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SYNOPSIS

Methods of performiag laboratory studies of excited-state reactions
important to ionization and optical effects in reentry physics are
being studied. Near resonance charge exchange reactions are being
used to convert beams of ions to beams of neutrals con:aining a large
fraction of excited particles. The high cross sections of these
charge exchange reactions allow efficient conversion of ions to
neutrals. Present studies are devoted to identification and detection
of excited states of the neutrals in the beam. First results of this
work are reported _here. One of the significant results is the realiiza-
tion of a direct and practical method of measuring radiation lifetimes

of diatomic molecules.
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I INTRODUCTION

It is clear that excited atomic and molecular species play an
important role in reentry physics. The short-lived excited species
manifest themselves by the visible radiation they erit in the shock
wave and in the wake of a reentering body. Much of the excitation
energy, however, remains imprisoned in the hot gas for a long time,
either because it is absorbed and re-emitted rapidly or because it is
trapped in nonradiating states. This trapped energy is released via a
variety of energy transfer reactions which influence the chemistry of
the development and relaxation of a reentry shock wave as well as its
radiative signature. To understand the role of this excitation energy
in shock wave phenomena, a knowledge of the direct interactions between
excited- and ground-state particles as well as of the radiation trans-
fer is needed. For these reasons, cross sections of many energy
transfer reactions involving excited species are needed along with

radiative transzition probabilities.

It is the purpose of the research described here to develcp new
methods of studying important collision processes involving long-1lived
excited neutrals. Suitable methods of producing, identifying, and
detecting excited neutrals, particularly metastables, are needed. We
are studying near-resonant electron capture reactions as a means of
efficiently converting beams of ions to beams of excited neutrals. An
interesting example of this type of reaction was recently reported:
metastable hydrogen atoms in the ZS state were produced by electron

1 We have measured total electron capture

capture of protons in cesium.
cross sections for a number of similar closely resonant reactions
(He* + Cs, Ar? + Rb, N;* + Na), involving both atoms and molecules,
and have found them to be extremely high.2? These results indicated
that excited-state capture rea-ily occurs, and studies of methods of

determining the state populations of neutral beams produced were begun.

This report describes the initial results of excited-sta .e studies

now under way. Two aspects of the problem of detecting metastables and
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of determining the states populated by the charge exchange reactions are
being studizsd. The radiation emanating immediately from the charge
exchange reaction zone is being observed and provides infcrmation con-
cerning capture into optically allowed excited states. It also reveals
any excitation of the incident ions, target atoms, and ions resulting

from electron transfer.

A new appuaratus, designed to convert ions to excited neutrals with
1igh efficiency, has been constructed and is presently being used in

the investigation of metastable detection problems.

The present studies demonstrate the electron capture technique as
a practical means of producing beams of e¢xcited neutrals useful for
studies of energy transfer reactions. Excitaticn of optically allowed,
as well as metastable states, is observed, and the technique is found
to be particularly suitable for the measurement of radiative 1ifetimes

of diatom:.c mnlecules.

I1 OPTICAL RADIATION MEASUREMENTS

The crossed beam apparatus used for the total charge transfer cross
scction measurements, described in the final repoxt of the preceding?
contract, is now in use for the optical studies. The slow ion trap has
been removed. Photons emanating from the beam intersection region in a
direction perpendicular to the plane of the beams are observed. Wave-
length measurements repor*ed here were obtained with a grating spectro-
graph using Kodak 103aC film. The observed resolution in the wavelength
range of interest was about SR. 5 mercury lamp provided a calibration

spectrum,

To allow proper adjustment of the optics, several exposures of the
CO* comet tail bands were obtained. These bands are efficiently exritec
with Ar* or N2+ ions by electron capture reactions. The reaction
N,* + C( giving comet tail bands was initially observed by Utterback
and Broida, ® who found that the cross section remains large to veiy low

energies. Our observations show that the rotational excitation of the




co* is larger for incident Ar* than for N2+. We have no explanation

for this surprising eifect.

Het + Rb and N,* + Na spectra obtained with the spectrograph are
shown in Figs. 1 and 2. These are two very distinctive examples of

near-resonant charge exchange.

