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Control and imaging of O('D.) precession

Shiou-Min Wu', Dragana C. Radenovic!, Wim J. van der Zande', Gerrit C. Groenenboom’,
David H. Parker'*, Claire Vallance?* and Richard N. Zare3*

Larmor precession of a quantum mechanical angular momentum vector about an applied magnetic field forms the basis for
a range of magnetic resonance techniques, including nuclear magnetic resonance spectroscopy and magnetic resonance
imaging. We have used a polarized laser pump-probe scheme with velocity-map imaging detection to visualize, for the
first time, the precessional motion of a quantum mechanical angular momentum vector. Photodissociation of O, at 157 nm
provides a clean source of fast-moving O('D,) atoms, with their electronic angular momentum vector strongly aligned
perpendicular to the recoil direction. In the presence of an external magnetic field, the distribution of atomic angular
momenta precesses about the field direction, and polarization-sensitive images of the atomic scattering distribution
recorded as a function of field strength yield ‘time-lapse-photography’ style movies of the precessional motion. We
present movies recorded in various experimental geometries, and discuss potential consequences and applications in

atmospheric chemistry and reaction dynamics.

ance spectroscopy and magnetic resonance imaging have

revolutionized medicine and the chemical sciences. They
have provided detailed structure determination and quantification
capabilities for chemical species in liquid or solid phases, and a
battery of state-of-the-art medical imaging techniques. All three tech-
niques are based on the quantum-mechanical phenomenon of
Larmor precession.

Every quantum-mechanical angular momentum vector, including
nuclear spin, ‘T, electronic spin, ‘S’ and electronic orbital angular
momentum, L’, has an associated magnetic moment. For a spin-
zero system such as the O(*D,) atom considered in this paper, the
magnetic moment p is related to the angular momentum J by

N uclear magnetic resonance spectroscopy, electron spin reson-

e
M:_Z—me] (1)

where e and m, are the electronic charge and mass, respectively.
When an external magnetic field B is applied to the system,
the magnetic moment experiences a torque, T= p X B, per-
pendicular to the magnetic moment (and therefore perpendicular
to the angular momentum J), which causes the magnetic
moment to precess about the field direction. This motion
is known as Larmor precession, and occurs at the Larmor
precession frequency!

B

where py = efi/2m, is the electronic Bohr magneton.

In this contribution, we use velocity-map imaging (VMI) to visu-
alize Larmor precession of an ensemble of atomic orbital angular
momentum vectors in the presence of an external magnetic field.
VMI is a technique developed in the field of chemical reaction
dynamics for imaging atomic and molecular scattering distributions
arising from photoinitiated unimolecular and bimolecular reactions.
Of particular relevance to this work, the technique may be used to

measure the spatial distribution of an atomic or molecular angular
momentum vector.

To observe Larmor precession, we must first create a strongly
aligned distribution of atomic angular momentum vectors (this is
analogous to preparing an ‘overall magnetization’ vector in
NMR techniques). As explained below, O('D,) atoms formed
in the 157 nm photolysis of molecular oxygen provide a uniquely
clean and simple system in which to explore Larmor precession.

The first excited O('D,) state of atomic oxygen lies 1.967 eV
above the O(P,) ground state. This high energy, together with its
open-shell character, makes O('D,) highly reactive in collisions
with other atomic or molecular species. In the absence of collisions,
however, O('D) is metastable? with a lifetime of ~110 ns, a conse-
quence of the fact that emission of a photon to return the atom to
the ground state is spin forbidden. This long lifetime greatly facili-
tates the study of processes involving O('D).

As O('D,) is a singlet state, the spin quantum number is zero,
and the atomic angular momentum J is determined simply by
the electronic orbital angular momentum, L, which for O('D,)
has a quantum number L = 2. The description of angular momen-
tum polarization in this system is particularly straightforward, as the
M; and M; quantum numbers, describing the projections of the
total and orbital electronic angular momenta onto a fixed axis, are
equivalent. The situation is simplified even further by the fact that
the overwhelmingly predominant 'O isotope of oxygen has no
nuclear spin, so there is no hyperfine depolarization of the
nascent angular momentum distribution caused by coupling of
the electronic angular momentum to the nuclear spin. In combi-
nation, these factors make O('D) a very promising candidate for
the study of chemical reactivity as a function of atomic polariz-
ation®?, an idea that is explored further later in this paper.

