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Automated evaluation of optical microscopy images of liquid jets, commonly

used for sample delivery at X-ray free-electron lasers (XFELs), enables real-

time tracking of the jet position and liquid jet hit rates, defined here as the

proportion of XFEL pulses intersecting with the liquid jet. This method utilizes

machine vision for preprocessing, feature extraction, segmentation and jet

detection as well as tracking to extract key physical characteristics (such as the

jet angle) from optical microscopy images captured during experiments. To

determine the effectiveness of these tools in monitoring jet stability and

enhancing sample delivery efficiency, we conducted XFEL experiments with

various sample compositions (pure water, buffer and buffer with crystals),

nozzle designs and jetting conditions. We integrated our real-time analysis

algorithm into the Karabo control system at the European XFEL. The results

indicate that the algorithm performs well in monitoring the jet angle and

provides a quantitative characterization of liquid jet stability through optical

image analysis conducted during experiments.

1. Introduction

Serial femtosecond crystallography (SFX) (Barends et al.,

2022; Spence, 2017; Chapman et al., 2011) has emerged as a

critical new tool for determining macromolecular structures

using small crystals at X-ray free-electron laser (XFEL)

sources (Pellegrini, 2020; Decking et al., 2020; Milne et al.,

2017; Kim & Yoon, 2009; Ko et al., 2017). A major factor

enabling the success of SFX experiments is the sample

delivery. The most common approaches to sample delivery are

fixed-target scanning, droplet on demand, high viscous

extrusion injection (Berntsen et al., 2019) and liquid jet

injection (Weierstall, 2014; Cheng, 2020). In fixed-target

scanning, crystals are mounted on a static substrate or chip

that is then raster-scanned relative to the X-ray beam. This

method can reduce sample consumption and is particularly

useful for positioning larger crystals. Droplet-on-demand

methods normally involve precise deposition of droplets

containing crystals onto a substrate (often called a ‘tape

drive’) or directly into the X-ray beam path using a droplet

generator. This allows for controlled delivery of small volumes

of sample (Henkel et al., 2022). For liquid jet sample delivery,

crystals are carried within a thin, gas-accelerated liquid stream
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of buffer solution to the XFEL beam (Weierstall, 2014).

During each X-ray pulse, if a crystal is present within the

interaction region of the beam and liquid jet, it diffracts the

incident X-rays, which then typically results in the destruction

of the crystal. To minimize the background signal, it is

important that the liquid jet is relatively thin, ideally with a

diameter comparable to the size of the crystals being

measured. This can be achieved using various types of nozzle

design, including the gas dynamic virtual nozzle (GDVN) and

the double flow-focusing nozzle (DFFN) (Vakili et al., 2022;

Oberthuer et al., 2017). Liquid jets can be used to deliver

crystals of tens of micrometres in size down to nanocrystals

with a diameter <100 nm. One of the advantages of the liquid

jet system is that it is particularly beneficial for high-repeti-

tion-rate XFELs, such as the European XFEL (EuXFEL)

which operates in the megahertz range, as it rapidly replen-

ishes the sample at a rate comparable to the XFEL’s repetition

rate. To achieve this, it jets the liquid stream at high velocities,

often exceeding 50 m s� 1 (Knoška et al., 2020; Beyerlein et al.,

2015). One significant disadvantage of the liquid jet versus

static delivery systems is that the position of the jet can drift

over time due to instabilities in the jetting parameters (e.g. gas

pressure), variations in the sample crystal size, or changes in

the microchannels or nozzle [e.g. narrowing of the exit aper-

ture due to accumulation of deposited material (Beyerlein et

al., 2015)]. If the movement of the jet becomes significant

enough that it no longer intersects with the X-ray beam, this

can lead to a critical loss of both beam time and sample (Patel

et al., 2022).

Movement in the position of the jet means that it is

necessary to monitor the position of the jet to detect any

systematic drift or large fluctuations in jet angle. The key

parameters that determine spatial overlap with the XFEL

beam are the jet angle and jet length. Spatial overlap is

determined by scanning for gaps along the length of the liquid

jet at the interaction point, confirmed by visual observation of

jet explosions indicating beam interaction. The jet angle for

alignment is then calculated using the trigonometric methods

outlined by Patel et al. (2022). These parameters are inter-

related and are critical for optimizing sample delivery in

XFEL experiments. A change in jet angle impacts the degree

of overlap between the X-ray beam and the liquid jet. If the jet

length decreases, the interaction point will move closer to the

breakup region – the area where the cohesive liquid stream

disintegrates into droplets due to internal instabilities and

external forces (see Fig. S1 of the supporting information).

