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Methods and Procedures
Beamline Parameters

The experiment was performed at the Coherent X-ray Imaging instrument' at the Linac Coherent Light Source (Menlo Park,

USA) XFEL’. In order to achieve high X-ray flux density, the incoming X-ray beam was focused by a set of Kirkpatrick-Baez
mirrors which typically results in a spot size of 1.3 \lm (FWHM) which is used here, however values for the FWHM could

range up to 2.3 llm. An upstream gas monitor measured the pulse energy and was read out each shot. The number of photons
was estimated from the pulse energy and assuming an estimated 60% X-ray transmission efficiency through the X-ray optics

to the downstream interaction point.

Data were taken over two beamtimes (LJ49 and LL23), one at the incident photon energy of 6.9 keV with a pulse duration of
20 fs and 40 fs and the second at 8.7 keV with 16 fs and 34 fs pulse duration. The experiment was monitored in real time using
the OnDA software package’. In the second beamtime the time structure of the micro-bunched electrons was also recorded on
a pulse by pulse basis using the X-band radio-frequency deflector®. Background images were taken approximately every two

hours to ensure proper calibration. This information was used to sort data by pulse duration more precisely.

Sample Preparation and Delivery

The sample was prepared by dissolving MnCl,®(H,0), from Sigma Aldrich in a solution of ethanol except one dataset (40 fs
at 6.9keV) taken with water, all had a final concentration of 1 Molar. Both gas-dynamic virtual nozzles® and double flow
focusing nozzles® were used to deliver the MnCl, in an ~5 [lm diameter jet into the interaction region. The difference between

these two delivery types, as the name suggests, is the medium around the sample that ensures the ejected medium maintains a
constant stream. A jet flow rate of ~5-40 Wl/min was used with a 40[lm diameter exit port in the nozzle. The jet diameter
varied with throughout the run with an estimated ~5Splm-20Llm in diameter. Fresh sample was delivered for every X-ray pulse

and X-ray source was operating at 120 Hz. Discarded sample was collected using a small aluminum catcher inside of the

vacuum chamber directly below the interaction region.

Powder Mn oxides were measured using X-ray pulses with 100 lm FWHM spot size at a few points during the second
beamtime(LL23). This was done by inserting a sample holder at the interaction region with the oxides sealed in Kapton tape.

No spectral changes were found between X-ray exposures on the same sample.

X-ray Emission Detection

A von Hamos X-ray emission spectrometer’ was used to spatially resolve both the manganese KﬁL3 and Kﬂ' emission lines.
The 6.9 keV data (beamtime #1) were recorded using a CSPAD® and the 8.7 keV data were recoded using the newly
commissioned ePix ’ area detectors. Both detectors have gaps in the detection surfaces between modules which appears between
6499.8-6500.3 eV emission energies for data collected with 20 fs pulses at 6.9 keV, 6490.1-6490.6 ¢V for data collected with
40 fs pulses at 6.9 keV and between 6483-6484 eV for all data sets obtained using 8.7 keV incident energy. Spectral intensities

for missing pixels were obtained by linear interpolation between the two nearest data points.

Due to internal space constrains of the set up, the von Hamos spectrometer was tilted ~15 degrees from the vertical to record

maximal accessible spectral range. In the second beamtime, LL23, (8.7 keV incident energy) due to additional setup

optimizations a larger energy range was recorded which included the Kﬁ' emission line unlike those reported previously.'’
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Spectra recorded at an angle were analyzed using a bilinear interpolation''. This interpolation method was used by taking evenly
spaced steps along the dispersion direction and weighting the surrounding pixel distances and intensities to assign a value to
the new point. The resultant energy spectra were calibrated using the known theoretical energy vs distance function from the

analyzers and one or two points from standards, including MnCl, sample collected at a low X-ray beam intensity.

Rate Equation Model

The rate equations were based on cross sections and excited state lifetimes calculated by XATOM, the photon flux density and
pulse duration. A system of equations was created by considering the absorption of X-rays that ionize Is electrons and the
decay pathways that fill the 1s hole, see Figure 3A. A symbolic rate equation with i, the number of current Is holes, and j, the

total number of ionization events, can be written as

ASf il el i
E = Al—lSjl_1 + D]l Sjl _AlSjl + D]lS]l

Where A is the absorption rate and D is the decay rate of the indicated state.

