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I. Radiation Transfer and Charge Particle Transport in Gases

Project Coordinator: A, V. Phelps

Radiative Transfer (Dr. D. G. Hunmer, Dr. J. Cassinelli, and Mr. P. Kunasz)

Radiation hydrodynamics in spherical geometry. Following the success-

ful solution of the radiative transfer problem in extended spherical systems
by Hummer and Rybickil* and the generalizatiou of this me£hod by Cassinelli
and Hummer2 to include effects of non-conservative scattering and polariza-
tions, it became clear that a solution of non-LTE transfer problems coupled
with the equations of gas dynamics in a spherical system was feasible and

"complete-linearization' -~ the

desirable. The basic approach was that of
iterative solution of a non-linear problem by computing the successive cor-
rections to a linearized version -- as used by Mihalas and Auer in a series
of papers3 to construct non-LTE static models of hot stars. The simplest
such problem involves the solution of the equations of mass conservation,
momentum and energy, along with the transfer equation for a gray opacity
with both scattering and absorption and a steady radial flow. Radiation
terms then appear in the energy and momentum equation representing radiation
pressure and heating. The transfer equation also acquires terms depending
on the flow velocity of the gas.

The major technical point to be faced is the integration of the solu-
tion through the critical point, where the flow becomes supersonic. Because
of the two~point nature of the boundary value problem for the radiation
ficld, the technique used previously in solar wind calculations of integra-

ting inwards and outwards from the critical point fails in our more general

case. When tihe critical point occurs at large optical depths a "diffusion"
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or "radiative conduction" approximation can he used, as has been done ve=
cently by Finzi and wolflI and by Bisnovaty and Kognn.s For systews of
small optical depth Schmidt-Burgh6 has developed an inward-outward jutegra=
tion method which becomes unstable for large depths. 1In the present work
the two-point boundary value problem is treated cxactly, so that a method
of great gencrality is obtained.

In the first instance the radiation was dropped from the problem in
order to develop a ;table two~point difference cquation procedure for the
gas dynamics equation. One of the three boundary conditions is replaced by
the requirement that the flow be transonic. A novel scheme for satisfying
this requirement at the critical point has been developed. The calculation
of the corrections to the lincarized equation was found to be stable and
efficient. This part of the calculation could be chiecked by refercence to
the analytical solution recently published by T. Yeh,

When the radiation is coupled to the gas flow, four equations have
to be linearized. At present most of this calculation has been coded and
checked, and efforts are coneentrated on {inding initial trial solutions
which are sufficiently accurate to make the computation of corrections

possible.

Radiative transfer with migration of excitced atoms. As discussed in

the previous report, the migration of exeited atoms which occurs along with
radiative transfeir can provide an important ecncrgy transfer mechanism. The
solution of this problem obtained by Hummer has been coded and chiecked exe-
tensively by Mr. Kunasz. Special attention has been given to the overall
energy balance, which holds to better than 17. 1t appears that under a wide

range of conditions, an important loss of energy occurs through collision of

B B e s g o m s e mLo e cermes Mte eeereit e W Ay e s s tetme < = et e = p e e 0e cmc ey wee e o aian ey -



excited atoms vith the walls of the cell,

The laportant question ef when non~radiative transport is significant
can be Investigated by caleulacting the mean displacemont of an excited atom
during {ts lifetine. 1f this distance is small comparad to the displacenment
of a Ltypical phioten hefore It s destroyed by a quinching collision of an
excited atom, then the non-radlative process can be neglected.

The quenching rate per atom is

s1a~l

cquench 5] ququeuch> Nquench v Lquench ’

where @} is the density of the particles responsible for quenching.

N
quench
The rate at which exclted atoms suffer elastic collisions with ground state
ators iy

Cocart *

. .=l
. . z ¢
\vqscntt Nl Lscntt

It s vell known (cef. lusser and Kyblcki!) that a typical photon will ecx-
perience a displacezent (distance perpendicular to the surface) expressed
by the so~callad thermalization length (on the optical depth scale)

n
I~ ('\21 + cqgcnch\
r”~ D

c
quench o

where o is 3 for Doppler and 2 for Lorenti broadening.
From randoas-walk theory, the mecan displacement of an excited atom is,

on the optical depth scale,
W= stk
= <N
‘a a ’
vhere lu is the wean free path of the excited aton, <N> 4is the mean
wwher of scatterings experteaced by an atom in fts Mifetime, k = Blzﬂlhvo/

anh e the abserplion coefficient used to caleulate the optical depth, &

fg the Doppler or collisional width as appropriate. 1{ we assume that the
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mean atomic relative velocity is v, then for the mean free path we have

A =V .
a |/ tscatt

The lifetime of the excited atom is

_ -1
! (A21 + Cquench)

and the mean number of scatterings is therefore

<N> = .
N T/tscatt
Thus
Aa =V tscatt T;tscatt
a7 LG
=V k//(A21+Cqu;xch) C:;;t: '
If
A <<
a r

the migration of excited atoms can be neglected through the bulk of the gas.
However, 1f excited atoms are quenched by the cell windows, then conditions
in regions lying with optical distance of order Aa will always differ from
those in the purely radiative case, Migration will be particularly impor-
tant if the primary excitation is concentrated within distance Aa of a
wall, since the rest of the gas depends on this region for its excitation.
Calculations were carried out for Doppler and monochromatic radiation
incident on a plane parallel slab of atoms fcr which the absorption and emis-
sion profiles are characteristic of Doppler broadening, Application has been
1

made to the 'S0 > 3Pl transition in Hg (A=2537 R) at 400°K. 1In this case
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Ar ~ 2 x 103 and Aa ~ 1, so the calculation showed very little effect of
excited atom migration except for 1t £ 3. When Aa was reduced by arti-

ficially increasing C the region in which migration gave a vis-

scatt’
ible effect was reduced roughly in accordance with the above arguments.
Of course, when Aa << 1, then no effect of particle migration could be

seen in the emeirgent radiation,

Atomic Physies (Dr., D. G. Hummer)

A battery of.very general atomic physics programs, written by the
Atomic Physics Group under Professor M, J. Seaton in the Physics Department
of University College London, has been converted to run on the CDC 6400 at
the University of Colorado. These progrcms provide the capability of cal-
culating transition probabilities and electron excitation cross sections
for large numbers of transitions in neutral atoms and ions involving orbi-
tals up to 5g, including an arbitrary number of configurations.