This, in turn, can impact the amount of time that overlap

between the X-ray beam and liquid jet is maintained. There-

fore, maintaining a constant jet angle and optimal jet length is

essential to ensure the stability and reliability of the sample

delivery system and thus maximize the hit rate. Often the user

will employ optical microscopy images of the jet to evaluate

these parameters during an experiment. However, continuous

monitoring of the liquid jet for the entire duration of the

experiment is both impractical and labour intensive. As a

result, issues relating to jet instability are often only diagnosed

after the jet has already moved out of alignment with respect

to the X-ray beam.

To address this problem, we have developed an algorithm

based on the principles of machine vision for continuously

monitoring the physical characteristics of the jet, primarily

focusing on changes in jet angle. The algorithm is also able to

identify whether there is overlap (termed a ‘hit’) or no overlap

(termed a ‘miss’) of the liquid jet and XFEL beam. Further

details of the algorithm have been given by Patel et al. (2022).

Here, we apply this algorithm to analyse a variety of XFEL

data types to assess its effectiveness in identifying potential

sources of jet instability that could increase the likelihood of

the XFEL beam missing the liquid jet. The motivation behind

this work is to be able to apply this algorithm to the real-time

monitoring of liquid jets during actual experiments conducted

at the EuXFEL. We aim to then use the output to inform an

automated feedback loop for realigning the liquid jet with

respect to the XFEL beam without requiring any manual

intervention. In addition, the proposed algorithm provides an

opportunity to automatically collect jetting statistics, which

may be useful for further development and optimization of

liquid jet sample delivery. The focus of the present work is to

demonstrate a new tool for real-time monitoring of the liquid

jet angle and its reliability across different combinations of

jetting conditions, samples and nozzle types. This analysis

could serve as a reference for future studies in this area.

2. Methods and materials

2.1. Algorithmic process

The angle at which the liquid jet leaves the nozzle can be

quantified via the analysis of images obtained from the optical

side microscope. This microscope is used to view the liquid jet

at the Single Particles, Clusters and Biology and Serial

Femtosecond Crystallography (SPB/SFX) instrument at the

EuXFEL (Mancuso et al., 2019) and consists of a high-reso-

lution microscope equipped with a high-speed sCMOS camera

for image acquisition. This setup allows the capture of images

and videos of the liquid jet in real time that provide critical

insights into its behaviour and observation of the jet dynamics,

crucial for experiments at the EuXFEL. Further details of the
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Figure 1
Flowchart of the algorithm for extracting jet angles from side microscope images.
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sample delivery setup and optical side microscope are given in

Section 2.2. The image analysis was performed using a

machine-vision algorithm that analysed the side microscope

images frame by frame. Fig. 1 presents a flowchart summar-

izing each of the key steps from image acquisition to jet angle

calculation for the machine-vision algorithm.

The first image acquisition step involves capturing frames

from the side microscope camera. After the initial acquisition,

the image is cropped to remove most of the background and

the nozzle. The resulting cropped image contains only the

section of the jet from the tip of the nozzle to the XFEL beam

interaction point (Mancuso et al., 2019; Beyerer et al., 2016).

Cropping the image to leave just this region of interest (ROI)

helps to reduce the image processing time, while at the same

time improving the signal-to-noise ratio around the interac-

tion region (Kumar & Bhatia, 2014). After the ROI is

extracted, the cropped image is binarized to further simplify

the image analysis. This binarization is achieved via setting a

threshold for the pixel intensity values for the image matrix.

The thresholding value is set such that the darker pixels

associated with the liquid jet are separated from the lighter

background. This is carried out during the calibration step

prior to the experiment. The threshold value is typically

determined using a plotting tool available through the Karabo

control system, the control system of the European XFEL,

which is able to plot a histogram of the image pixel intensity

values. Pixels with intensity above a set threshold are given the

value ‘1’ and those below the set threshold are given the value

‘0’ (O’Gorman, 1994). Following image binarization, a Hough

line transform is performed to detect any straight lines, at any

orientation, within the image – typically these are expected to

correspond to the liquid jet (Rasheed et al., 2012). The

OpenCV library (OpenCV Team, 2023) was used for this

purpose and contains a function called ‘HoughLinesP’ which

returns the coordinates of the lines detected in the image.

The current algorithm is capable of calculating jet re-

alignment positions only along the Z axis, which is parallel to

the beam propagation direction (see Fig. 2 for details).

