Photoelectron spectroscopy of O~ at 266 nm: ratio of ground and excited atomic
oxygen production and channel resolved photoelectron anisotropy parameters
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The photodetachment dynamics of the atomic oxygen anion O~ has been investigated at 266 nm
(4.67 V) by photoelectron detection in a crossed beams experiment using a magnetic bottle electron
spectrometer. Taking explicit advantage of the Doppler shift imposed by the moving ion beam on
the photoelectron energies, we report both the final state branching ratio and photoelectron angular
distributions. After photoabsorption at 266 nm, the formed electron-oxygen scattering state disin-
tegrates, forming either the excited 'D or the ground P state of oxygen with a partition of 'D:3P
= 0.32+0.06. The detachment leading to the production of O(*P) shows an angular distribution
of photoelectrons characterized by Bp =0.00 £ 0.10 mimicking a pure s-wave detachment, while the
detachment into excited O(*D) occurs with 8p =-0.90 4 0.10, giving direct evidence for interference

between the outgoing s- and d-waves.

PACS numbers: 32.80.Gc

I. INTRODUCTION

The photodetachment of the oxygen anion is an impor-
tant model case for understanding effects of correlated
electron motion in an open shell system and, moreover,
plays a role for the oxygen chemistry in the Earth’s and
other planetary atmospheres [1]. Under these aspects the
photodetachment process has been the subject of both
experimental [2-14] and theoretical [3, 15-25] investiga-
tions for more than half a century.

A simplified illustration of the oxygen photodetach-
ment process is displayed in Fig.1. Through photoab-
sorption, a continuum-electron-oxygen scattering state
is generated, which (within the LS-coupling description)
has components of 2P, 2D, and 2S symmetry. The rela-
tive population of these components depends on the ini-
tial state of the anion and thereby reflects electron cor-
relation in its 2P ground state. The scattering state is
characterized by various final states composed by a free
electron and a neutral oxygen atom. The partitioning of
intensity among the different final states reflects the cou-
plings among the scattering wave components due to rel-
ativistic (e.g. spin-orbit) or anisotropic electron-neutral
(e.g. polarization) interactions as well as the interference
between waves leading to the same final state. The in-
tegral effects of the photoabsorption and the scattering
reaction are observationally manifest both through the
angular distribution of photoelectrons, described by the
anisotropy (asymmetry) parameter (3, and through the
relative populations Fx (X=3P,,'D,,!S;) of final ex-
cited states of the neutral O-atom, as identified by the
photoelectron energy.

One class of earlier experimental investigations has fo-
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cused on determining the cross section for the oxygen
photodetachment both on an absolute scale [4, 10, 14]
and as a function of photon energy [4, 11, 12] marked
with a shaded area in Fig.1. In particular the energy
region near and above the first detachment threshold
(*Py=1/2,3/2 — *Py=0,1,2) has been addressed to estab-
lish an accurate value for the electron affinity [2, 11, 13],
the energies of the individual fine structure transitions
[11, 12], as well as the precise energy dependence of the
photodetachment cross section [4, 12]; in total the pho-
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FIG. 1: (color online) Illustration of the photodetachment of
atomic oxygen at 266 nm. The shaded area along the energy
axis indicates the region of experimentally known cross section
[4, 11, 12] while the arrows indicate photon energies where
electron angular distributions and branching ratios into the
3P, multiplet states have previously been measured [5-8].



todetachment cross section is experimentally determined
up to photon energies of 4eV, and only a single exper-
imental study [4] has addressed the photodetachment
cross section in the region where production of the 'D
state of oxygen is energetically allowed. Another class of
experiments (green arrows in Fig. 1) has addressed explic-
itly the dynamics of the electron-oxygen scattering pro-
cess following the photoabsorption, by measurements of
the angular distribution of the emerging photoelectrons
[5-8] and the branching ratios for population of the dif-
ferent fine structure components of the final oxygen state
[6, 7, 9]. So far, such investigation have focused entirely
on the QPJ:1/2’3/2 — 3P j_012 transitions as indicated
in Fig. 1.

In this paper we report on an investigation of the
electron-oxygen scattering states formed by photodetach-
ment at 266 nm, thus with an internal energy where the
production of excited O(*D) and ground state O(°P)
compete, and where so far only theoretical calculations
have been available [15-23]. The experiment uses a fast
beam of ions crossed by a pulsed laser beam inside a mag-
netic bottle photoelectron spectrometer (see Refs. [26-
28]). Exploiting the Doppler shift imposed on the ener-
gies of the emitted electrons by the movement of the ion
beam, the experiment maps information on both the final
atomic state, 'D or 3P, and the anisotropy of the elec-
tron emission into the observable time-of-flight (TOF)
distribution of the photoelectrons.

