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Techniques of ion photofragment spectroscopy have been used to
investigate the structure and dissociations of molecular ions. For this
research, a unique laser-ion coaxial beams spectrometer was comnstructed,
allowing substantially improved sensitivity and resolution. The rare
gas dimer ions were studied in detail, resulting in the determination
of potential curves, absorption and photodissociation cross sectioms,
and photofragment angular distributions for these ions. Effects from
spin-orbit coupling were found to be very important. The predissociation
of the positive and negative ozone ions were investigated to obtain
structural information about these ions. Very high resolution spectroscopy
of the quartet states of the positive oxygen ion allowed a substantial
improvement in these potential curves, as well as an improved determination
of the bond dissociation energy of neutral oxygen. Photofragment spec=-
troscopy of the positive ion of CH led to the observation of two predis-
sociations, one in the singlet and one in the triplet system. Similar
measurements on the positive ion of methyl iodide led to the resolution l
of rotational and fine structure levels in ‘the previously observed

predissociation of this ion. -
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I  INTRODUCTION

In May 1976, ée began a research program for the U. S. Air Force
Office of Scientific Research, Contract No. F44620-76-C-0095, designed
to use newly developed techniques of ion photofragment spectroscopy to
study the potential surfaces of molecular ions. At the time this research

1,2

was started, existing techniques of ion photofragment spectroscopy

had an energy resolution of about 10 meV, and had been applied only to

H;. Through work under th::1§ontract, 4 related contraccsa-lo at SRI,

and our collaborative work with researchers in the Laboratoire des
Collisions Ioniques in Orsay, France, the techniques have been significantly
extended, and a substantial number of important ions have been studied.

Now rotaciona18 and fine ltruéture7 levels can be resolved with a precision
of 0.003 cm-l, predissociation lifetimes measuredg, molecular bond energies
deternineds’lo to within a few wavenumbers, and unique measurements made

of photofragment angular distributions. Under this contract, studies

have been made on 0+ quartet states, the rare gas dimer ions, positive

2
+ +
and negative ozone ions, CH.,I , and CH . These ions are important in

various Air Force applicatiin areas, including the atmosphere, laser
development, and combustion.

In this final report, the results of each research effort supported
will be briefly reviewed. The detailedresults are included as appendices,

which are reprints or preprints of journal articles describing the research.

U T K NI 1 it




II  RESEARCH ACCOMPLISHMENTS

IR

A. Laser-Ion Coaxial Beams Spectrometer

o

The major advances in ion photofragment spectroscopy were made

possible by the new coaxial beams spectrometer constructed at SRI with

the joint support of this contract, the National Science Foundation,

the U. S. Army Research Office, and SRI International through its

Independent Research and Development Program. This apparatus was
constructed to allow laser excitation of ion beams in both coaxial and
crossed configurations, and to observe the photofragments produced as a
function of their kinetic energy, angle with respect to the laser

polarization, and the wavelength of the excitation. In addition to

having capabilities not present in the original photofragment speccrometers.l'z

the SRI apparatus combines substantially increased resolution with a
similar increase in sensitivity.

A detailed description of the apparatus and its capabilities is
given in Appendix A, a reprint of an article published in the Review of
Scientific Instruments. The application of the facility to research

sponsored by this contract is described in the remainder of this report.

<+ 5
B. to t S 08 d Potential Curves of A " a F

The rare gases are often used in electron beam and high energy 4

discharge situations, since they can efficiently transfer the electron 15

kinetic energy into electronic excitation. The recently developed rare é;
gas excimer lasers, the oxygen atom laser, and rare gas-halogen lasers ‘
all depend on this property of the rare gases. However, under the

operating conditions of these lasers, significant quantities of the rare i
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g i gas dimer ions, such as Arz and Krz, are formed, and it has been auggeatedla

that these ions may be responsible for the gain-inhibiting visible and uv

absorption observed in these lasers. Thus, it is important in this

application to know precisely the absolute magnitude and the wavelength

dependence of the photodissociation cross sections of the rare gas dimer

ions.

Photofragment kinetic energy spectra were measured at wavelengths

+ +
extending from 4579 to 7993 A for both Ar2 and Krz. From these measure- |
ments and theoretical calculations, accurate potential curves were |

determined for the ground 1(%)u state and the repulsive 1(%)g and 2(%)g

states for both ions. For Ar;, the 1(})3 state was determined as well,
and from difference potentials obtained in differential scattering work,
the l(i)u and 2(¥)u potential curves were obtained. These potential
curves were then used to calculate the photodissociation (absorption)
crosi section from 2000 :o1o,ooo.A for ions in the ground vibrational

level. For both ions, the effect of spin-orbit coupling was important

SN st A i e

in determining the magnitude and wavelength dependence of the cross

section and the angular distribution of the photofragments.

YT

+
A reprint of a journal article describing in detail the Arz work
+ s
is given in Appendix B. A similar article on Krz is given in Appendix C.

+  + _+ -
C. t t Cross Se ) fNe,Arz,Krz,_lnd_kz

The absorptions in the rare gas dimer ions occur in two bands, as

described in Appendices B and C. Previously, under other support, we

had measuredls’l6 the absolute photodissociation cross sections for
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the bands centered around 7000 A, using the drift t.be mass spectrometer

apparatus. These results were used in the potential curve determinations
discussed above. However, no absolute cross section measurements were

) : available for the uv bands, centered around 3000 l, and thus the absolute
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values of the absorption cross sections for this band were dependent on

the theoretical calculations. Further, measurements of these cross
sections provide an excellent test for the accuracy of the potential

curves.

; To provide this information on the uv bands, we measured the | 4
+ + + + |

photodissociation cross sections for Nez, Arz, Krz, and Xez over the |

wavelength range from 3500 to 5400 l, and compared the results with |

cross sections calculated using the best available potential curves.

The results are given in Appendix D, a preprint of an article accepted
for publication in Physical Review A. As a result of this work and the |
work described above, the potential curves, transition moments, and

absorptions of all of the rare gas dimer ions are now very well

characterized. f
D. tofra s 0.

The photodissociation cross section of 0; was measured over the 11
wavelength range from 5000 to 6400 R, using the drift tube mass spectrometer &

apparatus. This ion is an important intermediate in the D-region ion

| chemistry, and also represents a relatively simple system for which
detailed calculations of its electron structure are becoming feasible.
3 We observed a structured predissociation that provides new information
about the structure of the ion. A detailed description of this work is
found in Appendix E, a reprint of an article published in the Journal

of Chemical Physics.

The coaxial beams spectrometer was used to measure the kinetic

3
between 4762 and 5905 X. The angular distribution of the photofragments

3 energy distribution of 0 photofragments from 0, at seven wavelengths
clearly demonstrates that the transition is parallel, thus identifying

the predissociated state as the ZA However, in the dissociation, most
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of the available energy goes into rotation and vibration of the 02
photofragment, with very little into kinetic energy. This leads,
unfortunately, to poorly resolved kinetic energy spectra. Improvements
are being made in the ion source design and the laser cavity configuration
so that during a continuation of this work, better resolved spectra can

be obtained and additional wavelengths can be studied.

3

E. The Dissociation Energy of 0 (X ;'z

By measuring the kinetic energy of dissociation of the N' = 9 level
of the o;(baz;, v=4) state with respect to the 0+(aso) + 0(3P2) dissociation
limit, we were able to close a spectroscopic cycle including the ground
state of 02. This allowed the determination of the dissociation energy
of OZ(X) with greater precision than the value based entirely on the
optical spectroscopy of oxygen. The method by which this was done is
discused in Appendix F. Subsequent, more accurate measurementslo of the
0 photofragment energy allowed a further reduction in this uncertainty
by a factor of 3, as well as a similarly precise determination of the
bond energies of the o;(a“nh) and Oz(bat;) states.

4

F. High Resolution Spectroscopy of Q;(Qﬁt;, v'=3,4,5a nu,v"-3.4.5)

The laser-ion coaxial beams photofragment spectrometer has been
used with a tunable single-mode laser to measure transition energies in
the First Negative system of 0;; the accuracy of these measurements is
an order of magnitude higher than was previously possible in conventional
high resolution Doppler-limited emission spectroscopy. The technique
depends on observation of photofragment 0+ ions from predissociation of
the upper QFS; state and thus allows study of higher vibrational levels
inaccessible to normal emission spectroscopy. A multiply connected set
of measurements, involving 400 transitions, was made in the (4,4) and

+ -
(4,5) bands of the oz(gfts - g?ﬂu) system for n' = 9-23 in the b state

5
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to a precision and accuracy of about 0.0035 cm-l. In addition, 5 lines
in the (3,3) band, N' = 31 and 33, and 48 lines in the 5,5) band,

N' = 5 - 17, were studied. Improved molecular constants for the b
state were derived, as well as improved Dunham coefficients. The
existing Hamiltonians were shown to be inadequate to describe these

states within the precision of the present measurements.

A major article was prebared describing these results, which is
now in press in the Journal of Molecular Spectroscopy. The length of
this article precludes its reproduction as an appendix here. However,
an abstract of the article appears as Appendix G, and a preprint has
been submitted to AFOSR.

+
G. Photofragment Spectroscopy of CH

The radical ion Cﬁ+ is well known to be a constituent in flames,
and is a basic building block in interstellar molecular formation
processes. However, only limited spectroscopic information is available.
Kinetic energy distributions for C+ photofragments were obtained over
the wavelength range from 3507 to 6471 A. In addition to the direct
dissociation x12+ -Alﬂ, two sets of predissociations were discovered.
The first, leading to near-threshold C+, has been attributed to
predissociated levels of the Aln and a3n states. This result is
probably of substantial astrophysical importance, and thus an article

describing the work has been submitted to The Astrophysical Journmal.
A preprint appears here as Appendix H.

The second predissociation, which yields photofragments in the range

of 1 to 2 eV, is most likely due to the transition g?n -'9?2-, with the

+
b state predissociated by the 2?2 state. Although these data have not

yet been analyzed in detail, they should provide important new information

about the poorly characterized triplet system of this molecule.
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H. ot agment Spectrosco of 0

Photofragment kinetic energy spectra of 0; have been obtained at
17 wavelengths between 4579 and 7525 L. Analysis of these data is only
preliminary, since we expect to obtain additional data with improved
resolution and at other wavelengths. However, the analysis already made

yields a number of interesting, although preliminary, conclusions.

Some of the results are illustrated in Fig. 1. From consideration
of all of the spectra, the peak labeled A is most likely due to a
transition originating in the (2,0,0) vibrational level of the ground

+
state of 0,, and B and D are due to transitions originating in the

(1,0,0) ani (0,0,0) levels, respectively. From this assignment, the

bond energy D°(0+-02) = 0.65 eV, in agreement with photoionization
results. The vibrational spacings Av[ (1,0,0)-(2,0,0)] = 1450 cm-l and
av( (1,0,0)-(0,0,0)] = 1700 cm.1 are also obtained. From the dependence
of the photofragment kinetic energy of each of these peaks as a function
of wavelength, it can be shown that the available energy is partitioned
into translation and rotation in approximately the ratio 3/1. Peaks C,
E, and F appear approximately 1600 cm-l below peaks A, B, and D, respectively,
and are very likely due to transitions that originate in the ground state
levels represented.by A, B, and D, but for which one quantum of vibration
is left in the 02 photofragment. It shoula be possible from \data such

as these to determine energy partitioning into vibration as well as into
rotation and translation. We expect to continue research on this ion

under a renewal contract, and toc prepare a journal article for publication

based on these results.
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SA-5495-22

Photofragment kinetic energy spectra for O; +hw -0+ 0, at three
different wavelengths. Peak designations are explained in the text.
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I. Photofragment Spectroscopy of CHiLf

Photodissociation of CH3I+ has been briefly investigated at wave=-
lengths from 6100 to 5750 X with both moderate (0.5 cm-l) and high
(0.002 cm-l) dye laser resolution. In this region the ion predissociates,
producing Cﬁ;

order of 150 cm-l. A moderate-resolution spectrum of these bands is

in seven complex vibrational bands with spacings on the

shown in Fig. 2. The kinetic energy of the photofragment CH; is found
to vary regularly from band to band and among the rotational lines
within each band. High resolution velocity-tuned spectra of the
rotational lines reveal a rich fine structure with line spaces on the

order of 0.02 cm-l, as illustrated in Fig. 3.

Current work on CR3I+ has E;en impeded by the rather limited

velocity-tuning range of 0.1 cm ', which is possible with this heavy

ion. Because this range is smaller than the mode spacing of the dye
laser, continuous high resolution speétra of the bands have not been
obtained. We will circumvent this problem in future work by using a
continuously tunable ring dye laser. We anticipate that this work will
yield the most detailed information to date on the electronic spectroscopy
of a symmetric top molecule and will also permit critical testing of

current statistical treatments of energy partitioning in the dissociation

of polyatomic molecules.
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+
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+
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participated in this research. Four of these visitors are from the
Laboratorie des Collisions Atomiques et Moleculaires of the Universite

de Paris-Sud in Orsay, France. Each has spent from one month to one

i

year in our laboratory, supported primarily from outside sources.

Professor Durup and Dr. Tadjeddine were supported by the Universite
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de Paris, Dr. Abouaf by the Centre National de la Recherche Scientifique
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i (CNRS), and Dr. Ozenne by an NSF-CNRS Exchange Fellowship and SRI funds,
Thus, the accomplishments in the research area covered by the current
contract were substantially augmented. Further, these researchers were
particularly well suited to our program of ion photofragment spectroscopy,
inasmuch as Professor Durup, with the assistance of Dr. Ozenne, was one

of the originators of this technique, and continues to be the foremost

expert in its application. Dr. Tadjeddine presented a thesis to the
Universite de Paris in 1978 based primarily on research she performed
at SRI.

In addition to these researchers from France, Dr. Bernd Huber from
the Ruhruniversitat in Bochum, West Germany, was a major psrticipant
in the construction of the coaxial beams spectrometer and in the initial
research using this apparatus. Dr. Hanspeter Helm, from the Institut
fur Atomphysik in Innsbruck, Austria, joined the research group near the
end of the final contract year, and will remain at SRI for at least one
year. We now have eleven joint publications with contributions from omne

or more of these visitors, and four other such journal articles have been

4 { submitted for publication.
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Laser-ion coaxial beams spectrometer

APPENDIX A

B. A. Huber,® T. M. Miller, P. C. Cosby, H. D. Zeman,” R. L. Leon, J. T. Moseley, and

J. R. Peterson :

Molecular Physics Center. SRI [nternational. Menlo Park. California 94025

(Received 7 June 1977; in final form, 30 June 1977)

An apparatus has been constructed to provide laser excitation of ion beams in both coaxial
and crossed configurations. The coaxial geometry provides very high sensitivity and nearly
Doppler-free wavelength resolution for spectroscopic measurements, and allows the use of the
Doppler shift to “tune” the wavelength. A novel transverse quadrupole electric field
arrangement is used to deflect the ion beam into and out of the laser beam axis. The ion
beam is highly collimated and a high-resolution 180° electrostatic analyzer is used for
photofragment energy analysis. The apparatus has demonstrated a resolution of better than 10
meV for normal photofragment spectroscopy and 0.001 meV for coaxial beams photofragment
spectroscopy using a single-mode laser. While providing these high resclutions the apparatus
has an overall sensitivity several orders of magnitude greater than conventional ones.

