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Abstract. Photodetachment of O− ions is performed in the presence of a static electric field. A high spatial
resolution electron detector is used to map out the ejected electron’s wave function. Propagation over half
a metre does not alter the stationary structure the electron wave possesses in the direction orthogonal
to the detachment motion. Nodes and antinodes of electron current density are observed, that can be
interpreted as direct imaging of the internal atomic wave function. Because detachment of a negative ion
can be represented accurately in the free-electron approximation, the obtained images can also be viewed as
direct experimental representations of the Green function of the uniform acceleration problem. Agreement
of the measured distributions with the exact expression of this wave-function appears quite satisfactory.

PACS. 32.80.Gc Photodetachment of atomic negative ions – 03.75.-b Matter waves –
07.78.+s Electron, positron, and ion microscopes, electron diffractometers, and related techniques

1 An introduction to continuum
Lo Surdo-Stark spectroscopy

Modification of the atomic spectra by an external electric
field was first experimentally demonstrated on the discrete
spectrum of hydrogen [1,2]. For discrete states with a low
principal quantum number n, provided that the external
electric field F be small when compared to the atomic unit
5.14× 1011 V m−1, F actually remains small with respect
to the mean electric field an atomic electron experiences
along its orbit. The modified atomic spectrum can thus
be calculated by means of a perturbation theory [3].

Selective excitation of high principal quantum num-
bers, i.e. Rydberg states, has made it possible to prepare
relatively loosely bound atoms, for which laboratory elec-
tric fields appear as more intense ones. Hydrogen for in-
stance can be selectively excited into individual Lo Surdo-
Stark components of a given n manifold [4,5], in order to
check theoretical formulae for the state-dependent field-
ionisation thresholds [6]. A counter-intuitive result is con-
firmed, namely that for a given principal quantum number
n, the lower the energy sublevel, the higher the ionisation
rate.

This remarkable feature reveals an underlying symme-
try: even in the presence of both a uniform and a Coulomb
electric field, the electron motion remains separable along
parabolic coordinates [3,7,8]. Taking the initial position
of the atom as the origin of the coordinates, with z the
Cartesian coordinate along the uniform electric field di-
rection, r =

√
x2 + y2 + z2 the distance from the origin,
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parabolic coordinates ξ = r + z and η = r − z define two
directions of uncoupled motion. Ionisation corresponds to
the electron escape in the η-direction only, while the ξ-
motion always remains a bound one. The ionisation rate
of the Lo Surdo-Stark sublevels thus depends on the po-
tential energy curve drawn along the η-direction only. Be-
cause the attraction of the nucleus is not shared between
the ξ and η motions in the same way all across the Lo
Surdo-Stark manifold, the ionisation rate is not uniquely
defined by the total energy.

A more complete description of the discrete Lo Surdo-
Stark spectrum of hydrogen calls for the introduction of
additional parameters [9]. The one we will keep is the
parabolic quantum number n1, which is the number of
nodes the always bound ξ-wave function has between its
classical turning points. Quantum number n1 can be used
to label the sub-levels of every n-manifold. More recent
studies [10] have aimed at explaining not only the posi-
tions but also the shapes (n, n1) lines or resonances exhibit
in the Lo Surdo-Stark spectra [11–13].

The Lo Surdo-Stark effect however does not only affect
the discrete part of atomic spectra. The continuum states,
and the way they can be reached, e.g. in a photoionisation
process, are also modified by the electric field. The effect
came to observation in a photoionisation experiment of
Rb atoms, in the presence of electric fields in the range
of a few 105 V m−1 [14]. Essentially the photoionisation
cross-section exhibited an oscillation, as a function of en-
ergy, even in an energy region above the zero-field ioni-
sation threshold where nothing was to be seen with zero
field but a flat, structureless, continuum. Despite of higher
experimental difficulties, the same phenomenon was also
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observed on hydrogen [12,13], which confirmed the exis-
tence of new structures to be observed in the ionisation
continuum in the presence of external electric fields.

The point is that even above the zero-field ionisa-
tion limit, the parabolic quantum number n1 remains
a good quantum number. The observed modulation of
the photoionisation cross-section is actually a series of
broad, overlapping n1 resonances [15], the energy spac-
ing of which rates as F 3/4 [16,17]. The modulation can
also be understood as an interference phenomenon, a one-
dimensional picture of which can give proper orders of
magnitude. The excited electron can escape the atom with
either a positive or a negative velocity vz. In the former
case, since it has a negative electric charge −q, it will be
reflected by the electric field F towards negative z-values.
Interference between the trajectories, that can be either
constructive or destructive, depending on the excitation
energy, results in a modulation of the ionisation cross-
section.

