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Abstract. The effect of an external static magnetic field of arbitrary orientation with respect to the electric
field, on the electron interference ring patterns observed by the photodetachment microscope is studied both
experimentally and theoretically. The design of the interaction chamber has been modified to superimpose
a controlled uniform magnetic field on the whole volume accessible to the interfering electron. Contrary to
a previous study in weaker fields, where the overall dimension of the interferogram was not modified, the
effect of the magnetic field here encompasses a regime of magnetic refocusing. A quantitative analysis is
carried out using a closed-orbit perturbative calculation of the interference phase at the centre of the ring
pattern. The essential result of this work is still the invariance of the extreme interference phase whatever
the direction and magnitude of the applied magnetic field, up to values 100 times larger than in the previous
experimental study. This property can be applied to revise former electron affinity measurements. Partly
due to the previously unsuspected robustness of the electron interferograms vs. magnetic fields, partly
thanks to the 2006 CODATA revision of the energy conversion factors, one can update the values of the
electron affinities of 16O, 28Si and 32S to 1.4611134(9), 1.3895210(7) and 2.0771040(6) eV respectively.

1 Introduction

Photodetachment microscopy [1,2] has been used since
1996 for showing that electron interferences can be pro-
duced in a uniform electric field [3] and for the best-
ever electron affinity measurements on atoms [4] and
molecules [5]. This technique uses the near-threshold pho-
todetachment of negative ions by a monochromatic laser
field, which provides an almost point-like source of low-
energy electrons with fixed kinetic energy and the emission
of a spherical electron wave. An external uniform electric
field E plays the role of a ‘wave-folder’ for this electron
wave. In such a field, the electron undergoes constant ac-
celeration, as in free fall, so every point within reach on the
detector is hit by two parabolic trajectories, along which
the electron travels simultaneously to finally interfere with
itself. The variations of the phase difference between the
two trajectories give rise to an interference pattern, or in-
terferogram, which, due to the cylindrical symmetry of
the problem, takes the form of concentric rings. The ra-
dius of this ring pattern is just the classical maximum
off-axis distance that can be reached by the projectile, i.e.
at first order the product of the initial ejection velocity
V0 by the time-of-flight T to the detector [1,2]. The elec-
tron interferogram, hence the fringe interval, are made
large enough to be observable by setting the detector at
a macroscopic distance z0, typically 0.5 m, from the de-
tachment region. From the beginning of the experiments
with the photodetachment microscope, a particular effort
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was made to avoid possible effects of the Earth magnetic
field by shielding the whole uniform-field region with an
efficient double layer of μ-metal [2].

However the question remained of the effect an exter-
nal static magnetic field B could have on the electron
interferograms observed by the photodetachment micro-
scope. Two distinct aspects can be considered. On the one
hand the classical trajectories are modified by the Lorentz
force due to the magnetic field, which leads to a shift of
the interferograms on the detector. On the other hand,
there is an additional phase difference produced between
every pair of unperturbed trajectories, proportional to the
flux of the magnetic field between them.

Recently, but for magnetic fields B still small enough
to produce the same linear shift on all trajectories, we
provided experimental and theoretical evidence that the
interferograms only undergo a global shift, in other words
that the fringe shift is just the same as the trajectory
shift [6]. However, though both effects were maximised by
choosing a magnetic field perpendicular to the trajecto-
ries, the case tells nothing of what happens at higher B
values, namely when the cyclotron frequency Ω = eB/m
(with m the electron mass and e the absolute value of the
electron charge) is no longer negligible compared to T−1.

The aim of the present study is to enter such a
higher-field regime, in which the deflection by the Lorentz
force ceases to be proportional to B, and can no longer
be assumed identical for all trajectories. Theoretical
calculations in this case have been made only for exactly
parallel uniform electric and magnetic fields, either when
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the photodetachment is of the s-wave type (isotropic,
as obtained e.g. for threshold photodetachment from S−
ions) [7,8] or of the p-wave type (e.g. for H− ions) [9]. This
tells but little of what may happen experimentally, for one
can never guarantee perfect parallelism of the fields, and
even a small transverse component of the magnetic field
can obviously have dramatic effects on the magnetic flux.

Even though they do not provide the same insight as
photodetachment microscopy, it is worth mentioning that
numerous experimental and theoretical studies have been
devoted to photodetachment spectroscopy in the pres-
ence of a uniform electric field [10] or in the presence
of a uniform magnetic field [11,12]. In both cases, the
near-threshold photodetachment cross-section, which is a
smooth function of the energy, exhibits a field-induced
modulation. For an external electric field, the origin of
this modulation is the same phenomenon that produces
the interference pattern brought to observation by pho-
todetachment microscopy. In short words, the effect of the
electric field is to reflect the half of the outgoing electron
wave that escaped “uphill” in the electrostatic potential,
and make it interfere with the “downhill”-emitted half-
wave. In the presence of an external magnetic field, the
oscillation reflects the quantization by Landau levels for
the transverse motion of the photoelectron in the detach-
ment continuum.

