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The recently installed internal gas target at LHCb presents exceptional opportunities for an extensive

physics program for heavy-ion, hadron, spin, and astroparticle physics. A storage cell placed in the LHC

primary vacuum, an advanced Gas Feed System, the availability of multi-TeV proton and ion beams, and

the recent upgrade of the LHCb detector make this project unique worldwide. In this paper, we outline the

main components of the system, the physics prospects it offers, and the hardware challenges encountered

during its implementation. The commissioning phase has yielded promising results, demonstrating that

fixed-target collisions can occur concurrently with the collider mode without compromising efficient data

acquisition and high-quality reconstruction of beam-gas and beam-beam interactions.

DOI: 10.1103/PhysRevAccelBeams.27.111001

I. INTRODUCTION

LHCb is the first experiment at the LHC that can operate
simultaneously with two distinct interaction regions. As
part of the major LHCb Upgrade [1], SMOG?2 [2], the new
fixed target system replacing the previous System for
Measuring Overlap with Gas (SMOG) [3], was installed
during the LHC long shutdown 2 (LS2). The core of the
system is a gas target concentrated within a 20-cm-long
aluminum storage cell. It is positioned at the upstream edge
of the LHCb vertex locator (VELO) [4,5], the silicon pixel
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tracker closest to the beam, 33.6 cm away from the main
interaction point, and coaxial with the LHC beamline.

The storage cell technology [6] allows for controlled
injection of a limited amount of gas into a well-defined
volume within the LHC beam pipe. This control ensures
precise management of the gas pressure and density
distribution while maintaining the vacuum level of the
beam pipe at least two orders of magnitude below the upper
limit required for LHC operations. With beam-gas inter-
actions occurring at approximately 4% of the proton-proton
(pp) collision rate at LHCb, the beam’s lifetime remains
largely unaffected.

The narrowness of the cell allows for data collection of
100 pb~! of proton fixed-target data per year with a flow
rate as low as 10'3 particles (atoms or molecules, depend-
ing on the exploited gas) per second. The new injection
system is able to switch between different gases within a
few minutes, enabling injection of any type of gas com-
patible with LHC operation. To date helium (He), neon
(Ne), argon (Ar), and hydrogen (H,) have been injected

Published by the American Physical Society
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into the beam pipe, but injections of deuterium (D,),
nitrogen (N,), oxygen (O,), and possibly heavier noble
gases like krypton (Kr) and xenon (Xe) are being studied.
With all of these, SMOG2 opens new windows for QCD
studies and production measurements at the LHC relevant
for astro-particle physics, accessing kinematic regions
poorly probed before. Combined with LHCb’s excellent
particle identification capabilities, and momentum and
impact parameter resolutions, the new gas target system
will advance the understanding of the gluon, antiquark, and
heavy quark constituents of nucleons and nuclei at large
Bjorken-x. The gas target also offers the opportunity to
investigate the dynamics and spin distributions of quarks
and gluons inside unpolarized nucleons, which has not yet
been explored at LHC. The study of particles produced in
collisions with light nuclei, such as H, and He, and
possibly N, and O,, will provide valuable reference data
for cosmic-ray physics and investigations related to dark
matter. Moreover, SMOG?2 will enable LHCb to perform
studies of heavy-ion collisions at large rapidities, in an
unexplored energy range between the SPS and RHIC,
offering new insights into the QCD phase diagram.

This article will discuss the envisaged physics program
and the hardware and software solutions adopted for the
SMOG?2 system, addressing also the challenges associated
with the interplay between the storage cell and the stringent
requirements imposed by LHC and LHCb. The last section
presents the data acquired during commissioning runs
performed in 2022, demonstrating the remarkable capabil-
ities of this system.

II. PHYSICS PERSPECTIVES

Unlike most major colliders in the past, no dedicated
fixed-target experiments using an extracted beam were
foreseen within the LHC accelerator complex. However,
the LHC unprecedented energy offers unique opportunities
for hadronic physics measurements also in fixed-target
collisions. With a beam energy ranging from 450 to
6800 GeV per nucleon, collisions of protons or lead ions
on gas targets of different atomic numbers can be obtained
with a nucleon-nucleon center-of-mass energy ./sxn
between 29 and 113 GeV. Such an energy range, combined
with the forward kinematics accessible in the fixed-target
configuration, fills a gap between previous fixed-target
experiments for example operating at the SPS accelerator
(v/Snn ~ 10-30 GeV) and the heavy-ion collider data by
RHIC experiments (,/syn ~ 200 GeV). Novel physics
opportunities, complementary to the exploitation of
beam-beam collisions, notably include: (i) access to
nucleon and nuclear parton distribution functions (PDFs)
at large Bjorken-x, including the charm and beauty quark
PDFs; (i) study of nuclear-matter effects, using hydrogen
as a reference system to compare with larger nuclear targets
such as argon, krypton, and xenon; and (iii) production
studies relevant for cosmic-ray physics. Collisions on

hydrogen and helium targets reproduce indeed primary
cosmic-ray collisions in the interstellar medium, while data
with nitrogen or oxygen targets (or proxies like neon) can
contribute to the modeling of extensive showers from ultra-
high-energy (UHE) cosmic rays in the atmosphere.

The potential of LHCb’s fixed-target configuration has
been already demonstrated during the LHC Run 2 using
the SMOG target. The first results include measurements
of charm production with /syy = 86.6 GeV  pHe,
VSnn = 1104 GeV pAr [7], and /syy = 68.5 GeV
pNe and PbNe data [8§—10] and measurements of antiproton
production in /sy = 110.4 GeV pHe collisions [11,12].

SMOG?2 provides a breakthrough in the achievable
integrated luminosity for all these studies. The combined
effect of the increased gas target density and the possibility
to acquire fixed-target data routinely, concurrently with the
standard LHCD data taking with beam-beam collisions, will
result in recorded samples of beam-gas collisions corre-
sponding to integrated luminosities between 10 and
100 pb~! per year. This is comparable to the dedicated
high-energy fixed-target experiments performed at pre-
vious accelerator facilities, like the Tevatron or the SPS.
Also, owing to the direct luminosity measurement and to
the confinement of the gas upstream of the VELO detector,
increased experimental efficiency with respect to the LHC
Run 2 is expected. Finally, by varying the injected gas from
hydrogen to krypton or xenon, denser collision systems,
and hence richer hadronic environments, can be explored.

The resulting physics opportunities, discussed in more
detail in [13], are summarized in the following.

