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High-resolution threshold photodetachment spectroscopy of OH2

Jim R. Smith, Joseph B. Kim, and W. C. Lineberger
Department of Chemistry and Biochemistry and JILA, University of Colorado and National Institute of Standards and Technol

Boulder, Colorado 80309
~Received 26 September 1996!

Relative photodetachment cross sections for rotational thresholds of the hydroxide anion were measured
using a coaxial laser-ion beam spectrometer. The thresholds correspond to transitions from theJ51 and
J52 states ofX 1S1 OH2 to theJ53/2 state ofX 2P3/2 OH. Best fits of the data give cross sections that
scale with energy above threshold as (E2Eth)

0.1860.06 and (E2Eth)
0.2160.05 for the two thresholds, respec-

tively. This non-Wigner law energy dependence of the cross section results from the long-ranger22 interaction
between the dipole and the departing electron. Experimental results were compared with the predictions of a
strong-coupling model of charge-dipole interaction devised by Engelking and good qualitative agreement was
observed. When the resolution and range of the data for transitions that terminate in the lowerL-doublet
component is such that theL-doublet splitting is resolved, one observes the (E2Eth)

1/2 behavior predicted by
the Wigner law. This result is explained in terms of the effect of theL doubling upon ther22 charge-dipole
interaction. From the threshold frequencies, an OH electron affinity of 14 741.02~3! cm21 was determined.
@S1050-2947~97!04803-8#

PACS number~s!: 33.80.Eh
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I. INTRODUCTION

Laser photodetachment threshold spectroscopy of n
tive ions is a well-known technique@1,2# for determining
information about the dynamics of the photodetachment p
cess as well as for obtaining spectroscopic information. T
photodetachment of OH2 has a long history and an excelle
summary of the early history has been given by Schulzet al.
@3#. In addition, OH2 was one of the first negative ions to b
observed in the gas phase by direct absorption spectros
@4#. The energy dependence of the photodetachment c
section for energies just above a channel opening, referre
as the threshold law, provides information about the inter
tion between the departing electron and the remaining n
tral species. In addition, the frequencies of the channel op
ings ~thresholds! can provide a wealth of spectroscop
information about the initial ionic species as well as the n
tral species produced during the process. In this work, la
photodetachment threshold spectroscopy was performe
OH2, and the relative photodetachment cross sections
three thresholds were measured under high resolution.

In 1948, Wigner derived expressions for the behavior
cross sections near the thresholds for various processes
produce pairs of particles, in terms of the long-range int
actions between the particles@5#. The derivation predicts and
experiments have confirmed@3,6# that it is the longest-range
interactions~forces! that determine the threshold law. Ex
perimental measurements of the near-threshold photode
ment cross section thus can provide information about
long-range interactions between the particles produced
the process. Since a slow-moving, near-threshold elec
spends a long time under the influence of any long-ra
potentials as it is departing, it is those potentials rather t
any shorter-range ones that govern the threshold behavi

For the photodetachment of an atomic negative ion,
longest-range interaction that is present between the a
and the departing electron is thel (l 11)/r 2 centrifugal po-
551050-2947/97/55~3!/2036~8!/$10.00
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tential due to the departing electron’s angular momentu
The Wigner threshold law for this process iss;k2l 11, or,
equivalently,s;(E2Eth)

l 11/2, wherek and l are the lin-
ear and angular momenta of the detached electron,E is the
photon energy, andEth is the threshold energy. The centrifu
gal potential is combined with any shorter-range potent
that are present to give an effective potential that is then u
in the standard approach to solving the Schro¨dinger equation
for this problem@7#. This effective potential then contains
barrier that a nascent photodetached electron in the in
region of the potential must tunnel through in order to b
come a free particle. If two partial waves~values ofl ) are
accessible, then a near-threshold electron will have the l
est angular momentum value possible, since this will p
duce the lowest barrier for tunneling. Experiments have c
firmed that Wigner’s law holds for atomic negative ion
@8–11#.

The Wigner law holds only as the limit threshold is a
proached, or, in other words, ask→0, and contains no infor-
mation about the range of validity of the threshold law. T
photodetachment cross section can be described by a po
series expansion ink @12#. The threshold law is then given
by the first term in the expansion, with higher-order term
becoming more important ask increases. Interaction poten
tials that have a shorter range than the centrifugal poten
such as those arising from the polarizability or quadrup
moment of the neutral, affect the higher-order terms of
expansion but do not change the leading term.

