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The angular distributions of electrons photodetached from a beam of negative oxygen ions have
been measured at photon energies ranging from 1.7 to 2.7 eV. The calculation of asymmetry param-
eters for negative ions is briefly discussed, and the parameters derived from the measurements are
compared with calculations and other measurements.

I. iNTRODUCTION

Angular distributions of photoelectrons have been
studied in many experiments on atomic photoionization. '

Unlike total cross sections, differential-cross-section mea-
surements provide data not only on the magnitudes of the
relevant transition amplitudes but also on their relative
phases. The photoionization angular distributions gen-
erally undergo variations near threshold, near the Cooper
minimum, and in the vicinity of resonances. Calculations
show that the distributions are sensitive to ground-state
correlations, interchannel coupling, anisotropic electron-
ion interactions, and relativistic effects. ' Measurements
made as a function of photon energy allow the most care-
ful comparisons with theoretical calculations. Largely
because of relative experimental and theoretical simplici-
ty, the most extensive studies have been done on the
noble-gas atoms, but recent experiments have been car-
ried out on other elements as well.

While the first measurements of angular distributions
in photodetachment from negative ions were done 20
years ago, only a few such measurements have been
made to date, ' almost all at one or two wavelengths.
Sample preparation is a more difficult problem for nega-
tive ions than for neutra1 atoms, and experiments with
those ions which can be produced with sufficient density
to allow absorption measurements involve conditions
which are not very favorable for detection of detached
electrons. All of the measurements of angular distribu-
tions of photodetached electrons have been done using
laser-photodetached-electron spectrometry of negative-
ion beams. ' In these experiments, a mass-selected
negative-ion beam crosses the focal waist of a cw (usually
argon-ion) laser, and the electrons photodetached into a
narrow cone perpendicular to both the ion and laser
beams are collected and energy analyzed. The angular
distribution of electrons is obtained by measuring the
electron current as a function of the angle of the polariza-
tion of the linearly polarized laser beam. The large pho-
ton cruxes available with laser sources make possible mea-
surements with good signal-to-noise ratios, but a limited
range of photon energies is available.

This paper reports measurements of the angular distri-
bution of electrons photodetached from negative atomic
oxygen ions at five photoelectron kinetic energies ranging
from 0.24 to 1.25 eV. The experiments were done using a
collinear laser —ion-beam apparatus where the detached
electrons were collected from a 20-cm-long section of the
beam. 0 was chosen for this study because of its rela-
tive ease of production, the availability of suitable lasers
for photodetachment, the fine structure is small enough
that photoelectron energy analysis is not required, and
because it is one of the few negative ions for which a cal-
culation has been carried out. ' In addition to
presenting the experimental results, we brieAy discuss the
calculation of angular distributions, compare the experi-
mental results to the calculation by Cooper and Zare, '

and discuss the information about the transition matrix
elements contained in the experimental results.

II. EXPERIMENTAL TECHNIQUE

In general, the differential cross section for production
of photoelectrons from an unpolarized target by incident
linearly polarized light in the electric dipole approxima-
tion is written as

[ I+PPz(cos8) ],
77

where o. is the total cross section, p is the asymmetry pa-
rameter, Pz(cos8) =(3 cos 8—I )/2, and 8 is the angle be-
tween the polarization vector of the incident light and the
direction 'of the photoelectron. The experiment consisted
of measuring the photoelectron yield with a fixed detector
as the polarization of the light was rotated and extracting
a value for P for a number of laser wavelengths to give P
as a function of photoelectron energy.

A schematic diagram of the experimental apparatus is
shown in Fig. 1. Negative oxygen ions were produced in
a negative-surface-ionizer ion source ' and accelerated to
2.5 keV. After being mass analyzed in a magnetic isotope
separator, the ions entered a 1.2-m-long drift region
where they were overlapped with a collinear laser beam.
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FICx. 1. Schematic diagram of the experimental apparatus.

