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We present an experimental demonstration of a single-shot, non-destructive electron beam diagnostic based
on the ionization of a low-density pulsed gas jet. In our study, 7 MeV electron bunches from a radio fre-
quency (RF) photoinjector, carrying up to 100 pC of charge, traversed a localized distribution of nitrogen gas
(N»). The interaction of the electron bunches with the N, gas generated a correlated signature in the ionized
particle distribution, which was spatially magnified using a series of electrostatic lenses and recorded with a
micro-channel-plate detector. Various modalities, including point-to-point imaging and velocity mapping, are
investigated. A temporal trace of the detector current enabled the identification of single- and double-ionization
events. The characteristics of the ionization distribution, dependence on gas density, total bunch charge, and
other parameters, are described. Approaches to scaling to higher electron bunch density and energy are sug-
gested. Additionally, the instrument proves useful for comprehensive studies of the ionization process itself.

I. INTRODUCTION

Advances in accelerator and source technology are pro-
pelling the generation of charged particle beams with unprece-
dented beam brightness, intensity and compactness in all spa-
tial dimensions [1, 2]. For example, the FACET-II facility
can generate electron beams with energy of up to 10 GeV,
and many kiloamp peak currents, focusable down to < 20 m
spot sizes, ranking it among the highest peak intensity beams
worldwide [3]. Conventional diagnostics are untenable at
such high intensity, necessitating development of innovative
techniques [4]. Traditional transverse beam profile methods,
in fact, such as optical transition radiation [5], scintillating
screens [6], or wire scanners [7, 8], require insertion of solid-
state density matter in the beam path. Thus, they have intrinsic
limitations in handling very high beam intensity as they are
susceptible to damage, especially near the beam focus. There
is an urgent need for advanced, non-invasive techniques to ex-
tract beam parameters without intercepting the beam. Addi-
tionally, single shot acquisition adds substantial value because
it would allow tagging each bunch in the accelerator for fast
feedback, and to provide an online quality monitor for the fi-
nal beam application.

Recent progress in non-destructive beam diagnostic tech-
niques has been focused on the optimization of speed, accu-
racy, and resolution. Among these, ionization-based beam
monitors have been employed for many decades in high in-
tensity accelerators, and particularly in ring machines where
ionization of trace amounts of residual gas in the vacuum
chamber provides a wealth of information on the circulating
beams [9, 10]. Ionization-based profile monitors are by now
an established technique in beam diagnostics at many parti-
cle accelerator laboratories, widely utilized especially in pro-
ton and ion beamlines and in order to characterize particle
beams for medical applications [11-13]. In some cases, to
boost the signal (proportional to the number of ions generated
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by the beam passage), a controlled amount of gas molecules
can be injected timely in the vacuum to increase the target
density, remaining orders of magnitude below solid-state den-
sity and therefore only minimally (ideally non) perturbing the
main beam [14—17]. Typically, the ionization products and the
fluorescence light of the excited atoms/molecules are helpful
in retrieving beam properties, including total charge, centroid
position, and spot size [18-20]. Since photons are emitted
in every direction by the gas molecules struck by the pri-
mary high-energy beam, the collection efficiency of the flu-
orescence signal is poor, and to achieve sufficient signal-to-
noise ratio, the acquisition typically occurs on long integration
times over multiple shots [15, 21]. Conversely, the charged
particles (both ions and electrons) from the ionization events
can be redirected by a bias voltage, manipulated by optical
elements, and collected using efficient detectors to maximize
the retrievable information content. Combining a suitable in-
jection scheme of gas molecules with the efficient detection
of charged particles can significantly boost the technique sen-
sitivity. This approach enables a novel implementation of
ionization-based diagnostics where all the information can be
retrieved after a single beam passage through the gas.