Photodetachment in the presence of both an elec-
tric and a magnetic field remains an area little stud-
ied experimentally, even though many theoretical studies
were devoted to this domain for parallel fields [7,8,13–15],
for crossed fields [13–16], and for arbitrary oriented
fields [17–19]. Recently, near-threshold s-wave photode-
tachment spectra of S− in parallel electric and magnetic
fields have been measured and interpreted [20], and the
dynamics of mono-energetic electrons in the presence of
uniform, perpendicular magnetic and electric fields has
been analyzed theoretically [21].

We report here some theoretical and experimental
results on S− photodetachment interferograms obtained
when a uniform magnetic field is superimposed to the
uniform electric field used in the photodetachment mi-
croscope, in a regime where the cyclotron frequency be-
comes of the same order of magnitude as T−1. This is still
a weak-field regime in the sense that the cyclotron fre-
quency Ω yet remains small when compared to the inverse
of the maximum time-of-flight difference ΔT between in-
terfering trajectories. In the higher field domain, in which
Ω > ΔT−1, theory actually predicts more complicated in-
terference patterns [7,8], the experimental investigation of
which is left to further studies.

This paper is organized as follows. Section 2 describes
the arrangement for the present experiment. Section 3.1
presents the observed behaviour of the ring patterns with
different values of an applied longitudinal magnetic field,
together with an interpretation based on the properties of
the classical motion of a charged particle in constant fields
and some simulations. Section 3.2 shows the robustness of
the ring patterns and of the measured electron affinities in
a transversal magnetic field. Such a property is applied in

Section 4 to give a revised value of the electron affinity of
32S, and to update the corresponding values for 16O and
28Si. The conclusion discusses the essential results of the
present experiment and suggests future directions of the
work. In the appendix we present the details of our closed-
orbit perturbative calculation of the interference phase.

2 Experimental set-up

Photodetachment microscopy in a magnetic field is per-
formed on a beam of sulfur negative ions 32S−. The gen-
eral scheme of the experiment is presented in Figure 1.
The S− ion beam, the laser excitation, the interaction
chamber and the electron detection have been described
previously [4], and only the specific modifications of the
set-up will be pointed out in this paper. The laser wave-
length (≈596.9 nm) is tuned to provide an excitation just
above the 2P3/2 → 3P2 fine-structure component of the
detachment threshold, i.e. the ground-level to ground-
level transition the energy of which defines the electron
affinity of sulfur [22]. For electron affinity measurements,
the laser passes twice, forth and back, on the ion beam,
which makes it possible to eliminate the unknown residual
Doppler shift [23,24]. This is the reason for the production
of double electron spots, as in the experimental examples
presented below.

In the previous design of the interaction zone, mag-
netic shielding was achieved inside the vacuum chamber
by means of a double concentric layer of μ-metal so as
to minimize the residual magnetic field [2]. In contradis-
tinction to this former situation, we now want to actively
control the value of the three Cartesian components of the
magnetic field B, namely Bz for the component parallel
to the vertical electric field, By for the horizontal one par-
allel to the mean ion beam velocity V ion and Bx for the
other horizontal one. For this purpose, a new combination
of magnetic shielding and coils was developed, the scheme
of which is presented in Figure 2.

Inside the vacuum chamber, only the outer μ-metal
cylinder remains. The inner one is replaced by a solenoid
that consists of a one-layer coil of 1 mm wire wound on
a stainless steel cylinder whose dimensions are given in
Figure 2. This provides a magnetic field B parallel to the
electric field E that can be assumed uniform all over the
interaction zone, with a conversion factor of about 1.2 mT
per A. Outside the vacuum chamber, we have built a sys-
tem of two crossed pairs of rectangular coils whose dimen-
sions given in Figure 2 are designed to ensure the best
possible homogeneity to the magnetic field components
perpendicular to the electric field. Each coil consists of 40
turns of a copper wire. With a 1 A maximum current, due
to the partial shielding by the μ-metal cylinder, we obtain
an effective transverse magnetic field of about 1 μT inside
the interaction chamber, which can be measured by the
transverse shift of the pattern due to the Lorentz force.
With a flight distance z0 = 0.514 m, the spot shift on the
detector is 4.3 mm/μT.
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Fig. 1. (Color online) General scheme of the experimental set-
up. The arrangement of the magnetic coils around and inside
the interaction chamber is shown in a more detailed way in
Figure 2.

