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Full-cycle, noninvasive emittance monitoring with the beam gas curtain monitor at the LHC
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The large energy range and high intensity of current hadron accelerators, such as the Large Hadron Collider
(LHC) and its planned high-luminosity upgrade, pose great challenges to beam measurements. The Beam Gas
Curtain presents an accurate, minimally invasive profile monitor with a large energy range for high-intensity
beams, by exploiting fluorescence from a supersonic gas jet interacting with the accelerator particle beam. In
this paper, we report for the first time the proton and lead ion beam transverse profile and emittance continuously
measured throughout the whole LHC energy range.
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I. INTRODUCTION

The Large Hadron Collider (LHC) has been operational for
over a decade, yielding groundbreaking discoveries, including
the Higgs boson [1,2]. The success of these discoveries relied
heavily on the smooth operation of the collider, which en-
sured sufficient integrated luminosity to achieve the required
precision. Central to this operation are the beam profile and
emittance monitors—key components of the LHC’s beam in-
strumentation. These monitors are critical for maintaining and
optimizing beam quality, as well as for preventing undesirable
beam dumps.

Few beam profile monitors can be used for measuring the
LHC beams due to the destructive beam power across all
stages of operation. The high-luminosity upgrade of the LHC
[3] even brings new challenges for such diagnostics, including
the need for higher resolution and enhanced device safety.
These challenges stem from the reduced beam emittance and
increased beam intensity, which demand more precise and
robust measurement methods.

Optical diffraction radiation [4–6] has been developed for
the noninvasive measurement of the beam profile, but its ap-
plication in the LHC remains prohibitive due to the difficulty
and risk of operating small aperture slits in the high-intensity
rings. A Beam Gas Ionization (BGI) monitor [7], previously
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installed at the LHC, suffered from beam heating issues orig-
inating from beam coupling impedance and was eventually
decommissioned. Emittance scans at each interaction point
can measure the convoluted beam size and then emittance at
varying energies and higher intensities; however, the measure-
ments cannot decouple the measurement for both beams and
have other resolution and accuracy limitations [8–11]. Most
importantly, they cannot provide continuous measurements
while the physics experiments are running at those detectors.

Synchrotron radiation (SR) is commonly used for beam
profile measurement for most high-energy electron syn-
chrotrons [12–14] and a handful of ultrahigh-energy proton
synchrotrons [15,16]. Presently, continuous beam size mea-
surements at the LHC rely on detecting synchrotron radiation
in the visible spectrum, using the Beam Synchrotron Radia-
tion Telescope (BSRT) [17]. The BSRT suffers from uncertain
magnification and resolution due to the drift of the opti-
cal system with multiple mirrors and lenses, as well as the
diffraction effect, where the point spread function (PSF) is
comparable to the measured beam size. Regular calibration
of the magnification and resolution for BSRT with another
trustworthy device, such as wire scanners [18–20], is required.
To avoid wire breakage [21,22], the wire scanners can only
work with a maximum of 20%–25% and 6%–7% of an LHC
beam with 3.2e14 protons during injection and collision,
respectively, and thus each BSRT calibration usually needs
4–8 h of dedicated beam time. Moreover, for the LHC, the
source of synchrotron radiation is complex, evolving as the
beam energy is ramping up. Photons are produced from a
dedicated undulator at the injection energy of 450 GeV and
from a dipole magnet for energies above 2 TeV. This transition
introduces uncorrectable distortions of the measured signal
during the ramping phase. For lead ion beams, the intensity
of visible SR is too low at injection energy to be detected,
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FIG. 1. The measurement principle, gas curtain formation, and gas jet density distribution.

becoming measurable only toward the end of the energy ramp.
Due to the tight schedule for the ion run, the calibration is
normally impossible.