Even in the presence of a strong electric field however,
ionisation of an atom is not a one-dimensional problem. If
we suppose the detection surface to be a plane of equation
z = −z0, the ionisation current has to be expressed as a
surface integral of the current density jz that crosses this
plane. Dependence of jz on the transverse coordinates x
and y, or, for symmetry reasons, just on the transverse ra-
dius R =

√
x2 + y2 yields a complete interference pattern,

that can be calculated semi-classically [18]. Moreover, if
the observation distance z0 is much larger than the diam-
eter of the electron spot, which, as will appear further, is
always the case in real experiments, the detection surface
can be considered as a part of the paraboloid of equation
η = 2z0. The detector thus directly reproduces the vari-
ations of the squared modulus of the detached electron
wave function as a function of the orthogonal coordinate
ξ only. Since variables ξ and R are related by ξ ∼= R2/2z0

the ξ-function, as seen along the R variable, will undergo a
magnification proportional to

√
z0. A large enough detec-

tion distance can thus bring the nodes and antinodes of the
atomic electron’s wave function to direct observation. This
is the principle of the “photoionisation microscope” [19].

Making a photoionisation microscope has yet been im-
peded by a peculiarity of the Lo Surdo-Stark problem. The
expected number of rings in a photoionisation microscopy
experiment at the energy of the zero-field ionisation limit
is approximately n1 = 0.787F−1/4−1/2 (with F in atomic
units) [9]. On the other hand, the spot has a classical ra-
dius Rcl which is determined by the classical turning point
of the ξ motion, ξcl ≤ 2F−1/2. Hence Rcl ≈ 2

√
z0F

−1/4.
The order of magnitude of the interval between adjacent
rings will be i ≈ Rcl/n1

∼= 2.5
√
z0 in atomic units, i.e.

i ≈ 2.5
√
a0z0, with a0 the Bohr radius.

At a distance of one metre, which is already a large one,
i is thus of the order of 18 µm only, which is too small
to let the interference pattern be directly imaged on an
electron detector. As a remarkable fact, i is independent
of the applied electric field F , which means that varying
F cannot even be of any help. Replacement of the neutral

atom by a negative ion yet opens a way to more favorable
orders of magnitude, as explained below.

2 The free-electron and point-like emission
approximations

Negative ions, especially when one considers their excited
states, have a structure entirely different from the struc-
ture of neutral atoms. Whereas the motion of a highly
excited electron in an atom is dominated by the Coulomb
attraction of the positively charged core, the excited elec-
tron of a negative ion is a nearly free one. The neutral core
of a negative ion acts only as a very localized perturber,
which is able to support only a limited number of bound
states. In most cases, these states all stem from the same
electron configuration, which implies that they all have
identical parities. Cesium was considered as a possible ex-
ception, but recent experiments in Cs− [20] dismissed the
existence of odd bound states. With the only remaining
possible exception of La− [21], the lowest electric-dipole
transition in a negative ion is always to the detachment
threshold, into the continuum.

Because of the finiteness of the core effects, a good ap-
proximation for the continuum states in a negative ion is
to consider them as states of a completely free electron.
The corresponding wave-functions are plane waves, hence
the equivalent names “plane wave-” or “free electron-” to
call this approximation. Electric dipole selection rules will
eventually make the free spherical waves more appropriate
energy eigenfunctions for the final state, but the approxi-
mation remains the same.

In this approximation, the final electron wavelength λ
tends to infinity when the excitation energy ε with respect
to the detachment threshold goes to zero. There will thus
always be an energy domain, in the vicinity of ε = 0, for
which the initial wave-function looks like a pinpoint dis-
tribution to the final one. Transition probability in this
domain will be proportional to the presence probability
given by a free spherical wave in a small volume around
the origin. This gives the Wigner law [22] for partial de-
tachment cross-sections: σ` ∝ ε`+1/2, with ` the orbital
angular momentum of the outgoing electron. This simple
picture can be somehow complicated by core polarisation
effects [23], but given the accuracy of total cross-section
measurements, the Wigner law usually provides a quite
correct description of the partial cross-section energy de-
pendence up to about 10−2 eV above the first detach-
ment threshold [24,25]. The Wigner law is more easily
perturbed when higher thresholds are concerned [26], or
when photodetachment resonances can be found close to
threshold [27].

The Wigner law does not, in principle, tell what the
balance between different ` channels should be. Mean-
while, the `+1/2 exponent of this power law clearly shows
the importance of the centrifugal barrier the final wave-
function has to penetrate to overlap the initial state. As
a result of this centrifugal effect, detachment at very low
energies always has a nearly 100% branching ratio into the
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channel of lowest allowed ` value. For instance, when the
initial ion and the resulting neutral atom have opposite
parities, single-photon detachment close to threshold will
always result in the emission of a nearly pure s-wave.