The Wigner law was originally applied to the photod
tachment of atomic anions. However, Geltman derived
threshold law for photodetachment from a nonpolar diatom
anion @13#, while Reedet al. derived results for polyatomic
molecular anions@14#. The threshold laws that they derive
are consistent with the Wigner law, but symmetry argume
are used to determine the lowest partial wave available to
detached electron.

For photodetachment of OH2, the detached electron
2036 © 1997 The American Physical Society
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55 2037HIGH-RESOLUTION THRESHOLD PHOTODETACHMENT . . .
comes from ap molecular orbital, which resembles a
atomicp orbital on the oxygen atom and is oriented perpe
dicular to the O-H bond. Therefore, conservation of angu
momentum in the photodetachment process predicts the
duction of ans-wave or ad-wave electron, and for photo
energies near threshold thes-wave dominates, resulting in a
expected threshold law ofs;(E2Eth)

1/2 for OH2. How-
ever, this prediction does not take into account the elec
dipole moment of the molecule. If any long-range poten
is present between the products of the photodetachment
cess, such as the Coulombic potential or a dipole poten
then even the leading term of the expansion describing
cross section is altered. In this case the Wigner law no lon
holds and the near-threshold cross section might exhib
different shape. For photodetachment of OH2, the aniso-
tropic r22 dipole potential that the departing electron fee
plays a key role in determining the threshold behavior. T
dipole arises from the mixing of opposite parity states,
will be explained in Sec. III. In addition, because the inte
action is dependent on the orientation of the dipole, o
might expect that the rotational motion of the molecule w
have an effect on the threshold behavior. As one approa
threshold, the photodetached electrons depart on a time s
that is long compared to the rotational period of the molec
giving rise to some rotational averaging of the long-ran
forces. Therefore, the near-threshold region of the cross
tion should show the strongest influence from rotational m
tion @3#. Thus, the threshold photodetachment of OH2 is an
experiment in which the coupling of electronic and nucle
motion cannot be neglected.

To gain further insight into what can be learned fro
photodetachment experiments, consider the similarities
tween photodetachment of a negative ion and electr
molecule scattering experiments. Photodetachment o
negative ion is essentially equivalent to the second half o
electron-atom inelastic collision with only a limited numb
of partial waves accessible due to the conservation of ang
momentum@15#. An advantage that photodetachment expe
ments have over electron scattering experiments is that
optical resolution attained through the use of lasers is ty
cally several orders of magnitude higher than the ene
resolution of scattering experiments.

In addition to providing information on long-range inte
actions, determination of the threshold law for an individu
threshold allows precise determination of the threshold
quency. For OH2, these individual thresholds correspond
transitions between the various rotational states of the
and the neutral molecule. Therefore, the photodetachm
experiment provides rotational level information and, in a
dition, is currently the most precise method for determin
electron affinities. The threshold photodetachment techni
has been used to determine this quantity for a numbe
atoms and molecules@1,2,10,11,16–18#.

II. EXPERIMENT

The coaxial laser-ion beam spectrometer used for th
experiments has been described in detail elsewhere@19,20#,
so only a brief overview and discussion of recent modifi
tions will be given. The ion beam apparatus has three m
regions: the source region, the collimation region, and
-
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coaxial interaction region. Recently, a continuous, effus
ion source was converted to a pulsed free jet expans
source to provide rotational cooling. Typical rotational tem
peratures with this source were 150 to 250 K as estima
from Boltzmann fits of the intensities of several threshol
The expansion is crossed with a 1-keV beam of electron
initiate the formation of ions. A typical time-average
OH2 current of 10 pA~measured in the interaction region! is
produced by expanding a mixture of 10% NH3, 90% Ne, and
a trace of H2O through a pulsed valve~General Valve Series
9! using a total backing pressure of two atmospheres.
valve is typically operated at 50 Hz with a duty cycle
approximately 1%. The probable mechanism for format
of OH2 is dissociative electron attachment to NH3 to form
NH2

2 . Then, collision of NH2
2 with H2O results in proton

abstraction, forming OH2. After ion formation, the ion beam
is mass selected with a 90° sector magnet, collimated in
second region of the apparatus, and then bent another
into the interaction region with an electrostatic quadrup
deflector. As the ions travel from the source region to
interaction region, they are accelerated across a;2-kV po-
tential difference. This acceleration provides kinematic co
pression of the velocity spread of the ion beam@21# in order
to reduce the effect of Doppler broadening.

