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Supplementary Notes

Note 1: Data collection and image processing

For both, the direct and diffracted beam measurements, and for each At, we acquired a static
image (probe only), an excitation laser background image (pump only), and a pump-probe
image, in a sequential way. The camera readout time is approximately 1.1 sec between each
acquisition. After the course of the image acquisition at a certain At, the delay line was changed
by the interval of 3.3 ps, and the measurement was repeated in the observable time window range
from At =-233 ps to 400.3 ps for the direct beam case and from At = -133 ps to 433.3 ps for the
diffracted beam case. Difference maps were obtained by subtraction of the probe-only and the
pump-only images from the pump-probe images, and addition of the camera background image
recorded prior to the At scan (to compensate for double cancelling of the detector noise).
Integrated intensities were obtained by defining regions-of-interest (ROIs) around the image
centre (direct beam experiments) or the Bragg reflections (diffraction experiments) and summing
up the values of all pixels within the ROIs. The ROI size for the direct beam experiment was 30
pixels by 30 pixels (= 1.7 mm by 1.7 mm as indicated in the red box in Fig. 1B), and that for the
diffracted beam experiment was 10 pixels by 10 pixels, covering a single Bragg spot. The
estimated electron detector resolution was approximately 50 pm. Six-fold symmetry of the
diffraction pattern was assumed and used to increase the S/N by averaging over symmetry-
equivalent Bragg spots. Absolute differences, Al, obtained by integration of the difference map
were converted to relative intensities Al /I.of by using values obtained by integration of the probe
only images as reference intensities.

Note 2: Data analysis

For a given region-of-interest (ROI) let I(At) be the background-corrected and integrated
intensity at time At after laser excitation (hnominal delay). Let I..;(At) denote the intensity at the
ROI if no effect is present, neither the surface field effect nor the excess Debye-Waller effect due
to temperature changes of the sample following photo-excitation. Thus, I..c(At) = I(At) for At <
0. We also assume that each effect changes the observed intensity separately by independent
factors xgr and xpy. Then, the combined effect is given by the product:

= xsr(At)xpw(At) 1)

where, I/1..¢ is the relative intensity, which can be expressed by the relative intensity changes,
Al /1., via the following relation:

1(AD)
Ief(AD)

Al I(A)=Ief(At) I
Iref Ief(AD) Iref

)

In the case that only a single effect is active, one of the factors would be identical to 1.

In the following, the time argument is replaced by the true delay t = At — t, which is the
nominal delay At corrected for an unknown offset t, (to be fitted) between the arrival of the
probe and the pump pulse at the sample (arrival times measured at pulse maximum).

Note 3: Debye-Waller effect.



According to the Debye-Waller theory, the intensity of a Bragg reflection, I (T1), (hk) Miller

indices, is affected by the lattice temperature, Tj, of the diffracting crystal (two-dimensional case)
as:

1
Ity (T1) = Iniy,0 - €xp {—; <u(h)?* > G(th)} 3)

where Ik 0, < u(T})? >, and Gy, are the scattered intensity of the rigid lattice (at zero
Kelvin), the in-plane mean square atomic displacement dependent on T, and the reciprocal
lattice vector of the (hk) lattice points, respectively. Assuming that < u(7T;)? > of carbon atoms
in graphene is proportional to T;, we reformulate Supplementary Equation (3) with respect to

T (t) for the respective spot orders:

fao (i) = exp{—p(Tl(t) -1 ref)G(ZIO)} (4)
I(10),ref ,

fan(M®) = exp{—p(Tl(t) -1 ref)G(le)}
I(11),ref ,

= exp{—p(Ty(t) — Tirer) G0y (G11)/G10))?} (5)

where, p is a constant. Ty is the lattice temperature before excitation, I(ny ref i the intensity
that would be measured if the temperature were the same as before excitation. We write I,y rer =
Ihioyref(t) to indicate that measured intensities might be subject to small temporal variations due
to instabilities in the experimental setup. With (G11y/G0y)?= 3 for graphene and AT, = p(Ty —
T ref) G(Zlo), Supplementary Equations 4 and 5 are rewritten as:

1000 _ oxn(— AT(0) ©
I(10) ref(t)
tan® _ exp(— 3 ATi(1)) 0
I(11) ref(t)

AT and the temperature change AT, = Ty — T, . are related by a constant factor, pG[Zlo]. Thus,