Because the electronic angular momentum of an atom or
molecule is determined by the distribution of unpaired electron
density, which is often highly anisotropic during the process of
bond cleavage, many chemical processes yield products in which
the electronic angular momentum is strongly polarized.
Dissociation of O, through the B3~ state provides a good
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Figure 1| The O(‘Dz) M, state population distribution following
photodissociation of O, at 157 nm. For axial recoil, M, is the quantum
number describing the projection of the O-atom orbital angular momentum J
onto the recoil velocity direction v. The corresponding electron density and
angular momentum distribution are also shown. (Data from ref. 7.). The
error bars are one standard deviation of the population values from several
data sets consisting of numerous images recorded in different experimental
geometries using two different probe transitions.

example, and we will consider its dissociation dynamics in some
detail. Excitation from the X*X,~ ground state to the B’S, "~ state
is the first allowed optical transition in O,, occurring at wavelengths
below 175 nm. The transition gives rise to the well-known
Schumann-Runge bands and continuum in the absorption spec-
trum of the Earth’s atmosphere. At the excitation wavelength used
in this work, the B state is unbound, and immediately dissociates
to produce O('D) partnered by OCP). When a polarized laser is
used to carry out the photolysis, the angular distribution of the
photofragments relative to the laser polarization axis takes the form®

P(6,) = 1 + BP,(cosb,) 3)

where 6, is the angle between the fragment recoil velocity and the
laser polarization axis, and P,(cosf,) oc (1/2)(3cos?6, - 1) is the
second Legendre polynomial. In general, the spatial anisotropy par-
ameter 3 can take values between -1 and 2. For the B to X transition
in O,, the transition dipole lies parallel to the O—O bond and 8
takes its limiting value of 2, corresponding to a cosine-squared dis-
tribution of the photofragments about the electric vector of the pho-
tolysis light. In other words, the O('D) and OCP) fragments recoil
preferentially along the polarization vector of the laser beam.

As noted earlier, observation of Larmor precession relies on the
preparation of a strongly aligned distribution of atomic angular
momenta. We have shown in previous workS that the O('D,)
atoms formed during dissociation of the B state of O, are strongly
aligned with their electronic angular momentum perpendicular to
their recoil velocity. To place this on a more quantitative basis, for
an atom with total angular momentum quantum number J= 2,
the angular momentum distribution arising from photolysis
through a pure parallel transition is given by’

P(6) =1+ a({)z)PZ(COSGI) + a({)4)P4(c036]) 4)

where 0, is the angle between the photofragment angular momen-
tum vector J and its recoil velocity v, and P,(cos6)) and P,(cos6))
are second- and fourth-order Legendre polynomials. The par-
ameters aly’ and al'! are alignment parameters, which, in addition
to characterizing the angular momentum polarization, may be
used to determine the M, state populations and electron density dis-
tribution. These were found to take values of -0.80 + 0.04 and
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0.14 4+ 0.02 for af* and al", respectively. Figure 1 presents the
distribution of J for the nascent O('D) as calculated from
equation (4), together with the M; state populations and the corre-
sponding distribution of unpaired electron density. Taking the
recoil vector as the quantization axis, ~80% of the O(' D) atoms are
formed in M;=M; =0, with a minor contribution from M;=1,
and very little production in M; = 2. This is a highly non-statistical
M; distribution, which corresponds to J lying preferentially perpen-
dicular to the recoil velocity, as shown in Fig. 1. Unsurprisingly, the
electron density distribution (also shown in Fig. 1) is also highly
polarized. Other work® has shown that the strong alignment is vir-
tually independent of wavelength as long as the dissociation is
dominated by the B state. The alignment persists for dissociation
wavelengths all the way from threshold at 175nm down to
~120 nm, covering the entire range of the Schumann-Runge
absorption bands and continuum. Two-photon photolysis, in which
the first photon excites to the blEg“L state and the second to the B
state’, and dissociation via the higher-lying E’S = state!®, which
shares its short-range repulsive wall with the B state, have also been
shown to yield similar alignment in the O('D) fragments. Although
a fully quantitative quantum theoretical treatment of the dissociation
is still a work in progress, the measured M, distribution approaches
that predicted by a diabatic dissociation model'’.