In the interaction region, the ion beam interacts coaxia
with the laser beam over a 30-cm path length. Photodetac
electrons are steered with a weak magnetic field ('2 G! to a
channeltron particle multiplier operated in a pulse count
mode. The weak magnetic field provides discriminati
against higher-energy electrons. These higher-energy e
trons, originating from lower-lying open channels, increa
the scatter in the data. The rotational cooling of the ions a
helped eliminate some of this contribution to the electr
signal. Gated detection of the electron signal, synchroni
with the pulsed valve timing, is employed to increase t
signal-to-noise ratio. The electron signal is normalized to
product of the laser power and ion beam current at e
frequency. This normalized electron signal, once the p
threshold background has been subtracted, is proportion
the state-selected partial photodetachment cross section
threshold.

A home-built ring dye laser employing DCM dye an
pumped by all visible lines of an Ar1 laser was used for al
of the high-resolution scans. Doppler broadening due to
residual velocity spread of the ion beam is'10 MHz, while
the laser linewidth, when operated in its highest-resolut
configuration, is'1–5 MHz. Therefore, the instrumenta
resolution is limited by the Doppler broadening. The las
wavelength is measured using a wave meter~traveling Mich-
elson interferometer! @22# utilizing a polarization-stabilized
He-Ne laser as the reference@23#. The wavelengths mea
sured with the wave meter are corrected for the refrac
index of air and the Doppler shift of the ion beam to obta
absolute vacuum wavelengths. For the data presented b
the point spacing is either 0.01 or 0.001 cm21.

III. RESULTS AND DISCUSSION

A. Spectroscopy

Before presenting the photodetachment data, a brief
scription of the pertinent energy levels will be given. Th
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2038 55JIM R. SMITH, JOSEPH B. KIM, AND W. C. LINEBERGER
transitions examined in this work were transitions from th
X 1S1 v50 state of OH2 to theX 2P3/2 v50 state of neu-
tral OH. The individual thresholds that appear in the phot
detachment spectrum correspond to the various allowed tr
sitions between the rotational states of the negative ion a
the neutral species. TheL-type doubling splits the normal
twofold degeneracy of the2P3/2 rotational states. This split-
ting arises from the two possible orientations of thepp or-
bital of the OH molecule relative to the plane of rotation@24#
and increases with increasingJ ~total angular momentum
quantum number! for the 2P3/2 electronic state. TheL dou-
bling plays a key role in determining the interaction betwee
the neutral molecule and the departing electron and will
discussed further below. Threshold data were obtained
each of the transitions over an energy range considera
greater than theL-doublet splitting, but with resolution
much better than the splitting.

The transitions investigated in this work, as well as th
transition corresponding to the electron affinity of OH, ar
indicated on the energy-level diagram of Fig. 1. An assig
ment of the photodetachment spectrum of OH2 over a range
of 650 cm21 above the onset for photodetachment was pe
formed by Schulzet al. @3#; therefore, identification of a

FIG. 1. OH2 and OH rotational energy-level diagram showin
the transitions examined in this work. In addition, the transitio
corresponding to the electron affinity is indicated with a dash
arrow. TheL-doubling splittings have been exaggerated by a fact
of 200. See the text for an explanation of the labels.
-
n-
d

n
e
or
ly

e

-

r-

transition was straightforward. The energy levels are labeled
with quantum numbersJ andN, and total parity. The total
angular momentum isJ and the angular momentum neglect-
ing spin is given byN. For closed-shell OH2, J andN are
the same, while for open-shell neutral OH, they differ by
one-half. The transitions are labeled with a letter that indi-
cates the rotational branch using the usual notation and a
number in parentheses that indicates the initialN of the
OH2. As is the case for neutral molecules, selection rules
involving angular momentum and parity govern which pho-
todetachment transitions are allowed@3#. The photon has unit
angular momentum, while the detached electron has1

2 unit of
spin angular momentum. Therefore, the allowed transitions
consist ofDJ5 3

2,
1
2,2

1
2, or2 3

2. Of particular importance for
the results obtained below is the parity selection rule, which
results in transitions between states of opposite parity for
s-wave electrons, which have even parity. Transitions to the
other L-doublet component are allowed viap-wave elec-
trons and must be very weak near threshold.