II. EXPERIMENT
A. Setup

The experiment was performed at the ion beam facil-
ity TIFF [29] (Trapped Ion Fragmentation with an FEL)
installed at the FLASH facility [30] at DESY in Ham-
burg. For the present study we used this ion beam in-
frastructure, dedicated to crossed-beam investigations of
ion-photon interactions, in combination with a Nd:YAG
laser system.

At the TIFF setup a collimated ion beam of ~2nA
of oxygen anions with a kinetic energy of Ey=4.45keV
(vi =232mm/pus) was extracted from a hollow cathode
ion source operated with a gas inlet of pure water va-
por. From TIFF, ion pulses with a width of 10 us were
transported through a recently built ion beam line to an
interaction zone equipped with a magnetic bottle photo-
electron spectrometer.

A schematic drawing of the ion-photon interaction re-
gion and the electron spectrometer is shown in Fig. 2;
both the ion and the photon beam moves in the hori-
zontal plane, and the central axis of the electron spec-
trometer is vertical. At the interaction point the ion
pulses were crossed at 90 degrees by a horizontally po-
larized laser with 266 nm wavelength, ~ 5ns pulse width
and a mean pulse intensity of ~ 50 uJ, corresponding to
~ 7 x 10'3 photons per pulse. For each laser pulse, the
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FIG. 2: (color online) Illustration (not to scale) of the interac-
tion region with the magnetic bottle photoelectron spectrom-
eter.

relative intensity and the precise arrival time at the inter-
action point were monitored by a fast photodiode, while
the absolute mean pulse intensity was recorded using a
slower thermal power meter.

The spatial profiles of the two beams were determined
inside the electron spectrometer with a movable beam
flag [28]. The ion beam could be represented by Gaussian
distributions in both horizontal and vertical directions
with widths (RMS) of 1.5 mm and 1.4 mm, respectively;
the photon beam was nearly circular with a Gaussian
width of 0.9 mm: thus, a total of ~ 40 ions were irradiated
in each laser pulse.

The magnetic bottle spectrometer (see Fig. 2) consists
of a small permanent magnet with a solid iron cone lo-
cated ~1cm above the interaction volume for concen-
trating the magnetic field lines, and a 600 mm long drift
tube equipped with a solenoid magnet starting ~ 5 cm be-
low the interaction zone. A 40 mm Multi Channel Plate
detector (MCP 1), positioned at the end of the drift tube,
was used for electron detection. In this type of arrange-
ment [26, 27, 31-33], photoelectrons are emitted in a
strong field (here ~50mT) and magnetically bent down-
ward into the drift tube where a constant, weak magnetic
guiding field (~2mT) is maintained by the solenoid. The
primary O~ beam passed a set of electrostatic deflec-
tion plates 20 cm downstream from the interaction re-
gion bending it into a Faraday cup. The TOF of neutral
oxygen atoms produced in the photodetachment process
or in collisions with the residual gas was registered by
another 40 mm MCP detector (MCP 2) located ~ 50 cm
behind the interaction region.



B. Photoelectron TOF distribution

In the rest frame of the reactants, O~ + -y, a photode-
tachment event at A\, =266 nm will lead to a photoelec-
tron emerging with a kinetic energy of

e = (EA/ - ED,O - EX) X (M/me)a (1)

where F, =4.67eV is the photon energy, Ep o =1.46eV
is the detachement threshold energy of oxygen, Ex rep-
resents the excitation energy of the residual neutral
oxygen, that is Fsp=0 and Fip=1.97eV, and py =
mome/(mo + me) = me. The distribution of emission
angles of the photoelectrons can generally be described
by the formula [25]

1 B 36 45 7
5~ 1 + 1 08 0| d(cosf), (2)

P(0,5) d(cosf) =
where 6 is the angle of emission relative to the laser polar-
ization (here €, =e,) and § € [—1;2] is the anisotropy
parameter.