This letter describes a non-invasive diagnostic technique
for measuring transverse parameters from high-intensity, rela-
tivistic electron beams. The detection scheme is based on the
passage of a relativistic electron beam through a low-density
gas jet, which leaves a characteristic imprint in the from of an
ionized distribution, that is subsequently measured to retrieve
primary beam properties. The advantages of this diagnostic
directly stem from the rich physics underlying the ionization
process. In most cases, the electric field of the beam is not suf-
ficiently high to ionize the gas molecule, and most of the ion-
ization occurs via impact ionization. The number of ionization
events is then directly correlated with the beam charge, and
assuming the initial gas molecule distribution is much larger
than the beam dimensions, the transverse ionization distribu-
tion is a faithful representation of the incoming beam profile
[14]. Under this condition, acceleration and transport of the
ions through a high magnification imaging system enable the
direct measurement of small-size features in the main beam



transverse profile. On the other hand, when the beam space
charge field is high enough (typically above 5 GV/m) to ion-
ize the particles directly by tunneling through the potential
barrier, the ionization profile is also strongly correlated with
the beam charge density and peak current [22], and employ-
ing advanced algorithms allows the unfolding of the primary
beam parameters from the detected ion distribution [23].

This study demonstrates the utilization of ionization-based
beam diagnostics in a single-shot mode on a high bright-
ness electron linac, which has not been previously reported.
The experiment used the 7 MeV, 100 pC, ps-long high
brightness electron bunches from the UCLA Pegasus RF
photoinjector[24]. A pulsed localized gas distribution with es-
timated peak density up to 10'* cm 3 was injected 5 m down-
stream of the photocathode, and synchronized to the arrival of
the electron bunches. The number of generated ions was di-
rectly proportional to the total electron charge and the gas den-
sity. Time-of-flight traces indicate the occurrence of both sin-
gle and double ionization events. Nearly order-of-magnitude
magnification of the beam transverse profile was achieved
with the ion imaging setup, an array of electrostatic lenses
with independent remotely controllable voltages. In this re-
gard, two modalities are investigated consisting of point-to-
point imaging as well as a velocity mapping configuration [25]
to visualize the initial transverse momentum distribution. Fi-
nally, the instrument versatility is demonstrated by switching
the polarity of the imaging lenses for the detection of elec-
trons, as opposed to ions.

The paper is structured as follows: We discuss the experi-
mental setup of the gas sheet monitor (GSM), which includes
a detailed examination of the electrostatic lens column and
the gas jet. Impact ionization is elucidated as the primary
ionization pathway during this experiment, accompanied by
estimates for ion yield. Key metrics, such as time-of-flight
and centroid tracking, align excellently with the theoretical
predictions. The main findings highlight the effectiveness of
the GSM in a single-shot modality for characterizing the pri-
mary electron beam distribution centroid and standard devi-
ation through the analysis of ionization images. Finally, we
conclude by discussing the potential applicability and exten-
sions of this diagnostic technique.

II. EXPERIMENTAL SETUP

The GSM commissioning experiment was conducted at the
UCLA Pegasus high-brightness electron beam facility. Before
deployment on the electron beam line, the GSM subsystems
were tested and optimized on a tabletop using ultrafast laser
ionization of nitrogen gas to characterize each of the com-
ponents, and benchmark the charged particle transport model
with particle tracking simulations. While the setup can be
used with different gaseous species, nitrogen gas was chosen
for these initial experiments as it is most effectively pumped
by the turbomolecular pumps in order to reduce the load on
the ultra-high vacuum system. The gas delivery, high voltage
electrostatic column, and imaging layout were evaluated and
operational ranges were established. The complete diagnostic
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FIG. 1. Sketch of the gas sheet monitor (GSM) layout. A solenoid
and a steering magnet are used to focus and position the relativistic
electron beam (blue line) from the Pegasus photoinjector into the gas
jet (green) where the ionization occurs. The trajectories of molecu-
lar nitrogen ions through the column are shown in purple. The ion
column electrode voltages are tuned to direct the charged particles
to the micro-channel plate (MCP) detector where an image of their
spatial distribution is captured using a CCD camera. An oscilloscope
is used to monitor the ion current and time-of-flight.

was then installed on the Pegasus electron beam line, for use
with transversely focused high-charge electron bunches.