I. INTRODUCTION

In recent years, several research efforts have been
initiated to study the photodissociation of molecular ions
in beams. Von Busch and Dunn! first examined the
wavelength dependence of H* production from H,*,
using an Xe arc lamp and monochromator, in a crossed-
beams arrangement. Subsequently, Ozenne, Pham. and
Durup at Orsay,? and van Asseit, Maas, and Los in
Amsterdam® measured the energy spectra of the dis-
sociation fragment ions using fixed-frequency lasers in a
crossed-beams geometry. Such photofragment spec-
troscopy studies yield information on the potential
energy curves, on bond energies, on the population of
vibrational levels of the parent ions, and on the energy
partitioning among the dissociation fragments of poly-
atomic ions. Recently the group at Orsay* showed that
a modification of this technique, using tunable dye lasers
at wavelengths near the dissociation threshoild, can be
used to obtain high-resolution spectroscopic data on
molecular ions via transitions to predissociating
states. In all of these experiments the laser beam
intersected the ion beam orthogonally, where there
is no Doppler shift (aithough a Doppler spread exists
due to the angular divergence in the ion beam).

Experiments have also made use of Doppler shifts of
single-frequency laser lines to excite fast beams. In
some cases,’® laser lines have been shifted by varying
the laser-fast beam intersection angle, and in others the
Doppler frequencies were **velocity tuned'’ to the ab-
sorption frequency by varying the particle beam energy,
with the laser inclined at a small angle® or parallei’*
to the fast beam. These latter experiments also benefited
from a very effective narrowing of the Doppler line pro-
file that can occur in coaxial laser-fast beam arrange-
ments, as is discussed below.

We describe here an apparatus designed to accommo-
date both laser excitation and dissociation studies of
ions in both coaxial (merged beam) and crossed-beams
configurations. A novel and efficient ion beam deflec-
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tion system is used to merge the ion beam with the laser
axis in the coaxial case. The apparatus can operate with
the ion beam vacuum chamber in the resonant cavity of
the laser for increased photon flux in both configura-
tions. The coaxial configuration offers a much longer
(10~ 10° times) interaction path than the crossed-beams
arrangement; thus, the apparatus has a much greater
ultimate sensitivity than previous ion photodissociation
apparatuses. A high-resolution (AE/E =3 x 10-%)
energy analyzer, used for ion photofragment energy
measurements, can provide a resolution of 10— when
combined with deceleration of the ions. The apparatus is
a versatile and sensitive tool for high-resolution photo-
fragment and optical spectroscopy studies on ion beams.

Il. DESCRIPTION OF THE APPARATUS

A. Basic requirements and general description

Because, among other uses, the apparatus is intended
for photofragment energy measurements, the ion beams
must be well collimated and have low-energy spread
and yet must have sufficient intensity to perform the
desired experiments. The energy and angular resolution
required for photofragment spectroscopy can be esti-
mated as follows.

The velocity diagram in Fig. | defines various kine-
matic parameters in a dissociation event. If a molecule
moving with initial kinetic energy E, and speed v, in
the laboratory frame dissociates into two fragments of
mass m, and m,, with total center of mass (c.m.) kinetic
energy release W, the laboratory energy of m,, ejected
atc.m. angle . or laboratory angle 9, with respect to the
beam direction is

E, = M[ﬁ - Zl.E"_W.)mcosgp + l] ¢
m, 4+ m’ m, \ m,m, ml

To simplify matters, we consider the case of a homo-
nuclear diatomic molecule (m, = m,): then
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FiG. 1. Velocity diagram for a photodissociation event. § and ¢ are

the laboratory and center-of-mass angles, respectively, for ejection ofa
t with respect to the laboratory velocity v,. The center-

of-mass velocities of the two photofragments are v,. and vy,.

E, = BE[l + 2AW/E)'"® cose + W/E). (2

The term W/E, is always small (~10~%) in our experi-
ments, and we shall neglect it in determining the design
parameters of the apparatus. Thus

E, = YBEJ1 + 2(W/E)'® cosg). 3

Requirements on energy resolution of the apparatus
can be estimated by noting that for variations in W only,

12
AE,-:—E'AW %(5.) cosedW. (&)

As a typical example, let E, = 3000 eV, W = | eV, and
¢ = 0. If the energy difference between the vibrational
levels in the parent ion is 400 cm™' (a reasonably small
value), then in order to distinguish between ions dis-
sociating from adjacent levels we must resolve AW
= (.05 eV. The ions dissociating in the forward direction
(¢ =0) would be separated by a laboratory energy
AE, = 1.4 eV at E, ~ 1555 eV, and a resolution of
AE/E ~ 10~ would be required.

The effective energy resolution is decreased as the
range of 0 near 0° accepted by the energy analyzer is
increased, allowing ions with larger values of ¢ to be
detected. To estimate the required angular collimation,

10N SOURCE  POCUSING. ANGULAR LASER
EXTRACTION, COLLIMATION INTERACTION
MASS SELECTION

Fia. 2. Mdmmm TO MCA

let the laboratory energy of fragment ion A, dissociated
at ¢ =0and W = W,, just equal that of another ion B,
at ¢ = g, (the maximum ¢ allowed by collimation)
and W= W, + AW. From Eq. (3) these conditions
establish

Omax = COS™{W/(W + AW)]a, 5

The relationship between 8 and ¢ can be seen from
Fig. 1 to be

0 = tan~'{ v, sing/(vo; + vy,COS¢)]
= an~[Wiising/(E," + Wiicosg)]
= (W/E,)"*sine. (6)

The approximation in Eq. (6) is made by dropping the
second term in the denominator because W < E,, and
by noting that 9 < 1. The required collimation, Omqy,
can be obtained from Eq. (6) by letting ¢ = @, Obtained
from Eq. (5). Again, for the case E, = 3000 eV, W = |
eV,and AW = 0.05 eV, we find from Eq. (5) that @max
= (0.22 rad and Ope, = 4.0 X 10~ rad. In order to
permit the actual resolution of vibrational levels sepa-
rated by 0.5 eV, we estimate the required angular
definition by letting AW’ = 0.02 eV, less than haif
that of the vibrational spacing. This value sets @mex
= 0.14 rad and Ope; = 2.5 % 10~ rad. The resolution of
the apparatus is actually about 2 x 10~ rad.

A diagram of the apparatus is shown in Fig. 2. Ions are
extracted from an ion source (described below), focused,
mass selected, and enter the main collimating drift space
which is defined by two 2-mm-diam apertures A2 and
A3 separated by | m. Sets of vertical and horizontal
deflection plates are placed at several appropriate posi-
tions along the beam path.

ANGULAR  PHOTOFRAGMENT 1ON
RESOLUTION ENERGY RESOLUTION
AND OETECTION

spectrometer.
duwdbyl. chonbyD aper-
tures by A, laser power meters by P. and

the quadrepoles by Q. [ro ELECTROSTATIC
weePNG | | L0CK-N | ]
VOLTAGE | [uoumu
X3 AeCOmOEM j¥ ¢ TNERGY ANALYSE e anaivzER !
N FEES T
| N\ : . nu\..v"\ i
VELOCITY-TUNED @ i N W |
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The collimated ion beam is next deflected 90° and into
the laser beam by an electric quadrupole field whose axis
is perpendicular to the ion beam. These quadrupole de-
flectors'® have exceptionally good ion optical properties
as well as a very useful physical configuration for coaxial
laser-ion beam experiments. After traversing a 50-cm
drift length, the beam (or the desired photofragment
sample) is further deflected 90°, parallel to its original
direction, by a second electric quadrupoie. The poten-
tials on the second deflector are set to direct either the
desired fragment ions or the main beam along the final
drift path. This path is 1.3 m long and collimation to
~2.5 x 10~* rad is obtained from a 2-mm entrance
aperture to the deceleration lens that precedes the
energy analyzer.

After energy analysis, the ions are detected by a
Channeitron electron multiplier and the resulting pulse
signals are counted in a multichannel scaler whose
channels are advanced synchronously with the voltage in
the energy analyzer so that a spectrum of the dissocia-
tion fragment ions is stored in the scaler for eventual
readout to a CRT. recorder, or off-line computer.

The laser beam can be placed either coaxially with
the ion beam in the interaction region, or at 90°, depend-

- ing on the polarization requirements, and the interac-

tion chamber can be operated intracavity with the laser.
Brewster window ports in the chamber walls minimize
the power loss.

B. lon source

For many of the anticipated photodissociation and
spectroscopic studies on molecular ions, it is important
to have an ion source capable of operating at relatively
high pressures so that ions can be formed from three-
body reactions (for complex and rare-gas molecular
ions); also it should be possible to form ions that are not
too vibrationally or rotationally hot. For these purposes
we have chosen a cold-cathode discharge source based
on a design of Lange. Huber, and Wiesemann.!! How-
ever, we use a hollow cathode instead of their planar
geometry, in order to achieve a quiet discharge and to
improve the lifetime of the source. The source operates
at pressures between 0.1 and | Torr. The cathode-
anode spacing can be varied and optimized for maximum
output. The ions are extracted from a 0.6-mm aperture
in the anode. The anode and extraction lens are shaped
to form a planar Pierce system to minimize space charge
effects. For ions formed by direct electron impact (Ar*,
0,*, O*, etc.), the extracted ion current behind the
extraction lens is in the range of 10~*-10~" A. Ions
formed from three-body or secondary reactions such as
Ar,* may be 100 times less abundant. The width of the
kinetic energy distribution was measured to be as smalil
as 0.6 eV for Ar,* ions, and it was found to depend on
source pressure and cathode-anode potential. For O,*
formed at low pressure under conditions that maximize
0, *(a*T1,) production, the energy spread was found to be
~3eV.

1308 Rev. Sci. Instrum., Vol. 48, No. 10, October 1977

C. lon optics

As mentioned above, the experiment requires a mass
selected ion beam with an angular divergence of about 2
mrad to obtain adequate energy resolution and a beam
diameter close to 2 or 3 mm to maximize overiap with
the laser. In order to satisfy these conditions without
large losses in beam intensity we deflect the beam
through 45° using a magnetic sector with equal en-
trance and exit angles of 14.38° (between ion beam
and the perpendicular to the pole faces). These angles
were chosen!? to achieve equal focusing properties in
the bending and in the nonbending planes. Calculations
of the ion trajectories, taking into account the effect of
the extended fringing field, revealed a distance of 26.88
cm between the focal point and the entrance face of the
magnet for point-to-parallel focusing.

In order to obtain a well-collimated ion beam beyond
the magnet, the ion optics between the source and the
magnet were designed so that the extraction region can
be imaged at the focal point of the magnet. The ion
optics consist of two einzel lenses separated by a small
limiting aperture Al (Fig. 2). The geometry of the einzel
lenses was chosen to minimize aberration effects: the
focusing properties were computed using standard
matrix methods.' The first lens focuses the extracted
ion beam onto the aperture and the second lens forms
a virtual image at the focal point. The 2-mm apertures
A2 and A3 in the drift region following the magnet
finally define the ion beam with a maximum angular
divergence of 2 mrad. Using the calculated potentiais
for the einzel lenses (optimized within 10%) we found
a 30% loss in ion beam intensity at each of these aper-
tures, resuiting in usabie ion currents between 1 x 10~*
and'3 x 10~' A for O,* and Ar,* ions, respectively.

The primary function of the magnet is to provide mass
selection for the ion beam. The ions are deflected
through an angle of about 45°. From purely geometrical
considerations, an angular collimation of 2 X 10~%in the
beam will give a mass resolution Am/m of about 5.6
x 10~3. This is twice the observed value of about
2.8 x 10~ FWHM obtained in a Kr,* mass spectrum;
thus the effective angular collimation must actually
approach 1 x 1073,

There is also an energy selectivity associated with
the magnetic deflection of a single mass. The relative
energy selectivity AE/E should have the same value as
the observed Am/m, so would be expected to be about
3 x 10-3. This provides a predicted window of about
9-¢V FWHM at 3000 eV, which does not affect the posi-
tive ion beams, whose natural energy spreads are much
less. For negative ion beams, whose energy widths may
exceed 10 eV, a reduction in the size of Al and A3 can
be used to limit the width of the energies transmitted
to the interaction region.

For those cases where a higher ion current is needed
and the high angular resolution is not necessary, two
additional einzel lenses are installed before the first
and after the second quadrupole deflector. Thus, a focal
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Fia. 3. Energy analyzer test data. Potential U between analyzer
plates versus transmitted energy E—dots. Energy width AE of
analyzer versus £—tniangies.

point of the ion beam can be formed in the interaction
region between the two bending units.

D. Energy analysis

The relative energy resolution AE/E necessary for
photofragment spectroscopy is about (2-3) x 10~*. In
the experiment this value is obtained by using a hemi-
spherical 180° electrostatic analyzer combined with a
deceleration system. The kinetic energy of the photo-
fragments is first reduced by a factor of 10 without large
intensity loss so that the resolution of the analyzer itself
has to be only about 2 x 10~3.

The deceleration system is formed from the first haif of
a filter lens.!* It consists of 13 plates with 3-mm aper-
tures, each plate separated by 3 mm. The ion kinetic
energy is reduced in a parabolic electric field'* (achieved
with a resistor divider chain) by a factor of 10, accom-
panied by ion losses of only about 30%-60%. The exit
of the deceleration system and the entrance of the energy
analyzer are connected by an einzel lens in order to
collimate the slightly diverging beam into the entrance
aperture of the analyzer.

The 180° hemispherical electrostatic analyzer used for
the final energy analysis has a median radius of 150 mm
and a gap distance of |5 mm. The width of the two elec-
trodes is 60 mm and the sides of the gap are shielded by
two “‘Matsuda™ plates,'s the potential of which can be
adjusted with respect to the center potential. This type of
analyzer was chosen rather than a 127° cylindrical ana-
lyzer because of the higher energy dispersion and the
focusing properties in both planes.