Motion of the detached electron from a negative ion
can thus be treated by two very powerful approximations.
The electron is emitted from a point source, and its motion
ignores the presence of a neutral atomic core remaining at
the origin. Within these two approximations, when de-
tachment is produced in the presence of a uniform electric
field, the motion of the outgoing electron is exactly anal-
ogous to the free fall a massive particle undergoes in the
presence of a uniform acceleration field. This is not a prob-
lem of classical ballistics however, because the particle is
not initially emitted in a state of well-defined initial ve-
locity, but in the form of a completely coherent, isotropic
spherical wave.

Free fall seldom has to be considered quantum-mecha-
nically. Yet the question arose about atoms trapped in a
gravitational cavity [28], for trapping a sufficiently large
number of cold enough atoms could have been a way to
achieve high degeneracy factors. The motion of atoms that
bounce on a parabolic evanescent wave mirror actually
is a separable one, along the already defined parabolic
coordinates ξ and η. The origin of the coordinates, in this
case, is the mirror focus. However, in contradistinction
to the detachment problem, nothing compels the atom’s
wave function to yield an important presence probability
at the focus. On the other hand, because the atoms bounce
on the mirror, their η wave-function has to be a stationary
one, while the detached electron wave, in this direction, is
a progressive one.

Within a homogeneous electric field F , as in free
fall [28], a characteristic wavelength λ0 can be defined for
the quantum motion:

λ0 =

(
~2

2mqF

)1/3

· (1)

The initial kinetic energy ε of the detached electron can
be measured by another distance: a = ε/qF , which is the
maximum distance the electron can travel upfield before
being reflected.

Imaging the electron distribution, when the electron
has been emitted by a point-like source, is nearly taking
a direct section of the Green function Gret(r,0; ε) of the
problem. Two reduced variables can be used to cover the
energy and nearly all of the spatial variations of the Green
function, namely

α+ = −
2a+ η

2λ0
and α− = −

2a− ξ

2λ0
· (2)

The Green function is the Fourier transform of the propa-
gator K(r,0; t) for a particle in a constant external field.
This is the simplest case in mechanics after the com-
pletely free particle problem. A newly published demon-
stration [29], following earlier calculations [30], has now
established that Gret can be written in exact analytical

form:

Gret(r,0; ε) =

m

2~2

1

r
[Ci(α+)Ai′(α−)− Ci′(α+)Ai(α−)] (3)

where Ai(u) is the regular Airy function, i.e. the solution
of the one-dimensional Schrödinger equation with a linear
potential V (u) = u; Ci(u) = Bi(u) + iAi(u) with Bi the
irregular solution of the same equation [31]. Arguments
α+ and α−, can also be defined, using parameter

β =
1

2qFλ0
=

[
m

(2~qF )2

]1/3

,

in a more compact way, as α+ = −βqF (2a+ η) and α− =
−βqF (2a− ξ), respectively [29].

From formula (3), one understands that the classical
motion is restricted to the domain where both arguments
α+ and α− have negative values. Since η is always positive,
α+ can only be smaller than −a/λ0. The η-motion is thus
unrestricted and the η-wave-function, in accordance with
the asymptotic behaviour of the Ci and Ci′ functions, is
always a progressive wave which just carries the electron
away from the point source. We suppose this progressive
wave to be totally absorbed by the detector.

The ξ-motion, on the other hand, is always of station-
ary nature. It has a classical turning point for a maximum
value of α− equal to zero, i.e. at ξ = 2a. As a consequence,
no classical trajectory can reach the detector at a distance
R from the axis greater than Rcl = 2

√
a(a+ z0), which is

the classical radius of the electron spot.
The order of magnitude of the experimental parame-

ters makes some approximations possible. The excitation
energy ε will never be larger than 0.3 meV, the field F
will never be smaller than 100 V m−1, so a will never be
greater than 3 µm, which makes it a negligible quantity
with respect to z0, itself about 0.51 m. Within an excellent
approximation the classical radius can thus be written

Rcl ∼= 2
√
az0. (4)

For electrons falling on the detector at R-values smaller
than Rcl, we may also write r =

√
z2

0 +R2 ∼= z0 +R2/2z0.
We check in this way that the detection plane, in which
η ∼= 2z0 + R2/(2z0), can be considered as a surface of
nearly constant η, at η = 2z0. This does not matter so
much anyway, for the progressive Ci and Ci′ wave factors
that formula (3) contains change their modulus but very
slowly as functions of η.