The experimental setup at the UCLA Pegasus beamline is
described here. A Ti:sapphire laser system was used to gener-
ate laser pulses with a central wavelength of 780 nm and pulse
duration of 40 fs. The laser was converted to UV using non
linear crystals, stretched using birefringent crystals and then
directed to an NaKSb cathode located inside a S-band RF pho-
togun, where electron bunches were generated with upwards
of 100 pC of total charge. In the photogun section, a peak
accelerating gradient of 75 MV/m was initially utilized to ac-
celerate the electron beam to 3.2 MeV kinetic energy. Then,
the first solenoid focused the beam into a booster linac which
further accelerates the particles to reach 7 MeV Kkinetic en-
ergy. A second solenoid focused the beam into the interaction
chamber transversely, and a steering magnet was positioned
just after the final solenoid. The steering magnet was used to
adjust the point of interaction between the electron beam and
the gas jet within the interaction chamber. Differential pump-
ing was employed to maintain the gun pressure at or below
10~ Torr as necessitated by alkali-antimonide photocathode
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FIG. 2. The trajectories of molecular nitrogen ions simulated using the GPT particle tracking code through the column are superimposed with
the corresponding electrostatic potential generated by the electrodes. The ion trajectories are color coded in a gray scale based on their initial
angle (£ 100 mrad). (a) The electrostatic column voltages are adjusted for imaging to capture the initial ion transverse spatial distribution. (b)
The voltage distribution is configured to map the initial velocity, or angle, information to the detector while minimizing the dependence on the

initial position.

operation.

A schematic showing the main elements of the GSM is de-
picted in Fig. 1. The relativistic electron beam collides with
the nitrogen gas emanating from the 45° tilted skimmer, gen-
erating both ions and secondary electrons. Depending on the
electrostatic column polarity, the ions or secondary electrons
can be transported to form an image on a microchannel plate
(MCP). The MCP employed in the experiment is a two-stage
device. The MCP is operated in a voltage range of 1.4 to 2 kV
in the experiment, which corresponds to a proportional gain
ranging from 50 to 60 dB. The homogeneity of the response
over the detector area was not studied in detail, but it should
be noted that only a relatively small area in the center of the
MCP was used for these studies. The voltage on the electro-
static rings, or lenses, along the column are controllable to
allow different magnifications for imaging, or to operate in
velocity mapping mode.

The electrostatic column comprises nine conducting rings
of 7.9 mm radius, each with adjustable potential for distinct
functionality depending on the mode of operation. The first
two rings (repeller and extractor) are located on either side of
the interaction point and are tuned at equal and opposite po-
tentials to impart an initial kinetic energy to the ionized par-
ticles. The third ring is kept at a potential one tenth of the
repeller and serves as a focusing electrode to control the ini-
tial beam divergence. Altogether, the three first rings serve to
accelerate and collimate the initial ion distribution. The sec-
ond and third triplets in the column act as electrostatic Einzel
lenses [26]. In this configuration, for each lens the central ring
is kept at a potential ten times greater than the two adjacent
rings, albeit with opposing polarity.

Charged particle transport through the system was simu-
lated using the General Particle Tracer software (GPT [27]),
which tracks particles through a cylindrically symmetric field
map generated using Poisson [28]. We used this model to de-
termine the optimal voltage configurations for achieving real
space or velocity map imaging of the nitrogen ions or the sec-
ondarily produced electrons generated during the ionization
process. The transverse position of an ion at the final image

plane, particularly in the horizontal plane, is determined by
the initial conditions (xo,pyp). In the linear optics approxi-
mation, this can be written as x = Ry1xo + Rj2pxo/mc, where
R11 and Rj; are the matrix elements of the transport system,
m is the mass of the ion, and c is the speed of light. Real space
imaging occurs when the final image is independent of the ini-
tial velocity of all particles, or Rj5 = 0. Alternatively, velocity
map imaging occurs when the final image is independent of
the initial position, i.e., R1; = 0.

