 YNYVIE v A8 03LVH3d3S 36 LSNW VIVG QYYD ¥ NO NOTLVWMOSNI

L 40 350d¥nd 3IHL

V SV Q3134duIAINT

¥0 INIOd vW153Q

0 Y¥3LOV¥VHI v 41
0 =N (S

OON>2L= (1

¢ 2LOND0 (£
¢ 2le= N (2

) N\r =N aﬂ!...!;«.iz...

T3LVOIONT TIIM N
3dv SaY¥vYI 37111

**3 22
27 R
5 02

..u .mﬂ
5 et

b TR 4 §

45

9 ‘01

I %6

YT

Q31VWHOS4 3344 40 SNWRT0D 2L Qvay 0L SI 3NILNOY SIHL 40 3SOJUNd 3HL +%y ~eg™
*SANIWWOD MON 3¥V 9 ONV S SINIWILVIS (2 9 g
*NOWWOD NI MON SI 903 (T ~ 9 7 o~
¢30VW 3¥3M SNOILVIIJIOOW ONIMOTIO0I 3HL *%y~  eg™
*ANANI9 40 NOISY3IA O3TJTI00W V ST INILNON SIHL *¢3 ~ 2
( N ¢QHOM ) INdNTI9 3NILNONENS .

__WT£000 INTOd AMIN

TT26T20T Lv 09 Avw Noezc 3NDQ SYm NOILVAY

3 1NdNI9 3NTinO¥ENS

ey

IdW0) SIMY

anTo9hd4 6200 1022 I3A3T AT NvHLMOd 90T JVAIND
INANIOLNANTS HOY @&




91‘

SNANIW . 02 01 09 ({STIOMLISIL 02°(1)702)41 TIT
dNvI8 02 0L 09 ((TT)AMLIS3L°03*(1)709)41 0T

*QYOM M3IN 0. LYVLS 1V ONILS3L NI938 **5

9T 0L 09
0 =N

3NNIINOD £
TT 04 09 ((TTIOMASIL*IN®(I)T0V4T

. eL'I=I L 00

*YILIVUVH) MNVYTIG=NON L1S¥I4 ONId . 5
' 0°1. = zwnm g
T = 091
0°0 = 330
0°0 = WNS’

o= T
T TTTTTTTIITT T TR, JAvRMod 9T 9
{ 244%=2 ¢(1)702 ) ¢9 Qv § O
/7 4AT t=HT 4SHT ¢°HT ¢¢HY ¢ HT ¢6HT- ‘BHT T
¢LHY ‘OHT *GHT ¢4HT 4CHT 2HT ¢THT ¢OHT/(9T¢T=1¢(1)QMLSIL) ViVQ®
{ 703 +QHOMI ) IINIIVAINGI
705 NOWWO)D
(2L)0YOMS ¢(2£)709 ¢ (9T)OMLSAL ¢(2LIQHOM NOISNIWIC
QMiS3L *710) ¥393INI
*6*x0TX6 HO *€666666666 O
S1 YIGWAN 3IT1EYMOTTY LS3OUVT 3HL *Q3INOTIV LON ST LVWHOS 3 NVMLNOd 3HL *°*D

*SINHSIM ¥3SN O -

g
‘Lh
*Sh
*Sh
*hh
‘th

. *2h

‘Th
‘0

*6¢’

oQ.M.
°Le

*9g’

-1
*He
‘e

e2e

‘1
*0¢
*62
*ge

e

*9e

.62

*he
‘g2

46




wne3
VWNO)

6 MIHL O

IVWID30
SN1d

R

¢INIOd WKWIJ3C ¥ SYM YILIVUWHD **9
T= == % €S

22 04 09
*N9IS SNd v SYM YIALIVHVHY *°)
0°T+ = NOIS O

22 oL 09
...:&::».zwuw.mDan.t.m<t HILOVHVYHD **d
0°T« = N9IS OF

T 78T e0T 40T (22=-1)4d1

T+1=122

091¢(9T ¢22)0L 09 02
S N¥NL3Y BT
(I)OHOMd = (1)0¥OM LT

eL'1=1 LT OO 9T

2L =N

.unxmmz:zucxaqt SYA NALIVHYHI **)
08 0L 09 ((HTIOMLS3L 03I (1)V0I) 4T ST
0L 01709 ((2T)0MLSIL 03I (1)709) 4T
INNTINDD 2%
09 0L 09 ( (F)OMLSIL*63°(1)709) 41

oTeI=r 21 00
0S 0L 09 ((STIOMLISIL*H3*(1)70I) 41

*hi
‘€L
2L
‘1L
‘0L

*69.

*89
*L9

.99

*s9
*H9

oo

°29
*19
09
*6S
e
*LS

‘e9g

*6s

eng
oG

25
°18
*0s

..ool

47




SOT ¢0TT +01T (2l~-1)41 . *00t

5 66

T+1=100T  *86

.9 %6

Nuni3M 96

Ne=N#8 g6

N¥NL3Y b6

i T le=NZ®T T ege
%8 429 448 (N)31 09 26

T NSIS VN®3 NV SYM u3LOVHVHD **>  °*T6

377 .06
: 0T 0L 09 ~~  *69
Tel=1""" *g9
ST 0°0 = (NJQYOR ™~ 7 ezg :

T+NZ=ZNOL o8
*YHWOD YIHLONY YO SHNVTIE AB 030323¥d YWWOO ¥ SYM NILIVYUVHI °*9 ege
n g
02T 0L 09 *cg
*IWWI30 3HL 40 1937 WL OL SLIOIC INVOIJINOIS OT SvH QMOM IWNSSY 9  *Z8
| *11910 V SYM YILIVHVHI *°*3 " ‘*18
0T = % 09 *08
2 6L

00T 0L 09 T T egy .
0°T = 930 oLl

*ONNOS SYM WWWIJD3Q 3ALVIIONI **d *9.

0 = 3JAVSH *SL




S NV
, YHNOD
WWI930

6 NYHL 0

T + % = 3AVSXH 8¢y
OnT 9ET +04T (330)41 (131
. *ONNOS SYM INIOd IWWWIJ3Q V 41 335 *°)
*INIOd TvWr330 Y0d QUOM INTOJ ONILVOTS 40 SILSTHILOVMVHD MILW 69
-]
00T 0L 29
0°t = 230 ie
*ONNO3 SYM TIYWIJ3Q AVHL 3LYITONT *°*)
T+ %= 3AVSH ocy
*ONNO3 SYA WWWIJ30 3u3HM NOILISOd JAVS **5

]
00T OL 09 h
T3z
A*40°0T#(T=r)1¥0Yd + WNS = WNS 02T

" *ONNOJ LSNM 11910 NO ONIQOV AS GNOM dn QIING °*°*3
g -
0T 01 09
SE€T 0L 09 ((TTIOMLSIL 03*(1)709) 41
SET OL 09 ((2T)OMLSIL*®3*(1)709) 31
0ST 01 09 ((STIOMLS3IL*®3*(1)710I) 41
3NNILINOD 21T
02T 01709 ( (M)GMISIL*03* ()03 ~~ ~

0T¢I=r 21T 00 OFTT
SeT 0L 09 T

2= 091 SOt
*Q3LVISNYYL N338 SYH Q¥0IIY 3YIAN3 JLVIIANT **9

’

N

- *921

RY-r1s

*het
‘et
*2et
‘1t
‘oct
‘1Y
‘eTt

pA ¢
- . 0“*.

°STY

4Tt

€T
‘21t
‘1Y

oty
%60t
:01) 4
sL0t
- gog

*Sot
*H0t

‘*c0t

201

*T01

49

paen




50

*(S)39YSSIN *IIISONOVIO* 0  ~ *ONIISIT d0 ON3
GN3 “acY
02 0L 09 " egQy
0°0 = 230 s2ct
0°T = NOIS ‘tet
0°0 = Wns ~oe1
. . NOIS# (IAVSHS$0°0T/HNS) = (NIQHOA ~ ~ " "eg2y
T+N=NOUON g2t

*Y3ILNNOD QMOM 3ivadn **d et

© e




0120107d /38B8EBHI 4 8>BBBOHY ¢ B> EOBHI * SUU>BEHO + SBLE>THI ¢ HUEIEIHI /T Y1Va 12
0020107d IN3WILYLS STHL NI * 340 INIWAINO3 W130 ILNLILSENS 3 02

05T010d (9) NI 03114 Synvis - SNOILISOd SNOTBVA NI SHVIS 2 st

08101014 : /=e==u={g/Q VivVQ 14

04T0107d 3SN 3INIT WO1108 = SNOIS 3IATLVOIN TV IR 2 ‘
09T010d . / H9/3 viva T oe9t ﬂ
0S70407d . S¥NVIE T 9 g1

041040 2 ent

0£1010"d Y3SN 0L 1437 ST 39vd 40 ONIGVIH OGNV NOT:VHOLSTY 2 gy

021010d . 3dVl LNDLNG J0 *ON IdVi=1NON 3 e

0T10107d (0S GN3WWQIZW) 03sn 38 0L S3INIT 34O ¥3AWAN=TN 3 1t .
0070107d (SS37 Y0 80T) 03SN 39 0L STIIHM INI¥J 40 ¥IGWNNSTIN 2 o1 i
£600107d Y3040 ONIONIIS3Q NI SI AVHYY A 3HL 3ATLVO3N SI N 31 . 5 %6 =

0800107d (SS37 ¥0 0ST) 031107d 38 0L SINIOY 30 HIWNN=N 2 ¢

0£0010d 031107d 38 01 S3NIVA 3LYNIQNO=A 2 ¢

090010d . 031107d 38 OL S3NIWA V¥SSIJQV=X 9 "eg -

050010d (€BN¢£8) ¢ (2aN428) ¢ (TAN*TE) 3IINZIWAINGI 5

09001074 (3IN¢Q) ¢ (IN€D) ¢ (BN+8) ¢ (YN¢V) 3IINITVAINGI *h ,
0£00407d ~o.nmz..m.mmz..o.aoz..o,no..o.um..o.am NOISNIWIQG 7~ 7~ eg™ U
0200107d (BTIVNS(9)EN* (BTIVI(9)E* (OSTIAT*(TIAC(T)X NOISNINIG =~ B

0700401d . - C(LNONSNITNING LX) 10Td INILNOUENS o1

®Q3IN3Y343Y YIAIN ST iNG LNIWILVLIS 3dAl YO NOISN3WIO ¥V NI S¥V3ddY ¥O 3WWN 3H) * #J11SONOVIQs

035000 IN10d AHLIN3 109d 3INI1LinoOueNs

TETIATIOT LY 89 AVK 20 NO 3INOQ SYR NOILVIIINOGD SIHL
0 7022 3A3T AT NYHLHO4 80TT IVAINN
avIond €200 10 10744407 Y02 @

SR




0940407d
0Sh0107d
0hh0107d
0€Hh0107d
02470107d
9140107d
004010d
06£0107d
09£0107d
0L£0107d
09€0107d
0S€0107d
0n€0107d
0€€£0107d
02€0107d

01£0407d~

97314 (51402) 01 09

S3NTIVA ONICM3IS30 OINI A m«moxouz
((T=TIN)LVOTVI) / (NIWX=XVWX)=XYL30
({IIXNINX) TNTHYSNIWX
()X XVIHX) TXVYHVEXVNX

N¢T=1 0T 00

9E+3* T==XVKWX

B8E+3° T=NIWX
SINTIVA LS3IM0TT ONV LSIHOTH ¥04 SLNIOJL X SIHIUVIS

ot

I=(HVY 6

8t¢I=1 6 0CG
1vWd¥0d S3ZIWILINI
(N)SAVI=N

2S9M4I (0L N) 4T
=97141

00£0107d
06201074
092010d
0L20107d
0920107d
0S2010°d
042010
o0geolond
022010d

HOCONY HIOJINY
_ /7000000000T000/39%Y1 viva
7/ J80868H3 46 100OBHI ¢ 88 JEHOHY + S8 JOBHG ¢ EOBS JHS « 88088 JHO/CA YLIYD
3INC ONILOVHLANS YO4 MNSWW
/ GOUOBHOS BotYHT ‘00 SODHI SBB BOHIEBOE GHOGBGEm H9/28 ¥iVa
MNVIE 0L SNINVAWOD ¥O3 NSYW
/LL0000000000030£2000000000¢5000£L0600000T
4000000.200000¢000000002,.000400000000002.0/18 viva
Y0135 N0 ONINIIC YO NSVW

on
en
*Hhh
ch
24
“th
“on
‘6¢
gg
g
co¢
gc
“ng
e
v2e
“1e
‘o¢
62
g2
2z
‘oz
g2
“n2
o2
22