As a consequence, the maximum value that |α+|
reaches, in the detection plane, is about z0/λ0. For a field
F = 100 V m−1 we have λ0

∼= 72 nm. The ratio will thus
always be of the order of a few 106. Having a very large
|α+| makes it possible to simplify formula (3); because
asymptotically |Ci′(α+)/Ci(α+)| ∼= |α+|1/2, the first term
of the Green function becomes very small with respect to
the second one. At large distances from the ion, within a
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good approximation:

|Gret(r,0; ε)|2 ∼=
m2

4π~4

1

r2
|α+|

1/2Ai2(α−)

=
m2

4π~4

1

r2

√
z0

λ0
Ai2 [βqF (−2a+ ξ)] . (5)

Because r is nearly constant in the detection plane, the
wave-function of the electron emitted by the point source
essentially exhibits radial variations due to the Ai2 factor.
Since ξ ∼= R2/2z0, these variations can be written

jz ∝ Ai2 [βqF (−2a+ ξ)] ∼= Ai2
[

1

λ0

(
R2

4z0
− a

)]
. (6)

The recorded photoelectron image should thus show an
oscillatory intensity, i.e. a ring pattern, as a function of
R up to R = Rcl, then an exponentially decreasing tail
in the dynamical tunneling region [29] beyond Rcl. The
maximum absolute value of the argument |α−| = 2βε is
reached at the centre of the image. Though it is not nec-
essarily a large ratio, one can write what the asymptotic
expression of the Airy function would yield for the current
density

jz ∝
1√

1− R2

R2
cl

[
1 + cos

(
4

3
|α−|

3/2 −
π

2

)]
· (7)

In a classical description photodetachment could be de-
scribed as the incoherent scattering of the electron’s
charge density uniformly on a expanding sphere. Projec-
tion of such a spherical charge distribution, after some def-
inite time (of fall) t, on the detector plane by the electric

field would give a
[
1− (R/Rcl)

2
]−1/2

plane distribution.
This is actually what we find for the current envelope. The
singularity at R = Rcl does not exist in the actual quan-
tum world, for the asymptotic formula does not hold when
the argument of the Airy function tends to zero. Never-
theless, the first maximum of the Airy function, closest to
α− = 0, is the largest one, so one can expect that every
electric-field directed electron image will still exhibit an
outer bright ring around R = Rcl. In the semi-classical
interpretation, this can be attributed to the degeneracy of
classical trajectories at this radius, in a way analogous to
a rainbow effect.

The quantity (4/3)|α−|3/2 is the phase difference that
can be calculated semi-classically [18,29]. The additional
phase shift results from the wave reflection on the turning
surface ξ = 2a. The simplicity of the photodetachment
problem comes from the fact that only two trajectories
lead from the origin to a detection point. Modulation of
the photoelectron angular distributions in multiphoton de-
tachment experiments can also be interpreted as resulting
from two-trajectory electron interferences [32].

3 Proper orders of magnitude
for photodetachment microscopy

The principles of photodetachment microscopy, as de-
scribed in the previous section, apply at any values of the

energy ε and of the applied field F . Observation of the
characteristic ring pattern will however be possible only if
correct orders of magnitude are given to a few quantities.
First of all, a ring pattern will look as a ring pattern only
if the number of rings, calculated after (6):

N ∼=
2

3π

∣∣∣∣ aλ0

∣∣∣∣3/2 (8)

is larger than 2. Coming back to the experimental param-
eters ε and F , the inequality can be written

ε >

(
3π
√

2

)3/2
(~qF )2/3

m1/3
=

(3π)2/3

2
β−1 · (9)

On the other hand, the ring interval must be larger than
the expected spatial resolution imin of the electron detec-
tion system. Since the mean ring interval i is again just the
ratio of the classical radius Rcl ∼= 2

√
az0 and the number

of rings N , the resolution criterion i > imin will read:

3π

√
z0λ

3
0

a
> imin

i.e.

ε <
3π
√

2

~
imin

(
z0qF

m

)1/2

· (10)

Setting the energy ε so that it be smaller than a F 1/2 law
and greater than a F 2/3 law is always possible, whatever
the coefficients, provided one sets the electric field F to
small enough values. Unfortunately, electrostatic shielding
can never be achieved in a perfect way, in an actual ex-
periment, so making relatively uniform electric fields will
likely be a difficult task below 1 V m−1.

The major limitation in the direction of small fields
however comes from the finite resolution the excitation
scheme sets on the energy parameter ε. Actually recorded
electron patterns, such as those shown further, appear
as the convolution of monoenergetic images by a Gaus-
sian distribution with a width parameter ∆ such that
h−1∆ ∼= 900 MHz. The classical radius Rcl of the image
varies as the square root of the energy, so this energy con-
volution induces some additional smoothing on the outer
edge of the electron spot. But the main effect of energy
broadening is on the maximum phase shift, or number of
rings N , which, after (8), varies as a power 3/2 of the
energy. Differentiating formula (8) and requiring that the
contrast of the most internal rings be attenuated by no
more than an e factor, we obtain as a third condition:

ε <
1

2

(~qF )2

m∆2
=

1

8∆2β3
· (11)