A. Heavy-ion physics

Relativistic heavy-ion collisions give access to the high-
temperature and high-density regime of QCD, where the
production of heavy quarks is well suited to study the
transition between ordinary hadronic matter and the hot and
dense quark-gluon plasma (QGP), the regime where
partons are asymptotically free from color confinement.
Since heavy-quark masses are large compared to the QGP
critical temperature 7. ~ 156 MeV [14], their production
occurs in primary nucleon-nucleon collisions, at an early
stage of the interaction. They can, therefore, experience the
full evolution of the created nuclear medium, including the
deconfinement phase. The latter is expected to significantly
affect the formation of hidden heavy-flavor bound states
with respect to the overall heavy-flavor production [15].
This so-called color screening effect is considered one of
the key signatures of QGP formation. As the screening
temperature depends on the radius of the quark-antiquark
bound state, a larger suppression is expected for excited
states, an effect known as sequential suppression [16]. The
LHCb detector gives the opportunity to measure, for the
first time, hidden and open charm hadrons, including 1P
states, in heavy-ion collisions where the contribution from
charm quark recombination is expected to be negligible.
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While indeed at the highest energies the contribution from
recombination of charm-quark pairs during the deconfined
QGP phase needs to be taken into account, it is expected to
be negligible in fixed-target configuration, as on average
one c¢ pair only is produced. This gives the LHCb heavy-
ion fixed-target program the unique opportunity to probe
and explore the full sequential suppression pattern of
charmonia, so far unobserved experimentally.

B. Nucleon structure

The nucleon structure is traditionally parametrized in
terms of PDFs, which, in their simplest (collinear) form, are
functions of the longitudinal momentum fraction of quarks
and gluons, expressed by the Bjorken-x variable. Although
tremendous advances have been made over the past
decades in defining the quark and gluon dynamical sub-
structure of the nucleon, the present knowledge of the PDFs
still suffers from large uncertainties, especially at very-high
and very-low x [17], leaving open fundamental questions
about QCD and confinement. In many cases, the PDF
uncertainties have become the limiting factor in the
accuracy of the predictions for LHC measurements [18,19].

Our understanding of collinear PDFs has primarily been
derived from inclusive deep inelastic scattering (DIS)
experiments [20]. However, by considering the explicit
dependence of PDFs on parton transverse momenta, a new
perspective has emerged in exploring the nucleon structure
(for reviews, see Refs. [21,22]). These transverse-momen-
tum-dependent PDFs (TMDs) have opened up avenues to
study spin-orbit correlations within the nucleon and pro-
vide insights into the elusive parton orbital angular
momentum, a critical piece in understanding the proton
spin puzzle [21]. Additionally, TMDs offer the opportunity
to map parton densities in three dimensions, akin to
nucleon tomography in momentum space.

There are two quark TMDs involved in unpolarized
processes: the standard unpolarized distribution function f7

and the poorly known Boer-Mulders function hf 4 [23].
Even if it requires no beam or target polarization, the Boer-
Mulders function is in fact a polarized TMD because it
describes the correlation between the quark transverse
polarization and transverse momentum. In the last 20 years,
significant progress has been achieved in the comprehen-
sion of the quarks TMDs in semi-inclusive DIS (SIDIS)
experiments (HERMES, COMPASS, JLab) [24]. Proton
collisions at LHC constitute a complementary approach as
they can access significantly higher energy scales than any
data from existing fixed-target experiment. Furthermore, by
comparing the results obtained in SIDIS and in hadronic
collisions, it is possible to perform fundamental tests of
QCD factorization, evolution, and universality.

In contrast to the quark TMDs, the present knowledge of
the gluon TMDs is very poor. Although the theoretical
framework is well consolidated, the experimental access is
still extremely limited. Similar to the quark case, two gluon

TMDs appear in unpolarized observables: the spin-inde-
pendent function /9 and the linearly polarized gluon TMD

hlL'g . The latter is particularly interesting since, in analogy
to the Boer-Mulders function, it carries information on the
gluon (linear) polarization in an unpolarized proton. Both
distribution functions are process dependent [25] and can
test QCD universality once compared with the analogous
measurements in ep collisions, e.g., at a future electron-ion
collider [26,27].

The quark f¢ and A;"? TMDs can be probed in Drell-Yan
processes, exploiting the excellent reconstruction capabil-
ities of LHCb for muon-pairs. Furthermore, by feeding the
SMOG2 system with either H, and D,, sensitivity to both
the u and d quark contributions is obtained. Another
important reason to study unpolarized Drell-Yan processes
is to get access to the antiquark content of the nucleon.
More specifically, by using H, and D, targets with
SMOG?2, the poorly constrained antiquark momentum
distributions #(x) and d(x) can both be accessed, comple-
menting the recently published surprising E906 results
[28]. Last but not least is the study of the generalized parton
distribution functions by measuring ultraperipheral colli-
sion events [29].

C. Measurements relevant to cosmic-ray physics

In recent years, space-based cosmic-ray detectors
[30,31] have dramatically improved our knowledge of
the cosmic-ray composition for energies up to 500 GeV.
Measurements of cosmic antimatter constitute an indirect
probe for dark matter annihilation or other exotic antimatter
sources. These searches are presently limited in accuracy
by the knowledge of the cross-section of antimatter
production in collisions of cosmic rays with the interstellar
medium [32]. This is essentially composed of hydrogen
(~90%) and helium (~10%), therefore, the SMOG2 con-
figuration with H, or He target is ideal to reproduce these
collisions at the needed energy scale. Using also a D,
target, differences in antiproton production between p p and
pn collisions can be precisely quantified, constraining the
difference between antiproton and antineutron production.
Systematic uncertainties are expected to improve signifi-
cantly with respect to past measurements with SMOG due
to the better determination of the luminosity achievable
with the precise calibration of the SMOG?2 gas injection. It
is also planned to take data at different beam energies to
study the energy evolution of the antiproton production
cross section, to precisely constrain the violation of
Feynman scaling and study the enhancement of antihy-
peron production. Data at lower beam energy will also
provide a wider coverage toward forward rapidities in the
center-of-mass frame.

Measurements with atmosphere-like targets (N,, O,, Ne)
can contribute to the understanding of UHE cosmic
showers in the atmosphere. While LHC data in collision

111001-3



O. BOENTE GARCIA et al.

PHYS. REV. ACCEL. BEAMS 27, 111001 (2024)

mode provide access to an energy scale corresponding to
the first collision of 10'7 eV cosmic rays, data over many
orders of magnitudes are needed to model the full shower
development. Data produced by SMOG?2 are expected to
contribute to the interpretation of the muon lateral profile
measurements in UHE showers, where data diverge sig-
nificantly from model predictions [33]. While the LHCb
acceptance covers central and backward center-of-mass
rapidities (=3 < y* <0) for proton-on-oxygen data, the
planned LHC run with oxygen beams, using hydrogen as a
target, can be exploited to access the forward rapid-
ities [34].