52




0120107} (NYdI=eXxI ‘1L

00£0107d ‘ (T)dI=TX1 ‘0L
0690107d ‘ INMIINGD 42 . *69
w 0290407d ’ '39dVI=(I)dI= (1) dI *g9
,,W 0490107d N¢T=T w2 00 *L9 |
W 0990107d . . . ANNILNGD €2 99
m 05901074 N 30UV e O d1= OIN) I *g9
M 0990101d - . Wi+ (11dI=(1)dI *n9
M 0£90107d © 30NIINOY 22 *¢o
M 029010 s PN T .29
|
! 0190107d : (P) A=XVNA *19
0090107d 22 01 09 (XVWA*IT* (M)A} T *09
*INJONINVIW 39 10N AVW SU3IOILNI-NON NIIML38 ALIWNOI HOd 1S3L IHL ronhmozw<uo. -
0650107d 22 01 09 (3I9UVI1*39° (M dI) 41 s '©
0950107 . N¢T=i 22 0a *ag
0450409 . T egACT==XVWA T LS
0950407d Ne¢T=I €2 00 " +9g
0550107d 3NNTINGD 12 °sg
] 095010d h T 9=(1)d1 a5
M 0£50107%d N¢T=1 12 00 02 °cg
| 0250107d ‘ sz 0L 09 °2s
0150107d . T T (N)YASNIWA IR <
00501074 : o (TIASXVHA *05
0690107d : . 3ANIINOD 9T T 6
0842107d o o o I T °8h mw
0250107d ) N¢T=1 9T 00 ST T

i T R e e " o mons i i
PSAREAV AR ..wifa.é A R ey, e RO YO ]

AN N




0,60101d : (4N) E8N=(193SN) VN= ( 1IISN) YN *L6
0960107d 00T OL 09(  (JN)Z2BN°DI*L1SIN) 41 *%6
056010d ) ((3N) TENY (123SN) YN) ONY=1SIN °c6
0460107d - 3 w6
0€60107d LYWHO4 NI * S3IVd 2 g6
0260107d a B T+(94dMdN) QOW=4N 26
) 0160107d (94640Ce2¢T)HOLI3IS NI NOILISOd 2 16
0060107d T+(9/dMdN)=193SN *06
0680107d (T49/TN® ** G onegs24T)H0LI3S 3 68
09801071d XVL730/ (NIWX=(I)X)=dMdN €€ *g8
0480107d (T=TN®***C42¢T¢0) NOILISOd T133IHM ININd 3 8
0980107 LE 0L 09 ‘o8
0580107d 1-=1 2¢ -1

0680107d S3NIT YNVIS SINIMd 3 w8 =
£ €€ ¢2¢ (1000°+1730=(1)A) 41 ]
0280107d AVL1730-1930=17130 T¢ 28
-0 0780107d ECITSITC (N AT OF °18
: 0080107d . 0ceCeIee(t-M41 08
: 06,0107d (T dI=p *6L
: 08£0407d M di=1 9L
m 0£20107d i N¢T=3 Th 00 ‘L
j 0940107d . NOILJ3S ONILLON 3 e9g
0520107d ) XyWA=17130 -7
M 0%£0107d ((T=2N)1V0TJ) / (NIWA=XVWA) =AYLI30 S2 *he
,% 0€40407d (2XT) A=NTIWA eL
W 02£0407d (TXT)AZXYWA N




0€21101d
022110d
01217101d
0021T107d
0617107d
081T1.L07d

0LTTL00d

0911207d
0STTL0Td
0n1140d
0€TTL0°d

02TT407d

0077107
06072074
0807407d
0£07107d
0907107d
0507107d

0€0t407d

020t101d

9T¢1=1. 4% 00
SHNVIE OL AVYMY ¥V S3¥0LSIY
(9VRT*X2T)1vWdod €4
(B8TIT=T4(I)V) (CHeLNON) ILTHM
1 a=(I)v 24
8T¢1=1 2% 0Q
SIXV WOLL08 SMYNO
_3NNTLINGD Th
2=(I)Y 04
81¢T271 04 00 6¢
1lviWyod S3¥OLSTY
68462 TC (N AT
¢ VST *I HZ +€°0T3dT ) Lvwdod 8¢
(8T4T=TT ¢ (MIV) *1130(SC 4 1NON) 3LTvA
3INNIINGD L€
INILNOY ONIINTHG
. 0= 9¢
TH OL 09
I=9 s¢
S€ ¢S€ *9C (T000°417130=(PIA)IT HE
AVLT30 NVHL ¥3S071D 3¥V (P)A ONV (I)A 31 SLV3d3Y
9E 49C 1 (N=Y) 41

0707107d
0007407d
0660107d
08601071

ANNILINOGD TOT
. (AN)ON+ (LOISN)IYN=(LIISNI VN 00T
10T 04 09

-4 4
22t

) £4 4

‘o2

61T

*81T
‘LT1
catt
STV
224
‘cIt
*217
*TTY
01T
*607
*907
*L07
*907
*S0T
‘%07
1} ¢
203
*101
*001
*66
*96

55



e e e i : . o, i T

06£1107d
08£1L0d

04£1107d
09€1407d
0SE£TL0Wd
0hETL0d
0€£T107d
02€1109d
0TETi0Td
00£T107d
062710d
0821107
oL2TLI0Nd
0921107d
0621107d

0Hh21L07d

*(S)39VSS3W sITLSONOVIO* 2 "*9NI1SIT 40 ON3

an3
NYNL3Y
(4°0T30TJTIX9T) LYWHOS Lh
(TT42=1¢ (1)V) (Lh41NON) ILTUM
XVLT3A% (T=1) LVOTHNIWX=(IIV 9%
TT41=1 9% 00
0°0T=( (TN) LVO4/ (NTWX=XYWX) ) =XV1730
(8T4T=14(I)V) (SHILNON) ILIHM
(TIEN+(TIVNSLTIVN
() BN+ (LTYUNSILTIVN
(9)8N+ (E+IIUN=(E+I)IVN St
{2)8N+ (2+1)UN=(2+1) VN
(1) EN+ (TIYNS(IIVN
G¢2T¢2=1 Sh 00
SIXV ¥3MOT ¥04 S3IVIJ OT A¥3IA3 + dN S13S
=(I)V hh

*6€1
9Lt
*LEY
*9eT
*SET

T eheY

*ceY
*2¢7
*151
*0€T
*621
*g2T
*L21
*92t
*set
*n2T

56




STEP 3: TREAD
This program lists the contents of the data library tape as follows:

1. All the data on the TEDIT card except column 80

2. The cycle numbers in sequence for each experiment (data section)
and the number of data blocks (points) that are in each cycle

A version of this program called TREAD LONG PRINT lists signal
+ noise, noise, and current values for each channel number.

Below is a typical TREAD deck setup.

HEBEBERERERRER

T SN0 0 SN T T WO T U0 T T W O 0 N S T A T 0 T T O O O T O

MU SN SR IR U A A U U NS N U 100 000 U 0 O W A5 VOO SN U U OO 200 S O S 0 S T T T O I 2 T T TS N T T A 0 0 A W 56

Adob 4 L lital TE I OO U S U T O O NN U U U N U 0 V0 T U S0 U A U T W O U T N T T T N W W W N T W W I L2482t

[T IE IR IR IR AN AR U5 T A N0 U T U B 0 SN T T S U0 N NN U U0 T 0 U U0 S T U S T T U T I A U O T S UG W T A W U S VA A A 0 W o

FENUR S S I S N S U U A S0 U T U U U U N T U 0 T 0 T 1 VA U Y T Y 1 U N T O T T Y N O N A ON N A Pt

A program iisting follows.
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STEP 4: ABEAM4

Input for this program consists of the data library tape, as written
by TEDIT, and a set of data cards. The purpose of the program is to per-
form various calculations based on data from different cycles of the same
experiment or from different experiments,

The normal output from ABEAM4 is the following (see option 3,
below):
. Z signal
. Z signal smoothed once

. Z (signal + noise)

.Y I B

. Z {(signal + noise) smoothed once
5. X (signal/noise)

6. Z noise

7. Z current

Printer plots of the following are also given:
1. Z signal

Z signal smoothed once

Z (signal + noise)

2.
3.
4, Z (signal + noise) smoothed once
5. X (signal/noise)

6.

Z noise

By the use of an option (see option 1, below), the additional informa -
tion may be obtained along with a printer plot of each.

1. first derivative of Z signal

2, first derivative of £ signal smoothed once

3. first derivative of T signal smoothed twice

4. second derivative of £ signal smoothed twice

£. first derivative of £ (signal + noise) smoothed once
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The input card formats are as follows:

Title Card: FORTRAN format is (12A6)
Column
1-72 Title (printed at top of first page)
Option Card: FORTRAN format is (316)

Column
6 Option 1 = 0 or blank: derivative output not desired
= 11 desire derivative output
12 Option 2 = 0 or blank: parabolic least squares fit
for smoothing
= 1: Fourier series smoothing
18 Option 3 = 0 or blank: all output is calculated as

shown helow
= 4: each term in the summation is divided by
its respective value of current (i. e,,
= (signal/current) etc,)

Run No. Card: FORTRAN format is (A6, 216)

Column

1-6 Experiment number (IRUN)

7-12 Number of cycles (NCYC) requested from this experiment
18 ILAST = 0 or blank: another Run No. card follows the

Cycle No. card

H

1: another title card follows the next Cycle

No, card

n

2: no more cards follow the next Cycle No, card,
The next Cycle No, card is the last to be

summed and all processing is complete
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Cycle No, Card: FORTRAN format is (1216)

Column

1-6

7-12

13-18
19-24

*

25-66
67-72

Cyc (1) = first requested cycle number

REFPNT

(1)

Cyc (2) = second requested cycle number

REFPNT

+

(2)

Cyc (6) = sixth requested cycle number

REFPNT

(6)

e B RN RN Ly

Two or more cards of this type may be used if the number of cycles (NCYC)
requested exceeds six.

Below is an example deck setup for summing together cycles 3, 5,
and 6 from experiment 115; cycles 1 through 10 of experiment L25; and
cycles 4 through 9 from experiment 145,

”J”r”nl” ]”[l E{“[?rzl:)lzlzl?lzf"x""'“'““““““”””’ NGB REARRBNERERHEBRRABAR

HEEHUNUEE RIS HE MO N HE O HEHYY :I ”}J” Iﬁc“: :H«L F1E10 o]'u,l[a 5]31?13]']0 ’[zﬂJﬁle 71‘1*16“ 'thmvnlt!c
i 134
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S YW W R OE T LT, —MLEW_‘;‘”M@ pedo kb ot d b odedidad cbedadod ndodabdusunbrndd

SIS TS ITUTES RS UE U A 07 U S TR0 0 0 U 10 (5 00 U U 100 U0 VN0 S50 U0 U0 00 00 06 15 0 U 0 A0 IOV W6 0 0 6 U 0 A0 0 1 U W 3 A N 5 S 5 O 10 |

m&_ﬂfu@m IWERNE P NETR URWREE RN E NS RN NN

pa sl r sy e dpa e daa st bt i adddd bl a il At At Ldatode bt dde

l 1 da g i bex gt ce ey b s da i de i jrad il a gt tigd ddadd

—LAJJM . taa it tb g, e b e st aaad il il b i Aiin ohode

a A2S Ll 111;4;11‘1 TN FETENE SV SNTENE FUTTES SUNENE INR NN WU TS TN TEes

JAL_lAj‘ P | L1l ‘|éi|||||‘ 11111’ ;.‘AxglllAA‘an $oded sk 4 beddodod

Iilll1lll‘11 A idg llll‘LJlJl’llL L1 d lat i i d bl b d i gt d bbbt Jot 4 L)

dat g b e pan et Fya gt g dadd it ddddddaldin b ddat bt fdedt bl

_LJ—I-LAA!IVLJJ Y A;xndlln(‘*llJLirnlen Lrtp b s s e a ti bbbl dodadadad dodadat d

NN TN TSR NSNS SN NN NS NI I I N OO0 0 0 0 5 U0 W0 UV U0 U 00 100 I W0 A O 00t ST I X

Adbdd g d A a bl b d iy b g laa g bt ladiladldd it d bbbl ol deddads

Below is a diagram showing how the summing, Z, takes place with
reference to the channel numbers.
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CYC(1) CYC(2) CYC(3) CYC(4)

| ' : / § ~_
i T
SRS :

® 6 ° ®

™~

SUM (END)————: ~_ : +/: \:
o~ L

. L

N4

In the diagram, CYC(1) through CYC(4) are arbitrary cycles. The
reference points, REFPNT(1) through REFPNT(4), are 3, 5, 1, 3, respec-
tively. In this particular case N < Ny < N3 < Ny; therefore, it is meaning-
less to sum past NZ The total number of sums thai would be printed is
(N, - 4) +1..

A program listing follows.
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STEP 5: COPY

The COPY program is used to make a backup tape for the data library
tape. A backup tape is kept at all times. It is suggested that after every
ten experiments, the library tape be copied onto the backup tape.

Below is a complete set of cards that comprise the COPY deck.

