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Abstract

The Beam Gas Vertex (BGV) instrument is a novel non-
invasive transverse beam profile monitor under development
for the High Luminosity Upgrade of the LHC (HL-LHC). Its
principle is based on the reconstruction of the tracks and ver-
tices issued from beam-gas inelastic hadronic interactions.
The instrument is currently in the design phase, and will
consist of a gas target, a forward tracking detector installed
outside the beam vacuum chamber and computing resources
dedicated to event reconstruction. The transverse beam pro-
file image will then be inferred from the spatial distribution
of the reconstructed vertices. With this method, the BGV
should be able to provide bunch-by-bunch measurement of
the beam size, together with a beam profile image through-
out the whole LHC energy cycle, and independently of the
beam intensity. This contribution describes the design of
the gas target system and of the gas tank of the instrument.

INTRODUCTION

With the foreseen High-Luminosity upgrade of the Large
Hadron Collider (HL-LHC), knowledge of the beam emit-
tance during the entire energy cycle will be critical for the
machine commissioning. The Beam Gas Vertex (BGV)
monitor being developed for this scope, proposes to use
beam-gas inelastic hadronic interactions in order to provide
a transverse beam size and beam profile measurement. As
illustrated in Fig. 1, a noble gas is injected in a dedicated
vacuum chamber to generate the beam-gas interactions. The
tracks of issued secondary particles are detected by a forward
tracking detector, located downstream of the gas target and
outside the vacuum. Tracks and vertices are reconstructed
with dedicated computing resources, and the beam size and
profile are then inferred from the spatial distribution of re-
constructed vertices. The instrument is being designed with
the aim to achieve a beam size measurement accuracy < 5%
and provide a bunch-by-bunch beam size measurement with
a relative precision of a few percent within about 1 min,
throughout the full energy cycle, and independent of the
beam intensity.

A demonstrator device [1, 2] was installed and operated
close to the Interaction Point 4 (IP4) of the LHC during
Run 2 and demonstrated the feasibility of using beam-gas
inelastic interactions to measure the beam size throughout
the full LHC energy cycle and independently of the beam
intensity, despite not being able to reconstruct interaction
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Figure 1: Sketch of the BGV instrument.

vertices. This limitation made the reconstruction of the beam
profile impossible.

Following these results, work is ongoing to design the
future instrument, which should be capable of vertexing to
reach the above-mentioned specifications. A performance
study based on Monte-Carlo simulation tools [3, 4] and track
and vertex reconstruction analysis was carried out, in order
to guide the BGV design.

The conclusions of this study lead to the choice of a com-
pact tracker based on high resolution silicon pixel detectors.
It was also decided to keep the distributed gas target system
of the demonstrator, but to modify the dimensions of the
vacuum chamber in order to reduce the longitudinal beam-
gas interaction range and undesired radiation background,
and to limit its beam impedance contribution in the LHC
machine. This contribution presents the gas target and gas
tank design of the future HL-LHC BGV instrument, and
evaluates their impact on the machine operation.

GAS TARGET SYSTEM

Instrument Requirements

The BGV tracker was designed to detect tracks from in-
elastic beam-gas interactions occurring in a 1 m-long region
along the beam axis and with an optimal distance of about
550 mm between the center of the gas target and the first
detector plane. Most beam-gas interactions occurring out-
side this volume would not be used for the measurement and
generate undesired background, increasing radiation levels
in the LHC tunnel. Therefore, the requirements for the gas
target design were to provide a uniform pressure distribution
of about 1 x 107 mbar placed at the relevant distance from
the tracker, with a quick pressure decrease outside it. Neon
gas was chosen among other noble species in order not to
saturate the chambers’ non-evaporable getter (NEG) coating,
and because remaining molecules after pumping wouldn’t
affect the sensibility of the leak detection systems, unlike
helium and argon. Higher mass noble gases like krypton
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Figure 2: Longitudinal gas pressure profile of the BGV target during Ne injection, along the beam direction, as simulated
with Molflow+ for both the demonstrator (blue) and future instrument (orange). The position of the ion pumps for the two
designs are indicated by vertical lines of corresponding colours. Green bars show the percentage beam-gas interactions in
the corresponding location, which can be reconstructed by the tracking detector (i.e. with a sufficient number of tracks Ny,
in the tracker acceptance), at injection and flat top energies, based on Monte-Carlo simulations. The position of the first
detector layer of each instrument is represented by the dashed vertical lines.

or xenon could also be considered in the future, but would
require further vacuum studies.