AT, can be considered as the temperature change measured in special units. In the following AT;
will be identified with AT}. Hence, the relative intensity changes (/) / (k) rer) Of the 1% and 2nd
order reflection due to the Debye-Waller effect are related to the change in lattice temperature
according to

X10),ow = exp( — ATy(t)) (8)
Xa1)ow = exp(— 3 ATi(¢)) 9)

In order to describe the variation of the lattice temperature after photo-excitation, first a simple
model was used based on the assumption of a thermal system in contact with a heat bath at
temperature T, ..¢ Which absorbs a certain amount of energy E at time ¢,. In this simplest version,
the absorbed energy is immediately converted to thermal energy, leading to a sudden rise in
temperature of AT = E/C at t = 0 where C is the lattice heat capacity. At t > 0 the
temperature excursion decays exponentially via anharmonic phonon coupling modes of graphene
if the thermal relaxation rate, b, is constant (1). This model already captures the most important
features of the temperature curve, and the measured intensity traces can be fitted with this model
to fairly high quality if the temporal resolution of the measurements is taken into account (see



Supplementary Note 5). However, conversion of absorbed energy into lattice vibrations
corresponding to a Boltzmann distribution at elevated temperature proceeds on time scales
comparable to the temporal resolution, on the order of a few picoseconds (1). To allow for a
gradual increase of the temperature after photo-excitation we finally used a combination of two
exponentials of the form:

ATi(t) = Xp(exp(— art) — exp(— brt))(

ar
o) 0(0) (10)
Here, X1 is a constant, ar and by are rate constants describing the gradual conversion of the
absorbed energy into lattice vibrations and the relaxation back to equilibrium by thermal transfer
to the heat bath. O is the Heaviside step function. Supplementary Equation 10 is the solution of
the inhomogeneous differential equation:

ary
dt

C = AE ar exp(—aT t) - C bT (Tl - Tref) (ll)
Solving Supplementary Equation 11 shows that X; = E/C. This is the maximum lattice
temperature that could be reached after long time if thermal relaxation were forbidden (bt = 0).
Thus, Xt should be proportional to the fluence used in the experiments, and the adequacy of the
model can be measured against the degree of proportionality.

The first term in Supplementary Equation 11 describes the conversion of absorbed energy
into lattice heat. It is modelled as an exponential decay that is independent of the lattice
temperature. More complicated models with a higher number of free parameters could be
envisioned. However, the number of parameters that can be determined by fitting to the observed
intensity traces is limited by the precision of the experimental data.

Note 4: Surface field effect.

For the quantitative analysis of the measured intensity Kinetics of the projection images, a
phenomenological approach was adopted due to the lack of a comprehensive physical model of
space charge dominated plasma dynamics, comprising both the initial plasma build-up and the
subsequent charge recombination process. We used a two-exponential function similar to
Supplementary Equation 10 to express xgr as a function of time:

x5e(t) =1 — Xsp(exp( — asgt) — exp( — bsg 1)) (—2—) O(t) (12)

bsp—asr

The form of the exponential term in Supplementary Equation 12 is the same as that used to
model the temperature variation underlying the Debye-Waller effect. By analogy to X, the
constant factor Xgg can be used to quantify the overall strength of the surface field effect. The
terms agp and bgg are the rate constants of the build-up and the decay phase of the surface field
effect. Supplementary Equation 12 is well-suited for characterizing the observed initial intensity
drop and the subsequent recovery observed in projection imaging.

Note 5: Convolution with probe pulse.

The observed intensity time traces are blurred by the finite temporal resolution of the
measurements which is mainly determined by the probe electron bunch duration (= 12 ps
FWHM for the D = 180 fs excitation case), longer than the delay time interval (= 3.3 ps). Hence,
functions xgp (direct beam case) or xgg x i) pw (diffraction experiments) were transformed by



numerical convolution with the pulse profile, before comparing them with measurements of the
relative intensities I /1. A Gaussian profile P, with standard deviation o, = 5 ps =
FWHH/2.355 was assumed.

1
Yoos (D) = 1o = [xse x B J(®) + () (13)
Y(hk,obs (£) = Low® [xSF X (hky,ow * P ](t) + & (1) (14)
(hk),obs I iy ref (£) (hk), Oe (hk)

In these preliminary equations, the asterisk denotes convolution, y,.,<(t) the observed data, and
£(t) deviations from the expected values due to statistical errors of the measurements (residuals).
In the absence of systematic errors, deviations from the expected values should be distributed
about zero. In this case, Supplementary Equations 13 and 14 could be used to fit the free
parameters that appear on the right side by minimizing the sum of the squared residuals.

