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ABSTRACT

A minimally invasive transverse beam profile monitor based on supersonic gas curtain technology and beam-induced fluorescence has been
developed and demonstrated. The concept presented can be used to measure both the profile of the proton beam in the Large Hadron
Collider (LHC) and the concentricity of the electron and the proton beams in the LHC hollow electron lens. In this Letter, the performance
of such a monitor for a low energy electron beam is discussed, which paves the way for its wider implementation.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0085491

The planned High Luminosity upgrade to the Large Hadron
Collider (HL-LHC) is under way. This project aims to increase the
integrated luminosity of the LHC by a factor of 10 to enable further
studies of the Higgs boson and physics beyond the standard model.’
An active halo control will be required for this upgrade due to the
increased beam intensity. This can be achieved by a Hollow Electron
Lens (HEL),” © assuming that the proton beam and hollow electron
beam can be kept well aligned in such a device. To measure the profile
of the two co-propagating beams and ensure the alignment, a mini-
mally invasive monitor is needed.

Minimally invasive methods based on the interaction between
residual gas and particle beams, such as ionization profile monitors
(IPM)” " and beam induced fluorescence (BIF) monitors,'” '® have
been used or proposed for various machines. For BIF monitors or the
recent beam-gas vertex detector in the LHC,"” additional residual gas
will often be introduced to create a pressure bump, thus increasing the
signal to noise (S/N) ratio. As an alternative, a metal vapor jet'*'” or a
gas jet”’** can produce a controllable pressure bump more effectively
and cause minimal impact on the beam and the surrounding vacuum
environment.

Both residual gas and gas curtain IPMs would suffer from distor-
tions due to space charge”” and external electromagnetic fields in the
LHC and HEL, where 1 T magnetic field is estimated at the diagnostic
location. This leaves BIF monitors using a gas curtain with a short-lived
ionic or a neutral emitter as the most feasible solution to measuring a
two-dimensional transverse beam profile in machines, where the beams
have high intensity and destructive power. For beams operated in an
ultra-high vacuum (UHV) environment, a directional gas curtain devel-
oped from a cold supersonic source is preferable to a diffusive one.”®
Gas jets used in nuclear experiments””** and laser wakefield accelera-
tors” have undergone extensive research, development, and optimiza-
tion, which broadened the choice of working gases and densities.

This Letter illustrates the working principle behind such a monitor
and presents research highlights. The working principle has been applied
to the design of a profile monitor that is currently being intended to be
installed in the LHC and will contribute to the design of an overlap mon-
itor integrated into the HEL.” Moreover, this can be applied to a wide
range of accelerated beams with different vacuum environments.

This monitor relies on measuring the fluorescence due to the
interaction between a particle beam and a supersonic gas curtain.

Appl. Phys. Lett. 120, 174101 (2022); doi: 10.1063/5.0085491
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FIG. 1. The interaction point between the gas curtain and the incoming particle
beam.

The gas curtain is angled at 45° and propagates perpendicularly to the
beam direction as shown in Fig. 1, for two-dimensional profile detection.

The schematic of the gas curtain beam profile monitor at the
Cockeroft Institute (CI) is displayed in Fig. 2. The device consists of a
gas injection section, an interaction chamber, and a gas dump section.
In the gas injection section, a nozzle-skimmers assembly separates the
volume into three chambers. The assembly contains a nozzle with an
aperture of 30 yum in diameter and two conical skimmers with diameters
of 180 and 400 um, which are aligned with an accuracy of 20 ym.”!
In the nozzle chamber, the gas with a stagnation pressure of 5 bar passes
through the nozzle and experiences a free expansion to form a super-
sonic jet, with a smooth transition from a continuum flow region to a

ARTICLE scitation.org/journal/apl

TABLE I. Measured pressure (mbar) in each vacuum chamber, with gas jet off and
gas jet on at a stagnation pressure of 5 bars.