Under the present experimental conditions, the fast
motion of the detaching O~ ions modifies the observable
electron energies in the laboratory frame by a Doppler
shift that depends explicitly on the angle of emission rel-
ative to the ion motion. Thus, neglecting the momen-
tum of the photon with respect to that of the ion (i. e.
E,/(mivic) ~ 0), and using the coordinates indicated
in Fig.2, a photoelectron emitted from an oxygen an-
ion moving at speed v; emerges with a total laboratory
velocity vL' given by

L N i
Ve = Vi€x + Velle = Vi + vl (3)

el

where v, =+/2¢c/me and fe = sin @ cos ¢ ex
+sinfsinge, +cosfe, is the unit vector in the
direction of electron emission in the rest frame of O~
with 8 and ¢ representing the inclination and azimuth
angles of a spherical coordinate system. The coordinate
system is defined with vX in the xy-plane and v!i
parallel to the z-axis.

After detachment, the photoelectron is bent in the
magnetic field of the electron spectrometer, thereby ef-
fectively converting part of its initial momentum in the
direction transverse to the magnetic field, mv with

1

Vei =

\/v? + 02 sin® 6 + 20V, sin 0 cos ¢, into momentum
in the direction parallel to the magnetic field, a process
known as parallelization [26].

In the simplest idealized representation, we assume all
photoelectrons to be instantaneously parallelized to the
magnetic field with a complete transfer of transverse to
longitudinal momentum, while maintaining their kinetic

energy. Under this assumption a photoelectron appears

immediately with its final longitudinal velocity of vﬂf =

(fugi)2 + (v5)2 = J/vZ +v2 + 2010 sinf cos p.  More-

ei

over, since the laser is horizontally polarized, €, -fie =

3

sinfcos¢ = cosf. The time of flight of a photoelectron
to MCP 1 can thus be written as

t = L/\/v 4 v2 + 2010, cos b, (4)

where L is the total distance from the interaction point
to the detector surface (L = 653 mm). Finally, combining
Eq. (2) and (4), the following formula for the photoelec-
tron TOF distribution can be derived:

P(t,’l}e,’l)i,ﬁ) dt =

The idealized Eq.(5) is only defined on the interval
t € [L/(ve + vi);L/(ve — vi)] and zero otherwise. As
mentioned, Eq. (5) relies on the assumptions of complete
and instantaneous parallelization and on the laser be-
ing horizontally polarized. Equation (5) displays explic-
itly, how the time-of-flight distributions of photoelectrons
map both the electron energy by the temporal range cov-
ered and the emission anisotropy by the shape of the dis-
tribution. For instance, an isotropic distribution (8 =0)
will appear as a decreasing ¢ function between two
sharp edges, a distribution with =2 will display a min-
imum between the two edges, while a distribution corre-
sponding to 8 = —1 will be zero at the edges and display
a maximum. The total temporal width where the distri-
bution is non-zero is given by

w 2L x min(vi,ve)’ (6)
vg — v}
which demonstrates how the Doppler shift imposed by
the moving ion beam can be advantageously used to
widen the TOF distribution and thereby improve the ex-
perimental resolution of the angular anisotropy.

While the analytical expression in Eq. (5) holds the es-
sential features of the observable TOF distribution, the
idealized assumption of instantaneous and complete par-
allelization of the momenta for all electrons is evidently
oversimplifying. As an improved approximation, the par-
allelization may be considered adiabatic [26], meaning
that the angular momenta of the electrons are consid-
ered conserved during the (still instantaneous) magnetic
bending; in this case the transfer of transverse to longi-
tudinal momentum is governed only by the ratio of the
magnetic field strength at the interaction point and in
the drift tube.

In the actual experiment, however, also this adiabatic
approximation cannot be considered fulfilled, and more-
over, the time spent in the inhomogeneous part of the
magnetic field cannot be neglected. Additionally, the
conditions of the actual experimental situation, such as
the finite beam sizes, the temporal laser pulse width, and



the presence of small electrical contact potentials on the
spectrometer electrodes will affect the observed TOF dis-
tribution. Finally, a small fraction of electrons emitted
upwards may not be transmitted effectively to MCP 1 by
the magnetic field. Thus, to obtain a realistic represen-
tation of the observed photoelectron distribution, we in-
troduce a parametric Monte Carlo model Pyic(t, €, 3, P)
where p = (Ap, A1, La, 0t) holds a set of parameters that
accounts for deviations from the idealized distribution,
Eq. (5).