Assuming any straight lines within the image are associated

with the liquid jet, the jet angle may be calculated directly

from their slope, which is typically measured with respect to

the initial jet position. An analysis of the jet stability can then

be carried out on the basis of the change in jet angle as a

function of time (Kim & Yoon, 2009). If the movement of the

jet is greater than a predetermined set point then a change in

motor position is required, and the Z axis motor can be

adjusted to realign the position of the jet in the plane parallel

to the optical path of the beam. Within the experiment,

movements of the jet are classified into two broad categories:

either momentary fluctuations in jet position or systematic

drift. The former case does not necessarily require a motor

move in order to correct the position since the jet will often

move back into alignment again and remain there for a

sufficient period of time such that the experiment can proceed.

However, if the jet is constantly moving out of alignment with

respect to the X-ray beam or there is a systematic drift in the

position of the jet, then correction of the jet position or, in the

worst case, cleaning or replacement of the nozzle may be

required. Note that in the current experiment only the output

of the side microscope was analysed with no automated motor

moves implemented. The integration of this algorithm with all

three motors supporting the injector nozzle (i.e. X and Y in

addition to the current Z alignment) enabling continuous

feedback will form the basis for the next stage in development.

2.2. Experimental setup within the sample delivery chamber

at the EuXFEL SPB/SFX instrument

Fig. 2 shows the experimental setup used for liquid sample

delivery at the SPB/SFX instrument at the EuXFEL. The side-
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Figure 2
(a) Three objective lenses (5�, 10� and 20�) together with the camera attached to the side-view microscope, located along the X axis of the sample
delivery setup. This microscope is used to monitor and align the liquid jet with the X-ray beam focus (the interaction point) during the experiment and is
also the primary means used to capture images of the liquid jet during the experiment. (b) Portion of the vacuum chamber containing the nozzle and
optical image capture setup shown in (a). The coordinate system for the SPB/SFX sample delivery setup is displayed in the top left-hand corner.



view microscope [Fig. 2(a)] is aligned perpendicular to the axis

of the X-ray beam and the liquid jet and is focused on the

region of interaction where the beam is incident on the liquid

jet (Patel et al., 2022). The microscope is used to align the

liquid jet nozzle [Fig. 2(b)] and the X-ray beam at the inter-

action point. The X axis refers to the horizontal direction and

the Y axis the vertical direction in the plane perpendicular to

the direction of propagation (Z axis).

Currently, the liquid jet alignment process is performed

manually by an instrument scientist. The alignment process

requires bringing the jet to the focal point of the X-ray beam

in both the tangential (X axis) direction and the horizontal (Z

axis) position (i.e. the X-ray focal plane). The side-view

microscope enables continuous visual monitoring of jet

stability during the experiment. For a detailed description of

the SPB/SFX sample delivery setup the reader is referred to

the literature (Patel et al., 2022; Schulz et al., 2019); in addition,

Fig. S3 presents a schematic diagram of the sample delivery

chamber. An inline microscope is also used for aligning the

liquid jet to the X-ray beam. However, since the inline

microscope can increase background scattering, it is typically

removed from the beam path after the initial alignment. The

inline camera system uses a 45� mirror with a 2 mm-diameter

centre bore, intended to allow the X-ray beam to pass through

(Schulz et al., 2019). However, despite the large bore diameter

relative to the beam size, the beam tails can clip the edges of

the bore, generating a detectable background scattering signal

at XFEL intensities, which interferes with the detection of the

sample signal. Practically, the side microscope then becomes

the primary diagnostic imaging source during the XFEL

experiment.

Another motivation for the current project was the inte-

gration of our machine-vision-based jet alignment algorithm

with the existing software and hardware components at the

SPB/SFX instrument (Mills et al., 2020; Mancuso et al., 2013).

The instrument equipment, including motors and pumps, is

controlled via the Karabo system (Hauf et al., 2019). This

control system offers a Python-based application program-

ming interface that enables users to interact with motors and

perform image processing in real time.

A typical experimental setup used for liquid sample

delivery at the SFX/SPB instrument consists of a nozzle–

injector assembly, an XYZ stage for alignment and an sCMOS

camera (the detector for the side-view microscope) usually

oriented perpendicular to the direction of beam propagation

(shown in Fig. 2) (Schulz et al., 2019). The nozzle–injector

assembly is suspended inside this chamber which is kept at a

vacuum pressure of less than 10� 4 mbar during experiments.

The XYZ stage, which controls the position of the injector rod

assembly, comprises three stepper motors, one for each axis.