We report in this paper on the first beam imaging mea-
surements with the LHC beams (both proton and lead ion)
using a Beam Gas Curtain (BGC) monitor. The main advan-
tage of the BGC is that it can accurately and independently
measure the absolute transverse beam profiles during the full
cycle of the LHC operation, including beam injection, energy
ramp-up, and flat-top energy stage, for both protons and ions
with negligible effects on the LHC machine performance. The
BGC relies on the fluorescence from the interaction between
the beam and a supersonic gas sheet that we refer to as a
“curtain” due to its thin and flat shape. Gas jets or curtains
used in diagnostics were proposed before [23–25], and some
tests have been performed in low-energy and low-intensity
machines [26–30]. However, the BGC monitor is the first gas-
curtain-based profile monitor implemented for high-energy or
high-intensity beams and successfully used daily in the con-
trol room, even with the LHC detectors turned on. It features
no space-charge distortion, compared with other gas-based
profile monitors [31] and a high resolution of ∼55 µm.

II. WORKING PRINCIPLE OF BGC MONITOR

The working principle of the BGC monitor is illustrated
in Fig. 1. The hadron beam and the supersonic neon curtain
propagate perpendicularly. The curtain is oriented at 45◦ to
allow a 2D transverse beam profile measurement. Atoms in
the curtain are elevated to excited states by the beam-gas
interaction, and when they return to the ground state, they emit
fluorescent photons [32,33]. Neon, with a strong fluorescence
line at 585.4 nm, was selected for this monitor due to its neu-
tral emission and short lifetime of 16 ns. As a neutral emitter,
it is unaffected by the space charge of the incident beam, and

the relatively large cross section ensures efficient detection.
Nitrogen, emitting at 391 nm with a 60 ns lifetime, was also
considered due to its potentially higher cross section, which
allows for shorter integration times. However, the nitrogen
emitter is ionized and thus susceptible to displacement by the
beam’s space charge during its decay time [31], introducing
a beam size uncertainty of up to 30%. The images of the
fluorescent photons collected by an optical system at a solid
angle with an optimized integration time were used to recon-
struct the profile for the original beams. The optical system
utilizes an apochromatic triplet lens, a 585 ± 10 nm optical
bandpass filter to maximize the signal-to-noise (S/N) ratio,
and an intensified camera system.

As shown in the enlarged part of Fig. 1, the detected
beam distribution f (x̃, ỹ) will be a convolution of the beam
transverse distribution f (x, y) and the gas curtain distribution.
For a uniform gas curtain with a thickness of h, the detected
distribution in the x axis f (x̃) equals the beam distribution
f (x). In the y axis, f (ỹ) will be elongated due to the thickness
of the gas curtain, and the real beam size can be corrected
from the detected distribution as

σy =
√

σ 2
ỹ − h2/(12 cos2(π/4)). (1)

Later, we will use x, y to replace x̃, ỹ if not mentioned specif-
ically. A multilayer sputtering-coated plate (shown as a black
coating plate) with 0.2% reflectivity is attached underneath
the interaction point to reduce the reflection of the background
light, including synchrotron radiation and other stray photons
reflected multiple times by the interior pipe surface.

The neon curtain was generated by a supersonic gas jet
source. Neon gas with stagnation pressure of 6 bar flows
through a 30 µm round diverging flat nozzle into a median
vacuum region ∼5×10−3 mbar as a continuous supersonic
gas jet is formed. The gas jet is then collimated by three
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FIG. 2. Full-intensity LHC beams measured by the BGC monitor with 2 min integration time: proton beam (a) at the injection energy of
450 GeV with 3.35×1014 charges and (b) at flat-top energy of 6.8 TeV with 2.20×1014; lead ion beam (d) at the injection energy of 450 GeV/Z
intensity of 1.52×1013 charges and (e) at flat-top energy of 6.8 TeV/Z intensity of 1.44×1013 charges, and the corresponding horizontal profile
(left) and vertical profile (right) including Gaussian fits of the proton beam (c) and lead ion beam (f).

