
PHYSICAL REVIEW A 86, 023409 (2012)

Single and double electron photodetachment from the oxygen anion at 41.7 nm
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Single and double photodetachment of the oxygen anion O− have been investigated at 41.7 nm (29.8 eV) in a
crossed beams experiment using intense photon pulses from a free-electron laser. The ratio of single (O0 + e−)
and double (O+ + 2e−) detachment was determined to be σO0/σO+ = 4.12± 0.17 as identified directly from the
yield of O0 and O+ fragments after irradiation. The absolute cross section for the dominating single detachment
channel was measured to σO0 = (2.1 ± 0.6) × 10−19 cm2. Analysis of photoelectrons detected in coincidence
with neutral fragments (O0) suggests that single photodetachment primarily happens via the ground (3P ) or lowest
excited (1D) state of oxygen. The results demonstrate the feasibility and advantage of crossed beams experiments
for complete studies of photodetachment reactions.
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I. INTRODUCTION

Studies of electron detachment processes from negative
ions (A−), shortly written as

A− c−→ An−1 + ne−, (1)

have provided some of the most detailed insight into the
structure and dynamics of atomic ions [1]. Single (n = 1) or
multiple (n � 2) electron detachments reactions have been in-
duced both by collisions with heavy targets (c = gas) [2], with
electrons (c = e−) [3,4], and by photoabsorption (c = γ ) [1].

Single electron photodetachment (n = 1) of atomic anions
has been studied extensively in the infrared and ultraviolet
regime using lasers, see, e.g., Ref. [1], where properties of
both the emerging neutral atoms and the emitted photoelec-
trons have been analyzed. Investigations of single electron
photodetachment in the extreme ultraviolet (xuv) regime were
pioneered with Doppler-tuned spectroscopy on relativistic ion
beams for the case of the atomic hydrogen anion (H− and D−)
[5–7]. Experimental studies on double electron photodetach-
ment (n = 2) reactions were also first explored with the combi-
nation of lasers and relativistic ion beams for H− [8], followed
by experiments with fast (nonrelativistic) ion beams and lasers
for He− [9] and K− [10], where the focus was on characterizing
the threshold region still accessible with ultraviolet (uv) lasers.

Within the last decade more universal experimental setups
[11,12] for detachment and ionization experiments of ionic
targets in the xuv range have been realized, where intense
synchrotron radiation is merged co-linearly with fast moving
ion beams. With these experimental systems, benchmarking
results of wavelength resolved absolute cross sections for
double electron photodetachment have been obtained both
for cases of inner-shell and valence-shell electron detachment
[11–19]. Several cases of multiple electron photodetachment
(n � 3) have also been investigated [20–23].

For photon energy regimes where inner-shell detachments
is possible, e.g., studies of He− [14], Li− [12,13], C− [15],
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and S− [22], the double detachment reaction mostly seems
to proceed as a sequential process of inner-shell electron
detachment followed by Auger decay showing, however, also
delicate processes near thresholds such as the postcollisional
re-capture [19,24] and the double Auger decay from a hollow
resonance [18]. In contrast, for photon energy regions where
valence electrons are accessed, e.g., experiments on Na− [11],
F− [16], and Cl− [17], double detachment mechanisms both
of indirect (sequential) nature, involving detachment into
excited neutrals states followed by autoionization, and of direct
nature with simultaneous emission of two electrons have been
discussed. In particular, for the halogen anions F− [16] and
Cl− [17] simultaneous processes are believed to dominate over
sequential processes.

The experimental systems using merged beams [11,12]
are limited in the sense that they inherently are unable to
observe neither neutral fragments that originate from the
single electron detachment, nor emerging photoelectrons. For
instance, techniques developed to detect neutral fragments in
a merged beams setup in lower photon energy regimes, see,
e.g., Ref. [25], are not extendable to high photon energies, and
the use of inclined beams geometries have so far not been
reported. Moreover, especially photoelectron spectroscopy
in the present merged beams setups seems difficult to
realize.