Gas Injection System

The gas injection system proposed for the BGV has al-
ready been and is still being used in the LHC machine for
other beam instruments including the demonstrator BGV [5],
the Beam Gas Ionisation (BGI) monitor, and the Beam Gas
Curtain (BGC) monitor [6]. As indicated in Fig. 1, the gas
is injected via a capillary into the central, cylindrical part of
the gas tank. The gas injected in the tank is purified with a
commercial NEG filter, which reduces the concentration of
contaminant from ppm to ppb level [7], and a valve allows
to adjust the injected pressure. In the case of the BGV, two
500Ls~! ion pumps are placed at each extremity of the cen-
tral chamber, which is also surrounded by reduced aperture
sections, to ensure a sharp decrease of the pressure outside
the tank.

Longitudinal Gas Pressure Profile

The longitudinal gas profile of the BGV was simulated
with the Molflow+ tool [8]. A parametric study of the tank
dimensions was performed, starting from the demonstrator
BGV setup, in order to understand how the shape of the tank
and surrounding chambers impact the longitudinal gas pro-
file. The length and diameter of each chamber and taper was
considered, as well as the distance between the two pumps
on each side and their proximity to the interaction chamber.
The gas tank shape was thus optimised to provide a suitable
pressure profile. The new longitudinal pressure profile is
shown in Fig. 2, together with the one of the demonstrator.
Compared to the demonstrator, the integrated pressure of the
new configuration is reduced by 24%, which decreases the
impact on the LHC radiation environment, while providing
the required pressure in the region of interest for beam-gas
interactions, at both injection and collision energies. Ad-
ditional simulations, with the BGV setup included in the
vacuum sectors of the foreseen locations, will be performed,
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as the proximity of cryogenic modules may affect the shape
of the profile tails. The possible risk of Ne condensation
and outgassing in cryogenic areas will also be assessed from
these simulations.

GAS TANK DESIGN

The gas tank was designed taking the gas target needs
into account, which were detailed in the previous section,
and beam impedance and integration requirements, which
are explained below. The new structure of the future instru-
ment is shown in Fig. 3. The length and inner diameters
of the different chamber parts are indicated, together with
the position of the tracking detectors, first ion pumps and
bellow.

ion pump
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#50mm

Figure 3: Most recent version of the HL-LHC BGYV layout
from CATIA [9] drawings.

Instrument Locations

The BGV instruments are foreseen to be installed on either
side of the LHC IP4, where beam optics show little changes
between injection and collision energies to facilitate beam
parameters measurement, and with similar beam size in
both transverse planes. The Beam 2 BGV is foreseen to be
placed at the location currently occupied by the demonstrator
BGV —220 m w.r.t IP4 center, where transverse S-functions
cross at ,8)‘32 ~ 160 m, and the Beam 1 instrument would
be installed at +142 m w.r.t IP4 center, with a S-functions
crossing of B8! ~ 320m.

A critical parameter for the BGV performance is the diam-
eter of the chamber downstream of the central gas chamber,
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Figure 4: BGV beam coupling impedance simulated with CST Particle Studio. The real and imaginary longitudinal
impedance spectrum are shown on the left figure and the transverse impedance spectrum on the right figure for the case
of a transverse beam displacement of 12.5 mm. The middle plot shows the normalised beam spectrum for a g-Gaussian
bunch shape, and normalised real longitudinal impedance, shifted in frequency to display the configuration with maximum

dissipated power Pjoss = 40 W.

where the first detector layer is placed. Simulations have
shown that most secondary particles have a small angle with
respect to the beam axis, and particles with such trajectories
also tend to have higher momenta, making them less prone to
multiple scattering [3]. Minimising the detector beam pipe
diameter is thus an important criterion in the optimisation of
the tracker acceptance. At the locations foreseen for the two
instruments, a beam pipe aperture of 45 mm inner diameter
was agreed for the 200 mm-long chamber holding the first
detector layer [10]. With such a small aperture, the chamber
should be placed as close as possible to the S crossing point
for the Beam 1 instrument and mechanical and alignment
tolerances should be carefully considered.