In this model, the parallelization of the electron veloci-
ties is described by two parameters, Ag and Ay, such that
the final transverse velocity of an emitted photoelectron

is written as
1 1 U5
Vs = Ui\ Ao + A1 _5_1 (7)
1

where Ag accounts for an adiabatic parallelization and
A, for first-order deviations from adiabaticity; the nor-
malization of v to the ion velocity v; is peformed to ex-
press A; as unitless number. To describe parametrically
the combined effects of the non-instantaneous bending
process, the finite beam sizes, the finite laser temporal
width, and contact potentials, we further introduce an
effective distance L4 from the interaction region to the
detector and an effective temporal resolution dt.

For a given parameter set, the Monte Carlo distribu-
tion Pye(t, e, B, ) is obtained numerically as follows:
(a) a set of random inclination angles 6 is generated obey-
ing the general distribution in Eq.(2), together with a
set of random azimuth angles ¢ € [0; 27], each set con-

sisting of N =5 x 10° numbers; (b) the initial electron

velocities (U(Lli, vZ) are calculated according Eq. (3); (c)

the final electron velocities after the magnetic bending

(vgf, v%) are determined by applying Eq. (7) and energy

conservation; (d) the times of flight to the detector are
calculated as t, = Ld/vgf; (e) the resulting set of times
te is histogrammed to form a distribution P{q(te); (f)
the function PYq(t.) is folded with a Gaussian of width
(RMS) 4t to obtain the final distribution Pyic (¢, €e, 8, P)-

III. RESULTS AND DISCUSSION

Figure 3 shows the observed distribution of electron
times of flight after photodetachment of O~ at 266 nm.
The distribution has two distinct components corre-
sponding to transitions into the 3P (e, =3.20eV, t = 520~
820ns) and the 'D (e, =1.23eV, t=750-1500ns) state
of atomic oxygen. The TOF distribution for the O(*P)
channel is characterized by rather sharp edges both at
high and low times (the fine-structure of the 3P is not
resolved in this experiment) with a smooth decline be-
tween them corresponding to a near isotropic (8 ~ 0)
electron emission. In contrast, the distribution for the
O('D) channel shows smooth edges at low and high times

with a maximum at ~ 865 ns characteristic of a distribu-
tion with 5 < 0 (see Eq. (5)).

The observed TOF distribution can be quantitatively
modeled by a sum of two independent components

Pexp(t) = Fp PMC (t, 3.20 eV, 5}3, p)
+ Ip PMc(t,l.Q?) eV,ﬁD,p), (8)

where the evaluation of the Monte Carlo function is de-
scribed above (Section II B). We obtain both the channel
fractions (Fp, Fp) and the anisotropy parameters (Op,
fOp) characterizing the photodetachment dynamics, as
well as the parameter set p = (Ao, A1, Lq, 0t) from
a least squares fit of Eq. (8) to the experimental distribu-
tion. The dashed black line in Fig. 3 shows the resulting
model distribution.
For the transition to the O(®*P) state we obtain:

Fp =0.76 4 0.04
Bp = 0.00+0.10 (9)

while for the transition to the O(*D) state the result is:

Fp = 0.24+0.04
Bp = —0.90 £ 0.10 (10)

together with fitted values of the experimental param-
eters of Ap=(3.840.5) x 1072, A;=(4.0£0.5) x 1074,
L4=666+2mm, and §t=4.7+ 0.5 ns.

From the present experiment we thus determine the
branching ratio between excited and ground state oxygen
production at 266 nm to be Fp/Fp=0.32+0.06, repre-
senting the first direct experimental value for this ratio;
a rough estimate has previously been given based on the
total photodetachment cross section [4]. At lower en-
ergy, branching ratios between the fine structure com-
ponents of the O(?P;) — O(®P) transitions have been
studied [6, 7, 9]. On the theoretical side, some studies
around 266 nm have only reported the total photode-
tachment cross section [15-19], while partial channel re-
solved cross sections have indeed also been presented in
several calculations [20-23] allowing a direct comparison
to the present experiment. Thus, the ratio 'D:3P af-
ter detachment has so far been calculated to ~ 0.8 [20]
(from their Fig.3), ~0.6 [21] (from their Fig.4), ~0.5
[22] (from their Fig.4), and most recently ~ 0.25 [23]
(from their Fig.3). In comparison, the most recent cal-
culation [23] slightly underestimates the experimental re-
sult, while the earlier calculations all significantly over-
estimated the 'D: 3P ratio.