consecutive skimmers, a conical skimmer with a tip open-
ing of 400 µm, a round hole skimmer with a radius of
2 mm, and a slit skimmer with a size of 0.3 mm × 9 mm
orientated at 45◦ to create a gas curtain in the interaction point.
At the entrance to the dump chamber a fourth slit skimmer
with a size of 7 mm × 35 mm and tilted 45° was used to
reduce the backflow of the supersonic neon atoms back into
the interaction chamber, preserving its vacuum quality. The
four skimmers separate the vacuum area into five differen-
tial pumping regions, and each region is equipped with a
turbo molecular pump to keep the pressure in the interaction
within the strict vacuum requirement for the LHC operation.
A complete set of simulations and measurements [34] was
done to check the vacuum compatibility of this device with the
LHC environment. Simulations show that a gas curtain with a
quasiuniform distribution and a size of 0.64 mm × 22.0 mm
can be achieved. Direct measurements of a gas curtain at
the interaction point showed a flat central area with ±5%
peak-to-peak variations.

III. MEASUREMENTS OF LHC BEAMS

A. Beam profile measurements

Figure 2 presents typical BGC measurements, 2D pictures,
and transverse profiles for protons and lead ions both at injec-
tion and collision energies. Pictures (a), (b), (d), and (e) were
produced by stacking 2400 images, each with an exposure
time of 50 ms. The exposure time was chosen to achieve the
best S/N ratio by avoiding photocathode saturation. The total
integration time for these pictures is 120 s. In the pictures, the
gas curtain moves horizontally from left to right, while the
LHC beam travels vertically from bottom to top.

The measurements display significant differences in the
background noise levels between each measured beam con-
dition. The background noise arises from various sources,
including photocathode dark counts, stray light within the
beam pipe, reflected SR, and photoelectrons generated at the
intensifier due to beam losses upstream of the instrument.
As shown in Figs. 2(a)–2(f), the signal produced by the
full-intensity lead ion beam has a higher S/N ratio compared
to the proton beam due to lower SR and reduced background
from beam losses. Additionally, when the S/N ratio is large
enough, a faint signal from the interaction between the back-
ground gas and the beam can be observed, as seen in Fig. 2(e).
Figures 2(c) and 2(f) display the horizontal and vertical pro-
files after the linear background has been removed.

The profiles were fitted with a Gaussian distribution to
determine the beam sizes. The Gaussian shape assumption of
the LHC transverse profile is typically sufficient for the de-
sired precision of tens of micrometers. The primary sources of
error in the beam size measurements arise from the system’s
PSF, the single-photon spot size from the intensifier, fitting
error, the thickness of the gas curtain, and the fluctuation of
the gas curtain density. Other potential sources of error, such
as beam jitter and turn-to-turn position differences, can be
considered negligible. Fitted beam sizes are corrected for sys-
tematic errors by subtracting in quadrature contributions from
PSF and single-photon spot size, measured to be 45 ± 3 and
32 ± 4 µm, respectively. The gas curtain thickness introduces
another source of systematic error, affecting only the vertical
axis, as described in Eq. (1). Optimizing the gas curtain thick-
ness involves balancing the systematic error, signal strength,
and impact on the vacuum. The third skimmer used at the
LHC is 0.3 mm wide for measurements here and produces a
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FIG. 3. Systematic studies of the relative beam size error dependency on integration time, based on measurements of LHC beams at top
energy and full intensity using the BGC monitor.

0.64-mm-thick gas curtain at the interaction point with peak-
to-peak fluctuations of ±5% in the central area. According
to simulations, the vertical beam size measurements can then
be adjusted by applying a correction factor of 260 µm. The
use of a thick gas curtain initially allows the high signal
level to compensate for a possibly overestimated fluorescence
cross section, which is currently extrapolated by six orders
of magnitude from the available data. A new third skimmer
with a 0.2-mm-wide slit is currently installed to achieve better
resolution in the y plane.

A systematic study was conducted to characterize the mon-
itor’s precision by examining the dependency of the beam size
error for both proton and lead ion beams on the integration
time. Figure 3 illustrates the relative statistical beam size
uncertainty of LHC beams at full intensity and top energy. The
beam size error is defined as the percentage ratio of the vari-
ation from the true size with a given interaction time and the
true size. The true size is regarded as a mean value with longer
integration times from 400 to 600 s. For proton beams with an
intensity of 3.79e14 charges, an integration time of 60 s is
sufficient to achieve approximately a 5% beam size error. In
comparison, the lead ion beam with an intensity of 2.42e13
charges requires only about 5 s of integration time to reach
a beam size error of approximately 3.5% due to its higher
signal-to-noise ratio. At injection energy of 450 GeV/Z, the
lead ion beam requires 20–30 s of integration time to reach
�5% error due to its larger transverse beam size.