Beam Coupling Impedance

Careful attention was given to the beam coupling
impedance of the BGV gas tank, on the one hand because
the contribution of the demonstrator was known to be non-
negligible in the LHC machine [11], and on the other hand
since beam instabilities due to impedance will increase with
the beam intensity foreseen for HL-LHC.

A preliminary study [3] was performed with CST Par-
ticle Studio software [12], to understand how the design
parameters of the gas tank impact its impedance. The main
conclusions were that the diameter of the wide part of the
tank is the most significant impact parameter, driving the
frequency and shunt impedance of the main longitudinal
resonant modes. With a longer gas tank, the number of these
modes rises, but their shunt impedance also gets smaller.
Finally, the taper sections can mitigate the impact of the
resonant modes, but to a smaller extent compared to the two
previous parameters.

Once the updated version of the tank shown in Fig. 3
was identified, its beam impedance was simulated with the
wakefield solver of CST Particle Studio.

Longitudinal Impedance The real and imaginary part
of the longitudinal impedance of the future gas tank de-
sign are shown in the left plots of Fig. 4. The pattern
of the resonant modes is very similar to the one of the
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demonstrator structure [11], but with frequencies higher
than 1.7 GHz (vs. >1.1 GHz for the demonstrator), and sig-
nificantly smaller shunt impedance values (<16 kQ), thanks
to a smaller diameter of the wide part. The longitudinal ef-
fective impedance is obtained from the low frequency of the
imaginary impedance: Im(Z)/n) = 0.38 mQ. This value is
almost twice smaller than the one of the demonstrator tank.

The expected power loss on the BGV was estimated based
on Ohm’s law, as described by Eq. (1), which considers
the LHC beam of intensity Ipeam and normalised spectrum
A, and with the real part of the device impedance R(Z)).
With discrete spectra, the power loss can be calculated as the
sum of the contribution of each resonant mode coinciding
with a beam harmonic, the fundamental being the bunching
frequency fy = 40 MHz.

Pioss = 23 Y IA@) PRZ) ()] .
i=0

ey

The calculation was done with the most recent foreseen
HL-LHC beam parameters [13], and with different bunch
shapes. For each case, the impedance spectrum was shifted
by a frequency varying between —20 MHz and 20 MHz, in
order to consider all possible cases of overlap between the
impedance resonant peaks and beam harmonics. For each
bunch shape, the average power loss of all the frequency
shift configurations is calculated, and the case with the max-
imum value is considered as worst possible configuration.
Table 1 summarises the obtained results, listing for each
bunch shape the average power loss value for the worst case
parameters. The middle plot in Fig. 4 shows the normalised
beam spectrum for a q-Gaussian bunch shape and the shifted
real impedance spectrum of the BGV superimposed, in the
worst case configuration. It is visible from this figure that the
change of diameter of the tank shifted the impedance spec-
trum to higher frequencies when compared to the demonstra-
tor, and therefore avoided the overlap with beam harmonics
of relatively high intensity between 1.1 GHz and 1.5 GHz.
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Table 1: Beam Induced Power Loss

Bunch shape average Ploss maximum Pjggg
g-Gaussian 14 W 40W
Gaussian 11W 12W
cos? 10W 12W

Transverse Impedance The transverse impedance of
the HL-LHC BGV was simulated similarly. Since the BGV
geometry modelled in CST is symmetrical with respect to the
beam axis, the horizontal and vertical impedances are equiv-
alent. Assuming the absence of transverse coupling between
the two planes and neglecting terms of second and higher
orders, the transverse impedance Z, (w) can be expressed
as [14]: Zy(w) = Z%(w) +xsZ9% (w) +x, 23 (w). A beam
displacement x; of 12.5 mm was simulated to estimate the
dipolar (driving) term Ziip, and a witness integration path
displacement x; of the same amount was simulated to derive
the quadrupolar (detuning) term Zﬂuad. The zeroth order
term ZY(w) was observed to be negligible based on simu-
lations without offsets. The real and imaginary part of the
total weighted transverse impedance are shown on the right
plot of Fig. 4, weighted by the displacement x; = x; = 9.