The present experimental investigation is also the first
to address the electron emission anisotropy in the region
where both 'D and ?P states of oxygen are accessible,
while several experiments have been performed at lower
energy [5-8] (see also Fig. 1). For the transition to P, the
angular distribution mimicks a pure s-wave with 3 close
to zero as given in Eq.(9), while the transition to the
D state is accompanied by a negative value of 3~-0.9
far away from either pure s-wave (3 = 0) or pure d-wave
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FIG. 3: (color online) Measured electron time-of-flight distribution after photodetachment of O~ at 266 nm. The red (thick)
curve shows the experimental distribution, while the dashed black curve shows a fit to the distribution with a Monte Carlo
model (see Section IIB). The gray (thin) curves show the invididual contributions from transitions to O(*P) and O('D) to the

total fit.

(6 = 1) behavior, thus giving clear evidence for super-
position of the outgoing waves. Only few calculations
[18, 25] have given explicit values for 3, and only below
4eV, thus a direct comparison to theory is not possible
at this stage. For the transition to the 3P state, a sim-
ple linear extrapolation to higher energies seems to favor
the Cooper-Zare formula [25] over the theory of Stehman
and Woo [18], thus giving a value for Op close to the
experimental value (0.00 £ 0.10).

Wu et al. [23] report cross sections resolved both
with respect to the excitation of the oxygen atom and
the angular momentum of the emerging electron, in
particular (from their Fig.3) at 4.67eV: o(*P+ecd) ~
2.2Mb, 0(3P+ees)~ 7.2Mb and o(*D+e.d)~ 0.7 Mb,
o(*D+éees) ~ 1.8Mb. However, the phases of the out-
going partial waves are not given explicitly, making it
presently difficult to judge the effect of interference of
the various outgoing waves (see Fig. 1). Thus, it appears
as an interesting problem to disentangle the photoelec-
tron anisotropy at elevated photon energies where several
different electron waves can interfere.

It should be emphasized that the present experiment
is carried out in a static magnetic field of ~50mT
that could possibly affect both the photoabsorption and
the subsequent electron-oxygen scattering process. On
the other hand, the energy shift in this field is small
(uB ~3peV) compared to the electron ejection en-

ergy €, and the electron cyclotron radius is very large
(v2meee/eB ~ 100 pm) compared to atomic dimensions.
We therefore expect the effect of this static field to be of
minor importance.

The present experiment represents a first example
where the Doppler shift of electrons emitted from a fast
moving ion beam has been used in combination with the
magnetic bottle technique to study angular distributions
of photoelectrons. The possibility of angular resolved
measurements using a magnetic bottle spectrometer was
discussed already by Kruit et al. [26] using retarding po-
tentials, however, the Doppler effect has been mostly con-
sidered to be an artifact limiting the achievable energy
resolution [31]. Photoelectron angular distributions have
been studied previously by methods based on rotation
of the laser polarization and with a detector at a cer-
tain angle [5, 6, 8, 34], and more recently with advanced
methods based on photoelectron imaging in two [35, 36]
and three [37, 38] dimensions. The technique described
here appears as a simple alternative to the imaging tech-
niques, especially for studies of photodetachment dynam-
ics in systems where the energetics are well known, how-
ever, determination of photoelectron energies is of course
still feasible using the magnetic bottle method.

Additionally, as indicated in Fig. 2, the method can be
combined with coincident detection of neutral fragments
emerging from the photodetachment reaction (possibly



with momentum imaging). This would in particular be
interesting for studies of molecular systems. Following
this experiment, we intend to employ this technique also
at higher photon energies as they can be obtained from
FLASH.

IV. CONCLUSION

Summarizing, we have for the first time experi-
mentally investigated the photodetachment dynamics
of the atomic oxygen anion O~ at 266nm (4.67eV)
where detachment into O(*P) and O(!D) competes.
We find a final state branching of 'D:3P =0.32+0.06
and anisotropy parameters of ([p=0.00£0.10 and
Bp =-0.90£0.10. A recent theoretical calculation [23]
predicts a branching ratio of ~0.25, thus only slightly
smaller than the experimental result. For the angular
distribution of photoelectrons, a direct comparison with
theory is not yet possible. The present experiment invites

a deeper theoretical exploration of high energy photode-
tachment of oxygen.

The present experiment relies on the use of a fast mov-
ing ion beam which makes it possible to take advantage
of the Doppler shift imposed by the moving ion beam on
the energies of the emerging photoelectrons to effectively
resolve the angular distributions with a magnetic bottle
photoelectron spectrometer. The directed forward mo-
tion of the ion beam can also allow universal access to
the neutral fragments emerging from the reaction.
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