Evidently, these experimental limitations also restrict the
conclusions that can be drawn from the experimental data
without additional theoretical interpretation. For example,
an important outstanding issue in the xuv regime is the
significance of single detachment (n = 1) in comparison to the
double (and multiple) detachment (n � 2) processes. This is
true both for processes involving K-shell detachment, where
for instance the postcollisional recapture processes [19,24]
could be more directly characterized by observation of neutral
fragments, as well as for processes involving detachment
of valence electrons, where the ratio of single to double
detachment has only been roughly estimated for He− [9].
Moreover, analysis of the properties of the emitted photo-
electrons would evidently ease the experimental assignment
of detachment mechanisms as dominated by sequential or
simultaneous electron emissions.
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FIG. 1. (Color online) Schematic energy-level diagram for O−,
O0, and O+ in the region accessible by 41.7-nm photoabsorption
and illustration of electron photodetachment processes. Processes
labeled by 1 show single detachments while processes labeled 2
and 3 show direct (simultaneous) and indirect (sequential) double
photodetachment, respectively.

In this paper, we address these two experimental limitations
with an exploratory study of the oxygen anion at 41.7 nm
(29.8 eV) irradiation using a crossed beams setup in combina-
tion with an intense free electron laser (FEL). We focus in this
paper mainly on the characterization of the ratio of single and
double photodetachment processes; however, we also discuss
the possibilities for electron spectroscopy in the crossed beams
geometry.

Numerous aspects of the photodetachment of the oxygen
anion have been studied previously in the ir and uv regimes,
yielding the ground state (3P ) of the oxygen (O0) as product;
see, e.g., Ref. [26] for a recent overview of literature. Figure 1
shows schematically the energy levels of O0 and O+ and
processes that are accessible with the 41.7-nm radiation
used in this work. Thus, under 41.7 nm (Eγ = 29.8 eV)
irradiation, the oxygen anion can undergo single photode-
tachment (processes indicated by 1 in Fig. 1) leaving the
O0 atom in its ground or excited states while emitting a
photoelectron with energy Ee = Eγ − Ef , where Ef is the
energy of the O0 above the ground state of the anion. Double
electron photodetachment can proceed as a direct process
(labeled 2) with simultaneous emission of two electrons or
as an indirect(sequential) process (labeled 3) involving initial
single detachment followed by autoionization from an excited
state of the neutral oxygen.

While previous measurements on xuv photodetachment of
valence electrons [11,16,17] have emphasized the importance
of the double detachment channels, we demonstrate in the
present work for the case of the oxygen anion that the single

detachment channel dominates over double detachment by a
factor of ∼4.

II. CROSSED BEAMS EXPERIMENT

The experiment was performed at the Plane Grating
monochromator (PG2) beam line [27] of the Free Electron
Laser in Hamburg (FLASH) facility [28,29] at Deutsches
Elektronen Syncrotron (DESY) using the ion beam facility
TIFF [30] (trapped ion fragmentation with a FEL) which is
installed with a crossed ion-photon interaction zone ∼1.5 m
before the focus of the photon beam line.

Negative ions were produced in a hollow cathode ion source
operated at a high potential with a gas inlet of pure water
vapor of an approximate pressure of 0.1 mbar and sustaining
a discharge of 775 V and 55 mA. From the source, ions were
extracted to ground potential thereby generating a collimated
beam of negative ions of kinetic energy E0 = 3.0 kV. The
beam was subsequently mass analyzed in a magnetic field,
giving a total current of oxygen anions of a few nA which was
sufficient for the present experiment.

The mass selected O− ions were then electrically focused
and guided as well as further collimated by two sets of slits.
They entered the crossed beam interaction zone as a horizontal,
essentially parallel beam of IO− = 1.0 nA, corresponding to
a linear density of lO− = 3.3 × 102 cm−1. Figure 2 shows a
schematic drawing of the present interaction zone and detector
setup at TIFF. During the measurement, the ion beam was
chopped [30] into 2.5-μs-long pulses, matched to the time
structure of FLASH. After the interaction region the ion pulses
were bent upwards and dumped.

