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%"e describe a new coaxial laser —ion-beam photodetachment spectrometer designed to measure
high-resolution photodetachment spectra of negative ions, and the measurement of C2 autodetach-
ment rates with it. The apparatus resolution of 10 MHz is sufficient to resolve linewidth and line

shape of autodetaching resonances in C2 . Autodetachment rates of the 8 X+„state have been mea-

sured for a variety of rotational levels with U'=6, 7, 8, and 9. The observed rates vary between 10
and 10' s ', depending on vibrational and rotational state. Autodetachment of high vibrational lev-

els (u'=19) of the A H„state has been seen to be slower than 10' s '. The physical processes giving
rise to these results are discussed in some detail.

I. INTRQDUCTIQN

Experimental and theoretical investigations of interac-
tions between electrons and atoms and between electrons
and molecules have been one of the major topics in atomic
physics. Electron scattering'

is the basic approach to study those interactions and has
done much to increase our basic understanding. An alter-
native approach, the photodetachment of negative ions,

often referred to as a half-collision process, allows
electron-atom and electron-molecule interactions to be
probed with the very high-energy resolution and selection
rules characteristic of optical spectroscopy.

Resonance phenomena due to a short-lived collision
complex, here an excited state of the negative ion interact-
ing with the continuum of neutral plus electron, are very
sensitive probes to investigate the nature of those interac-
tions. Such resonances have been observed frequently in
photoioni. zation and in electron scattering experiments. '

Photodetachment resonances were first observed in alkali-
metal negative ions and have since been seen in many oth-
er atomic and molecular negative ions. '

Both the theoretical understanding of autoionization
processes and the experimental capabilities necessary for
their study have advanced tremendously over the past 20
years. The general problem of bound states embedded in
continua was examined by Fano in a classic 1961 paper.
His treatment of a model system gave the general relation-
ships between line profiles, intensities, resonance widths,
and scattering phase shifts. Configuration interaction can
mix bound and continuum states, allowing decay of multi-

ply excited states if there is enough electronic energy to
eject an electron. The mechanism by which vibrational
energy is transferred into electronic degrees of freedom to

produce autodetachment has been treated as a special
case of Born-Oppenheimer breakdown, in which nuclear
kinetic-energy terms connect the bound and continuum
states. The case of rotation-electronic coupling has re-
ceived less attention, since it has been assumed to play a
comparatively minor role in autoionization if other mech-
anisms are active.

The autoionization of Rydberg states of H2 has received
particular attention, since H2 is the simplest autoionizing
molecular system. Experimental results of Herzberg'
motivated Fano" to develop a form of multichannel
quantum-defect theory for the H2 autoionization problem,
sncludj. ng the effects of rotational couphng between dif-
ferent autoionizing levels. Further theoretical work' has
allowed proper interpretation of the data of Herzberg and
Jungen' and Dehmer and Chupka. '

The motion of a Rydberg electron is only weakly cou-
pled to the motion of the positive-ion core, although the
long-range Coulomb field supports an infinite number of
bound states. The weak coupling makes the ion core
closely resemble the final ion state, giving rise to strong
propensity rules governing autoionization transitions.
These propensity rules give preference to transitions where
the vibrational and rotational levels of the core are un-
changed.

Because there is no strong Coulomb field binding the
electron to the core, the autodetachment of negative ions
involves valence electrons and differs qualitatively from
the autoionization of Rydberg levels. The autodetaching
valence electron in a negative ion is strongly correlated
with the ion core, although the long-range forces between
the electron and the core do not support Rydberg-type
bound states. The potential curve for the autodetaching
negative-ion state generally bears little resemblance to the
curve for the final neutral state. The propensity rules for
vibration break down completely, and are replaced by a
more general requirement for overlap of vibrational wave
functions. ' The rotational propensity rules are deter-
mined by a preference for low orbital angular momentum
in the departing electron since this reduces the centrifugal
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barrier.
For a detailed study of resonance phenomena, photode-

tachrnent of diatomic negative ions offers a variety of ad-
vantages. First, by adapting the coaxial beam technique to
photodetachment experiments, one is able to achieve reso-
lution of better than 1 part in 10, i.e., one can measure
the linewidth of autodetachment resonances narrower than
50 MHz. Second, spectroscopy and electron affinities of
neutral diatomics can be well known, providing the neces-
sary information on the possible final states. Third, due to
the absence of Coulomb interactions between electrons and
neutron atoms or molecules, electron affinities typically
are less than a few electron volts, thus allowing most of
the photodetachment experiments to be undertaken with
visible light. Fourth, the lack of Rydberg states for nega-
tive ions and the conservation of angular mornenturn and
parity allow simpler theoretical descriptions than in pho-
toionization and scattering experiments. Finally, a variety
of decay mechanisms of the excited negative-ion state, e.g. ,
configuration interaction, vibration to electronic coupling
or rotation to electronic coupling, can be studied.