The first program does the structure problem and computes transition
probabilitics by the use of scaled statistical-model potentials. Radial
functions are obtained by minimizing the total energy with respect to the
scale parameters. This program has been described in detail by Eissner and
Nussbaumer.7 The bound state wave functions from this program can then be
used to compute cross sections for electrnn collisions. For highly charged
ions the distorted wave procedure is adequate and allows the rapid calcula-
tion of cross scctions for all transitions betwcen many terms. For neutral
and singly and doubly charged ions, a coupled-equations procedure is more
reliable, Professor Seaton completed his coupled-equations code during his
stay at JILA this sumnmer, giving us the most efficient such code in exis-

tence. Seaton's method is at least an order of magnitude more powerful than
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any existing procedure that has been employed so far. We are now in thc
process of modifying the code to employ fast auxiliary storage, such as
Extended Core Storage on CDC computers, to allow very large problems to be
solved, It appears that as many as 30 channels can be treated in this way.
Distorted-wave calculations for cross sections in N ILI, taking into
account six configurations with eleven terms, have b2en completed and work
is underway on N IV and N V,
i. D; G, HuAA;; an; G, ﬁ. Rybicki; Monthly Néﬁices Roy. Astron. Soc. 150,
419 (1970).

2., J. P, Cassinelli and D, G. Hummer, Monthly Notices Roy. Astron. Soc.
(in press).

3. See, for example, D, Mihalas, Stellar Atmospheres (W, H. Freeman and
Co., San Francisco, 1970).

4. A. Finzi and R. A. Wolf, Astron. & Astrophys. 11, 418 (1971).
5. Bisnovaty and Kogan, Prikladnaja Matematiki Mehanika, 1967.

6. J. Schmidt-Burgh, Ph,D, thesis, University of Heidelburg, Germany,
1969,

7. W. Eissner and H. Nussbaumer, J. Phys. B 2, 1028 (1969).

Plasma Spectroscopy (Dr, J. Cooper, Dr, J, S, Hildum and Mr. J. Baur)

The final analysis of Ar II and Caz II lines broadened by electrons in
the parallel-plate accelerator is now complete.1’2 Both the Ar II and Ca II
results were in good agreement with semi-classical calculations.3 The Ar II
results also agreed well with other experimenters, but (apart from the arc
measurements of the French group) the Ca II dat; were a factor of two larger
than previous (mostly shock-tube) measurements, This discrepancy is attri-
buted to the fact that the calcium, which is usually present as an impurity,

is not in the hot, dense part of the plasma in the other experiments. These
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results, together with detailed numcrical experiments, lead us to believe

3 for Stark broadening

that the semi-classical theory using hyperbolic paths
of ionized species should now be correct to & zsz.“ even whan the effects
of rescnance (doubly excited states) are in:luded. A convenient method of
analyzing Fabry-lerot profiles when an unkiown continuum background is pre-
sent was develeped to obtain the ahove tooults.s

Development of the C-strap continuum light source has continued, and
the cffective temperature has been established to be greater than 80,000°K.
Used in conjunction with a Z=-pinch, the pcssibility of doing absorption
spectroscopy on ionized specles is now being actively investigated. 1In the
conventional shock-tube an improved “puffer" now cnables an acrosol teo be
added in a quantitative mammer. The Unificd theory of line broadening is
now being usecd to gencrate tables of line profiles of hydrogen broadened by
the Stark effecct for all important Balmer and Lyman linces. Density and
temperatures of intercst to the astronomers are belng included in this tab-
ulation. A theory has also been developed which will take Into account the
effect of breakdown of the quasi-static approximation for fans on the for-
bidden line components in helium6 and detalled catenlatfonn are In progress.

Furtuer work on the broadening duc to neutral colltulons has shown
that the corvelation baetween collisional aud Doppler effects !n a small
effect for most cases of astrophysical intcrcaL.7 However, this [ormulutiou7
also shows how to do calculations in the more intcvesting "collislonal-
narrowing'" limit, and has clarified the use of action rather thin phase in-
tegrals in S-matrices for the broadening problems. Line broadening techni-
ques have been appliced to the problem of scattering of radiation and a con-
sistent formulation of the frequency redistribution function in the presence

3

of collisions has been obtained.



1. J. S, lildum, Ph.D. thesis, Univereity of Colorado, 1Y71.

2., J. S. lit)dum and J. Cooper, Phys. Letters (in press).

3. J. Cooper, U, Palmer and G. K. Oertel, JILA Report #105, 1970,
4. R. Bengsten, J. Cooper, and G, K, Oertel (to be published).

5. J. S. liildum, Appl. Opt. (in prcss).

6. J. Cooper, E. W. Smith, and W. R. Chappell, Phys. Letters 34A, 363
(1971).

7. J. Ward, Ph.D, thesis, University of Colorado, 1971,

8. A. Oumont, E. W. Smith and J. Cooper (to be published).

Scattering and Transport of Kesonance Radiation (Dr. A. V. Phelps and Dr.
J. Jenkins).

The objectives of this project are to experimentally determine a) the
waghituiu aid LLueyuencty ulsciibucivn vl radiution scuctered vy dn atom 1or
incident frequencies in the vicinity of a collision broadened resonance
line and b) the role of various scattering processes and excitation trans-
for procesrces in the transport of the energy of atoms excited to the reson-
ance state, The experimental and theoretical tasks designed to accomplish
these objectives include: a) the determination of the frequency dependent
absorption cocfficients for typical resonance lines as a function of gas,
c.g., potassium vapor, density; b) mecasurement of the spectral intensity
of fluorescent radiation in the vicinity of a resonance line; c¢) the develop-
ment of theorctical models which correctly describe the spectral distribu-
tion of the fluorescent radiation; and d) the development of theorctical
models and appropriate experimental tests for the redistribution in fre-
quency vhich occurs as the result of an individual plioton scattering cvent.

