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The normalization of scattered intensity by incident flux is
a crucial step in analyzing data from stochastic x-ray free
electron laser sources and is complicated by non-linearities
traditionally attributed to detector saturation. Here we
show that such non-linearities can also arise when the sam-
ple spectra are non-uniform within the monochromator
bandwidth. A method for modeling and removing this
non-linearity using multivariate regression with shot-by-
shot x-ray photon energy as an independent variable is pre-
sented. This approach demonstrates the benefit of event
building and will allow for a reconsideration of data which
has proven challenging to normalize. ~ ©2019 Optical Society
of America

X-ray free electron lasers (X-FELs) [1] are extraordinary instru-
ments capable of producing high-brilliance X-ray pulses less
than 50 fs in duration with up to 10" photons per pulse.
Over the past decade, X-FELs have made a tremendous impact
on a number of scientific fields [2] ranging from astrophysics
[3] and time-resolved femtochemistry [4] to structural biology
[5] and condensed matter physics [6]. More recently, X-FEL
coherence properties [7], together with two-color pump-probe
techniques [8,9], have been used to probe topological
Skyrmion lattices [10] and offer the potential for studying
quantum fluctuations.

Despite the tremendous progress in probing femtosecond-
resolved phenomena, the chaotic nature of X-FELs makes high-
precision measurements such as x-ray absorption spectroscopy
challenging to perform. Compared to synchrotrons, normaliz-
ing scattered x-ray intensity by incident power is of paramount
importance at X-FELs, especially when searching for subtle ef-
fects. Efforts aimed at addressing these challenges have focused
on developing diagnostics such as gas monitor detectors
(GMDs) [11-13], power meters [14], and two-dimensional
(2D) detectors [15,16]. Even with state-of-the-art diagnostics,
non-linearities that contaminate data still appear. Traditionally,
these issues are dealt with by cross-calibrating multiple devices
with known linear detectors, or by aggressively filtering events

as a function of x-ray pulse fluence to within a narrow linear
regime.

In this Letter, we demonstrate that non-linearities tradition-
ally attributed to the onset of detector saturation can also arise
when the sample spectra are non-uniform within the mono-
chromator bandwidth. A method for modeling this behavior
using the photon energy estimated from electron beam
diagnostics to recover a linear response is presented.

Experiments were performed at the Linac Coherent Light
Source (LCLS) [1] using the soft x-ray research (SXR) instru-
ment [17]. The beamline and undulator are shown in Fig. 1.
X-rays with 70 fs pulse widths and 120 Hz repetition rates are
generated by electrons accelerated into the X-FEL undulator via
a self amplified spontaneous seeding (SASE) process [18]. The
electron position is measured using a beam position monitor
(BPM) in the accelerator, and a correction to the average
x-ray photon energy, E, is estimated from calibrated electron
position-energy dispersion curves [19]. The x-ray intensity, /;,
exiting the undulator is measured using a gas detector located in
the front end enclosure (FEE) [13]. The x-ray beam energy is
vertically dispersed using a variable line-spacing monochroma-
tor [20]. The exit slit was set to 320 pm, or an X-ray bandwidth
of 2.25 at 914 eV [12]. The x-ray intensity downstream from
these slits, 7, is measured using a GMD [11]. X-ray scattering
intensity, /, is recorded using an avalanche photodiode (APD)
housed inside a soft x-ray scattering chamber [16], upgraded for
terahertz experiments [21]. More details of the SXR instrument
can be found in Schlotter er al. [22]. A total of ~2.6x 10°
events containing /, [y, /1, and £, were recorded on a per pulse
basis and event built using the LCLS data acquisition system
and analyzed using the photon science analysis (PSANA)
framework [23-25]. Correlations and patterns in the data were
visually explored using glue visualization [26].