The rubber O-ring forms a seal for the catcher chamber and a

pivoting point for the injector rod. The light source for illu-

mination inside the sample chamber used for image acquisi-

tion is a nanosecond laser with a typical duration of 5–7 ns

(Koliyadu et al., 2022). The illuminating laser is triggered for

stroboscopic illumination after a given X-ray pulse within the

train, usually the second or third pulse, to capture the gap

created by the X-ray-induced explosion and the jet recovery

from pulse to pulse (to validate jet replenishment between

pulses) (Koliyadu et al., 2022). The field of view of the camera

encompasses the tip of the nozzle and the entire length of the

liquid jet when using a 10� objective. The incident X-ray

photon energy was set to 9.3 keV, with an average pulse

energy of 1.5 mJ pulse� 1 (Mancuso et al., 2019).

In a typical pump–probe experiment, the pump–probe laser

is not triggered simultaneously with the illumination laser,

avoiding compatibility issues. However, if they are triggered

together, a change in the dynamic range of the image between

frames can affect the thresholding of the jet alignment algo-

rithm. To address this, Otsu’s method is used to dynamically

adjust the threshold value, maintaining algorithm perfor-

mance. The pump–probe laser has wavelengths of 800 or

1030 nm, with repetition rates from 10 to 4.5 MHz. By

contrast, the wavelength of the illumination laser is within the

visible range and is adjustable to prevent unwanted excitation

within the sample.

2.3. Sample and jetting conditions

The three nozzles used here for generating the liquid jets

were the GDVN with liquid aperture sizes of 75 mm (gas

orifices of 60 mm) and 100 mm (gas orifices of 75 mm), and the

DFFN with a liquid aperture size of 75 mm (gas orifices of

70 mm) (Vakili et al., 2020, 2022). All three nozzles are

commonly used for liquid jet experiments at the SPB/SFX

instrument of the EuXFEL (Vakili et al., 2022). Further details

of the nozzle designs are available via GitHub (Vakili & Otte,

2021). The jet speeds selected for sample jetting fall into two

categories corresponding to the two most used repetition

rates, 1.1 and 0.5 MHz. Sample replenishment at the 1.1 MHz

repetition rate requires a minimum jet speed of 45 m s� 1

(Vakili et al., 2022). To test a variety of instability conditions

related to this case, jet speeds of 40 and 50 m s� 1 were also

used. For the 0.5 MHz repetition rate, a jet speed of 25 m s� 1 is

the minimum (Vakili et al., 2022). Though ideally we would

have used jet speeds of 20 m s� 1 as well as 30 m s� 1 to also

measure above and below the speed of 25 m s� 1, the target jet

speed of 20 m s� 1 was found to be incompatible with the

nozzles used in this experiment as a jet could not be estab-

lished and therefore these data could not be included. We note

that the purpose is not to test various jetting conditions but

rather to test the performance of the algorithm in assessing the

physical characteristics of liquid jets for the most used cases at

the SPB/SFX instrument.

The samples used here for testing and analysis were water,

storage buffer and buffer containing lysozyme crystals in

storage buffer. The lysozyme crystals were grown with

diameters of <1, 2–4 and 4–6 mm – confirmed via optical

microscopy. Lysozyme crystals were selected as a model

system due to the ease with which they can be produced, and

their diameters controlled. These crystal sizes are also routi-

nely used for SFX experiments. Lysozyme crystals were

prepared by rapid vertexing of a 1:1 ratio aqueous solution of

lysozyme [100 mg ml� 1 in 50 mM NaOAc (pH 3.5)], filtered
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with a 0.2 mm syringe filter to remove impurities and crystal-

lization solution [0.1 M NaOAc (pH 3.5), 5% PEG 6000 (v/v),

3.2 M NaCl] at 20�C. After crystallization, the remaining

solution was exchanged to a storage buffer [50 mM NaOAc

(pH 3.5), 1.7 M (10%) NaCl] by centrifugation at 200g. The

crystal slurry was passed through a Nylon mesh gravity filter

(20 mm wide meshes, CellTrics) to remove the largest particles

before use which helps to prevent the nozzles clogging. Table

S1 of the supporting information gives the jetting conditions

and their corresponding nozzles.

3. Results and discussion

The investigation of a range of samples and jetting parameters

allows us to test the fidelity of the algorithm’s ‘stability factor’

calculation using liquid jets with various combinations of

jetting parameters. This factor can be used to help guide the

decision-making process for managing jetting and determining

when manual intervention is required in the experiment. To

enable the full range of samples to be measured during the

available beam time, each sample was run for a total of 120 s

with data collected at 10 Hz. Note that the 10 Hz image

acquisition rate, while sufficient to characterize jet stability,

imposes a sampling limitation. This results in discrete and

potentially misrepresentative snapshots of the jet motion

compared with higher-frequency quasi-continuous tracking.