Fig. 2 illustrates two of the numerous potential configura-
tions resulting from GPT simulation results, demonstrating (a)
imaging and (b) velocity-map-imaging (VMI). In each case,
the potential distribution is displayed as a contour plot in the
background behind the trajectories. In the transverse direction
the electric potential varies by less than 0.5 % over a distance
of 5 mm from the axis of the column. Particle trajectories
are color-coded from dark to light grey to indicate correla-
tions with the initial angle. In (a), during imaging, a bundle
of rays emanating from a point is imaged back to a point in
the detector plane. In (b), during VMI, a bundle of rays fans
out according to the initial angle. The repeller/extractor rings
were held at 5 kV in both scenarios. For imaging, the central
rings in the Einzel lenses were tuned to 5 kV and 6.5 kV, re-
spectively. For VMI, the first and second Einzel lenses were
tuned to 5 kV and 2.5 kV, respectively.

During the experiment, the nitrogen gas reservoir was
maintained at atmospheric pressure and room temperature. A
piezo-actuated nozzle with a diameter of 0.2 mm, positioned
102 mm away from the interaction point, was used to pulse
the gas injection into the chamber at a maximum 1 Hz repe-
tition rate, mainly limited by the capacity of the vacuum tur-
bomolecular pumps on the beamline to absorb the gas load
and maintain an operating pressure in the 10~ torr range, al-
though peak pressure briefly reached close to 107 torr during
gas pulses. The pulse duration could be varied between 50 to
250 us. A slit aperture with dimensions a=1 mm and »#=3 mm
was placed near the interaction point to collimate and shape
the gas distribution for interaction.

It is possible to estimate the density of gas molecules at the



interaction point based on the reservoir temperature, pressure,
and geometry. Assuming a thermal velocity distribution and a
small solid angle, the gas flux at the interaction point can be
written as:

LA
\6r nD?

where A and A, represent the area of the nozzle and the col-
limator respectively, D is the distance between them, n,,; =
P/KT is the gas density in the reservoir at near standard pres-
sure P and temperature 7, k is Boltzmann constant, v, =

\/2kT /my is the most probable speed, my; is the molecu-
lar mass of nitrogen. We can then estimate the interaction
point density as n ~ ¢ /v,A, which yields for peak gas num-
ber density (i.e. number of molecules per unit volume) at the
interaction point a range of 10'3 and 10'* cm™3 in agreement
with measurements performed with a localized pressure gauge
sensor during the preliminary tests of the chamber [17, 29].
The calculation in Eq. 1 assume laminar flow, which is justi-
fied since for the number density above, a dynamics viscosity
of u=1.76x10"> Pa sec and a characteristic length of 1 mm,
we can calculate a Reynolds number well below the typical
threshold of 2000 for turbulent flow.

Next, the yield of N3 ions can be estimated using the av-
erage energy loss rate by an electron when traversing the ni-
trogen gas column, which for an electron of rest mass mc?,

relativistic factor 7, and relative velocity = /1 —1/72 can
be written as:
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where r. is the classical electron radius, n is the number of
gas molecules per unit volume, Z is the number of electrons
in the nitrogen molecule, B, = yBmc?\/y—1/I,, wherein,
I(eV) =~ (9.76 +58.8Z119)Z is an expression used to ap-
proximate the effective excitation energy, and finally the

term £(y) = [ 955 41— (P +2y—1)In(2)| /292, which
approaches a constant value at higher energy [30].
For an incident electron bunch with total charge Qy,, assum-

ing most of the energy loss goes into ionization, we can esti-
mate the ion charge produced with the expression:

(In(By) + £(7)) 2)

dE A
Or= Qb**s 3)

ds €

where € = 15.58 eV is the ionization potential of molecular
nitrogen, and As = \/27a/ cos(45°) is the effective thickness
of the gas jet near the interaction. According to Eq. 3, we
expect between 1 fC and 10 fC of ion charge yield for inci-
dent beam charges ranging from 10 to 100 pC. The number
of ionization events can also be calculated by extrapolating to
relativistic energies [31] the NIST cross section for the ioniza-
tion of molecular nitrogen by electrons yielding ¢ = 1072% m?
[32, 33]. The number of ions generated per incident electrons
can then be estimated as onAs and is found to be consistent
with the result from Eq. 3.