The voltage U between the two electrodes and the
kizietic energy E of the ions are related by the following
equation’s:

U = 2ry(ry = ra)E/(rrs) = cE, W)

where r,.7,, and r, are the radii of the outer and inner
electrodes and the central trajectory, respectively. For a
gap distance of |5 mm and r, = 1S mm, the analyzer
constant ¢ was calculated to be 0.2005. This value agrees
with an experimental determination from a least-squares

’
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fit to the data in Fig. 3, which shows the results of an
experimental check of Eq. (7). In order to obtain the
same potential for the central trajectory as for the
entrance and exit apertures, the potentials of the inner
and outer electrodes had to be asymmetric by 5% with
respect to central potential. The optical properties of
the analyzer, the fringing field effects and the image
aberrations, which limit the rec  ring power, were caicu-
lated to second order using the matrices given in Ref. 16.
For entrance and exit slits of 1-mm width the calculated'®
resolution of the analyzer was 6.67 x 10-3, In the experi-
ment we measured the half-width of the primary beam
for different kinetic ion energies. The resuit is also
shown in Fig. 3. The linear increase at the energies of
these data is due to the finite energy resolution of the
analyzer; at lower energies the data would approach a
constant value of AE of about 0.6 eV, which was pre-
viously found to be characteristic of this type of ion
source. From the slope of the curve we obtain a resolu-
tion of 3.0 x 107%. Thus the overall resolution of the
detection unit with a factor of 10 deceleration is 3.0
x 10~¢. Better resolution is. of course, possible if the
entrance and exit slits are narrower or if greater decelera-
tion is used. However, since the energy half-width of the
primary ion beam is about 1 eV, the present geometry is
adequate for ion transmission energies of up to 200 eV
(after deceleration).

The photofragments exiting the energy analyzer are
accelerated again to about 3 keV before entering the
Channelitron detector. The pulses are normalized in a
preamplifier and accumulated in a multichannel scaler.
The photofragment kinetic energy spectrum is obtained
by setting the hemispherical analyzer voitages for a
fixed ion transmission energy (typically 200-300eV) and
linearly varying the voitage applied to the deceleration
lens system over the desired range of photofragment
energies. The sweep of the deceleration voltage is gen-
erated by a D-A converter/high voitage op-amp
combination which is driven by the channel address of
the muitichannel scaler. Thus, the spectra are obtained
with constant transmission energy and energy resolu-
tion, and nearly constant transmission efficiency. Since
the quadrupoie benders are aiso weakly energy selective
(energetic window 40 eV at 1500 eV), the potentials on
the second quadrupole must also be changed propor-
tionally to the change in detected photofragment energy.
If the einzel lens ES is used., its voitage must be scanned
in a similar manner.

E. Quadrupole beam defiectors

The deflection systems that bend the ion beam into and
out of the laser beams are electrostatic quadrupoles
oriented perpendicularly to the bending plane. a novel
ion optical arrangement,!® which is verv well suited
for this use. It permits an ion beam to merge coaxially
with a laser beam without either the use of cumbersome
magnets or the more conventional types of electrostatic
deflection electrodes which would usually require some
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Fic. 4. Photofragment energy spectrum for Ary* + hv —» Ar*
+ Ar at 7525 A. The lower energy scale gives the laboratory photo-
fragment energy. which is directly measured; the upper scale gives the
total separation energy determined as discussed in the text.

form of opening to be placed in one of the electrodes
to afford passage of the laser beam at the expense of
field homogeneity. The capability of viewing the ion
beam axis before and after deflection greatly eases
alignment procedures. Moreover, the quadrupole deflec-
tors are quire achromatic, creating little distortion in the
ion beam after it has been bent through 90°. Ions on
one side of the beam in the plane of deflection are
switched to the opposite side after passage through the
quadrupole, but the anguiar collimation of the beam is
essentially unchanged even for a relatively large energy
dispersion (109%). Edge effects due to fringing fields
at the entrance and exits of the quadrupoles are cor-
rected with shim electrodes as described in Ref. 10.
In tests of this apparatus with a 3-keV ion beam whose
energy spread was about 1 eV. essentially all of the beam
that had passed through the two collimating apertures
A2 and A3 (2-mm diam separated by | m) also passed
through a 3-mm aperture at the end of the 33-cm drift
space following the first 90° deflection.

The energy dispersion of a quadrupole deflector is
about 85% of that of a conventional 127° energy analyzer
of equal angular aberration,'® and is manifested in a dis-
placement of the ion trajectories in the bending plane,
rather than an angular dispersion. so that a long coaxial
drift path following the first deflection can be accommo-
dated without loss of overlap of the ion beam with the
laser. The absence of angular dispersion due to the
benders also permits a high degree of angular resolution
without loss of signal at the energy analyzer and permits
a much higher resolution of the ion dissociation fragment
energy spectra than has been possible in previous
experiments.

As the energies of the fragment ions are scanned by
the 180° energy analyzer. the potentials on the second
quadrupoles are swept so that fragment ions of the
proper energy are directed onto the center of the en-
trance aperture of the energy analyzer. The quadrupole
voltage is approximately 0.7 times the kinetic energy
(eV) of the transmitted ions.'*

1310 Rev. Sci. Instrum., Vol. 48, No. 10, October 1977
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ill. PROPERTIES OF THE APPARATUS

The apparatus can accommodate laser-ion beam stud-
ies in both coaxial and 90° crossed-beams geometries.
In each case, the ion fragments ejected at angles near
0 = 0 or 180° are observed along the beam axis at the lab
angle 6, = 0 = 0.001 (A8 ~ 2 x 10~? rad). Proper ad-
justment of the second quadrupole potentials is required
to assure that @ = 0; otherwise the values of W deduced
from Eq. (2), with = 0 (or ), will be incorrect (and wili
always be low). This complication is a necessary by-
product of the coaxial geometry which requires deflec-
tion of the dissociated ions before they are energy
analyzed, and did not exist in earlier experiments. How-
ever, this alignment problem is easily solved and has pre-
sented no real drawback to the method.

A. Coaxial laser-ion beam configuration

The coaxial configuration permits a large interaction
volume; the laser and ion beams are merged over a 33-
cm length. Since the laser beam is usually about 2 mm in
diameter, the interaction volume is 100-200 times larger
than that afforded by the conventional crossed-beams
geometry, and the resulting sensitivity of the apparatus is
similarly increased. However, since the laser polariza-
tion is always at right angles to the ion velocities. this
advantage is fully effective only for ‘‘perpendicular’
transitions, where the fragment ions are ejected pri-
marily perpendicularly to the laser polarization, and
thus in the direction of motion of the parent ion beam
(6 = 0 or ) for dissociations near the energetic threshold
(W ~ 0), or for excitations that do not result in dis-
sociation.

A typical spectrum for the reaction Ar,*(*2,*) + A»
— Ar* + Ar is shown in Fig. 4 for a 3-keV parent ion
beam and coaxial laser at 7525 A. The spectrum is sym-
metric since photofragments ejected into c.m. angles 0
and = are detected with nearly equal efficiency. The
center of the spectrum is at 1500 eV, as expected for the
photodissociation of a homonuciear diatomic. A scale in
the photodissociation energy W, as calculated from Eq.
(2), is shown at the top of the figure. A detailed study
has been made of this photodissociation using both
coaxial and crossed laser beams at 14 wavelengths
between 4579 and 7993 A. This work!? was used to deter-
mine the *X,*, *5, -, and *[1, potential curves of Ar," to
substanmlly hngher accuracy than had been previously
possible. The identification of the peaks shown in Fig. 4
was based on this work.

We note that individual vibrational levels are not re-
solved here. as they have been for H,~ *3 and O,".'*
This is not surprising since the spacing of the Ar,~ vibra-
tional levels is only about 30 meV, and the rotational
spread at our ion source temperature (~400 K) is of this
order. When this rotational spread is combined with the
finite energy resolution of the apparatus. it is clearly dif-
ficult to resolve the individual vibrational levels in Ar,*.
An example will be shown later where vibrational levels

Laser-excited lon beems - 1310
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of O,* are well resolved, and the energy resolution of
the apparatus is demonstrated to be about 5§ x 10—,

The angular dependence of the photodissociation frag-
ment ions has been treated by Zare and Hershbach!®
for cases of zero and infinite dissociation (or predissocia-
tion) times and by Ling® for varying lifetimes of the
intermediate state. In the zero-lifetime case'® the distri-
butions behave as P(B8) x [1 + B/2(3 cos?g - 1)],
where 8 is the angle between the laser polarization vec-
tor and the c.m. fragment ion velocity,and -1 s 8 s 2.

The angular distribution can thus vary from isotropic
to cos?8 or sin?g. Inclusion of varying lifetimes®® and the
effects of spin-orbit coupling'’ significantly complicate
this picture, but all basically tend to make the anguiar
distribution more nearly isotropic. Thus fragment ion
spectra can often be observed even for basically parallel
transitions (A\ =0), with coaxial beams where P(B)
x sin’8 in the limiting case. An example of this is the
13,* « 3T _* transition shown in Fig. 4.

The coaxial beams arrangement is also well suited to
the threshold (or, perhaps better, “‘predissociation’")
photofragment spectroscopy.* With this technique, a
tunable laser is used to investigate photodissociations as
a function of laser wavelength, near the threshoid, which
result in near-zero-energy photofragments. These photo-
dissociations can result from transitions to a repulsive
potential, to quasibound levels near the dissociation
limit (as in rotational predissociation), or to a predis-
sociating bound state. For predissociations such as are
observed in O,*, the resolution depends primarily on
the lifetime of the predissociating level, the energy
spread in the ion beam, and the linewidth of the laser.
The characteristics of the photofragment spectra ob-
served as a function of both kinetic energy and wave-
length allow the dissociating state to be identified, and
levels of both initial and final states to be determined. A
typical wavelength spectrum of the dissociation cross
section obtained in this way for the transition O,*(a*ll,,
v =4) + hv = 0" + Oisshown in Fig. 5. Here the ob-
served energy resolution is 0.1 meV, as compared with
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5825 5820 5818 5810
ABSORPTION WAVELENGTH (A)

about 30 meV for normal photofragment spectros-
copy.231718 The peaks shown in this figure correspond to
transitions between specific rotational and fine structure
levels of the a'll, state and the 'S, and f‘II, states.
Work is currently underway to interpret resuits such
as those shown in Fig. 6 in terms of the energy levels
of these states. In order to avoid the complication
of the two Doppler-shifted frequencies. vo(l = v/c), seen
by the beam in the intracavity operation, these data
are obtained using the extracavity laser beam.
Another advantage of the coaxial configuration is
that the ions in fast beams can have a very narrow
Doppler width for absorption of the laser photons. This
effect was recognized early in the pianning of our ap-
paratus and has since been discussed?®! and exploited**
by others. The energy spreads of a few eV or less in
the laboratory frame of reference that characterize

b 1 T
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Fic. 6. Velocity-tuned spectrum «f O* photofragments covering the
0.2-A wavelength range near 5815 A indicated in Fig. § (laser was
operated single mode).
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beams from many ion sources are unchanged when the
ions are accelerated through electrostatic fields and the
c.m. distribution of velocity components along the
beam axis becomes very narrow, with equivalent kinetic
temperatures, as seen by the laser, of a few kelvins.
The increased absorption strength at line center and
narrowness of optical transition lines can be very use-
ful in high-resolution spectroscopic studies and photo-
excitation of ions, or using fast neutral beams produced
by charge transfer from ion beams. To achieve optimum
resolution, single-frequency lasers must be used. Fine
*‘tuning’’ of the absorption wavelengths can be achieved
at a fixed laser frequency by varying the ion beam energy
and Doppler-shifting the absorption lines through the
laser frequency. The electrostatic cage shown in Fig. 2 is
used to vary the beam energy and obtain such a **veloc-
ity-tuned’’ spectrum. Thus by use of a relatively simple
voitage sweep one can effectively use fixed frequency,
multiline lasers such as CO and CO, lasers as though
they were continuously tunable, and can ‘‘tune’”
single-frequency dye lasers in the visible over several
angstroms.

An example of a velocity-tuned spectrum is shown in
Fig. 6. To obtain this spectrum, the beam energy was
swept from 3180 to 3600 eV, while the laser was
operating single-frequency near 5818 A. While the ab-
solute wavelength is uncertain by =1 A, the relative
wavelength is precise to within =0.0005 A (50 MHz)
and the laser linewidth was only 0.0001 A. The five dis-
tinct peaks and the shoulder all lie within the band of 0.2
A indicated in Fig. 6, and together make up the peak
labeled 5815.3 in that figure. The peak widths in this
spectrum vary from 170 MHz (0.7 x 10~¢ eV) to 700
MHz (2.9 x 10~ eV), reflecting the lifetime of the pre-
dissociating states. The 3-eV energy spread of the ion
beam causes a Doppler width of 120 MHz which is folded
into the observed widths. This technique shouid yield
measurements of transition energies that are an order of
magnitude more precise than existing spectrographic
measurements.

Obviously, the velocity-tuned spectroscopy described
above can also be applied using a collisional detection
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scheme’™® for both vibrational and electronic transi-
tions. This technique has the advantage of not requiring
that the transition lead to predissociation, but requires
the use of phase-sensitive detection since a small change
in the primary ion current must be observed.

Finally, although this capability has not yet been
demonstrated, calculations show that it should not be
difficult to observe laser-induced fluorescence from the
beam. A photomultiplier and filter for this type of ob-
servation . are indicated in Fig. 2. In some cases, it
should be possible to use a monochromator to observe
the fluorescence and determine not only the absorbing
states but also the fluorescence channels.

8. Crossed-beam configuration

When ‘‘parallel’’ transitions (AA = 0) in photodis-
sociation yield angular distributions with near-zero frag-
ment ion intensities along the axis in the coaxial arrange-
ment, the laser polarization vector can be oriented along
the beam axis by directing the laser at 90° to the ion beam
axis in the more traditional arrangement. An example is
shown in Fig. 7, which shows the photofragment energy
spectra of the photofragments following the a*ll,
— fY1, transition in O,*, as was observed by Tabché-
Fouhaillé et al.'* (as compared to the wavelength de-
pendence of the cross section near threshold as shown in
Fig. 5). Here the vibrational spacings of the a‘Il, initial
state are sufficiently large to be well resolved by the
energy analyzer, and the structure seen in Fig. 7 shows
the high-energy resolution obtainablie in this apparatus.