Fig. 2. (Color online) New design of the interaction chamber:
a longitudinal magnetic field (B//E) is created by an internal
solenoid on the inner face of a μ-metal shield; a transverse
magnetic field (B⊥E) is created by two external crossed pairs
of Helmholtz-type rectangular coils.

3 Experimental results with classical
and quantum interpretations

3.1 Spot shifts and refocusing

The response of the electron spot to a longitudinal mag-
netic field (B//E) is illustrated by Figure 3. Double-pass
spots have been recorded in the same frame for different
values of the magnetic field at fixed values of the electric
field and laser wavelength.

The position of the spot on the detector is determined
by the motion of the electron in the directions perpen-
dicular to the electric and magnetic fields and the posi-
tion at which this cyclotron motion is interrupted after
a finite time of flight T . Because the photoelectron ini-
tial kinetic energy ε is very small compared to the final
kinetic energy eEz0, time T , within a very good approxi-
mation, can be considered as identical for all trajectories,

Fig. 3. General behaviour of the double-pass interferograms
for increasing values of the longitudinal applied magnetic field
Bz in an electric field E = 291 V/m (laser wavelength λ =
596.885 nm, distance to the detector z0 = 0.514 m, ion beam
velocity Vion = 42.4 km/s). The diameter of the B = 0μT
lower spot (≈1.5 mm) gives the spatial scale of the recordings.
(a) Experimental test with positive and negative values of the
magnetic field up to |B| = 182μT (solenoid current: ±150 mA).
(b) Trajectory simulations in these experimental conditions,
with the additional assumption of a permanent transverse mag-
netic field of 0.112 μT oriented at a 50.7◦ angle with respect
to the ion velocity and a 0.29◦ misalignment of the variable
‘vertical’ field with respect to the electric field, with a projec-
tion in the detector plane at a 26◦ angle with respect to the
ion velocity. This is the best combination of misalignment and
residual field that reproduce the asymmetry observed in (a).

explicitly T ∼=
√

2mz0
eE . When T happens to be an integer

multiple of the cyclotron period tc = 2π
Ω = 2π m

eB , or equiv-
alently when the magnetic field B is an integer multiple of
B1 = π

√
2mE
e z0

, the cyclotron motion brings all trajecto-
ries together to the ‘origin’, i.e. to the vertical projection
of the photodetachment point onto the detection plane.
This re-focusing effect concerns both the mean electron
trajectory that starts with the ion velocity V ion and ends
at the centre of the electron spot and the whole set of
trajectories corresponding to the photodetached electron
wave. At the field Bz = B1, with B1 ≈ 252 μT in the
experimental example, the electron spots would simulta-
neously come back to their respective ‘origins’ and get
re-focused to their minimum size.

The projection of the average electron trajectory on
the detector plane is always an arc of a circle with a fixed
arc length VionT and a radius equal to the cyclotron ra-
dius Rc = Vion

Ω = mVion

eB . The spots in Figure 3 are thus
expected at distances R from their ‘origin’ given by

R = VionT
|sin τ |
|τ | (1)

where τ = ΩT/2 is the angular deviation of the posi-
tion of the spot from the direction of the ion velocity.
This is the equation of a cochleoid. The symmetry axis
of this cochleoid is the projection of the ion beam veloc-
ity. Even though V ion does not necessarily lie along the
Oy axis of the detector, most of the asymmetry observed
in Figure 3 actually comes from the sensitiveness of the
cochleoid to transverse magnetic fields, either due to a
residue of the Earth magnetic field or to a misalignment
of the variable longitudinal magnetic field with respect to
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the electric field. Fitting a calculated cochleoid to the ex-
perimental series of positions of the electron spot appears
as a very sensitive way of measuring this misalignment.
Figure 3 shows that a constant transverse magnetic field
typically one thousandth of the longitudinal one and a
misalignment of the longitudinal magnetic field of the or-
der of 5 mrad with respect to the electric field are enough
to produce a conspicuous asymmetry of the spot distri-
bution, when the longitudinal field is varied from –B1 to
+B1. In addition, inhomogeneities of the electromagnetic
field, not taken into account in the calculation, may ex-
plain the experimental deviations of some experimental
spots from a perfectly circular shape.