B. Emittance validation

The performance of the BGC monitor can be evaluated by
comparing the measurements to other existing methods in the
LHC. However, the beam size measurement cannot be directly
compared between instruments due to the different locations.

In a given machine with a known beta function β, the trans-
verse beam size measurements σ can be used to calculate the
transverse emittance ε using the following equation:

ε = γ · σ 2/β, (2)

where γ is the Lorentz gamma factor. According to Li-
ouville’s theorem, the emittance remains constant under
conservative forces, and measurements done at different loca-
tions in the LHC, such as the BSRT and the emittance scans at
the CMS and the ATLAS experiments, can thus be compared.
Meanwhile, emittance is a key beam quality parameter that
should be continuously monitored and analyzed to ensure
optimal machine performance.

Figure 4 compares the BGC emittance measurements over
the entire LHC beam fills with BSRT measurements and a
limited number of emittance scans at the interaction points.
The purple square and orange circle represent the beam size
and the emittance measured by the BGC monitor with a 120 s
integration time for the proton beam and 40 s for the lead ion
beam, separately. Systematic errors related to the PSF and
photon size were subtracted from the Gaussian-fitted beam
sizes. As illustrated earlier in Fig. 2, a lower S/N ratio occurs
during the beam injection process when the beam intensity is
low and the beam size is large. However, the overall measure-
ment uncertainty decreases as the beam intensity increases
during injection and the beam size reduces during accelera-
tion. The emittance rises slowly during injection due to the
intrabeam scattering effect [35]. At the injection stage, there
are no emittance measurements available from other methods
for the lead ion beam or the measurement is far off due to
the calibration issue, such as the BSRT measurements for the
proton beam.

The beam size will continuously reduce while the energy
ramps up, as measured only by the BGC monitor for both
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FIG. 4. Horizontal emittance measurements from the BGC monitor for (a) the LHC proton beam (120 s integration time) and (b) the
lead ion beam (40 s integration time), and BSRT, ATLAS, and CMS emittance scan along with beam energy, beam intensity, and beam size
measured by the BGC monitor. The data (∼14 h) cover a full proton beam fill and several lead ion fills, from injection through energy ramp-up
to beam collisions and beam dump. The statistical uncertainty from beam size is below 10% at collision energy.

beams. There is an artifact spike for proton beam emittance
data in the energy ramping-up process due to the emittance
calculated from Eq. (2) using average beam size and average
energy with limited data points. The long integration time
chosen here is due to a reduced S/N ratio from a sudden rise in
the background due to beam losses and synchrotron radiation
for the proton beam measurement. This spike is not visible
from the lead ion data with a shorter integration time and thus
more data points. At the end of the energy ramping up, the
spike visible both at BGC and BSRT is typically caused by
the change of the beta function from the nominal value due to
optics tuning.

Throughout the collision stage of the proton beam fill,
the BGC measurements align with the calibrated BSRT mea-
surements within the 10% error, tracking the gradual rise in
emittance. The BGC measurements also agree with the emit-

tance scans at the interaction points of both ATLAS and CMS
at the beginning of the collisions, maintaining a consistency of
approximately 10% for both the BGC and the experiments. At
the end of the fill, additional emittance scans were conducted,
showing continued agreement between the BGC and the AT-
LAS within their errors. Although CMS recorded a visibly
larger value, it remained within its 10% error margin from
BGC measurements. This agreement was repeatable across
different fills during the 2024 proton run, as shown in Fig. 5.