Simulations demonstrating how distinct spectra for / and 7,
give rise to non-linear / versus 7, curves are shown for three
different scenarios in Figs. 2(a), 2(c), and 2(e). The scattered
intensity, /, versus normalization diagnostic, 7, for the differ-
ent scenarios displayed in panels (a), (c), and (e) are shown in
panels (b), (d), and (f), respectively. In general, the intensity
scattered from a sample is proportional to the x-ray intensity
measured using upstream diagnostics [Fig. 2(a)], and / versus
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Fig. 1. X-rays with 70 fs pulse widths and 120 Hz repetition rates are generated by electrons accelerated into the FEL undulator via a SASE
process. The x-ray photon energy, E, is estimated using a combination of calibrated electron BPMs and position-energy dispersion curves [19]. The
x-ray intensity, /,, exiting the undulator is measured using the FEE gas detector. The variable line-spacing monochromator [20], together with the
slits downstream from the monochromator, reduces the x-ray bandwidth from ~10 to 2.25 eV centered at . The x-ray intensity downstream from
these slits, 7, is measured using the GMD [11,12]. X-ray scattering is measured in the end-station using an APD. Steering, focusing, and other

optics and diagnostics are omitted for clarity.

1y is linear [Fig. 2(b)]. When the sample spectrum has a gra-
dient over the monochromator bandwidth, then the center
of the scattered intensity distribution appears to be shifted with
respect to the 7 spectrum [Fig. 2(c)], and 7 versus /| traces out
a loop [Fig. 2(d)]. When the spectral shapes are different for 7
and 7, [Fig. 2(e)], then / versus /; is non-linear [Fig. 2(f)].

In Fig. 3(a), / versus /; is shown on an event-resolved basis
with each point representing a single x-ray pulse. To compare
with the simulations in Fig. 2, the APD intensity represents the
scattered intensity 7, and the GMD intensity represents /. The
red trend line is estimated by taking the mean value of 7
for binned sections of /;, and its non-linearity is typically
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Fig. 2. Simulations demonstrating the origin of a non-linear 7
versus [ relationship. The Gaussian curves in panels (a), (c), and
(e) correspond to simulated scattered intensity scattered from the
sample 7 (green) and normalizing upstream diagnostic, 7, (blue).
The scattered and normalization intensities shown in panels (a), (c),
and (e) are graphed with respect to each other in panels (b), (d), and
(£), respectively.

interpreted as the onset of detector saturation. The main result
of this Letter is captured in Fig. 3(b) which shows / versus /
after correcting for the sample spectral gradient within the
monochromator transmission spectrum using Egs. (5) and (6),
and will be discussed below.

The photon energy dependence of 7 and /), together with
the histogram of £, is shown in Fig. 4 panels (a), (b), and (c),
respectively. A histogram of the x-ray intensity measured at the
FEE gas detector 7 is shown (d). The three curves in Figs. 4(a)
and 4(b) are color coded to correspond to the three colored
slices of 7 shown in Fig. 4(d) from which they were filtered.
The shift between the peak values of / and 7/, shown in
Figs. 4(a) and 4(b) can arise from a spectral gradient within
the bandwidth of the measurement and is described below.

The dependence of 7y upon E can be approximated by a
Gaussian whose amplitude depends on 7. That is, / can be
expressed as
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Fig. 3. (a) Measured 7 versus /, where each point corresponds to
measurements from a single x-ray pulse. The red line is calculated from
the blue scatter points by taking the mean of 7 in binned intervals of
1y and shows non-linear behavior. (b) The corrected 7 versus 7, curve
after accounting for the gradient in the sample spectrum observable
within the monochromator bandwidth.
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where ¢ is the standard deviation of the monochromatized
spectrum, and a(F) is a general scattering parameter that
can be used to represent the fraction of incident x-rays that
are either transmitted, reflected, or diffracted from the sample,
and can be approximated using a Taylor expansion by

a(E) = ag + (Eo - E)a, @)

where @y and o’ are the zeroth- and first-order coefficients of
the sample spectrum expanded about the monochromator peak
transmission, E. Equations (1) and (2), together with the
fundamental theorem of calculus, are combined to produce

-(E) - E)?
I(E)=ay I exp {%} (3)
o
where £ = Ey - AE and AE is defined by
2 .1
AE=-2%, @
Qo

and represents the apparent shift of the spectrum scattered
from the sample, /(£), with respect to the monochromator
transmission spectrum, /(£).