III. EXPERIMENTAL RESULTS

During the experiment, two signals were simultaneously
acquired from the setup: an intensified image of the trans-
verse ion distributions captured by a CCD camera observing
the MCP, and an oscilloscope trace illustrating the time-of-
arrival distribution of ions on the MCP. The latter was ob-
tained by connecting the input electrode of the MCP to a dig-
ital oscilloscope.

To establish synchronization between the arrival times of
the gas jet and the electron beam, we performed a scan of the
gas pulse delay. A notably enhanced ionization signal was
observed on the CCD camera when the electrons’ arrival time
aligned with the gas valve’s opening. The peak ionization oc-
curred with a 2 ms delay between the arrival of the electron
beam and the trigger to the gas piezo valve. The rise time in
Fig. 3a can be understood as due to the spread in the time of
arrival of the gas molecule to the beam axis. The ionization
signal did not significantly diminish for long delays, which
may be attributed to a persistent gas trail over approximately
100 ms. This temporal behavior is depicted in Figure 3(a).

Increasing the gas pulse duration resulted in a linear in-
crease in the background pressure and consequently a linear
gain in the ionization signal as shown in Figure 3(b). The
error bars in the figure reflect charge fluctuations measured at
the MCP and are calculated as the standard deviation of the in-
tensity distribution over 5 images. These charge fluctuations
are mainly due to the primary beam charge variations as well
as the MCP gain fluctuations. For this set of experiments, we
operated with a gas pulse duration of 200 us as this provided
a signal-to-noise sufficient to determine the beam transverse
size in a single shot at a level comparable with the shot-to-shot
fluctuations in the beamline, while at the same time keeping
the gas load on the beamline manageable.

The oscilloscope waveform can be converted to an ab-
solute time-of-flight measurement by referencing the photo-
excitation laser arrival to the cathode as time zero, since the
relativistic electron beam takes just < 10 ns to travel down
the beamline. Fig. 4(a) shows typical waveforms recorded for
different input beam charges on the scope. The traces present
amain peak at 1.3 us consistent with the time-of-flight of N2+
ions from the interaction point to the MCP plane through the
ion column. A second peak is observable at 0.9 us formed
by ions a with charge to mass ratios differing by a factor of
2. A third much smaller peak at 0.65 ps which would cor-
respond to a charge to mass ratio of 4 could also be distin-
guished. It is worth noting that while the heights of the peaks
varied in relation to changes made to the electron beam fo-
cusing and steering, their relative ratio and time separations
remained constant.

We attributed the different peaks to different impact ioniza-
tion channels for the nitrogen molecule after collision with a
relativistic electron. In principle relativistic electrons can eas-
ily lose multiple tens of eV in the collision, opening up a sig-
nificant number of decay possibilities for ionization, including
the creation of N%J“ ions, or the break up of the molecule into
N or N™ ions.

The ionization threshold for the double ionization or di-
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rect breaking of the molecule into two N+ ions are above
40 eV[34]. This will make it significantly more unlikely for
this kind of events to occur. Note that in our diagnostic we
can not distinguish if the second peak in the waveform is due
to N%+ or to fragmentation in N ions since these particles
have the same charge-to mass ratio. Additionally, since the
scope signal adds up the collected charge, the second peak
will be twice higher for the same number of primary electron
collisions, leading to an estimate for the cross section ratio
with respect to the single ionization channel of approximately
4.5:1 in agreement with the expectations from the extrapola-
tion of cross-section data for low energy electrons reported in
[35, 36]. The third small peak matches N2+ jons which can be
generated when an even larger amount of energy (more than
50 eV) are exchanged in the collision. It is worth noting that
in the table-top laser tests of the setup, only the main peak
corresponding to N;’ ions could be seen, as the impact ion-
ization mechanism is fundamentally different than laser-field
ionization where for a given incident intensity, one finds ex-
ponentially decreasing probability for higher ionization states.