Since all three inequalities deal with power laws of the
parameters, they can be conveniently represented on a log-
log ε vs. F diagram, as done in Figure 1 for the actual
experimental conditions, requiring that imin = 100 µm.
The figure makes it clear that the electric field to be used
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Fig. 1. Log-log diagram of the energy vs. electric field domain
which makes photodetachment microscopy feasible. The F 2/3

low limit (a) corresponds to the emergence of the first-order
constructive interference maximum. Other parallel isophase
lines are labeled according to the expected number of bright
rings. The F 1/2 limit (b) sets a mean ring interval larger than
0.1 mm at a detection distance z0 = 0.51 m. The left limit (c)
is given by the condition that the ring pattern not be blurred
by an energy resolution h−1∆ = 900 MHz. Point M is where
the maximum number of bright rings will be visible, as a com-
promise between spatial and spectral blurring.

has to be greater than 100 V m−1, with an optimum value
of about 300 V m−1, which leads to the best compromise
between spatial and spectral blurring. This is represented
by point M in Figure 1, at which the number of electron
rings that remain distinct has its maximum value

Nmax ≈

[
12π

~2z2
0

m∆i4min

]1/3

∼= 12. (12)

We have used electric field values in the range 100–
500 V m−1. Since the maximum number Nmax of distinct
rings decreases but slowly with the field, larger fields can
be considered, but electric fields greater than 1 kV m−1

will start accelerating the negative ions substantially, thus
making the experiment more difficult. As a consequence,
suitable values ε of the excitation energy will be such that
the excess excitation wavenumber δ = σ − σ0 be in the
0.3–3 cm−1 range. The way to achieve these experimental
conditions is described in the next chapter.

4 Experimental set-up

The first real photodetachment microscope [33] made use
of Br− ions. The idea was that since halogen negative ions
only have complete electron shells, their fundamental level
is a non-degenerate one, so negative halogen photodetach-
ment actually starts from a unique quantum state. This in-
disputable advantage is counterbalanced by the existence

of a hyperfine splitting of the neutral 79Br or 81Br ground
state, the order of magnitude of which is a few GHz [34],
still too small to give the images obtained for different
final states distinguishably different Rcl radii, but large
enough to smooth the experimental modulation of jZ(R)
considerably.

But in the simple model that we have just given,
isotropy of the electron detachment pattern only relies on
the hypothesis that the electron be initially emitted in
the form of an s-wave. Uniqueness of the ground state of
the negative ion is thus of secondary importance, provided
that the electron be brought to such a unique final state.
Thanks to the Wigner law, any negative ion the parity
of which is opposite to the neutral atom’s parity can be
used, and a lot of natural isotopes will be found that have
no hyperfine structure.

The even isotopes of natural oxygen 16O− and 18O−

obey both criteria. A beam of O− ions is easily produced
from a hot cathode discharge source, fed with a mixture
of argon (80%) and N2O (20%). The source as a whole is
set at a voltage of −1200 volts with respect to the body
of the experimental chamber. Pure oxygen, either of the
16 or the 18 isotope, is selected through a Wien veloc-
ity filter, set about 25 cm in front of the source. The O−

beam goes through a series of diaphragms, lenses, steering
plates, a quadrupole 90◦deflector, which eliminates colli-
sionally produced neutral atoms, and a decelerator that
brings the kinetic energy of the ions down to 500 eV, be-
fore entering the interaction region.

A schematic view of the interaction region and mi-
croscopy chamber is given by Figure 2. At the exit of the
decelerator, about 8 cm before the interaction region, a
last skimmer of diameter 1.3 mm makes the ion beam as
clean as possible. The beam, as measured from the pho-
todetachment images themselves, has a diameter of about
0.6 mm. Though several nA of pure 16O− going through
the interaction chamber can easily be achieved, better re-
sults are obtained when the current is intentionally re-
duced to 200 pA or less. This can be the sign of space
charge effects. The latter value actually corresponds to
limiting the space charge electric field, on the surface of
the ion beam, to less than 0.15 V m−1. This is a small,
but may be not completely negligible fraction of the ex-
ternally applied, uniform electric field. Since ion current
limitation is achieved not only by closing diaphragms, but
also by reducing the source running currents, the improve-
ment may also be due to better working conditions of the
source itself. Better conditions mean that the ion veloc-
ity and, as a consequence, Doppler effect dispersions are
made smaller in the experimental sample.