In the ideal case of perfectly parallel E and B fields,
due to the linearity of the final electron position as a func-
tion of its initial velocity, the radius ρ of the electron spot,
which is met by the furthest-reaching horizontally-emitted
trajectories, is given by a formula quite similar to (1):

ρ = V0T
|sin τ |
|τ | = V0T

∣∣sin (
ΩT
2

)∣∣
∣∣ΩT

2

∣∣ . (2)

The only difference between (1) and (2) is that the latter is
dimensioned, as for the initial velocity, not by the ion ve-
locity but by the relative velocity V 0 of the electron with
respect to the ion’s rest frame. Explicitly V0 =

√
2ε/m,

with ε the initial kinetic energy of the photoelectron. The
factor V0T = 2

√
ε z0
eE = ρmax is the radius of the spot in

the pure electric field case, i.e. the maximum distance an
electron can fall off the average trajectory for trajectories
starting with a completely transverse initial velocity.

As a consequence of these laws, the experimental vari-
ations of the distance R of the spot centre from the origin
(described by (1)) and of the spot radius ρ (described
by (2)) can be plotted as functions of the same variable,
which can be the current intensity in the solenoid. Fig-
ure 4 actually shows that both radii vary essentially ac-
cording to the same |sinτ |/|τ | law. The asymmetry of the
R variations is just the consequence, in this diagram, of
the fact that the asymmetry of the cochleoid illustrated
by Figure 3 does not only result from an asymmetry of the
angular position of the spots with respect to the central
axis of the figure, but contains some asymmetry of the dis-
tance to the origin too. On the other hand the spot radius
ρ results from the transformation of a complete 3D sphere
of initial velocities into a 2D set of final positions. The
peculiarities that appear when one considers the transfor-
mation of one particular velocity are thus smoothed out.
This is why the radius ρ of the spot appears far less sen-
sitive to the existence of a residual constant field and to
misalignment than the displacement R, as demonstrated
by the better symmetry of the spot radius curve in Fig-
ure 4. One can check that the second maximum of the
spot radius, arising around B ≈ 1.5B1, is about one fifth
of ρmax.

In three dimensions, the electron motion is a combina-
tion of the cyclotron motion just described and of a uni-
form acceleration in the direction of the electric field. The
radial electronic distribution expands and contracts at the
cyclotron angular frequency, i.e. with a period tc = 2π/Ω.

Fig. 4. Experimental plot, in detector pixels, of the distance
R of the spot centre to the origin (full square �) and of the spot
average radius ρ (full triangle �), as functions of the current in-
tensity in the solenoid (in mA). The measurements were carried
out on one-pass interferograms (electric field E = 291 V/m,
laser wavelength λ = 596.806 nm, distance to the detector
z0 = 0.514 m, ion beam velocity Vion = 42.4 km/s). Mea-
surements of R are compared to a calculation (full curve –) of
formula (1) with a solenoid conversion factor 1.216 mT/A and
a maximum distance R0 = 344 pixels.

Figure 5 shows how the electron trajectories develop in
three dimensions in the absence of any drift effect (i.e.
supposing a zero ion beam velocity). Refocusing occurs as
soon as tc gets smaller than the time-of-flight T , at focal
zones that get closer and closer to one another as the mag-
netic field increases. More explicitly, these focal zones are
centred at vertical coordinates zk = k2z1, (k = 1, 2, . . .),
where z1 = eE

2m t2c = 2π2 mE
eB2 is the z coordinate of the first

focal region.
Focal regions, which are diffraction-limited anyway, are

semi-classically tiny diamond-shaped caustic-limited vol-
umes, inside which four trajectories (instead of two) in-
tersect at every point [25]. The dimensions of these focal
regions depend on z0, z1 and the maximum distance the
electron can go against the electric force before being re-
flected: a = ε/eE. With initial kinetic energies of typically
100 μeV and fields of a few 102 V m−1, a is a fraction of
a μm. Observing that a � z0 is another way of telling
that, in the experiment, the initial electron kinetic energy
is always much smaller than eEz0.

For the particular value B = B1, the radius of the
focal zone, or minimum radius ρmin, obtained either by
the semiclassical interference of four trajectories or by the
exact quantum solution, is approximately equal to a [25].
A simple relation exists between ρmin and the radius ρmax

in the pure electric field case, namely:

ρmax ≈ 2
√

ρmin z0 (3)

with the typical parameter values of our photodetachment
microscope, ε ≈ 100 μeV, so V0 ≈ 6 km/s, z0 ≈ 0.514 m,
E ≈ 200 V/m, we get T ≈ 0.17 μs, ρmax ≈ 1 mm
and ρmin ≈ 0.5 μm. Refocusing takes place as soon as
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Fig. 5. 3D trajectories of electrons ejected at the origin in
a uniform electric field E = −Euz (E = 223 V/m) with an
initial transverse velocity V0 = 6.6 km/s (ε = 100 m−1), for
different values of the longitudinal magnetic field B = Buz:
(a) B = 0, (b) B = 0.11 mT, (c) B = 0.22 mT, (d) B =
0.33 mT. The focalizations observed in (c) and (d) are respec-
tively obtained for z = z1 ≈ 0.52 m and 0.23 m (see text for
notations and explanations). In each case the interferograms
resulting from the interference between trajectories with differ-
ent orientations of the initial electron velocity are represented
in the detector plane located at z = z0 = 0.52 m.

the magnetic field absolute value exceeds B1 ≈ 200 μT.
Unfortunately, as rightly noticed in [7,8], the order of mag-
nitude of ρmin is such that the four-wave interference pat-
tern expected in the focal regions are much too small to
be resolved by the presently used detectors, the spatial
resolution of which remains of the order of 100 μm.

3.2 Invariance of the interferogram and robustness
of the measured electron affinities

The response of the electron interferogram to a transverse
magnetic field (B⊥E), in a Ω � T−1, regime was the
first experimental test of the influence of a magnetic field
in photodetachment microscopy. A typical example was
shown in Figure 3 of reference [6], with field values from
0 to 1.3 μT. One could observe a macroscopic transla-
tion of the electron spot perpendicular to the magnetic
field, due to the Lorentz force, without any noticeable
change either of the ring structure or of the value of the
interference phase at the centre of the pattern. Moreover,
measurements of the electron affinity by the double pass
technique [4] did not reveal any significant shift within
usual uncertainties. These results agree with the theoreti-
cal expectations derived from the perturbative calculation
developed in the appendix. The smallness of the perturba-
tion by a weak transverse magnetic field is now daily used
in our photodetachment microscopy experiment to adjust
the spot position on the detector.

The theory of the electron flux distribution in a pho-
todetachment microscope submitted to parallel electric
and magnetic fields is simple enough to give rise to an-
alytic semi-classical expressions as well as a full quantum
solution in the form of a series for the Green function [7,8].
The framework for the semi-classical description is the set
of electron trajectories that start from the negative ion
with a given kinetic energy ε, hence the same initial ve-
locity V0 in all angular directions. As already sketched
by Figure 5, the resulting spiralling trajectories trace out
caustic surfaces, which act as boundaries between regions
with different numbers of interfering paths. The parame-
ter introduced by Bracher et al. [7,8] as the ratio of the
initial magnetic and electric forces acting on the electron

η = V0B/E (4)

is just half the ratio of the cyclotron frequency Ω to the in-
verse of the maximum difference ΔT of the time-of-flights
between interfering trajectories, which we already used
to characterize our experimental regime as a weak-field
one. In rough numbers, our experimental conditions cor-
respond to B ∼ 10−4 T and ΔT ∼ 10−10 s at most, so
parameter η remains of the order of 10−4−10−3, which
is actually a small quantity. From an intuitive point of
view, with η � 1 i.e. ΩΔT � 1, it is conceivable that
no significant magnetic phase difference has time to de-
velop between the trajectories. This does not contradict
the fact that classical effects of the magnetic field like
deflection and refocusing have plenty of time to develop
during time-of-flight T , which is a few 10−7 s, as described
above.

As seen in Section 3.1, existence of a non-negligible ion
velocity Vion determines the distribution of the electron
spots on the detector, as a function of the Bz magnetic
field. In the pure photodetachment microscopy configu-
ration (i.e. with no magnetic field), it was demonstrated,
both with a relativistic argument and by an explicit calcu-
lation [26], that emission of the photoelectron wave from
such a moving frame does not introduce any change in the
interferograms. Presence of a magnetic field orthogonal to
the ion velocity of course produces a transverse motional
electric field Emot = V ion ∧ B (which, for the classi-
cal part of the problem, is just another way to describe
the Lorentz force). At a velocity Vion = 42.4 km/s, even
with the highest parallel magnetic field B = 0.15 mT used
in the present work for interferometry, the motional elec-
tric field is only 6 V/m, which only produces a +0.2%
(second order) variation of the modulus of the electric
field. The E-field correction due to the transverse mag-
netic field is a first order correction, but the maximum
transverse magnetic field that we use, 1.5 μT, is 100 times
smaller than the longitudinal one, hence a still smaller
correction. Corrections to the phase due to the motional
electric field are thus expected to remain negligible. The
relative variation of the magnetic field due to the symmet-
rical Bmot = − 1

c2 V ion ∧ E term is even smaller (of the
order of 10−6).
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Fig. 6. (Color online) Experimental recordings of the double-
pass interferograms for increasing values of the longitudinal
applied magnetic field B in an electric field E = 291 V/m
(laser wavelength λ = 596.89122(4) nm). (a) B = 2.1 μT;
(b) 30.6 μT; (c) 60.9 μT; (d) 90.7 μT; (e) 122.1 μT; (f)
152.0 μT; (g) 183.6 μT; (h) 183.6 μT with an additional per-
pendicular magnetic field of about 1 μT. The 3.3 mm height
of each double spot image gives the length scale.