The best studied diatomic negative ion is C2 . To date,
it is the only experimentally observed molecular negative
ion known' ' to have a stable bound excited electronic
state connected to the ground state by a dipole-allowed
transition. The electronic structure of C2 is similar to
that of other isoelectronic 13 electron systems CN, N2+,
and CO+. Herzberg and Lagerqvist' were the first to ob-

the B 2y+ ~ 2y+ transitions of 12C2 and C2
flash discharge of methane and provided spectroscopic
constants up to U'=4 of the upper state and U"=3 of the
lower state. Photodetachment experiments' and matrix-
isolation studies' confirmed the assignments made by
Herzberg and Lagerqvist. ' Feldmann' measured the
electron affinity of C2 in a low-resolution photodetach-
ment experiment and reported the value EA(C2)=3.54
+0.05 eV. In their photodetachment experiment, Line-
berger and Patterson' observed, in addition to the
Herzberg and Lagerqvist bands of C2, a series of uniden-
tified resonances in the region around 16400 cm . Jones
et al. investigated the C2 photodetachment cross section
between 14000 and 20 000 cm ' in high resolution
(b.v=0.4 cm ') and identified the observed resonances as
the 8 X„+(v'&5)~X X~+(v" & 6) transition between high
vibrational states of C2, followed by autodetachment to
C2+ e

In addition to improved molecular constants for C2
the work of Jones et al. bounded the electron affinity of
C2 by 3.374&EH (Cq) (3.408 eV. The higher electron af-
finity of 3.54 eV reported earlier by Feldmann' was attri-
buted to the a H„excited state of C2. Jones et al. also
deduced a much faster autodetachment rate into the final
state (C2 II„+e) than into the (C2 'X~++e) state, and at-
tributed the inability to observe the direct photodetach-
rnent process to poor vibrational overlap between the pos-
sible initial and final states. The actual shape and width
of the autodetachment resonances was masked by the in-
strurnental linewidth, and they could only give an upper
bound of 7.5)& 10' s ' for the autodetachment rates. Re-
cent photodetachment experiments, ' carried out with the
coaxial beam apparatus described in this paper, resolved

the spin-rotation splittings of both X states and the hyper-
fine structure of '

C2 . The 3 H„state of C2 could be
observed' indirectly via perturbations in the B X„+-X Xz+

bands, arising from vibronic spin-orbit and rotation-
electronic interactions between the 2 H„and B X„
states. Laser-induced fluorescence experiments to deter-
mine the raditive lifetime of the C2 8 X„state have
been carried out by Leutwyler et a/. , who report a life-
time for U'=0 and 1 of 75 ns, or equivalently a radiative
transition rate of 1.4)& 10 s

A newly designed coaxial beam apparatus, based on
ideas first realized in the photodissociation apparatus of
Huber et al. ,

' is used here to measure autodetachment
rates of C2 for various vibrational and rotational states
of the C2 8 Xg+ state. The coaxial beam configuration
has many advantages over the crossed-beam device used
previously. The sensitivity of coaxial beam instruments is
inherently greater, since the overlap volume of the laser
and ion beams can be increased tremendously. The resolu-
tion of the coaxial device is also enhanced due to velocity
compression. The width of the ion-beam velocity distribu-
tion is reduced by acceleration to high energies, reducing
the Doppler width far below room-temperature values.
While tuning may still be accomplished by varying the
laser frequency, holding the laser frequency fixed while
scanning the ion velocity is often a more practicable and
convenient method. The design of the coaxial beam pho-
todetachment spectrometer and its performance is
described in Secs. II and III. The improved resolution en-
abled improved understanding of the processes occurring
in the ion source, resulting in reduced ion-energy spread
and further improvement in resolution. The effects are
discussed in Sec. IV. Finally Sec. V presents the experi-
mental results of the Cz autodetachment rates and
discusses their implications concerning the autodetach-
ment process.

II. EXPERIMENTAL

The development of coaxial beam systems has been ra-
pid, with progress occurring in several laboratories. Wing
et al. studied excitation of positive ions using laser and
ion beams crossing at a small angle. Dufay et al. have
done saturation spectroscopy of atoms in a merged-beam
system. Carrington and Sarre have done absorption and
photodissociation spectroscopy of ions using a double
mass-spectrometer system with a coaxial laser-ion interac-
tion region. Our instrument is similar to the apparatus at
SRI used by Huber et al. ' The SRI machine, used for
ion spectroscopy and photodissociation studies, can deter-
mine the kinetic energies of charged dissociation products.
It has also been used to study predissociation lifetimes and
linewidths.

Figure 1 shows the arrangement of the coaxial photode-
tachment apparatus used in this work. Basically, a mass-
analyzed negative-ion beam is merged over the length of
the interaction region with the beam of a tunable single-
rnode dye laser. The neutrals produced by photodetach-
ment are detected to provide a direct measure of the rela-
tive photodetachment cross section. Instead of varying
the frequency of the laser light to measure the energy
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tor magnet. After passing through a differential pumping
slit (A 2), the mass-analyzed beam is recollimated by a
second electrostatic quadrupole doublet lens (Q2) in a re-
gion ion pumped to 10 Torr. Two apertures (A 3 and
A4), 2 mm in diameter separated by 40 cm, limit the
divergence of the ion beam to less than 0.6 deg. Horizon-
tal and vertical deflectors (D 1 and D2) help to direct the
ion beam into the detachment chamber containing the co-
axial laser —ion-beam spectrometer. The angular collima-
tion region of the apparatus is differentially pumped by an
ion pump reaching a pressure of 1 & 10 Torr.