NNEGHEBSE RRRRK AABEBRARBREHABHERBRRARRRRARREAREBEREBBEBBERAARREBBEBBABRANERORRE

FEEEEEFEEL L[ L L ST R L e R Tl el s el e ATl B R
i

b L1, A UMBER + oo sd v vl v g nafasay I N W

’BA;CK'\PATA{ NN NEE NN N NSNS NN AN NN I W RN

T 17, SRR NN TSN IR SN N SR EEl ENENE N NS FNREEE TN T BN

[UENR ST AR A UK SRV WL AR TR N O W O U S S S S U U S AU U U S U UL N U I U S U S S SR U S W U A AT AR S SR AR U T A SN S S S |

LLEF I IS S U0 W W I OV B A NG E TR WS NN RN W 10101 N N W IIIAAFLllllll

_UT_—&N_AL’AJL srr ot s e g pgaptegaa et iy NI A R R IR BN

AJMRA::'HII IR NE AR pap ey b el e g e e e e e g g gy

VTREAGA o s v sty 1 tap iyl L gt Lo bkt bty p ey 10y

Ll L2 g Lt pa i gt W W I IS S U S SN WU N U VRSN U0 W 0 0 G S 0 O A S U6 S0 T S 0 S T 50 T B OO0 SO B B W 0

11141 IR SRR WS NN Lot a e toit e tp ey 2 e g Lo g ta e ey a1

After the backup tape is written, a comparison is made. If the two
tapes do not match, the output listing from COPY will so indicate.

No listing is given for this program.
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STEP 6: UPDATE

Using the UPDATE program, five types of changes can be made to
the data library tape. These fives changes are described below.

Type Number
1

Description of Change

Allows the user to change any word of
the data that was on the card for TEDIT

Allows the user to delete an entire experiment
from the library tape

Causes an entire cycle to be deleted from an
experiment and remaining cycles to be re-
sequenced

Allows the signal + noise, noise, and current
values for a particular channel number of a
cycle to be changed

Allows any channel number, along with its
signal + noise, noise, and current values,
to be deleted from any cycle of an experiment

Card formats for the preceding changes are as follows:

Type 1
First Card

Column

6
7-12

Second Card

Type 2
Column

6
7-12

Punch one (1)

Experiment number

Identical to that used for TEDIT except for
information to be changed

Punch two (2)

Experiment number
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Type 3

Column
6 Punch three (3)
7-12 Experiment number
13-18 © Cycle number

Type 4

Column
6 Punch four (4)
7-12 Experiment number
13-18 Cycle number
19-24 ’,”’ Channel number
25-30 ‘ Signal + noise value
31-36 Noise value
37-42 i Current value

The last three items are always changed together; therefore, if no change
is desired, the existing value must be entered.

Type 5
E g Column
I 6 Punch five (5)
E 7-12 Experimental number
% 13-18 Cycle number
' é 19-24 Channel number

et

S

The different types of change cards for any one experiment should
be in the following sequence: 2, 3, and 4 (in any sequence), 5, and 1.
If more than one type 5 change is to be made for any one cycle in any one
experiment, cards should be in descending channel-number order, the
largest first, This order eliminates the necessity of later change cards
that reflect the changes made by previous change cards.

s

If more than one experiment is to be changed, then the individual
groups of change cards must be in the same order as on the library tape
(excluding experiments that are not to be changed).

T T S T T et
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Below is an example deck setup, where the data library tape consists
of five experiments (I10, 111, I12, 113, and I114) and the following changes
are to be made:

1. Change the signal + noise value of channel number 50 in cycle 6
of experiment I10. The values of noise and current were originally
34 and 18, respectively. :

Delete cycle 7 of experiment I10.

Delete experiment 112.

Change run number from 113 to I13A.

G o Wy

. Delete channel number 45 in cycle 3 of experiment I14.

4

GEEHARERBEBE FARERARERE

e

RREBEEAREARE AR ARAERERERENRREEER

L
e

JEERRAEARENARRANERARNAERE

]

mdﬁp mmm& 1._ML‘55&_“_[.,_LJ_L_LJ L1141 113 T N ] 150 1.1 Ll 1} I W00 W Y U W S
EJA\EQ‘_BL‘_M.EM ATA LiLB _fnmﬁ_mﬂ;&’:‘ﬂ_xl,l SN N NN NS EENE SENNEE NSNS RN
11 13 I | 1 41] IJ(I ma@m&uﬁﬁ lHEKEl) 1.1 11t 1.4 e g s sy
XOTWPDATE ooyt donaa b eqn e do oo vaa biaaa iy
EW. .U o [ NUSHE! BURRsX uﬂ;_u_ﬁitllnil&txllll SRTEE ITENNS TERWEN RN SRR EeS
AllLblLJrK‘lb'lllATlllJl L1 iy ] 1.1 1.4 8 LLi). .t 11 L4t 11t L Lt 1] 111 ¢4 B U S
.’ IJII i il 10 il J T y I O ) 444 L L2 1 1121 4.4 4 Lt 11411 P i T S U |
TE a1 ALhzll . L L 412 11441 U W WY WS W . Y i1 3 4 113 1) L4 4 1 1.t 1% 1151 S O B T T I T
JUBAS T 1147 IJSIAM"_KJ@[M‘.I TEDWT LPAT: CA&& NIV I WIS AN e b |
14t IL‘rl'dJ_ll 111 - J I 1.1 1 . J L L o1t g1 SO 4 1t 12 ]
NN R RN R 1L1|L11%ﬂ:~_ﬂ ARD 5K£EMLASH .R.R.Q)l RS NN SRR
I 1 t.i 1} WS N A S W | U PP T B U A I W O S 4 11 .8 1 1t t ) ¢t J S | I I B |

A program listing follows.
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STEP 7: LEOF (List and End of File)

One input card, in FORTRAN format (A6, 16), is necessary for
execution of this program. ‘

Column
1-6 INUM = last valid experiment number
7-12 LCYCLE = last valid cycle number

After LEOF has encountered the last valid cycle number on the
library tape, an end of file is written.

A program listing follows.

S—

102




( /7 42°93 4XT *S3¥HH IXOT )iywlnd GT
S3Y (GTe9)3LIuw
0/ 49y OXT OIHILHN IXOT )IwWMESd T
INTL (hT49)3LTMM
( / 42°94 *XT *% IINVINVAHOT ¢XOT )Iyweod €T
YYA (£T49)3LTHM
( /7 49V 4XT 4SyoHE x0T )iywded 2T
3dALY (2T140)3LTu
( / *9v XT ¢yIEWNN NANHOT ¢X0T )ividod TT
KON (TT¢9)38THM
(2)3LVA ¢(TIILVA *XVYWHND *NIWNND ¢XYMOIS SNTWOIS T
‘ANIL “ASLT0A “170AQ ‘S3Y +3WIL ¢¥VA ¢3dALT ‘NN (VL) OYIY §
(9T ¢9y ) lywing. L
34T PWNNT (LG)OYIY
3dviY ONIs3Y
(2)31¥Q ¢(00TINNND - (00TIISION ¢(00TINSNIAS ¢ (00TINYHI MOTISNINTO
ASTON vy
NVHY ¥393LNT
0T = 3dVLT 43ILINVHVY
SUISWNN ITIAD AR OHV ¥3EAWAN NNY AB YIVE 5
TV LSIT ONV 3dvi AHYYOIT 3HL OVY3Y OL SI 3INILNOY STHL J0 3S0-MNd JHL **9
000000 INIOd AMINZ HYYEON NIV

TSIOGITT LY 69 AVKW L0 NN IMOLG Sya NOTLYIIdWOD S
AnT9%4 A200 TO22 A3 AT NyNLMO4 S0TT JVA
40374 4027 W0

.4“

‘02

‘el

‘et

2

L4

Ty
NN
4™

B

B R e e s e N

103




0h 0L 09 (3TJADT°OI*ANNONANY *WNNT*OI*WNN) 4T ‘on

€ T=1 4(2HYUND ¢(IIISTON *(IINSNIGS ¢ (IINYHI) (3eivL1T)QvIN *eh

| 3 cay

(/7 4G1 ¢SINIOD 0 ¥IBWNNHOT 4X0T )IywMOd G2 e

9 (S249)3LTVM 2n

{ 7 €T +XT oy3gWNN 3TDAIHIT *X0T )LyWNOL H2 *Ta

) ANNOY (#2¢9)3LTMM *ny

’ 2 ‘6¢

’ . 9 4INNON (AdVLTIAYIY 0T ‘ne

¢ /7 *9y2 *¢XT 43LvaHh  ¢XOT )LiyWHO4 €2 *L€

(2)31VQ ¢ (T)3LVO (£249)3LTHN sag
{ /7 42°0Td ¢ IN3MHND *NYWHET ¢X0T )LvWHOd4 22 ‘e
XYWHND (2249)3LTu ‘og S

€ /7 ¢2°0T4 ¢ INIHMND *MIWHET ¢XO0T )LwiMod T2 seg

NIWYND (T249)3LTuM sag

( /7 42°0T4 ¢ WNOIS °XVWHST *XOT )iwW¥od 02 °*Ig

XYWOIS (0249)TLIUM *ng

( 7 42°0Td ¢ TYNOSIS SNIWHZT +X0T )LvWdOI 6T ‘62

NIWSIS (6T49)ILIUM *e2

( 7 42°9d ¢ AYAYILNI 3SWILHHT ¢XOT )ivWyod T ‘2

INIL (8T¢9)34TuM ‘o2

{ 7 92°94 *XT ¢ 2I9VLTOA ONILYVASHLT ¢X0T )Lywdod LT *sz

ISLI0A (LT49)31THM ; w2

( 7 42°94 *XT ¢ NIW3IYINT 39VLITIOAHLT ¢XOT ).lyWynd 9T ce

LI0AQ (97491 ILTVM ‘22




*(S)3OVSSIH #I11SONOVIO* 0 *ONTLSIT 40 ONR
an3 *29
1Ix2 Tvy *vt9
(3dVI IM3¥ 1Y) *ng “
(8249)JLIMK - ‘55 S
| 3dvi 3714 av3 ‘8¢
| 1SV (IdvLILINA ‘15
w 2=1Sv10h . *ag
1IX3 Tv) *gg
(3dVINIAZE W) T ee3
( 3714 40 ON3 H2T /) lyWuod 82 *eg
(9249131 THM T e2g
8 OL 09 (T°03°1SYN41 *1g
¢ THT )iywrod T€ eng
| . (TC49)ILTHN *6h
H 0T 0L 09 (0°03°LSy 4T oy
1SV (3dvinovay ‘Lh

B e




STEP 8;: SM@®TH

This program Fourier-smooths data, unfolds a given Gaussian electron
energy distribution from the data, and gives the results for the derivative of
the function in tabular form. The program is prepared to accept card input.
The deck of cards needed is generated as one of the options in ABEAMA4.

The normal output of this program, which in its present form was
prepared for the study of autoionization in molecular gases, is:

1. Input data Fourier-smoothed

2., Derivative of Fourier-smoothed square root of the data
3. Derivative of Fourier-smoothed data
4.

Derivative of Fourier-smoothed data with energy distribution
unfolded for case 1 '

5. Derivative of Fourier-smoothed data with energy distribution
unfolded for case 2

6. Derivative of Fourier-smoothed data with energy distribution
unfolded for case 3

At present there is one graphic output, which gives the input data
Fourier-smoothed once.

The input sequence and card formats are given below.

Title Card: FORTRAN format is (12A6)
Column

1-72 Title (printed at top of first page)

First Data Card: FORTRAN format is (316, 3F6.0, 16)

Column
6 IN = 0: accept Y values as input
= 1: after reading in Y values beiow, read YT values
and compute Y = Y - YT
12 ISTOP = 0: last problem
= 4: read in another title card for a new problem
18 NDEL = number of delta (A) values to follow |
19-24 DEL (1) = A value(s) for unfolding
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Column

25-30 DEL (2)

31-36 DEL (3)

37-42 NMAX = 0: let program choose number of Fourier
coefficients to use

> 0: program is to use this number of Fourier

coefficients
Second Data Card: FORTRAN format is (3F12-4)

% Column
1-12 SI
13-24 SF = final voltage

H

initial voltage

25-36 DX = voltage increment

Last Data Card: FORTRAN format is (6F12. 4)

i, NP NP = total number of values
[(SF - SI)/DX] + 1

1, NP omit if IN = 0 on first data card

6 values per card: Y(i), i

YT(i), i

R e A P DR B 7 Lo

3

If this deck has been punched from the ABEAM4 program, the user must
finish punching the second card (first data card) (i.e., NDEL, DEL (1),
DEL (2), DEL (3), NMAX).