Some measurcments of absorption profiles for potassium vapor have been
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obtained during this report period. However, no analysis of these data has
been undertaken because of the unsatisfactory instrumental profiles for both
of the monochromators available for use with this experiment. A computer
program has been written and partially tested which will allow a prediction
of the contribution of measured instrument profiles to the observed absorp-
tion profiles., Since there is little likelihood of obtaining the more ideal
instrument profiles shown in the advertising literature in a reasonable
length of time, we plan to settle for less than maximum spectral resolution
and use the computer program to calculate the distortion of the absorption
profiles.

As indicated under the Radiative Transfer project, Dr, Hummer and Mr.

Kunasz have obtained accurate .lutions for the total intensity and spectral
distribution of scattered rc.onance radiation, i.e., resonance fluorescence,
appropriate to low and modcrate gas densities vhere the shape of the spec-
tral line is controlled by boppler broadening, The rcsults of these calcu-
lations have been compaved with the experimental measurements by Hansen and
Webb1 of the total intensity of fluorescence of the 2537 R line of mercury.
In agreement with our previous approximate solutions,2 the inclusion of the
destruction of excited atoms at the window explains the data very well,

This analysis also shows that the proposed3 explanation of the data of lansen
and Webb in terms of collisional quenching is incorrect.

The construction of the variable waveleugth, pulsed dye laser for use
in measurements of the redistribution in frequency resulting when a photon
is scattered by an atom has been completed. Tests of the electrical and
flow systems are underwvay and will be followed by test of the optical sys-

tem and laser operation. As indicated under Plasma Spectroscopy, theories

have been developed by Omont, Swmith and Cooper, which describe the frequency
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redistribution appropriate to the portion of a collision broadened spectral
line necar line center, f.c., ncar the limit of our instrumental resolution.
It is hoped that ctnese theories can be extended to the wings of the line

where cxperimental testing is casicr.

1, J. M. Hausen and H. W. Webb, Phys. Rev. 72, 332 (1947).
2. A. V. Phelps and C. L. Chen, Bull., Am, Phys. Soc. 15, 428 (1970).

3. B. V. Waddell and G, S. Hurst, J. Chem. Phys., 53, 3892 (1970).

Stability of Discharges in Weakly Ionized Gases (Dr. C. J. Hansen, br. L.

Oster and Dr., A, V. Phelps)

This project was initiated in June 1971 in response to the need for a
better understanding of the factors which limit the amount of energy which
clectivie can ciransier LU Lie vivracional and celecironic mode of a weawly
ionized, molecular gas without producing a tramsition to a constricted,
highly ionized form. We have chosen to investigate the growth of those un-
stable modes which are thermal in nature, i.e., in which the rise in trans-
lation tempecrature leads to a decrecase in molecular density and results in
an increase in the electric field to gas density ratio and in the rate of
production of eclectrons., Previous theoriesl’2 have considered only steady
state solutions or very slowly growing instabilities for which the gas
pressure can be considered constant everywhere and are not expecte:d to be
applicable to the short duration voltage pulses used in many devices. In
addition, some of the solutions3 predict an unexpected temperature rise
near the boundaries of the discharge tube. We have rederived the equations
appropriate to the steady state and slowly growing instabilities and are

investigating numerical solution techniques. We plan to formulate the
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equations appropriate to the initial stages of the faster growing instabi-

lities.

1. G. Ecker, W. Kroll and O, Zoller, Phys. Fluids 7, 2001 (1964).

2., W, J. Wieg, M. C, Fowler and J., A, Benda, Appl. Phys. Letters 16, 237
(1970). _

3. A. J, Laderman and S. R. Byron, J. Appl. Phys. 42, 3138 (1971).

Plasma Statistics (Dr., W, E. Brittin and Dr. W. R, Chappell)

Dr, Brittin and Dr. R, H, Stolt have developed a rigorous formulation of
the many body problem for composite particles which includes all the proper
symmetry related to exchange of particles., In the less rigorous formulation
compnsites are treated as particles having either Bose or Fermi statistics.
Thus hydrogen atoms are treated as bosons. However, there is an additional
"constraint which the states should obey since they should be antisymmetric
under the exchange of electrons (or protons) between two atoms. Thus the
"physical" Hilbert space is smaller than the "ideal" space in which the
atoms are considered simple bosons, The formalism is based on Girardeau's1
method and gives a fundamental basis for investigating the equilibrium and
non-equilibrium properties of systems containing electrons, atoms, ious,
molecules, and radiation., A paper describing this method has becen published
in Physical Review Lctters.2 Dr, Brittin and Dr. Chappell are now making
applications of this method to the interaction of radiation and partially
ionized plasmas.

A paper by Dr. Chappell and Dr, R, H, Williams of NOAA on the electron
diffusion in weakly ionized, magnetized plasmas has been accepted for pub-

lication in Physics of Fluids. Experiments to confirm the results have
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begun at NOAA, Dr, Chappell and Dr, Williams have been studying the con-
ductivity of weakly ionized gases. A paper describing this work will be

submitted for publication in the near future.

1. M. Girardeau, J. Math. Phys. 4, 1096 (1963).

2. R, H. Stolt and W. E. Brittin, Phys. Rev. Letters 27, 616 (1971).



11, Ionization Kinctics and Reaction Rates
Project Coordinator: Dr. W. C. Lineberger

Ionization Kinetics (Pr. W. C. Lineberger, Mr. R. A. Beyer and Mr. T. A.

Patterson)

The new flashlamp-pumped dye laser system1 has been completed and
tested. The reliability is much greater than our earlier prototype, and
the clectrical noise problems are much less severe. Usiné this laser, wave-
length tunability from 5100 & to 6850 A has been achieved with the use of
only four dyes. The data acquisition system has now been completed, so
that we obtain all photodctachment data after each shot of the laser.. This
system now enables us to sample both the photodetachea neutrals and the
stripped atom background signal in a time short compared with the coherence
time of the ion beam, thercby considerably enhancing the signal-to-noise
ratio in the photodetached atom channel.