These data were obtained at 5846 A, and are directly
comparable to the same results shown in Fig. 5 of Ref.
18. The apparent differences are the larger peak at W = 0
and the additional structure in our data. The main vibra-
tional levels observed here (v* = §, 6, and 8) agree with
those in Ref. 18 within the combined experimental uncer-
tainties (=20 meV), and with the locations expected
from optical and photoelectron spectroscopy (see Ref.
18). Dissociation from leveis v” = 9 and 13, not observed
in Ref. 18, is clearly present here as are shoulders on
the v" = 5 and 6 peaks and on the central peak. The
v" = § and 6 shoulders probably arise from dissocia-
tion via the O(3P,) state.'®* The fact that the W =
peak is larger in the present data can be due to a very
slight difference in wavelength in the two experiments,
since the photofragment signal near 5846 A varies
rapidly with wavelength, as in the data of Fig. §
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i - ' : : APPENDIX B

g Photofragment spectroscopy and potential curves of Ar+,*

: J. T. Moseley, R. P. Saxon, B. A. Huber.” P. C. Cosby, R. Abouaf,”’ and M. Tadjeddine?

Molecular Physics Center, Stanford Research Institute. Menilo Park. California 94025
(Received 5 May 1977)

Photofragment energy distributions have besn measured for the process Ary(‘Ey )+hv—Ar* +Ar using a
3 keV ion beam and cw lasers both coaxial and crossed with the ion beam, polarized, respectively,

perpendicular and parailel to the ion beam direction. Measurements were made at 14 wavelengths between
4579 and 7993 A. Transitions to the dissociative states ‘[1, and ’Z;" are observed, as are the effects of the
spin-orbit interaction in Ar;. The experimental results are used along with theoretical calculations to

determine the ‘I, ‘%, and Ml, potentials. The effects of the spin-orbit interaction on the potential

curves, the magnitude and wavelength dependence of the photodissociation cross section, and the angular
distributions of the photofragmants are considered.

! I. INTRODUCTION certainly within the expected uncertainty in these poten-

; tials ulations 10
The potentials of Ar; have been extensively investi- m"’c“' T::e::c pochh.. at £ t: s“":: ;‘t‘h a:;_
gated using techniques of collision spectroscopy. Early P ; . mot:em m?:tio orm th:: - ok e
measurements'™ established the effects of the *l, and tnml::n mun:h:umu vhtchn\‘s needed ;ocalcuhn
*n, states in producing the dominant interference pat-

tern observed in differential scattering measurements. ihe Shumiae va.!uc :‘d‘t? RN i Wi i s
More recent measurements of this type'~ were used to mined. This yield a cross section about three

determine the 11,1, difference potential and the °z, UERMENPUIISE TS Wl SUREUIY Yo,
well depth, and, through comparison with theoretical The photodissociation of Ar; has also been observed
calculations such as those of Mulliken’ and of Gilbert. by Vestal and Mauclaire, '* and by Carrington, Milver-
and Wahl, * to construct these three Ar; potentials. ton, and Sarre, ! but neither of these observations were
Other ab initio calculations of these Ar; potentials have sufficiently detailed to allow conclusions to be drawn
been made by Sidis, Bant. , and Dhuicq” and by Stevens, concerning the Ar; potentials,
A
Cardmer, amd are. We report here the measurement and interpretation
Figure 1 shows the four Ar; potentials relevant to of photofragment energy spectra for Reaction (1), for
- this work, in the absence of spin-orbit splitting. The mmuaonmmm'n,m'z;poumu, at 14
: ‘ potentials shown here are drawn to represent those de- wavelengths between 4579 and 7993 A. There are a
1 termined from the measurements reported in this paper. number of motivations for this study. It was clear from
: ; They are introduced at this point to show qualitatively our previous work'! that the existing Ar; potentials are
E § - the expected positions of the potentials in order to facili- inadequate to quantitatively predict important features
: ‘ tate discussion. All of the above-mentioned Ar; poten- of the molecule, such as its photodissociation (and ab-
. { tials are within £ 0.2 eV of the potentials illustrated in
i | Fig. 1.
' ; The absolute photodissociation cross section for the 2_\ jr\:.1 ! i
reaction " \\ v\ \5 Arg* -
- Ari(T) +Av=Ar® +AT (1) E \\ zn‘\.\ X
4 taking place via the *I; potential has been measured 3 "'m.\ \ —
f, over the wavelength range from $650 to 6950 A by Mul- . [ \ - -
3 ler, Ling, Saxon, and Moseley.!! This cross section S L '\ — -
' was compared with the cross section which would re- e W) A o )
sult from the potentials of Mittmann and Weise® and -~ ATS M T —
4 Glibert and Wahl, and it was concluded that neither of 3 |- S~ 2 © A
] these potentials could result in the measured photodis- g r - 3
sociation cross sections. However, shiftsof these po- 5 [, -~ 3
tentials on the order of 0.1 eV (in opposite directions) b\ /. il
£ 3 could produce agreement with the data, and 0.1 eV s =\, i wl
o - i’
k| o YSupported by the National Science Foundation under Grant No. .. - - :.lo ~ A
g :::l';:‘lloon and the U. S. Air Force Office of Scientific Re- NTERNUCLEAR SEPARATION (A)
¥ V'Permanent address: Ruhruniversitit, lastitut fir Experimen-  FIG. 1. Potential curves of Arj. The solid line portions of
B |== tal-Physik [I, Bochum, West Germany. the curves were investigated in the work reported bere. The
& “’Permanent address: Laboratoirs des Collisions Electron- dasbed Line portions are extrapolations based oa the potentials
&t iques, Université de Paris-Sud, 91408 Orsay, France. of Ref. 10. The dot-dash potential was determined using the
b, ©Permanent address: Laboratoire des Collisions loniques, 'n,-M, difference potential of Ref. 5. The indicated transi-
'1:;_ Université de Paris-Sud, 91408 Orsay, France. tioas correspoad to 7538 A.
» o«
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FIG. 2. Schematic diagram of the apparatus.

sorption) cross section. As has been pointed out,®
spin=-orbit effects are also likely to be important in this
molecule. It is therefore useful both to determine more
accurate Ar; potentials based oa spectroscopic measure-
ments and to provide detailed experimental information
with which improved calculations can be compared,
particularly with respect to the effects of spin—orbit
coupling.

The rare gases are often used in electron beam and
high energy discharge situations, since they can effi-
ciently transfer the electron kinetic ensrgy into elec-
tronic excitation. The recently developed rare gas ex-
cimer lasers, the oxygen atom lager, and rare gas-
halogen lasers all depend on this property of the rare
gases. However, under the operating conditions of
these lasers significant quantities of the rare gas dimer
ions, such as Ari, are formed, and it has been sug-
gested!* that these ions may be responsible for the gain-
inhibiting viaible and uv absorption observed in these
lasers. It thus {s important in this appiication to know
with precision the absolute magnitude and the wavelength
dependence of the photodissociation cross section of Arg.

Il. EXPERIMENTAL PROCEDURES

The measurements reported here were made on a
new ion photofragment spectrometer which is described
{n detail eisewhere.'® A schematic of the apparatus is
shown in Fig. 2. The Ar; ions are formed by the as-
sociative ionigation reaction
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PHOTOFRAGMENT
ENERGY SPECTRUM

Ar® ¢Ar-Ar;+e @)

in a hollow-cathode discharge scurce, !* with an energy
spread of less than 0.6 eV full width at half-maximum.
The Arg, along with a much larger current of Ar* and
some impurity lons, are accelerated to typically 3 keV
and focussed into a 45° secic: magnet. The Ar; ions
of interest are selected by the magnetic amalyzer, col-
limated to 2 mrad, and directed into a transverse quad-
rupole field!? which bends the ion beam through 90°
without disturbing the high degree of collimation.

The ions exit {rom this first quadrupole into the laser
interaction region. Here the intracavity photons from
an argoan {oa laser or a krypton ion laser can be made
either coaxial with the ion beam for a distance of 33 cm,
or crossed with it. Good alignment is assured for the
coaxial beams since both the ions and the intracavity
photons of the laser must pass through 3 mm apertures
at each end of the interaction region. Similar apertures
define the intersection of the crossed beams. In the
coaxial beams configuration the laser polarization is
necessarily always perpendicular to the ion beam direc-
tion. In the crossed beams configuration the laser po-
larization can, in principle, be made to have any direc-
tion with respect to the beam, but for the work reported
here it was always parallel to the ion beam direction.

Following the laser intsraction region the ions enter
a second quadrupole bender whose potentials are ad-
justed to pass the Ar* photofragments, which have ap-
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FIG. 3. Experimental pbotofragment energy spectrum for
Arj+Av—Ar"+Ar at 7528 A, obtained with coaxial beams.

proximately half tke Ar; beam energy of 3000 eV. After
this quadrupole the Ar* ions pass through a second set
of apertures, which yield an angular resolution in the
lab system of 2 mrad for the photofragments. The ions
are then decelerated by approximately 1200 eV and enter
a hemispherical energy analyzer set to pass ions of a
fixed energy near 300 eV. The resolution AE/E of the
energy analyzer is 3x10™ with respect to the energy
with which the ions traverse the amalyser. For typical
conditions used here changes in the laboratory energy
of 1 eV could be easily resolved. This corresponds to
a resolution of 7x10™* with respect to the nominal 1500
eV photofragment energy. lons which are passed by the
energy analyzer are detected individually by a continu-
ous-dynode electron muitiplier and the resuiting counts
directed into a muitichannel amalyser,

Typical photofragment energies in the laboratory
frame in these experiments were 1500: 70 ¢V. In or-
der to obtain a spectrum of photofragment energies the
deceleration voltage is stepped proportionately with the
channel advance of the muitichannel analyzer, while the
voltage on the hemispherical analyzer remains fixed.
Since the quadrupoles are also energy analyzers, the
potentials on the second quadrupole are also stepped in
proportion to the change in the deceleration voitage, so
that this quadrupole is always set to optimally transmit
photofragment ions of the energy being passed by the
energy analyzer. »

A typical spectrum obtained in this way at 7525 A is
shown in Fig. 3. The spectrum is symmetric since
photofragments ejected with kinetic energy either for-
ward or backward along the beam direction are detected
with nearly equal efficiency. The center of the spectrum
is at 1300 eV, as expected for the photodissociation of
a homonuclear diatomic of energy 3000 eV. As has
been discussed in detail by Durup and co-workers, !¢
and by van Asselt, Maas, and Los'® for a homonuclear
diatomie, a photofragment {rom a dissociative transition

1681

such as those indicated in Fig. 1 will appear at 0° in
the laboratory with an energy T given by

TaiTys (WT00 T,
where 7, is the parent ion energy and W is the total
kinetic energy of separation in the center of mass frame
(see Fig. 1). In fact, when one includes the finite angu-
lar resolution of the apparatus there is a small shift!?
of the peak of the photofragment energy spectrum to low-
er a value of W. However, due to the high angular reso-
lution of this apparatus (2 mrad), and the relatively
large center of mass photofragment energies involved
here (250 to 1500 meV), this shift is within the uncer-
taiaty of the laboratory photofragment energy measure-
ment, and is neglected. Equation (3) is thus used to
convert the laboratory energy scale to separation ener-
gy W. Sucha W scale is shown at the top of Fig. 3.

It is important to note the amplification of center of
mass energies when measured in the laboratory frame,
For example, a kinetic energy release of 300 meV in the
center of mass appears as 30 eV when measured in the
laboratory frame. Our resolution of 1 eV in the labora-
tory frame corresponds to an uncertainty of + 10 meV
in this 300 meV peak. In practice, it is not difficuit to
locate peaks repeatedly to within + 5 meV, and an un-
certainty of + 10 meV is believed to be conservative for
the location of peaks with center of mass energies less
than 600 meV. This uncertainty increases slowly with

increasing center of mass energy, reaching =20 meV
for a 1400 meV peak.

By comparison of the energies of the peaks with the
poteatials of Fig. 1 it is possible to determine to which
transitions the peaks correspond, assuming these poten-
tials are approximately correct. The vertical arrows
in Fig. 1 are drawn to correspond to a wavelength of
7525 A, and it is assumed that the transition to the T;
state leads to dissociation with respect to the Ar°(*P,,,)
+Ar limit since this state correlates asymptotically with
this limit and does not cross any states originating from
the Ar*(®Py,,) + Ar limit. Transitions to the *[I, state
are not expected, since they are dipole forbidden. We
thus make a tentative identification of the transitions re-
sulting in the peaks shown in Fig. 3, as indicated on the
figure.

We note that individual vibrational levels do not ap-
pear to be resoived here, as they have been for Hj'%1?
and 03, * This is not surprising since the vibrational
spacing for Ar; is expected to be only about 30 meV,
and the rotational spread at our ion source tempera-
ture of near 400°K has a half-width of about 50 meV.
When this rotational spread is combined with the finite
energy resolution of the apparatus it will clearly be dif-
ficult to resolve the individual vibrational levels in Ar;.

It it is possible to show that a series of peaks at dif-
ferent wavelengths correspond to transitions arising
from the same vibrational level, a relative photodis-
sociation cross section for this vibrational level can be
obtained stmply by appropriately normaliging the ob-
served photofragment current for photon flux, parent
ion beam intensity, and angular and energy resolution.

(3)
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FIG. 4. Experimeatal and calculated photofragment energy
spectra. The calculated spectra are discussed in Ses. [V and
inciude rotational broadening, but do aot include broadening
dus to the ion beam energy spread and the (lnite energy and an-
gular resolution of the apparatus. The sumbers refer to the
structure in the calculated spectra, and correspond to the vi-
brational levels of ti ground state.

It should be noted that the stated wavelengths are the
wavelengths in air. No correction was made for the
fact that in the vacuum the wavelength is slightly dif-
ferent since this difference (in energy) is more than an
order of magnitude smaller than the uncertaiaty of = 10
meV in the center of mass kinetic energy measure-
ments. Additionally, in the intracavity coaxial beams
measurements the 3 keV Ar; actually interacts with two
wavelengths Doppler shifted by about + 2=3 A from the
laboratory waveiength. The uncertainty {ntroduced by
this is also much smaller than the uncertainty in the
kinetic energy measurements, and is neglected.

beam direction. Three such spectra are illustrated in
Fig. 4. These spectra show only one half of the energy
distribution, that part which corresponds to photofrag-
ments ejected forward aiong the beam direction, and
they have been replotted on an energy scale which is
linear in the center of mass system. The narrower,
more structured peaks in the figure result from a cal-
culation to be discussed later.