Jet  Nozzle Skimmer I Skimmer II Interaction Dump

Off 5.0 x 1078 5.0 x 107® 4.0 x 10 <1.0x 1077 <1.0 x 10°°
On 39x10°84x10°73x107 40x10° 14x107°

molecular flow region.”” The two skimmers extract and collimate the
supersonic jet. The diffusion of ambient gas molecules is suppressed via
differential pumping. The third skimmer, a 0.1-mm-thick stainless steel
foil with a rectangular slit of 4 x 0.4 mm? angled at 45°, shapes the gas
jet into a curtain. The pressure in each chamber with and without a con-
tinuous jet flow is given in Table I. It shows the vacuum environment in
the interaction chamber satisfies the requirements for most accelerators.
The gas curtain’s transverse density distribution is measured at the
dump section using a movable pressure gauge and interpolated to the
interaction point by assuming a geometrical expansion from the third
skimmer which is a good approximation from the molecular flow the-
ory. The thickness was interpolated to be approximately 0.7 = 0.3 mm
at the interaction point. The interpolated densities for the three working
gases, nitrogen, argon, and neon were (4*1)x 10%,
(6.0 =2.0) x 10%, and (1.4 % 0.4) x 10" m >, respectively, and the
distribution is quasi-uniform with a 20% variation.”

A continuous electron source with 5keV energy and 0.66 mA
current was used to test this monitor. The fluorescence photons were
recorded by an optical imaging system”* placed outside the interaction
chamber. The imaging system includes an apochromatic lens, a filter
wheel, an intensifier, and a camera. Note that double micro-channel
plates with chevron geometry were used in the intensiﬁer to allow
for spatially resolved single photon detection.””® To reduce the
background light due to stray photons, the interaction chamber’s inner
surface was covered with graphite lubricating resistance coating with
a reflectivity of around 30%. In addition, for each of the gases,

-4mm  Omm 20mm 398mm 592mm 859mm
Y.
Camera
o :
Relay lens G
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Filter wheel
]
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FIG. 2. The schematic diagram of the gas curtain beam profile monitor. The setup consists of six vacuum chambers, each with a dedicated turbo-molecular pump (TMP).
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TABLE II. Estimated cross sections and photon rates®’ from the gas curtain for the CI electron beam (5 keV—-0.66 mA), the HEL test stand electron beam (10 keV-5 A) and the
LHC proton beam (7 TeV-1 A). The optical parameter is the optical acceptance multiplied by optical attenuation for each wavelength.

Cross-section (cm?)

Wave-length FLT  Optical

Photon rate (counts/s)

Emitter (nm) (ns) parameter Clbeam  HELbeam LHC beam CI beam HEL beam LHC beam

Ny 391.4 60 29x107* 1.6x107%¥ 91 x 107" 3.7x107% (49£3.9) x 10! (1.9%1.5)x10° (1.5*=1.2) x 10°
Ne 585.4 16 26x107* 27x107% 1.4x10% 47x 102 26*+22 (8.9*7.4) x10° (6.0 +5.0) x 10
Art 476.5 16 56x107* 9.9x 1072 57x 1072 99 x 1072 (8.7%£6.9) x 107! (3.3%£2.6) x 10> (1.2 *1.0) x 10

narrow-band filters with a 10 nm bandwidth centered at the fluores-
cence lines with the largest cross sections were used and placed on a
filter wheel.

The fluorescence photon rate is defined as the number of pho-
tons detected by the imaging system per unit time due to the fluores-
cence emission from the beam/gas curtain interaction. It depends on
the fluorescence cross section, the density and the thickness of the gas
curtain, the current and energy of the beam, as well as the acceptance
and attenuation of the optical system.”®

The photon rate has been estimated for the electron beam at the
CI, in addition to the electron beam of the HEL (5 A, 10keV) and the
proton beam of the LHC (1 A, 7 TeV) for the HL-LHC application.””
Due to lack of data for the cross sections for the beam species and
energies of interest, estimates have been calculated using extrapola-
tions based on different theoretical models *' and experimental
data.">** ™ These estimates were then used to calculate the expected
photon rates; this information is presented in Table II. For the electron
beams, a factor of 2 is a realistic uncertainty on the estimated cross sec-
tion. For the LHC proton beam, further verification will be required.
The fluorescence life-times (FLT) for nitrogen,"” neon, and argon”’
are also presented in Table I1.