III. THE STORAGE CELL

A. Principle of operation

The storage cell technique, originally proposed by
Haeberli (1925-2021) in 1965, was successfully demon-
strated by his group at the University of Wisconsin in 1980
[35]. Since then, this method has been applied, mainly for
polarized targets, in several experiments [36—40].

The storage cell consists of an open-ended tube posi-
tioned around the beam path, as schematically shown in
Fig. 1. Gas is injected at the center of the tube from where
the molecules or atoms diffuse toward both ends. This
process allows to obtain a density up to two orders of
magnitude higher with respect to direct injections into the
VELO beam vacuum, for the same flow rate, and over a
shorter length along the beamline.

In a storage cell, the gas produces a triangular pressure
profile with maximal density p, at the center and a target
areal density 6 = p, - L/2. At the typical densities used in
the SMOG?2 storage cell, gas diffusion occurs in the mole-
cular flow regime, where wall collisions dominate and
re-emissions angles follow the Knudsen’s cosine law [41].
The flow rate and the corresponding volume density can

A p [mbar]

Po
p(2)

LD L/2

D —(I

z [mm]

: f1e
Q beam

Injection

FIG. 1. Scheme of a tubular storage cell of length L and inner
diameter D. Injection occurs in the center with flow rate Q,
resulting in a triangular density distribution p(z) with maximum
po at the center.

be determined through (i) the analytic method (AM) employ-
ing parameters such as geometry, molecular mass, and
wall temperature as parameters, or with (ii) numerical
simulations (Simu), such as the MOLFLOW+ program [42]
(see Sec. IV O).

B. Mechanical design and construction

Mechanically, the SMOG?2 cell consists of two halves,
rigidly connected to the two VELO detector boxes. Due to
the large transverse size of the LHC beam at the injection
energy of 450 GeV, the cell is kept open together with the
VELO boxes during beam injection and tuning, and closed
once the stable beam condition is reached. The core of the
storage cell consists of a tube connected on one side to the
upstream beam pipe and on the other side to the VELO
radio-frequency (1f) box [5]. The tube has a length of
20 cm, an inner diameter of 1 cm (in the closed position),
and a wall thickness of 200 um. It is followed by a short
conical extension, made out of the same piece of aluminum,
allowing the diameter to be adapted to the one of the
upstream beam pipe. Two 5-cm-wide side wings provide a
lateral sealing. In Fig. 2, the main dimensions of the half
cell are reported.

Both the cell and its support are made using an aluminum
alloy (EN AW-5083: Mg 4%, Mn 0.5%). Figure 3 shows
the CAD transverse view of the cell installed in the VELO
vessel, Fig. 4 the cell system in its closed position.

To ensure gas containment without any lateral leak and
to meet the stringent requirements on the planarity to be
within 50 pm, the cell has been realized by milling the
shape out of an aluminum block. After completing the outer
surface, each half-cell has been accommodated on a
vacuum plate to keep its shape flat while the inner surface
was finished. The cell is rigidly mounted to the VELO
boxes by two cantilevers screwed to the flange of the
VELO 1f boxes. The VELO design foresees the possibility
to close the detector with a final gap that could deviate from
the nominal zero value by 0.1-0.2 mm in order to
accommodate possible geometrical imperfections of the
complex corrugated faces of the boxes. To account for this

Radius = 28 mm

tube 0.2 mm thick

Radius =5 mm
CONICAL
TRANSITION
1.2 mm thick

Fle\i’T‘m'é WFS connector e tZumtice Electrical continuity connector

FIG. 2. Dimensions of one half of the cell and its transition cone
pointing to the upstream side of the VELO.

111001-4



HIGH-DENSITY GAS TARGET AT THE ...

PHYS. REV. ACCEL. BEAMS 27, 111001 (2024)

FIG. 3.

‘ G 0 R W

Overall view of the VELO vessel with the storage cell (in dark blue) positioned just upstream of the rf boxes (gray). The

distances of the cell edges from the beam-beam interaction point are indicated in yellow, covering 200 mm from —536.5 to —336.5 mm.
The connection to the Gas Feed System at the top of the tank can be seen. The red star indicates the injection position when the injection
type is chosen to be as for the previous SMOG system, as discussed in Sec. V.

uncertainty, one half of the cell is rigidly fixed to the
detector box, while the other one is mounted on a spring
system that allows for an adequate flexibility when reach-
ing the closed position. During the installation phase, the
alignment system of the fixed half-cell enabled the center-
ing of the cell axis with respect to the VELO detector axis,
as described in Sec. III D. It is worth noting that the LHC
beam always goes through the center of the storage cell,
regardless of the beam’s position in the machine. In fact,
once stable beam conditions are reached, the VELO
detector and, consequently, the cell are in place into an
optimized position centered around the interaction region in
both x and y coordinates. This position is not known
beforehand and it may vary over £5 mm in both x and vy,

FIG. 4. Zoom on the storage cell to show the supports and
attachment to the VELO rf boxes and upstream beam pipe ring
(light blue) via wake field suppressors (in gold).

even from fill to fill. Therefore, a software procedure
determines the beam position while the detectors are not
yet completely moved in, and then they are adjusted to the
optimal position. This is performed with a motion mecha-
nism that can bring the detectors to their x and y position
with an accuracy of the order of 10 pm.

Two Cu-Be2 wake field suppressors (WFS) positioned at
the upstream and downstream ends of the cell ensure
electrical continuity. The use of the Cu-Be2 alloy for the
WES offers a combination of excellent electrical and
thermal conductivity. The 0.075 mm thickness provides
excellent elasticity to the movement, ensuring mechanical
robustness, as well as fatigue resistance. The upstream
WES has a cylindrical shape, as shown in Fig. 5, and
connects the beam tube (56 mm diameter) with the cell tube

FIG. 5. Details of the upstream WEFS and its connection to the
beam pipe flange.

111001-5



O. BOENTE GARCIA et al.

PHYS. REV. ACCEL. BEAMS 27, 111001 (2024)

FIG. 6. Picture of the storage cell, in closed position, installed in front of the VELO rf foil within the VELO vessel.

(10 mm diameter) through the smooth, conical transition,
discussed above. The WES itself consists of two foils cold-
formed and wire-eroded strips that act as springs, forming
two flexible half-tubes capable of accommodating the
motion of the cell. The other edge of the WFS is firmly
secured to the cell using aluminum rivets.

The downstream WES is connected to the cell by small
tubular rivets, while the connection of the WES to the rf box
of the VELO detector uses the same technique as the
previous WES.