B. Electron-OH dynamics

High-resolution scans of theP(2) andQ(1) thresholds,
which access opposite-parityL-doublet components of the
N51 state ofX 2P3/2 of OH, are shown in Figs. 2 and 3.
Examination of the near-threshold scaling of the cross sec-
tion ~threshold law! for the two thresholds reveals interesting
results, which can be interpreted in terms of the electron-OH

d
r

FIG. 2. P(2) threshold for approximately 1 cm21 above thresh-
old with a point spacing of 0.01 cm21. Photon energy is given in
units of wave numbers. The solid line is a best fit to the data using
the function shown. Without resolution of theL doubling the cross
section is seen to rise much sharper than the one-half power pre
dicted by the Wigner threshold law. The power-law exponent of
0.2160.05 agrees qualitatively with the 0.30 prediction of Engel-
king’s close-coupling model.
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55 2039HIGH-RESOLUTION THRESHOLD PHOTODETACHMENT . . .
dynamics. The cross-section data in these figures were fi
follows. First, the prethreshold energy data were lea
squares fit by the form

s5A1BE, ~1!

wheres is the cross section,E is the photon energy, an
A and B are free parameters. Then, once the prethresh
background has been fit, the post-threshold energy data
least-squares fit by the form

s5A1BE1C~E2Eth!
D, ~2!

whereEth is the threshold energy for the specific chann
opening,C andD are free parameters, andA andB are kept
fixed at the values determined from fitting the prethresh
background.Eth was not left as a free parameter, but rath
was varied over a reasonable range, and the residuals cl
to threshold were examined for any systematic trends. N
thatEth for the two thresholds was determined from the d
in Figs. 4 and 5, which had a smaller point spaci
(0.001 cm21) than the data in Figs. 2 and 3. The most im
portant parameter of the fits is the power-law exponent, si
theory makes specific predictions about its value, wher
the other parameters are simply scaling parameters tha
pend on the experimental conditions. The uncertainty gi
for the power-law exponent was determined by varying t
parameter, while keeping the other parameters constant,
the x2 of the fit was doubled. These uncertainties are
approximation of the 95% confidence limits.

The results of the fits can be described in terms of
dynamics of the interaction between the departing elec

FIG. 3.Q(1) threshold for approximately 1 cm21 above thresh-
old with a point spacing of 0.01 cm21. Photon energy is given in
units of wave numbers. The solid line is a best fit to the data us
the function shown. As for theP(2) threshold, non-Wigner scaling
of the cross section is observed due to the long-range charge-d
interaction. The power-law exponent of 0.1860.06 agrees qualita
tively with the close-coupling prediction and is the same as
P(2) exponent within error limits.
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and the neutral OH molecule. Figures 2 and 3 show
P(2) andQ(1) thresholds, respectively, for approximate
1 cm21 above threshold. The data clearly rise more shar
than would be expected from the one-half power predic
by the Wigner threshold law. This deviation from the Wign
law is not unexpected, as several theoretical studies h
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e

FIG. 4. P(2) threshold once again, this time for approximate
0.06 cm21 above threshold with a point spacing of 0.001 cm21.
Photon energy is given in units of wave numbers. The solid line
a best fit to the data using the function shown. With resolution
theL doubling, the scaling of the cross section essentially agr
with the one-half power predicted by the Wigner threshold law.

FIG. 5. Q(1) threshold once again, this time for approximate
0.10 cm21 above threshold with a point spacing of 0.001 cm21.
Photon energy is given in units of wave numbers. The solid line
a best fit to the data using the function shown. Non-Wigner sca
is observed; see text for explanation.
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2040 55JIM R. SMITH, JOSEPH B. KIM, AND W. C. LINEBERGER
predicted a sharper rise@25–27# and experimental studie
have confirmed this effect for OH2 @3,28,29# as well as
CH3S