For the measurements, the photon counting method was
used.” A series of frames have been taken with an exposure time of
2 s. The exposure time is chosen to ensure that all photon events in
the frame, which appeared as bright spots of more than four adjacent
pixels, can be individually identified. A median filter and threshold are
applied to each frame to remove fake photon events, and the brightest
pixel of each spot was recorded as the photon event center pixel.
Photon events at each pixel are stacked over the series of frames to cre-
ate an image of the beam. This way non-zero pixels will record the
number of photons proportional to the beam intensity at a given loca-
tion, and thus, noise from the CMOS camera is significantly reduced.

To measure the one-dimensional profile of the beam in each
direction, the photons within a region of interest (ROI) are integrated
horizontally and vertically and the data are smoothed using a moving
average of the neighboring 15 points. For neon and argon, due to
larger statistical fluctuations, 3 pixels were additionally binned
together.

The gray-scale image of the electron beam obtained from the fluo-
rescence induced in a nitrogen gas curtain is shown in Fig. 3; the ability
of this monitor to produce a two-dimensional beam image is demon-
strated. The background gas signal, although weak, is visible as a straight
rectangular area along the y-axis. To cross-check the profile measure-
ments using the gas curtain, the electron beam was also imaged using
Optical Transition Radiation (OTR) released from an aluminum mirror

2

connected to a linear bellows drive. The electron beam had the same
energy and current for both sets of measurements; however, for the
OTR measurements, the integration time was set to 320 us and no nar-
row band filters were used. Furthermore, for the OTR measurements,
the intensity per pixel was integrated horizontally and vertically instead
of the single photon detection method since the light yield was strong
enough. In Fig. 4, the two-dimensional image using both methods as
well as the one-dimensional profile with a Gaussian fit are displayed.
The root-mean-square (RMS) (Gpearn) sizes measured with both meth-
ods in the X direction are 0.62 = 0.02 and 0.65 = 0.01 mm and in the y
direction are 0.88 = 0.04 and 0.78 = 0.01 mm for the gas curtain and
the OTR, respectively. The error shown in the RMS size only includes a
fitting error with 95% confidence bounds.

Multiple sources of error may affect the measured profile.
Broadening of the profile in the y direction due to the thickness of the
gas curtain is one of them. Simulations of a Gaussian beam and a uni-
form gas curtain have shown that this broadening of profile increases
with increasing thickness. In our case, given that the gas curtain thick-
ness is on the order of one 6, the simulations suggest the measured
profile remains Gaussian with a 10% broadening (¢ measured = 1.1 beam)>
which is confirmed when comparing the OTR measurements and the
gas curtain measurements in the y direction. The width of the third
skimmer can be reduced to minimize this broadening effect at the
expense of a reduction in signal strength. The second source is the
smearing of the profile due to the gas-jets thermal velocity spread. In
the case of nitrogen, with an FLT of 60 ns, the longest for the three
working gases studied, the distortion is approximately 8 um considering
the velocity spread of 133 m/s (at 20 K) and thus can be ignored.

| Gos-curtain

B Residual gas @
i signal :

FIG. 3. A nitrogen gas curtain at a stagnation pressure of 5 bars is used to image
an electron beam with a current of 0.66 mA and an energy of 5keV. This image is
compiled from 200 frames; each frame in the series has a 2 s exposure time.
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FIG. 4. Horizontal and vertical profiles of the Cl electron beam (5keV) imaged

using a gas curtain and an OTR screen (normalized to the highest peak). For the
gas curtain measurements, the integration time was set to 400 s.

Profile distortion due to the space charge and external electromag-
netic fields can be pronounced for charged emitters such as nitrogen and
argon. For the monitor deployed at the CI, these effects can be ignored.
For the monitor to be installed at the LHC, the fluorescence image of the
proton beam under the effects of the space charge and the magnetic
fields present were simulated using IPMsim.”” For the ionic nitrogen
emitter (N3 at 391.4 nm), although it has a higher cross section and thus
short integration time, the measured beam size will increase from 0.35 to
0.49 mm under the space charge influence of a single bunch beam and
0.57 mm for a bunch train spaced 25 ns. However, the effect can be elimi-
nated by using a neutral emitter such as neon at 585 nm.