The Het + Rb reaction is of particular interest because two types

of near resonance reactions csn occur:
(1) Het + Rb — He{excited) + Rbt
(2) He' + Rb = He(1!'s) + Rb*(excited)

The spectral observations (Fig. 1) obtained at 1040 eV indicate that
reaction (2) occurs readily and excites several states of Rbt. For the
purpose of producing a beam of excited atoms, reaction (2) is undesir-
able becaus~ it produces ground state He atoms. The cross sections for
reactions (1) and (2) have not yet been measured, so their relative
contributions cannot be assessed. Reacticn (2) will be strongly
suppressed if Na is ured, since excitation of the Na* requires a reaction

endothermic by more than 6 eV.

It is noteworthy that one He transition corresponding to exci "a-
tion of the 3p°P state is observed. Excitation of this state is weak,
but it leads directly to .the metastable 23S state. None of the other
n = 3 states are observed, probably because the transitions do not lie

in a wavelength region detectable with the film used.

Several lines of the Rb Il1 spectrum are excited, although the line
at 4244 X stands out as the most strongly excited. It should be noted
that the intensity scale is logarithmic and small differences in pcak
intensity of dark lines correspond to large differences in intensity.
The excited levels populated by the charge exchange interaction are
listed in Table I, using the notation of Moore together with the energy
defect AE. The states are labeled consecutively from highest to lowest

intensity, and cascade transitions are indicated. The predominant
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MAJOR LEVELS OF Rb II EXCITED BY He'

Table 1

: Wavelingth
{ of Core State AE Relative Cascade
: Transition Config. Decig < (eV) Strength Routes
3595 4t (*P3/2) 5d'[14]° 1 -3.02 10 -
4469 4p*(*P.9/,) 5d [13]° 1 -2.82 16
4377 " 6s (1410 2 -1.88 2 T
3926 " " 2 -1.88 6 -
i 4347 " " z ~-1.88 15 -
% 4755 " " 2 ~-1.88 13 -
H
% 4530 4p5(2p0$/2) 5p'[0}] 1 -0.06 14
§ 4104 " 5p'[14] 2 -0.04 9
4648 " " 2 ~0.04 11
3796 4p°(?P, 9/ 5p [04] 0 +0.42 0bs:ited X
4193 " 5p [13] 2 +0.73 12
3940 " " 2 +0.73 4 JL
4294 " " 1 +0.80 7
4244 " 5p (23] 3 +0.96 1 X
4273 " " 2 +0.97 8
4572 " " 2 +0.97 3 _
4776 " 5p [04] 1 +1.28 5 A 2




excitation occurs in the 4p5(2P12/2)5p states, although the 6S state is
also strongly populated. The Sp' states are weakly populated, although
they are most c.~sely resonant. Energy resonance is therefore clearly
not the major factor determininy the state population, although it does
give a crude indication of the regioa in which the excitatiion occurs.
These observations may provide a clue as to what factors other than
energy resonance are important, and from this point of view, the reaction

warrants further study.

One peculiarity which is not understooo is the lack of observation
-]
of the 3796 A line. This is the only transition of the 4p5(2P1?/2)5p
group not observed; furthermore, a cascade transition into the state is

observed.
The reaction
(3) Nyt + Na = N,* + Nat

is extremely interesting and important in several respecte. A spectrum
obtained at an energy of 950 eV is shown in Fig. 2. The superimposed
CO* comet tail spectrum was used for calibration. All the observed N,
banis except one (an N2+ first negative) belong to the second positive
system (C - Baﬂg). Moreover, all vibrational levels of the C
state (v = 0 to 4) are observed to be excited. Not shown in Fig. 2 are
the (1,0), (2,1), (3,2) and (2,0), (3,1), (4,2) scquences of transitions
which appeared in the second~order spectrum. The endothermicity of the
reaction varies from 0.7 eV for v = 0 to 1.7 eV for v = 4. To observe
the energy dependeince of the C~state excitation from reaction (3), the
second positive radiatior was observed with a photomultiplier viewing
through a broad-band uv filter. The wavelength range of the filter is
3100 to 3850 A, and therefore tke (0,2), (0,1), (0,0), and (1,0)
sequences are transmitted. The excitation cross section is found to
increase with decreasing energy. The observed energy dependence shown
in Fig. 3 closely r=2sembles the energy dependence of the total capture
cross section previously measured. A crude estimate of the cross sec-
tion for C~state excitation was obtained by calibrating the photo-
multiplier fiiter combination on the first negative (0,0) band excited