Applying a magnetic field will also produce some spec-
tral broadening of the detachment threshold, due to some
Zeeman effect both in the negative ion and in the final neu-
tral atom [20,27]. The order of magnitude of the resulting
spectral half-width is �Ω. For a magnetic field of 0.15 mT,
this is about 1.4× 10−6 m−1, which is, for the present ex-
periment, one more negligible effect.

Figure 6 is a magnification of the double spots of Fig-
ure 3 that shows that the interference rings and the whole
interferogram vary homothetically with the parallel mag-
netic field according to formula (2), and that they are
insensitive to an additional perpendicular magnetic field,
in agreement with previous results [6]. These experimen-
tal results completely agree with the explicit calculation of
the higher-order phase variations made in the appendix,
which shows that, with the experimental magnetic fields
of the present work, phase corrections are expected to re-
main completely negligible.

This magnetic field invariance can be confirmed quan-
titatively by a numerical fitting of the spots, so as to
extract a measurement of the electron affinity of sulfur
from every pair. Since this fitting essentially consists in
matching the phase of the interferogram with the analyt-
ical formula, any influence of the magnetic field on the
phase would produce a deviation of the measured electron
affinity from its zero-field value. Figure 7 shows, on the
contrary, that the electron affinity measurements carried
out in the presence of a magnetic field exhibit no signifi-
cant deviation outside the limits currently set by zero-field
eA measurements.

Figure 8 displays the same measurements as a func-
tion of the applied magnetic field, which would make any
longitudinal magnetic field dependence conspicuous, but
puts all transverse-field data together, close to the origin.
The slope uncertainty that accompanies the linear regres-
sion of the measured affinity as a function of the applied
magnetic field makes complete invariance close to being
the most probable result.

Fig. 7. Electron affinity measurements carried out in different
magnetic field configuration, as a function of the mean photo-
electron energy, in an electric field of either 291 or 255 V/m.
Circles ◦ are for a zero applied magnetic field, crosses + for a
transversely applied magnetic field between –0.7 and 1.3 μT,
squares � with a longitudinal magnetic field of either 60 or
90 μT, triangles Δ for exactly the same excitation wave-
length and a longitudinal magnetic field up to 150 μT. For
this case, magnetic field values no longer small with respect
to B1 ≈ 252 μT produce significant refocusing that strongly
reduces the accuracy of the fitting procedure, hence the exotic
points with larger error bars. The two horizontal lines show the
±2σ limits of our current knowledge of the electron affinity of
sulfur [22].
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Fig. 8. Electron affinity measurements (same data as Fig. 7)
as a function of the applied magnetic field B. Vector B can
be either parallel or perpendicular to the electric field, but the
deviation by the Lorentz force is such that transverse fields
cannot be greater than one and a half μT. Correspondingly all
transverse field data coalesce near the origin. The measured
trend is a 0.7 ± 1.3 m−1/mT slope, which confirms numeri-
cally the absence of any net effect of the magnetic field on the
interferograms.

4 Revision of some electron affinities

The visual aspect of photodetachment interferograms and
the quantitative electron affinity measurements carried
out in magnetic fields up to a few 10−4 T show the in-
variance of the phase of these interferograms and electron
affinity measurements, within experimental uncertainties,
as a function of the applied magnetic field. There is no
magnetic field shift of the apparent electron affinity such
as the one we erroneously modelled when we ‘revisited’ the
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electron affinity of oxygen, silicon and sulfur in 2005 [4].
The mistake was that in the moving reference frame that
would cancel the transverse magnetic field, the velocity
of the ions can become such that one must not only use
the relativistic expression for the transformation of the
electromagnetic field, but a relativistic expression for the
action integrals too. Within the limits of the present accu-
racy of electron affinity measurements, the possible ‘mag-
netic’ error that we had estimated can be reduced to zero,
which can lead to one more improvement of the electron
affinities of O, Si and S.