Note 6: Intensity drift correction.

According to Supplementary Equations 13 and 14 the relative intensities measured at negative
times should be distributed around 1 because y,,s(t) = 1 + &(t) for t K —a,. However, this
was not the case in general, indicating that small systematic errors remained even after careful
correction of the raw data (see Supplementary Note 1). To account for such errors, the fit
function was modified by addition of a “drift” term in the form of a Taylor expansion, y, +
yit + y, t2 ..., where the parameters y; were considered as fit parameters. For some of the direct
beam traces, inclusion of terms up to second order in t led to small improvements of the fit.
However, in order to reduce the danger of overfitting, the expansion was generally truncated at
the linear term. In most cases, and in particular for all traces of the diffraction experiments,
inclusion of the constant term was sufficient to obtain satisfying results. Thus, the final form of
the fit function was

Yeae(®) = [xsp * P J()) + yo + ¥t (for surface field effect) (15)

Y ,cale®) = [xsp Xuopw * Pr J(6) + Yoo (for Debye-Waller effect)  (16)
with y,; = 0 for all but two cases (see Supplementary Table 1).
Note 7: Procedure of fitting.

First, the traces of the direct beam experiments were fitted using Supplementary Equation 15
with 5 or 6 parameters (t,, Xsr, asg, bsr, Yo [, ¥1]), in general. Measured traces and fitted curves
are shown in Supplementary Figure 3, and the fitted parameters are listed in Supplementary
Table 1. It turned out that the rate constants asg (= 1/7spini) and bsg (= 1/7Tsg rec) did not vary
a lot for conditions where the surface field effect is strong and contamination of diffraction data
is high. Thus, when the diffraction data were fitted, agr and bgr were set to the mean values of
the results obtained from the direct beam experiments, in order to reduce the number of free
parameters. The diffraction data were fitted using Supplementary Equation 16, with up to 7 free
parameters (to, X1, at, br, Xsp, Y(10),0, Y(11),0)- The traces of both diffraction orders were fitted
simultaneously by minimizing the total sum of the squared residuals. The results are presented in
Supplementary Figure 6 and Supplementary Table 3 (with at = 1/Tyiy; and by = 1/Tpec). It
should be noted that the surface field effect was assumed to be the same for both diffraction



orders. The results of the D-series showed that the SF effect is negligible at F of 12.1 mJ/cm? and
D of 2 ps and above. In the F-series, D was 2 ps, and F did not exceed 12.1 mJ/cm?. Hence, for
the final calculations, parameter Xsr was set to zero (for the F-series), reducing the number of
free parameters from 7 to 6. Calculations were done with R (2), and R package minpack.Im (3)
was used for non-linear least-squares fitting with the Levenberg-Marquardt algorithm.
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Supplementary Figure 1. Schematic of the experimental setup. The master laser system used
in the present work was a Yh:KGW based femtosecond laser system (Pharos, Light Conversion)
operating at 1030 nm central wavelength with tunable pulse duration (180 fs — 10 ps) and repetition
rate (1 — 50 kHz). The fundamental laser pulse was frequency-doubled to generate a second
harmonic (515 nm) split (by a beam splitter, BS) into two arms. One arm was frequency-doubled
to obtain a fourth harmonic (257 nm) that is back-illuminating the photocathode to generate an
electron bunch. A stack of metal and insulator plates is directly integrated to the photocathode,
used as an electrostatic Einzel lens for the purpose of electron bunch focusing. The other arm was
the excitation source that irradiates the sample after going through a focusing lens, with an incident
angle of approximately 30°. The excitation laser fluence was adjusted by manually rotating the
neutral density filter (NDF) wheel, and the pulse duration was changed by computer-controlled
variation of the separation distance of a grating pair built into the laser system. The adjusted
fluence and the pulse duration were independently confirmed by a laser power measurement and
by an autocorrelation measurement, respectively. The time-delay between the electron bunch and
the excitation pulse was varied over the desired range by a programmed scan of the retroreflector
position on the delay line stage. After passing the sample, direct and diffracted electrons are
collected at a microchannel plate (chevron type, pore diameter: 12 um)/phosphor screen assembly
inside a vacuum chamber (~1 x 10 mbar), and electron images are recorded with a scientific grade
CCD camera (PI system, Ropers scientific Ltd.)
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Supplementary Figure 2. Direct beam image analysis. a Typical projection image of the copper
mesh grid before (upper panel) and after (lower panel) excitation. The kinetic energy of the probe
electron for this measurement was 0.5 keV. Scale bar is 5 mm. b Line profiles (upper graph) of a
region-of-interest (indicated by the opened yellow box) of the direct beam image in Supplementary
Fig. 2a. The profiles are integrated in the horizontal direction. The lower graph shows the
difference of the profiles between the projection images. The sum of the red and blue shaded area