5
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by N,+ + Nj collisions. Cross sections for this precess were measured
by Doering.* The results obtained indicate that the C-state excitation
comprises between 10% and 3G7% of the total electron capture of reaction
(3). More definitive measurements of both the total and radiative

cro- - g:ctions are needed to clarify this point.

Other states likely to be populuied in reaction (3) are the a‘Hg
and a"E; metastable states and the w'd, and B'3Z; states of unknown
lifetimes. These states are as closely resonant as the C state, but
are excthermic rather “han endothermic. On the basis of energy
resonance, potassium is a better choice than sodium for populating the

C state.

C-state capture is pertinent to the problem of producing metastables
because it decays tu the long-lived Aazu state via the B state. The
mean radiative lifetime of the C state is 5 x 10”8 sec. The B state
radiz es to the A state in turn :1 3 to 10 x 10~ ¢ sec, depending on the
vibrational state. Jt is unlikely that the A state is significantly
populated directly by electron capture because it is out of resonance
by 4.2 V. Assumi .g no direct capture, the A-state population of the
beamr in each vibrational level can be determined from the relative
intensity of the first positive bands (B — A). In the beam velocity
range of 1C® to 107 cm/sec (15 to 1500 eV), the B-state population will
persist for a long distince beyond the region of charge exchange.
Therefore, it is possible to use either the B state or the A state in
certain experiments by varying the beam velocity or the distance from

the charge exchange region.

The determination of radiative lifetimes of diatomic molecules
suggests itself 25 a straightforward measursment using near-resonant
charge exchange as an excitation mechanism. The decay in intensity of
a particular Jsand can be measured as a function of distance down the
beam, and the distance scale is converted to time scale through the
beam velocitiy. As an example, the litetimes of the first positive

bands could readily be measured using a beam of 107 cm/sec (1500 eV).




There is good reason to believe that the technique is quite general

and can be used to obtain radiative lifetimes of a wide variety of

diatomic molecular states.

I11 DETECTION OF METASTABLES

A. ihe Auger Effect

One cf the major problems associated with the exper.mental study
of metastable collision processes is the lack of a practical, efficient,
and universal method of detection. A commonly used detector for thermal
beams of metastables is the Auger ejection of an electron from a metal
surface.® 1In this process the metastable is de-exciti ! to the ground
state and an electron in the metal is ejected; an incident ion is in a
similar manner neutralized and the energy is relected to a second
electron. BRecent studies of the electron emission from a clean metal
surface by energetic ions and neutrals have shown that up to energies
of several hundred volts the emission is essentially independent of
energy ard due only to the Auger process.® 1In tuis region the emission
is referred to as notential emission. At higher energies, in the region
of kinetic eanission, the emission increases with kinetic energy due to
other processes. In tue potential emission region, electron ejection
by ground-state neutrals is extremely inefficient, whereas ejection by
metastables, depencing on their excitation energy, can be nearly as
efficient as ejection by ions. Thus, the Auger process will distinguish
between ground-state neutrals and excited neutrals if the excitation
energy is sufficient and the kinetic energy low. For emission from
clean refractory metal surfaces, a practical lower limit for the
excitation energy is about 10 eV and upper limit on kinetic energy is

about 400 eV.

An apparatus designed to efficiently convert a beam of ions to
excited neutrals has been constructed and is being used to study the
metastable detection problems. The ion beam, after mass analysis,
passes through an alkali oven where charge exchange with the alkala

vapor converts it to a neutral beam with an efficirncy of 107 to 307%
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After passing through the charge exchange oven, the beam enters a
detection chamber where an ambient pressure in the 10™% torr range can
be maintained. Here the ions can be separated from the neutrals before
entering the Auger detector where the particles impinge on a tungsten
surface which can be heated to 2300°K to remove adsorbed gases. The
beam passes through apertures in a series of four plates directly in
front of the tungsten surface. These plates serve to define the beam
and allow application of e.ectrical fields to ensure col’=2ction of the
electrons. At present, Auger c¢mission due to ions is being studied to
determine the conditions necessary to obtain re' roducible results. We
are convinced this detector will be useful as a monitor for beam meta-
stables for kinetic energies up to a few hundred volts and excitation

energies above 10 eV. Other methods must be employed tu identify the

excited states.