The electron affinity of oxygen however, as measured
by the photodetachment microscope, was not so sensi-
tive to the (wrong) correction formula. So the measured
electron affinity remains 1178467.6(7) m−1. The only im-
provement concerns the eV value of eA(16O), because
the 2006 CODATA revision of the physical constants [28]
comprised a threefold improvement of the m−1 to eV
conversion factor, which makes it possible to write now
eA(16O) = 1.4611134(9) eV.

Revision of the silicon data produces a significant im-
provement of the electron affinity of Si, which now appears
to be 1120724.4(6) m−1, i.e. eA(28Si) = 1.3895210(7) eV
(that is, in eV, a nearly twofold accuracy improvement).

The electron affinity of sulfur was the subject of more
and more accurate electron affinity measurements since
2005 [22,29], which have produced an up-to-date value of
the electron affinity of 1675297.53(41) m−1, i.e. eA(32S) =
2.0771040(6) eV. Revision of the 2005 data does not add to
this accuracy; eA(32S) remains the most accurately known
of all electron affinities.

5 Conclusion

Photodetachment microscopy was carried out in the pres-
ence of magnetic fields two orders of magnitude larger than
those used in a preliminary study. Invariance of the inter-
val structure of the interferograms was demonstrated even
when the magnetic field becomes large enough to refocus
the electron trajectories. Constancy of the internal phase
was quantitatively confirmed by the comparison of elec-
tron affinity measurements made with and without such
magnetic fields. As a consequence, the uncertainty of some
previous eA measurements appears to have been overesti-
mated, which leads to a revision of the electron affinities
of oxygen, silicon and sulfur. Investigation of higher field
regimes where the cyclotron period would become of the
same order of magnitude or larger than the inverse of the
time-of-flight difference of the interfering trajectories is
left to future studies.
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magnetic-field rectangular coils. They are also grateful to
Mickaël Vandevraye for some useful comments. This work was
supported by the Agence nationale de la recherche under con-
tract ANR-06-BLAN-0012-01.

Appendix: Closed-orbit perturbative
calculation of the interference phase
at the centre of the ring pattern
in the presence of a weak magnetic field

A.1 The role of a closed classical orbit

In a semi-classical analysis, the phase difference in the in-
terferogram is just �

−1 times (with � the reduced Planck
constant) the reduced action difference between the two
trajectories that lead to the detection point. The maxi-
mum phase difference Δφ, which is reached at the centre
of our ring pattern in the absence of any deviation from
the circular symmetry, will thus correspond to a maximum
action difference. Since the action gradient in the detec-
tion plane is just the final momentum p, any extremum
of the action difference corresponds to the identity of the
final momenta. The final parts of the interfering trajecto-
ries are thus necessarily superposed, so the only possibility
apart from the trivial degenerate case is that the longer
trajectory makes a loop before merging with the shorter
one. All the extreme action difference is thus built in a
closed loop that brings the electron back to the origin.

The further importance of underlying closed classical
orbits for the spectral properties of the photoionization or
photodetachement cross-sections was demonstrated by Du
and Delos [30,31] for photoionization in a magnetic field,
then developed for photodetachment in external fields [16,
32]. In the spatial domain however, as just seen, the role of
closed loops directly stems from the identification of the
action gradient with the momentum.

On the other hand, the reduced action’s partial deriva-
tive with respect to energy ε is just the time-of-flight T .
So the reduced action difference can be calculated as an
antiderivative of the time difference ΔT , i.e. here the time
taken by the closed loop. As a consequence

Δφ =
1
�

∫ ε

0

ΔT (ε′)dε′. (A.1)

The aim of the present appendix is to calculate this phase
difference in the presence of both an electric and a mag-
netic field, so as to determine from a perturbative point
of view the phase variations produced in photodetachment
microscopy interferograms by the addition of a weak mag-
netic field.

A.2 Notations and initial conditions

We define a Cartesian reference frame Oxyz of electron
coordinates (x, y, z) so as to write the electric and mag-
netic fields E = (0, 0,−E) and B = (Bx, 0, Bz) respec-
tively, with E > 0 (which will make the electron ‘fall’ to
positive z values) and the origin O set at the position of
the negative ion (which is the electron source). We note
B = |B|. We define the electron acceleration γ = qE/m
Ω = qB/m, where q = −e and m are respectively the
charge and the mass of the electron; their components
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are given by γ = (0, 0, γ) and Ω = (Ωx, 0, Ωz), where
γ = eE/m, Ωx = −eBx/m, Ωz = −eBz/m can be al-
gebraic quantities. Ω = |Ω| = (Ω2

x + Ω2
z )1/2 = eB/m

is the cyclotron angular frequency, equal to twice the
Larmor frequency. Reduced dimensionless cyclotron fre-
quencies can be defined by ωx = Ωx/Ω = −Bx/B and
ωz = Ωz/Ω = −Bz/B.