The long lifetime and strongly polarized angular momentum dis-
tribution of O('D,) atoms formed in the UV photolysis of O, allows
their precessional motion in a magnetic field to be studied over a
long timescale. As we shall show, VMI allows direct visualization
of the precessional motion. The ease with which an external mag-
netic field can be used to manipulate the atomic angular momentum
distribution (and therefore also the unpaired electron density distri-
bution from which the angular momentum originates) also opens
up the intriguing possibility of studying chemical reactions as a
function of atomic orbital orientation.

Overview of experiment

The experiments and the VMI spectrometer shown in Fig. 2 are
described in detail in the Methods. Here, we provide a brief overview
of the experimental technique sufficient to understand the data
presented in the Results section.

A molecular beam of O, is intercepted by a 157 nm pump laser
beam. As described earlier, this excites the O, to the B state, from
which it dissociates into a ground state OCP) atom and an
excited state O(*D) atom. Both atoms have a single well-defined vel-
ocity of ~2,200 m's™', determined by conservation of energy and
momentum, such that the atoms recoil from the crossing region
on the surface of an expanding spherical shell (or ‘Newton
sphere’). The o('D) photofragments have a cos?6 angular distri-
bution about the polarization vector of the photolysis laser, and
their electronic angular momentum vector J is strongly aligned
perpendicular to their direction of recoil.

The O('D) atoms are exposed to a magnetic field generated by a
Helmbholtz coil, and undergo Larmor precession for a short period
of time before being ionized by a second laser pulse and extracted
to a position-sensitive detector by an electric field maintained
between a set of velocity-mapping electrodes. The detector is
time-gated such that each recorded image represents a thin slice
through the O(' D) Newton sphere, corresponding to the detection
of products with a fixed value v, of the recoil velocity component
along the time-of-flight (TOF) axis. The laser technique used to
ionize the O(' D) atoms in the probe step is sensitive to the projection
of J onto the laser polarization axis. As the distribution of atomic
angular momentum vectors produced in the photolysis step rotates
under the influence of the magnetic field generated by the
Helmholtz coils, the detection sensitivity for atoms scattered in differ-
ent directions changes, allowing the rotation of J to be observed clearly
in the final images as the applied magnetic field is increased.
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Figure 2 | Schematic of the VMI setup. A molecular beam of O, enters the
velocity mapping lens along the TOF (z) axis and is crossed in the ionization
region by a 157 nm photolysis laser (propagating along the x axis) and a
205.5 nm detection laser (propagating along the y axis). The resulting
distribution of O™ ions is projected onto a 2D position-sensitive detector
and the subsequent image recorded by a charge-coupled device camera.
Magnetic fields are applied along the x, y, or z axes using Helmholtz coils to
initiate precessional motion of the electronic angular momentum vector of
the scattered atoms. A schematic diagram of the O('D) product angular
momentum distribution precessing about a magnetic field B applied along
the z axis is shown in the inset. ¢ denotes the polarization axis of the
probe laser beam.

probe

Several different experimental geometries, defined by the polariz-
ation directions of the pump and probe laser beams and the axis
along which the magnetic field is applied, have been used to visualize
the precessional motion (Supplementary Fig. S1). We describe one
representative result in detail here, and present the results measured
in this and other geometries in the form of ‘Movies’ in the
Supplementary Information. The geometry to be discussed is shown
as an inset to Fig. 3: the photolysis laser is unpolarized, the probe
laser is polarized in the image plane and parallel to the photolysis
propagation axis, and the magnetic field is applied along the z or
TOF axis. The pump-probe delay time for this data set is fixed at 80 ns.

Results and discussion

Figure 3 shows a montage of images for O(' D) precession about a
magnetic field applied along the TOF axis. Each triplet of images
represents three slices taken through the 3D scattering distribution
at three different values of v,, with the second image in each
triplet corresponding to a slice through the centre of the velocity
distribution.