The simulations from Figs. 2(c) and 2(d) are compared to
the experimental 2D histogram of / versus /; in Fig. 5. The
blue points were generated by taking / versus £ and 7 versus £
curves [similar to those in Figs. 4(a) and 4(b)] and graphing
them with respect to one another. The resultant loop agrees
with the simulated behavior shown in Figs. 2(c) and 2(d).
The heat asymmetry is due to increased sampling of the higher
energy portion of the loop in Fig. 5. The linear response (green
trend line) can be recovered by graphing the / versus £ maxima
against the /, versus £ maxima [Figs. 4(a) and 4(b)] for narrow
bins of 7;.

This behavior is modeled by including the product of £ and

Iy as an extra regressor in addition to /. That is,
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Fig. 4. (a) Scattered intensity, /, and (b) the incident intensity, /),
binned along energy £ in steps of 0.2 ¢V, and binned in interval 7
(FEE) values of 0.2 to 0.4 (green), 0.4 to 0.6 (red), and 0.6 to 1.0
(blue) volts. Panels (a) and (b) highlight the peak position shift be-
tween / and / due to the spectral distribution for the same 7 slice.
(d) Histogram of the x-ray beam intensity /; measured upstream of the
monochromator in the FEE. The y-axes in panels (c) and (d) have been
normalized to 1 for clarity.
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Fig. 5. Heat map for a 2D histogram of experimentally measured 7
versus /. This relationship is not linear due to the energy shift
between / and 7, shown in Fig. 2. The scale bar axis indicates the
number of events. The blue dots and trend line are 7(E) versus

I(E) shown in Figs. 4(a) and 4(b).

Xp=1 (5)

where Iis a (7 x 1) vector containing the scattered intensity, 7,
for each event; 7 is the number of events; f§ is a (4 x 1) vector
whose elements are the regression coefficients; and X is the
matrix of independent variables given by

X =[1I - (I),E- (E), (E- (E)(I, - (L),  (6)

where the boldface variables represent (7 x 1) vectors whose
elements are the experimentally measured values for the
non-boldface counterparts. The () denotes the arithmetic mean
over all elements of the vector. Carrying out this analysis recov-
ers linearity and can be observed by subtracting the contri-
bution from the product of £ and /, from 7, as shown in
Fig. 3(b).

This Letter demonstrates how correlations between x-ray
science data and additional electron beam diagnostics can be
used to improve statistics of X-FEL measurements by modeling
and removing systematic errors. To date, only two studies have
exploited correlations between event-built photon science and
electron beam data [27,28]. This work, however, demonstrates
that event building at X-FELs enables data to be normalized by
correcting for the sample wavelength dependence within the
monochromator bandwidth. These results are important for
experiments where the monochromator exit slit is opened to
increase fluence. While the trade-off between photon fluence
and energy resolution for wide monochromator exit slits is well
understood, the increased non-linearity has not been previously
identified. We predict that the spectral gradient estimation
approach demonstrated here could be used to correct for energy
smearing and chromatic aberrations present in x-ray scattering
and imaging experiments, respectively, that are introduced by
larger x-ray bandwidth experiments.

In conclusion, we have demonstrated that non-linear scat-
tered intensity versus normalization curves typically attributed
to detector saturation can also be identified as originating
from sub-monochromator bandwidth-resolved photon energy
dispersion. A multivariate model using regressors constructed



from electron beam diagnostics to account for the photon
energy distribution recovers linearity.
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