Figure 5 shows a comparison of X profiles obtained of the electron
beam using nitrogen, neon, and argon gas curtains, respectively. The
RMS size of the beam in the X direction was measured to be 0.70 = 0.08
and 0.62 & 0.06 mm for argon and neon, respectively. For the profiles
shown, both the background and residual gas signal have been sub-
tracted from the gas curtain signal. The integration time was 400 s for
nitrogen and 4000 s for neon and argon, which was chosen to show a
good two-dimensional profile and improve the S/N ratio for the photon
rate measurements. The higher integration time for neon and argon is
due to their lower fluorescence cross sections and, in the case of neon,
also lower detection efficiency. Furthermore, it is also due to the higher
background stray light of the thermal electron gun source, which also
emits light with a peak in the wavelength range where argon and neon
have strong fluorescence lines. For an environment such as the LHC,
this source is not a concern, but stray light due to the synchrotron radia-
tion could be. Therefore, a low reflectivity coating, such as Multilayer
sputtering (99.7% absorption) and Vantablack (99.965% absorption),
are considered for future applications to reduce the background contri-
bution and thus increase the S/N ratio.
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FIG. 5. The vertical profile of the Cl electron beam (5keV) measured by nitrogen,
argon, and neon gas curtains (normalized to the highest peak). For nitrogen the
integration time was set to 400 s, for neon and argon the integration time was
increased to 4000 s.

In Fig. 5, the profiles measured from the three working gases
show that the beam centroid aligns well, which confirms that the same
source is measured. The RMS size measured from each gas curtain
matches very well even though there are higher statistical errors for
neon and argon and a lower S/N ratio.

The photon rate can be inferred from the acquired data; this was
measured to be 18.0 £0.3, 12+ 0.1, and 1.2+ 0.1 photons/s for
nitrogen, argon, and neon, respectively. The error here only includes a
fitting error. The real error for the photon rate measurement could
include the miscounting of the dark and stray photons which are not
uniformly generated and the under counting of the signal photons
which are below the detecting threshold. Nevertheless, experimental
photon rates are within the error range of those presented in Table I,
and therefore, the estimated photon rates in Table II can be expected
in future HEL and LHC measurements. Since the estimated photon
rates are much higher for the subsequent cases, the expected integra-
tion time will be greatly reduced. For neon, the potential working gas
for monitors deployed at the LHC, one can expect an integration time
of the order of 1 s for measuring the relative position of the proton
beam with respect to the hollow electron beam.

In this Letter, a BIF based two-dimensional beam profile monitor
utilizing a supersonic gas curtain has been presented. The transverse
profile of an electron beam was measured from the fluorescence gener-
ated at various wavelengths from neon, argon, and nitrogen gas curtains.
The measured signal intensity for each gas is in agreement with the esti-
mated cross sections and experimental conditions for an electron beam
at 5keV. Furthermore, the agreement with the profiles assessed using an
OTR method strengthens our confidence in these measurements.

This monitor is operable and compatible with UHV conditions as
the pressure in the interaction chamber did not exceed 5 x 10~° mbar,
even with the gas curtain flowing through the system. Moreover, the
profile measurements using neon demonstrate the feasibility of deploy-
ing such a monitor at the LHC/HEL as neon is one of the acceptable
gases to be injected into the LHC vacuum system. For neon, no image
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distortions will be seen from space charge and external electromagnetic
fields. Furthermore, given the increase in beam intensity compared to
the laboratory electron beam, the integration time can be reduced to sec-
onds. Likewise, this monitor can be tailored as a noninvasive imaging
system for profile measurement for other high intensity accelerators,
either electrons or hadrons facilities, where other techniques do not
exist.

Recently, two monitors based on the principle presented here
were built under the Beam gas curtain (BGC) collaboration and are
intended to be installed for the HEL test stand and the LHC. Future
developments will focus on the design of a minimally invasive contin-
uous overlap monitor for the primary proton beam and the surround-
ing hollow electron beam to be integrated into the HEL with potential
profile monitoring capabilities. The future designs are more compact
to address the geometrical constraints. This has the additional benefit
of increasing the gas curtain density, due to the reduced distance
between the nozzle and interaction chamber. Thus, a further reduction
in integration times can be expected.

This work was supported by the HL-LHC project (CERN-UK
collaboration) and by the Science and Technology Facilities Council
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