The unpolarized 157 nm photolysis laser propagates from top to
bottom in the images, so that its electric vector is cylindrically sym-
metric about the vertical axis of the images. Because the O('D)
atoms recoil preferentially along the polarization direction, they
are also distributed with cylindrical symmetry about the laser propa-
gation axis, with the result that the centre slice recorded in the vel-
ocity map image shows intensity to the left and right of the images
(perpendicular to the laser propagation axis), and no intensity at the
top and bottom (along the laser propagation axis). Application of an
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external magnetic field may affect the image in two ways. First, the
trajectories of the ions as they travel along the flight tube may be
perturbed by the presence of the field. This appears to be a very
minor effect: as the magnetic field is increased, the velocity-map
images are indeed displaced from centre, but not significantly.
The second and much more important consideration is the effect
of the applied field on the polarized angular momentum distri-
bution of the photofragments. As explained previously, the
angular momentum distribution precesses about the field axis at a
Larmor frequency determined by the field strength. Because the
transition dipole moment for the probe step is correlated with the
total angular momentum vector J, as the distribution precesses,
the detection sensitivity changes, causing the image to undergo
apparent rotation with increasing magnetic field strength. We
stress that although it may appear from the images that the velocity
distribution of the fragments is rotating, this is not the case. The vel-
ocity distribution remains unchanged as a function of field strength,
but the ionization probability in the probe step for products scat-
tered at different angles changes as the J distribution rotates.

The images shown in Fig. 3 are recorded as a function of the
current supplied to the Helmholtz coils. The field strength in the
interaction region was not measured directly, but can be estimated
from the geometry of the Helmholtz coils to range between ~0
and 22G (1G=1x10""*T) for coil currents of 0-950 mA. At
the very lowest field strengths, contributions from the Earth’s mag-
netic field and stray fields from other electronics within the labora-
tory may perturb the magnetic field experienced by the nascent
photofragments, but these effects become negligible at higher
field strengths.
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Figure 3 | Montage of 2D sliced images from Supplementary Movie 1.
Darker regions correspond to higher signal levels. Three images, taken at
early, medium and late arrival times within the O" TOF peak are shown
from left to right for each value of the current (in mA) applied to the
Helmholtz coils. The unpolarized 157 nm dissociation laser (propagating
along the x axis in Fig 2) crosses perpendicular to the 205.5 nm probe laser
(y axis), which is polarized in the x direction (the polarization axis is
denoted by &,,,e)- Arrows are included to guide the eye in the direction of
rotation of the angular momentum polarization.
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Figure 4 | Experimentally measured and simulated images for the subset
of images from Fig. 3 spanning Helmholtz coil currents of 200-450 mA.
The magnetic field strengths used in the simulations are shown to the right
of the images. Details of the simulations are given in the text.

Using equation (2), we can calculate the Larmor precession
frequency v; (in units of s~ ') to be

B
v = “% = 1.3996 x 10'°B )

where the field strength B is given in tesla. We can therefore
predict that to achieve a full rotation of the angular momentum dis-
tribution the magnetic field strength must be scanned over a range
of ~9 G at the 80 ns pump-probe delay time used in the present
measurements. The Earth’s magnetic field is 0.3-0.6 G, so without
an applied field the precessional period is ~1 ps. As indicated in
the images shown in Fig. 3, a full rotation occurs between coil cur-
rents of 450 and 950 mA, corresponding to an approximate change
in field strength B of ~11 G based on our estimate of the magnetic
field at a given coil current. For a given set of alignment
parameters, it is fairly straightforward to simulate the images that
would be expected for particular values of the applied magnetic
field, and we have carried out Monte Carlo simulations to model
our experimental images. In addition to demonstrating a full
understanding of the physical processes occurring in our exper-
iment, the simulations also allow a more rigorous calibration of
the magnetic field than is possible in the simple calculations
outlined above.

To simulate the centre slice of the measured distribution, for each ion
trajectory we first randomly sample a velocity in the image plane from
the O(' D) velocity distribution, P(6,) oc 1 + 8 P,(cosf,) (eq. (3)). We
can then determine the image coordinates (x = v cos,, y = v sinf,),
where v is the speed of the O(' D) fragment. Because we are only inter-
ested in the angular dependence of the images, v was set to 1 for the
simulations. Next, we select polar angles ¢; and ¢ for J relative to v,
and determine the probability of the fragment having this polarization
from equation (4). During the pump-probe delay time 7, the applied
magnetic field causes the angular momentum J to precess through
an angle ¢y =2mv; 7, where v, is the Larmor frequency defined
in equation (2).
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To determine the detection probability for the ion, it is necessary
to determine the projection of the transition dipole p, ;. for the
resonance-enhanced multiphoton ionization (REMPI? step onto
the (laboratory frame) probe laser polarization. For the probe tran-
sition used, P,y is perpendicular to J, and the appropriate projec-
tion may be determined from the polarization of J in the laboratory
frame. Determining J in the laboratory frame (that is, relative to the
photolysis laser polarization), rather than in the molecular frame in
which it is currently defined (that is, relative to v) simply involves
rotating J first through the angle 6, between v and the photolysis
polarization vector, and then through the precession angle ¢p. In
this manner we determine the appropriate projection onto
the probe laser polarization vector, and convert this to a
detection probability.