Zeman and Huber et al. ' have demonstrated the eiec-
trostatic quadrupoles oriented perpendicularly to the bend-
ing plane are ideal devices to merge ion beams with neu-
tral beams and to merge ion beams of opposite charge, and
are obviously well suited for merging an ion beam with a
laser beam. The major advantages of using quadrupole
deflectors over other types of electrostatic or magnetic de-
flectors are that they are quite achromatic, they do not
change the divergence of the ion beam, and they already
have all the openings required to merge two beams.

The central components of our coaxial beam spectrome-
ter consist of a zoom-einzel lens combination (L 2 and L 3)
that enables us to change the energy of the ions, and the
two quadrupole deflectors (QD1 and QD2) spaced by a
25-cm-long shielded interaction region. The zoom and
einzel lens are operated as a five-element tube lens, sharing
the center element. The zoom lens (L2) is basically a
three-element asymmetric voltage lens that preserves the
image at a fixed position, while allowing us to change the
energy of the image by the potential difference between
the first and third elements. The net effect is to produce a
focus of the ion beam with energy Eo+e U, changing the
energy of the ions by the float potential U. As a conse-
quence of the energy change eU of the ions in the zoom
lens, all following ion optical devices must be floated by
the voltage U. The ion beam is recollimated by the einzel
lens (L3) to its original divergence before it enters the
first quadrupole deflector (QD 1) that bends the ion beam
through 90' and merges it with the laser beam. The ion
and laser beam stay merged throughout the interaction re-
gion until they are separated by. the second quadrupole de-
flector (QD2). A Faraday cup (FC2) located behind the
deflector allows us to monitor the ion-beam current during
the experiment. The quadrupole deflectors are of similar
dimensions to those described in Ref. 27 but differ slightly
in design in order to simplify construction. The main and
shim electrodes as well as the mountings are made out of
6061 aluminum alloy. The alignment and electrical isola-
tion of the electrodes is provided by spacers machined
from polyimide (Dupont Vespel). To keep background
count rates due to collisional detachment low the coaxial
beam spectrometer is operated at a pressure of 3 & 10
Torr which is reached by an ion pump and an additional
titanium sublimation pump.

The neutral particles produced in the interaction region
by photodetachment do not recoil out of the ion beam as a
result of the negligible transfer of momentum in the de-
tachment process, but rather travel with the ions, pass the
second deflector unaffected by its electrostatic field, and
impact further downstream on a glass plate. (A tran-
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FIG. 1. Schematic of the coaxial beam photodetachment
spectrometer. Einzel lenses and quadrupole lenses are designat-
ed by L and Q, respectively, apertures by A, the quadrupole de-
flectors by QD, the ion extractor by E, and the Faraday cups by
FC.

dependence of the photodetachment cross section, the en-
ergy of the ions and thus the Doppler shift of the laser fre-
quency is changed.

Cogeneration of the mass-analyzed ion beam has been
described in detail in earlier papers ' and is reviewed here
only briefly. A hot discharge ion source (shown in Fig. 2)
operating with an equal mixture of acetylene and carbon
monoxide at a total pressure of about 0.1 Torr is used to
produce a C2 ion beam of -0.3 nA. The negative ions
are extracted from the hot discharge into the first stage of
differential pumping (pressure 2X10 Torr) and are ac-
celerated to their final energy Eo. All of the data reported
in this paper were obtained with Cz beam of Eo ——3.8-
keV energy. An electrostatic quadrupole doublet lens

(Q 1) focuses the ion beam into a mass-analyzing 90 sec-
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FIG. 2. The hot-cathode discharge ion source used in this
work. The filament was held about 100 V negative with respect
to the anode. The plasma confinement plates are electrically
floating, while the electron block is connected to the anode. An
axial field of about 300 G is applied by horseshoe magnets at-
tached to the source.
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sparent medium is necessary because neutrals and laser
photons are still merged. ) The neutrals impact the glass
plate producing secondary electrons which are accelerated
toward a Ceratron continuous-dynode particle multiplier
operating in a single-particle counting mode. Use of a
quartz plate gave rise to charging problems due to the
high resistivity of quartz. This problem was remedied by
replacing the quartz with an ordinary soda-lime glass mi-
croscope slide. The glass plate and Ceratron multiplier are
mounted inside an aluminum box whose potential can be
adjusted to avoid background counts. The efficiency of
the neutral detector reaches -5%%uo, as determined by com-
paring the measured O collisional stripping count rate
with that estimated from known values of the absolute O
collisional detachment cross section. A second detector to
collect the detached electrons from the entire interaction
volume has been developed, but was not yet ready to be
used in the present experiment.

The laser system used in this experiment consists of a
single-mode dye laser (Spectra Physics Model 580)
pumped by an argon-ion laser. The dye-laser frequency is
actively stabilized by locking the dye-laser output to the
side of a Fabry-Perot fringe of a stable reference cavity.
This reduces the dye-laser frequency jitter to less than 10
MHz. The absolute frequency of the dye laser is measured
with a A, meter to an accuracy of 1 part in 10 (+0.02
cm '). In contrast to earlier crossed-beam experiments,
the coaxial beam experiment is not performed inside a
linear laser cavity because the counterpropagating waves
inside the cavity appear as two different wavelengths to
the moving ions, leading to a doubling of structure in the
cross section. Moreover, the cavity mode spacing of the
extended linear laser cavity would be too smaH to readily
allow single-mode operation. A portion of the dye-laser
output is used to supply laser stabilization and the A, me-
ter, leaving roughly 20 m%' of extracavity laser power for
the photodetachment experiment.

