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Supplementary Table 1. Thermochemical threshold energies for fragmentation processes

relevant to the present study.

Dissociation products Threshold energy/cm= Reference
H + SH(X?I3, v= 0, N= 1) 31451 +4 1
H+ SH(A%Z,v' =0,N =0) 62284 +4 1,2
H+H+SCPy) 60696 +25 1,3
H+ H + S('Dy) 69935 +25 1,3,4
Ha(X12g*, v'= 0, j"= 0) + S(*D>) 33817 +25 1,345
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Supplementary Figure 1. Time of flight spectra of the H atom products from
photodissociation of H>S at (a) 154.53 nm, (b) 139.11 nm and (c) 122.95 nm with the detection

axis parallel (black) and perpendicular (red) to the photolysis laser polarization.
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Supplementary Figure 2. Plot showing the internal energy dependence of the radiative
lifetime of SH(X) radicals (from ref. 6).
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Supplementary Figure 3. Schematic of the two-colour VUV FEL-VMI experimental setup.



Supplementary Note 1

Radiative lifetimes of SH(X) rovibrational levels. Radiative lifetimes, trq, for individual
SH(X, v”, N”) levels are available directly from a recent addition to the ExoMol database by

Gorman et al. ® and are plotted as a function of internal energy in Supplementary Figure 2. The
Trad Values for the higher v, N ” states populated when photodissociating H.S at e.g. A = 154.53
or 139.11 nm are typically ~0.1 sec, largely determined by the Av = —1 transition probabilities
(augmented by larger v’ changing transitions when available). The 1.4 values increase at low
internal energies, as radiative decay is restricted to just v ’=1—v =0 transitions and, ultimately,

to pure rotational transitions within the v ’=0 manifold of levels.



Supplementary note 2

Experimental Methods. The vacuum ultraviolet free electron laser (VUV-FEL) and the H-
atom Rydberg atom TOF experiment have been described previously ” and details are not
repeated here. However, the procedures for undertaking velocity map imaging (VMI) data
using the FEL output has not been described previously. The experiment involves a molecular
beam, photolysis and probe lasers and the detection system and is summarized in

Supplementary Figure 3.

The pulsed supersonic beam was generated by expanding a mixture of 1% H.S and Ar at a
backing pressure of 1 bar into the source chamber where it was skimmed before entering the
ion optics assembly (I0A, 23-plate ion optics 8) mounted in the differentially pumped reaction
chamber. The beam passed through a 2 mm hole in the first electrode and propagates along the
centre axis of the IOA towards the centre of the front face of the detector. The molecular beam
was intersected at right angles by the counter-propagating photolysis and probe laser beams
between the second and the third plates of the IOA. The photolysis photons were provided by
the FEL, operating at 10 Hz with gpump fixed in the horizontal plane and thus parallel to the
front face of the detector. The S(*D,) photoproducts were probed by one photon excitation at
)\ =130.091 nm to the autoionizing 3p3(?D°)5s; 'D2° level. The 130.091 nm probe photons were
generated by four wave difference frequency mixing (DFWM) using two 212.55 nm photons
and one 580.654 nm photon in a stainless-steel cell filled with an Ar/Kr mixture (3:1 mixing
ratio). The laser light at 212.55 nm was produced by doubling the output of a 355 nm (Nd:YAG
laser) pumped dye laser (Sirah, PESC-G-24) operating at ~425 nm. A portion of 532 nm output
of the same Nd:YAG laser was used to pump another dye laser (Sirah, PESC-G-18) which
operated at ~580 nm. The polarization vector of the probe laser gprobe Was determined by the
polarization of the 580 nm radiation, which was fixed in the vertical direction. The resulting S*
(*D2°) ions were then accelerated through the remainder of the 10A and passed through a 740
mm long field-free region before impacting on a 75 mm-diameter chevron double MCP
detector coupled with a P43 phosphor screen. Transient images on the phosphor screen were
recorded by a charge-coupled device (CCD) camera (Imager pro plus 2M, La Vision), using a
30 ns gate pulse voltage in order to acquire time sliced images. Images were taken under
different experimental conditions to confirm that the signal was from the intended two-colour
VUV pump-probe scheme. Specifically, images were recorded: (i) with both pump (VUV FEL)
and probe (VUV DFWM) beams present in the interaction region; (ii) with the pump beam
present but the probe beam blocked, and (iii) with the pump beam blocked and the probe beam



present. The one-color background images recorded under conditions (ii) and (iii), which were
very weak compared to the image measured with both beams present, were subtracted from the
two-color image recorded under condition (i). The relative timings of the gas pulse from the
pulsed molecular beam, of the pump and probe laser photons in the interaction volume, and of
the detector gate pulse were controlled by two delay generators (DG645, Stanford Research
Systems). Converting the radius of any given feature in the measured images to the
corresponding S(*D2) atom velocity relied on calibration factors derived from imaging O* ions

from the one colour multiphoton excitation of O, at A = 225.67 nm.®
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