Comparison of the crossed and coaxial beam data at
6471 A shows that the highest energy peak is favored
for the parallel laser polarization (crossed beams),
while the other peak appears to be reiatively favored for
the perpendicular laser polarization (coaxial beams).
This is consistent with the identification in Fig. 3 of the
second peak with the *Z; - °Z; transition, since the angu-
lar distribution of photofragments {rom this transition
should be a maximum along the direction of the laser
polarization. !™% A similar argument supports the
identification of the first peak with the *Il, - *Z; transi-
tion.

Table I summariges the resuits of measurements on
the first peak at four wavelengths. The first striking
feature is that the values of the photon energy Avminus
the separation energy W are equal to within the £10
meV uncertainty in the determination of the peak loca-
tion. This means that all of these photodissociations
originate in the same ground state vibrational level.
The wide wavelength range over which this single level
is dominant argues strongly for its identification as
v=0. Relative cross section measurements determined
from the peak intensities tndicate a single maximum,
as would be expected from v=0. The location of this
maximum is between 6764 and 7525 A, probably 7200
£200 A, consistent with the recent calcuiations of
Stevens ¢f al.'® The ratio of the cross section at 6784
to that at 6471 A is in excellent agreement with our mea-
surements’! of the absolute values of the photodissocia-
tion cross section for Ar; ions in a thermal vibrational
distribution at 300 °K (i.e., primartly in v=0). We thus
identify these transit) .18 as *l, =T} (v=0).

The average valus of 1.31 eV for (kv - W) is then
nearly equal to the dissociation energy with respect to
the first vibrational level Dy(Ar;). It must only be cor-
rectad by the average rotational energy of the ions. At
the assumed source temperature of 400 °K this is 17
meV. Thus, we determine D,(Arf)=1.3320.02 eV. The
uncertainty in the source temperature of + 50 °C coatrib-

TABLE . Summary of results for the transition ‘1,
~2gs. All experimental results are for coaxial beams.

(4

figuration with the laser polarization perpendicular to
the ion beam direction and in the crossed beams con-
figuration with the laser polarisation paraliel to the fon
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TABLE 0. Summary of results for the transition !Z; —32;,

Vibra-
tional
A Ve oV W W R lwis
1Y) Crossed Coaxial (eV) o &K peak
7993 0.629 16-18
7828 0.466 0.710 0.962 0.670 3.11  15-17
8764  0.790 0.910 1.043 0.7% 3.08 12-14
6471 0,828 0.970 1.088 0.348 2.9 12-13
5682 1.00 1.08 1.18 1.020 2.91 8-10
3309 112 1.17 1.22 1.120 2.87 7-9
348 1,17 1.19 1.2¢ 1.188 2.88 6-8
4988 1.22 1.2¢ 1.28 1.220 2.8 8=7
980 1.28 1.28 1.29 1.260 2.80 §=7
4828 1.33
4768 1.30 1.30 .18 2.78 3-8
4763 1.3¢
4680 1.33 1.32 .40 2.78 8
4379 1.38

utes only § meV to the uncertainty in D,. This value for
D, is in good agreement with the valuss obtained by
Lorents, Olson, and Conklin® (1. 25 eV), Mittman and
Weise® (1.34 eV), Gilbert and Wahl* (1. 25 eV), and
Stevens, Gardner, and Karo'® (1.20 eV), when it is con-
sidered that the estimated uncertainty in each of these
determinations is £0.1 eV.

A bond energy of 1.3320,02 eV is, however, in slight
disagresment with the recently reported value™ of 1.23
£ 0,02 oV of Ng, Trevor, Mahan, and Lee, obtained
from the photoionization spectrum of Ar,. The value of
Ng et al. was determined from the observed onset of
photoionisation at 852. 7 A. The threshold in this region
is not at all sharp (see Fig. 2 of Ref. 22), and the
photoiounization cross section is very small due to un-
favorable Franck-Condon factors. Our determimation
of the bond energy, which does not depend on the observa-
tion of a weak photoionization signal near threshold, im-
plies that the true ionization potential of Ar, is 858.6 A.

have obtained on our spectrometer with sariier work in
another laboratory™ on O3, and to the fact that the bond
energy we determine for Kr; of 1,140,038 eV® i in
excellent agreement with the 1.15x0. 02 eV determined
by Ng et al, For Kr; the Franck-Condon factors are
more favorable, and the photoionization threshold is
well-defined (see Fig. 2 of Ref. 22).

Note from the two coaxial beams spectra in Fig, 4
that the two peaks are coming closer together at shorter
wavelength, and the £~ T peak is becoming relatively
more intense. Qualitatively, this movement of the
peaks is to be expected from the potential curves, As-
suming a one-to-one correspondence between internu-
clear separation and wavelength, as we go from 7525 A
toward shorter wavelength, the two I curves are chang-
ing in opposite directions, thus retarding the increase
of Wwith Av. Therefore, the two peaks would be ex-
pected to merge, and then at some shorter wavelength
the peak corresponding to the 1 - Z transition should
appear at higher photon energy than that corresponding
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to the Z-Z. Infact, at the next available wavelength
5882 A only one peak is visible, corresponding to the
T - I transition, aithough there is a shoulder oa the
low energy side corresponding to the I~ Z. Over the
remainder of the wavelength range studied no clear
features emerged which could be definitely assigned to
the [1=Z transition.

Table IT shows a summary of results for the Z~Z
transition. Since this is a parallel transition, resuits
from the crossed-beams configuration are the most de-
finitive for determining the potentials, and only these
resuits are used to calculate (kv-W,,). The Z-T peaks
are substantially broader than the 1 - £ peaks, indicat-
ing that a number of vibrational levels are participating
in the photodissociation. These individual vibrational
levels are not resolved since the rotational broadening
of individual levels is approximately equal to the vibra-
tional spacings, and to the effective resolution of the
apparatus.

It is qualitatively apparent that these levels are quite
high, probably v> 10 for the 6471 and 7525 A transitions
illustrated in Fig. 4. This will be better quantified by
calculations to be discussed later. The fact that at
8471 A with coaxial beams the T - peak is as intense
as the =T indicates that the £ — T transition is much
stronger than the [I=Z. Under these conditions every-
thing else seems to favor the 1= =it originates at
v=0, and the polarization is correct for maximum col-
lection of ions from such a perpendicular transition,
while strongly discriminating against parallel transi-
tions such as the Z~Z. This observation is consistent
with the calculations of Stevens et al. ,'® which predicts
that the £ = Z photodissociation cross section should be
about three orders of magnitude larger than that for the
nN-Z.

It is in fact surprising that the 1~ T transition is
visible at all in the crossed beams spectra at 6471 A.
It is easy to calculate, ** assuming no rotation before
dissociation and pure parallel and perpendicular transi-
tions for the Z~Z and 1 =T, respectively, that the
detection efficiency in our apparatus in coaxial beams
is 200 times better for the I= T thanfor the Z~Z,
while almost exactly the opposite is true in crossed
beams. Thus, since the two peak heights are equal at
8471 A in coaxial beams, where the I~ is favored,
the relative peak heights in crossed beams should dif-
fer by a factor of (200)x(200) =4 x 10* in favor of the
T« T transition. In fact, the observed difference is
only a factor of 8! Inclusion of rotation® cannot reduce
this by more than a factor of 4, and may be negligible
since the dissociations are occurring via a purely re-
pulsive curve at separation energies substantially larg-
er than the rotation energies involved. The effect of
spin-orbit coupling is {n the right direction—it will give
some parallel (Z - T) character to the perpendicular
(T=Z) transition, and vice versa. We will return to
this observation in the following sections.

It is noted that the T~ T peaks obtatned with coaxial
beams counsistently peak at slightly higher W values
(typically 30 meV--gee Table II), and the peaks are
significantly broader than the peaks obtained with

m
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crossed beams. These effects are not understood, but
are probably associated with the rotation of the mole-
cule during dissociation. Similar effects were ob-
served'? for H;, where the trausition is purely parallel.
In any case, for a parallel transition the data obtained
with crossed beams and the laser polarization parallel
to the beam direction should be used for the determina-
tion of potential curves.

IV. ANALYSIS

Two different types of experimental information have
been determined in this work: separation energy (W)
spectra as a function of wavelength and the relative
photodissociation cross section as a function of photon
wavelength, Fotential curves for the states participat-
ing in the photoabsorption process in this experiment
iz 'M,, and 'T; were determined by adjusting the po-
tentials until the W spectra and cross sections calcu-
lated from them matched the experimental results. The
analysis in this section will ignore the effects of spin-
orbit coupling, which is discussed in the following sec-
tion,

For a bound-free transition the absorption croas sec-
tion as a function of photon frequency v is given by*®3?

3
a.-i‘.-%{-c—"gj;as,,.o

x(u--:?s)(m\llu IN'C){';‘%E‘EP 4

where aw/ denotes the vibration-rotation quantum num-
bers of the initial bound electronic state @, and &'¢
denotes the rotation quantum number and continuum
energy of the final electronic state b. The quantity AE
is the energy difference between the initial and final
states, u is the electronic transition moment, g, and g,
are the electronic degeneracies of the initial and final
states, respectively, and V%, is the fraction of the total
number of state @ molecules N*® in the vJ level. The
absorption coefficient (customarily expressed in cm™')
is denoted by k,. S;,. is the HSnl-London factor. As-
suming a Boitzmann distribution of initial leveis

Nor = QW +1) exp(= E,,/AT), (9
and

q-; (27 + 1) exp(~ E,, /R T), ®

where £,, {s the binding energy of the v/ level. Using
th sum m ‘or !M ﬂanl—umﬂ hcbl'l z,-s"o .UOI
and the assumption that the matrix element (avJ | u | &J'¢)
is largely independent of J’, Eq. (4) may be written

ary AE
e G T faeo(s-3E)
| ' 1§y (Wel)exp(-E,/RT)
x [(aod |y [&J¢) | o Q R L.

To each initial state w/ and photon frequency v there
corresponds a unique value of separation energy W,

which is equivalent to ¢ in Eqs. (4) and (7). The ab-
sorption cross section for photodissociation with en-

ergy Wby a photon of wavelength A =cv™ is given by
83y 1 & (Wellexp(-E,,/kT)
(W)= = [(awd | | OUW) | % Q ’

where vhc=AE=E, , + W, "
The calculations evaluating Eqs. (7) and (8) used the
computer program of K. Sando.

Since the calculation of Stevens e¢ al.'® provides the
most detailed information for Ar;, we have used it as a
basis for construction of potentials which are consistent
with our experimental resuits. We first modified the
bound state :T'; potential curve by translating it down-
ward by 0. 141 eV to bring the dissociation energy into
agreement with the D, value of 1, 33 eV determined from
the data. The potential was made to correlate to the
appropriate Ar* (*Py,,) +Ar limit by exponeatially de-
creasing the size of the translation with internuclear
separation R, for R>3.7A. This has no effect on the
transitions observed in these experiments.

Using this *Z; potential curve the *1I, potential curve
given by Stevens ef al. was then translated until the
peak in Wof the calculated cross section o,( W) agreed
with experiment for the four wavelengths reported in
Table I. Only coaxial beams data, where thie perpen-
dicular laser polarization is appropriate for this M,
-3z; transition, were considered. The transition mo-
ment u calculated by Stevens ef al. was used in Eq. (8).
For this 1 =T transition the appropriate operator for
i is (x+iy)/VZ, the Il state degeneracy g, is 2, and g,
is 1. The relative photodissociation cross section as
a function of wavelength, discussed above, indicates
the peak of the cross section lies between 6784 and
7525 A. Assuming the peak is at 7200 A and that it
corresponds to the center of the Franck-Condon re-
gion for v=0 gives an initial estimate for the appro-
priate translation. Agreement with the peaks in W was
found by lowering the fI, potential curve by 0.178 eV.
The potential was made to correlate to the Ar* (1P, ,,)
+Ar limit {n the same manner as for the :T state. Nu-
merical values for the T} and *M, potential curves are
given in Table [II. As shown in Table I, the largest dis-
crepancy between the observed and calculated peaks in
Wis 7T meV. Also given in Table I is the internuclear
distance R corresponding to the (*1, - *Z;) potential dif-
ference for the observed transition. From this quantity
it is clear that the [T, potential curve has been deter-
mined between 2. 38 and 2. 51 A.

The theoretical W spectra for the T =T transition at
8471 and 7525 A are also shown in Fig. 4, where the
cross section is expressed in relative units. The cross
section displayed is the sum of that due to absorption
out of individual vibratiomal levels. The ¥ spectrum
corresponding to absorption by all the rotational levels
of a given vibrational level shows a single peak reflect-
ing maialy the assumed Boltzmann distribution of rom-
tional levels. (See Fig. 6 for a more detailed representa-
tion of the 'Z; - 'T; transition at 6471 A, discussed be-
low.) For the four wavelengths studied in the coaxial
beams coafiguration only vibrational levels 0, 1, and 2
were found to coatribute to the T = T trangition. Ne-
glecting the variation of the transition moment with R
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TABLE UI. Ar; potential curves used In this work.

1zs (V)

RA)  r(ev) ‘M, (6V) (P, asymptote)
2.000 0.4513 3.3920 3.3636
2.100 -0.5955 2.5181 8.8974
2,200 -1.0832 1.6871 3.4602
2,300 -1.2333 1.0088 4.2638
2.400 -1.3328 0.3796 3.3716
2.500 -1.3368 0.2807 2.66861
2.600 -1.2386 0.0798 2.1138
3.7 -1.2119 -0.0513 1.6810
2,800 -1.1180 -0.1356 1.3591
2.900 -1.0172 -0.1872 1.1319
3.000 -0.9186 -0.2191 0.9439
3.100 -0.8282 -0.2370 0.7898
3.200 -0.7378 -0.2441 0.6644
3.300 -0.6373 -0.2437 0.563%
3.400 -0.35345 -0.2392 0.4811
3.500 -0.3203 -0.2337 0.4113
3.600 -0.4648 -0.2286 0. 3526
3.700 <=0.4177 -0.2239 0. 3066
3.800 -0.3%96 =0.2071 0.2875
3.900 -0.3104 -0.1911 0.2779
4.000 -0.2696 -0.1762 0.2741
4.100 -0.23%9 -0.1624 0.2731
4.2 -0.2078 -0.1496 0.2716
4.300 =0.1841 -0.1378 0.2665
4.400 -0.1640 -0.1270 0.2578
4.500 -0.1467 -0.1169 0.2461
4.600 -0.1318 -0.1076 0.2336
4.700 -0.1180 -0.0991 0.2218
4.800 -0.1088 -0.0913 0.2111 -
4.900 -0,0937 -0.0841 0.2030
§.000 -0, 082¢ -0.0775 0.1970
$5.100 -0.0719 -0.0714 0.1927
§.200 -0.0620 -0.0888 0.1898
$.300 -0.0829 -0.0608 0.1878
5.400 -0.0446 -0.0881 0.1888
5.500 =0.0371 -0.0819 0.1848
5.600 -0.0308 -0.0480 0.1838
35.700 =0.0248 =0,0448 0.1828
5.800 -0.0202 =0.0412 0.1821
$5.900 -0.0168 -0.0383 0.1814
6.000 -0.0139 -0.0356 0.1806

the relative contributions depend on the Franck-Condon
overlap and the assumed Boltzmann distribution. At
6471 A absorption out of v =1 has a strong influence on
the W spectrum, while at 7525 i there is no contribu-
tion from v=1. The theoretical valus entered in Table
Ifor 6471 A is the peak for v =0 since the experimental
evidence indicates that the observed peaks in W corre-
spond to the same vibrational level for all four wave-
lengths in Table I. Since the Franck-Condon factor de-
pends sensitively on the shape of the bound state poten-
tial curve, a slight alteration would most likely be suf-
fictent to reduce the calculated influence of abserption
from v=1. The difference in width between the theo-
retical and experimental photofragment spectra gives an
indication of the experimental broadening. Note that the
n-z at 6471 A is significantly broader than at
7528 A, indicating that the contributionof v=1 is im-
portant at 6471 1, although apparently not important
enough to shift the peak location significantly.