For the present experiment the FLASH facility delivered
intense horizontally polarized radiation at a wavelength of
41.7 ± 0.5 nm with a repetition rate of 10 Hz in the form of
trains of 50 short (∼250 fs) pulses with a time interval of 5 μs
between them. The average pulse intensity after spatial colli-
mation was 30 μJ/pulse, i.e., Nγ = 6 × 1012 photons/pulse.
The transmission through the PG2 beam line was TPG2 =
0.5 ± 0.1, thus resulting in an average of 15 μJ/pulse in
the interaction zone. Here the photon and ion pulses were
crossed at 90◦ inside a newly implemented photoelectron
spectrometer (see Fig. 2). Before and after the interaction
region the photon beam was carefully aligned through slits
of 3 × 3-mm openings, which also prevented most of the stray
light generated in the PG2 beam line from entering the electron
spectrometer and detector region. About 3 m downstream from
the interaction region, the photon pulses were sent onto a Cu
plate biased to −800 V from which both a precise timing
signal for the arrival of the photon pulses as well as a signal
proportional to pulse energy were derived.

The vertical intensity profiles of the two beams were
monitored by moving inside the electron spectrometer a
1-mm-wide needle across the two beams while measuring the
ion current and the pulse height of the amplified and shaped
signal extracted from the biased Cu plate. The beam profiles
determined in this way are shown in Fig. 2. Considering
the convolution of the measured intensity distributions with
the width of the needle, the vertical profiles of both beams
can be well approximated by Gaussian distributions with, in
the present case, very similar widths of 0.39 mm (rms). The
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FIG. 2. (Color online) The experimental setup around the interaction region of the TIFF experimental setup [30] at FLASH [28,29]. The
lines show calculated fragment trajectories for O0 (green) and O+(blue) after photodetachment in the interaction zone. The inset shows the
vertical profiles of the two beams as measured with the 1-mm insertable needle in the middle of the interaction region.

beam centers coincide with a remaining shift of 0.02 mm. In
consequence the vertical overlap factor [30] can be determined
to be F = 7.3 ± 0.1 cm−1.

As shown in Fig. 2, the TIFF experiment involves three
position and time resolving detectors for atomic and molecular
fragments (DET 1-3) and two detectors for photoelectrons
(eDET1-2). The experiment also involves an electrostatic
mirror that is normally used to separate heavy charge fragments
from the original ion beam.

In this exploratory experiment we used only DET 2 for
detection of both neutral O0 atoms and single charged O+
ions. The setup around the electrostatic mirror was actively
used to deflect the main ion beam (O−) towards DET 3 as well
as to advance and deflect the O+ ion relative to the neutral
O0. Following the deflection of the anions in the electrostatic
mirror, O+ and O0 could be distinguished from each other on
DET 2 by their different positions of impact. Moreover, the
applied potentials lead to a shorter time of flight (TOF) for the
ions (O+) from the O− photodetachment than for the neutrals
(O0). To ensure the same efficiency for detection of the O0 and
O+ fragments the stack of multichannel plates of DET 2 was
biased with ground potential on its front.

During the experiment the data collection was continuously
(at twice the FLASH repetition rate, i.e., at 20 Hz) alternated
between four different conditions, namely with (1) both ions
and photon pulses in the interaction region, (2) only ion pulses,
(3) only photon pulses, and (4) neither ion nor photon pulses
(dark counts). To reduce the background from processes in
the residual gas, the pressure in the interaction region was
kept at ultrahigh vacuum of 1–3 × 10−10 mbar, during the
measurement.

III. RESULTS

A. Ratio of single and double detachment

Figure 3(a) displays the observed distributions of TOFs for
particles impacting on DET 2 as referenced to the photon
arrival time. A major background stems from single and
double detachment from O− by the residual gas of the vacuum
chamber (red curve, ions only). By changing the deflection
field just before DET 2, using the postdeflector shown in

Fig. 2, it was verified that double detachment (yielding O+)
dominates this background. A contribution to the background
is also observed when only photon pulses are present in the
interaction region (black curve); this signal (γ ) stems from a
small fraction of photons scattered to DET 2 at the subsequent
FLASH pulse. The fragments from single (O0) and double
(O+) photodetachment are identified as narrow peaks at 4880
and 5150 ns, respectively; the width of these peaks (∼5 ns)
reflects a spread of ∼0.1% in the ion-beam energy.