Figure 4 shows a comparison between the results of these
simulations and the experiments for the geometry shown in Fig. 3.
The agreement between the experimental and simulated data is
good, with small discrepancies probably arising due to residual
or stray fields in the experiment that have not been characterized,
and that cannot therefore be modelled in the simulations. The depen-
dence of the magnetic field on the Helmholtz coil current, determined
by comparing the experimental and simulated images, is shown
in Fig. 5.

Our observations of Larmor precession in O('D,) atoms demon-
strate that the laboratory-frame orientation of an aligned or oriented
angular momentum distribution is readily controlled by the appli-
cation of a relatively weak magnetic field. There are numerous con-
sequences that are worth exploring, one of which is the effect of
precessional motion on atomic emission of radiation. When an
excited state molecule emits a photon to return to the ground
state, the photon polarization is correlated with the transition
dipole moment for the emission, so that an aligned or oriented
distribution of excited state molecules emits polarized radiation.
Fluorescence from an aligned or oriented angular momentum dis-
tribution rotating under the influence of a magnetic field therefore
displays a sinusoidal oscillation in intensity when viewed through
a polarizer. This effect is well known, and techniques such as
quantum-beat spectroscopy take advantage of the phenomenon to
characterize aligned or oriented distributions of excited state mol-
ecules'?!®. As well as allowing such fundamental studies, the effect
of a magnetic field on the properties of polarized radiation is poten-
tially of considerable interest in relation to processes occurring in
the interplanetary medium, interstellar medium, circumstellar
regions and quasars. Our experiments generate highly polarized
distributions of O('D) atoms in a photolysis process that also
occurs widely in the Earth’s atmosphere, and it is worth considering
at this point whether our findings have any consequences for
atmospheric chemistry.
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Figure 5 | Calibration showing the dependence of the magnetic field
strength experienced by the scattered 0(‘D2) atoms on Helmholtz coil
current. The curve was derived by comparing computer simulations of the
photofragment velocity-map images at various field strengths with the
experimentally measured images.
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The maximum solar energy absorption of O, in the Schumann-
Runge continuum through the process

0, + hv(A < 175 nm) — O('D) + OCP)

occurs in the Earth’s mesosphere and lower thermosphere at alti-
tudes of 80-110 km. This corresponds well with the region in
which the O('D) daytime emission (dayglow) reaches a
maximum® At the lower altitudes of 10-50 km spanned by the
Earth’s stratosphere, O('D) is produced by photodissociation of
ozone in the Hartley bands through the process

O,(X'A;) + hv(200—320 nm) — O('D) + O,('A)

This process is also known' to lead to the production of highly
polarized O('D) atoms over the wavelength range 235-305 nm,
again with M; state populations peaking at M; = 0.

Applying a simple model in which the incident sunlight is polar-
ized in a plane perpendicular to the Earth-Sun axis along which it
propagates (note that this assumes no scattering and depolarization
of light by other atmospheric constituents before absorption), there
would appear to be plenty of scope for the production of O('D)
atoms with angular momenta that are aligned with respect to the
direction of the incoming sunlight. This raises the question of
whether such polarization is amenable to observation, for
example, through polarization of the dayglow emission. The
answer to this question lies in a consideration of the various com-
peting processes for removal and/or depolarization of O('D).
O('D) atoms are both depolarized and quenched to the OCP) elec-
tronic ground state in collisions with N, and O,, which occur on a
timescale much faster than the O(*D) radiative lifetime'>. The colli-
sional quenching cross-section for O('D) —» OCP) is large, of the
order of 4 x 10~ "' cm’ s ™", However, it is clear that not every col-
lision leads to electronic quenching, as it has been shown that o('D)
is translationally thermalized under atmospheric conditions. If these
thermalizing collisions also cause depolarization, then this accounts
for the fact that polarized dayglow emission has not been observed.
Even in the absence of collisions, Larmor precession of the nascent
polarized angular momentum of the O('D) in the Earth’s magnetic
field would essentially randomize the polarization for long-lived
O('D) atoms emitting over a broad range of times. In lower
density environments, such as the interstellar medium, where the
time between collisions greatly exceeds the radiative lifetime,
atomic polarization almost certainly survives for long enough to
be observable in emission, and may be a potential probe of local
magnetic fields.