In order to retrieve an absolute value for the ion current,
the oscilloscope was pre-calibrated prior to installation on the
beamline by using a femtosecond laser and a picoamp meter.
A linear relation between the waveform peak amplitude and
the current read out was established. Taking into account the

repetition rate of the laser, the current was converted into a
charge per pulse. The integrated intensity on the MCP im-
age was also found to be proportional to the charge in the ion
beams, but in this case the constant of proportionality is de-
pendent on the gain (and therefore on the voltage settings) of
the MCP.

The beam charge incident onto the gas jet was then varied to
measure the proportional change in the ionization yield. The
scan results are shown in Fig. 4 (b), where the total charge of
each population of ions is presented. Note how the ratio of the
two populations remains fairly constant as the bunch charge is
changed over an order of magnitude up to 100 pC ruling out
the possibility that higher order ionization states are due to
multiple impact ionization events.

The upstream steering magnet was then used to benchmark
the lens voltage setpoints and demonstrate that the electro-
static column could be operated in imaging and velocity map-
ping mode. The steering magnet had been previously cali-
brated to relate the power supply current to the horizontal and
vertical kicks in the electron beam trajectory. Vertical steer-
ing effectively shifts the initial plane in the column where the
ion distribution starts in the potential, directly influencing the
time-of-flight to the MCP detector.

A measurement of the position of the main peak in the oscil-
loscope waveform as the electron beam was vertically steered
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is shown in Fig. 4(c). A fit of the data to the GPT transport
model allows to pinpoint the location where the ions are be-
ing generated in the potential between the first two electrodes.
The comparison of the time-of-flight measured to the particle
tracking model prediction is shown in Fig. 4(c). Note that us-
ing the results of the fit the horizontal axis in this plot has been
used to offset the initial vertical position of the electron beam
in the column y, above the first electrode. This approach ulti-
mately served as an important benchmark of the particle track-
ing model, and provided a key-input to the simulation (initial
ion position) to tune the lenses voltage setpoints and obtain an
imaging condition at the MCP detector.

Horizontally steering the electron beam and then tracking
the corresponding position of the centroid of the ion beam on
the MCP yields a measure of how the final image is corre-
lated with the initial ion distribution. In Fig. 5(a) we show
the results of the scan with the voltages in the column tuned
to the imaging configuration. As expected, the ions mainly
moved along one direction on the MCP screen owing to the
column alignment which minimizes the x-y coupling in the
transport. A linear fit of the data yields the transport coef-
ficient Ry; = 3.2, which represents the magnification of the
column, in agreement with the GPT model prediction. Some
small non-linearities which can be attributed to the aberrations
in the electrostatic lenses, are also observed for large offsets in
the electron beam horizontal position. Note that one challenge
in performing this scan is that steering the electron beam into
different regions of the gas jet profile changes the amplitude
of the signal. Based on the geometry of the gas delivery the re-
gion that generates the most ions is as close to the nozzle as the
beam can be, but during operation care must be taken to avoid
collisions of the primary beam with the gas nozzle, which can
lead to unwanted ionization events and, subsequently, charg-
ing of the electrostatic column. Ultimately, after retuning the
voltage setpoints on the electrostatic lenses, we also demon-
strated our ability to minimize R;; and establish a velocity
mapping imaging condition (with an estimated Ry, = -66 m).
The results of this scan is presented in Fig. 5(b) where the
horizontal position of the ion beam on the MCP is shown to

be essentially independent of the primary electron beam hori-
zontal position.