We have used the sytem to study resonant two-photon photodetachment
of clectrons from Cz- ions, This approach represents a unique method for
obscrving intermediate negative ion states, For those states which lie
higher than one half of the vertical detachment energy, but below the single
photon phiotodetachment threshold, the apparent photodetachment signal is
the product of the bound-bound excitation function and the relatively
smooth single photon photodetachment cross section from the intermediate
state. The laser power is sufficiently low that only for near resonance

pumping of real intermediate states will there be a detectable photodetach-

ment sigaal,

2
scction in the wavelength 5300 - 5450 R, well below the single photon photo-

Figurce 1 depicts the €, apparent single photon photodetachment cross

detachueut threshold, ~3600 Ao The signal=to-noise ratio is ~100 for a
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Fig. 1. The Cz- apparent single photon photodetachment cross section near
the Av = 0 sequence of the Herzberg-Lagerquist band system.
Single photon photodetachment is energetically impossible for photon
energies less than ~28,000 cm~!. The indicated P branch peaks
appear within +2 em™! of the corresponding P branch band hcads of
the H-L band system,

100 shot integration at the A5415 peak. It is immediately clear that these
~data show a wavelength dependence totally foreign to ordinary bound-free

processes, The sharp peaks at A5415 and 25363 -in.fact correspond to I~

- 2t

branch band heads for the (0,0) and (1,1) bands in a C2 X g Dz— BZE +

u

transition.2 These data represent the first positve identification of
bound electronic excited states in molecular negative ions, and demonstrate
the applicability of resonant two-photon processes to the study of the
structure of many molecular ioﬁs. Further details may be found in a recent

3

publication.
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We have begun to investigate the feasibility of obtaining .metal nega-
tive ions from our source. We have obtained large (~200 nA) current of Se
ions from vaporization of ScO2 in the éourcc discharge, and preliminary
photodetachment measurements have been started. The strengths of the line
structurc transitions observed for Se  should provide an important test of
the photodetachment model presented prcviously.“

Both the Sc~ and the two~photon photodetachment studies will be greatly
aided by the addition of a Lyot tiltcrs to the dye laser, which will reduce
the line width to ~.01 «m -1. Construction of the filter is complete, and
the systen should be operational during the next reporting period. .

Superradiance in the dye cell was found to be a significant problem
with our uitrogen laser-pumped dye laser used in the molecular fluoresence
studics, This problem, however, has been overcome by a modificiation of
tiie dye cell design used by llansch at Stanford. Our new dye cell, ~2 mm
long, permits efficient conversion of Nz laser light to dye laser light,
without the superradiance which usually accompanlas high efficiency. We
are curreantly obtaining lifetime data for glyoral, an intermediate size
molecule, as a function both of the exciting wavelength and the fluorescence
wavelength,

1. Draviugs of the dye laser may be found in D. A. Jennings and D. L.
Baldwin, Nat. Bur, Stds. Tech, Note 603, July 1971 (U. S. Government
Printing Office, Washingtou, b, C. 20402).

2. G. Herzberg and A, Lagerquist, Can. J. Phys, 46, 2363 (1968).

3. W. C. Lineberger and T. A. Patterson, Chem. Phys. Letters (to be pub-
lished),

4o W. C. Lincberger and Bo W. Woodward, Phys. Rev. Letters 25, 424 (1970).

5. I Walther and J. L. Hall, Appl. Phys. Letters 17, 239 (1970).
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Molecular Dissociation Processes (Dr. L. J. Kieffer)

A brief summary of our recent results on the dissociative ionization
of oxygen, e + 02 i 0+ + 0 + 2e, was presented at the VIIth International
Conference on the Physics of Electronic and Atomic Collisious.1 These ex-
periments are essentially complete and the results will be written up in
the near future for publication,

Additional data were taken on the energy distribution and angular dis-
tribution of 0 ion from pair formation e + 02 >0 + 0+ + e, The angu-
lar distribution observed agreed with the preliminary data taken by R. J.
Van Brunt for his thesis. The energy distribution of these ions is a well
defined peak centered at about 2 eV ion energy. Study of this process is
continuing.,

l. L. J. Kierter, G. M. Lawrence and J, M, Slater, Electronic_and Atomic
Collisions, (North Holland, Amsterdam, 1971), p. 574.

JILA Information Analysis Center (Dr. L. J. Kieffer)

Compilation and review activities continue in the area of low energy
atoﬁic collisions. During this reporting period the following papers were
published:

1. "Compilation of Atomic Ultraviolet Photoabsorptive Cross Sections for

Wavelengths between 3000 and 10 ﬁ," R. D, Hudson and L. J. Kieffer,

| Atomic Data 2, 205 (1971).
2.  "Low-Energy Electron-Collision Cross-Section Data, Part III: Total

Scattering; Differential Elastic Scattering," L. J. Kieffer, Atomic

. Data 2, 293 (1971).
3. "“Critical Review of Ultraviolet Photoabsorption Cross Sections for

Molecules of Astrophysical and Acronomic Interest,'" R. D. Hudson,
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Reviews of Geophysics and Space Physics 9, 305 (1971)..

The following manuscripts were submitted for publication:

"Total Electron-Ator: Collision Cross Sections at Low Energies - A
Critical Review," B, Bederson and L. J. Xieffer (to be published in
Reviews of Modern Physics, October 1971).

"lonization and Detachment by Electron Collision," L., J. Kieffer and

G. E. Chamberlain (to appear in the DASA Reaction Rate Handbook).
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II1I. Electron. Encrgy Losses and Atomic Interaction Theory

Project Coordinator: Dr. R. C. Beaty

Electron Energy Losses (Dr. E., C. Beaty, Dr, C. B. Opal and Mr. W. K.

Peterson)

The ratios of the inelastic scattering cross sections for the n=2
levels of helium to the corresponding elastic scattering cross sections
have been measured in a crossed beam apparatus over the 30° to 150° range
for incident cnergies of 82 and 200 eV. At both energies and at angles
greater than 40° the ratio of the sum of the inelastic cross sections to
the clastic cross section was constant at a few percent, in qualitative
agrecment with a similar experiment in atomic hydrogen. As shown in Fig.
2, the four n=2 states were observed to have markedly different angular
dependencies at 82 eV 1ncihent energies. The data of Fig. 3 show that
only the 1S and 1P gtntes were important at 200 eV; the ratio lS/lP was
very nearly 2 at all angles larger than 60°. The observed cross sections
agreed with those predicted by the first Born approximation to within ex-
perimental error only for 1P at angles less than 45° at 82 eV incident

1s and 1P at 30° and 200 eV incident energy; it appears

energy and for
that other methods must be employed in order to compute cross sections at

large scattering angles,
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Atomic Interaction Theory (Dr. S. Geltman, Dr., D. W. Norcross, and Dr. M.