B. Photodetection Methods

Perhaps the most direct method of detecting and identifying meta-
stable states is by the radiation they emit. In some cases, particularly
in molecular systems, the radiative lifetime is in a range (10"¢ to
10™! sec) that allows detection of the radiation by a phctomultiplies
filter combination for beam intensities attainable in our apparatus.

This applies, for example, to the a‘ﬂg state (lifetime 1.7 x 10~% sec)
and a"f; state (lifetime ~ 4 x 10~ 2 sec) of N,. In those cases where
the radiative lifetime is known or can be measured, the population of
the radiating state can be determined absolutely, otherwise the method

is useful on a relative basis.

Another method under consideration as a detector is the use of
resonance fluorescence. The metastables are passed through a gas and
transfer their energy to selected molecules which can radiate the
energy. This process is of interest both as a metastable detector and

as an important physical process, but it needs further study.

—— v . -




IV DISCUSSION

The results presented here, though somewhat fragmentary and prelim-
inary. serve to demonstrate that near-resonance chaige exchange is a
practical means of converting ion beams to excited neutrals. Both long-
lived (metastables) and short-lived (radiative) excited states can be
produced in quantities sufficient to perform energy transfer studies
~ith many species and excited states. The problems of identification
and detection of individual metastable states are under study, and it
appears that several methods will be required, no one method being suit-

able for all species or states.

One of the most obvious and direct measurements possible with the
electron capture technique is the determination of radiative lifetimes
of allowed transitions in diatomic molecules. The technique should be

applicable to & large numher of diatomic species obtainable from an ion

source.
Donald C. Lorents, Chairman —
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Jgfies R. Peterson, Physicist
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FIG. 3 ENERGY DEPENDENCE OF C STATE EXCITATION. Energy dependence of cross

section for excitation of N, 2nd positive system in the charge exchange of N7 in Na.

13




Printed in US.A.

STANFORD RESEARCH INSTITUTE

333 Ravenswood Avenue
Menlo Park, California 94025
Tei. (415) 326-6200

Cable: STANRES, MENLO PARK
TWX: 910-373-1246

Regional Offices and Laboratories

Southern California Laboratortes
820 Mission Street
South Pasadena, California 91031
Tel, (213) 799-9501 « 682-3901

Washington Office
1000 Connecticut Avenue, N.W,
Washington, D.C. 20036
Tel. (202) 223-2660
Cable: STANRES, WASH.D.C.
Twx: 7i0-822-9310

New York Office
270 Park Avenue, Room 1770
New York, New York 10017
Tel. (212) - %4

Huntsville Office
Missile Defense Analysis Office
4810 Bradford Blvd., N.W,
Huntsville, Alabama 35805
Tel. (205) 837-3050
TWX: 510-579-2112

Detroit Office
303 W. Northland Towers
15565 Northland Drive
Southfield (Detroit), Michigan 48075
Tel. (313) 444-1185

Chicago Office
10 South Riverside Plaza
Chicago, lllinois 60606
Tel. (312) 236-6750

European Office
Pelikanstrasse 37
Zurich, Switzerland 8001
Tel. 27-7327 (Day/Night) » 27-8121 (D
Cable: STANRES, ZURICH

Japan Office
Nomura Securities Building
1-1 Nikonbashidori, Chuo-ku
Tokyo, Japan
Tel. Tokyo 271-7108
Cable: STANRESFARCH. TOKYO

Representatives

Canada
Cyril A. Ing
86 Overlea Boulevard
Toronto 17, Ontario, Canada
Tel. +25-5550

August 1966

[taly
Lorenzo Franceschini
Via Macedonio Melloni 49
Milan, ltaly
Tel. 723-246