Below is an example deck setup.
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STEP 9: SIMCUR

The program is designed to folu iutc any given analytic function a
Gaussian function with specified full width at half maximum, A, in eV units:

1 [*L 2 2
F(E) = N f(E')exp[—ﬁn p (E - E') ]dE'
X, (1/2 A)

where the normalization function is

XL 2 2
N = exp[-ﬂn > (E - E') ]dE' .
X, (1/2 A)

In program notation the function is

X
f L cs(x) * expl-£(E - x)Z]dx
X

CS(I) = ’
xL . 2
f expl-5(5 - %] dx
*0
where
. LN(2)
5= 2
(— Af13. 605)
2
_EV(i)
E-= 13, 605
Xo = E - LIMITS
XL = E + LIMITS

EV(i) = EVMIN + (i - 1) * DELEV .
The output of this program is in table form gi- ing the energy scale

in 2V and Rydberg units. As an option the output can be given in graphic
form, ‘
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e,

In the case considered here, the form of the ionization cross section
proposed by Omidvar is in the program. This equation can be replaced
by any other. In its present form it is possible to obtain as an option the
ratio of Omidvar's function to any requested power function. The input
card formats are as follows:

First Card: FORTRAN format is (2E12. 6, 316)

Column
1-12 COE = coefficient of power function

it

13-24 POWER = power of the function

25-36 KLAST = 1: return for new run

2: exit; all job completed

il

Second Card: FORTRAN format is (2E12. 6, 316)

Column
1-12 I.IMITS = integration interval
13-24 DELTA = full width at half maximum of Gaussian distribution
25-30 IFOLD = 1: do not fold data
= 2: fold data
31-36 IPLOT = 1: give plot
= 2: do not give plot
37-42 ILAST = 1: return here for new set of options after

¢

processing this problem

= 2: do not return here

Third Card: FORTRAN format is (3E12. 6, 16)

Column
1-12 EVMIN = the minimum value of the electron energy {eV) in

% T T R T o3 i A SRS i

the domain of the problem

the maximum value of the electron energy (eV) in

N

X

13-24 EVMAX

S

the problem
the step for output starting at EVMIN and

]

25-36 DELEV
going to EVMAX
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37-42 LAST

[
[©S

¢ return here for new values after processing

this problem

2: do not return here

Below is an example of the deck setup as it stands for the Omidvar
equation. In this case we are comparing Omidvar's cross section first with
the 1. 127 power law and then with a 1. 5 power law., A plot is not requested.
The energy distributions requested are 0.06 ¢V and 0,08 eV,
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STEP 10: SIMTAB
This program is designed to fold a Gaussian function into any given . A
function which has been prepared in table form. This program is identical

to SIMCUR except the term CS(x) is interpolated from tabular data..

It is not necessary that the input be given in equal intervals. Within
the program is an interpolation subroutine that can be as much as a ninth-
order polynomial.

The input card formats are as follows:

First Card: FORTRAN format is (2I6)

Column .
1-6 NL
7-12 KLAST

number of points in the table (max 100)

1: return here for new table

= 2: exit; all jobs finished
Table Cards: FORTRAN format is (6E12. 6) P

Column

1-12 XX(1) = first energy value

13-24 YY(1) = first cross section value

25-36 XX(2)

37-48 YY(2)

49-60 XX(3)

61-72 YY(3) : f o

Continue withthree pairs per card.

Next Card after Table: FORTRAN format is (2E12. 6, 316) 1
Column o
1-12 LIMITS ' k
13-24 DELTA
25-30  IFOLD |
31-36 IPLOT ‘ -
37-42 ILAST |
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i

Next Card: FORTRAN format is (3E12. 6, 16)

Column
1-12 EVMIN
13-24 DELEV
25-36 EVMAX
37-42 LAST

‘ The last two cards are identical to cards two and three for the
SIMCUR program.

A program listing follows.
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10. OTHER COMPLEMENTARY ACTIVITIES

To promote a vigorous exchange of information on electron scattering

between the theoretical and experimental communities, a city-wide series
of colloquia was initiated with the support of Gulf General Atomic. The
series has beenknown as CAMP (Colloquia on Atomic and Molecular
Processes). During the contract period, the following CAMP colioquia have
been of interest to this program:

March 8, 1967

March 14, 1967

March 31, 1967

April 28, 1967

October 16, 1967

November 3, 1967

"Energetic Ions from Diatomic Molecules, "
Dr. Lee J. Keiffer, Joint Institute for Lab
Astrophysics, University of Colorado,
Boulder, Colorado

"Theory of Near Adiabatic Collisional Transitions,"
Professor K. M. Watson, University of California,
Berkeley, Physics Department

"Atomic Scattering Spectroscopy: Analysis of
Scattering of He' by Ne and Ar, "' Dr. Felix T.
Smith, Stanford Research Institute, Menlo Park,
California

"Total Elastic and Inelastic Heavy Particle
Collisions in the Energy Range 10 to 1000 eV.

A: Elastic Scattering in the Alkali-Rare Gas
Systemn; B: Ionization Due to Rare Gas Metastable
Collisions, " Dr. Manfred Hollstein, Stanford
Research Institute, Menlo Park, California

"The Importance of Polarization in I.ow Energy
Electron Molecular Collisions - An Application

to Hp, ' Dr. Neil F. Lane, Department of Physics,
Rice University, Houston, Texas

"The Excitation and Spectroscopy of H-like Atoms, "
Dr. Hans Kleinpoppen, Joint Institute for Lab-
oratory Astrophysics, University of Colorado,
Boulder, Colorado

"Low Energy Rotational Excitation Cross Sections
Derived from Spectroscopic Data, ' Dr. Marvin
Mittleman, Space Science Laboratory, University
of California, Berkeley, California
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December 11, 1967

April 4, 1968

May 17, 1968

"Proton H-Atom Collisions, " Professor
M. R. C. McDowell, Goddard Space Flight
Center, Greenbelt, Maryland

"[onization Processes of Molecules at Low
Energies, ' Professor R. Stephen Berry,
Department of Chemistry, University of
Chicago, Chicago, Illinois

"Polarization of Scattered Electrons, "
Professor E. Reichart, Department of
Physics, University of Mainz, Mainz, Germany

Probably the most significant activity this year was the Working
Session on Electron H-Atom Collisions. The text of the notice and the
program for the meeting are presented below.
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WORKING SESSION ON ELECTRON H-ATOM COLLISIONS

The detailed experimental and theoretical study of electron hydrogen
atom collisions has developed to the point where our group at Gulf General
Atomic, in conjunction with the group at the University of California,

San Diego, plan to spend two days in a "working session" in order to ex-
amine what has been done, what is being done, and what can be done to
most effectively study (e-H) collisions. The days we have in mind are
Monday and Tuesday, April 8 and 9.

In particular, we plan to examine resonance and threshold problems
since these areas have received the most extensive study of late. We
have invited R. Damburg and A. Temkin to help organize discussion during
our first day and to give colloquia on topics of particular interest. We
plan to have several other talks by J. C. Y. Chen and ourselves, but for
the most part our prcgram will be informal and will stress the broadest
possible exchange of ideas. We hope to spend one dey together in an in-
formel meeting while the second day {or part of the day) we are setting
aside for the exchange of thoughts on a more individual basis. This will

occur both here and at the University.

For those who would like to join us, arrangements will be made at a
local hotel, We plan to get together for dinner Monday evening. Since
time is already short, from those who will join us, we would appreciate

word as soon as possible,

Je. William McGowan
James F, Williams
GULF GENERAL ATOMIC
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WORKSHOP ON FLECTRON HYDROGEN-ATQM COLLISIONS

Monday, April 8, 1968

AM SESSION: La Salle Room, La Jolla Beach & Tennis Club
9:00 - 9:30 Business and Coffee
9:30 - 12:30 Elastic and Inelastic Electron Scattering

Chairman: Edward Gerjuoy

Review Experimental Measurements J. William McGowan
Atomic Physics Lab
Gulf General Atomic

Excitation of the Hydrogen R. Damburg
Atom by Electron Impact Latvian Academy of
Science
Solutions of the Faddeev J. C. Y. Chen
Equation for the (e-H System University of California
San Diego
Lunch Scripps Institute of Oceanography
12:30 - 1:k45 Cafeteria

After lunch, a visit to Scripps
Physioclogical Research Lab

P SESSION: IGFP Building, University of California,
San Diego
2:00 - 5:00 Ionization Threshold Studies

Chairman: Kenneth M. Watson

Black Box Aspects of the Threshold G. H. Wannier

Law for Ionization . University of Oregon
3:30 Coffee Break

An Approach to the Electron Atom A, Temkin

Ionization Threshold Behavior NASA-Goddard Space

Plight Center

FEvening: La Valencia Hotel

Cocktail hour at 7:00
Dinner at 8:00
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AM SESSION:
9:00 - 12:00

12:00
PM SESSION:

2:00

NOTE:

5098 A4 455 vy e i 1
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WORKSHOP ON ELECTRON HYDROGEN-ATOM COLLISIONS

Tuesday, April 9, 1968
La Salle Room, La Jolla Beach & Tennis Club

Joint Experimental and Theoretical Workshop

Chairman: Marvin Mittleman
Possible Topics:

Polarization of Radiation

Polarized Electron and Atom Beams
Coincidence Experiments

Angular Correlation Experiments

The Application of Born Approximation
" Lorentz Decay

Removal of Degeneracy

Definition of Threshold

Cascade of Radiation

Potential Resonances
Lunch at La Jolla BReach & Tennis Club Dining Room
IGPP Building, University of California,

San Diego
Special Working Sessions

Visits to Gulf General Atomic and the University of California,
San Diego

At 11:00 a.m, at Gulf General Atomic Professor Gregory H. Wannier
will be speaking on "Stark Ladders in Solids?"
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LYMAN-ALPHA PRODUCTION AND POLARIZATION IN He%
COLLISIONS WITH H AND HZ*

Robin A. Young, R. F. Stebbings,Jr and J. Wm. McGowan

Presented at 20th Annual Gaseous Electronics
Conference of the American Physical Society,
San Francisco, Qctober 1967.

Measurements of the Lyman-alpha production from He+ + H(1s) -~
He™' + H(2p) collisions have been obtained over the energy range from 0.5 to
30 keV. At the lower ion energies the cross section remains large; this
fact reflects the rotational interaction betv een states of the collision com-
plex HeHt. A similar result had been reported by Stebbings et al. (1) for
the HY-H collision system. Also presented are measurements of the total
cross section for Lyman-alpha production from He*-Hj collisions. Some
values of the polarization have been obtained for emission of Lyman-alpha
from the collisions of Het, Ne¥t, and Ar* with atomic hydrogen.

"Work supported by the Naticnal Aeronautics and Space Administration,
Goddard Space Flight Center, Contract NAS 5-11025.
TOn leave from University College London, London, England.

1. R. F. Stebbings, R. A. Young, C. L. Oxley, and H. Ehrhardt,
Phys. Rev. 138, A1312 (1965).
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THRESHOLD BEHAVIOR OF ELECTRON EXCITATION
FUNCTIONS IN ATOMIC HYDROGEN™

J. F. Williams, E. K. Curley, and J. Wm. McGowan

Presented at 20th Annual Gaseous Electronics
Conference of the American Physical Society,
San Francisco, October 1967.

The excitation function, for electron impact, of the (1s - 2p) transition
in atomic hydrogen appears to be finite at the threshold. When electron
energy distribution functions of from 240 to 100 meV (FWHM) are unfolded
from the observed Lyman-alpha radiation versus electron energy curve,
it appears that the excitation function reaches a significant value within
several tens of meV of the threshold and then drops sharply to about 60%
of its peak threshold value. A report is given of attempts made to observe
the resonance in the 2p excitation function, which is predicted by Burke
et al. (1) to appear just beiow the n = 3 level.

"Work supported by the National Aeronautics and Space Administration,
Goddard Space Flight Center, Contract NAS-5-11025.

1. P. G. Burke, S. Ormonde, and W. Whitaker, Phys. Rev. Letters
17, 800 (1966).
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(e-H) COMPOUND STATES REFLECTED IN THE H(2p) CHANNEL
IN THE VICINITY OF n = 3%

J. William McGowan and James F. Williams

Presented at American Physical Society Meeting,
Los Alamos Scientific Laboratory, June 1968.

High resolution electron impact studies of the 2p excitation cross
section of atomi~ hydrogen have been made in the vicinity of n = 3.
Prominent resonance structure has been observed below and above n = 3.
The structure below n = 3 qualitatively is in agreement with the predictions
of Burke et al., (1) but in detail there is some difference as to the breadth
of the (e-H) resonances. Above n = 3 there is evidence that a shape
resonance is present.

]
“Work supported by the National Aeronautics and Space Administration,
Goddard Space Flight Center, Contract NAS-5-11025.