During the short lead ion run in 2023 and 2024, the mea-
surement from the BGC monitor was also compared to the
very limited data of the emittance scans, revealing repeatable
agreement within the 10% uncertainty for the full-intensity
6.8 TeV/Z lead ion LHC beam. Note that the BSRT for lead
ion fills was not calibrated due to the short period of the ion
run. Therefore, the measurement from it can be used only as a
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FIG. 5. Comparison of emittance measured from the BGC, BSRT, ATLAS, and CMS for the LHC proton beams.

relative comparison, which shows a similar trend to the BGC
monitor. This leaves the BGC monitor as the only continuous
emittance monitor during the ion run.

As a conclusion, this provides strong evidence for the accu-
racy of the BGC monitor, as the matched measurements from
the BSRT and emittance scans were independent of the BGC.
Furthermore, the stability of the BGC measurements was
demonstrated by consistent agreement across various beam
intensities, fills, and particle species, including both the proton
and lead ion beams.

IV. CONCLUSIONS

In summary, we have reported on the Beam Gas Curtain
monitor, a fluorescence-induced transverse profile monitor
based on a supersonic neon gas curtain, and its first operation
at the LHC for transverse profile and emittance measurement.
This development directly addresses limitations of existing
systems in LHC, such as the BSRT, wire scanners, and BGI
monitors.

First, the BGC monitor provided absolute and independent
measurements of the averaged transverse profile and emit-
tance for the full-intensity LHC proton and ion beams. These
beam parameters can also be measured continuously through-
out the entire beam cycle, from injection at 450 GeV/Z,
through the energy ramp-up, up to the flat-top energy of
6.8 TeV/Z and until the beam dump to cover a complete
LHC fill for the lead ion beam. Such measurements were
demonstrated for proton beam fills at the injection and col-
lision energies as well. Second, the monitor’s accuracy of
absolute emittance measurements was demonstrated by com-
parisons with independent measurements from the BSRT and
emittance scans at the ATLAS and CMS experiments, with
results showing agreement within respective measurement
errors. The stability of the monitor was further confirmed

by the repeatability of this agreement across different fills,
intensities, and for both proton and lead ion beams. Last but
not least, the BGC was optimized to meet the stringent LHC
requirements for high vacuum quality, minimal beam distur-
bance, and other constraints. Validation tests demonstrated
the monitor’s minimally invasive properties, with LHC oper-
ators deeming the BGC effectively transparent to the beam.
The monitor achieved approximately 3.5% error on transverse
size measurements with a 5 s integration time for the full-
intensity lead ion beam at 6.8 TeV/Z. For the full-intensity
proton beam at collision energy, an integration time of
60–120 s was typically required to achieve a beam size error
below 5%.

Due to the simplicity and robustness of the monitor and
no requirement for repeated calibrations, it was quickly in-
tegrated into the LHC control system for daily operational
usage. Ongoing advancements and optimizations will be made
to further enhance the monitor’s performance. Tests using
nitrogen as a working gas, as well as exploring different
fluorescence spectral peaks, are considered to be conducted at
the LHC, with the potential to improve the S/N ratio and thus
reduce the integration time. The optical system can also be
refined to reduce radiation-induced background, a significant
factor in proton beam measurements at the LHC. Additionally,
adjustments to the gas curtain thickness by changing the skim-
mer geometry are considered to achieve the optimal balance
of accuracy and S/N ratio.

The BGC design and usage of a supersonic gas cur-
tain in ultrahigh-vacuum conditions show potential for other
high-intensity, high-power facilities, including the Facility for
Antiproton and Ion Research, the European Spallation Source,
and the Electron Ion Collider. Adaptation to medical accel-
erators is also underway. Another promising direction under
discussion is integrating the gas curtain with beam loss moni-
tors, which could enable beam halo measurements.

043144-6



FULL-CYCLE, NON-INVASIVE EMITTANCE … PHYSICAL REVIEW RESEARCH 7, 043144 (2025)

ACKNOWLEDGMENTS

The authors would like to thank CERN and the entire LHC
operation and vacuum groups. This work was supported by the
High Luminosity Large Hadron Collider project and also by
the Science and Technology Facilities Council, UK through
the grants HLLHC UK phase II with No. ST/T001925/1,
LIV.DAT with No. ST/P006752/1, and Cockcroft Institute
with No. ST/G008248/1.