.x!«t??f o fﬂ..,«'q‘kg!n,' {

J. Chem. Phys., Vol. 67, No. 4, 18 August 1977

¥

The *z; and *IT, potential curves which have been ad-
justed to give agreement with the coaxial beams photo-
fragment data should also predict the photoabsorption
cross section as a function of wavelength in agreement
with experiment. In Fig. 5 the cross section from Eq. i
(7) calculated using our adjusted potentials and the .
transition moment of Stevens ef al, multiplied by 1.7
(see below) is compared with the relative cross sections
of Table I and the absolute cross section measurements
of Miller et al.'* With the exception of the single point
at 7525 A the relative agreement is good. It is not
known whether this point is in error experimentally;
however, efforts are currently under way to measure
the absolute cross section between 7000 and 8000 4
using the techniques of Miller ef al. It was necessary
to multiply the transition moment of Stevens ef al. by
1.7 in order to bring the calculated cross section into
absolute agreement with the measurements of Miller
et al, However, it will be shown later that inclusion of
spin-orbit effects substantially increases the magnitude
of the calculated cross section.

The !T; potential may be deduced from the data sum-
marized in Table [I. As stated before, for this parallel
transition the crossed-beams data is the most definitive.
As for the 1T case, taking the adjusted 'S potential curve
as given, the upper state potential curve was modified
until the W peaks were in agreement with experiment.

An initial approximation for the potential can be con-
structed by assuming the transition takes place at the
classical outer turning point. Then at each wavelength,
from the given !Z; curve, the binding energy (kv - W)
determines the internuclear distance R at which the
transition occurs and W, gives the {inal state potsatial
at that R value. Although spin-orbit effects have been
neglected so far, we are assuming here that the 'Z;
curve dissociates to the correct limit Ar*(*P,,,) +Ar.
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FIG. 5. Photodissociation cross section for Ar(*Ey, v=0) ~Av
=Arj(f) =Ar*+Ar. The dots are the abeolute cross section
measurements of Ref. 11, the squares are the reiative cross
section measurements of this work, and the solid curve is cal-
culated (rom the potential curves determined here and the tran-
sition moment of Ref. 10 muitiplied by 1.7 (see text).
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In order to bring the W peaks into agreement it was

necessary to lower this initial potential by about 80 meV.

The modified 'Z; potential curve is listed in Table II
and may be expressed in terms of the :Z; curve of
Stevens ef al.,'° which has been placed at the *P,,,
asymptote, 0.178 eV above the !P,,, asymptote, and
then decreased by a varying amount which equals 0. 244
eV at 2,76 A and 0.124 eV at 3.11 A. The calculated
peaks in photofragment energy for 12 wavelengths are
listed in Table I, where the maximum discrepancy with
experiment is seen to be 17 meV. The photofragment
spectra were calcuiated from Eq. (8) using the adjusted
potentials and the transition moment of Stevens et al.

In this case g, =g, =1. Many initial vibrational leveis
contributed at each wavelength. The theoretical peak
entered in Table II is the peak in the sum over the initial
vibrational levels. Also entered in Table II are the vi-
brational levels nearest the peak in photofragment en-
ergy for each wavelength. Such spectra at 6471 and
7528 A are also shown in Fig. 4, where the features
have been labeled according to the initial vibrational
level. The contributions of individual vibrational levels
can be seen in greater detail in Fig. 8 for the transi-
tion at 6471 A. From this figure it may be clearly seen
that the location of the composite peak in W depends
sensitively on the relative importance of different initial
vibrational levels and that the rotational spread will
make it very difficult to separate vibrational levels in
this molecule.

Figure 7 shows the calculated photodissociation cross
section for the T -~ transition using our adjusted po-
tentials and the transition moment of Stevens ef al. It
should be stressed that we obtained no experimental in-
formation for the region of the *Z; potential which con-
tributes to this cross section. The shortest wavelength
used was 4579 A. However, the extrapolation of our po-
tential curve to shorter wavelengths should provide a
better approximation to reality than the previously exist-
ing 'Z; potentials.
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V. SPIN-ORBIT EFFECTS

The analysis in the previous section ignored the
existence of spin-orbit coupling except for taking the
correct Ar (*P,,,) states as the dissociation limit for
the ’Z; state. There are, however, two points that can-
not be understood without an analysis of spin-orbit ef-
fects. The first is the observation of the [~ transi-
tion in crossed beam where the laser polarization is not
appropriate for a perpendicular transition. In the pre-
vious section the shape of the relative photodissociation
cross section as a function of wavelength was found to
be in reasonable agreement with experiment, but its
magnitude cannot be reliably determined without con-
sidering spin-orbit effects.

Our spin-orbit analysis is based on the discussion of
Cohen and Schneider® for the analogous system Ne;,
which follows the treatment of Condon and Shortly. ¥’
Treating the spin-orbit coupling as a perturbation the
energies of the spin-orbit states for the angular momen-
tum projection Q=4 are given by the eigenvalues of the
matrix

ECMm - V2
( VZa z s('za;) :

where a is § of the Ar*(*P,,; =*P,,,) splitting = - 0. 059
eV, the sign being negative for this case, where the
!p,,3 is lower in energy than the !P,,,. The quantity

E(*1) is the energy of the *II, or M, state. The matrix
is diagonalized separately for g and u states at each val-
ue of R. For Q=i states the energy considering spin-
orbit is given by E('I) +a.

The structure of the states, including spin-orbit cou-
pling, is indicated in Fig. 8, where they are labeled by
their O quantum number. (Although this figure is drawn
approximately to scale, it is meant to be schematic on-
ly.) There are four states correlating to the Ar*(*P;,,)
+Ar limit: the 1(}), which is similar to the *T] without
spin-orbit coupling, the 1(}), and 1(4), which are simi-
lar to the 11, and the 1({), which is similar to the *M,.

9

)
I

»
I
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FIG. 7. Photodissooiation cross section for Ar(1Ty, v=0) +Av
=Arj('T) —=Ar®+Ar caloulated from the potential curves de-
termined here and the transition moment of Ref. 10.
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Correlating to the Ar*(*P,,,) +Ar limit are the 2(3),
similar to the *II, and the 2(4), similar to the *Z;. The
1(), and 1(§), states are separated by approximately

2a, the 1(}), being lower than the original *II, by pre-
cisely a (see the previous paragraph, recalling that a

is negative) and the 1(), being higher than the M, by

an amount approximately equal to a. From the 1(}),
state perpendicular transitions may be made to the 1(1),
and both perpendicuiar and parallel transitions may be
made to the two ({), states.

For the Q=4 states the appropriate wavefunctions may
be expressed as linear combinations of the Zand 1
wavefunctions with coefficients given by the eigenvectors
of the matrix of Eq. (9). Using these linear combina-
tion wavefunctions transition moments for all possible
transitions are given as linear combination= ={ ihe
transition moments for the *T;-'Z;, M,-'Z, and ’n,
-1, transitions.

Potential curves including spin-orbit coupling were
calculated from the potentials curves of Stevens ¢f al, ¥
using Eq. (9). At internuclear distances near the equi-
librium separation the coefficient of the I state in the
wavetunction for the bound 1(4), state is ~0.03, as is
the coefficient of the T state in the 1(§), wavefunction.
Electronic transition moments between the spin-orbit
states were calculated {rom the transition moments
given by Stevens ef al. For the perpendicular transi-
tions 1(§), ~ 1(4), and 1(4), = 1(}), the transition moment
is essentially equal to that for the *[, - *Z; transition.
For the parallel transition 2(§),~ 1(), the transition
moment is essentially that of the 'Z; - 'Z; transition.

Of the two transitions not predicted without spia-orbit
coupling, the transition moment for the perpendicular
transition 2(}), = 1(}), is smaller by an order of magni-
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tude than any other and may be neglected, but the paral-
lel transition 1(§),~1(4), has a substantial transition
moment oa the order of a few percent of the strong

7, ~"Z; transition in the Franck-Condon region. It is-
larger by a factor of 2-3 than the M, - *Z; transition
moment in this region. The prediction of a significant
transition moment for the parallel transition 1(}), - 1(}),
explains the observition in crossed beams, which favors
parallel transitions, of a photofragment peak at a W ap-
propriate for the I - Z transition [see Fig. 4(a)).

In order to attempt to quantitatively describe the
photoabsorption cross section the adjusted potentials
of the previous section further modified by considera-
tion of spin-orbit must be used together with the ap-
propriate spin-orbit matrix element. The *Z; and ’Z;
determined previously are actually the 1(}), and 2(}),
states, respectively. Since both the 1(}),~1(}), and
1(4)¢=1(4), transitions occur, the 'II, state determined
previously is a combination (nearly the average) of the
1), and 1(4), states. A reasonable description of these
states is provided by shifting the *IT, by the same shift
found for the Stevens ef al. potentials. For the 1(3),
this amounts to lowering the [, by ~a =+0.059 eV and
for the 1(}),, raising the adjusted 11, state by 0. 055 eV.
Cross sections are again calculated from Eq. (7), where
for all transitions g, =g, =1. In the coaxial beam exper-
iment the perpendicular transitions 1(3),- 1(4), and
1()e=1(}), are preferentially observed, and the mea-
sured cross section is the sum of these two, as shown
in the upper part of Fig. 9. In the drift tube experi-
ment the effect of the parallel 1(4), - 1(}), transition is
seenaswell, and infact dominates the total cross section.

The sum of these three transgitions is shown in the
lower part of Fig. 9. While the total cross section is
predicted to be an order of magnitude larger than that
of the cross section due to the perpendicular transitions
only, in both experiments the peak is predicted at es-
sentially the same wavelength 7160 A. This may seem
unexpected since the total cross section is dominated by
the parallel transition to the 1(4), potential curve, while
the coaxial beam measurements are sensitive to essen-
tially the average of the 1(}), and 1(4), potential curves.
In this system, however, the different variationa of the
respective transitions moments with internuclear dis-
tance approximately compensates for this difference.

It is now clear that the total photodissociation cross
sections as measured by Miller ef al.'* should be sub-
stantially larger than cross sections calculated without
inclusion of spin-orbit effects, but should have approxi-
mately the same wavelength dependence, thus explain-
ing the observations shown in Fig. 5. The fact that the
calculated cross sections including spin-orbit coupling
(Fig. 9) are now about a factor of 3 larger than the ex-
perimental cross sections (Fig. 5)is not yet understood.

4V|. SUMMARY AND CONCLUSIONS

From the photofragment kinetic energy spectra mea-
sured in this work at 14 wavelengths potential curves
for the T, 'M,, and 'Z; states of Ar; have been de-
duced. The potential curves calculated by Stevens
et al.'® were adjusted to give agreement with the pres-
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ent data. For the T; state their curve was translated
downward by 0. 141 eV to give agreement with the ex-
perimental D, value of 1.330.020 eV. The ', and
iz; were determined relative to this *Z; potontal curve
wuh an additional uncertainty of less than 20 meV. No
direct information was gained on the *Il, state, which is
not dipole connected to the *Z; ground snto. However,
its location can be determined from the ? ', =%, differ-~
ence potential given by Jones et al.* The M, shown in
Fig. 1 was determined in this way.

Considering the effects of spin-orbit coupling, the
7, and ’T; states determined above are actually the
l(i). and 2(&), spin-orbit states, while the *II, state is
essentially an average of the (1), and 1(4), seuu.
Spin-orbit states are needed to explain the observation
of a strong parallel transition at an energy correspond-
ing to the *l, T transition, which has only a perpen-
dicular transition in the absence of spin-orbit coupling,
Additionmally, all transitions allowed by spin-orbit cou-
pling must be considered to explain the magnitude of
the cross section for this transition.

Note added in proof: The calculations of Ref. 10 will
appear in W. J. Stevens, M. Gardner, A. Karo, and
P. Julienne, “Theoretical determination of bound-(ree
absorption cross sections in Ar;, ” J. Chem. Phys. (to
be published). In that paper, the effects of spin-orbit

4 Chem. Phys., Vo, 87, No. 4, 18 August 1977

coupling on the potential curves and matrix elements is
considered. The results are in complete agreement with
those presented here.
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Photofragment spectroscopy and potontlal curves of Kr,;"

APPENDIX C

R. Abouat,” B. A. Huber,” P. C. Cosby, R. P. Saxon, and J. T. Moseley
Molecuiar Physics Censer, SRI Insernational, Menlo Park, California 94025

(Recsived. 21 November 1977) -

Photofragment caergy distributions have been messwred for the process Kr; [1(1/2),]+Av—Kr* +Kr using
a8 3 keV iom beam and CW lasers, both coaxial and crosed with the ion beam, at 11 wavelengths
berween 4630 and 7993 A. Tramitions to the dissocistive states 1(1/2), and 2(1/2), are observed. The
experimental resuits are used t0 adjust recent theoretical calculations to provide potential curves for the
Krf statcs 1(172),, 1(1/2),, and 2(1/2), with an uncertainty of %20 meV at internuclear distances near

the ground state potential minimum.

I. INTRODUCTION

In contrast to the other rare gas dimer ions, Kr} has
been relatively ignored, both experimentally and theo-
retically. Apparently, only two differential scatteringh?
measurements have been made on Kr* +Kr. The first!
yielded no direct information on the poteatial curves.