1P. G. Burke, S. Ormonde, and W. Whitaker, Proc. Phys. Soc.
92, 319 (1967).
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COMPARISON OF THE CALCULATED AND OBSERVED RESONANCES
IN THE (e-H) ELASTIC SCATTERING CHANNEL
ABOVE 10.0 eV

J. William McGowan and S. Ormonde-'L

Submitted to the Arnold Sommerfeld Centennial Memorial
Meeting and International Symposium on the Physics of
One and Two Electron Atoms, Munich, September 1968.

Recent measurements of the electron hydrogen atom elastic scattering
cross section show a rather wide structure immediately below the n = 2
threshold. (1) This structure has been attributed to the 1D and 38 compound
states of H”, which have already been partially discussed in the liter-
ature. (2-4) Since the observed effect of these states on the differential
cross section appears to be considerably larger than expected from what
we know of the resonances in the 1S series, it was decided to compare the
experiment with the results of a detailed close-coupling calculation of the
resonances just below the n = 2 threshold. Preliminary results for the
1D resonance place it at an energy of 10. 15 eV with width I" = 0. 0073 eV.
When the energy distribution of the electron beam is folded into the cal-
culated cross section, the agreement between theory and experiment is
reasonably good. The effects of including higher hydrogenic states as
well as taking into account the considerations of Damberg and Geltman(5)
are presently being examined.

*Work supported by DASA and the Air Force Special Weapons Center,
Contract AF29601-68-C-0052, and by the National Aeronautics and Space
Administration, Contract NAS 5-11025.

TQuantum Systems, Incorporated, Albuquerque, New Mexico.

1. J. William McGowan, E. M. Clarke, and E. K. Curley, Phys.
Rev. Letters 15, 917 (1965); 17, 66E (1966).

M. K. Gailitis and R, Damburg, Proc. Phys. Soc. 82, 192 (1963).
J. C. Y. Chen, Phys. Rev. 156, 150 [1967).
A. J. Taylor and P. G. Burke, Proc. Phys. Soc. 92, 336, (1967).

ATl

R. J. Damburg and S. Geltman, Phys. Rev. Letters 20, 485 (1968).
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A DETAILED COMPARISON OF THE THEORETICAL AND
EXPERIMENTAL RESULTS FOR THE 2p ELECTRON-
IMPACT EXCITATION CROSS SECTION OF HYDROC}ENi<

J. William McGowan and J. F, Williams

Submitted to the Arnold Sommerfeld Centennial Memorial
Meeting and International Symposium on the Physics of
One and Two Electron Atom, Munich, Septeinber 1968.

At first glance one is satisfied with the agreement between theory and
experiment in the threshold region of the 2p electron-impact excitation
cross section of atomic hydrogen. However, when a detailed comparison
is made in the region between the onset of the n = 2 level and the n = 4 level,
one finds that there is much yet to be done with the theory. The measured
value for the total cross section lies below the best theoretical value. For
example, if we consider the interval between 0.2 and 1.5 eV above threshold,
the measured cross section is only 80% ot the value estimated by the cor-
relation method. (1) Similar agreement between theory and experiment for
2s excitation was recently reported by Fite et al.(2) The shape resonance
predicted in the 1P channel just above threshold and the finite threshold of
excitation are approximately the magnitude suggested by the theory.
However, following the first shape resonance are at least two other small
structures which appear to be real and which may be part of a series of
such shape resonances. Unfortunately, the calculations that have been
performed thus far have not been done on a fine enough grid to identify in
which channel these other resonances lie.

As predicted by the six-state approximation, (3) there are a number
of resonances just below the onset of the n = 3 level. However, there is
not good agreement between the theoretically predicted and the measured
resonances. Provided the positions that have been predicted are correct,
one is lead to the conclusion that the dominant resonance structure is in
the 1P channel while less prominent structure appears in the 15 channel.
The theory, however, predicts that the principle resonance will be in the
1D channel.

In our experimental results one of the most prominent features appears
at the threshold of n = 3. This no doubt reflects a large shape resonance
at the threshold of the n = 3 level. Part of the flux from this resonance
will appear directly in the 2p channel while another portion of it will arrive

S
Work supported by the National Aeronautics and Space Administration,
Contract NAS 5-11025, and by Gulf General Atomic Incorporated private
research funds.
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there through cascade from the 3s and 3d states of the atom., Although
detailed measurements of the resonance structure between n = 3 and n = 4
have not been completed, it is clear from our crude measurements that
some measurable resonance structure does exist in this interval. One
would hope that the calculations similar to those of Damburg and Geltman(4)
will eventually be able to correct for the incompleteness in the original
close-coupling approximation calculations.

1. A. J. Taylor and P. G. Burke, Proc. Phys. Soc. 92, 336 (1967).

2. W. L. Fite, W. E. Kauppila, and W. R, Ott, Phys. Rev. Letters
20, 409 (1968).

3. P. G. Burke, S. Ormonde, and W, Whitaker, Proc. Phys. Soc.
92, 319 (1967).

4. R. J. Damburg and S. Geltman, Phys. Rev. Letters 20, 485 (1968).
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Faddeev Equations for Atomic Problems and Solutions for the (¢,H) System*

James S, Ballt
Department of Physics,
University of California, Los Angeles, California

and

Joseph C, Y. Chen
Department of Physics and Institute for Pure and Applied Physical Sciences,
University of California, San Diego, La Jolla, California

and

Dav.d Y. Wong
Department of Physics,
University of California, San Disgo, La Jolla, California
{Received 1 April 1968)

Solutions of the Faddeev equations for C.oulomb potentials are investigated. A method which
is of practical use for solving the Faddecv cquations below the three-particle breakup thresh~
old is developed. As an example, the method is applied to the (e, H) system in which the H™
bound staie and the lowest members of the resonances in both the singlet and the triplet J =0

series are calculated,

The results are in good agreement with the experimental measure-~

ments and previous calculations which used conventional methods.

. INTRODUCTION

The nonrelativistic three-body problem with two-
body interactions has been formulated by Faddeev?s?
in a way that allows straightforward computations,
For short-range forces, the Faddeev equations
have been applied successfully to a number of
problems 3= 1t is the purpose of this paper to
show that the Faddeev equations are equally appli~
cable to atomic problems as long as the total energy
is below the three-body breakup threshold ~ for
example, the calculation of three-body bound
states and resonance energies and wave functions
below the ionization energy, The significant
advantage of the Faddeev equation over conven-

tional methods is that the wave functions are calcu-
lated systematically along with the energy levels,
No trial wave function is needed in the coinputa-
tion. Although this paper only contains a few
illustrative examples all dealing with the e-H
problem, we believe that the Faddeev equation

has a considerably wider range of applicability.

A brief account of this work was presented recently
at the Leningrad Conference,!

In Sec. II, we give a simple derivation of the
Faddeev equation, and revitw the method of -
reduction with respect to angular momentum. The
method of solution is presented in Sec, III and
applied to the H™ problem in Sec. IV, A discus-
sion of possible extensions is givenin Sec, V,

11. THE FADDEEV EQUATIONS
A. Formal Derivation

The scattering matrix 7\s) for the three-particle system with two-body interactions is a solution of the

equation
T(s)=V+VGys)T(s),
with v:-Z)i Vi (Vi =V,

Gols)=(s~H)"*,

II-1

2.1)
(2,2)

(2.3)
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wherc‘e the three particles are labeled by ¢, j, and £, and Go(s) is the free three-particle Green's function,
The “off-shell” scattering matrix Ty(s) arising from the two-body potential V; above is given by the
Lippmann-Schwinger equation

T, (s)= Vz. +V, Go(s)Ti(s) . (2, 4)

Since V; acts only on two particles, the third particle is therefore left as a spectator in Eq. (2,4), Equa-
tion (2,4), in effect, is equivalent to the equation for two-particle scattering matrix; the presence of the
spectator particle gives rise to merely a shift in the energy scale,

Now we decompose the three-particle scattering mairix 7'(s) into thiee components

T(s)= T (s)+ T @ (s)+ T® (s), (2.5)
where T4)s)= V;+ ViGo(s)T(s) (2.6)

As it stands, Eq. (2.6) is a set of integral equations with each T* coupled to all three operators
7(j), j =1, 2, and 3, The main difference between these equations and the Faddeev equations is that,
in the latter, each Tb) is only coupled to two T(j )'s with Jj#1i, and as a result, the kernel of the integral
equation is less singular, We give here a simple derivation of the Faddeev equations:

Define the expression

Q= T(i)(s) - T;(s)- ‘2 T (s)Go(s)T(j)(s). 2.7
FEX

One can readily show by utilizing Eqs, (2,4)-(2.6) that
Q= Vi +

s

ViGOT(J)- V;= V,G,T;~
j=1

] . l Iy
z G ) Z} V6T, =V 6,0, 2.8)
1%

Since V;G,(s) is not the identity operator, Eq, (2.8) implies that Q=0 for each i, We then obtain for
7()(s) the equations

7))+ Z .Ti(S)Go(S)T(j)(s>, i=1,2,3, @.9
J*1

which are the well-known Faddeev equations,! In the matrix form;

T)(s) T \(s) 0 T(s) T(s) T4)s)
T (s) ) = [ Tu(s) )4l Tyls) 0 Ti(s) 1G (s)| T®s) ).

TO(s)) \Tys)/ \Tyls) Tys) O T6Xs) (2. 10)
This is a coupled set of integral equations in five variables, Since no approximation is made on this
formal transformation, the solution of Eq. (2, 10) yields 7¢V, T and T® whose sum is the exact
solution cf the original equation (2, 1), .

The Faddeev equations can also be interpreted diagrammatically, Let us represent T, by the sum of
the diagrams as shown in Fig, 1 and similarly for 7, and T,. For the T's with a superscript, we use the
symbols shown in Fig., 2, The Faddeev equations are then given by Fig. 3. One can easily see that the
iterative solution of the three equations in Fig, 3 using the equation in Fig. 1 reproduces all the diagrams
in perturbation theory. Our formal derivation given earlier simply shows that the Eqs, in Fig, 3 are
valid even if the perturbation series fails to converge, In the diagrammatic representation, it is physi-
cally evident that 7¢ is that part of the full three-body T matrix where particles 2 and 3 undergo a
final-state interaction, Since 7; already represent a complete sequence of two-body interactions, each
T() can only couple to T(7), j#i., As mentioned earlier, this decoupling of T{) from itself resuits in a
less singular kernel as compared to the original equation (2,6), This is due to the fact that each T; is
associated with a 6 function corresponding to the momentum conservation of the ith particle, and the
decoupling removes the repeated & furctions,

B. Three-Body Kinematics

To reduce the Faddeev equations, a suitable set of basis variables must first be chosen, For this
purpose, the momentum representation is adgpted. Let the masses and asymptotic mon.enta of the three
particles be denoted by m,, m,, and m,, and k;, k,, and Ky, respectively, An appropriate set of basis
variables may be constructed by taking certain combinations of the momenta in the center-of-mass sys-
tem of the three particles, For T¢?, the suitable basis varizbles are the pair of independant raomentum

11-2
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T.=.§@ = - tIC taoxct 9 i*i%*i%

FIG. 1 Diagrams for the two-body scattering matrix . -
T¢. The wavy lines represent the two=particle poten- % - % + E& % + % %
tial vy,

W @ o 2% = ;I_*:EM'*I%
"ok VM T —

FIG, 2 Sym X 1s representing the threc-body seatter - FIG. 8 Diagrammatical representation of the Faddeev
ing matrix T with a pair of partizles undergoes a equations, The gap between two diagrams represents a
finalestate interaction. a noninteracting three~body Green's function.

variables,?

B ‘[msﬁa = myRy) /[2mamy(my +my)) V3, G, = [m (K, +Ry) = (mg +my)K,} /[ 2m,(my +my), +my +my)] 113, (2,10)
and their conjugated pairs §,d; and §,d, which are obtained by a cyclic interchange of subscripts in Eqs,
(2, 11) are the appropriate sets for T and T ) respectively,

The nonrelativistic kinetic energy in the center-of-mass frame may be written in any pair of basis
variables;

Ho=p2+ql=p +a =p* +4° . (2.12)
Consequently, the corresponding state vector IK.K,k,) may be represented in several equivalent forms

IKEK,) = 1B = 15:8) = IPs0sds » (2.13)
where the extra subscript keeps track of the proper pair of basis variables.