Consequently, it becomes challenging to accurately follow the

jet’s drift and precession if they occur at a rate faster than this

10 Hz sample rate. Nevertheless, this suffices for in-practice

measurements at the EuXFEL with a 10 Hz pulse train rate

After initialization, the liquid jet was allowed to stabilize for

60 s. The optical microscopy data were then analysed for a

further 60 s using our machine-vision algorithm. This amount

of data and the jetting duration were sufficient to characterize

both ‘short-’ and ‘long-term’ jet instabilities. Here, short-term

instabilities in the liquid jet are characterized by constant

lateral movements occurring at very high rates (up to the pulse

train frequency of the EuXFEL, e.g. 10 Hz) and often result in

‘sputtering’. These typically cannot be corrected through

nozzle position adjustments. In contrast, longer-term

instabilities, which occur over several seconds to tens of

seconds, can be corrected using nozzle adjustment feedback

and benefit from jet realignment.

3.1. Real-time analysis of hit rates for liquid jets

The machine-vision algorithm was previously applied

offline to optical microscopy data to validate its performance

in terms of classifying ‘hits’ and ‘misses’ against well char-

acterized datasets which consisted of ultra-pure water being

jetted (Patel et al., 2022). The extension of the algorithm to

real-time analysis of liquid jet–XFEL beam overlap as part of

the present work required the integration of the algorithm

into Karabo. A screenshot of the Karabo GUI for the align-

ment algorithm which displays the cropped version of the

original image (acquired via the side-view microscopy camera

setup) and the corresponding binarized image is shown Fig. 3.

On the right is a graph which displays the output of the hit

classification of the liquid jet images: ‘1’ means ‘hit’, i.e. the

liquid jet and beam intersect; and ‘0’ means a ‘miss’, i.e. the

XFEL beam misses the jet.

The classification algorithm (identifying a ‘hit’ or ’miss’) was

tested during regular user beam time at the EuXFEL, this

experiment was carried out independently of the jet angle

statistical analysis performed in this paper. In this experiment,

a DFFN75 nozzle was used to inject crystals during user beam
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Figure 3
Screenshot of the Karabo machine-vision algorithm GUI illustrating real-time automated overlap detection running at the SPB/SFX instrument. The
image on the left shows the optical microscopy image and the corresponding binarized image of the liquid jet after ROI cropping. The graph on the right
shows the algorithm output which classifies the image of the liquid jet acquired from the side microscope as either a ‘hit’ or a ‘miss’ (represented as a ‘1’
or ‘0’, respectively). Prior to establishing the jet at 12:30:10, the Karabo control system sends a ‘dummy’ data stream as input for the GUI, hence the
appearance of fractional values between 0 and 1.
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time into the X-ray beam. The graph on the right-hand side in

Fig. 3 represents the data captured during the first 175 s

(2 min, 55 s) of beam time. The section of the graph starting

from the yellow arrow labelled ‘establishing jetting para-

meters’ lasting for 30 s was measured during initial stabiliza-

tion of the jet, while parameters including liquid flow rate and

gas pressure were still being optimized. Consequently, the hit

rate is lower during this time period. In the sections when the

beam is on it is evident that the jet position is still relatively

unstable as the system records a miss for significant portions of

time. As expected, once the beam is switched off, the hit rate

drops to zero and no ‘false positives’ were recorded. During

the experiment, the algorithm analysed data in real time

without any issues or noticeable lag in the Karabo control

system or GUI. This marks a crucial first step towards auto-

mating the process of aligning the liquid jet with the beam.

The next step in implementing the algorithm was to conduct

an in-depth stability analysis of the liquid jet, going beyond

simply monitoring the XFEL beam-jet overlap. The initial step

in this analysis involved calculating and analysing the jet angle

relative to the nozzle, which serves as a key metric for quan-

tifying jet stability.

3.2. Analysis of liquid jet angular displacement

Fig. 4 plots the standard deviation (�) of the liquid jet angle,

where the standard deviation represents the spread in the jet

angle evaluated over 600 frames of data, as determined by our

algorithm for all samples tested across a range of jetting

speeds. Each single data point in Fig. 4 represents the analysis

of the jet angle by our algorithm over 600 images (60 s) of data

collection.

We classified the jet behaviour as ‘stable’, ‘unstable’ and

‘highly unstable’ based on the experience of jetting experts

and instrument scientists accumulated during more than

5 years of operation of liquid jets for megahertz repetition rate

experiments. For each of these classifications the standard

deviation value of liquid jet angle was measured. For the

‘stable’ category the observed standard deviation was less than

0.5�. For the ‘unstable’ category the observed standard

deviation was between 0.5 and 1�. For the ‘highly unstable’

category the observed standard deviation was greater than 1�.