The electric field is vertical. It is produced by a pile
of 28 stainless steel parallel plates, with a central hole of
27 mm in diameter. The thickness of the plates decreases
to 0.5 mm at their inner brim, so as not to perturb the
field uniformity in the central region. Voltage setting of
the plates is made with 0.1% precision division resistances,
that directly connect each plate to the adjacent one, in-
side the vacuum chamber. Adjacent plates around the in-
teraction region are separated by 14 mm intervals and
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Fig. 2. Scheme of the experimental set-up, showing the expan-
sion of the electron wave-function from the photodetachment
zone up to the high spatial resolution detector. L is the laser,
I the ion beam, P0 and P27 are the two extreme plates, 28 in
total number, that produce the uniform electric field F . The
stack of micro-channel plates MCP, is followed by a resistive
anode encoder RAE, partially drawn, two of the four outputs
of which are shown, A and B, going to the position analyzer.

connected through 100 kΩ resistors, whereas in the further
part of the uniform-field region, the period is extended to
21 mm and the connection made through 150 kΩ resistors.

The electric field being downwards directed, electrons
are detected at the top of the uniform field column. In
a field the minimum value of which is 100 V m−1, an
electron undergoes an upward acceleration always greater
than 1.7× 1013 m s−2. Gravity, in our experimental con-
ditions, is thus negligible [35]. The whole uniform-field
region is shielded against the Earth magnetic field by a
double layer of 0.8 mm thick mu-metal.

The detector [36] consists of a series of 2 + 3 micro-
channel plates (MCP’s) followed by a resistive anode en-
coder. For every event, the electric pulses emitted via the
four corners of the anode are first pre-amplified, then com-
pared in order to determine the mean position of the elec-
tron bunch produced by the last MCP. The position at
which the parent incident electron arrived on the detector
can be determined in this way with a dispersion less than
63 µm FWHM. For proper operation, electrons are sup-
posed to arrive at the detector sequentially, which is the
case in a CW laser photodetachment experiment, as the

present one, but would not be true if photodetachment
was produced by a pulsed laser. The maximum counting
and position encoding rate of the detector is 6× 104 s−1,
far above the actual photoelectron production from the
negative ion beam, in the 10–104 s−1 range.

The spatial resolution of the electron images results
from a convolution of the intrinsic resolution of the de-
tector with additional, extrinsic, causes. The most impor-
tant one is the width of the interaction volume, i.e. the
intersection of the ion and laser beams, which produces a
dispersion of the initial position of the detached ion in the
directions orthogonal to the electric field. Focusing the de-
tachment laser can help to reduce this width, provided
that the laser beam has been made parallel, or quasi-
parallel to the field. Since no mirror can be set in front
of the detector, and since the detector operation would
probably be perturbed by a direct impact of the laser,
the laser beam is set to pass just outside of the detector,
i.e. not vertically but at a 3◦ angle from the electric field,
in the common plane of both the ion beam and electric
field. This adds a slight loss of spatial resolution in the
direction of the ion flight, of the order of an additional
15 µm half-width. A corresponding sharpness anisotropy
of the electron ring pattern is visible in the experimental
images, that are shown below. More important however
is the isotropic broadening due to the width of the laser
spot, the waist parameter of which we estimated to be
19.2 µm.

The photodetachment threshold of O− is known from
previous laser photodetachment experiments [37]. The
corresponding threshold wavenumber is admitted to be
11 784.648(6) cm−1 [38]. In this near-infrared spectral re-
gion, the excitation light is provided by a single mode
sapphire-titanium laser system, which delivers about 1 W
of light power onto the ion beam. The photodetachment
cross-section being less than 10−23 m2 [39], ions that
spend typically 0.2 ns under the corresponding illumina-
tion, namely 7×1027 photons s−1m−2, will have a detach-
ment probability lower than 2× 10−5. In spite of the high
intensity of the CW laser, detachment thus remains in a
completely linear regime.

The laser wavenumber is measured by means of a lamb-
dametre, which permanently compares the laser wave-
length to the one of a stabilized He–Ne laser. Applying
the standard correction for the ratio of the air indices at
633 and 848 nm, we obtain the wavenumber of the de-
taching photon with an accuracy of ± 2× 10−3 cm−1, i.e.
± 2 mk. The frequency shift of the laser while an image
is being recorded, i.e. for 600 to 5000 s, remains within
these limits.

The spectral line can be considered as monochromatic
with respect to the large Doppler broadening it undergoes
when seen from the ions’ rest frame. For ions that cross
with a velocity v a laser focus with a waist parameter w0,
the apparent photon energy gets an additional Gaussian
half-width ∆ =

√
2~v/w0. Actual data show the effective

width ∆ to be such that h−1∆ ∼= 900 MHz, i.e. 30 mk in
wavenumber units. This is exactly what the latter formula
yields for 500 eV 16O− ions, with a velocity v = 77 km s−1,
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that cross a w0 = 19.2 µm waist. The effective energy
width of the exciting photon is thus mainly due to laser
focusing.