DATA AVAILABILTY

The data that support the findings of this article are not
publicly available upon publication because it is not techni-
cally feasible and/or the cost of preparing, depositing, and
hosting the data would be prohibitive within the terms of this
research project. The data are available from the authors upon
reasonable request.

[1] ATLAS Collaboration, G. Aad, T. Abajyan, B. Abbott, J.
Abdallah, S. A. Khalek, A. A. Abdelalim, R. Aben, B. Abi, M.
Abolins, O. AbouZeid et al., Observation of a new particle in
the search for the standard model Higgs boson with the ATLAS
detector at the LHC, Phys. Lett. B 716, 1 (2012).

[2] S. Chatrchyan Junior, V. Khachatryan, A. M. Sirunyan, A.
Tumasyan, W. Adam, E. Aguilo, T. Bergauer, M. Dragicevic,
J. Erö, C. Fabjan et al., Observation of a new boson at a mass
of 125 GeV with the CMS experiment at the LHC, Phys. Lett.
B 716, 30 (2012).

[3] O. Aberle, C. Adorisio, A. Adraktas, M. Ady, J. Albertone, L.
Alberty, M. Alcaide Leon, A. Alekou, D. Alesini, B. Almeida
Ferreira et al., High-luminosity large hadron collider (HLLHC):
Technical design Report, Technical Report No. CERN-2020-
010 (CERN, Geneva, Switzerland, 2020).

[4] P. Karataev, S. Araki, R. Hamatsu, H. Hayano, T. Muto,
G. Naumenko, A. Potylitsyn, N. Terunuma, and J. Urakawa,
Beam-size measurement with optical diffraction radiation at
KEK accelerator test facility, Phys. Rev. Lett. 93, 244802
(2004).

[5] L. Bobb, R. Kieffer, T. Lefevre, S. Mazzoni, T. Aumeyr, P.
Karataev, M. Billing, J. Conway, and J. Shanks, Feasibility
of diffraction radiation for noninvasive beam diagnostics as
characterized in a storage ring, Phys. Rev. Accel. Beams 21,
032801 (2018).

[6] M. Bergamaschi, A. Aryshev, P. Karataev, R. Kieffer, T.
Lefevre, S. Mazzoni, N. Terunuma, and R. Yang, Noninvasive
micrometer-scale particle-beam size measurement using opti-
cal diffraction radiation in the ultraviolet wavelength range,
Phys. Rev. Appl. 13, 014041 (2020).

[7] M. Sapinski, W. Andreazza, B. Dehning, A. Guerrero, M.
Patecki, and R. Versteegen, The first experience with the LHC
beam gas ionisation monitor, in Proc. IBIC’12, Tsukuba, Japan,
Oct. 2012, paper TUPB61, pp. 489–491.

[8] S. van Der Meer, Calibration of the effective beam height in
the ISR, Technical Report No. CERN-ISR-PO-68-31 (CERN,
Geneva, Switzerland, 1968).

[9] M. Hostettler, K. Fuchsberger, G. Papotti, Y. Papaphilippou,
and T. Pieloni, Luminosity scans for beam diagnostics,
Phys. Rev. Accel. Beams 21, 102801 (2018).

[10] O. Karacheban and P. Tsrunchev, on behalf of CMS, Emittance
scans for CMS luminosity calibration, EPJ Web Conf. 201,
04001 (2019).

[11] G. Aad Jr et al. (ATLAS), Luminosity determination in pp
collisions at

√
s = 13 TeV using the ATLAS detector at the

LHC, Eur. Phys. J. C 83, 982 (2023).
[12] M. Itoh, N. Takeuchi, T. Mltsuhashi, and T. Yatagai, Beam

profile monitoring of synchrotron radiation by adaptive optics,
Opt. Rev. 5, 196 (1998).

[13] T. Kudo, S. Takahashi, N. Nariyama, T. Hirono, T. Tachibana,
and H. Kitamura, Synchrotron radiation x-ray beam pro-
file monitor using chemical vapor deposition diamond film,
Rev. Sci. Instrum. 77, 123105 (2006).