The energy dependence of the photodetachment cross
section can be measured either by changing the frequency
of the laser light or by changing the velocity of the ions,
thus changing the Doppler shift between molecular ab-
sorption and laser frequency. The coaxial beam spectrom-
eter descirbed here was designed to scan the velocity (ener-
gy) of the ions. To accomplish this, the zoom lens (L 2) is
set to decelerate the ions by reducing their energy by the
float potential U. The outer sections of the quadrupole
deflectors and the tube shielding the interaction region are
floated to the voltage U and the einzel lens and quadru-
pole deflectors are adjusted to the new energy of the ions.
Over the range of interest, the einzel and zoom lens volt-
ages vary linearly with the float voltage. Thus a simple
voltage divider chain, driven by the float voltage, can be
used to ramp the ion optics. Typically, a 1-keV decelera-
tion of the ions could be achieved without significant
changes of the ion-beam properties. Tests made using a
2-keV 0 beam showed that the photodetachment signal
as well as the background due to collisional detachment
stayed constant within 5% over the range of the typical
narrow Doppler scan. For the 3.8-keV C2 beam a de-
celeration scan of 1 keV corresponds to a frequency tuning
through 1.4 cm ', slightly more than the 1-cm ' tuning

range of commercial dye lasers. The C2 photodetach-
ment cross sections shown in this paper were obtained by
scanning the energy of the ions through -40 V.

The coaxial laser —ion-beam spectrometer is controlled
by a PDP 8/E computer that scans the energy of the ions
and collects all data from signal, background, and moni-
toring channels. Relative photodetachment cross sections
are derived from the measured signal counts by subtract-
ing collisional detachment and background counts and by
normalizing to ion-beam current and photon flux. Count
rates are -50 kHz on strong C2 autodetachment reso-
nances, 1 kHz of which are due to collisional detachment
and a few Hz dark counts for a 0.3-nA ion beam and 20
mW of laser power. Typical integration times for the C2
spectra shown here are 1 s/channel.

III. RESQLUTION AND SENSITIVITY

where 6v is the frequency width, v is the ion-beam veloci-
ty, A. is the laser wavelength, and b,8 is the full angle of
beam divergence. Jones et al. reported a Doppler width
of 5.5 GHz for a 420-eV C2 beam in their crossed-beam
instrument. Much higher resolution can be achieved by
taking advantage of the features of the coaxial beam
geometries, as was recognized quite early by Trujillo
et a/. In such an arrangement the divergence 60 of the
ion beam contributes only as

v b,8 v (b,9)5v= —1 —cos
2

(4)

to the resolution. A second factor, the velocity spread Av
of the ion beam, negligible in crossed-beam experiments, is
directly related to the Doppler broadening in the coaxial
apparatus

6v= Av
(5)

and more serious to deal with. If we assume the C2
beam is the same as used by Jones et aI. , we expect
Doppler broadening due to divergence and velocity spread
of the ion beam of 60 and 230 MHz, respectively. This
comparison does not show all the potential of the coaxial
beam geometry, even though the resolution has been im-
proved by a factor of 50. %'e can take further advantage
of the velocity compression b,v =b,E/v'2mE by using ion
beams of higher energy, together with a reduction of the

The basic limitations to the resolution of tunable laser
photodetachment experiments are Doppler broadening of
the laser in the frame of the moving ion and the linewidth
of the laser itself. Tunable single-mode dye lasers, cover-
ing the entire visible spectrum, are available today with a
linewidth of the order of 1 MHz or less. As we will see,
the laser 1inewidth is not the major factor limiting the
resolution in this experiment. Of far more concern is, in
this context, broadening due to the Doppler effect. In
crossed-beam experiments this broadening results primari-
ly from the angular divergence of the ion beam and is
given by

U v
5v =—sinhO =—AL9,
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TABLE I. Contributions to the apparatus resolution for the crossed-beam experiment of Jones et al.
(Ref. 5), hypothetical coaxial beam experiment using the ion-beam data from Ref. 5, and the coaxial
beam experiment of the present work. The full width at half maximum (FWHM) energy spread hE
and full angular divergence 60 are estimates. ' All linewidths are in MHz.