2 @30#. The results of this work provide further confi
mation of this effect. Rau pointed out that repulsive pote
tials, such as the centrifugal potential, cause suppressio
the near-threshold cross section, while attractive poten
enhance it@31#. This sharper rise comes about because
underlying assumption of the Wigner threshold law is v
lated for an OH molecule possessing a dipole moment. T
dipole moment produces an anisotropicr22 interaction po-
tential between the detached electron and the molec
therefore, the centrifugal potential is no longer the longe
range interaction. Gailitis and Damburg@26# and O’Malley
@25# have derived a threshold law for photodetachment ba
on a spherically symmetric long-range potential,V(r )
52ed/r 2, wheree is the electron charge andd is a con-
stant. However, the true interaction is dependent on the
entation of the dipole and thus contains a cosu angular de-
pendence. Engelking has proposed a model of str
coupling between an electron and a rotating dipole that ta
into account the angular dependence and gives specific
dictions for power-law exponents for the OH molecule
various rotational states@27,32#. These predictions can b
directly compared with our experimental results. TheP(2)
andQ(1) thresholds both leave the OH inJ53/2 of 2P3/2
and give power-law exponents of 0.2160.05 and
0.1860.06, respectively, from best fits to the data that co
a range of approximately 1 cm21 above threshold, while the
strong-coupling model predicts@27,29# s;(E2Eth)

0.301.
While the agreement between the experiment and the pre
tion is not quantitative, there is good qualitative agreeme
It should be noted that the fits cover a range that is m
larger than theL-doublet splitting. Within experimental un
certainty, the results of the fits forP(2) andQ(1) are the
same, which is consistent with the idea that the interac
between the final rotational state of the neutral OH molec
and the departing electron governs the threshold behavio
fact, earlier work has shown that theP(2), Q(1), and
R(0) thresholds all have the same shape when viewed ov
2.5-cm21 range@3#.

Up to this point, the effect of theL doubling of the OH
states on the threshold cross section has been neglected
splitting will now be included. Figure 4 shows theP(2)
threshold once again, however, in this figure the data p
spacing is now 0.001 cm21 and the data only extend fo
approximately 0.06 cm21 above threshold. On this energ
scale, theL-doublet splitting for theJ53/2 2P3/2 state of
OH, 0.055 cm21 @33#, is well resolved. The splitting can b
observed in Fig. 4 as the difference between the photon
ergies marked as parity-allowed channel opening and pa
forbidden channel opening. Significantly different thresho
behavior is observed depending on the range covered by
data. A best fit to the data in Fig. 4 over a 0.05-cm21 range,
using the procedure described above, gives a power-law
ponent of 0.4260.04 compared to the 0.2160.05 determined
for the same threshold from the fit over a 1-cm21 range
shown in Fig. 2. It should be noted that the range of the
for Fig. 4 is equal to theL-doublet splitting. Earlier work@3#
has shown that the shape of theP(9) threshold of OH2 is
adequately described by a power-law exponent of one-
over a range equal to theL-doublet splitting ('3 cm21) for
-
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that final state of OH. When theL doubling is resolved, the
cross section is seen to rise more gradually for both of th
P-branch thresholds, producing a scaling that is much clo
to the prediction of the Wigner law.

The different behaviors of the near-threshold cross sec
for the same rotational threshold can be understood by c
sidering theL doubling and the origin of the dipole momen
in OH that gives rise to ther22 interaction potential. The
L-doublet states are states of definite parity, with the t
components having opposite parity@24#. Absorption of a
near-threshold photon by OH2 produces ans-wave electron
having even parity, thereby leaving the OH molecule in
state of opposite parity to the initial OH2 state@3#. There-
fore, as is shown in Fig. 1, theP(2) threshold leaves the OH
molecule in an odd-parity state, which is the lower state
theL doublet for this particular rotational level@33#. In con-
trast, theQ(1) transition terminates on the same rotation
level, but populates the otherL-doublet level. Any state hav
ing definite parity cannot possess a dipole moment, since
dipole moment operator has odd parity and thus the dip
moment integral will vanish. Therefore, in the limit that ph
todetachment leaves the OH molecule in a state of defi
parity, there is no dipole moment that can give rise to
r22 dipole potential, and, therefore, the threshold behav
would be expected to obey the Wigner law. This limitin
behavior explains the gradual rise of the cross section in
4, which is in reasonable agreement with the Wigner l
prediction of one-half.