These sets of basis momentum variables are linearly dependent on each other, The relations are
summarized below,

Pr= B - Biuly=- ayly+ 8T, i=Bub: - 0l = - Bl - audsy, (2,143)
Ba == By + 8oy = = gy ~ Bass , T = By = a0y = Bashy = ttogTs (2. 14b)
By == ay,i; + Byl = - ay,, - Byl dy=- Byals - “ezqz = By iy - a,d,, (2. 14¢)
where ay '[mimj/(mi +mk)(mj +mk)] vz 6‘]. (1~ az?j yha . (2, 15)

We will frequently interchange these basis momentum variables among different sets for convenience,
C. Separation of Angular Momentum

A separation of the angular momentum states in the Faddeev equations can be carried out using the
relative angular momentum of two particles, which is combined with the angular momentum of the third
particle in the over-all center-of-mass system,%'% In this decoupling scheme, the state vector [1’){.5{){
may be expanded in terms of a set of orthonormal partial-wave states Ip;imy, q;Lmp); . Since the total
angular momentum J is conserved, we may in general consider the states to be diagonal in J, These
states are given by ‘

'P""MIL)i = (—)L -1 'M(z.n 1)%mZ'}" (-It'; "51 'ﬁL ) lplml, ‘”‘"’L)i R (2,16)
'L
[Py, qLm 10Uy, @' L'm ), = (0q)™* 80 = 9) 8l = ") Oppe 8 1 o’”z"‘z' o"‘L'”L' ' (2.18)

where the Wigner 3j symbol is adopted for the Clebsch-Gordan coefficients,
1I-3
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The Faddeev equations [Eqs. (2.9)] may be written in this representation as

Wy g @ T
Wa (pimia) = ‘l’a (P,qos)"*%‘ anzj’.L dpj’L d‘ljzacj(‘)wqa ijq]'aj)[ﬁjqj/(pjn +q]°3"' 3)]

j
xW aj"’(pj,qj,s), (2.19)
with ¥, 9p,q,9)% (pga1 s ERR,), (2.20)
8, p,0,9)  (paal T s) IR ER,), (2.21)
“j“)(t:qa b,0;0,) = (pqalT,(s)Ipq,a), ‘ (2.22)

where for convenience the discrete quantum numbers (JMIL) are r.ollfgtively denoted by &. The physical
interpretation of the equations is straightforward, The quantity ¥ (pigis) represents the contribution
to the three-particle scattering amplitude in which particles jand g(i #k # i) undergo final-state interac-
tion with relative angular momentum l;, ‘The quantity &4,()(p; ¢; s) represents the scattering amplitude
in which particle { acts as a spectator. The initial state whtch is denoted by IKk,K.K,) is arbitrary, The
quantity p is proportional to the magnitude of the relative momentum between particles j and k, and the
quanti;y q is proportional to the magnitude of the momentum of particle { in the three-particle center-of-
mass frame,

Utilizing Eqs. (2. 16)~(2. 18), we obtain for the kernel ac (®) [defined in i%q. (2,22)] the expression

@ (gLl =11 Ji L\ag v v
mlo'&Lo
x [dp G, dp i, BT, ()15,3,), @+ ”Y"'"z(f")yi"‘z,(a‘)y""‘z'(ﬁf)

xyL,mL'(aj). (2.23)

Since T; involves only two-body potential V; [see Eq. (2,4)], the matrix element 1(0q ! Ti(s)1p: ;G ), in
Eq. (2.23) may be reduced to a two-particle matrix element. According to Eqs, (2.3), (2. 1zf and (2, 13),
we have

i(ﬁq ‘Ti(s)'pj Qj>j ={ (ﬁq | T’.(S) 'Pﬂﬁi = 0(5"§i)@ lTi(t - Q') l§i> ’ (20 24)

with &(F - ﬁi) =29~ *0(¢* - ¢*) O(cose ~ cos o, ) 6(‘0@ - % ), (2.28)

where ’7‘,' is the two-particle scattering matrix in the Hilbert space of the two-particle states, We may
make use of the decomposition

(BT~ E) == gyr T aho1) Ploonsg )y 0,50 -0, (2.26)

where the scattering amplitude between particles j and & with angular momentum [ is normalized accord-
ing to the equation

16
t,“’(».ﬁ;ﬁ’)ﬂ l(ainot)/p . (2.27)

Here p3 is the two-body center-of-mass energy.
When Eqs. (2.24)~(2,36) are utilised, the kernel in the Faddeev equations may be written as®

@ 1 oy p.s-
xj )(ﬁqa lqujaj) = f_‘ dcou‘,ijaaj(Oﬁpj. eq‘ij, oqjﬁj) 6(4' qi.”l (ﬁ"ii's q‘) | (2. 2‘)

I1-4
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IRV XX ADY B AL SR N
with Aaa,w—_ﬁ)J—)——q—-—-—-—16n2(2z'+1)=GJJ,aMM,__E_ (1 L J )(z' AN &
qJJ mpmyitty s \my my ~m;, 0 i?tL, -ﬁL,

XY= (6 = ,007 )~ (822 ,00¥, ,— (02,0, (2.29)
l'"l 51.5].' Lin, qzﬁ] LmL, quj’

where OGP' for example, is the angle between momentum variables §; and ﬁj It should be noted that
these (ang7 e% are related through the relations between different sets of pair momentum variables [see
Eqs. (2.14)].

The above result was derived for any angular momentum state J of the three-particle system, For
convenience, we will consider explicitly only states corresponding to zero total angular momentum, For

this J =0 case, a=(00)!)=!, and Eq. (2,29) becomes

1+l N 1
2(‘) 2 ) 2
A", (Oquj) =T (22+1)2(21'+1) pl(cosevi)pl, (coseqj%), (2. 30)

with p=p2+q2~¢* and

208,90

cosﬂqipi = (ij (2. 31)

[Bi Ap.2+ “i-=Q,-’ -¢)

cosé. =(")—]—{—-—]—-'—, (2.32)
BT tagBi

where (ij) denotes that (12) =(23)=(31)=1 and (21)=(32)=(13)==1.
Substituting Eq. (2.28) with Ay given by Eq. (2.30) back into Eq. (2.19), and integrating over the
angles, we obtain for the Faddeev equations

#) () 0 Uss
", q,8) 8, % p,q,5)+ L dga[ Y ap3
! s +i;«i z'=o’£ % [Lij 7

(-F H @)@ s 1)]%P1(c039§§.)1’1'(cosoﬁ.qj)
i k]

X
GIGijﬁijq(sz +qj"“ s)
X’l(i)(p ,p‘.;s - q’)'l'l,(i)(Pj, qus) » i=1,2, 3 (2' 33)
with Ui] = (“ij q]- +q)‘/ﬁij’ s Lij = (“ij qj - Q)’/ﬁij’ . (2. 34)

1t is clear that if ¢ (’)(p,p,-;s - ¢?) is expanded in a sum of terms separable in p and p;, then the p depend-
ence of ¥;\*)(»,q,s) becomes explicit (p does not appear in the kinematic functions or the limits of inte-
grations), and the coupled integral equations in two variables [Eq. (2, 33)] can be reduced to equations of
one variable, 0,2  We will consider the application of these equations to three-particle atomic systems
in which the interaction proceeds through two-body Coulomb potentials between each pair of particles.

pUS THE METHOD OF SOLUTION
A. Eigenfunction Expansion for “Off-Shell” Amplitude

As meiitioned before, the partial-wave Faddeev equations of two variables may be reduced to equations
of one variable if the “off-shell” two-body scattering amplitudes #; are represented in sums of separable
terms, In general, if the two-body potentials V;!) for a system are given, the two-body amplitude #(¢)
can be obtained from the solution of the Lippmana-Schwinger equation

tl(i)@’pl;E) - Vl(i)(i),l") o=t L"’ dp's p"vl(i)(p,p”)tl(i)(p",p';E)/(p"’ ~E). 3.1)

Since the argument E is replacad by (s - ¢%) in the Faddeev equations, it is negative-definite provided the
three-particle energy s is below the three-particle threshold (s =0). For negative values of E, the
(p’"t = E)~* term in Eq. (3.1) is nonsingular, and it is well known that the solution for £) can be expressed

11.5
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in terms of eigehfupctions of the homogeneous portion of Eq, (3.1),
The solution ¢,i1(1) of the homogeneous Lippmann-Schwinger equation and the corresponding eigenvalues
Al t) are defined by

2 210, 0, )7 [ avrn (v p, prr e - B0, g ), 4 6.2)

with the orthonormality property

= (a7 570,00, B0, Dor, 10 - By =t 83

' Since ¢,,,(i) constitutes a complete set, the two-body amplitude ‘I(i) can be expanded in the form

(%0582 T ¢, P00, 0,51, 6.4
n= .

Substitution of (3.4) into Eq. (3. 1) yields, with the help of Egs, (3.2) and (3,3),

£ p,p%;E) - Z @ DaEnye, e, me, N, 5. 3.5)

This is the desired representation for tl(i) in the sums of separable terms,
In momentum representation, the Coulomb potential is

e e o ey e e s

v 0,002 @t IVE01Q, (140" 200 ©.6)

where the Qp’# are the Legendre functions of the second kind, u; is the reduced mass, and 2; is the
product of the ¢ es (i. e, ,Z;2;) of the two particles. For this potential the eigenfunction ¢,,1(' and
the eigenvalue A,,;\* / are both ‘nown analytically.'* We have

0,0, E) =[N BN /0 - EF V)¢, ;A r o BV (2 - B, > (3.7
and A OUE)=- 2,4 */n/7TE, (3.9)
) where #>1 and the normalization constant is

N (E)=[2*3utn-1- 11/Tn 41+ 02 11 (- B)\&F +3V/4 (3.9) )
The Cpy — 1* * 1x)’s in Eq. (3.7) are the Gegenhauer polynomials'? | | f
¢, =—(j—m—);(,'n" 2l F(m +2+1,1-m;1+3; 301 -x)) -Elay(“l)(m)(ﬁ-;—ﬂ), (3.10) ;)

with @, 0+ Dim) = [20m +21 +9)m = v)/ (@ +27+ D]as  Dom), < e

where the recursion relation for the a’s starts with ' ' L

a .t * Vom) s m +20)1/(20 4 D1 m - 1)1 3.12) |

B. Coupled Single-Variable Integral Equations

Utilizing thg) separable representation [Eq. (3.5)] for the cf-shell two-partizie amplitude, the p depen-
dence of ¥ G)(p, q,s) can now be made explicit. Let ug return to the Faddeev equations for total J=0.
From Eq. (2.33), it is clear with the help of Eq, (3.5) that Wl(i)(p,q,c) can be expressed as

5 0,0,9-400,0,8: 5,08 (s-a/11-1, 6 -16Y 6,5- a0, (3.13)

1.6
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Sub. pi(tutin)g Eq. (3.13) into Eq. (2,33), we obtain a set of coupled single-variable integral equations for
Xnl'/(q,8)

Wy ) © 2w d) () .
X"l(ll,s)-fl"l((I,s)+""t'z;i1_*i.L dquxnl,nt'(q’qj’S)xn’l'(qj’s)’ 1-1,2,'3 (3. 14)
with r(i)(q s)= 2 aodq =/Uijdp 2 (= i (P EY %P (cosb4 + )P,,(cOS0+ - )
‘ y = : s 2 ¢
M pgeide T Ly T Anay BT e =Sy IR IR,
x4, 0,05 - 00,4, 8. 15)

141" roE
(=r*l@r+1)er+ 1) Pl(COSOEiGi)PIo(COS%iaj )

., Ui
X (i ’.7) ( . :/- LY 2
a,q;;8)= dp, :

nl,n1" ' 9 L;; J 4“"’:‘;‘“:‘;‘"“’;'2 + qj’ -s)1- Xf,’:}o(s - qj’)]

X ¢ffl)(pz., s=q*M ’E?I), (s- qf)«ﬁ,f?}(%, s= qu) . (3.16)

Equations (3. 14) are the basic working equations, We will now examine their physical implications.

Let us first examine the singularities of the kernel X given by Eq. (2.16). For negative values of s,
two-particle bound states of the system (if they exist) play an important role in the analytic structure of
the kernel X, Denote the two-particle bound-state energy by — €, For each such two-pa.rticl?.state,
there is a corresponding eigenvalue A which equals to unity at - ¢, The denominator 1 -2,/ s - 4% in
the kernel then vanishes at ¢=s + ¢ for s > ~ ¢, therefore creating a branch point for x,; é)iq,s) ats=-~e¢,
Three-particle bound states can only occur below the branch points, The region between the lowest and
the next branch points is the energy region for purely elastic scattering of a particle by a two-particle
system in its ground state, A single inelastic process occurs above the second threshold, and so forth,
By solving the Faddeev equations, we can obtain bound-state and resonance energies and wave functions
below the three-particle breakup threshold,

Now if there is no two-particle bound state between any pair of particles in the tiree-particle system,
the behavior of the kernel X becomes less complicated, since in this case the kernel is pure real below
s§=0, Again, Eqs. (3. 14) can be solved in a straightforward manner for both the energies and wave
functions of any possible three-particle bound states,

It should be noted, however, that if the total energy s is positive (i, e, , above the three-particle breakup
threshold), then there is a region 0<¢?< s where the two-particle energy s - ¢* is positive and the expansion
for the off-shell two-particle amplitude [Eq. (3.5)] in general fails to converge. The method discussed
above becomes unsuitable, This includes the problems of three-particle breakup such as, for exainple,
the ionization of hydrogen atoms by electron impact.