B. Hidalgo)

Fine structure transitions in alkali-rare gas collisions. This project

has been completed and a paper on it has been submitted for publication.l
The results are summarized in Table 1 for the case of Rb in the buffer gases
He, Ne, Ar, and Kr, The calculations werc done at three relative velocities
(v) for each atom pair. The comparison with experiment is made at each v
for the inclastic (j=1/2+3/2) cross sections, and with a thermally averaged
(V) experimental value for the depolarization (j=1/2;m=1/2+-1/2) cross sec-
tions. The one adjustable parameter in the theoretical mode is RO’ a hard
sphere radius which determines the assumed trajectories, The optimum values

of R. are those which result in the best overall agreement between the cal-

0
culated and measured2 values for OI and OD.
Table 1
oy oy
] 5 Optimum v Theory (v) v Theory ™~ (v)
Rare Gas v(10 cm/sec) R (a ) v Exp (%) " Exp (V)
0' o th
He 2.5 7.2 1.8 .65 2.1 5.6
lle 3.0 7.1 2.1 065 205 5.1
He 4,0 6.6 2.8 1.0 3.3 2.9
Ne 2.0 10,0 2.9 .80 3.4 7.1
Ne 3.0 9-7 6-6 1.1 5.1 509
Ne 4.0 9,3 5.9 1.5 6.8 3.4
Ar 1.5 12,2 2.8 .34 3.3 9.0
Ar 2,0 12,1 3.8 47 4,4 4.9
Ar 2.5 11.9 4.7 .60 5.5 2.8
Kr 1.5 13.7 3.6 .31 4,1 2.7
Kr 2.0 13.5 4.8 42 5.4 1.1
Kr 2.5 13.3(5) 5.9 .55 6.8 1.0

The depolarization cross scctions agree with experiment to within a
factor of 3 at all velocities calculated, while the inclastic cross scctions

agree with ervperiment to within a factor of 9. This is for a set of measurcd
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cross sections which have a spread in magnitude of about a factor of 300.

All of the o, and most of the 9 theoretical values improve as the

energy is increased, such that at the highest energies calculated we obtain
agreement with all measured cross sections to within a factor of 3. The

otpimum values of R, are appreciably larger than the repulsive radii of

0
the adiabatic potential curves calculated by Baylis.3

A Coulomb-projected Born approximation for high energy collisions.

The work on this approximation applied to proton-nydrogen charge transfer
and hydrogen atom excitation by ‘'ectrons has been completed and two papers
on it have been accepted for publication.4 The conclusion that the Born
approximatior is grossly inadequate for predicting high energy electron-
atom inelastic differential cross sections has been further experimentally
suusiauiiaied DY wurn vl Opal aua beary on the excitation oi heliium (see

Electron Energy Loss section).

We are currently applying our present approximation to the 218 and

21P excitation of helium by electrons. The wave functions being used are:

1., _ ' . x -ar -Br
¥(178) = Wls(rl)wls(rz), Wls N(e + ne )
1 - \ - .
(278 = N [¢’1s(r1”’25(r2) (e yZS(rl)] ’
¢1s = ground state hydrogenic (Z=1)
_ —-a'r -B'r
WZS = N(e + nre )
v(2'p) = (€, (£)) + ¢ (£)¢, @] ;
(@7P) = N 1oy (2))dy, (1)) + 01 (rx) ey, (¥} 5
¢2p = 2p hydrogenic (Z2=0.97)
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The adequacy of these atomic functions has been tested by calculation of
the Born cross sections for them and comparing with Born results using much
more elaborate, correlated wave funct:ions.5 The very close agreement be-
tween these two Born results tells us that the simple analytic wave func-

tions above are quite good for this purpose.

Lyman-a line shape. the object of this study is to evaluate the line

shape one would expect from the binary interaction of hydrogen atoms with
electrons. The absorption coefficient for continuous radiation of frequency
v near the Ly=o frequency (vo) is proportional to

2
> > Kk > > > > > .
ljf drldr2 y *(rl,rz) (r1+r2) ¥ »(rl,rz)

1sk 2pk'
where h(v-vo) =-k'2 - kz, and Y _ and ¥ _ are the electron-atom scat-
1sk 2pk’. "

tering wave functions in which the incident electron has wave vectors k
and K', and the atoms are in the 1s and 2p states, respectively.

Much past effort has gone into the development of improved electron=-
hydrogen wave functions by the means of close coupling and pseudo-state ex-
pansions, A significant amount of this was done here under the present ARPA
contract.6 The use of these wave functions in the above dipole intergral
should provide the most accurate values presently available for that inte-
gral,

During this report period we have completed the computer codes to do
all the angular and radial integrals required. %he close coupling. codes to
obtain the scattering wave functions are being rewritten in a form developed
by Prof. M. J. Seaton which will cut down the required computer time by an
order of magnitude. The computer time required will still be very large,

and a request for frec computer time on the NCAR CDC 7600 has becn made.




Elastic scattering and photoionization. Work has been completed on a

calculation of the photoionization cross scction of the metastable states
of lle. Solutions of the multi-channel couplcd cquations for c-ﬂe+ scat-
tering were used as final states. Oscillator strengths for photoexcitation
of the lowest few resonance states of He were also obtained. This work has
been publishcd.7

Work is in progress on a calculation of the photoionization cross sec-
tions of the ground and mctastable states of Mg using similar techiniques.
Extension to Ca and Ba is contemplated,

A study wvas performed of very low encrgy elastic scattering of clec-
trons by Li and Na, and it was found that resonance structure previously
reported was the conscquence of numerical instability in previous numerical
work. The low encrgy spin-cxchange cross scction for e-Na collisions was
found to differ substantially from experimental determinations. A report
on this work has been accepted for publication in J. Phvs. B. Accurate
calculations of clastic and inclastic processes at higher cnergies in e-Na
scattering have also been completed. A report on this work with Dr. V. L.
Moores will shortly be submitted for publication. Extemnsion of this work
to the heavier alkalis and alkaline carths, particularly Cs and Ba+ is in
progress,

1. M. B. Hidalgo and S. Geltman, “Thcory of fine structure transitions
in excited rubidium atoms colliding with rare gas atoms," submitted
to J, Phys. B: Atom. Mol, Phys,

2. A. Gallagher, Phys, Rev. 157, 68 (1967); Phys. Rev. 172, 88 (19068).

3. W. E. Baylis, J, Chem. Phys. 51, 2665 (196Y).

4y S Geltman, “A high cncergy approximation 1. Proton-hydrogen charge
transfoer'y S. Geltnan and ¥, B, Hidalgo, "A high energy approximation

11, liydrogen atom excitation by electrong,'" I, Phys. B: Atom. Mol.
Phys. (iun press).