[14] L. Torino and U. Iriso, Transverse beam profile reconstruction
using synchrotron radiation interferometry, Phys. Rev. Accel.
Beams 19, 122801 (2016).

[15] L. Ponce, R. Jung, and F. Méot, LHC proton beam diagnostics
using synchrotron radiation, Technical Report No. CERN-
2004-007 (CERN, Geneva, Switzerland, 2004).

[16] R. Thurman-Keup, H. W. K. Cheung, A. Hahn, P. Hurh, E.
Lorman, C. Lundberg, T. Meyer, D. Miller, S. Pordes, and A.
Valishev, Synchrotron radiation based beam diagnostics at the
fermilab tevatron, J. Instrum. 6, T09003 (2011).

[17] G. Trad, Development and optimisation of the SPS and LHC
beam diagnostics based on synchrotron radiation monitors,
Ph.D. thesis, University of Grenoble Alpes, France, 2015.

[18] S. Igarashi, D. Arakawa, K. Koba, H. Sato, T. Toyama, and M.
Yoshii, Flying wire beam profile monitors at the KEK PS main
ring, Nucl. Instrum. Methods Phys. Res. Sect. A 482, 32 (2002).

[19] T. Moore, N. I. Agladze, I. V. Bazarov, A. Bartnik, J. Dobbins,
B. Dunham, S. Full, Y. Li, X. Liu, J. Savino, and K. Smolenski,
Fast wire scanner for intense electron beams, Phys. Rev. Spec.
Top. Accel. Beams 17, 022801 (2014).

[20] J. Herranz, A. Barjau, and B. Dehning, Vibration measurements
of a wire scanner—Experimental setup and models, Mech. Syst.
Signal Process. 70-71, 974 (2016).

[21] H. Bigland, J. E. Huber, R. Veness, and A. C. F. Cocks, Wire
materials for scanners in the large hadron collider: An unusual
materials selection problem, Adv. Eng. Mater. 22, 1900927
(2020).

[22] M. Sapinski and T. Kroyer, Operational limits of wire
scanners on LHC beam, in Proc. BIW’08, Lake Tahoe, CA,
USA, May 2008, paper TUPTPF066, pp. 274–278.

[23] V. Tzoganis and C. P. Welsch, A non-invasive beam profile
monitor for charged particle beams, Appl. Phys. Lett. 104,
204104 (2014).

[24] V. Tzoganis, H. D. Zhang, A. Jeff, and C. P. Welsch, Design
and first operation of a supersonic gas jet based beam profile
monitor, Phys. Rev. Accel. Beams 20, 062801 (2017).

[25] A. Salehilashkajani, H. D. Zhang, M. Ady, N. Chritin, P. Forck,
J. Glutting, O. R. Jones, R. Kersevan, N. Kumar, T. Lefevre,
T. Marriott-Dodington, S. Mazzoni, I. Papazoglou, A. Rossi,
G. Schneider, O. Sedlacek, S. Udrea, R. Veness, and C. P.
Welsch, A gas curtain beam profile monitor using beam in-
duced fluorescence for high intensity charged particle beams,
Appl. Phys. Lett. 120, 174101 (2022).

[26] B. Vosicki and K. Zankel, The sodium curtain beam profile
monitor of the ISR, IEEE Trans. Nucl. Sci. 22, 1475 (1975).