The gas is injected into the center of the cell through a
1.1 mm inner diameter stainless steel capillary which, on
one extremity, is pushed into a 1.47 mm hole in the fixed
half-side of the storage cell. A dedicated aluminum support
prevents the capillary to protrude the inner surface of the
cell. On the other extremity, the capillary is connected to a
flexible transition, which extends to the air side via a
standard DN16CF flange on the VELO vessel.

A comprehensive fatigue testing program has been
conducted on prototypes, subjecting them to over 15000
cycles of repetitive opening and closing. This extensive
testing, which corresponds to more than 15 years of
operational usage, has revealed no indications of structural
alterations.

Figure 6 shows a picture of the storage cell in front of the
VELO ff foil, within the VELO vessel, during the SMOG2
installation.

C. Temperature monitoring system

The temperature of the SMOG?2 cell is monitored using
five K-Type twisted pair thermocouple wires, which are

additionally insulated with kapton and whose positions
across the SMOG?2 cell can be seen in Fig. 7. The values
read by the sensors provide the temperature profile along
the cell, affecting the conductance of the injected gas and
allowing for the calculation of the integrated areal density

o 2400b ‘_m—'ﬂ;
Q- 1200b ’ t

:NbFMLj U \5

29/09 30/09 30;09 01110 01/10 02110 02/10 03/10 D]IIO
12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00
Men 03 Oct 2022 05:57-50 PV
SMOG:SMOG_T1_A_upstream 21.40

FIG. 7. Location of the five thermocouples monitoring the
temperature across the SMOG?2 cell. The bottom panel shows the
TC1 temperature trending (in Celsius) during subsequent LHC
runs with increasing number of circulating bunches. A clear
correlation between the beam intensity and the cell temperature
can be seen.
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of the cell. These thermocouples are securely attached to
custom-made Cu-Be2 ring terminations, which are con-
nected to the cell using sensible spot-welded terminations
and bolts that also hold the cell in place. Of the five
terminations, three are positioned on the fixed half of the
cell (upstream, center near the gas feeding capillary, and
downstream), while the remaining two are located on the
floating half (upstream and downstream). The thermo-
couple wires are fixed to the gas-feeding capillary pipe
until reaching a UHV DN40CF Sub-D15 feedthrough. In
the flange, both the in-vacuum and air connections are
made using UHV ceramic connectors with aluminum
housing. Each wire is terminated with appropriate metal
pins on both ends. To establish the connection from the
VELO vessel to the DAQ system, a 25-m-long halogen-
free special cable is used. This cable consists of twisted
XLPE insulated pairs with overall screen insulation of
polyester tape and aluminum/polyester tape. At the end
of the cable, close to the Gas Feed System table, a
standalone system based on a compact reconfigurable
input/output module [43] is used to acquire the data from
the thermocouples. The system is controlled remotely via
Ethernet. The thermocouples have been calibrated at three
fixed points, melting ice, boiling water, and boiling
ethanol, correcting for the atmospheric pressure read in
the laboratory. After calibration, the temperature of the
cell can be provided with an uncertainty in the order of
0.1 at 297.2 K. The bottom panel of Fig. 7 shows a
typical temperature monitoring plot by the TCI1 probe
during subsequent LHC runs with increasing number of
circulating bunches. A clear correlation between the LHC
beam intensity and the cell temperature is found, as
expected from the increasing power dissipated in the
aluminum cell walls.

D. Alignment

The nominal distance of the cell walls from the beam is
5 mm, which is reduced to 3 mm in case of special runs,
like the Van der Meer luminosity scans. A careful and
correct alignment of the storage cell is hence mandatory.

The storage cell was adjusted in position and orientation
with respect to the VELO rf foil based on geodetic
metrology performed by the CERN team responsible for
experiments surveying and alignment. Before subsequent
alignment procedures, the positions of reference points
relative to the main axis of the cell are measured (fiduci-
alization). The reference marks of the SMOG2 system
consist of four 8H7 holes located at the four corners of the
cell wing. The fiducialisation work was performed in a
metrology lab and provided with an accuracy of 10 pm. To
identify the position of the SMOG2 mechanical structure
and to determine its azimuthal angle in the LHCb reference
frame, virtual points have been added. To achieve sub-
millimetric precision, a Leica AT402 laser tracker [44] was
used with corner cubes retroreflectors in spherical targets,

FIG. 8. Storage cell fixed on the rf foil and equipped with four
survey targets in the corners of the wings. One mirror is
illuminated by the laser (red spot).

mounted on adaptors with 8g6 pins to fit the SMOG2
fiducial marks, see Fig. 8. Multiple alignment sessions
were carried out in gray rooms to test and improve the
mechanical adjustment system. This was designed to be
kinematic to allow stress-free movements, and the lever
arms were extended to facilitate angle corrections. After
being brought onto the beam, the SMOG?2 storage cell was
aligned with respect to the previously installed VELO rf
foil. The positions and orientations of the VELO rf foil and
SMOG?2 storage cell were measured from multiple stations,
using the LHCb coordinate system as an intermediate
reference frame. The positions of the reference points were
determined with a precision of 100 pm at a one-sigma
level. The adjustment of the laser tracker stations in the
LHCb VELO alcove was made using CERN 3D adjustment
software [45]. A six degrees of freedom Helmert 3D
transformation of the fiducialisation data on these points
enabled the determination of the positions of the points
of interest and the calculation of the azimuthal angle.
The residuals of the transformation were of the order of
250 pm, showing deformation of the wing between the
fiducialization and the final alignment, possibly due to
the weight of the survey targets. After several iterations, the
adjustments brought the SMOG?2 cell well below the limits
imposed by the maximum beam aperture in that region. The
final discrepancies between the measured positions and
the nominal positions defined by fiducialization and the
VELO rf foil positions are within 250 pm in translation
and, 0.51 mrad in azimuthal angle [46]. The position along
the beam line is less critical and is defined by the length of
the two cantilevers supporting the cell. The final position,
measured with respect to the beam-beam interaction point,
is currently —536.5 mm for the cell upstream edge and
—336.5 mm for the cell downstream edge. The measure-
ment accuracy is 0.2 mm, determined by the uncertainty in
the flexible WFS position.
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IV. INTERFERENCE WITH BEAM

A. Aperture and impedance

Once the LHC beams are declared stable for data
acquisition, the upgraded VELO detector has in its closed
position a minimal nominal distance of 3.5 mm from the
beam axis, an aperture that is considered safe in the
expected (HL-) LHC conditions of Run 3 and Run 4
[47]. Tt is worth noting that in nominal condition the
aperture is always limited by the downstream part of the rf
boxes (Fig. 3). However, several effects were accounted for,
including the transverse offset imposed by the beam
crossing configuration, waist shift, beta-beating, and the
expected orbit shift during the physics fill. Furthermore,
several machine configurations were studied, with baseline
optics as well as smaller values of *, both horizontal and
vertical crossing configurations, and also special runs like
p*-leveling, ion runs, and van der Meer scans. The studies
show that the minimum allowed aperture over the longi-
tudinal range of the SMOG?2 storage cell is imposed by the
van der Meer scan configuration and amounts to 3 mm
(assuming that the storage cell is centered around the closed
orbit at every fill). Given that the storage cell aperture is
5 mm, there is ample space to accommodate these
tolerances with a sufficient margin.