Of more interest to terrestrial activities, the long lifetime and
strong polarization of O('D) formed in the UV photolysis of O,
or O; makes it an extremely promising candidate for laboratory-
based studies into the effects of atomic polarization on bimolecular
collisions, and on chemical reactivity more generally. Such effects
were first observed by Rettner and Zare?®, who found that the align-
ment axis in laser-pumped Ca('P) atoms strongly affects the
branching ratio between different CaCl* electronically excited pro-
ducts states formed following reaction with HCl. Orbital alignment
effects have since been studied for a variety of bimolecular pro-
cesses*!6, Reactions of O(*D) with methane, for example, have
been investigated in great detail'”. The O('D) reactant for these
bimolecular reaction studies was generated through O, photodisso-
ciation at 157 nm (ref. 18), and therefore had the same angular
momentum distribution as shown in Fig. 1. Our work opens up
the possibility of measuring the reactivity and product state distri-
butions for this and other chemical systems while using a magnetic
field to control the direction of the O(*D) electron density and
angular momentum with respect to the collision partner.
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Methods

The VMI apparatus has been described in detail in Ref. 4, and is shown
schematically in Fig. 2. In brief, a pulsed supersonic expansion of O, at a stagnation
pressure of 1 bar was skimmed before entering the electrostatic lens assembly used to
achieve velocity-mapping conditions. Half way between the first two lens elements,
the molecular beam was crossed by the photolysis laser (157 nm) and probe laser
(205.5 nm), which were arranged to cross at right angles. For the measurements
reported here, the photolysis laser beam was unpolarized, and the probe laser was
polarized either parallel or perpendicular to the image plane using a variable
waveplate. Detection of the O('D,) photolysis products was through the

'D, — 3p'P, (2 + 1) REMPI transition.

Three Helmholtz coils centred on the x, y and z axes defined in Fig. 2 (with z lying
along the TOF direction and x and y coinciding with the laser propagation directions)
were used to provide the magnetic fields required to initiate precessional motion of the
photofragment angular momentum. Photodissociation of O, at 157 nm yielded O('D)
atoms with a velocity of ~2,200 m s~ and strongly aligned electronic angular
momentum, as outlined in the previous section. Atoms with the same alignment
distribution could in principle be created at any velocity up to ~6,000 m s~ ' by
dissociation of O, at other wavelengths within the Schumann-Runge continuum,
which ranges from 175 to 120 nm. During the pump-probe delay time, the angular
momentum distribution precesses about the magnetic field applied using the
Helmbholtz coils, before the fragments are ionized by means of (2 + 1)REMPI and
detected. Precession of ] may in principle be imaged either by fixing the magnetic field
strength B and recording images for increasing pump-probe delay times, or by fixing
the delay and recording images as a function of B. In this work the images were
recorded using an optical slice-imaging technique (described in detail in ref. 4), and
under these conditions timing considerations make it much more straightforward to fix
the pump-probe delay and vary the magnetic field strength. Consequently, images
were recorded as a function of B for two different laser pump-probe delay times 7 of 80
and 400 ns. The precessing atoms travelled less than 1 mm in the time between their
formation and ionization, even for the longer of the two pump-probe delay times, and
it is assumed that the applied magnetic field was sufficiently spatially homogeneous
over this distance scale that inhomogeneity effects did not need to be considered. This
assumption is supported by the results of the simulations presented in the Results.

The Supplementary movies were generated from sequences of images recorded
as a function of increasing magnetic field strength. In the main text we discuss the
data corresponding to the experimental geometry shown in the inset to Fig. 3 at a
pump-probe delay of 80 ns (Supplementary Movie 1). Other geometries that were
used are listed in Supplementary Fig. S1.
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