Type of
Experiment

Crossed beams
(Ref. 5)

Coaxial beams Coaxial beams
(This work)

Ion-beam data
E (eV)
aE (eV)
6(9 (deg)

Interaction length (mm)

420
2.0
4.7
1.0

420
2.0
4.7

300

3800
1.0
0.6

300

3800
0.2
0.6

300

Broadening due to
Divergence of
the ion beam

Velocity spread of
the ion beam

Interaction time
Laser linewidth

Overall
resolution (MHz)

5500

12

20
10000

60

230

& 0.1

10

0.6

0.2
&10

0.6

7.4

0.2
&10

12

'The data given in the last column describe the final resolution attained.

divergence 60, and thus improve further the resolution.
Table I lists the ion-beam parameters and the resulting
broadening effects for the coaxial beam apparatus, and for
comparison the corresponding data for the crossed-beam

experiment of Jones et ah. The energy spread and diver-
gence of the ion beam are conservative estimates. Increas-
ing the beam energy by a factor of 9, to 3.8 keV, yields a
reduction in the broadening due to velocity spread of a
factor of 3. Collimation of the ion beam to b,8=0.6 deg
makes divergence broadening negligible. As Table I fur-
ther shows, transit-time broadening is of no concern for
both types of experiments. Taking all broadening effects
into account, we predict an overall resolution of 40 MHz
for the coaxial beam apparatus. In fact the narrowest Cz
autodetaching resonance we observed had a width of 12
MHz. Although the natural width of this resonance is not
known, this observation confirms a resolution of the coax-
ial beam spectrometer of the order of 10 MHz, an im-
provernent in resolution of three orders of magnitude over
the earlier experiments. This result also indicates that the
actual energy spread of the ions has been improved to 0.2
eV from the originally obtained 2.0 eV. Further improve-
rnent, even to 5v = 1 MHz, seems feasible with the
development of more monochromatic negative-ion
sources.

In most experiments, an increase in resolution is directly
related to a corresponding loss in sensitivity. This is not
the case in the coaxial beams experiment, where the pri-
rnary cause of loss of signal is the much lower laser power
(20 mW compared to 20 W used in the crossed-beam ex-
periment). Almost all of this signal loss is subsequently
recovered due to the longer interaction time in the coaxial
beam experiment. If we assume complete overlap of the
2-mm ion and laser beam over the 300-mm interaction
length, and (b) a 3-mm interaction volume for the
crossed-beam experiment, and take into consideration the

higher ion-beam velocity in this experiment, we see that
the loss in detachment rate would be roughly a factor of
10. In the crossed-beam Cz experiment the laser
linewidth was 12 GHz. The linewidth of the single-mode
dye laser used in this experiment is narrower than the Cz
resonances, so we gain a large factor from higher spectral
power density. The sensitivity of the neutral particle
detection system is about a factor of 20 times lower than
the electron detection system previously used. Consider-
ing all these factors, the present coaxial beam experiment
is about as sensitive as the crossed-beam experiment.
Much higher sensitivities can be readily achieved by using
ring dye lasers of typical 600-mW output power, utilizing
an intracavity ring laser, and by using an efficient electron
detector.

IV. ENERGY SPREAD OF THE ION BEAM

The energy spread, i.e., the velocity distribution, of a
negative-ion beam extracted from a hot discharge has not
been quantitatively measured. Basically, it is of no great
importance in crossed-beam experiments, but as pointed
out in Sec. III, it is the resolution limiting factor in coaxial
beam experiments. A 1-eV estimate for the source energy
spread after acceleration to 3.8 keV (v =1&&10 ms ')
leads to a velocity spread of 24 m s ', a 40-MHz
linewidth. To measure the "real" shape of a resonance, it
is also important to know the shape of the velocity distri-
bution of the ion beam since the observed line shape is a
convolution of the two.

The usual way to adjust the ion source is to tune for
maximum beam current, generally resulting in operating
the ion source at high pressures. Figure 3 shows a si'ngle

Cz autodetachrnent resonance, taken at a source pressure
of about 0.5 Torr, which splits into two peaks due to a
double-peaked velocity distribution. Changing the propa-
gation direction of the laser with respect to the ion-beam
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transition probabilities between the initial state and the
"modified" discrete state and to the continuum of band-
width I", in other words, q gives an estimate of the ratio
of autodetachment to direct photodetachment. In the ab-
sence of an interference between direct transition and tran-
sition via the discrete state into the continuum, the Fano
line shape reduces to a symmetric Lorentz profile
(q~ ce ).

In C2, direct photodetachment (which involves many
more continua than the resonant one) is found to be much
weaker {by a factor of 10 or more) than autodetachment.
We thus expect the autodetachment resonances to be near-
ly symmetric, and it should be possible to fit them with a
Lorentzian profile, rather than a Pano interference profile.
Figure 5 shows an ultrahigh-resolution scan of the Cz
photodetachment cross section in the region of the I'i (10)
transition of the v'=7, v"=9 band. Because ' Cz has no
hyperfine structure (I =0), and spin-rotation splitting has
been resolved, the width of this resonance reflects the au-
todetachment rate of the U'=7, J'=9.5, X'=9 level of the
Cz B Xg+ state. The experimental data are represented
by the filled circles whereas the solid curve reflects a Fano
profile giving the best fit to the data. The deviation in the
fit is less than 1% of the peak height, just reflecting the
signal-to-noise ratio (roughly 100/I) of the experiment.
Within the limits set by the experimental signal-to-noise
ratio, shown in Fig. 5, all observed autodetachment reso-
nances show a symmetric Lorentz profile. This is reflect-
ed by a fitted asymmetry parameter q for the Pi(10) reso-
nance of greater than 100, a 10 times higher probability
to detach the electron by autodetachment than by direct
photodetachment. Since the profiles are all Lorentzian
and the radiative lifetime of Cz is much longer than
the autodetachment lifetime, the width of resonances gives
a direct determination of the decay rate. Although the
width of the resonance (149 MHZ) can be determined from
the fit to +1 MHz, typical errors are +15 MHz due to un-
certainties in the resolution of the apparatus and weak sa-
turation of the detector. The resolution, i.e., the energy
spread of the ions, may change due to varying

conditions —such as contamination or different tunings-
in the ion source.