K. C. Bell, D, J. Kennedy, and A. E. Kingston, J. Phys. I 2, 26 (1969);
Y. Ko Kim and M, Inokuti, Phys. Rev. 175, 176 (1968).

P. G, Burke, D, F. Gallaher, and S. Geltman, J. Phys. B 2, 1142 (196Y);
S. Geltman and P. G. Burke, J. Phys. B 3, 1062 (1970).

D. W. Norcross, J. Phys. B 4, 652 (1971).
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IV. Electron~Atom Collisions

Projcct Coordinator: Dr. S. J. Smith

Excitation of Ious by Elcctron Impact (Dr. G. HN. Dunn, Dr. K. Dolder, Dr,

W. E. Kauppila, and Mr. P, O. Taylor)

This project is to mcasure the cross sections for electron-impact ex-
citation of N;, Ca+, and Bu+ using crossed beams of variable energy clecc-
trons and the respective ions and observing the resultant rcsonance radia-
tion along the third perpendicular divection., Preliminary results were
reported carlier,

The period covered by this report was spent in refinements of the ex-
periment preparatory to obtaining final, accurate absoclute values of the
respective cross scctions. The effort is highlighted by two main accom-
plishments:

1) Absolute radiometric calibration of the apparatus. For this a

uniform, isotropic source of monochromatic light was constructed, and its
radiance mecasured by careful comparison with a copper point black body.
The calibrated source was then usced to calibrate the absolute sensitivity
of the crossced Leam apparatus for cach of the 5 wavelengths of the variocus
fons. The spatial varfation of the sensitivity of the apparatus was also
measured using a similar source, so that when used with the above absolute
calibration and folded with the respective beam spatial distributions, an
absolute cross scction can be extracted,

2) Electyen gun modification and evaluation. The elcctron gun used

for this experiment is of a magncetically confinced varicty. This is necessi-
tated by the fact that target densities for the collisions under study are

only of tihce order Joblcmj and ligiht detection sensitivity is only atout

. - < — e ey > - E . ro e o wesgeewm e g s o S 1~
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10-3. It 1s thus necessary to have a magnetically confined gun to insure
adequate current at threshold electron energies (2 to 3 eV) for the pro-
cesses under study, Such a gun, however, is subject to severe criticism
based on the fact that the electron trajectories are cycloidal in nature,
and determination of the actual electron path length through the target
is uncertain, However, a technique to measure the amount of spiraling --
and hence path length increase =-- was developed during thé report period,
and the gun was tested and modified so that corrections for path length
ranging up to only 37 are necessary. This is contrasted to corrections
and uncertainties of several tens of percent if improper gun conditions
are used. Though much careful effort has previously gone into evaluating
such guns, this is believed to be the first direct test and measurement
of the effect,

Final absolute measurements of the respective cross sections are now

being made along with calibration "rechecks."

Electron Collisions with Metastable Atoms.(Dr. G. l, Dunn and Dr. W. E.

Kauppila)

This program is to measure electron impact excitation and ionization
of 11(2S). Major relevant apparatus additicns had been built and tested
prior to beginning of this report period. Since further progress on this
experiment involves use of the apparatus being used for elecctron-ion ex-
citation, no further work was done on this experiment during the report

period.

Electron-Ion Recombination (br., F. L. Walls and Dr. G. H. Dunn)

A new technique is being devceloped for the study of electron-ion

collisions, First studies are of the dissociative recombination of elec-
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trons and molecular ions contained in an axially symmetric quadrupole ion
trap of the Penning variety.1 The stored ion gas will be irradiated with

a beam of electrons and the number of remaining ions vs time nondestruct-
fully measured. The absolute number of ions, their spatial distribution,
the electron beam intensity, and its spatial distribution will be measured
using a Bendix Spiraltron Bundle Detector., These measurements are suffi-
cient to determine the cross section for a given electron energy and dis-
tribution or ion vibrational levels. The electron energy range will extend
from about 30 meV to several (4 o; 5) eV, The first ions to be studied
will be N0* and N.

This approach allows one to separately investigate the effects of the
interaction energy (which is previously determined by the electron energy)
and the distribution of occupied vibrational levels, on the cross section.
The long storage times and high e/m resolution of the trap and detection
system eliminate uncertainties due to excited electronic states which occur
in the ion creation process, and the contamination of the sample with un-
wanted ions,

The trap and all the electronics necessary to store and detect ions
have been built, and preliminary tests of the trap and assoclated electren-
ics ére under way. Trapped electrons rather than ions are used in the
preliminary test and alignment because the detection sensitivity is higher
for electrons, The homogeneity of the magnetic field in the trap has been
measured to be better than 1 ppm, a requirement for long ion lifetimes.
Tests have shown that holes in the trap electrodes which ailow the electron
beam to pass through the trap also permit electric fields from the electron
gun to penetrate the trap, thus causing unacceptable perturbations to their

axial motion. (In order to permit easier modifications of the trap and the
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electron gun a special nonmagnetic demountable stem was constructed.) The
holes in the trap electrodes have been shielded and/or covered with fine
wire screen, and further testing of the storage capabilities of the trap
will now be resumed.

Modifications have also been made to the electron gun assembly. The
gun now delivers 1 X 10-'10 amps with 30 meV FWHM. This is a substantial
improvement over the original design.

A detailed investigation of vibrational relaxation times indicates
that for the ion density obtainable in the trap the vibrational relaxation
times for homonuclear ions (even in the presence of electric fields) are
much longer than the expected trapping lifetime of the ions. However, for
ions like Nl4 NIS, HD+ N0+ etc. the relaxation times are typically less
than a few seconds. The vibrational temperature is determined by the tem-
perature of the radiation off the walls the trap. Although not as easily
manipulated as the noise temperature of the tank circuit it is possible to
change the vibrational temperature in a carefully calibrated manner.