Bunched beams with 40 MHz bunch frequency and high
bunch charge represent strong sources of electromagnetic
fields. The general rules for guiding these beams safely
are: (i) to surround them with conducting surfaces that vary
as smoothly as possible in cross section in order to keep
the rf field close to the beams and (ii) to avoid excitation
of cavitylike structures or other resonating systems.
Electromagnetic simulations were used to clarify the
impact of the WES system on the LHC. This consisted
of eigenmode calculations, frequency domain wire simu-
lations, and time-domain wakefield simulations. The addi-
tional contribution to the low-frequency broadband
impedance due to the SMOG?2 setup is found to remain
small compared to that of the VELO. As a consequence, the
LHC longitudinal and transverse beam stability is not
altered significantly by the addition of the SMOG?2 setup.
Additionally, no evidence has been found that the SMOG2
setup modifies longitudinal and transverse resonant modes
in both open and closed positions [48].

B. Secondary electron yield and coating

Electron multipacting has been observed in particle
accelerators with positively charged beams, leading to
the formation of electron clouds that may cause beam
instabilities, pressure rise, and heat loads. To avoid any
detrimental impact of the storage cell on the LHC beam
dynamics and operation, the cell surface was coated with a
low secondary electron yield (SEY) thin film.

Two types of thin films are used at CERN to reduce the
SEY in the beam pipes: Ti-Zr-V [49,50] and amorphous

carbon (aC) [51,52]. The low SEY of the Ti-Zr-V (NEG) is
achieved after reducing the surface oxides by heating in
vacuum at a temperature above 180°C for a few hours
(a process called activation). However, after activation, the
Ti-Zr-V film pumps hydrogen and other reactive species by
gettering effect. As hydrogen is one of the gases to be
injected as fixed target, the gettering effect of the Ti-Zr-V
film could compromise the stability and reproducibility of
the gas density in the cell. Therefore, the aC coating option
was chosen, which exhibits a maximal SEY of one, does not
require any activation process, and is inert with respect to
the injected gases.

Typical thicknesses of the aC film as used in the LHC are
in the range from 50 to 200 nm [53], with a prelayer of Ti to
enhance adhesion (between 100 and 200 nm). The aC
coating was applied not only to the surfaces facing the
beam to avoid electron multipacting, but also to the back of
the storage cell, to increase the emissivity of the aluminum
surface, enhance thermal exchanges with the surrounding,
and ease the dissipation of the heat generated by image
charge currents in the storage cell.

The Ti prelayer and the aC film were deposited by
direct current (dc) magnetron sputtering in a planar
geometry, using two 150 mm diameter Magnetron sources
(U.S. Inc. Mak), equipped with Ti (grade 2) and
graphite targets (Steinemann Carbon AG, R8710, ashes
content <200 ppm). Before launching the coating process,
the system was baked in vacuum for 10 h at 100°C,
yielding a base pressure of about 10~ Pa. Argon 40, with a
purity of 99.9999%, was used as a discharge gas. A detailed
description of the coating system is provided in Ref. [54].

A study was carried out to find the best surface prepara-
tion to ensure flawless adhesion on the different materials
of the cell. For the aluminum surfaces, it was found that
the combination of CERN standard degreasing [55] and
the Ti prelayer yielded an adhesion level O (very good) by the
cross-hatch method (DIN EN ISO 2409). On the flexible
Cu-Be2 surfaces of the wakefield suppressors, standard
degreasing, followed by in situ ion etching of the oxide
layer (with Ar ions) and the Ti prelayer proved to yield a
flawless adhesion after mechanical cycling (>100 bending
cycles). To minimize the manipulation of parts after
coating, the coating was applied on preassemblies of half
cells, Fig. 9(c), including the aluminum plates, the Cu-Be2
wakefield suppressors, and the supports. The ion etching
step was then applied to all parts. Figures 9(a) and 9(b)
show the glow discharge for the ion etching and the aC
deposition steps on an Al piece during optimization and
calibration.

Given their geometry, the half-cells assemblies were
mounted on a shaft combining translation and rotation
movements, Fig. 9(b), to obtain a thickness distribution of
the aC film between 50 and 200 nm on all the surfaces. The
coating parameters for the Ti and carbon layers, including
the different longitudinal and angular positions of the cell,
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FIG.9. (a)dc diode glow discharges during the ion etching step
for surface preparation. Argon ions bombarding the surfaces of
the cell, removing the oxide layer; (b) dc magnetron glow
discharge during the deposition process. The Ar ions bombard
the targets (Ti or graphite), sputtering the atoms that are deposited
on the surfaces of the cell facing the targets; (c) picture of a half-
cell assembly before coating; and (d), (e) a half-cell after coating.

the discharge power, voltage and current, and the deposi-
tion time, are summarized in Tables I and II. The Ar
pressure was kept constant at 1.2 x 10~! Pa for all the
positions. Figure 9(c) shows a half cell before coating,
Figs. 9(d) and 9(e) after it. Measurements on witness
samples yielded maximal SEY of 1.00 and 1.02.