Both the neutral atoms and the electrons produced in the
photodetachment process was detected. The neutral
atoms were detected after the drift region, while those
electrons detached into a limited solid angle in the middle
of the drift region were detected in that region.

The negative surface ionizer consists of La86 (work
function, 2.7 eV; melting point, 2210'C) pressed on the
surface of a tantalum rod. Before use, the 1-mm spot of
LaB6 was sintered by heating to 1400 'C for a few
minutes. Typical operating conditions were a LaB6 tem-
perature of 1200'C and a source pressure of 1.5X10
Torr of 02. These conditions produced a stable ion
current of approximately 1 nA, which gradually de-
creased with time. The lifetime of the source was approx-
imately 40 h. The oxygen ions are probably not produced
in a surface-ionization process. An electron-capture pro-
cess in the region just outside the ionizer is more prob-
able.

The ions were extracted from the source through a 4-
mm-wide and 10-mm-long channel. After passing
through two electrostatic lenses and three pairs of
deflection plates, the ions were mass analyzed in a 55'
double-focusing magnet. Finally, the ions entered the
drift region, defined by two apertures with a diameter of
3 mm placed 1.2 m apart. To achieve a reasonably paral-
lel and homogeneous ion beam, the area of the ion beam
was made larger than the area of the entrance aperture.
This also reduced ion-beam-intensity fluctuations in the
drift region due to small variations in the ion-beam pa-
rameters.

A pair of deflection plates placed in front of the second
drift-region aperture were used to separate the ions from
the neutral atoms produced in the drift region. The ions
and neutral atoms were detected by letting them impinge
on a glass plate after the second aperture and measuring
the secondary electrons produced on the plate with a
channel electron multiplier (CEM). The glass plate was

covered with a thin conducting layer of tin-doped indium
oxide (In203.Sn) to prevent charging of the plate. The
bias voltage of the front cone of the CEM was adjusted so
that a large but not saturated signal was obtained. The
pulses from the CEM were amplified and counted. The
neutral beam typically produced a count rate of 20 kHz.

Two diff'erent lasers were used. An argon-ion laser (In-
nova 100) was used to produce wavelengths of 514, 488,
and 458 nm, and a ring dye laser (CR 699-21) was used to
produce wavelengths of 589 nm (Rhodamine dye) and
727 nm (Pyridine 1). The linearly polarized light from
the laser passed through a A/2 plate and a Glan-
Thomson polarizing prism (extinction ratio 10 ) and
finally entered the vacuum chamber perpendicular to a
flat glass window. The polarization of the light could be
adjusted to any desired angle by rotating the A,/2 plate
and the polarizer prism. The normal incidence of the
light on the vacuum-system window permitted rotation of
the polarization with a minimum of intensity variation.
The laser beam merged with the ion beam after it exited
from the mass-selecting magnet. To minimize variations
in the spatial overlap of the laser and ion beams, the laser
beam was made smaller than the ion beam (which had a
diameter of 3 mm). Two lenses were used in the laser
beam to get a thin (diameter 0.8 mm), nearly parallel
laser beam with its focus in the middle of the interaction
region.

A 25-cm-long graphite tube with an inner diameter of
1.3 cm and an outer diameter of 3.2 cm was placed in the
rniddle of the drift region. The ion beam traveled
through the center of the tube (here called the interaction
region). A row of 67 small holes, 2.5 mm in diameter,
was drilled in one side of the tube to allow electrons to es-
cape from the interaction region. This geometry allowed
only those electrons emitted perpendicular to the beam
(in the horizontal plane) and with a certain angle to the
plane of polarization of the laser beam to emerge from
the interaction region. A stainless-steel mesh with a
transmission of 30% was placed just outside the holes in
the graphite tube, and electrons which passed through
the mesh were collected using a bias of 60 V on the cone
of a CEM. Just as for the neutral atoms, the signal from
the CEM was amplified and counted.