These values correspond to the green, amber and red shaded

areas of the graphs shown in Fig. 4, respectively. Note that

these values were determined specifically for the dataset

collected in this experiment; they represent limits which can

be adjusted according to the dataset and the operator’s

observations in order to quantify the stability of a liquid jet.

In the ‘stable’ case (jet angle standard deviation < 0.5�), the

displacement of the jet is typically between 0 and 1�, and

although the sample stream may move outside of the XFEL

interaction region, it would be for no more than a few

consecutive frames at a time. This results in a shift of inter-

action points which will be out of focus with respect to the

detector before returning. Note that when the liquid jet moves

outside the interaction region along the Z axis, the jet would

still interact with the beam; however, the sample-to-detector

distance will be changed, potentially affecting data processing

for these frames. Stable jets would not typically require any

remedial action by the instrument scientist to bring the jet

back into alignment and some motion is to be expected as

unavoidable.

In the ‘unstable’ (0.5� < standard deviation < 1.0�) case, the

maximum angular displacement of the jet from its aligned

position was observed to be �2�. This behaviour occurring

continuously at random intervals can result in the jet missing

the XFEL beam for a substantial portion of time. If such

behaviour is a longer-term deviation, movement (realignment)

of the injector nozzle can be used to maintain the jet and X-ray

alignment. For short-term instabilities, adjustment of gas

pressure or liquid flow rate would be recommended and may

be sufficient to maintain an effective X-ray–jet overlap during

data collection.

Finally, in the ‘highly unstable’ (standard deviation > 1.0�)

case, jets exhibit either drastic random motion or early break-

up of the jet resulting in a jet length much shorter than is

typically observed for stable jets. Jets within this category

would require immediate intervention by the instrument

scientists, which would often involve either cleaning or

replacing the nozzle. For example, to demonstrate such a level

of instability, conditions were selected to guarantee a highly

unstable jet. Use of GDVN100 at higher jet speeds of 45 m s� 1

produces the desired jet behaviour, as these nozzles are

designed for lower jet speeds. This enabled us to test the

ability of the algorithm to classify highly unstable jets.

Though jet length is another potential metric for stability, its

usefulness is limited by the presence of a gap at the interaction

region. When properly aligned, the jet length is always equal

to the distance between the nozzle tip and the interaction

point, making it a less informative parameter. Therefore, the

standard deviation of the jet angle along the Z axis was found

to be a more viable metric for assessing jet stability across the

various conditions tested. However, for offline testing without

the presence of the jet explosion, jet length can be a valuable

quantitative metric for characterizing nozzles. It can also help

to inform the optimal jetting parameters for a given sample

prior to the data collection stage of the experiment.

The results in Fig. 4 may provide insights into when the

current algorithm could be employed to correct the jet posi-

tion or decide when to clean or replace the nozzle altogether.

Additionally, the corresponding Videos S1 and S2 of the

supporting information confirm that a highly unstable jet is

characterized by rapid back-and-forth oscillations of the liquid

stream. Such cases generally cannot be remedied by the

development of an automatic realignment algorithm.

3.3. Jet drift versus rapid oscillation

During liquid jetting, the jet will typically ‘jitter’ back and

forth. Provided these motions are small on the scale of the

X-ray focus, there is no action required on the part of the

instrument scientist. However, often the jet will undergo a

period of constant motion in one direction before settling into

a new stable position. If the new position places the jet outside
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the interaction region of the XFEL beam, then the instrument

scientist will need to manually realign the jet by moving the

XYZ positioner for the injector rod. The other feature worth

noting is that the jet briefly ‘flicks’ from one position to

another before returning to its original position. This type of

behaviour will manifest as a discrete peak in the plot of jet

research papers

J. Appl. Cryst. (2024). 57, 1859–1870 Jaydeep Patel et al. � Real-time analysis of liquid jet sample delivery stability 1865

Figure 4
Scatter plots of the standard deviation (�) of the jet angles for each of the three categories in the dataset, with each data point involving the analysis of
600 side microscopy images. A higher value of standard deviation reflects higher instability, with a standard deviation of 1� corresponding to the
transition from ‘unstable’ to ‘highly unstable’ jet.



angle versus time. Fig. 5 presents a representative plot illus-

trating all three types of behaviour. A moving average window

of 10 frames (1 s) was used to highlight the trends in the data –

shown by the orange line overlaying the raw data. The short-

term jitter in the angle can be seen occurring between 0 and

50 s. A period of jet angle drift is highlighted at around the

50 s mark and a short-term large angle variation can be seen at

about 56 s. Fig. S2 provides a comparison with moving average

window sizes of 5 and 20 frames.