C. Simulation for coating saturation

After a number of wall bounces, the gas molecules
injected into the storage cell exit from one of the two ends
and, in case of non-noble gases, can interact with the NEG
coating of the beam pipe and VELO rf boxes, impacting
its performance and possibly inducing peel off. It is thus

important to understand the magnitude of the gas flow
and its propagation outside of the storage cell, also in
order to set realistic flux and injection time limits to the
operation of the gas feed system. As mentioned in Sec. 1T A,
MOLFLOW+, a molecular flow Monte Carlo simulator, can be
used to determine the pressure profile and the gas propa-
gation in an arbitrarily complex geometry. MOLFLOW+
simulates the collisions (hits) of the molecules with each
surface in the implemented geometry (facets), characterized
by a unique temperature, opacity, and sticking coefficient,
which is defined as the probability that an impinging particle
gets captured by the NEG coating. It is a steady-state
simulator, which means that during the simulation there
is a continuous gas flow rate Q with constant parameters on
the facets. For an ideal gas of pressure p, volume V, and
temperature 7', the flux rate of particles entering the system
dN,.,;/dt is given by

_d(pV)
0= o
dNreal — d(pV)L — g (1)
dt dt kT  kgT’

being kg the Boltzmann constant and where the ideal gas
law has been used. MOLFLOW+ applies the test-particle
Monte Carlo method: a limited number of virtual test
particles N 1s generated to represent a larger rate of
physical molecules through a determined scale factor K,/

AN,
Kr/v = d;ea

/Nvinual . (2)

Quantities depending on the rate, such as absorption rate,
pressure, or particle density, are directly simulated; the
absolute ones are obtained by multiplying the rates by
the physical time of interest. A dedicated workflow was
implemented for time-dependent simulation allowing a
dynamic evolution of the facet parameters. It relies on

TABLE 1. Parameters used for the coating process with TABLE II. Parameters used for the coating process with
titanium. amorphous carbon.
Position Discharge Position Discharge

Longitudinal Angular Power Voltage Current Coating time

Longitudinal Angular Power Voltage Current Coating time

(cm) (deg) (W) (V) (A) (min) (cm) (deg) (W) (V) (A) (min)
0 0 241 268 0.9 3 0 0 431 718 0.6 20
30 242 269 0.9 3 30 430 717 0.6 5
150 242 269 0.9 8 150 462 770 0.6 35
210 243 270 0.9 8 210 455 759 0.6 35
330 243 270 0.9 3 330 430 716 0.6 5
130 0 244 271 0.9 3 130 0 428 713 0.6 20
30 244 271 0.9 3 30 430 716 0.6 5
150 244 271 0.9 8 150 464 773 0.6 35
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iteratively calculating and updating the facet parameters
after a short step of time, through the MOLFLOWCLI, rather
than running a single time dependent simulation over a long
time frame but with static facet parameters. The time-
dependent simulation mode already implemented in the
MOLFLOW+ graphical user interface does not allow to update
the facets parameters during the simulation based on the
simulation results themselves. The command-line interface,
allowing an automated control of the workflow via con-
figuration files, can be exploited instead to implement a
dynamic parameter evolution.

Non-noble gases can be categorized based on their
interaction with the surface coated with NEG:
(i) Getterable gases, like N, and O,, tend to stick to
the surface, reducing the free adsorption sites and thus the
effective NEG sticking coefficient over time. While
the reduced pumping speed does not impact the LHCb
experiment operation, the NEG saturation can produce a
detrimental SEY increase. (ii) Hydrogen-like gases disso-
ciate on the NEG surface and diffuse into the bulk. While
the sticking coefficient depends weakly on the surface
concentration, increased bulk concentrations can induce
embrittlement and NEG peel off.

For both types of gas, precise evaluation of the expected
impacts on the rf box NEG is a prerequisite to proceed with
the injection. To achieve this, laboratory measurements
were carried out on NEG samples and, at the same time, a
dynamic flow simulation was implemented in MOLFLOW+
to predict the time evolution of the saturation. Considering
that the impact on the NEG is higher the closer to the
injection point, the simulated geometry was limited to the
storage cell and the VELO rf box, characterized by a
corrugated surface that makes the understanding of the flow
inside it a nontrivial problem.

H, and N, were considered as proxies for hydrogen-like
and getterable gases, considering 100 and 10 h of injection
at 1.5 x 107 and 4.05 x 10 mbar1/s, respectively. A fit
to the available sticking coefficient experimental data (see
Ref. [49] for N, and Sec. IV D for H,) was performed to
parameterize the sticking coefficient evolution as a function
of the gas surface concentration.

Figure 10 presents the results of the simulated sticking
coefficient evolution with the z coordinate and the injection
time. On top, for H,, the onset of saturation begins after
around 20 h of injection and, after 100 h, the saturation only
reaches the central region of the first 100 mm of rf foil,
corresponding to around 2% of the total area. On the
bottom, for N,, the saturation onsets after the first minutes
from the injection and progresses much faster, as expected,
reaching up to 200 mm, corresponding to more than 15% of
the total area, after 10 h.

The results of these simulations, together with direct
measurements on NEG samples in laboratory, assured that
the level of saturation prospected in the rf box during Run 3
operation causes no safety issue to the LHC operations.
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FIG. 10. rf foil sticking coefficient as a function of the
longitudinal position z for different periods of injected H,
(top) or N, (bottom). Each dot represents the sticking coefficient
of a facet, with z indicating the longitudinal coordinate of its
center and being z = 0 the upstream boundary of the rf foil.

D. H, injection

In order to understand and evaluate the potentially
detrimental effects of H, injection on the NEG coating
with regard to saturation and embrittlement, a laboratory
scale H, saturation study was performed on 2-m-long
and 3.5-cm-diameter NEG coated stainless steel beam
pipes. Two injection pressure conditions were considered
(i) 1 mbar H, injection pressure to test the H, embrittlement
limit of the NEG coating and (ii) 5 x 1077 mbar H,
injection pressure to simulate its saturation under condi-
tions similar to the SMOG?2 data-taking ones [56].

The saturation experiment performed at 1 mbar injection
pressure consisted of six cycles and in each cycle the
NEG coating was subjected to two consecutive quasi-
instantaneous injections of H, gas at a nominal pressure of
1 mbar. As the NEG coating was vented to air between the
cycles, an activation was performed at the beginning of
each cycle, as well as at the end of each which was to study
how replenishable the sticking coefficient—measured with
the transmission method [57]—is after saturation with H,.
The sticking coefficient evolution of the NEG coating
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FIG. 11. Experimentally obtained H, sticking coefficient evo-

lution of NEG coating throughout saturation with H, gas under
quasi-instantaneous 1 mbar (top), and continuous 5 x 10~/ mbar
(bottom) injection pressure conditions [56].

throughout the six cycles is shown in the top plot of Fig. 11
as measured after the initial activation, after the first H,
injection at 1 mbar, and after the reactivation. The satu-
ration experiment at an injection pressure of 5 x 10~/ mbar
was carried out with continuous injection, during which the
measured evolution of the H, sticking coefficient on the
NEG coating was recorded, as shown in the bottom plot of
Fig. 11. In addition, N, and CO were used for comparison.
It is important to note that a trend similar to that of H, is
observed.

Saturation of the NEG coating was reached under both
injection pressure conditions, namely at the minimum
calculated concentrations of 0.407 H/TiZrV mol/mol at the
1 mbar injection condition and 0.026 H/TiZrV mol/mol at
the 5 x 1077 mbar injection pressure condition. While the
decrease of the H, sticking coefficient of the NEG coating
was observed following its saturation, signs of embrittle-
ment of the NEG coating were not found by endoscopic
analysis of the test pipes, indicating safe operability of the

NEG coating up to the tested injection condition pressures
and quantities.