However, the above explanation does not account for
sharper rise observed in Fig. 2. The exact origin of the dip
of OH must now be considered. For a detached elect
moving slowly compared to the rotational period of the m
ecule, angular momentum exchange between the polar m
ecule and the electron can occur@27#, thereby leading to an
exchange of energy between the molecule and the electro
the kinetic energy of the free electron is greater than
L-doublet splitting, this interaction between the electron a
the molecule could mix theL-doublet components of a
given rotational level of the OH molecule to produce tw
degenerate states lacking definite parity@28#. For these
mixed-parity states, the dipole moment integral would
longer vanish, thus giving rise to a dipole moment; in oth
words, the electric field due to the detached electron caus
perturbation giving rise to an effective dipole moment in t
OH molecule. Mixing of the degeneratel states of atomic
hydrogen~e.g., 2s and 2p) produces a dipole moment in a
analogous manner@34#. Another possible source of mixed
parity states for OH is mixing of different rotational levels
opposite parity; however, the electron kinetic energies c
ered by the data presented in this paper are not large en
to cause this type of mixing. For the data shown in Fig. 2,
detached electrons have enough energy to mix
L-doublet components, except for the 5 or 6 points closes
threshold, thus explaining the sharp deviation from Wign
behavior. No evidence of a kink in the cross section is s
at the photon energy corresponding to the opening of
parity-forbiddenL-doublet component, although this is n
surprising considering the relatively large (0.01 cm21) fre-
quency spacing of the data.

Another view of the origin of the dipole moment in OH
may be gained by considering the relationship between r



a
i
hu
he
th
th
m
o-
es

xi
u
ed
. I
m
en
th

r
th
e
ib
ed
s

lle
inc
is
d
in
la

r
ug
ev
e-

a
t

a

w
ea
fo
-
t

pe

-
er
e-
ha
e

r
the

the

on
d

is
at

The

e
ing

per
law
of
e
ts a
l-

-
aw
nnel
er
nt

ruc-
pear
-

the
of
th

o-
cal

af-
ser
ique
tion
l
pro-
pe-
ol-
e. In
nset
re-

55 2041HIGH-RESOLUTION THRESHOLD PHOTODETACHMENT . . .
tional motion and a dipole moment. A dipolar rotor lacking
component of angular momentum along the dipole axis w
rotate about an axis perpendicular to the dipole axis, t
averaging out the projection of the dipole moment in t
laboratory-fixed coordinate system. It is the projection of
dipole moment in this coordinate system, and not
molecular-fixed coordinate system, that defines a dipole
ment@35#. On the other hand, a dipolar rotor with a comp
nent of angular momentum along the dipole axis will prec
about the space projection of the total angular momentum
order to conserve the component along the dipole a
Therefore, the field from the dipole does not average o
giving rise to a permanent projection in the laboratory-fix
coordinate system, or, in other words, a dipole moment
the case of2P OH, the component of angular momentu
along the dipole axis is the orbital electronic angular mom
tum (L) and the states that have this component are
degenerate mixed-parity states. However, theL doubling re-
moves this degeneracy and produces states of definite pa
which no longer conserve the angular momentum along
dipole axis. Therefore, cross-section data that resolve thL
doubling, such as the data shown in Fig. 4, would exh
Wigner behavior for the lower-energy channel in the limit
energy region before the higherL-doublet channel open
@36#.

Figure 5 shows theQ(1) threshold for approximately
0.1 cm21 above the threshold frequency, a much sma
range than that covered by the data shown in Fig. 3. S
the point spacing of the data shown in Fig. 5
0.001 cm21 and theL-doublet separation is well resolve
under this resolution, one might expect Wigner law scal
of the cross section for these data. However, the power-
exponent determined from a best fit to these data
0.2560.01. Thus, non-Wigner behavior starts even for ve
small energies above threshold for this transition, which s
gests that the electron mixes the opposite-parity states
though it has little kinetic energy. Similar non-Wigner b
havior is observed in photodetachment data for theQ(2)
transition. Although the quality of the fit was poor due to
large amount of scatter in the data, a power-law exponen
'0.2 was obtained from a fit covering 0.1 cm21 above
threshold.