is equal to 0, indicating the conservation of the total charge of the probe electron bunch.
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Supplementary Figure 3. F- and D-dependent pump-probe Kinetics of the direct beam
intensity. a F-dependence. Black circles in the left plots are the measured intensity changes, Al /I,
as a function of At, and the solid red curve corresponds to the fit of each time-trace. Dotted black
and red lines indicate the correction of the intensity drift and the time zero shift, respectively. The
right plots are the corresponding residual values from the two-exponential model used to fit the
data (for details see Supplementary Note 2). b D-dependence.
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Supplementary Figure. 4. Calculated temporal evolution of electronic and lattice
temperature of the Cu mesh. a F-dependence: profiles at a fixed D of 180 fs and varying Fs. b
D-dependence: profiles at a fixed F of 22.8 mJ/cm? and varying Ds.
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Supplementary Figure 6. F- and D-dependent pump-probe kinetics of diffracted beam
intensities. a D-dependence. Black circles in the left plot are the relative intensity changes, Al/I,
of the (10) reflections (upper panel) and the (11) reflections (bottom panel), and the solid red
curves are the results of simultaneous fits of both traces. Surface field and Debye-Waller effects
are depicted separately by solid blue and cyan curves, respectively. Dotted red and black lines
indicated intensity offsets and the time zero shifts. Plots on the right side show the corresponding

residuals.

b F-dependence.
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Supplementary Figure 7. Calculated electric potential distribution at the charge separated
region. a-c The plasma charge is set to (160 fC, d = 20 um) (a), (160 fC, d = 70 um) (b), and (16
fC, d =20 um) (c), respectively. ¢ = 10, 50, 100, 150, 200 um (from left to right), § = 1, 10, 50,

100, 150 um (from top to bottom).
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Supplementary Figure 8. Calculated electric field at the charge separated region. a-c The
plasma charge is set to (160 fC, d = 20 um) (a), (160 fC, d = 70 um) (b), and (16 fC, d = 20 pum)
(c), respectively. From left to right: ¢ = 10, 50, 100, 150, 200 um, from top to bottom: § = 1, 10,
50, 100, 150 pm.
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Supplementary Figure 9. Distribution of final positions of low-energy electrons at the screen
plane. a-c The plasma charge is set to (160 fC, d = 20 um) (a), (160 fC, d = 70 um) (b), and (16
fC, d =20 um) (c), respectively.



100 X ,inl ,rec 10 10
(md/cm? [ (ps) | (ps) (pS) Yo 71
0.9 2.7
094+ | 100 | 57 100 oo a5 0
e 238 5.2 64.5 2048 13 0
: +3.0 | 05 +116 | +45.0 +4.6
o1 10.2 10.6 21.4 2275 8.9 0
: +1.0 | 0.2 +1.6 +7.1 +5.0
8.8 15.7 19.2 1700 | -115
B7 | 108 | 03 +1.3 +4.4 +5.9 0
9.0 20.2 20.9 177.6 48
182 | 05 | +02 +0.9 +3.2 +5.2 0
7.7 23.8 20.5 177.8 92
228 | j04 | 102 +0.8 +2.7 +5.2 0
073 6.2 31.8 28.0 1076 | 776 57.0
: +05 | 0.7 +1.5 +4.4 +7.0 +4.1
D (ps) fo | 100X TSFmi Tskree |10ty | 10°y
(ps) . (ps) (ps) 0 !
7.7 23.8 20.5 177.8 92
018 | 104 | 102 +0.8 +2.7 +5.2 0
10.2 14.4 17.0 2225 | -105
055 | 109 | 02 +1.4 +6.4 +6.8 0
1o 19.6 8.7 25.3 255.8 82.3 62.9
: +15 | 0.3 +3.0 +30.7 +9.4 +7.0
21.7 7.4 39.2 219.7 7.2
15 | o1 | 04 154 | $183 | 458 0
0 93 65 20.4 303.0 4.2 0
: +2.0 | 27 +4.7 +23.4 +4.9
)5 9.6 5.2 21.0 2055 22 0
: +27 | 0.2 +4.4 +40.2 +7.1
a1 15.0 3.9 11.7 526.9 19 0
: +3.4 | 0.2 +4.6 +72.6 +7.6