A great deal of care was taken in order to make the in-
teraction region field free. Use of magnetic materials was
avoided. The vacuum chamber was enclosed in three
pairs of Helmholtz coils and the interaction region mag-
netically shielded with two layers of mu-metal. The re-
sidual magnetic field was measured with a Hall-probe
gaussmeter to be less than 10 T. To avoid problems
with contact potentials, only one material was used in the
interaction region. Graphite was chosen because of its
stability against contact potential changes. High voltages
from the CEM's and the deflection plates were carefully
shielded with copper plates and meshes to avoid stray
fields.

The vacuum in the interaction region was typically
4X 10 Torr. This was achieved with a diffusion pump
with a freon-cooled baNe and a liquid-nitrogen trap. A
better vacuum would have been desirable since co11ision-
ally detached electrons gave a significant background.
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Another initial source of background electrons was
secondary electrons produced when the ion beam im-
pinged on the edges of the first aperture. These electrons
were blocked with copper plates with slightly larger holes
placed just behind the aperture.

III. MEASUREMENTS AND RESULTS
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FIG. 2. Angular distribution of electrons photodetached
from 0 at 488 nm. The electron count rate, normalized to
that at 90, is plotted as a function of the angle between the light
polarization and the direction of the ejected electron. Correc-
tions for a kinematic effect and for acceptance angles are made
before using the data to extract a value for the asymmetry pa-
rameter P.

For all of the measurements the count rates of elec-
trons and neutrals were collected simultaneously. The
data were taken alternately with and without the laser
beam blocked. The data with no light were necessary to
determine the background of collisionally produced elec-
trons and neutral atoms. The numbers of photodetached
electrons and neutral atoms were obtained from the
differences in the data with and without light. The count
rate of the photodetached neutral atoms was used as nor-
malization to reduce the effects of laser- and ion-beam-
intensity variations.

In the initial stages of the experiment, the 488-nm line
from the argon-ion laser was used to photodetach the
electrons. The electron intensity was measured as the po-
larization of the light was rotated in 10 steps between
0=0 and 180. To reduce the influence from long-term
drifts, the intensity at 90' was measured before and after
each measurement at another angle, and the results were
normalized to the intensity at 90'. The normalized exper-
imental data are shown in Fig. 2. As can be seen in the
figure, the signal-to-noise ratio is about 40:1, and the data
are symmetric about 0=90'.

In order to interpret the experimental results properly,

two important effects have to be considered. The first is a
kinematic effect discussed by Siegel et al. The non-
negligible velocity of the ion beam causes a difference in
the center-of-mass system and in the laboratory system.
Electrons which are collected perpendicular to the ion
beam in the laboratory must have been ejected backwards
in the center-of-mass frame with a velocity equal to that
of the beam. The effect on the observed angular distribu-
tion is largest when 0=0' and decreases to zero when
0=90. Every electron emitted forward or backward is
ejected perpendicular to the polarization direction when
0=90'.

The second effect to be taken into account is the fairly
large acceptance angle in our experiment. The geometric
acceptance angle is +6' in the vertical plane, and the an-
gle is +15' in the horizontal direction due to the exten-
sion of the ion beam in the horizontal plane. The
effective vertical acceptance angle equals the geometrical
acceptance angle, while the effective horizontal accep-
tance angle depends upon the polarization of the light. If
8=90' (electric vector vertical), every electron emitted in
the horizontal plane is perpendicular to the electric vec-
tor. Thus the effective horizontal acceptance angle is
equal to zero. If 8=0' (electric vector horizontal), the
effective acceptance angle will be as large as +15 . Both
the kinematic and angular acceptance effects are larger
for 0=0' and act to reduce the contrast between the
0=0' and 90 results. These effects are included when the
value of p is extracted from the data. The kinematic
correction is much larger than the correction for angular
acceptance, but can be calculated accurately. For wave-
lengths other than 488 nm, only the intensities at 0=0'
and 90' were used to determine p. At these angles, the
effect of a possible misalignment of the polarization direc-
tion is a minimum.