The power-law exponents for both scans of theQ(1)
threshold, which have different ranges above threshold, h
overlapping experimental uncertainties. The range of the
for the data in Fig. 5 was truncated several times to as low
0.01 cm21 above threshold. It was found that the power-la
exponent remained essentially unchanged. In addition,
lier low-resolutionQ-branch threshold cross-section data
OH2 where the differentQ-branch transitions were not re
solved, was well represented by a power-law exponen
0.25 over a range of 100 cm21 @6#. Therefore, for these
Q-branch transitions, which always terminate in the up
component of theL doublet for transitions to the32 spin-orbit
electronic state, it appears that (E2Eth)

0.25 describes the
cross section for 0.01 to 100 cm21 above threshold. In con
trast, forP-branch transitions, which terminate in the low
component of theL doublet, the apparent threshold law d
pends on whether the range of the fit is larger or smaller t
theL-doublet splitting, and is Wigner-like if the range of th
ll
s
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fit is within theL-doublet splitting of threshold. For large
ranges, the threshold law is closer to that observed for
Q-branch transitions.

Engelking has performed calculations to investigate
effect of theL doubling upon the threshold behavior@36#.
Although the calculations were performed for the transiti
that terminates in theJ5 1

2 state of OH, the results shoul
apply qualitatively to theQ(1) andP(2) thresholds@29#,
which terminate in theJ5 3

2 state. It was found that the
threshold behavior is described by two cases@36#. One case
occurs whens-wave detachment to the lowerL-doublet
component is forbidden by the parity selection rule. Th
case applies to theQ(1) threshold; the photon energy th
corresponds to the transition to the lowerL-doublet compo-
nent is marked as the parity-forbidden channel opening.
calculation for this case predicts weakly allowedp-wave de-
tachment, given by (E2Eth)

3/2, for photon energies abov
the lower channel opening, but below the channel open
corresponding to the transition to the upperL-doublet com-
ponent. As the photon energy is increased through the up
channel opening, Engelking predicts that the threshold
abruptly reverts to the strong-coupling prediction
(E2Eth)

0.301. The data in Fig. 5 qualitatively agree with th
predictions of the calculation, as the cross section exhibi
slow rise prior to the parity-allowed channel opening, fo
lowed by the abrupt rise given by (E2Eth)

0.25. The other
case, which applies to theP(2) threshold, occurs when
s-wave detachment to the lowerL-doublet component is al
lowed. For this case, the calculation predicts Wigner l
behavior for photon energies less than the upper cha
opening, followed by a gradual conversion to a non-Wign
sharper rise. TheP(2) data in Figs. 2 and 4 are consiste
with this prediction.

It was thought that resonances or some interference st
ture due to autodetaching dipole-bound states might ap
in the photodetachment spectrum of OH2, as has been ob
served for other negative ions@37–42#. However, no evi-
dence of any resonance structure was observed near
thresholds scanned in this work. The dipole moment
OH2 is 166 D, which exceeds the minimum dipole streng
required to bind an electron in the field of a point dipole@43#.
However, Garrett showed that the inclusion of rotational m
tion and the finite size of the dipole increases this criti
dipole binding strength to'2 D @44#.

C. Electron affinity

Although the threshold corresponding to the electron
finity was not scanned, the extremely high resolution of la
photodetachment threshold spectroscopy and the techn
of combination differences allows the accurate determina
of the electron affinity of OH. Fitting of the experimenta
cross-section data for the photodetachment thresholds
vides the threshold frequencies for transitions between s
cific rotational states of the negative ion and the neutral m
ecule, as well as power-law exponents as discussed abov
contrast to photoionization experiments, the apparent o
of electron detachment really indicates the transition f
quency without concern about Rydberg states@2#, allowing
the accurate determination of spectroscopic quantities.
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TABLE I. Threshold frequencies and spectroscopic results from this work and comparison with
results. All values are in cm21 and uncertainties were determined as explained in the text.

This work Schulzet al.a Rosenbaumet al.b Engelkingc

n Q(1) 14 703.62~2!

n P(2) 14 628.70~3!

B0(OH
2) 18.732~3! 18.741~4! 18.7350~4!