Supplementary Table 1. Summary of fitted parameters for the direct beam case. These
parameters are determined by the two-exponential model. The error values correspond to +1
standard deviation. *The F = 0.94 mJ/cm2trace was fitted with two free parameters, all other
parameters were set to fixed values. Due to the low S/N of this trace, X ¢ is the only parameter
that can be fitted with reasonable confidence.



F (mJ/cm?) D (fs) T e peak (K) 7 (ps)
27.3 180 5331.6 2.185
22.8 180 5004.3 2.188
18.2 180 4624.7 2.251
13.7 180 4194.4 2.298

9.1 180 3636.3 2.310
4.5 180 2817.4 2.133
0.94 180 1398.4 1.378
22.8 550 4805.4 2.701
22.8 1000 4605 3.189
22.8 1550 4352.3 3.671
22.8 2000 4159.7 4.191
22.8 2500 3975.1 4.595
22.8 3100 3791.5 5.015

Supplementary Table 2. Summary of T pea and T of the Cu mesh upon excitation with
different F and D. These values are determined from the calculated electronic temperature
profile, T.(At), in Supplementary Fig. 4.



(mJ/cm?) to (ps) Xr EFT)lsn)l T(:)rse)c Ya0y0 Yano Xsp

121 1.2 2.7E-02 10.3 1199 -2 4E-04 -3.9E-03 0
+0.7 +4.1E-04 +1.1 +80 +4.0E-04 | +6.7E-04
2.9 2.3E-02 13.9 915 -7.9E-05 -2.0E-03

1011 107 | +40804 | +12 | 57 | £3.6E-04 | +6.1E-04 0

8.1 12.0 2.0E-02 114 628 -7.1E-04 -1.1E-03 0
+0.9 +4.5E-04 +1.5 +39 +4.1E-04 | +6.8E-04

6.1 125 1.2E-02 11.8 501 -3.2E-03 -3.6E-03 0
+1.5 +5.0E-04 +2.7 +49 +4.5E-04 | +7.4E-04

a1 15.9 9.1E-03 21.3 430 4.0E-04 1.6E-03 0
+2.5 +5.0E-04 +4.6 +52 +3.8E-04 | +6.1E-04

D (ps) to (PS) X E;g)l ’EE):)C Ya0y0 Yane Xsr

05 10.7 2.2E-02 16.1 523 -3.7E-03 -9.7E-03 3.7E-02
+0.9 +1.1E-03 +2.3 +41 +6.4E-04 | +7.7E-04 | +2.6E-03
5.4 2.5E-02 12.7 883 -2.2E-03 -6.5E-03 1.0E-02

1.0 £0.7 | +85E-04 | +12 | +70 | +5.2E-04 | +6.3E-04 | +2.0E-03
1.2 2.7E-02 10.7 1370 -4.9E-04 -4.3E-03 2.8E-03

1.5 +0.7 +8.0E-04 +1.1 +142 +5.2E-04 | +6.4E-04 | +2.1E-03
1.2 2.7E-02 10.2 1208 -2 8E-04 -4.0E-03 7.0E-07

2.0 £0.7 | +88E-04 | +1.1 | +120 | +55E-04 | +6.8E-04 | +2.3E-03
5.1 2.7E-02 9.5 7834 3.9E-03 -1.4E-03 9.8E-08

2.5 +0.7 +7.7E-04 +1.0 +4417 +5.4E-04 | +7.1E-04 | #2.1E-03

Supplementary Table 3. Summary of fitted parameters for the diffracted beam case. For
details of fitting procedure see Supplementary Note 2. Estimated uncertainties correspond to +1
standard deviation. Tggini, and Tsg rec Were set to 24.4 ps and 190.0 ps, respectively, as fixed
parameters. These values were the weighted average of the respective parameters in
Supplementary Table 1.
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