The experimental results are presented in Table I along
with a comparison to previous results at 488 nm by Hall
and Siegel and at 488 and 514 nm by Breyer, Frey, and
Hotop. ' The uncertainty given includes statistical (two
standard deviations) and estimated systematic errors.
The influence of magnetic fields, of depolarization of the
laser light, and of polarization of the ion beam and of
ions other than 0 in the ion beam has been verified to
be negligible. Only errors due to misalignment of the
laser and ion beams with respect to the center of the
graphite tube are included as systematic errors. These
are estimated to change the value of p extracted from the
data by less than l%%uo. This error was added to the statist-
ical error to produce the result given in Table I.

Another possible source of error in the result arises
from reflection of electrons from the graphite surfaces.
Reflection, rather than absorption, of electrons in-
creases the angular acceptance and hence reduces the
magnitude of P derived from the data. If we assume that
electrons reflected from the surface are scattered isotropi-
cally into a solid angle of 2' and that 25% of the elec-
trons hitting the graphite are reflected, a ratio of intensi-
ties of photoelectrons at 0 and 90, given in Table I as
Io/I&0, could change by 0.015. At 488 nm this corre-
sponds to a change in /3 of 0.02. It is possible that this is
the reason why our measured values of /3 are slightly
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TABLE I. Results from the present experiment compared with previous measurements. The wave-

lengths have been corrected for the Doppler shifts in the present experiment. Io/I9o is the intensity ra-
tio for photoelectrons emitted 0 and 90' relative to the direction of the light polarization. The mea-
sured intensity ratio is corrected for a kinematic e6'ect and non-negligible acceptance angles before ex-
tracting a value for the asymmetry parameter P. The errors quoted for P include statistical errors (two
standard deviations) and an allowance for a small possible systematic error due to laser- and ion-beam
alignment. The values quoted from Ref. 10 are averaged over the fine structure.

Wavelength
(nm)

458.2
488.3
514.8
589.3
727.6

Io /I9o
measured

0.207(6)
0.170(3)
0.172(4)
0.216(13)
0.661(57)

IQ /I90
corrected

0.137(16)
0.087(13)
0.078(14)
0.083(23)
0.47(7)

(this work)

—0.808(20)
—0.876(18)
—0.888(20)
—0.881(32)
—0.43(7)

—0.885(15) —0.909(19)
—0.919(11)

'Reference 5.
Reference 10.

smaller in magnitude than the values obtained by Breyer,
Frey, and Hotop at 488 and 514 nm. Stray electric fields
could also change the efFective acceptance angle. The use
of graphite in the interaction region should minimize any
stray electric fields, and the efFect on electrons with ener-
gies of 0.3 eV or greater should be minimal.

IV. INTERPRETATION OF THE RESULTS

In the central-potential model, f3 for photodetachment
of an electron with initial orbital angular momentum l is
given by the Cooper-Zare' formula

l(l —1)RI, +(l +1)(1+2)Rr+i 61(1+—1)Rt+,Ri,cos(5t+t —5I i)
(21+1)[lRt, +(I +1)RI+, ]

(2)

where RI+, are the dipole radial matrix elements and 5&+&

are the phase shifts. For photodetachrnent of 0, l=1
and the continuum states are s and d waves.

Cooper and Zare used the semiempirical potential of
Robinson and Geltman to calculate P for a few negative
ions. Their results for 0 are shown as a solid line in
Fig. 3 along with the data of the present experiment.
Also shown in Fig. 3 are results obtained from Eq. (2) us-
ing simple assumptions about the negative ion. The dot-
dash line is the result of the very simplest assumptions. If
we assume that the fina1-state wavelength is large com-
pared to the size of the initial state (an assumption that is
reasonably well satisfied only for part of the range of pho-
toelectron energies shown), and if we assume that there is
no interaction between the continuum-state electron and
the neutral atom, we obtain a simple energy dependence
of the radial matrix elements, RI+& ~ k' —', where k is the
wave number of the continuum electron. (This energy
dependence of the matrix elements corresponds to
Wigner-law behavior of the cross section, which has
been shown to apply to a number of negative ions, includ-
ing 0, at least near threshold. ' ' Here we use this en-
ergy dependence only in the ratio of the matrix elements
for the two continuum channels, and it may continue to
be valid at energies where the cross section for either
channel shows significant deviation from signer-law be-
havior. ) Also, in this limit, there is no phase shift be-
tween the two outgoing waves and cos(51+&—5I &)= l.
Since R2/Rp ~k we can set R2/Rp= A2E where c is
the photoelectron energy and A z gives the relative size of