3.4. Jet statistical analysis

Some further insights into the behaviour of the liquid jet

over time can be gained from the ‘box-and-whisker’ plots

given in Fig. 6. These show that the distribution of angles is not

well represented by a Gaussian distribution, as the data are

skewed and have a significant number of outliers. Accordingly,

we opted to use the standard deviation as the preferred metric

for stability rather than the inter-quartile range (IQR), which

here is similar across all the nozzle types used.

From the individual data points in all datasets shown in Fig.

6, it can be observed that the jet angle data frequently form

clusters or sub-groups (circled regions in Fig. 6), which may

indicate one of two conditions: firstly, a jet which has contin-

uous axial precession around the vertical Y axis may be

considered dynamically unstable and cannot be corrected by

realignment (see Video S1). Secondly, these clusters may

indicate reoccurring angular displacement at a predictable

recurrent angle, which could be corrected using an automated

monitoring and alignment system. We have demonstrated that

we can discriminate between these two cases using the stan-

dard deviation of the jet angle. The standard deviation values

illustrated in Fig. 4 and the tables on the right side of Fig. 6 are

consistent with the trend, which is that the smaller the stan-

dard deviation of the jet angle, the higher the observed jet

stability.

In order to validate the effectiveness of our algorithm with

real-world liquid sample delivery methods, three commonly

used nozzles were applied: GDVN75, GDVN100 and

DFFN75. In this study, we found that our algorithm can
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Figure 5
Graph showing representative jet angles for a buffer and sample containing 1 mm crystals formed using a DFFN with a 75 mm aperture at a jet speed of
45 m s� 1. The plot shows the raw data in grey, and data averaged over 1 s in orange. The drift region indicates the drift in the jet angle which results in
misalignment of the jet with respect to the beam. ‘Peaks’ indicate momentary instabilities in the liquid jet that cause the jet to swing laterally for a
moment, evident by a drastic change in the jet angle.

Figure 6
Box plots summarizing jet angle data for the three different nozzle types (GDVN – 75 mm aperture, GDVN – 100 mm aperture and DFFN – 75 mm
aperture), indicated in the top left-hand corner of the plots. The samples used to generate these data were the 2–4 mm lysozyme crystal sample. The table
on the right-hand side shows the standard deviation (�) in the jet angle calculated over 600 images (i.e. 60 s of data collection). In the box-and-whisker
plots, the lengths of the box and the whiskers represent the jet angle variation between the lower and upper quartiles (inter quartile range – IQR) and the
minimum and maximum data values (excluding outliers), respectively. The position of the median value, indicated by the vertical line bisecting the box,
indicates the skewness of the data (i.e. the further from the centre of the box, the more skewed the histogram). The outliers marked by the isolated data
points were defined on the basis of the fact that they fall outside of the statistical limit of 1.5 � IQR.



provide quantification of stability for each jetting condition.

These quantification values of stability provide thresholds for

decision making in preparation for and during data collection.

Another advantage of determining the jet angle during the

experiment is that it can identify which jetting conditions are

compatible with a particular combination of sample and

nozzle types. This tool enables the real-time observation of jet

stability as a number of jetting condition parameters are

varied, such as liquid and gas pressures as well as a range of

different nozzles. With this capability and other metrics,

additional experiments would allow one to explore the

conditions driving the origin of any particular instability. The

stability metric presented here quantifies the observed beha-

viour under the conditions investigated, enabling a number of

potential new applications. First, the sample is jetted under a

variety of different conditions and can be assigned a perfor-

mance score which will help determine best possible jetting

parameters for that sample. Second, during the experiment the

algorithm can be programmed to monitor jet behaviour in real

time, correct for jet drifts and warn instrument scientists if the

jet instability increases above a set limit. Both applications can

help to improve sample delivery efficiency and provide a

diagnostic method for trouble shooting and most importantly

automating the tedious task of continuous manual monitoring

of the liquid jets during the experiment.

Another potential use of this algorithm is for offline testing

of various combinations of jetting parameters before the

experiment, which may help identify the most stable jet

parameters for data collection for a given sample. This could

reduce the time needed to establish stable jetting during the

experiment, thus minimizing sample wastage and the beam

time required. For example, it may be possible to use this

algorithm as a diagnostic tool for assessing a batch of 3D-

printed nozzles prior to beam time. This tool could provide a

quantifiable value for identifying potentially defective nozzles

in a production batch. Additionally, it might offer insights into

alternative nozzle designs for future developments, allowing

for an extensive testing regime to quantify nozzle performance

prior to an experiment.