One should not forget, however, that the essential role
of laser focusing is to keep the spatial resolution good
enough to make the ring pattern visible. Formula (12)
can finally be used to put together the advantages and
drawbacks of laser focusing. As long as the size of the
laser focus can be considered as the limiting factor for the
spatial resolution, Nmax will scale as w−1

0 . Making w0 as
small as possible is thus the good way to obtain the largest
possible number of visible rings, as long as the overall
spatial resolution can benefit from stronger focusing. The
optimum value is met when w0 has become of the same
order, or slightly smaller than the electron detector spatial
resolution. Since the latter is about 31 µm (half-width),
w0 = 19.2 µm can be considered as a good setting.

5 Photodetachment images

Figure 3 shows a series of photodetachment images that
have been recorded with the same F = 423 V m−1 value of
the electric field. One can check with the naked eye that
the number of rings N increases faster and faster, and
the radius Rcl more and more slowly, when the energy
ε increases. The explanation comes directly from formu-
lae (4, 8), which show that N increases as ε3/2, whereas
Rcl only varies as ε1/2. One can thus directly observe how
the rings become narrower, hence less distinct, when one
goes to higher energies, or how one drops into the less-
than-one-ring regime for too small values of ε.

Slight distortions are observed, as a slight departure
from the perfect circular shape. The fact that the smaller
the nominal field F , the larger the distortion strongly sug-
gests that it may be due to the presence of some addi-
tional, non-uniform, electric field or to imperfect shielding
of the magnetic field. To take the effect into account, fit-
ting the recorded images by formula (6) is made allowing
the square of the nominal radius R to be a more general
quadratic function of the X and Y coordinates of the de-
tector, i.e. allowing the rings to be ellipses, all with the
same eccentricity.

As could be expected due to the deviation of the laser
beam from perfect parallelism with the field, the observed
spatial blurring is also non isotropic. This is essentially
visible through the regular non-uniformity of the illumi-
nation, all around every bright ring, that can be clearly re-
produced through two-dimensional fitting (Fig. 4). Other
deviations from a uniform illumination can be observed,
that result from the non-uniform response of the detector.
This is the consequence of the local fatigue of the MCP’s,
as a function of the integrated current every channel has
delivered. Different zones of the detector can be used, from
one image to the other, by changing the position of the
laser and ion beam intersection, in order make the effects
of MCP fatigue more uniform.

When the ellipticity of a recorded image is known,
the information it contains can be put together in a one-
dimensional radial histogram. Averaging strongly reduces

Fig. 3. Photodetachment microscopy images of 16O− within
a 423 V m−1 electric field, for excitation energies 0.26, 0.535,
0.811, 1.089, 1.367, and 1.654 cm−1 (from top to bottom) above
the detachment threshold. These energy values do not make use
of the wavelength measurement, nor of any absolute size mea-
surement on the images, but they result from fitting the images
with the theoretical formula for the ring pattern. Acquisition
time was 600 s for the first image, 700 s for the others.
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Fig. 4. A photodetachment image taken in the same experimental conditions as for the previous series, but at an intermediate
detachment energy ε = 0.951 cm−1. The synthetic, fitting image presented on the right makes the spatial resolution anisotropy
more visible. The direction along which the image appears as elongated and the principal direction of increased blurring
are adjusted independently but they come to be nearly the same with an angular difference of 0.1 rad only. Relying on the
wavenumber measurement of the exciting laser, σ = 11 785.594(2) cm−1 and on the admitted value of the electron affinity,
11 784.648(6) cm−1, we can use the fitted energy ε = 0.951 cm−1 to estimate the angle by which the ion and laser beam cross
together. The result is 90.09(16)◦ , consistent with the experimental beam orientations.

Fig. 5. The radial histogram of the number of counted elec-
trons per pixel, for the very image shown in Figure 4. Ellipticity
of the ring pattern has been taken into account by the two-
dimensional fitting procedure, but the exact pixel size is not
known exactly, which results in an uncertainty on the abscissae
that increases proportionally to the abscissae themselves. On
the other hand, the larger the radius, the more pixels are found
at this radius, and the more the averaging procedure reduces
the counting fluctuations. The 21 electrons/pixel background
is not noise, but a uniform illumination background due to 20
and 178 cm−1 electrons detached from fine structure-excited
O−, with neutral O left in its excited 3P1 or ground 3P2 state,
respectively.

the statistical fluctuations of the number of counted elec-
trons per pixel, as can be seen in Figure 5. A system-
atic deviation is observed, that brings the calculated in-
ner rings always below, and the outer bright ring always
above the experimental data. The way this slight rela-
tive discrepancy varies with the absolute counts makes it
consistent with a non-linearity or fatigue effect occurring
during the recording.