EA(OH) 14 741.02~3! 14 741.0~2! 14 740.8~2!

aReference@3#.
bReference@4#.
cReference@29#.
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The Q(1) and P(2) thresholds terminate on differen
L-doublet components of the same rotational state of neu
OH, but originate from different rotational states of OH2.
Therefore, the difference of the threshold frequencies
Q(1) andP(2) is related to the rotational constant of th
negative ion but not the neutral OH. Knowledge of t
OH2 rotational constant and one of the threshold frequen
can be combined to determine the electron affinity of O
Specifically, the rotational energy of OH2 in the vibrational
ground state relative toJ50 is

E~J!5B0J~J11!2D0J
2~J11!2, ~3!

where B0 is the rotational constant,D0 is the centrifugal
distortion constant, and higher-order terms are ignored.
ing the above expression, the difference in the transition
quencies ofQ(1) andP(2) can written as

nQ~1!2nP~2!54B0232D01DF~3/2!, ~4!

whereDF(3/2) is theL-doubling splitting in the upper stat
of the transitions (J53/2), and is 0.055 cm21 @33#. The tran-
sition frequencies ofQ(1) andP(2), determined from fits to
the data of Figs. 4 and 5, are 14 703.621 a
14 628.703 cm21, respectively. Using these frequencies, t
value of the centrifugal distortion constant for OH2 deter-
mined by Schulz and co-workers, 2.052(45)31023 cm21

@3#, and Eq.~4! gives 18.732 cm21 for B0. Then, using Eq.
~3! and Fig. 1, the electron affinity of OH can be written

EA~OH!5nQ~1!12B024D02DF~3/2!. ~5!

The Q(1) transition frequency was used to determine
electron affinity because the uncertainty in this transition w
slightly smaller than forP(2), aswill be discussed below
The electron affinity of OH, as determined from the abo
equation and threshold frequency, is 14 741.02 cm21. Table
I summarizes the threshold frequencies and spectroscopi
sults that were obtained from this work including experime
tal uncertainties, and lists some results from prior exp
ments for comparison.

The primary source of uncertainty in the determination
B0(OH

2) andEA(OH) is uncertainty in the threshold fre
quencies, which has several significant sources. Uncerta
in the reproducibility of the wave meter readings was e
mated to be60.002 cm21. In addition, a large portion of the
uncertainty in the threshold frequencies can be attribute
uncertainty in the wavelength calibration of the polarizatio
stabilized He-Ne laser used as the reference for the w
al

f
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meter. Although this uncertainty is systematic, its effect,
well as any long-term drift of the He-Ne laser frequency, w
approximated by adding an uncertainty of half the longitu
nal mode spacing of the He-Ne laser,60.019 cm21, to the
uncertainties of the threshold frequencies. In addition to
above sources, there is also an uncertainty from the le
squares fitting procedure; as was done for the power-
exponents, this uncertainty was determined by doubling
x2 of the fit. ForQ(1) this uncertainty is60.002 cm21,
while for P(2) it is 60.006 cm21. The above uncertaintie
were added to obtain the uncertainties in each of the thre
old frequencies, which are given in Table I. Propagation
the uncertainties in the transition frequencies through the
culations to determine the rotational constant and elec
affinity gives the final uncertainties for those quantitie
which are also shown in Table I.

As is shown in Table I, the most accurate determinat
of B0(OH

2) was performed by Rosenbaumet al., using ve-
locity modulation laser spectroscopy@4#. The uncertainty in
EA(OH),60.03 cm21, is the most accurate determination
date by about an order of magnitude better than previ
work @3,29#. To determine the electron affinity more acc
rately than the result reported in this work would requ
scanning the rotational threshold corresponding to the e
tron affinity, R(0), with both copropagating and counte
propagating laser-ion beam geometries and then taking
geometrical average of the two apparent threshold frequ
cies @45,46#.

IV. CONCLUSIONS

Laser photodetachment threshold spectroscopy was
to investigate rotational thresholds of OH2 under high reso-
lution. For theP(2) threshold it was found that the appare
energy dependence of the photodetachment cross sectio
pends on the range of data above threshold included in
fit. On the other hand, for theQ(1) threshold the energy
dependence was the same for all ranges that were inv
gated. These results were interpreted by considering the
lationship of theL doubling and the long-range interactio
between the neutral OH and the departing electron. The c
section rises faster than the Wigner law (E2Eth)

1/2 predic-
tion when ar22 dipole potential is present between the ele
tron and the neutral. In addition, an electron affinity
14 741.02(3) cm21 for OH was determined from the fre
quencies of two rotational thresholds.
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