Based on data using electrons, the trap characteristics are such that
one can easily distinguish between molecular ions with masses one mass unit
apart in the mass range for NO+, N;, etc. One can destroy every other
value of charge to mass ratio except the one desired for study.

With completion of modifications to the trap electrodes mentioned
above, we will begin testing the heavy ion trapping characteristics of the
trap. With success here, we can obtain relative cross section measurcments
over the electron energy range mentioned. Development of the channeltron

bundle detector system mentioned above will continue, and with this, absolute

cross sections will be forthcoming.
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1. H. G. Dehmelt, Advances in Atomic and Molecular Physics (Academic Press,
Inc., l'ew York. 1967). ‘lolo 3. po 530

Electron-alkali stom Scattering (br. S. J. Smith, Dr. M. V. McCusker and

Mr. bh. Hils)

This experiment involves the elastic scattering of low energy electrons
from polarized potassium. Disregarding spin-orﬁit effects and hyperfine
interactions during the collision the differential scattering cross section,

in terms of the direct [£(9, ¢)], .and exchange (g(9, ¢)]) amplitudes, is

written

(0, &) = 1/2]c(0, 0)]% + 1/2|g0, ¢)|% + 1/2|£(0, ¢) - g(8, ®)|* .

The quantity |f|2/a can be determinedl by scattering unpolarized electrons
from an initfiallyv polarized alkali hoam and measenvine the priarizacion of

the scattered elcctrons over a range of scattering angles. Thus if Pc is
the measured electron polarization, and PA is the initial atomic polariza-

(4 A

buring the period covered by this report we obtained data for several an-
gles at one encrgy (4 eV). This experimental program complements other in-
vestipations, by Bederson and co-uorkcrs,2 which determine the ratio Igizlc.
We aise nade measurements of relative angular distributions which, when
properly normalized yield the differential scnticring crogs section (0, ¢);
these were reported at a recent APS mccting.3 Our mecasurcments can be com-
pared vith theoretical computations which utilize the clogse coupling approx-

oG
im:nlinn."5
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The experimental apparatus was described in the previous report and
the discussion will not be rcpeated.

The results of our measurcments of electron polarization at 4 eV
eleetron energy are shown in Table 2. The errors in this mecasurcment are
primarily statistical in naturc; a typical counting rate (at 40°) for this
double scattering mcasurcment is 2 counts/scc while the background count-
ing rate is about 10 counts/sec. Also shown in the table are values of
|£|2/o computed from these data; these are then plotted in Figure 4. The
continuous curve in that figure was computed from the K matrices published
by Knrule.5 1t appcars that our points fall off more rapidly with increas-
ing angle than does the theory. We shall continue our measurements at
larger angles but these are difficult since the scattering cross section

is very small.

Table 2
Scattering Angle ©

20° 30° 35° 40°
P, -0.013 + 0,023 +0.060 % 0,048 +0.036 £ 0,036 +0.193 * 0.073
|£[2/6 1.06 % 0.12 .0.70 * 0.23 . 0.82 % 0,18 0.03 * 0.33

During the unext rcporting period we shall make extensive modifications
to most of the apparatus used in the eclastic scattcuing experiment; the goal
of these modifications will be automation of the data taking process to per-
mit a significant reduction in statistical uncertainties.

While these alterations are being made we shall study the circular
polarization of resonance radiation arising from clectron impact excitation

of polarized potassiam. This will allow us to investigate spin .exchange
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processes in inelastic collisions. The spectrometer and polarization ana-

lysis system for these studies have already been installed on the apparatus.

At Sms eatiee v e e e

1.5

1£(8)12/ o (8)

90 120 150 180
SCATTERING ANGLE 6

Figure 4

Complete discussions of the many possible spin-dependent experiments
that can be done with electron-alkali atom collisions can be found in

B. Bederson, Comments Atomic Mol. Phys. 1, 41 (1969); H. A. Kleinpoppen,
Phys. Rev. A (in press).

R. E, Collins, B. Bederson, M, Goldstein and K. Rubin, Sixth ICPEAC:
Abstracts of Papers (MIT Press, Cambridge, Mass., 1969) p. 781; also
Phys. Letters 27A, 440 (1968).

D. Hils, M. V. McCusker, H. A, Kleinpoppen and S. J. Smith, Bull. Am.
Phys. Soc., 16, 587 (1971).

P, Burke and J. Taylor, J. Phys. B. 2, 869 (1969).

E. M. Karule and R. K. Peterkop, in Atomic Collisions III, (Y. Ia.
Veldre, Ed,, Latvian Academy of Sciences, Riga, USSR, 1965). ([Trans-
lation: JILA Information Center Report #3, University of Colorado,
Boulder, Colorado (unpublished) p. 1-28].

SRR L pe e et T TS LR F e a1 ey o b gy TR AT | g ) QAN et 7 et Sy B s < PUITC A



-32-

Collisional Relaxation Mechanisms (Dr. P, L. Bender and Mr. R. Brill)

The history of work ou this project was reviewed at length in the last
semi-annual report. Work was suspended at the end of January, 1971 until
completion of calculations on the expected signal in transmitted light for
the high-field experiment, It has since been found that new theoretical
work would be needed in order to permit completion of the calculations. In
view of budget limitations and the present lack of evidenée that Xe would
be better than Hg for use in a nuclear gyroscope, a decision to terminate
this project was made. No funds were spent on the project during the pre-

sent reporting period,



V. Radiation Processes

Project Coordinator: Dr. A. C. Gallagher

Collisional Radiation (Dr. A, C. Gallagher)

The theory and data on the Cs far wing emission spectra, due to in-
teraction with inert gases, have been prepared for publication. This yields
detailed information on the interaction potentials for the ground (X 22) and

excited (A 22 and B 22) molecular states and on the continuum absorp-

1/2,3/2
tion and emission between 8000 and l0,000X for the Cs-inert gas system.