In the second,? primary rainbow maxima were observed,
yielding a ground state well depth of 1.21x0.1 eV for
Kr;, but satisfactory potential curves were not obtained.
Barr, Dee, and Gilmore® have constructed potential
curves for Krj, following the example of Mulliken* for
Xe;, but there have appareatly been no detailed calcula-
tions on Kr} prior to very recent work® by W. R. Wadt.
Somewhat more information does exist on the well depth.
Electron impact appearance potentials® have yielded a
lower limit of about 1,0 eV. Photoionization threshold
measurements have yielded lower limits of 0.998" and
1.13 eV,* and 2 value of 1.15+0.02 eV? for the well
depth, Using those values (except for the more recent
values of Refs. 2 and 9), Mulliken* estimated a “true
value” of 1.2 eV.

The lack of accurate potential curves for this mole-
cule thus provides a motivation for the work reported
here. In addition, the most promising cancidate for an
efficient high power uitravioiet laser is a laser based
on KrF. In this laser, absorption by Kr; is believed
to be an important loss mechanism, and the present ef-
fort to optimize this laser requires 2 better understand-
ing of the Kr; potential curves and transitions.

We report here the measurement of photofragment
energy distributions for the reaction

Krj(1(}),) +hv=Kr* +Kr. )

The experimental resuits are used along with recent

calculations® to provide accurate Krj potential curves
and absorption spectra in the visible and ultraviolet.

Both the experiments and the interpretation parallel

that recently reported*! for Arg.
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Il. EXPERIMENTAL PROCEDURES

The measurements reported here were made using
ion photofragment spectrometer which has been de-
scribed in detail elsewhere.'* Basically, with this ap-
paratus photons from a laser can be directed either
coaxially or cressed with an ion beam having a typical
energy of 3 keV. Photofragments produced in the laser-
ion interaction region which are ejected into a 2 mrad
angle along the ion beam direction pass into an energy
analyzer where. their energy distribution can be mea-
sured. The energy resolution is typically 20 meV in
the molecular ion center-of-mass frame. Inthe crossed
beams configuration, angular distributions of the photo-
fragments can be measured by rotating the laser po-

. larization. However, for the work reported here, the

laser polarization for crossed beams was always paral-
lel to the ion beam direction. In the coaxial beams con-
figuration the laser polarization is necessarily always
perpendicular to the ion beam direction.

A typical experimental photofragment kinetic energy
spectrum, obtained at 6471 A for parallel laser pojar-
ization, is shown in Fig. 1. The spectrum is nearly
symmetric since fragments ejected with kinetic energy
either forward or backward along the beam direction
are detected with nearly equal efficiency. The ceater
of the spectrum, corresponding to separation energy W
equal to zero, is at 1500 eV, as expected for the photo-

SEPARATION ENERGY W (meV)
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FIG. 1. idaetic eaergy spectrum for Kr} pho=
todissociation at 6471 1. The broad peak centered at 1500 eV
(W=0) is due to collision-induced dissociation.
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Ke('Sg) + Kr *(2P;5) ~1
W

R (A)
FIG. 2. Potential curves for Kr; including spin—orbit coupling
as calculated by Wadt (Ref. 3). The arrows and separation
energies correspond to two of the three optically allowed tran-
sitions iavolving the ground 1(}), state.

dissociation of a homonuclear diatomic of energy 3000
eV. A photofragment from a homoauclear diatomic will
appear at 0° or 180° in the laboratory frame with a ki-
netic energy T givea by 3-1¢

T=a§Tos(WT)V2 o4 W, (9]

where T, is the pareat ion kinetic energy and W is the
total kinetic energy of separation in the center-of-mass
frame. The separation energy scale at the top of Fig.
1 is calculated using Eq. (2).

The procedure for interpreting such experimental data
in terms of the potential curves has been discussed in
detail in our recent paper®! on Ar;. It can be summa-
rized with reference to the computed® Kr; potential curves
shown in Fig. 2. At a given photon energy, one can ex-
pect trangitions to occur to the 1(}), state (arrow 1), re-
suiting in photofragments of total separation energy near
W,, to the 1(}), state, resulting in photofragments of
total separation energy near W, (not indicated in the fig-
ure), and to the 2(}), state (arrow 3), resulting in photo-
fragments of energy near W,, assuming appropriate vi-
brational levels of the ground 1(}), state are populated
in each case. Transitions to the ungerade states are
not expected since they are dipole forbidden. If the
ground state vibratioazl levels are sufficiently spaced,
and the energy resolution of the apparatus is high enough
one will in fact observe a series of peaks ' in the photo-
fragment energy spectrum whose spacing yields the
ground state vibrational spacing, For Kr;, as for Arj,
individual vibrational levels are not resolved since the
rotational spread within each vibrational level at the
ion source temperature of 400 K is larger than the en-
ergy separation of adjacent vibrational levels.

The energies of the peaks observed in the photofrag-
ment energy spectra are clearly related to the difference
between the appropriate potentials. Given a proposed
set of potentizl curves, it is straightforward to calcu-

course, much more difficult and not unique.

The procedure we follow, which is discussed in de-
tail in our earlier paper, !! is to adjust the best available
calculated potential curves so that they reproduce the
experimental photofragment energy spectra and photo-
dissociation cross section. This procedure locatss the
curves very accurately with respect to one another in
energy, but does not give information on the internu-
clear separation.

Experimental photofragment energy spectra, such as
the one shown in Fig. 1, are obtained over a wide wave-
length range, including that necessary to photodissociate
the v =0 level of the ground state. The wavelengths
which do photodissociate v =0 can be identified from the
progression of (hv-W) values as a function of wavelength,
since they will yield the maximum value of this quantity.
This maximum value of (hv-W), when corrected by the
average rotational energy of the ions, yields the bond
energy, Do(Kr;). The calculated ground state potential
curve can now be adjusted to agree with the experimen-
tally determined bond energy.

If the photodissociation cross section for ions pri-
marily in v =0 is available, it can be used to adjust the
appropriate dissociative potential, In this case, such
a cross section was available'® for the 1(}), - 1(}), tran-
sition, and it was used to locate the 1(}),. Using these
potential curves, photofragment energy spectra can be
calculated and compared with experiment. If neces-
sary, iterativs adjustment of the potentials can be made
unttl curves are obtained which reproduce both photo-
dissociation and photofragment energy experimental
data.

If the appropriate photodissociation cross section is
not available, or if the observed transitions are not oc-
curring near the equilibrium internuclear separation,
the observed separation energies as a function of tran-
sition energy can be used!! to locate points on the dis-
sociative curves relative to the ground state. Again,
iterative adjustmeat can be made until an acceptable
agreement with the experimental data is obtained. This
procedure was used for 2(4), = 1(4), transition.

I11. EXPERIMENTAL RESULTS

Photofragment energy spectra such as the one illus-
trated in Fig. 1 were obtained at 11 wavelengths be-

tween 4680 and 7993 A. At most of these wavelengths
spectra were obtained for laser polarizations both par-
allel and perpendicular to the ion beam direction. Both
peaks in the spectra were always better resoived,
peaked at slightly lower W values, and relatively more
intense for parallel laser polarization, showing'! that
the two transitions observed were parallel ones. Be-
cause of the large spin-orbit splitting in Kr;, and the
fact that the 2(}), curve corrciates with the higher

late'! the expected locations and shapes of the photo-
4 {ragment energy peaks, and the shape of the photodis-
5 sociation cross saction (equivalent in this case to the
2 absorption cross section), for any specified degree of
excitation of the ground state. Direct inversion of the
experimental data to determine potential curves is, of

Kr*('P,/¢) limit (see Fig. 2) it is clear that the lower
energy peak corresponds to the 2(§), = 1(§), transition
and the higher energy peak to 1(}), = 1(}),. The fact

that the magnitude of the higher energy peak relative to
the lower is the same for both parallel and perpendicular
laser polarizations shows that 1(}), = 1(}), transition is
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TABLE I. Summary of resuits for the
traasition 1(§), = 1(}),. All experimental
results are for crossed beams (parallel

polarization).
e T R
:A\ (o'v.) (:;) i «'v? :t peak
7993 0.480 1l.l01 0.449 3
7828 0.330 118 0.520 2
6764 0.674¢ 1.159 0.674 0
8471 0.777 1.139 0.768 1

negligible relative tothe 1(}), =1(4),. Thisisin contrast
to the case for Ar;.'* There the effects of the transi-
tion to the 1(}), could be clearly seen when the laser po-
larization was perpendicular to the ion beam direction,
even though the cross section for this transition was
only about 5% of that for the traasition to the 1(§),.

Table I summarizes the results of measurements on
the higher energy peak at four wavelengths using crossed
beams. The maximum in the quantity (kv = W) at
6764 A indicates this quantity corresponds to the bond
energy Do(Kry). To this value must be added the aver-
age rotational energy of Kr; at the assumed source tem-
perature of 400 K, which is 17 meV. Thus we deter-
mine Do(Krg) =1.176 0,020 meV, where the uncertainty
takes into account the uncertainties in both the photo-
fragment kinetic energy measurement and the ion source
temperature. This value is in agreement with the pre-
viously reported, =" but less precise values, and with
the recent value of 1.15:0.02 meV reported by Ng,
Trevor, Mahan, and Lee.® If our value, with its quoted
uncertainty, and that of Ng ¢¢ al. are correct, they, to-
gether, imply a bond energy of Kr; in the range 1,158
to 1.170 eV.

At the other available wavelengths no clear features
were observed which could be attributed to this 1(}),
= 1(}), transition. The reason for this is clear {rom
the potential curves shown in Fig. 2. Sinoe the repul-
sive walls of the 1(}), and 1(§), curves have nearly the
same R dependence, it is necessary to go to very high
vibrational levels (approximately v =40) before the tran-
sition at the next available wavelength, 5682 A, is en-
ergetically accessible.

The 1(}), and 1(}), potential curves of Wadt® were ad-
justed as previously discussed, yielding the W, values
shown in Table I. In order to obtain agreement with the
Kr; bond energy it was necessary to lower the calcu-
lated 1(§), curve by 0.138 eV. It was then made to cor-
relate with the appropriate Kr*(*P,,,) + Kr limit by ex-
ponentially decreasing the size of this translation with
R, for R>4 A. Then to obtain agreement with the photo-
dissociation cross section!’ and the photofragment en-
ergy spectrum it was necessary to lower the calculated
1(§), curve by 0.038 eV, again decreasing the transla-
tion at large R.

The correspondence between the two sets of W values
is excellent, supporting the validity of the adjusted
curves. Note also that the (hv = ') values show a spac-

Abouaf, Huber, Cosby, Saxon, and Mossley: Photofragment spectroscopy of Kr,

ing relative to the one corresponding to v =0 (6764 A) of
about (x times 20 meV) where n=1 for 8471 A, 2 for
7528 A, and 3 for 7993 A. This value of 20 meV is ap-
proximately the predicted vibrational spacing of the
lower vibrational levels, and in tact the calculation pre-
dicts that the vibrational level contributing most heavily
at 8471 A isvs=l, at 7525 A is ve2, and at 7903 A is
v=3, as shown in the last column of Table I.

Table II provides a similar summary of the resuits
for the 2(}), = 1(}), transition. For this transition,
hv = W,,, is the binding energy of the initial state plus
0.666 eV, the difference between Kr;,, and Kr;,,. The
calculated values of W and the principal vibrational
levels contributing, were determined using the adjusted
1(}), potential discussed above, and the 2(}), potential
curve as calculated by Wadt. Agreement in the W val-
ues was obtained by raising the calculated potential
curve by only 10 meV.

As a further check on the potential curves determined
here, photodissociation cross sections were calculated
for the two observed transitions, for ions in thermal
equilibrium at 300 K. The 1(§), = 1(}), transition can
then be compared with the measurements of Lee, Smith,
Miller, and Cosby, '* and the 2(3), = 1(}), to the mea-
sured!’ absorption in an electron-beam excited Ar/Kr
gas mixture, which was attributed to this transition. In
order to make this comparison, the calculations and
experimental measurements must be normalized. For
the 1(4), = 1(), transition, the calculations were nor-
malized to the experiment, since absolute values of the
cross sections were determined.'* This required muliti-
plying the calculated values by 0.59, or in other words,
the calculated transition moment !® is larger than that
implied by the experiment by about 25%. However, this
difference is within the combined uncertainties of the
calculation and the experiment. For the 2(}), = 1(4),
transition, the experimental measurements'’ were of
the relative absorption. Thus they were normalized to
the calculated cross sections. The results are shown
in Fig. 3. The fact that the experimental absorption

TABLE II. Summary of resuits for the tran-
sition 2(}), = 1(}),. All experimental resuits
are for crossed beams (parallel polarization).

A Vew AWeg Weme v level
i o) (V) (eV)  at peak
7993 0.233 1.208  0.27  28=29
7528 0.316 1,331  0.32 26
6764 0.428 1.408 0,42 2
6471  0.493 1,423 047 19
5682 0.632 1.330 0.5 13
8309 0.78¢ 1.381 0,742 1
5145 0.308 1.604 0.792  9=10
4880 0,894 1.647  0.396 3«9
4768 0.946 1,838  0.942 3
4680 0,971 1,678 070 ¢
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RQ) U, 1), 2§,

2.0 (4.7088) (9.9949) (14.6320)
2.1 (2.6831) (7.2417) (11.6173)
2.2 (1.0281) (4.9684) (9.0377)
2.3 (=0.0838) (3.3%82) (7.0603)°
2.4 (=0.6128) (2.3708) (S5.6807)
2.5 (=0.882¢) (1.7461) (4.6287)
2.6 (=1.0861) (1.2538) (3.7789)
2.7 -1.1089 0.8833  (3.0848)
2.8 -1.1862 0.635¢  (2.5492)
2.9 -1.1502 0.4612 (2.1242
3.0 =1.1018 (0.3423) 1.78%¢
3.1 -1.028¢ (0.2830) 1.5388
3.2 «0.9410 (0.2078) 1.3200
3.3 =0.883¢ (0.1608) 1.1391
3.4 «0.7681 (0.14268) 1.0346
3.5 «0.6872 (0.1218) 0.9398
3.6 «0.612¢  (0.1043)  0.8675
3.7 =0.5446  (0.0883) 0.8134
3.8 (=0.4888) (0.0738) (0.7730)
3.9 (=0.4344) (0.0897) (0.7436)
4.0 (=0.3897 (0.0468) (0.7227)

for the 2(}), transition is broader than the calculation
is not surprising, since the ions in this case may well
not be in equilibrium at 300 K, and other absorbers may
also be present.