Figure 3(b) shows the spatial positions of impact on DET
2 for the events in the TOF regions around the photoinduced
O0 and O+ fragments. Two small, separate, and well defined
regions of the detector surface are seen to accept impacts of
the O0 and O+ fragments produced in photodetachment, also
demonstrating that DET 2 indeed accepts all photoinduced
fragments. In Fig. 3(c) the resulting TOF distribution is shown
after selecting events with impact positions in narrow spatial
regions around the impact positions of O0 and O+ in Fig. 3(b),
where also the remaining (small) background from residual
gas interactions, stray photons, and dark counts has been
subtracted.

The number of detected particles NX for either single (X =
O0) or double (X = O+) detachment can be written as

NX = σX〈Nγ 〉TPG2Pγ lO−FεX, (2)

where σX is the reaction cross section, 〈Nγ 〉 is the average
number of photons per pulse, Pγ is the number of photon-
ion crossings, lO− is the linear ion density, F is the spatial
overlap factor, and εX is the detector efficiency for particle
of type X. With the values for the present experiment, and
assuming a detector efficiency of εO0 = 0.5 ± 0.1, this results
in a cross section of σO0 = (2.1 ± 0.6) × 10−19 cm2 for the
single detachment channel.

Since the two types of fragments (O0 and O+) are detected
with the same efficiency, εO0 = εO+ , the ratio of single and
double detachment can be directly obtained from the ratio
of counts in the two peaks shown in Fig. 3(c). (For this
figure it amounts to σO0/σO+ = 3.99 ± 0.26). To investigate
a possible variation of the detector efficiency depending
on the spatial location of particle impact on DET 2, i.e.,
εO0,O+ = εO0,O+ (x,y), measurements were made for different
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FIG. 3. (Color online) Detection of O0 and O+ fragments on DET
2 as obtained after 1.3 × 106 ion-photon crossings. (a) Distribution of
time of flight (TOF) relative to the FLASH arrival, as observed with
DET 2. The traces representing different conditions of measurement
are explained in the text. The O+ ions formed in double detachment
are seen as a narrow peak at 4880 ns in the distribution obtained with
both photons and ions in the interaction region. Similarly, the neutral
oxygen atoms (O0) from single detachment appears at 5150 ns, while
the peak labeled γ represents a photon background (see the text).
(b) Distribution of particle impact positions on DET 2 for 4870 ns �
TOF � 4991 ns (O+) or for 5140 ns � TOF � 5160 ns (O0). (c) TOF
distribution from DET 2 for impact positions near the regions of O0

and O+ seen in (b).

mean impact positions of the O+ fragment. Thus, the spatial
position of the O+ particles was varied using the postdeflectors
seen in Fig. 2. The result of this investigation is shown in Fig. 4
where the ratio σO+/σO0 is plotted versus the mean spatial
separation of detected O+ and O0 particles. Evidently, there is
no significant variation of the detector efficiency across DET 2.
Combining all data, we obtain as the final experimental value
for the ratio of double and single detachment cross section for
O− at 41.7 nm,

σO0

σO+
= 4.12 ± 0.17. (3)
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FIG. 4. (Color online) Investigation of a possible variation on
detector efficiency across DET 2: the measured ratio of single and
double detachment as a function of the mean spatial separation of
impact positions of O+ and O0 particles.

B. Photoelectrons from single detachment

The selective detection of electrons from the photode-
tachment processes is intrinsically more difficult than the
detection of neutral and charged photofragments since the
electrons arising from photodetachment must be detected on
top of a background of similar photoelectrons resulting from
ionization of the residual gas (mainly H2 at ∼10−10 mbar). The
detection of the heavy fragments (O0, O+) are insensitive to
this background since they propagate at high speed to DET2
(see Fig. 2), while the ionized species from the residual gas
are formed at thermal velocities. Additionally, stray xuv light
along the photon beam path may generate signals on the nearby
electron detectors (see Fig. 2) due both to photons scattered
directly onto the detector and to photoelectrons released from
surfaces inside the interaction zone. The background from
electrons generated by ion impact onto residual gas molecules
is essentially negligible.