At time t, the velocity of the electron is V = (ẋ, ẏ, ż).
At time t = 0 and at the origin O, the initial velocity
of the electron V0 = (V0x, V0y, V0z) is such that V0 =
|V0| = (2ε/m)1/2, where ε is the initial kinetic energy
of the photodetached electron. The experimental orders
of magnitude are: V0 ∼ 103−104 m/s, E ∼ 300 V/m,
B ∼ 10−5−10−4 T so η ≡ V0B/E ∼ 10−4−10−3.

A.3 Newton’s second law and the equations of motion
of the electron

The maximum electron speed being typically 107 m/s, non
relativistic Newton’s second law can be applied to the elec-
tron subject to the Lorentz force: mγ = −e(E + V ∧ B).
With the notations of Section 2, one can write the result-
ing system of coupled, linear differential equations:

ẍ = Ωz ẏ; ÿ = Ωxż − Ωzẋ; z̈ = γ − Ωxẏ.

Solving such a system of differential equations is straight-
forward. The motion equations of the electron can be writ-
ten in the following form:

x(t) = Ω−2[aΩz(1 − cosΩt) − bΩz sin Ωt

+ (1/2)ΩxΩzγt2 + cΩxΩ2t] (A.2a)

y(t) = Ω−2[aΩ sinΩt + bΩ(1 − cosΩt) + Ωxγt] (A.2b)

z(t) = Ω−2[−aΩx(1 − cosΩt) + bΩx sin Ωt

+ (1/2)Ω2
zγt2 + cΩzΩ

2t] (A.2c)

where the constants a, b, c are defined from the initial
conditions:

a = V0y − ΩxΩ−2γ; b = Ω−1[ΩxV0z − ΩzV0x];

c = Ω−2[ΩxV0x + ΩzV0z ]. (A.3)

A.4 Equations for closed orbits

Spherical polar coordinates (r, θ, ϕ) can be used to char-
acterize the emission vector of the photoelectron. The
Cartesian components of V 0 will be:

V0x = V0sinθ cosϕ, V0y = V0sinθsinϕ,

V0z = V0cosθ.

A closed orbit is defined by the conditions on the expres-
sions (A.2):

x(ΔT ) = 0, y(ΔT ) = 0, z(ΔT ) = 0 (A.4)

which has to be resolved to determine the initial velocity
of a closed loop. In the absence of magnetic field (B = 0,

Ω = 0), the only possible closed orbit is the up and down
round trip along the axis Oz, which is defined by θ = π
and any value of ϕ. The determination of the revolution
time is straightforward:

ΔT0(ε) = 2
V0

γ
= 2

√
2m

e E
ε1/2. (A.5)

The phase difference on the Oz axis, obtained from inte-
gration (A1), is just the maximum phase Δφ0 at the centre
of the ring patterns in photodetachment microscopy [33]:

Δφ0 =
4
√

2m

3 � e E
ε3/2. (A.6)

In the general case, i.e. with a non-zero Bx component,
expressing the condition that a closed loop shall bring the
electron back to the origin with the same kinetic energy,
one easily finds that an orbit can be closed only if V0x =
0, i.e. ϕ = π/2 (Ωx > 0, Bx < 0) or ϕ = −π/2 (Ωx = <0,
Bx > 0). The inclination θ can be developed in the vicinity
of θ = π as a power series of η. Up to the fifth order in η
the closed-orbit time-of-flight appears to be:

ΔT =
k

Ω
= ΔT0

[
1− 1

18
ω2

xη2+
(

7
648

ω2
x−

1
135

)
ω2

xη4

]

(A.7)

ΔT (ε)=ΔT0(ε)
[
1− 1

9
B2

x

mE2
ε+

(
7

162
− 4

135
B2

B2
x

)
B4

x

m2E4
ε2

]
.

(A.8)

The integration (A.1) of (A.8), determines the variation of
the maximum phase Δφ at the centre of the interferograms
with respect to Δφ0 (A6):

Δφ = Δφ0

[
1 − 1

15
B2

x

mE2
ε +

(
1
54

− 4
315

B2

B2
x

)
B4

x

m2E4
ε2

]
.

(A.9)
In the expression (A.9), the second term is independent of
Bz, but not the third term. With the typical values of Sec-
tion 2, the second and third terms of the parenthesis are
respectively lower than 10−9 and 10−17. This result shows
that, in the present experimental conditions of photode-
tachment microscopy, the influence of the magnetic field
on the interferograms, even with an arbitrary orientation,
remains completely negligible.
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