the two matrix elements. ( A2 is a measure of the size of
the negative ion; in the limit of zero size Az =0.) Setting
l= 1 in Eq. (2) and substituting A2E for Rp/Rp and c for
cos(52 —5c) (c= 1 in the simplest case), we obtain

-0.0—

-0.2—
(0
Q)

E
P -0.4—
05

CL

0) -06—
E
CO

-0.8—

~ W
I ' I ' I ' I ' I ' I ' I ' I ' I

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Photoelectron Energy (eV)

FICx. 3. Experimental results for the asymmetry parameter
plotted as a function of photoelectron energy together with the
results of the calculation by Cooper and Zare (Ref. 16) (solid
line) and with the results of a simple expression for P discussed
in the text with cos(52 5p) = 1 (dot-dash line) and
cos(52 —5o) =0.925 (dashed line).
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P=2A2e( A2e —2c)/(1+23 z
~E2) .

This expression for /3 with c= 1 and A2 adjusted to give
the minimum at the position of the minimum in the
Cooper-Zare calculation is what is plotted as the dot-
dash line in Fig. 3.

We see from Fig. 3 that this very simple model qualita-
tively reproduces the behavior of the asymmetry parame-
ter as a function of energy that is predicted by the more
realistic Cooper-Zare calculation. Thus the overall shape
of the curve reflects largely the short-range behavior of
the negative-ion potential. Very similar shapes near
threshold were calculated by Radojevic, Kelly, and
Johnson for asymmetry parameters in photodetachment
from the halogen negative ions. The simple formula
says that p starts at zero at threshold (pure s wave) and
falls due to interference between the s and d channels to a
minimum value at a position where Rz/Ro=0. 5 and
rises again toward the limiting value of p=+1 charac-
teristic of pure d wave. The minimum is characteristic of
negative ions. For photoionization of p shells of neutrals,
the Coulomb phase shift between the s and d waves gives
c = —1 at threshold, and p is positive near threshold.

The experimental data lie slightly above the Cooper-
Zare curve in Fig. 3. Examination of the expression for /3

shows that the position of the minimum depends largely
on the value of Az, while the depth of the minimum is
dependent mainly on c, i.e., the size of the phase shift. If
we adjust c to give a depth equal to that of the Cooper-
Zare curve, we find c =cos(62 —5o ) =0.96, consistent
with the value of 0.955(10) obtained directly from the cal-
culation and quoted by Breyer, Frey, and Hotop. ' The
dashed line also plotted in Fig. 3, which falls very close to
the data, is obtained using 32=1.1 eV ' and c=0.925.

Uncertainties in the magnitudes of P near the minimum,
arising from such things as electron reflection, directly
aff'ect the corresponding value of the phase shift, and thus
our results should not be taken to be inconsistent with
the Cooper-Zare value. Systematic changes in the value
of /3 have a smaller effect on the position of the minimum
and thus on the corresponding value for the ratio of the
sizes of the s and d wave cross sections.

V. CONCLUSIONS

Measurements of the asymmetry parameter p have
been made for photodetachment of 0 in the vicinity of
the first minimum of p. This minimum is characteristic
of photodetachment from a p orbital in a short-range po-
tential. Values for the phase shift and the ratio of the
sizes of the s and d wave cross sections are obtained by
comparison of the data with a simple expression for p.
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