We remark here that, for the Coulomb interaction, the two-body T matrix #y(p,p’,E) is singular at
p*=E, p"*=Eor p=p’ for all E, The first two regions are inaccessible below the three-particle threshold
(ionization energy), because E is negative-definite while p and p’ are positive, The region p =p’ is
accessible but the kernel X, ,.9/ (g,49; ;s) is already the result of an integration over .2, Since the
singularity at p =p’ is only {géarithma c, the kernel no longer contains such a logarithmatic singularity,
This, we believe, is the reason why the three particle atomic problem can be handled by the Faddeev
equations without further modification, as long as the total energy is below the three-particle breakup
threshold.

So far the initial states of the three-particle system are left unspecified, This is possible because the
kernel of the integral equation is independent of the initial state, and the energy spectrum of the three-
body system is determined entirely by the kernel, The specification of the initial state and the corre-
sponding inhomogeneous terms are, however, of importance for the wave function of the scattering
problem., We now show how this term may be calculated,

For a physical scattering process, cne usually has an initial state consisting of two interacting sub-
systems; in the present case, a particle plus a two-particle subsystem in certain bound state, For
definiteness, we consider an initial state consisting of particle 1 and a bound state of (2, 3) with energy
s, and angular momentum /,. The corresponding inhomogeneous termtakes the form [see Eqs. (2.21),
(2.24), and (2.26)]

éz (o (po q, S) = -—4—t w (p 'p(n §= qo’)a(qz - qoz), (3o 17)
0 .

gi=(s-s) ™ o
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where p, and g, are the p and ¢ of the initial state. Since f; ! has a pole at s=g=s,. ¢, Np.q,8)
can be rewritten as 0 ly

W = 4 15(q2- e —g2-
o, (p,q’S)qo“-(s e ﬂq[b(qz s +so)/>\no‘lo (so)(s ~ g3 - 5,)) d)’;;;o (p,so)cp’;;;o(po,so) , (3.18)

where )\’ is the derivative of A with respect to s,

Now multiply both sides of Eq. (2,33) by (s~ g2~ sl ¢>,,“z) (po,S,) and then take the limit g2 ~s - s,
It is easily seen that all the inhoinogeneous terms vanish e°x°cept for &; M and that the wave function
of the initial (2,3) bound state ¢,, ; )(p,,s,) is factored out of the equation, Substitution of &; ) from
Eq. (3.18) into Eq. (3. 15) gives & explicit inhomogeneous term ‘Y. Equation (3, 14) can now be
solved by standard numerical methods. For s above the lowest branch point the kernel must be taken
as the limit of s approaching the real axis from above, One can either use numerical methods for
complex arithematics or the Fredholm reduction given by Noyes!s and by Kowalski,?

C. Spin and Identical Particles
So far, we have not considered spin in this formulation of the Faddeev equations. For nonrelativistic

atomic problems, there is no spin-orbit coupling and the effect of the spin simply appears as a multi-
plicative factor in the kernel®:

) %) $;+8;+5,+5, ) %Ssj s, S|
nl’"lll(q’qj;s)"xnls’nlllsl(q»qj;s)so)=(- 1) [(2s+1)(2s +1)] (Sz‘ So slj
i) s
nl,n’l’ q;Qj»s ’ (3.19)

where S, is the total spin of the three-particle system; S the spin of the pair (j,); S’ the spin of the
pair (k,i); S;, Sj, and Sp, the spins of the individual particles; and { } denotes the 67 symbol, Of course,
gxe )T-matrix elements Yy () should now carry an additional spin index S denoting the spin of the pair

i k).

As for identical particles, the statistics require that the two-body partial wave 7 matrix tl(i)( p,b';E,S)
be identically zero for certain I, In particular, for two spin-1 identical fermions, ¢ is zero for even
lif S=1andforodd! if § =0, As long as all the two-body T-matrix elements satisfy the requirement
of statistics, the solution of the Faddeev equations also satisfies the statistic. The number of equaticns
is reduced because some of the kernels become equivalent,

IV. APPLICATION TO THE (e ,H) SYSTEM

It is well-known that for the (e, H) system, there exists only one three-particle bound state corresponding
to the ground 1S H— state. All the other three-particle states are unstable, They correspond to the resonant
states which may be generated in the laboratory in an electron-hydrogen (atom) scattering experiment 20,2
Theoretically it can be shown??)® that associated with each excited two-particle threshold (corresponding
to the excited states of H atom) there exist a number of resonances supported by a potential which asymp-
totically goes to zero primarily as »~2, Reasonably accurate determinations of the position and the width
of a few of the lower members of the resonances have been recently carried out both theoretically24—2¢
and experimentally,?* For the bound H™ state on the other hand, an accurate value for the H™ detachment
potential has been known for some time. A calculation of this singlet H— state and the lowest members of
the resonances in both the singlet and the triplet J =0 series would therefore provide some insight into
the feasibility of the methed outlined in Sec. III,

A. The 'S H™ Bound State

Since the 1S H™ state has a zero total angular momentum (i.e., J=0), Eq. (3.4) may be used for the
calculation of this state, One can readily show for singlet spin multiplicity that the electron~proton inter-
action amplitudes for electrons 1 and 2 must satisfy the relation

X,y @,8) = (-)x ;9a,9), @.1)

and the electron-electron amplitude the relation

Xy ®"a,5) =0 for odd 1, (4.2)

11-8




210 BALL, CHEN, AND WONG 173

Equation (4, 2) is simply the statement of the Pauli principle which excludes the possibility for two electrons
in the singlet spin state to have odd parity, Equation (4. 1) allows for the reduction of the coupled equations
[Eq. (3.14)] into a pair of coupled equations, The spin factor for the kernel is unity in this case,

We write Eq. (3.14) in the matrix notation

x(a,8)=1lg,s)+ [ da%(a,4;350%4;,5) , 4.3)

with ET(q, ) =[1,'*"(q, 8), X.°a, 5), X, g, 8), X, (g, 5), X.**(q, ), X.¥g, 5), .. ], 4.4)

where each element xl‘i’(q,s) is a row with a dimension which equals the number of terms included in the
off-shell two-particle amplitude ;' [see Eq. (3.5)]. Equation (4,3) may be solved for x(s) by digitizing
the continuous variables ¢ and 9 and inverting the matrix (/- E) .

x(s)=[1=%(s)]= n(s). (4.5)

To calculate the bound H~ state, we need to determine the pole in the inverse operator [/~ X(s)]~!. The
pole may be located by locating the energy s at which the determinant of the I-X (s)matrix is zero,

For Coulomb interactions, the matrix elements in X may bé obtained analytically since both the eigen-
functions ¢,,;%! and eigenvalues \,;*? of the homogenéous Lippmann-Schwinger equation [Eq. (3.2)] are
known explicitly [see Eqs. (3,7) and (3,8)]. It can be shown that when these explicit expressions are
utilized with the help of Eq. (3.10), all the integrals needed for the evaluation of the matrix element in X
can be expressed in terms of the basic integrals

(2q+q) dp?

1,4a,4;,9)= f( Feoop Grog «.6)
where we have made use of the large disparity between the electron and proton masses (i.e., m,/m,
=m,/my 20). These integrals satisfy the recursion relation

1, =/ DI+ 0"+ = 6= 0" /0 + 07 - G- OPTHL /8- 2], w31, 4.7
with £=(2¢2+2¢-5), t=2V2¢q; , 4.8)
where the recursion relation for the I’s starts with

1,=4V2qq,/[(2¢° +2¢* - 5)* - 8¢%¢ 7] 4.9)

As discussed before, the three-particle bound states can only occur below the branch point correspond-
ing to the elastic threshold. In this energy region s <~1 Ry (- 13, 605 eV), the matrix(I- &) is pure real.
After Eqs. (4.1) and (4, 2) are utilized in Eqs. (4.3), the resultant matrix integral equations are then
solved by matrix inversion [Eq. (4.5)]. By taking only the first term in the #’ expansion [Eq. (3.5)],
we found that the H™ state appears at -1,0516 Ry below the three-particle breakup threchold. This corre-
sponds to a detachment potential of ~0,0516 Ry (i.e., 0.702 eV) for H™ in comparison with the accurate
value of -0,0555 Ry of Peheris.3° The agreement is most remarkable in view of the fact that only a singie
1s term in the £;*) expansion is used in the calculation, This then implies that all the remaining terms
contribute less than 7%,

To demonstrate that all the remaining terms in the tl‘i’ expansion contribute less than 7% is, however,
a somewhat difficult task, The expansion converges in an oscillatory manner and involves large cancel-
lations, For example, the addition of the 2s term pushes the H™ state up very close to the elastic thresh-
old, The 2s term effect is cancelled by the 3s term, The net result due to the inclusion of the 2s and 3s
terms is to move the H™ state down to — 1,061 Ry. On the other hand, the addition of 2p and 3p terms
would lower further the H- state to - 1,064 Ry, and the addition of a 34 and 4s terms then pushes the H™
state up to — 1,063 Ry. It is clear from the numerical result that the oscillations become smaller for
higher terms in the #;*) expansion. However, our results seem to converge to a value lower than the
accepted value, This is probably due to systematic errors in our numerical calculations, We will return

~ to the convergence problem in Sec, V, Perhaps it is worthwhile to note that there is a substantial con-
tinuum component in each term of the tl‘" expansion because this is a Stermian function expansion, so
that the symbols 1s, 2s, 2p, etc. should be interpreted accordingly,

Recently, a calculation of the H— bound state has been carried out by Vesselova,®! In this calculation the
two-body interaction amplitude between the electrons #*’ was taken to be zero, As a test of our program
we have considered the #;'=0 case and obtained, as expected, an energy spectrum which is simply the
superposition of two sets of hydrogenic levels,

I1-9
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B. The Resenant H™ States

As the total energy s of the ci stem moves above the elastic threshold, we encounter the electron-hydro-
gen scattering problem, The corresponding matrix (/- X) now becomes complex and contains branch
points arising from bound states of H atom, These branch points must be treated properly in solving
Eq. (4.3) for resonant states and in calculating the complex poles in (I- X)™!, As an example, we will
determine the two lowest J =0 resonances with singlet and triplet spin states in the elastic region. We
choose this example for simplicity since in the elastic energy region the branch point of concern is re-
duced to just the one associated with the ground hydrogen state.

For the calculation of the singlet J=0 resonances, one may again solve Eq. (4.3) numerically, Due to
the presence of the branch points, it is difficult to maintain a desired accuracy by the standard numerical
method of complex integration, However, the accuracy may be significantly improved by the Fredholm
reduction method!8:!? in which the branch points are removed from the matrix to be inverted, For the
present problem, the only branch point of concern is that associated with the ground H state in x,'¥(g, s)
[Eq. (4.4)]. We will now show how such a method may be adopted for the present problem,

Write for x(g,s) the expression

xlg,s)=uls)r(q,s) ) (4.10)
where u(s) = x(Vs,, s) and
) =Lr, Mg, 5), 1, g,5), . D¥(g,5), 7,9, 5), 7, W(q,0), 7. q,9),...] (4.11)

where s,=s+1, u(s,) is a scalar function, and the ‘T‘l“"(q,s)’s are columns with elements Tnl‘i’(q,s).
For the purpose of calculating resonance poles, we may replace Eq. (4.3) by

u(s)T(g,8) = R ,6(g, Vs, 5) +uls) [ dg;*%(9,q;,5)7(q;,5) (4.12)

where we have replaced 7(q, s)[see Eq. (4.3)] by & ,,!*"(q, s,;s) since poles in x(s) are independent of the
inhomogeneous term 7(g, s){see Eq. (4.5)). The symbol X ‘" stands for %1 (1:?) where ¢, n, and !
are the suppressed indices of T. This quantity ,,*Xg,s,;s) in Eq. (4.12) is’chosen to make the kernel
of the integral equation for T nonsingular at ¢?=s,. By definition of #, 7,,(Vs,,s) is normalized to
unity, Solving Eq. (4. 12) for u(s) at ¢*=s,, we obtain

by (\/s_c,‘fs_o;s)/(l -] § . _L'” dq]? ﬂcx(f)’;’:l (w/so,qj;s) 't‘nl(j)(qj,s)) . (4,13)

n>l

{
uls) = xxo,xo

Substitution of u(s) from Eq. (4. 13) back into Eq, (4.12) yiclds

x, Mg, V5,s) [ x D /s (1
g ) == DS [ 40 tng,q.55)- 20 WV 5 Ty gislrig,s).  (4.14)
T wUAE, s kT aamGs, e 124

Now, the kernel does not have a pole at g;*=s,, and Eq. (4.14) contains no branch point for s <- 0,25 Ry,
It may be solved in a straightforward manner, for T(g,s). Having obtained T (g,s), #(s) can be calculated
by evaluating the principal part integrzl in Eq. (4.13), and the poles of u(s) are then poles of x.