E. Machine induced background

The evaluation of the amount and characteristics of
backgrounds induced by the beam circulation is both
relevant to the design of the structure and the understanding
of possible degradation of the running conditions.

The approach used in this study follows the methodology
described in Refs. [58,59], where numerical analyses of the
machine induced background (MIB) at LHC have been
implemented. Specifically, the analysis took into account
the interactions between the proton beam and residual gas
or nearby materials along the beamline, such as long
straight sections and tertiary collimators, in the presence
of the storage cell. Simulations demonstrate that the
inclusion of the storage cell system’s material budget in
front of the LHCb detector has no impact on the number of
VELO clusters per event in pp collisions. The MIB alone
leads to a maximum absolute variation of +16%. However,
when appropriately scaled and embedded into the pp
collisions, the storage cell influence becomes completely
negligible.

With injected gas, an additional mechanism of beam loss
arises due to beam-gas collisions. The impact on the beam
lifetime can be described in terms of the total beam-gas
cross section oy,. Considering

Oloss = UpN = A2/30pp9 (3)

with 6, ~ 50 mb and A the mass number of the considered
gas, the expected beam lifetime amounts to 2060, 97, and
22 days for pH,, pAr and PbAr, respectively, largely
exceeding the typical duration of a LHC fill of 10-12 h.

F. Heating by the beam

To assess possible heating effects due to pick-up from the
beam rf, heating tests and simulations have been conducted
using various power levels. These tests were performed on
an isolated, coated, closed cell under vacuum conditions.
The results indicate that at a power of 15 W, the temperature
of the cell reaches 75°C [2]. Furthermore, tests were
conducted to heat the cell up to 130 °C, and no observable
changes in the shape of the cell were detected.

V. THE GAS FEED SYSTEM

The Gas Feed System (GFS), allowing precise measure-
ments of the gas flow rates and remote flow adjustments, is
composed of an injection table and an injection line, as
shown in Fig. 12. While the GFS employed for the previous
SMOG system was located in the VELO alcove, the new
one is relocated in the LHCb cavern at a distance of
approximately 22m from the injection point. Such a
position was defined based on the following factors:
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(i) Available floor space for the GFS injection table
~1 m?. This assumes permanent installation of the device
without presenting an obstacle for any coactivation or
transport; (ii) tolerable radiation for electronic components
installation and operation; (iii) low magnetic field by
the LHCb spectrometer dipole for continuous operation
of primary and turbomolecular pumps; and (iv) availability
of services, cabling, and routing, such as the supply of
compressed air for the valve operation, the routing of the
injection line from the VELO alcove to the GFS table, the
cabling for the GFS control crates.

A. The GFS injection table and injection line

The injection table hosts the gas reservoirs and all
the equipment that is needed for the gas injection prepa-
ration and monitoring. While sensitive components, such as
capacitive gauges, valves and RGA should not exceed
100°C, all other elements withstood a 24 h bake-out at
150 °C to remove water, except for the NEG filter, which
was activated at 400°C. Permanent bake-out heaters are
also available, allowing bake-out cycles to be performed
during technical stops or shutdowns.

All the gas reservoirs store up to a 1.5 bar pressureina 11
volume and are equipped with an interface for the gas
refilling. The R1, R2, and R3 reservoirs are designated
for noble gases and are connected with noble gas purifi-
cation bypass (SAES purifier PS10) via the process valves
PV601, PV602, and PV603, as indicated in Fig. 12. The
injected gas is purified with a commercial NEG filter,

INJECTION TABLE

which reduces the concentration of contaminants from
ppm to ppb level [60]. The reservoirs R4 are dedicated
to store getterable gases and are directly connected to a
high-pressure feeding arm via PV604.

All the injected gas is dosed to a low-pressure meas-
urement arm using the variable leak valve DV601. To store
a precise quantity of injected gas, two calibrated volumes
C1 (0.05651) and C2 (0.1565 1) are installed and connected
by the process valves PV606 and PV607. The PZ602 and
PZ603 gauges allow performing precise measurements of
the pressure independently of the gas type, in a range from
1 x 1073 to 11 mbar and from 0.1 to 1100 mbar, respec-
tively. On these measuring volumes, a fixed pumping group
composed of a turbomolecular pump and a primary vacuum
pump allows for recovery of the GFS after the injection and
for the injection table conditioning during the gas prepa-
ration processes. It also contains an interface for helium-
leak detection.

A MKS HPQ3 high-pressure rest gas analyzer (RGA)
is also installed on the manifold between PV608 and the
turbomolecular pump, allowing to measure on the GFS
the purity of the injected gas through RGA analyses. It
can be only operated during technical stop periods, as the
control electronics are dismounted during LHC opera-
tions. A second RGA on the VELO vessel is used
instead.

The injection line is routed from the GFS injection table
to the VELO vacuum system interface through 11 long
tubular manifolds with 10 mm internal diameter fitted with

INJECTION LINE

PE411

BEAM 1

RF FOILS

VELO VACUUM VESSEL

FIG. 12. General design of the GFS, with the main components indicated for the injection table (left) and the injection line (right). The
valves PV601 and PV604 are Swagelok 6BG all-metal valves; PV602, PV603, PV606, and PV607 are Swagelok 6BK valves with
polychlorotrifluoroethylene stem. Both DV601 and DV602 dosing valves are Pfeiffer EVR 116. The PZ602 and PZ603 gauges are
Pfeiffer CMR 373 and CMR 371 ceramic membrane gauges, PZ601 is Pfeiffer CMR 375, and PI601 a Pfeiffer Pirani gauge TPR 018.
The nominal pumping group VPGF is composed of a turbomolecular pump Pfeiffer HiPace 80, a primary vacuum pump Edwards RV12
Rotary and a MKS HPQ3 RGA. The turbomolecular pump TP301 is a Pfeiffer HiPace 700; the primary vacuum pump RP101 a

Pfeiffer ACP28.
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Swagelok VCR connectors joined by flexible elements
(Swagelok VCR bellows), for a total length of ~22 m.
The final injection is performed through the dosing valve
DV602, while the process valve PV6009 is used as a bypass
if more important conductance is needed, such as for
pumpdown or the bakeout of the injection. The PZ601
and PI601 gauges are installed 0.4 and 21.9 m downstream
of the injection table and are used to monitor the injection
line pressure. In the VELO alcove, the line splits into three
branches. The first one connects with the process valve
PV503, located on the manifold between the gate valve
GV302 and the inlet of the turbomolecular pump TP301.
The second one, allowing injections in the SMOG2 storage
cell, ends at the process valve PV611 located on the top of
the VELO vessel. The third branch finally connects the
injection line with the VELO primary pump RP101 via the
process valve PV610.