The essence of the fitting procedure, since we have
images that look more like interferograms than classical
ballistic distributions, is to rely on phase, rather than on

radius measurements, in order to determine the exper-
imental energy ε. Formula (6) is thus used as a fitting
formula with a and the actual dimensions of the image
as free parameters. The total phase 2πN , which is unam-
biguous, will settle the energy measurement via the a/λ0

ratio, according to formula (8). The main advantage of
the procedure is that no assumption on the actual size of
the image is necessary. This is fortunate, since the pix-
els are not real pixels, their definition only result from
the analog-to digital conversion of the X- and Y -position
signals, the ratios of which can vary with the electronics
settings. In addition, the phase brings a better sensitivity
to energy variations than plain dimension measurements,
because of the ε3/2 vs. ε1/2 laws the two quantities obey,
according to formulae (8, 4) respectively.

Yet determining the energy via phase measurements
completely relies on the validity of (6). Despite of the
given reasons for the validity of the pinpoint source and
free-electron approximations, the photodetachment micro-
scope could well work as a phase-contrast microscope for
the half of the electron wave that passes twice over the
neutral core, the unreflected half serving as the phase
reference. Even small rescattering effects by the neutral
core [40] could thus become visible. A systematic devia-
tion of the recorded images from the zeroth-order approx-
imation represented by formula (6) must be considered.

As a test of such a possible deviation, we have plotted
in Figure 6 the measured energy ε, as a function of the
excitation wavenumber, for the whole series of 423 V m−1

detachment images. No anomaly is observed that would
suggest that ε is not the actual ejection energy of the de-
tached electron. We can thus conclude that photodetach-
ment of O− within electric fields of a few 102 V m−1, at
energies not exceeding 2 cm−1 above threshold, is actu-
ally free from rescattering by the oxygen neutral core. In
such experimental conditions, the obtained images can be
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Fig. 6. Plot of the measured initial kinetic energy ε, as pro-
duced by the fitting procedure, as a function of the laser
wavenumber σ. If the fitting procedure is correct, when both
quantities are expressed in the same unit (here cm−1) the
points should lie along a straight line of slope 1, and the ex-
trapolated abscissa for ε = 0 should yield the known value of
the electron affinity of oxygen. All three criteria are obeyed
perfectly, within the limits set by the experimental uncertain-
ties.

considered as reference images, as if they had been pro-
duced with free electrons emitted by a real point source.

6 Conclusion

The conclusion we can draw from the last result is, to
some extent, paradoxical. On the one hand, what we have
brought to observation is the stationary factor of the con-
tinuum wave function of atomic O−. It is a direct view of
an atomic wave function, which gives unprecedented in-
sight into the radial motion an electron can have around
an atomic nucleus. On the other hand, quantitative anal-
ysis of the result shows that the observed wave-function
finally has very little atomic character. It is just the in-
tensity image of the quantum propagator of any massive
particle, when submitted to a uniform acceleration field.
Such a situation could also be described by the transfor-
mation of a free expanding wave to a uniformly accelerated
frame, and looked at from a relativistic point of view [41].

Oxygen however is a small atom. The situation may
well change when looking at photodetachment images of
a similar but bigger ion such as S−, the photodetachment
interference of which has already been observed as a mod-
ulation of the total detachment cross-section [42]. The case
of identical parities of the parent ion and residual atom
can also offer an additional degree of freedom, for the low
energy odd electron escapes in a p-wave. Both radial and
angular distributions in the photodetachment images are
then expected to depend on the laser polarisation [43,44].
Again, the images may be interpreted as cross-sections of
an electronic Green function, the multipole Green func-
tion G`m(r,0; ε) generated by an oriented point source
with dipole angular characteristics [45].

The electron microscope itself could benefit from the
rapid progress made by photo-electron imaging, that was
also developed in a regime of purely classical mechanics
for electron spectrometry and angular measurement pur-
poses [46]. In such experiments, blurring by too wide elec-

tron sources is also a problem, that was circumvented by
making the photo-electrons pass through three different
longitudinal electric fields before they reach the detector.
With properly set, such a combination acts as an immer-
sion lens, from which the electrons that have been emitted
with equal velocities reach a common position on the de-
tector [47]. Whether such a “velocity mapping” technique
could apply to photodetachment microscopy strongly de-
pends on how the relative phase of interfering trajecto-
ries will be perturbed when passing through electrostatic
lenses, in conditions of only approximate stigmatism.

Replacing the uniform electric field by a series of
properly set electrostatic lenses also makes it possible to
achieve some image magnification. This could be a way to
make neutral atom photoionisation microscopy feasible,
without having to built a one hundred metre long experi-
mental chamber. For an electron that goes away from an
ionic core, classical trajectories are much more compli-
cated than in the detachment case [48], and the interfer-
ence, from a semi-classical point of view, can be of higher
orders than a simple two-wave one. The photoionisation
microscope could thus bring out some phenomena that
have no equivalent in the photodetachment case, such as
glory effects [49], in addition to the familiar rainbow that
we see in photodetachment images as the accumulation
circle at R = Rmax.
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