More explicitly, the number of fragments produced in a
photodetachment reaction X (= 00, O+) within a single ion-
photon crossing can be written as RX = σXTPG2Nγ lO−F [see
also Eq. (2)] while the number of fragments resulting from
collisions with the residual gas is

R
g

X = σ
g

Xng(IO−/e)Lg

X�tX, (4)

where σ
g

X (∼10−15 cm2) is the cross section for detachment
in the residual gas, ng (∼2 × 106 cm−3) is the residual gas
density, IO−/e (∼1 nA/e) is the rate of ions, and L

g

X (∼150 cm)
is the effective propagation length from which fragments from
the process X reach DET2; and last, �tX (∼30 ns) is the
temporal range when photodetachment fragments from the ion
beam are observed. Similarly, the number of photoelectrons
produced from ionization of the residual gas in a single ion-
photon crossing is

Rg
e = σg

e TPG2Nγ ngL
g
e , (5)

where σ
g

X (∼10−18 cm2) is the photoionization cross sec-
tion and L

g
e (∼1 cm) is the effective length from which

photoelectrons are extracted to the electron detectors. For
the present experiment RO0 ∼ 2 × 10−3 and R

g

O ∼ 1 × 10−4,
while R

g
e ∼ 6. These estimates clearly demonstrate the intrin-

sic difficulty in photoelectron detection compared to fragment
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detection. With both electrons from photodetachment and
from ionization of the residual gas arriving at the electron
detectors within �200 ns after the photon pulse, a maximum of
∼2–3 electrons following each pulse can be tolerated without
detector saturation.

Once counting of the electron signal following each FLASH
pulse could be achieved, we accomplished photoelectron
detection in spite of the high background by requiring
coincidence between fragmentation events on DET2 and signal
on one of the electron detectors. This method is feasible since
the heavy-fragment events on DET 2 can be identified with
a low background. A precise evaluation of the contribution
from random coincidences was obtained by performing an
identical coincidence analysis for uncorrelated data sets where
the heavy fragment and the electron signals did not originate
from the same ion-photon crossings. Figure 5(a) shows the
results of this analysis for 1.6 × 106 ion-photon crossings with
PPG2〈Nγ 〉 = 7.3 × 1011 (3.5 μJ/pulse), where coincidence
was required between neutrals (O0) and photoelectrons. A
small, however significant, difference between the spectra
obtained for real and random coincidences is seen at 40–50 ns.
The actual difference between the spectra is shown as the
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FIG. 5. (Color online) Photoelectron-photoneutral coincidence
spectroscopy on single electron detachment from O− at 41.7 nm.
(a) Distribution of electron time of flight (TOF) for real (solid red
curve) and random (dashed blue curve) coincidences between neutrals
(O0) and photoelectrons. (b) Difference of the distributions for real
and random coincidences (solid black curve) and distributions ob-
tained from Monte Carlo simulations of the experimental conditions
for photoelectron energies of 24.3 eV (dashed red curve), 24.1 eV
(dashed blue curve), and 15.0 eV (dashed gray curve).

solid black line in Fig. 5(b). This figure also displays results
of Monte Carlo simulations for electrons created by single
detachment reactions from a 1-mm-diameter beam of O− at
3 keV at three different photoelectron energies.

A good agreement between the observed spectrum and
the results from the Monte Carlo simulations is seen for a
photoelectron energy of 28.3 eV, corresponding to detachment
into the ground state (3P ) of the oxygen atom. The electron
energy resolution obtained for the spectrometer settings
applied in this measurement does not allow us to exclude
detachment into the (1D) state. However, the comparison with
the other simulations shows that single photodetachment at
41.7 nm populates neither the 1S state nor higher excited states
(see Fig. 1).

Since the yield of O+ fragments is considerably smaller, a
similar analysis of the electron spectrum corresponding to the
double detachment channel is not meaningful for the present
data. For this reason, the present results do not allow any
conclusion on the relative significance of indirect or direct
nature of the double detachment reaction.