IMPACT ON LHC BEAM AND OPERATION

Operation Time and Radiation

When measuring beam size, the demonstrator BGV was
operated with the gas profile shown in Fig. 2 and with an
average plateau pressure of 1.4 x 10~/ mbar. This level was
the same for both proton and ion runs, and the gas injection
was usually turned on for multiple hours, and sometimes
during most of the LHC energy cycle. Analyses of the total
ionising dose rates and high energy hadron equivalent flu-
ence in the vicinity of the demonstrator revealed that when
turned ON, the BGV became the main source of radiation
in this region [15]. An operation time of about 2 h per fill
would be a minimum to measure beam size and emittance at
the key phases of the energy cycle, including the ramp, and
possibly calibrate the Beam Synchrotron Radiation Monitor
(BSRT) at collision energy for longer measurements. Fur-
ther studies are ongoing to estimate a maximum operation
time, which will be limited by the radiation to the nearby
active and passive instrument components.

Emittance Growth and Beam Half-Life Time

The BGV gas target is expected to have a negligible effect
on the beam emittance and lifetime.

Considering first the beam particles’ scattering on the
gas target, and for a 1-o- beam size, the emittance growth
per turn A€ due to the presence of the BGV gas target can
be calculated with Eq. (2), as detailed in Ref. [16]. In
this formula, ¢, is the charge number of the projectile,
ie. of a proton in the beam, of momentum p and rela-
tivistic velocity f3,, and S, represents the average trans-
verse [S-function along the gas target of length L. In the
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case of the BGV, the radiation length of the neon target is
Liad Ne = Lrad, Ne. 1/ (P/1 atmosphere) = 1.2 x 103 m,
where P = 2.72 x 1078 mbar is the average pressure along
the gas target.

1 2(13.6Mev)2_ L o

Ae = — _ e
qu PBr ¥ Liag

The normalised emittance growth rate Ae, can be ex-
pressed in umh™! by scaling Ae with the beam relativistic
velocity S, Lorentz factor vy, of the corresponding energy
and with the LHC revolution frequency.

The resulting values are summarised in Table 2 for each
beam at injection and collision energy. Emittance growth
rates per fill of 0.16 % + 0.01 % = 0.17 % for Beam 1 and
0.08 % + 0.005 % = 0.085 % for Beam 2 are thus expected
for the BGV operated for 1h at injection and 1h at colli-
sion energy. In the case where the gas injection would be
turned ON several hours per fill, these values would stay
way below the 10%-15% budget proposed for the beam size
measurement in Ref. [17].

Table 2: Elastic Scattering Emittance Growth

Beam and Energy A€ (rradm) Ae, (umh™)
Beam 1, 450MeV  1.9x 1071 3.2x 1073
Beam 1, 7000MeV 7.7 x 10722 2.0x 107
Beam 2, 450MeV 9.3 x 10720 1.6 x 1073
Beam 2, 7000MeV 3.8 x 10722 1.0x 107

In addition, calculating the beam lifetime with consider-
ing the rate of both elastic and inelastic interactions between
beam protons and the BGV target molecules can gauge the
amount of beam particles impacted by the gas target. Con-
sidering the new gas profile shown in Fig. 2, the half-life
time of the HL-LHC proton beam would be 3 years. The
impact of the BGV target on the beam lifetime can thus be

considered negligible, similarly to the fraction of the beam .

protons interacting with the BGV target.

CONCLUSION

With the experience gained with the demonstrator BGV
and with various simulation studies, a new gas target and gas
tank designs are proposed for the HL-LHC BGV instrument.
The impact of the BGV on the HL-LHC beam and opera-
tion was estimated based on simulation results, and will be
smaller compared to the demonstrator, while ensuring the
instrument’s performance. The full design of the HL-LHC
BGYV will be detailed in a design report and presented in a
review in October 2022.
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