The high~luminosity scanning Fabry-Perot interferometer has been im-
proved in through-put and reliability, and the system has been prepared for
measurements on the extreme wings of the Rb resonance lines. A consider-
able increase in sens tivity has been achieved over the previous measure-
ments and it should now be possible to measure the three-body molecular for-
mation rates (of Rb-inert gas molecules) and vibrational transitions for

2

Bem & II1/2 and 3/2

established by the measurements, as in the Cs case.

states, The adiabatic potentials should also be

Polarized Radilation (Dr. A. C. Gallagher)

Preliminary work has been done on a review of laboratory studies iu-
volving polarized fluorescence. Radiative diffusion aud collisional des-
truction of the polarization are discussed, Theories for resonance and
polarization signals, which relate the laboratory observables to the colli=-

sion and diffusion processes, are also covered.

Negative Ton Studies (Dr, J. Hall, Dr. R, Celotta, Mr. R. A. Bennett)

The analysis of the 0; and NO~ phutodetachment data is now complete.



e w e e e
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A proper deconvolution of the experimental data to recover the fundamental
molecular parameters turned out to be much more complicated than originally
expected. The basic problem area is the treatment of rotational tempera-
ture:

1) How does one handle the finite cutoff region where the rotational
energy of the negative ion is about equal to the electronic potential well
depth? (Luckily our source temperature of 630°K is low eﬁough that only
about +2 millivolts uncertainty in the affinity results from the two lim-
iting assumptions.)"

2) What are the precise angular momentum selection rules for photo-
detachment? From first principles, the total angular momentum may change
only by 0, *1 units of i, However, the rotational energy is associated
only with a certain component of the total angular momentum. Detailed con-
sideration leads to the conclusion that Hund's case (a) is appropriate, and
that our problem is probably bounded by the intensity ratios between P-, Q-,
and R-branch transitions of 1:2:1 to 1:10:1. Wec have completed numerical
convolution of the spectrometer function with the theoretical spectra under
these two limiting intensity assumptions with consideration of the rote-
tional distribution function mentioned before, Fine structure splitting
of both negative ion and final neutral molecule states is taken into account.
The resulting "theoretical" line shape is then characterized by the slightly-
skewed Gaussian fitting function which is used to characterize the data.

Both the NO_ and 0; results have now been prepared for publication.

A newv argon laser has been put into operation. The resulting increase
in power and reliability will allow us carefully to measure a variety of
interesting negative ions. The 35114 transition available with this laser,

along with our incroasing sophistication in the analysis of molecular photo-
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detachment data should allow meaningful investigation of the simpler strongly
bound negative ions of atmospheric interest.

Preliminary measurements have been made on the NH and NH; molecules
2.

ingly under control for these species we can carry out the systematic mea-

as well as S;, S0” and SO,. Now that the ion source techniques are increas-

surements and analysis necessary to obtain the affinities and vibrational

structure of these molecules.,

Oscillator Strengths and Transition Probabilities (Dr. R, H. Garstang)

Calculations have been continued on transition probabilities of allowed
and forbidden lines for a number of atoms and ions of particular interest.
One set of calculations concerned forbidden transitions within. the ground
configurations of the atom of the C I isoelectronic sequence. These had
first been calculated ncarly forty yecars ago, and refined calculations had
been published1 in 1951, None of these early rcsults included the effects
of configuration interaction explicitly, though it had been hoped, and par-
tially justif‘ied,2 that the methods employed using empirical values of the
energies of the atomic levels would take into account at least part of the
unknown effects of configuration interaction. Computing facilities make
it possible to study the effect of configuration interaction in much move
detail, and the calculations on the C I sequence were repeated, including

4
2, 2p', 2523d2 and 252p23d. The new transition

four configurations, 2522p
probabilities3 do not differ from the earlier ones by more than 30%. This
enhances our trust in the reliability of other transition probability data
for forbidden lines, confirming our conclusion from earlier work on Fe I

and Ye I1 forbidden lines. However, some of the differences, even if less

than 30%, may perhaps have some significance, cespecially where ratios of
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lines are under consideration and experimental valucs of the ratios may

determinable to a greater accuracy than 30%.

l. R. H. Garstang, Monthly Notices Roy. Astron. Soc. 111, 115 (1951).
2. R. H. Garstang, Proc. Camb. Phil. Soc. 52, 107 (1Y56).

3. H. Nussbaumer, Astrophys. J. 166, 411 (1971),

be
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Manuscripts Involving ARPA Funds

Listed below arc papers submitted for publication during the period

covered by this report., Co-authors not commected with JILA are shown in

parentheses,

E.

R.

J.

S.

M,
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C. Beaty, C. B, Opal and W. K. Peterson, "Angular distributions of sec-
ondary electrons caused by electron impact on helium," in Electronic
and Atcmic Collisions (North-Holland, Amsterdam, 1971), pp. 872<4.

P. Cassinelli and D, G. Hummer, "Radiative transfer in spherically sym-
metric systecs -- 11, The non-conservative case and linearly polar-
ized radiation," Monthly Notices Roy., Astron. Soc. (in press).

J. Celotta, R. A. Bemnett and J. L. Hall, “Molecular photodetachment
spectrometry,” in Electronic and Ato sions (North-Holland,
Ansterdam, 1971), pp. 179-81.

Cooper, (S. Klarsfeld and G. K. Oertel), 'Classical path broadening func-
tions for a Debye-shielded interaction," JILA Report No. 107 (March
17, 1971).

Coopez, (E. W. Smith) and W. K. Chappell, "“An adiabatic trecatment of ion
dynanics for forbidden linc profiles," Phys. Letters 34A, 363 (1971).

A. Encmark and A. Gallagher, "Electron excitation cross section and
polarization of sodium resonance radiation," in Electronic and Atomic
Collisions (North-llolland, Amsterdam, 1971), pp. 0693=5. '

M. Evans and J. Cooper, "Dectermination of van der Waals broadening at
temperatures of astrophysical interest," J. Quant. Spectrosc. Radiat.
Transfer (in press).

Geltman, "A high energy approximation 1. Proton-hydrogen charge trans-
fer," J. Phys. B (in press).

Geltman and M. B, Hidalgo, "A high energy approximation II. Hydrogen
atom excitation by electrons," J. Phys. B (in press).

B. Hidalgo and S. Geltman, "Theory of fine structure transitions in
excited rubidium atoms eolliding with rarc gas atoms," J. Phys. B
(submitted).
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