IV. DISCUSSION

Recently [26], we investigated photodetachment of the oxy-
gen anion in the uv regime involving the first (1D) excited state
of oxygen (see Fig. 2) in an experiment analyzing the kinetic
energy and angular distributions of emitted photoelectrons and
determining the ratio of ground- and excited-state oxygen
atoms after photodetachment at 266 nm. With the present
study we have made a first step into investigating the xuv
photodetachment of O− by measuring the ratio of single and
double detachment for a photon energy far above threshold
and also shown the feasibility of photoelectron spectroscopy
in this regime using a crossed beams geometry. At a photon
energy of ∼30 eV we find that single electron detachment,
producing O0 atoms in the lowest states (3P and 1D), exceeds
double photodetachment by a factor of ∼4. For photoelectron
spectroscopy (Fig. 5) several changes of the experimental
conditions can be expected to increase the statistical quality
of the data in future measurements. Thus, the applied ion
current (1 nA) can be increased significantly with other ion
sources, and the effective repetition rate of the FLASH laser
can be increased by allowing a higher number of micropulses
than the 50 pulses used presently. Moreover, the background
of electrons from the residual gas can be reduced by further
improving the vacuum condition below 10−10 mbar.

The present experiment in fact represents the first direct
determination of a ratio of single and double detachment in the
xuv regime. The first experimental estimate of a ratio between
single and double detachment reactions were done in the case
of He− [9] in the uv regime where a ratio of a few permille
was reported near threshold. In that case, however, the yield of
neutral fragments was determined indirectly from a fit to the
yield of He+ fragments assuming implicitly that a two-photon
process would probe all He0 resulting from single electron
photodetachment with similar cross section.

The first pioneering crossed beams studies of photodetach-
ment in the xuv region were carried out on a relativistic beam
of H− [5,8]. While these experiments were in fact capable of
detecting separately all heavy fragments from the detachment
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reaction (H+, H0), they focused explicitly on the threshold
behavior of the double detachment cross section. Moreover,
although conceptually universal, the use of relativistic ion
beams is in practice limited to studying a few selected species.

In more recent studies of detachment from valence electrons
in the xuv regime using synchrotron radiation [11,16,17], the
production of neutral fragments from direct detachment was
assumed to be insignificant and explicitly not measured with
the applied merged beams setups. The present study illustrates
that even far above threshold the yield of neutrals arising
from single electron photodetachment can be the dominating
detachment process. This obviously raises the question of the
importance of the single detachment process in the previously
studied systems Na− [11], F− [16], and Cl− [17].

The present experiment relies on the use of a fast moving
ion beam crossed by an intense photon beam. The directed
forward motion of the ion beam allows universal access to
all heavy fragments emerging from the detachment reaction
including both neutral and charged species, as exemplified with
the experimental arrangement shown in Fig. 2. Additionally,
photoelectrons can be analyzed near the interaction region.
The merged beams experiments using synchrotron radiation
facilities [11,12] are capable of measuring precise absolute
cross sections over very large photon energy ranges with
high resolution. Hence, crossed and merged beams methods
are complementary. The strength of the present crossed
beams method is to enable a full characterization of the
photodetachment processes at selected wavelengths. Indeed,
the technique holds the promise of resolving open questions
in atomic photodetachment processes studied previously with
the merged beams technique. For example, in the regime of
inner-shell detachment, the postcollisional recapture processes
[19,24] may be characterized in detail by direct observation of
He0 or Li0, specifying the detachment pathway by the obser-
vation of photoelectrons. For the regime of valence electron
photodetachment, the present results highlight the importance

of the single detachment process over double detachment.
Future detailed coincidence photoelectron spectroscopy on
anion beams may experimentally unravel the significance of
sequential and simultaneous double photodetachment.

V. CONCLUSION

With an exploratory study of the oxygen anion, we have
demonstrated how all channels of negative ion photodetach-
ment can be analyzed simultaneously in a crossed beams
setup, taking particular advantage of intense free-electron
laser sources in the xuv regime. At 41.7 nm, we find single
detachment to dominate over double detachment by a factor of
σO0/σO+ = 4.12 ± 0.17 and evaluate the absolute cross section
for the single detachment channel to σO0 = (2.1 ± 0.6) ×
10−19 cm2. The spectrum of photoelectrons coincident with
the neutral fragment indicates that single electron detachment
primarily occurs to the lower states of the oxygen atom.
The present technique that combines the crossed beams
technique with an intense xuv free-electron laser could well
be used to complement the successful research on anion
photodetachment performed with synchrotron radiation in
recent years, since all emerging fragments including neutrals
and photoelectrons can be detected simultaneously, allowing
in principle a complete characterization of such processes.
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