Figure 4 shows the potential curves determined in
this work. Table III gives numerical values for these
potentials. The values not in parentheses are for the
parts of the curves actually probed in the work reported
here; the values in parentheses come directly from the
calculations of Wadt, adjusted as previously described.
Similarly, the solid line portions of the curves of Fig. 4
were studied in the work reported here. The bond en-
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4 Hunter etal. (Exp)
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FIG. 3. Absorption cross sections for Krj. The solid curves
were calculated using the potential curves determined ia this
work. The experimeatal polats for the 3(§), = 1(}), transition
are from the sbeorption measurements of Huater ¢¢ al. (Ref.
17); those for the 1(}), = i}), are trom the photodissociation
measurements of Lee ¢¢ al. (Ref. 16).
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FIG. 4. Poteatial curves for Kri determined in this work.
The solid porticas of the curves were studied here; the dashed
portions come from the calculations of Wadt (Ref. 5) adjusted
as discussed in the text. The arrows and separation energies
correspoud to the two observed transitions at 6764 A.

ergy of the ground state and the location of the two dis-
sociative potentials in energy relative to the ground
state should be accurate to within 20 meV. As pre-
viously stated, no direct information is obtained on the
internuclear separation; this scale is set by the cal-
culation. *
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FROM 3500 TO 5400 &

PHOTODISSOCIATION CROSS SECTIONS OF Ne 2 s AND Xe

L. C, Lee and G, P, Smith
Molecular Physics Laboratory
SRI International, Menlo Park, CA 94025

ABSTRACT

+
The photodissociation (photoabsorption) cross sections of Nez - Arz c

Kr2+, and Xe have been measured from 3500 to 5400 . The rare gas dimer

2
ions were produced in a drift tube mass spectrometer, and the Kr+ and A:+
ion laser lines were used as the photon source. The cross sections decrease
monotonically with increasing photon wavelength from 3500 to 5000 X, and
then increase with photon wavelength. The cross sections have values of
1.93, 13.3, 2.8, and 29.6 x 107 cm” at (3569 and 3507) & for Ne,”, ar,”,
Kr2+, and x;2+, respectively. The current measurements are compared with
various theoretical calculations. The dependence of the N¢2+ and Arz+
cross sections on the effective kinetic temperature was investigated by

increasing the ion drift velocity, and was attributed to vibrational

excitation of the iomns.

MP 78-66R
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I  Introduction

-+
2 ]

+
The photoabsorption cross sections of rare gas dimer ioms, Nez s AT

Kr£+, and Xe +, have recently been extensively investigated, because these

. processes are important for detailed characterization and optimization of

the rare gas excimer and rare gas-halogen laaers.l The photoabsorption
of rare gas dimer ions occurs by transition32’3 from the bound ground
electronic state, l(¥)u, to repulsive states, which results in dissociationm.

Several measurements have been madca’s

on the photodissociation cross
sections of the 1(%)g = l(%)u transition in the visible region. The

experimental data for this transition are reasonably consistent with

theoretical calcuhtions.z-6 On the other hand, absolute photodissociation
cross section measurements on the 2(%¥)g = 1(%)u transition in the ultra-

violet region have only been made by‘Vandcrho££7 for Ar'+, Krz+, and sz+

at 3.0 and 3.5 eV, and relative photoabsorption cross section measurements

+ +
attributed to Ar, and Kr, have been made by Hunter et al.a Theoretical

2 2
calculations on this photoabsorption band are very cxtonaivt.2’6’9’1°

Since
this ultraviolet absorption band is important in various laser applications
involving the rare gases, additional experimental study of this band is of

interest., We report here absolute photodissociation cross section measure-

ments on all four of these ions in the 3500-5400 ! region.

. £ -




II Experimental

The measurements reported here were made using a drift tube mass
‘spectrometer which has been described in detail in a previous paper.ll
Basically, the apparatus consists of an ion source, drift region, mass

analyzer, and ion detector. The source and drift regions were filled

with the gas of interest at.a pressure of 0.4 torr. Ions produced in

an electron impact source move along the drift tube under the influence of
a weak uniform electric field toward a l-mm diameter exit aperture, For
the photodissociation cross section measurements, the ratio of the applied
electric field to the gas number density, E/N, was limited to 10 and 20

i V-cmz). The dependence of the apparent photodisso-

Townsend (1 Td = 10~
. ciation cross section on the applied electric field was also studied by
varying E/N from 10 to 170 Td.

The drifting ions intersect a laser beam of diameter ~ 1.5 mm in fromt
of the exit aperture. Various visible lines of Ar+ and Kr® ion lasers,
tuned by a prism, were used as the photon source. The ions were inside

the laser cavity. At the uv lines of the K:+ ion laser, which consists of

1 I 25% 3569 & and 75% 3507 X, the ions were outside the laser cavity. The photo=

3 dissociation cross sectionz at these photon wavelengths are large, so the
% laser power was reduced to avoid the diffusion effect caused by a high
} 1 percentage of ion dcatruction.lz The laser was mechanically chopped at
 t & :
' %ﬂi 100 Hz, The ions of interest were selected by a quadrupole mass spectrometer
E §%;, and detected by a channeltron electron multiplier. The number of ions were
;: 2;: 3
2t
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counted for equal periods during which the laser was on and off. The cross

2
The reduced ion mobilities used for ?
15,16 }

sections were placed on an absolute scale by normalization to the 0 and O
13,14

photodetachment cross sections.
such normalization were obtained from the recent literature.
At each wavelength the number of ion counts were accumulated until the
statistical uncertainty in the photodestruction signal was less than 10%. The
relative intracavity photon intensity is determined by measurement of the laser
output power, with an uncertainty of less than 57 for every wavelength
measured. The ion mobility is known to within 5% of its true value. Including | ]

- {

photodetachment cross sections used for | 4

the uncertainty in the 0 and 02

normalization, the experimental uncertainty for the absolute photodissociation

cross sections is estimated to be + 207%.

III Photodissociation Cross Sections at Low E/N

The photodissociation cross sections of molecular ions are dependentz’9

on the rotational and vibrational populations of the ions. Thus, data on

photodissociation cross sections are meaningful only if the populations of the

ions are reasonably well defined. The populations of dimer ions can be affected
by the applied electric field (see Section IV) and by the proceaseus that formm

the ions. The dimer ions are mainly formed by a three-body reactions that may
produce the ions in vibrationally excited states. However, at low values of

E/N (less than about 20 Td), the ion kinetic energies acquired from the field are
much less than from thermal collisions at room temperature, and these ions will be

well relaxed by collisions in the drift region. They are essentially in thermal

cquilibriuns at near room temperature (300 K). The photodissociation cross sections
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2+, and x.2+ at various photon wavelengths are listed in

Table I, where Nez+ and Ar2+ were measured at 10 Td, and Kr2+ and Xeé+ at

20 Td. The reduced ion mobilities used to calculate their drift velocities

+ 15 + 15 + 16
2 Arza ,Krzv

of N02+, Ari+, Kr

are 6,26, 1,83, 0,995, and 0.617 cm;/Y°sec for Ne and

+ 16

respectively, in their parent gases.
The photoabsorption bands reported here result from the 2(%)g =~ l(3)u
transition. 1(%)u is the ground electronic state, which is bound, 2(%)g is

a repulsive state dissociating into Rg+(2P ) + Rg, where Rg = Ne, Ar, Kr, or

2,3,9,10

%

Xe. These potential curves are described in detail in the literature.

The present results are compared with other experimental measuremnncs7

2,3,6,9,10

and theoretical calculations in Figures 1-3., The present measure-

ments agree very well with the experimental data given by Vanderhoff7 at

3.0 and 3.5 eV for the Arz+ and Krz+ ions, but to a lesser degree for Xe2+.

For Xe the present data are lower than the values of Vanderhof£,7 but

+
2 9
are consistent within the experimental uncertainties. The theoretical

calculations agree qualitatively with the present measurements, but

quantitatively the theoretical calculations require adjustment. For Ar2+,

the present data agree best with the ab initio calculations of Stevens et al.z
In these calculationsz a basis set of Slater-type functions has been used
to construct the single-configuration wavefunctions for the four Arz+

2_ + +
electronic states, & , zth ’ . g’ and zuu. A large basis set has been
used in anticipation that the transition moment would be sensitive to any

deficiencies. As shown in Fig. 1, their calculationsz agree very well with
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the measurements., The calculations of Moseley et al.lo for Arz

et a1.6 for Kr2+ are semiempirical, In these calculations the potential

curves and the transition moments were adopted from the ab initio calcula-

tion,2’3 but the potential curves were adjusted in accord with the observa=-

6,10

tions of photofragment spectroscopy. As shown in Fig. 2, these

semiempirical calculations for Kr =

, asree quite well with the cross section

measurements. The band shapes for the ab initio calculations of Wadt et a1.9

also agree quite well with the measurements, as shown in Figs. l-3. However,
their peak positions require a shift toward shorter wavelengths, This shift
has been pointed out by Wadt et 31.9 in comparing their calculations with

the photoabsorption measurements of Hunter et a1.8 Nevertheless, this

shift of the peak positions requires an adjustment in the potential curves

of less than 0.1 eV, This adjustment is within the possible error of
0.1-9.2 eV in the potential curves as indicated by Wadt et al.9 From these
investigations, the photodissociation cross sections of the Ar2+ and K:2+
dimer ions in the ultraviolet band seem well established, For Xe,+, however,
the discrepancy between the theoretical calculations and experimental

measurements is large, indicating the need for substantial adjustment in

the potential curves,

The relative cross sections measured by Hunter et al.8 are consistent

6

with the calculation of Stevens et al.z for A:2+, and with Abouaf et al.

for sz+. When the relative absorption data of Hunter et al.8 are

normalized to the present measurements, both sets of data agree. This
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suggests that the absorptions measured by Hunter et al.s may be properly

attributable to Aré+ and to Kr2+.

IV  Photodissociation Cross Sections at High E/N

An attempt to investigate qualitatively the relationship between E/N
and vibrational excitation was made. When an ion drifts under the influence
of an electric field, it acquires kinetic energy in addition to its thermal
energy. This additional kinetic energy may result in excitation of the
dimer ions into higher rotational or vibrational states. Since each state
has its own transition probability, the apparent photodissociation cross
sections of the dimer ions can depend strongly on their initial cxcications.2’9
The cross sections can thus be affected by the acquired kinetic energy.
In order to study this effect, the photodissociation cross sections were
measured at a drift distance of 20 cm and a gas pressure of 0.4 torr for
various E/N values from 10 to 170 Td. The results for photodissociation of

+

Ne," at (3569 and 3507) % and of Atz+ at 4131 { are shown in Table II, in

which the ion kinetic energy and the effective translational temperature

are also listed, The ion kinetic energy, EK’ is calculated from the ion

drift Wlocity, vd’ as 8ivgn by15’17'18

2 . 2
Eg = yav,” + ¥ Mv, + % dkT ,
and the effective kinetic '"temperature' is defined as
*
T -iax/k

where m and M are the masses of ion and parent molecule, respectively, T is
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the gas temperature, and k is the Boltzmann constant, The ion drift

velocity is calculated from the product of the reduced ion mobilit:y,ls’l6

E/N, and the Loschmidt number (2.69 x 1019 molecules/cm?). The effective
kinetic temperature is not a true temperature, The translational,
rotational, and vibrational populations at an effective kinetic temperature

are not expected to have Boltzmann distributioms.

As shown in Table II, the apparent cross section of'ArZ+ is less

2+. This is because Ar2+

affected by the applied e%ectric field than for Ne
has a lower reduced mobility than Ne2+, and therefore its kinetic energy
and resulting vibrational excitation are less sensitive to the applied

electric field. Since Kr2+ and Xe2+ have even lower reduced mobilities,

their photodissociation cross sections will be less sensitive to E/N than

+
2 .

3 Translational to rotational energy transfer is expected to be a fast

Ar

process, largely because the energy gap between rotational quantum states is
small for the heavier diatomics. The effective rotational temperature of
the ions at any E/N should therefore be close to the effective translational
temperature, Furthermore, Stevens et al.z have shown theoretically that
rotational excitation does not affect the Arz+ photodissociation cross

! section, Thus only vibrational excitation is likely to be responsible for ﬁ

any E/N variation in the cross section, The amount of vibrational excitation

is determined by two competing processes: translational to vibrational

o
! EL energy transfer from the kinetically hot Arz+ (excitation), and vibrational
b |
| 35 8
| ==
o
n» e
&
< '
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to translational energy transfer from Ar

2 collisions with the 300 K Ar

gas (deexcitation). Such V=T processes are generally slow, but in this case

+ +
+ Ar - Ar + Ar,_ .

they will be augmented by the switching reaction Arz 2

The rates for the excitation and the deexcitation processes may depend on
the kinetic energy of the Ar2+ ions acquired. Currently, little quantita-
tive information is available on these important energy transfer rates.

At 4131 A, the dependence of the Ar2+ photodissociation cross sections
on the vibrational and the effective kinetic temperatures is shown in Fig. 4.
The cross sections for the vibrational temperature, where the rotational
and vibrational- populations are in a Boltzmann distribution, were obtained

from the theoretical calculations of Stevens et al.z For a suitable compari-

son, the cross section given by Stevens et al.z at 300K was normalized to the

present measurement. The calculated cross sections of Stevens et al.z
are larger than the experimental measurements, but their relative values
for various vibrational temperatures are probably correct, because their
calculations are very consistent with the experimental measurements for
both the visibles and the ultraviolet bands (see Fig. 1). As shown in
Fig. 4, at low effective kinetic temperature, T*, the apparent photo=-
dissociation cross section is equal to the value at the same vibrational
temperature, This temperature equivalence indicates that the excitation
process determines the vibrational excitation. At high effective kinetic

*
temperature, the cross section at each T 1is smaller than the value at the

same vibrational temperature. The deexcitation of Arz+ by collision with
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the surrounding 300 K gas becomes dominent, and a maximum vibrational
excitationlis approached,

The apparent cross sections at the various applied electric fields are
not dependent on the ion drift distance. This indicates that a steady
state is quickly established at each E/N., The vibrational excitation in
the steady state may depend on the gas pressure and composition. From
such dependence, quantitative data, such as vibrational excitation and
relaxation rates, may be obtained. Further investigations on this subject

are plarned,

V. Concluding Remarks

Including the results reported in a previous paper,s the measurements
for the rare gas dimer ions now cover the photon waveleng<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>