043144-7

https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi/org/10.23731/CYRM-2020-0010
https://doi.org/10.1103/PhysRevLett.93.244802
https://doi.org/10.1103/PhysRevAccelBeams.21.032801
https://doi.org/10.1103/PhysRevApplied.13.014041
https://jacow.org//IBIC2012/papers/TUPB61.pdf
https://cds.cern.ch/record/296752
https://doi.org/10.1103/PhysRevAccelBeams.21.102801
https://doi.org/10.1051/epjconf/201920104001
https://doi.org/10.1140/epjc/s10052-023-11747-w
https://doi.org/10.1007/s10043-998-0196-4
https://doi.org/10.1063/1.2403843
https://doi.org/10.1103/PhysRevAccelBeams.19.122801
https://doi/org/10.23731/CYRM-2020-0010
https://doi.org/10.1088/1748-0221/6/09/T09003
https://doi.org/10.1016/S0168-9002(01)01515-7
https://doi.org/10.1103/PhysRevSTAB.17.022801
https://doi.org/10.1016/j.ymssp.2015.08.025
https://doi.org/10.1002/adem.201900927
https://jacow.org/BIW2008/papers/TUPTPF066.pdf
https://doi.org/10.1063/1.4879285
https://doi.org/10.1103/PhysRevAccelBeams.20.062801
https://doi.org/10.1063/5.0085491
https://doi.org/10.1109/TNS.1975.4327913


O. SEDLACEK et al. PHYSICAL REVIEW RESEARCH 7, 043144 (2025)

[27] T. Fujisawa, Y. Hashimoto, T. Morimoto, and Y. Fujita, Multi-
pole magnets to focus an O2 sheet beam for a non-destructive
beam-profile monitor, Nucl. Instrum. Methods Phys. Res. Sect.
A 506, 50 (2003).

[28] Y. Hashimoto, T. Fujisawa, T. Morimoto, Y. Fujita, T. Honma,
S. Muto, K. Noda, Y. Sato, and S. Yamada, Oxygen gas-
sheet beam profile monitor for the synchrotron and storage
ring, Nucl. Instrum. Methods Phys. Res. Sect. A 527, 289
(2004).

[29] T. Tsang, S. Bellavia, R. Connolly, D. Gassner, Y. Makdisi,
T. Russo, P. Thieberger, D. Trbojevic, and A. Zelenski, Opti-
cal beam profile monitor and residual gas fluorescence at the
relativistic heavy ion collider polarized hydrogen jet, Rev. Sci.
Instrum. 79, 105103 (2008).

[30] I. Yamada, M. Wada, K. Moriya, J. Kamiya, P. K. Saha, and
M. Kinsho, High-intensity beam profile measurement using
a gas sheet monitor by beam induced fluorescence detection,
Phys. Rev. Accel. Beams 24, 042801 (2021).

[31] V. Shiltsev, Space-charge effects in ionization beam profile
monitors, Nucl. Instrum. Methods Phys. Res. Sect. A 986,
164744 (2021).

[32] M. Eckhardt, D. Hasselkamp, and K. H. Schartner, Neon 3p-
excitation by proton impact (100 keV-1 MeV): Cross sections
and line polarization, Z. Phys. A 292, 337 (1979).

[33] J. E. Chilton, M. D. Stewart, and C. C. Lin, Electron-impact
excitation cross sections of neon, Phys. Rev. A 61, 052708
(2000).

[34] C. Castro Sequeiro, M. Ady, G. Bregliozzi, N. Chatzigeorgiou,
A. R. Churchman, R. Kersevan, T. Lefevre, S. Mazzoni, G.
Pigny, A. Rossi et al., Beam gas curtain monitor: Vacuum
studies for LHC integration and operation, Phys. Rev. Accel.
Beams 27, 043201 (2024).

[35] S. Papadopoulou, F. Antoniou, T. Argyropoulos, M. Hostettler,
Y. Papaphilippou, and G. Trad, Impact of non-Gaussian beam
profiles in the performance of hadron colliders, Phys. Rev.
Accel. Beams 23, 101004 (2020).

043144-8

https://doi.org/10.1016/S0168-9002(03)01393-7
https://doi.org/10.1016/j.nima.2004.05.034
https://doi.org/10.1063/1.2999905
https://doi.org/10.1103/PhysRevAccelBeams.24.042801
https://doi.org/10.1016/j.nima.2020.164744
https://doi.org/10.1007/BF01546431
https://doi.org/10.1103/PhysRevA.61.052708
https://doi.org/10.1103/PhysRevAccelBeams.27.043201
https://doi.org/10.1103/PhysRevAccelBeams.23.101004