It should also be emphasized that, while these observations

hold for the specific set of experiments carried out here, they

are not necessarily reflective of the general behaviour and

performance of these nozzles across all sample and jetting

conditions. Nevertheless, our methods do allow for systematic

investigation for any given sample(s), buffer(s), nozzle(s) and

jetting condition(s). Each specific combination of nozzle and

sample type corresponds to a single experimental run. The

samples were jetted in the order of <1 mm crystals, followed by

2–4 mm crystals and then finally 4–6 mm crystals.

4. Conclusions

On the basis of the comprehensive review of the data

presented herein, it can be concluded that our algorithm

provides a means of monitoring variations in the liquid jet

angle, which in turn is an indication of jet stability. This metric

can be used to guide automatic realignment and inform

operators when either cleaning or replacement might be

required. The correspondence between standard deviation

and jet stability was further confirmed by comparing expert

examination of videos of the jets, which revealed a positive

correlation, regardless of the sample or nozzle type used.

Given the versatility of a machine-vision-based system, this

algorithm can be used for various tasks. A primary example of

such use would be to investigate the influence of crystal size

and jet speed, alone and/or in combination, to form a stable

liquid jet suitable for megahertz SFX. To further investigate

these trends, additional data need to be incorporated that

cover a broader range of jetting parameters and nozzle types

for liquid jet formation. Considering that the nozzle type and

aperture size contribute to jet stability, the standard deviation

of the jet angle may also provide insights into the effect of any

irregularities during nozzle fabrication. This is another

possible use for this algorithm. However, this also warrants

further investigation, and no definitive conclusions can be

drawn in this regard solely based on the data collected in this

experiment. The algorithm can be used to test jetting para-

meters in offline testing to ascertain a viable combination of

jetting parameters for a particular sample, which will help

reduce issues with jetting during the experiment and could be

used as a diagnostic tool for trouble shooting.

The algorithm can also be applied in other contexts, but it

will necessitate modifications tailored to the specific require-

ments of each application. By utilizing the statistical data

analysis generated by our real-time jet analysis algorithm, a

vision-based jet alignment system could be developed to

automate the alignment process and provide an early warning

system for detecting unstable liquid jets. One such potential

use of this algorithm would be to help monitor for issues such

as detecting icicles during jetting, which can permanently

damage the detector pixel modules. Another application

would be to use the output from the machine-vision algorithm

to generate 2D plots of image metrics directly in the Karabo

control system. This information could then be used by

instrument scientists to detect a range of critical issues

including sample leakage, resulting in sudden liquid/gas flow

decrease, monitoring of the current volume of the sample in

the reservoir, sudden or slow change in gas pressure, and many

other aspects of jetting.

Our algorithm for determining jet angle during experiments

offers multiple uses. First, it identifies compatible jetting

conditions for specific samples and nozzles by enabling real-

time observation of jet stability under varied parameters. This

allows optimization of jetting conditions, real-time monitoring,

correction of drifts and warnings for instability, thus improving

sample delivery efficiency and automating manual monitoring.

Additionally, it can be used offline to test jetting parameters

before experiments, reducing setup time and sample wastage.

Finally, it also serves as a diagnostic tool for assessing 3D-

printed nozzles, identifying defects and informing alternative

designs through pre-testing.

The use of this tool is also not limited to the EuXFEL. Any

other light source facility with a comparable setup can

implement this system with some minor modifications. This
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system can also be adapted for monitoring other jet-based

sample delivery methods. However, depending on the sample

delivery method, the logic and feature-finding would need to

be adjusted accordingly. For example, ensuring stability when

tracing a droplet injector would require tuning the Hough

lines transform to track a series of sections in a straight line or

replacing the Hough line transform with line fitting algorithms.

The algorithm discussed in this study has been successfully

implemented at the SPB/SFX instrument of the EuXFEL and

is now readily accessible for users seeking to monitor the

stability and characteristics of their liquid jets. An additional

approach to gauge jet stability, such as evaluating liquid jet

length alongside jet angle, could enhance the level of detail

available from any jet behaviour analysis. This work paves the

way for future advancements in machine-vision-based analysis

of optical microscopy images of liquid jets, offering many

promising avenues for further research and development. This

includes the ability to perform quantitative analysis for jetting

studies to help refine jetting conditions for a specific sample,

which would help reduce sample consumption during beam

time. Use of the tool during an experiment can also assist the

operators in monitoring jetting more efficiently, as it can be

used as a diagnostic tool to troubleshoot jetting issues on the

go. Another possible future application – following additional

research and the collection of a comprehensive dataset to

characterize – would be to investigate the effects of sample

size and jet speed on the stability of a jet.
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