B. Vibrational and rotational dependence
of the autodetachment rates

Autodetachment rates, i.e., the width of the autodetach-
ment resonances, have been measured for 33 representative
states covering vibrational levels U'=5 —9 and molecular
rotations from X'=1 to 51. Table II lists the autodetach-
ment rates and the lifetimes of the autodetaching levels for
different vibrational states. The rates have been calculated
from the widths of transitions terminating in the X =19
and J'=19.5 states. The lowest vibrational level of the
Cz 8 X„+ manifold that can autodetach is U' =5. From
an analysis of the observed intensity difference between
resonances originating from the decay of the U'=5 level
and those originating from the U'=6 level, Jones et al.
deduced that the autodetachment rate of U'=5 lies within
the bounds (in units of s ')

We have seen that the v' =5 autodetachment resonances
are narrower than the resolution of our coaxial beams ap-
paratus, corresponding to an autodetachment rate of less
than 1)& 10 s ', consistent with the earlier result. Auto-
detachment of the U'=6, J'=19.5 level has been measured
to occur at a rate of 3.8&(10 s '. The dramatic change
(at least 40-fold) of the autodetachment rate between v' = 5
and 6 is due to opening of a new detachment channel.
Whereas U' = 5 can detach only to the continua Cz
X 'Xz +e, the additional final state Cz a H„+e becomes
energetically accessible for autodetachment of U' & 6 levels.
In the picture of single-electron molecular orbitals, auto-
detachment of the Cz B X„+ state to either Cz X 'Xg+ or
Cz a II„requires a two-electron process. The ab initio
calculations of Zeitz et al. ' showed that strongly R-
dependent configuration mixing in the Cz 8 X„+ state
favored configurations of the form H„+mg, which may
explain the much larger autodetachment rates to the Cz
a II„over that to the Cz X'X~ state.

The rates of autodetachment for the vibrational levels
v'=7, 8, and 9 are by factors of 3.4, 8.4, and 23, respec-

100

+J 75
C

50

O
C
p)

(f) 25

TABLE II. C2 autodetachment rates and lifetimes experi-
mentally determined for different vibrational levels. The rate of
U

' =5 is an upper bound from the work of Jones et al, (Ref. 5),
whereas the rate of U'= 10 is a lower bound due to the separation
of unresolved rotational lines. All other data were taken for the
rotational level J=19.5 and X =19. Typical errors are +1&& 10
s
—1

0—800 —400 0 400
Relative Frequency (MHz)

800

FICx. 5. Resonance of the C2 B X~+~X Xg+:Pl(10) 7—9
transition at 16317.44 cm ' due to autodetachment of the
B X„+ U'= 7, J'=9.5, X'=9 level. Solid line represents a virtu-
ally symmetric Fano profile with FWHM of 149 MHZ, corre-
sponding to an autodetachment rate of 9.4)& 10 s '. Point spac-
ing is 19 MHz.
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tively, faster than the rate for detachment of U'=-6. Reso-
nances due to autodetachment of u'=10 could also be ob-
served in the photodetachment cross section but they over-
lap so badly that their spectroscopic assignment could not
be accomplished. From known spectroscopic data for the
lower vibrational levels, the line separation in the region of
the unresolved bandhead of the U" = 12, U' = 10 transition
is estimated to be at Jieast 0.1 cm . Since the spectrum is
observed to be overlapping, this gives a lower bound of
3)& 10' s ' for the U'= 10 autodctachw. ent rate.

The rotational dependence of the C2 autodctachment
rates has been measured for U' =6—9. The experimental
results are presented in Fig. 6, where the autodetachment
rates for X'=1—51 are plotted against iV'(X'+1), i.e., as
a function of the rotational energy. The lifetimes of the
F& and Fz components were found to be the same (within
experimental error) in those cases examined. Although the
magnitude of the rates is primarily determined by the vi-
brational state of C2, a strong rotational dependence-
the rates almost double from X'=1—51—is observed. As
Fig. 6 suggests the autodetachmcnt rates within one vibra-
tional manifold appear to depend linearly on the rotational
energy of the autodetaching level. Deviations from the
linear dependence are obvious only for small X' of the
U'=7 sequence. As we will see in Sec. VD, this is ex-
plained by interference of autodetachment of the Cz

H„state. Possible processes leading to the observed
behavior of the C2 autodetachment rates are discussed in
detail below.