The system of linear differential equations obtained from this system was solved symbolically using Maple 2017. Here we
account for the beam’s Gaussian profile by solving the system of equations for radial sections of an uncorrelated (p=0) bivariate
Gaussian (30 sections of equal radial steps ranging from 0 to three times the FWHM). The solution of each term was normalized
using the percent of X-rays in that step range, thereby accounting for highly exposed areas yielding more to the fluorescent

signal.

The average number of electron holes per 1s ionization was estimated to be equivalent to the holes in S{) state after all 2s and
2p holes, lifetimes of 0.2-2 fs, are filled through additional decays as calculated using XATOM. This fundamental model also
used the following assumptions: 1) X-ray intensity doesn’t change with sample thickness (<10% absorption for all samples
used here), 2) absorption events caused by orbitals other than the 1s were ignored (~10% contribution in our experiments), and
3) near identical values for decay rates were found using XATOM for states representing multiple electronic configurations,

which led to the use of a single decay value for each state shown in Figure 3A.
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SI Figure 1. Emission from different states shown in main text Figure 2A as a function of pulse
duration. Percentages of emissions by source is normailized including the 1s0 states whose
emission is unlikely to overlap those of the 1s1 emission.
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SI Table 1. Parameters shown for X-ray emission data taken from MnCl2 in solution for our data
compared to two previous works.

Pulse Photon

Duration Energy
Presented work 20 fs 6.9 keV 0015-14

40 fs 6.9 keV 0.026-2.2

16 fs 8.7 keV 0.0037-0.70

34 fs 8.7 keV 0.013-0.77
Low Dose 1 50 fs 7 keV 049

100 fs 7 keV 0.15

50 fs 9.5 keV 0.25

100 fs 9.5 keV 0.08
Stimulated 10 fs 6.6 keV 24-18
Emission'? 30 fs 6.6 keV 24-18
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SI Table 2 and 3. Photoelectric cross section by orbital for Mn?* (Table 1) and with a single 1s

hole (Table 2) for 6.9keV.

Orbital Cross Section (um?) Percent of total cross section
Is 3.18x 107" 88.12%

2s 221x 107" 6.12%

2p 1.57x 107" 4.34%

3s 3.3x 10 0.87%

3p 1.96x 10" 0.54%

3d 2.87x 107 0.01%

Total 3.61Ex 107"

Orbital Cross Section (Mb) Percent of total cross section
Is 1.65x 1077 77.49%

25 238x 1077 11.14%

2p 1.83x 1072 8.60%

3s 347x 10 1.63%

3p 238x 107 1.12%

3d 468x10"° 0.02%

Total 213x 1072
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SI Table 4. Decay pathways and yields are shown for a 1s hole in Mn?*. Lifetimes were calculated
using the XATOM software. The first major relaxation pathways are highlighted for reference.

Decay pathway  Percent Yield Unfilled shells

Lifetime (fs)

Fluorescence Is-2p 30.10% 2p5 1.7
Is-3p 3.70% 3p5 29000.0
Auger Is-2s2s 3.90% 2s0 0.12
Is-2s2p 13.40% 2s1 2p5 0.24
Is-2s3s 1.00% 2s1 3sl 0.23
Is-2s3p 1.70% 2s1 3p5 0.23
Is-2s3d 0.00% 2s1 3d4 0.28
Is-2p2p 35.50% 2p4 0.72
Is-2p3s 1.60% 2p5 3sl 1.4
Is-2p3p 8.00% 2p5 3p5 2
1s-2p3d 0.30% 2p5 3d4 1.8
Is-3s3s 0.10% 3s0 5
Is-3s3p 0.20% 3s1 3p5 10
Is-3s3d 0.00% 3s1 3d4 16.7
1s-3p3p 0.40% 3p4 15000.0
1s-3p3d 0.00% 3p5 3d4 38000.0
1s-3d3d 0.00% 3d3 Na
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