While in the imaging configuration with a magnification of
3x, we also performed a solenoid scan with the bunch charge
set at 60 pC by varying the electron beam size at the point of
interaction and collecting the corresponding images of the ion
distribution at the MCP. The images are analyzed to retrieve
the horizontal rms size and signal intensity of the ion distribu-
tion as a function of the solenoid strength. The minimum ion
distribution size and peak signal are obtained for the solenoid
setting where the electron beam waist is located in the mid-
dle of the GSM chamber. The analysis results are shown in
Fig. 6(a). In the inset, we also show the raw MCP images
of the ions when the electron beam is under-focused and at
the waist, respectively, along with their respective horizontal
projections. The retrieved values for the rms beam sizes at
the GSM location are consistent with the results from GPT
particle tracking simulations of the Pegasus beam line at the
gas jet plane. In Fig. 6(b) we show start-to-end simulations
for the evolution of the rms beam size along the beam line for
a 60 pC beam charge, including the final solenoid which fo-
cuses the beam into the GSM chamber positioned at 5 m. The
final rms sizes of the beam waist are 1.19 mm and 1.13 mm,
in the horizontal and vertical dimensions respectively, in good
agreement with the spot size retrieved by the GSM diagnos-
tic. Note that the finite size of the gas cloud sets a limit on the
largest beam size that can be measured.

The increase in the ion signal through the solenoid scan can
be attributed to the finite dimensions of the gas distribution in
the chamber. As the electron beam size becomes comparable
with the size of the gas cloud, in fact, more electrons sample
a higher density region of the gas distribution and the number
of ions increases. Taking into account the magnification of the
column we can estimate the spatial extent of the gas jet to be
close to 2 mm in excellent agreement with the estimate from
the nozzle geometry.
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FIG. 6. (a) Horizontal rms size of the ion distribution measured on
the MCP as the electron beam is focused onto the gas jet by the
solenoid. The right axis shows a correlated increase in ion charge
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age of the ion distribution captured on the MCP when the solenoid
was underfocused. The right inset shows an image of the ion distri-
bution at the beam waist. (b) Transverse beam size evolution from a
start-to-end simulation of the Pegasus injector. Experimental settings
achieve a 1.19 mm beam waist at the interaction point.

IV. CONCLUSION AND OUTLOOK

In conclusion, we demonstrated a novel experimental ap-
paratus for the single-shot diagnostic of electron beams based
on monitoring the ionization signal from the passage of the
beam in a gas jet. Properly tuning the voltages in a multi-
lens electrostatic microscope column, we were able to trans-
port the charged particles generated in the ionization process
to a microchannel plate detector both in imaging and velocity
mapping mode. Operating in imaging mode, the setup en-
abled the measurement of the transverse extent of the beam
with a resolution limited by the point spread function of the
detector which can be estimated from the single ion hits to be
0.19 mm rms. Taking into account the measured magnifica-
tion of the column, the rms spatial resolution in these first ex-
periments was below 0.07 mm. Further improvements in the
resolution could be obtained by increasing the column mag-
nification. The gas density of the thin gas curtain generated
by the nozzle was below 10> cm™3, so only an extremely
small fraction of the beam is affected in the interaction, mak-
ing this non-destructive diagnostic ideally suitable for moni-

toring very intense beams.

In the experiment, a linear relationship between bunch
charge and ionization signal was observed during synchro-
nization indicating that impact ionization was the main pro-
cess at play in the interaction of the electrons with the gas con-
sistent with the beam charge and beam dimensions employed
in the tests. It is envisioned that when more extreme beam
parameters are used (higher charge, shorter bunch lengths,
smaller spot sizes), field ionization would strongly contribute
to the number of generated ions, which would correlate with
the beam peak current indirectly yielding the temporal bunch
length and further extending the information that could be re-
trieved from the apparatus.