The 1(; and 1tf are initial- and final-state wave functions,
respectively, 0 is the operator corresponding to the
relevant autodetachment process, and p is the density of
final continuum states. For the photodetachment of non-
polar molecules, where the (molecule plus electron) final
state basically can be treated as two free particles, the den-
sity of final states p is proportional to the square root of
the excess energy. Autodetachment arises from terms in
the Schrodinger equation usually neglected in bound-state
solutions. Mechanisms that couple molecular bound states
to the continuum include configuration interaction,
vlbratlon-to-electronic cncI gy coupling~ Iotatlon-to-
electronic energy coupling, or combinations of those.
Whereas the first mechanism is due to correlation of the
electrons (Coulomb repulsion) and thus is a pure electronic
coupling, the other two arise from the coupling of nuclear
and electronic motion, a breakdown of the Born-
Qppenheimer approximation.

As is obvious from the potential diagram (Fig. 4), auto-
detachrnent of C2 due solely to configuration interaction
is energetically forbidden, because the electronic energy of
the C2 8 X„state is smaller than the electron affinity of
C2. Thus we have to concentrate on vibration-to-
electronic and rotation-to-electronic energy coupling to ex-
plain autodetachment of C2 . Both couplings are accom-
plished by terms of the nuclear kinetic-energy operator
normally neglected in the Born-Oppenheimer approxima-
tion. The radial term

C. Discussion

Autodetachment rates can be calculated using the gol-
den rule as

2m BR,) dA

of the nuclear kinetic-energy operator describes vibration-
to-electronic coupling, whereas the angular term

2
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FIG. 6. Rotational dependence of the C2 autodetachrnent
rates for the B X„+ vibrational levels U'=—6—9. Typical errors
are +1X10' s

accomplishes rotation-to-electronic coupling. ' The nota-
tions

~

„and
~ „,b indicate that the operator acts either on

the electronic or rovibronic wave function.
The nuclear rotational angular momentum operator is

reprcsc&&ted here by N, which is equal to I —S. For non-X
states, R=- J —L —S would be used. For autodetachment
of Cz to be energetically allowed, the energy difference
between the electron affinity of C2 and the electronic ener-
gy of the C2 B X„state has to be provided by internal
energy sources. Tkis corresponds to either the vibrational
level U'~5 if the energy came purely from vibration, or
the rotational level X' & 79 if the energy came purely from
rotation. A loss of 79 quanta of angular momentum, as
IcqU1Icd foI rotation-to-clcctromc CQUpllIlg to bc thc only
autodetachment mechanism, is very unlikely. Indeed no
high rotational lines (X'&28) for U'=4 have been ob-
served, lndlcatlng that vlbl ation-to-electronic cIlcl"gy CQU-

pling is the dominant mechanism in Cz autodetachment.
Under this assumption and with further approximations
the matrix element of Eq. (7) can be written as follows:
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&@IT. A&= — 4f' ll')2m BR
100

X f g ~J J. ~ (10) 7 &
N

E

Calculation of the vibronic matrix element needed for the
autodetachment rate is straightforward, using wave func-
tions generated from the Cz Rydberg-Klein-Rees (RKR)
potentials. ' Autodetachment of C2 U' & 6 to the
C2a H+e continuum, as pointed out in Sec. VB, is con-
sidered to be the dominant process. In this manner we
find that the ratio of the "vibronic" transition probabili-
ties for autodetachment of C2 B X„+, U' levels to the en-
ergetically allowed vibrational levels of the C2 a H„state
is 1, 4.6, 12, 24, and 38 for U'=6, 7, 8, 9, and 10, respec-
tively. These calculated results are in good agreement
with the experimentally observed ratios of the autodetach-
ment rates (see Table II). While vibration-to-electronic en-
ergy coupling describes the vibrational dependence of the
C2 autodetachment rates very well, it does not easily ex-
plain the observed rotational dependence. Throughout the
range of C2 B X+ vibrational levels probed, the rota-
tionless negative-ion vibrational levels lie near (usually just
below) the rotationless levels of the C2 a II„state. '
Since these neutral levels may not be energetically accessi-
ble, they are not included in the vibronic transition proba-
bilities listed above. However, a small amount of rotation-
al energy conversion would make the additional vibration-
al levels allowed. The vibronic transition probabilities for
these states are typically ten times greater than those quot-
ed above, so the effect of the additional rotational energy
could be amplified significantly by this process The.
rotation-electronic coupling matrix elements
(Qf ~

Tz
~
1(; ) cannot be factored into a simple product, as

was possible for T„b in Eq. (10). Thus the calculation will
be more complicated. Qualitative inspection of TR, how-
ever, shows that it describes a coupling similar to A-type
doubling, giving rise to coupling matrix elements propor-
tional to [N'(N'+ 1)]'~; i.e., autodetachment rates are ex-
pected to increase in proportion to the rotational energy,
which matches very well the behavior shown in Fig. 6.

Summarizing, autodetachment of the C2 B X~+ state
can be understood in terms of vibration-to-electronic and
rotation-to-electronic energy coupling, where (almost) all
the energy required for electron ejection is taken out of the
vibrational motion, but where a few rotational quanta
transferred into the electronic motion have a noticeable
impact on the overall autodetachment rate.

D. Autodetachment of the C2 A H„state

The lowest excited state of C2, an A H„state, which
has been recently observed, ', also can autodetach. Auto-
detachment of vibrational levels U'= 16 and higher is ener-
getically possible. Optical excitation of these levels of the

H„state has not been directly observed' due to poor
Franck-Condon overlap with levels of the X X~+ ground
state. Perturbations in the B X~+ state arising from the

H„state, however, mix both states and make states
with substantial A H„character observable.