Unlike the case for the bound state, retaining only the 1s term in the ;) expansion [Eq. (3.5)] fails to
give any resonance, A resonance pole is found when either the 2s or the 2p term is included in the tl‘”
expansion, This is expected since the H™ resonances are closed-channel resonances?? lying very close
to the excitation threshold, The positions of the pole obtained in the 1s~2s and 1s-2p expansions are at
-0.286 and - 0,291 Ry below the three-particle breakup threshold, respectively, The position of the
lowest H- resonance in the J=0 singlet series has been found to be at - 0, 2973 Ry both experimentally®
and theoretically,?2=2% This seems to indicate that neither the 2s nor the 2p term alone is sufficiently
attractive to lower the pole to - 0,2973 Ry, From these results one may also gonclude that the 2p term
is more attractive than the 2s term,

The combined effect of the 2s and 2p terms, on the other hand, is much too attractive, The pole is
lowered in the 1s-2s-2p approximation to - 0,326 Ry. It requires the 3s term to push the pole up to
-0.3004 Ry. The addition of the 3p and 3d terms move the pole further up to - 0. 298 Ry, which is closer
to the value of - 0, 2973 Ry calculated in the closed-coupling approximation with correlated wave functions,
Though there is a definite indication of convergence towards the value of - 0.2973 Ry, the convergence is
again oscillatory and not rapid, 1t is perhaps worthwhile to emphasize that the present calculation is
term-by-term exact, No variational or stationary parameters were used in the calculation,

The calculated width for the lowest J=0 singlet resonance in the 1s-2s-2p-3s approximation is 0, 0025
Ry (0. 034 eV) which is in reasonable agreement with previous calculations.»35,38,3 The measured width

. for this resonance is 0,043 eV,” In Fig. 4 the profile of the elastic scattering cross section in the neigh-

I1.10

L



212 BALL, CHEN, AND WONG 173

8.0
16.2
14.4
126

10.8
FIG. 4 Energy dependence of the singlet J =0 elastic

scattering cross scction in the neighborhood of the

resonance in the ls-2s-2p~3s approximation.

CROSS SECTION o2
~N ©
[ (=]

o >
o

o

1

0 § | 1 ! 1 I SO |
-0.3034 -0.3020 -03006 -0.2992 -0.2978 -0.2964 -0.2950

ENERGY s(Ry)

borhood of the J=0 singlet resonance is given, It is seen that the interference between direct and reso-
nance scattering is important. Due to the absence of other channels, the cross section actually dips
through zero at s=-~0, 2997 Ry.

For the triplet case, the electron-proton interaction amplitudes for electrons 1 and 2 must satisfy,
instead of Eq. (4.1), the relation

Xy @, 8)=(=) "1y ,s), CEY)

and the electron-electron interaction must satisfy, instead of Eq. (4.2), the relation

xnlm(q’s)=°’ for even !, " (4.186)

Equation (4. 16) is again the statement of the Pauli principle which excludes the possibility for two elec-
trons in the triplet spin state to have even parity. Equation (4.15) allows for the reduction of Eq, (3.14)
into a different pair of coupled equations for the triplet case, The spin factor for the kernel is again
unity.

The behavior of the solution for the triplet case is similar in nature to the singlet case, We obtain in
the 1s-2s-2p-3s-3p approximation a resonance pole at - 0,257 Ry below the three-particle breakup thresh-
old with a width of ~2x10~% Ry (2. 72x10™4 eV) which are in reasonable agreement with the previously
calculated values,?%,%®

V. CONCLUDING REMARKS

The method presented in Sec, III provides a practical way of solving the Faddeev equation for Coulomb
potentials below three-particle breakup threshold, It is seen, from the example in Sec, IV, that by re-
taining only a few leading terms in the series a reasonably accurate value is obtained, The interesting
problem is then to investigate the convergence of the remaining terms in the series., This is, however,
a somewhat difficult task, since, as was pointed out in Sec. IV, the expansion converges in an oscillatory
manner and involves large cancellations, The net sum of all the terms, considered as a whole, consti-
tutes, nevertheless, a small correction, It is then feasible that a perturbation scheme in which the sum
of the contribution of the remaining terms is treated as a perturbation may be developed, In this con-
cluding section, we outline such a perturbative scheme,

Let us consider the problem of determining the poles in the inverse operator in Eq. (4.5) by examining
the energy dependence of the determinant Det {f- ¥(s)}. We can partition the matrix as

I-%(s)=B+&=B{+B™'E}, (5.1)

where B is a square matrix consisting of elements obtained in a truncated expansion including the leading
terms in the series ;ad &§ is the remainder, Utilizing the relation between the determinant and the trace
of the logarithm of the corresponding matrix,

DetA =exp{Tr(in4)}, . (5.2)
we have .
Det{f - %(s)} = DetBexp{Tr(In(1+8 ~*6)]} = DetB{1+ TrB~'§ - 3 Tr(B='6B~'8) +++}. (.3)
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Defining C =8~} we have
n

1 m
Det{ - ®(s)}=DetB[1+ 2 z z

a=m+1 aa” a=18=1y=

*3
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n n n
2 -3 2 2 €
ma+l aBByva a=m+1 A=m+1 Aa“ar
n
2 L]
(2 euqf+ri]s (5.4

where ¢;; and cj; are the elements of matrices §and C respectively, # is the order of the matrix while
m is the order of the submatrix corresponding to the truncated expansion, This then provides a systematic

way of investigating the convergence problem,
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High-resolution electron-impact measurements reveal that just above the threshold for
excitation of the 2p level of atomic hydrogen there is a complicated resonance structure,
part of which had not previously been predicted or chserved,

In this note we discuss our recent measure~
ments of the resonance structure found in the to-
tal cross section for the production of Lyman-o
from the reaction

e + H(1s) =e + H(2p)

H(1s)+ Lyman-o.

The observed structure is associated with the
temporary formation of one or more H™ com-
pound states in the (2s)®, (2p)*, or (2s, 25} doubly
excited configurations. These “potential” reson-
ances are of the same configurations as the re-
sonances previously studied in the elastic chan-
nel below the first inelastic threshold.!

It has previously been observed, both theoreti-
cally*™* and experimentally,® that the excitation
cross section does not follow what is normally
considered Wigner’s law, The most recent cal-
cualtions have demonstrated that near threshold
there is at least one resonance. However, a ma-
jor point of this report will be to show that the
resonance structure in the threshold region is
more complicated than has been suggested thus
far by theory. In the paper which follows, a par-

tial explanation of this observation is given by
Marriott and Rotenberg,® In a subsequent experi-
mental paper, the details of our experimental
technique, our total cross-section measurements,
and cur measurements of the resonances below
and avove the » =3 level will be discussed.

A modulated rectangn:lar beam of H atoms
(more than 85% pure) is crossed with a rectangu-
lar beam of electrons with an energy distribution
(the width of the Gaussian energy distribution at
half -maximum) of 0.07 eV. Electrons from a
127° electron~energy selector enter a magnetic~
and electric-field free region, cross the modu~
lated H-atom beam from below, and then pass in-
to a collector in which a crossed electric field
can be applied to collect all the electrons in the
beam. When this field is removed the electrons
pass through the collector region into a second,
rotatable, electrostatic energy analyzer which

. measures the energy and angular distribution of

the electrons, Photons from the interaction of

the electron and hydrogen atoms are detected at
an angle of 54.5° with respect to the direction of
the electrons. At this angle the nbserved signal
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is proportional to the total 2p-excitation cross
section.”

Tons from the interaction region are accelerat-
ed along the atomic-beam axis into a Paul mass
filter. As in previous experiments®® the linear
extrapolation of the ionization efficiency curve to
its energy axis is used as a calibration reference
point for the electron energy scale. As has al-
ready been shown, this point is approximately
0.03 eV above the real ionization threshold.®

For each experimental run, data were collected
automatically over a period which often exceeded
100 h. The instrument was programmed to step
through a prescribed energy interval which in
this experiment is usually 0.90 eV taken in 0.015-
eV steps. The residence time for each energy
ste;: was normally 60 sec. The data were col-
lected digitally, i.e., for each energy interval,
the signal plus background, the background, and
the electron current were recorded on punched
tape to be processed later by the computer., Ev-
ery 12 to 15 h the process was interrupted and an
ionization efficiency curve for the collision

H(ls)+e =H*+2e¢

was taken to make sure that the electron energy
scale for excitation remained constant, Through
all of our experiments the ionization reference
point remained constant to within +0.015 eV.
Because particular attention was to be focused
upon the details of the structure which appeared
in our excitation curves, it was necessary to
make certain that ncae of the structure observed
was due to radiation froin: the collisions of the
electrons with H; molecules residual in our H-
atom beam or with H, which formed part of the
background gas. It has already been recognized’
that the oxygen gas filter which is normally
placed in front of the Lyman-« detector, although
transparent to Lyman-a, also passes some mo-
lecular radiation. However, it has now been ver-
ified by our experiments that the electron energy
threshold for production of this molecular radi~
ation is in the vicinity of 11.3 eV, well above the
range of interest for this report, Consequently,
such radiation cannot have affected our results,
In Fig. 1(a), we give a comparison of our data
with the earlier low-resolution experimental re-
sults of Chamberlain, Smith, and Heddle® and
with two calculations on thig system, both by
Taylor and Burke.* In Fig. 1(b), the results of
Taylor and Burke are shown as modified by fold-
ing into their correlation calculation our experi-
mental electron energy distribution. The experi-
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FIG, 1. (a) Our data for the excitation of H(2p) (this
work), together with earlier measurements by Cham-
berlain, Smith, and Héddle (CSH) of the Lyman-a ex-
citation cross gection (for radiation observed at 90° to
the direction of the bombarding electrons), Also shown
are two theoretical calculations: the three-stage close-
coupling calculations of Taylor and Burke [TB (3 state))
and the three-state-plus—correlation calculatfon of Tay-
lor and Burke [TB (correlation)), (b) Comparison of
our data with the calculated cross section of Taylor
and Burke into which has been folded our experimental
energy distribution 0,07 eV,

mental data reported here have been normalized
to the Born approximation at high energies by a
procedure to be discussed in detail in 3 later pa-
per.’ The results of Chamberlain, Smith, and

Heddle are also normalized to theory near thresh-
old in the manner given by Burke, Taylor, and
Ormonde,*

The sharp rise in the excitation cross section
at threshold has been predicted by Damburg and
Gailitis® from a close~-coupling approximation
calculation which includes the lowest three states
of the H atom, i.e., the 18, 2s, and 2p states,
Subsgequent three-state close~-coupling calcula-
tions by Taylor and Burke,® shown as TB (3~
state) in Fig. 1(a), have used a finer energy grid
to show that within 0.03 eV of the threshold,
there is a sharp resonance in the 'P channel of
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the temporary H™ doubly excited compound state.
A modified calculation, in which the interaction
potential contains an additional term to describe
the electron-electron interaction (correlation),
shown as TB (correlation) in Fig. 1(a), lowers
the total cross-section value, shifts the positicn
of the resonance closer to threshold, and con-
siderably reduces its width,

The results of Chamberlain, Smith, and Heddle
using an electron beam with a resolution of 0.35
eV, and observing Lyman-a emitted at 90° to the
direction of the electron beam, show that the
cross section near threshold is finite as predict-
ed, By assuming various shapes for the excita-
tion cross section into which they folded their
karwn electron-energy distribution, they were
able to suggest that the cross section near thresh:
old contained a peak. Subsequently, Burke, Tay-
lor, and Ormonde* theoretically identified this
peak and showed that their calculations were con-
sistent with the measurements., With our mea-
surements, which have been made with an elec-
tron-energy resolution of 0.07 eV, the predicted
sharp onset at threshold and the P potential re-
sonance near threshold are clearly defined. Now,
however, our data reveal the presence of second
and third maxima which have not previously been
reported. This second maximum is statistically
real, its height being approximately twice the
rms error, while the third maximum is not yet
statistically sound although its presence has been
observed in all our data.

In Fig. 1(b) we show our data in comparison
with the three-state close-coupling-plus~-correla-
tion calculation of Taylor and Burke® into which
we have folded our electron energy distribution.
The agreement at threshold and over the first
peak is good, thus giving credence to the calcu-
lated position of the resonance at 10.214 eV; how-
ever, the discrepancy in widths is large enough
80 that we supggest that the width of their reso~
nance should be slightly in excess of the suggest-
ed 0,015 eVv.1°

What is the second peak which appears in our
data ? One possible explanation is that there is
more than one potential resonance in the !P chan-
nel, Another possible explanation, which is dis~-
cussed in the following paper by Marriott and
Rotenberg,® is that the second peak is part of the
first resonance and is not really a separate re-
sonance at all,

One possible explanation for the conjectured
third peak is that it, too, is part of a series of
potential resonances. Another, and perhaps a
more reasonable explanation, is that this is
structure which appears in some channel other
than the 'P.
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of Professor E. M, Clarke who participated in the
early stages of this work and of E. K, Curley who
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