During operation, a primary challenge arose in charging
the electrostatic column. This issue was typically encoun-
tered during the initial establishing of the signal, and led to
a distortion of the ion beam as it deviated from its intended
axis. For next version implementations, incorporating a bipo-
lar power supply which would allow a fast turn-around col-
umn discharge would be advantageous to remedy the charg-
ing. Note that by switching the sign in the accelerating elec-
trodes, it is also possible to reconfigure the column to collect
on the MCP the secondary electrons produced during the im-
pact ionization process. Both velocity mapping and imaging
mode for the electrons were verified during the experiment
even though no quantitative data was acquired. In order to
image the electrons, the required voltages in the column were
found to be 2.5kV for the repeller/extractor, and 2.5kV in each
einzel lens. VMI required 1.75kV for the repeller/extractor
and 2.5kV, and 2.85kV for the first and second Einzel lens
respectively.

The electrons could also be used to retrieve information
about the incident electron beam, however, extracting beam
parameters requires more care as due to the large mass dif-
ference the electrons are more susceptible to their collective
space charge forces. Secondary electron pulses generated
from ionization are in fact more prone to blurring due to their
own space charge field during transport, unlike ions, which are
negligibly influenced by their own space charge field. Note
that both ion and electron imaging are affected by the primary
beam space charge field, leading to additional magnification
which has been theoretically investigated [37]. This additional
space-charge expansion factor depends only on the primary
beam parameters and the extracting field but not on the sec-
ondary mass or charge. For specific parameters relevant to the
PEGASUS beamline (e.g., a 60 pC, 10 ps beam, with a 500
kV/m extraction field applied over a 3 mm distance), this con-
tribution to the transport is estimated to be negligible. This is
supported by start-to-end simulations that show that primary
beam space charge effects in the Pegasus setup are perturba-
tive at best, since the impulse on ions from the primary beam
electric field being much smaller than that from the extrac-
tion field in the time it takes the primary beam to pass by. The
VMI modality could potentially be used to visualize the initial
momentum distribution of the secondary electrons. In combi-
nation with a short laser pulse this would have an imprint on
the ionization time as well as the primary beam space charge
field [38].



There is ample room for future modifications in the ex-
perimental setup, including precision collimation of the neu-
tral molecular beam to further localize the initial ion distri-
butions, and an adjustment of the microscope column, aided
by optimizing particle tracking simulations, to increase the
magnification in imaging mode and enhance spatial resolu-
tion. Increasing the gas density would further enhance the
signal by generating more ions. This would facilitate the de-
tection of smoother images and projections like those in ex-
isting literature [39, 40]. By increasing ion charge, higher
extraction fields may be needed to mitigate space charge ef-
fects. In our setup, the vacuum system limited the gas den-
sity, which would require upgrades to handle the higher load.
Future improvements to the pumping configuration will allow
for greater gas density while maintaining system performance.
Despite this, increasing the gas density by an order of magni-
tude is expected to keep the instrument non-invasive or mini-
mally invasive, as the energy loss within the small interaction
region remains small compared to the beam’s initial energy
spread. For larger number of ionization events, it will become
necessary to consider other aspects such space charge effects
in the microscope column transport, as well as the effects of
the primary beam field on the initial angular distribution, and
aberrations due to nonlinearities in the transport.

Time-of-flight measurements highlighted the generation of
multiple ion species from the interaction of the relativistic
electrons with molecular nitrogen gas. In fact, the different
ion species follow different evolution in the column so that
imaging and velocity map conditions can not possibly apply
to all the ionization products, thus blurring the desired signal
for the diagnostics. Due to the relatively large temporal sep-
aration in the time-of-arrival of the different species, a short
high voltage gate pulse on the MCP electrodes could be used
to select only one ion species and sharpen the image. How-
ever, this effect also highlights the versatility of the instru-
ment, as the richness of the ionization spectrum suggests the
possibility to use the system as a basic scientific instrument to
characterize ionization cross sections at relativistic energies,
which is an area of interest across many disciplines such as
astrophysics and plasma physics.
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