50

C3

C
pi

25

0L—500 —300 —'1 00 100
Relative Frequency (MHz)

FIG. 7. Autodetachment resonances observed in C2 . Broad
resonance (FWHM is 208 MHz) is due to autodetachment of the
B X„+ v'=7, J'=23.S, X'=23 level, while the narrow resonance
(FWHM is 16 MHz) arises from autodetachment of the
A H (3/2) v

' = 19, J' =9.5, X' =9 level. Autodetachment of the
H„state can be seen due to mixing with the B X~+ state.

Point spacing is 8 MHz. Zero relative frequency corresponds to
16 336.31 cm

The characteristics of the A H„state have been deter-
mined from a detailed analysis' of over 600 spectral lines
primarily associated with the B X~+-X Xg+ transition.
Analysis of the line positions shows that while most of the
lines have negligible H character, some have significant
admixtures of H and some are predominantly H. The
analysis, which is based upon analytic techniques as ap-
plied in the isoelectronic N2+, involves iterative line as-
signment and least-squares fitting to a rotational Hamil-
tonian. The diagonal elements of the Hamiltonian are the
zero-order (uncoupled) energies of the states, while the
off-diagonal elements represent couplings between the
B X„+ and A H„states. Diagonalization of the Hamil-
tonian yields results equivalent to infinite-order perturba-
tion theory. The squares of the eigenvector elements of
the Hamiltonian matrix correspond to the fractions of X
and H character in the observed upper state. For exam-
ple, Fig. 7 shows two autodetachment resonances of the
u'=7, U"=9 band. The broad resonance is due to autode-
tachment of the B Xg U'=7, J'=23.5, N'=23 level, al-
most pure X level (99.S% X character), which detaches at
a rate of 1.3X10 s

Embedded in this feature is a second, much narrower
peak associated with autodetachment of the 2 H3~2
U'=19, X'=9 level. This feature is only seen because the
H state is perturbed, and must be described as a mixture
of 94.5%%uo of the II state and 5.5%%uo of the Cq B X„+
u'=7, J'=9.5, N'=9. The admixture of X-state character
enhances the excitation probability compared to a pure
H„- Xg+ transition. The width of the H-state resonance is

primarily due to the limited resolution of the apparatus
and gives an upper bound for the H-state autodetachment
rate of 1X10's-'.

The C2 H state is described ' by a one-electron con-
figuration H„Xm.g that can detach to the C2 a H„state
upon removal of the mg electron. Autodetachment of the
C2- A 2H„state is a one-electron allo~ed process, and
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thus one expects larger rates than for B X„autodetach-
ment. On the other hand, assuming vibration-to-
electronic coupling also for the H state to be the dominant
mechanism, vibrational matrix elements of the type occur-
ring in Eq. (10) are much smaller for the C2 A state than
for the B state.

If the states are not pure X or II states, the autodetach-
ment rates are an average of X- and H-state rates, accord-
ing to the percentage of X and H character present in the
observed state. Because the H-state autodetachment rate
is more than a factor of 10 slower than the H-state rate,
we expect strongly perturbed X states, which have a large
admixture of the H state, to have a slower autodetachment
rate than unperturbed states. In the 7—9 band of C2
perturbations occur around %'=11, where, as we can see
in Fig. 6, the autodetachment rates seem to be systemati-
cally smaller than expected from the linear interpolation
drawn. The autodetachment rate of the U'=—7, %'= ll
state (6.5)& 10 s ') is roughly 40% smaller than expected
for a pure X U'=7 level. The spectroscopic analysis of the
U'=7 band' indicates that this particular X level has only
61% X character. Correction for the II character yields a
pure X autodetachment rate of —1.05&10 s ', a ratio
that fits nicely into the linear overall trend.

VI. CONCLUSIONS

Resolution in crossed-beam photodetachment experi-
ments has been limited so far to 1 part in 10 . Taking ad-
vantage of the coaxial laser —ion-beam arrangement, we
designed a new photodetachment spectrometer that im-
proved the resolution by three orders of magnitude, but
has almost the same sensitivity than the "old" crossed-
beam apparatus. With this coaxial beam spectrometer
the C2 autodetachment resonances have been studied at a
resolution of 10 MHz, in order to understand what cou-

pling mechanisms lead to the autodetachment in C2
Autodetachment rates have been measured for the Cz
v'=6 —10 vibrational levels. The measured rates are in the
order of 10 to 10' and increase roughly by a factor of 3
from one vibrational level to the next. The rotational
dependence of autodetachment rates can be observed.
From the observed vibrational and rotational behavior of
the autodetachment rates we conclude that vibration-to-
electronic energy coupling and rotation-to-electronic ener-

gy coupling are the mechanism leading to autodetach-
ment, where most of the necessary energy to reach the
continuum is taken out of the vibrational degree of free-
dom. Autodetachment resonances due to detachment of
levels of the C2 3 H„state could be observed according
to perturbations with. the B X„+ state. For the H-state au-
todetachment rates an upper bound, due to the resolution
of the experiment, of y( 1 & 10 s ' can be given.
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