B. The injection process

A GFS control process is integrated into the VELO
vacuum control. The process consists of (i) change of the
VELO vacuum system regime; (ii) preparation of the GFS
table; and (iii) gas injection control and stabilization.

First, the VELO vacuum system regime needs to be
changed from nominal to SMOG. The former is used
during LHCD standard operations, when there is no need
of gas injection. The two VELO ion pumps IP431 and
1P441 (Agilent Vaclon Plus 500) are running, and the
turbomolecular pump TP301 is isolated from the beam
vacuum system via the closed gate valve GV302. The
nominal regime is considered as a safe state as a potential
malfunction of turbomolecular or primary pump does not
affect the state of the LHC beam vacuum system. During
the SMOG regime, instead, the ion pumps are switched
off, the turbomolecular pump is set at nominal state and
the gate valve GV302 is open to evacuate the VELO
vessel. The transfer between these two regimes is con-
trolled by the operator when there are no beams circulat-
ing in LHC.

Second, the gas injection type has to be chosen as: (i) in
the VELO vessel, like for the previous SMOG system. In
this case, the gas is injected from the back of the vessel, at
approximately z=~—750 mm, and a uniform pressure
increase around the LHCb nominal interaction point with
a pressure around 10~/ mbar [11] is obtained; (ii) in the
SMOG?2 cell, resulting in a more localized pressure bump
and thus higher aerial density.

The gas preparation main purpose is to prepare the
selected gas for injection, purge the GFS, or recover it from
an undefined state. The injection line and injection table
are pumped down. Then, the selected gas is injected and
pumped 3 times into the table while the injection line stays
on static vacuum. The injection process can then start. The
high-pressure arm is kept pressurized with the selected gas
and an expiration timer for the gas is reset to last 14 days.

This is to avoid a potential purity issue due to long-term
storage of active gas within the high-pressure part of the
injection table.

As the long injection line requires a long time for the
stabilization of the gas injection, a line rapid-fill procedure
was developed and implemented for injections in the
SMOG?2 cell. The injection line bypass PV609 is closed,
and the GFS table is prefilled using DV601 with the C1
volume opened with a defined pressure of active gas
typically of 9 x 10~! mbar. This gas is then injected on
the injection line via the PV609 bypass valve and held
at this state for 5 min or until the pressure stabilizes. In
the meantime, the injection line is separated by closing
PV609 and the injection table is quickly pumped down.
Afterward, the table is refilled with the selected gas using
DV601 up to 10 mbar. The injection in the storage cell can
then start by opening the injection valve PV611, followed
by the opening of the dosing valve DV602 at a fixed
setpoint. Once the injection is completed, the DV602 is
closed, followed by the injection valve PV611.

A standard injection in the VELO vessel consists instead
of two preparatory and an injection control step. During the
first step, the injection line actively pumping is swapped
from fixed pumping group on the injection table to
turbomolecular pump TP301. The low-pressure measure-
ment arm is prepared by prefilling via DV601 10 mbar of
active gas into the calibrated volumes C1 and C2. A 1 h
time-out is then activated to allow the operator to start the
injection, which happens through the PV503 and GV302
valves. This is a safety constrain to avoid any potential
issue with both VELO and GFS. Once expired, the system
no longer allows starting the injection and requires the
recovery step. The injection is then started; the dosing valve
DV602 is opened and in approximately 15 min a stable
injection pressure in the vessel is reached.

The evolution of various gauge readings during a
typical SMOG?2 injection is illustrated in Fig. 13, with
the preparation, injection, and recovery steps highlighted.
By fitting the readout values of the PZ602 gauge with an
exponential function and knowing the C1 and C2 vol-
umes, the flow rate from the GFS table “Q (PZ602)-
Measured” is established, as shown in Fig. 14. The instant
flow rate fit “Q (PZ602)-Instant fit” can be used, known
the opening of the DV602 valve, to estimate the flux from
the reading by the PZ602 gauge during the SMOG?2
injection. The stability of the injection in time shows a
reduction of the initial flow rate by approximately 4% per
hour assuming the injection pressure on the table is
10 mbar. However, the variation on a few seconds scale,
which is relevant for the beam-gas luminosity determi-
nation, is below the per-cent level. The precision of the
PZ602 readout is mainly affected by the long cables
(~80 m) that connect the gauge head to the controller that
is placed in the LHCb cavern and partially also by the
electronics acquisition rate.
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Once the ongoing injection, either in the VELO vessel or
in the SMOG2 cell, is terminated, the system enters a
recovery state to re-estabilsh a VELO beam vacuum
pressure lower than 1078 mbar. Once this is reached,
typically in about 2 min, the system proceeds with purging
the low-pressure measurement arm of the injection table
and setting the GFS system back to its stand-by state. The
recovery is finished after 30 min, when a new injection, the
change of the active gas or the transfer of the vacuum
regime back to the nominal one can take place.

VI. SIMULATIONS AND DATA-TAKING
PREPARATION

A. Beam-gas simulated samples

To assess the performance for beam-gas and beam-beam
collisions concurrent reconstruction, a set of simulated
samples was produced [61] with: (i) standalone pp
collisions in nominal Run 3 conditions, i.e., an average
per-bunch crossing number of collisions in LHCb of
v~7.6; (ii) standalone pHe collisions, mimicking the
data-taking strategy adopted in 2016 with periods dedicated
to collect beam-gas data only; and (iii) overlapped pp and
pHe or pAr collisions, to exemplify concurrent data
acquisition with lighter or heavier gas species.

In all simulated samples, the gas is distributed uniformly
in x and y, while follows a triangular shape in z, as
discussed in Sec. III. The contributions due to the small
gas flow outside the cell are expected to only apply
negligible corrections to the results discussed in the
following.

B. Real-time beam-gas data reconstruction
and selection

In order to cope with the LHC Run 3 pp luminosity,
L=2x10% cm™2s~!, LHCb completely revisited its
data processing strategy. The first and hardware-based
data selection level, used until 2018, was discarded and
the full detector readout, calibration, and alignment, and
event reconstruction and selection are now occurring in
real time within a software-only framework [62]. This is
composed of two levels, with a large disk buffer in
between to allow detector alignment and calibration
constants update: (i) HLT1, where particles are recon-
structed in the tracking system and basic particle iden-
tification information from the calorimeter and the muon
system is added. Selection algorithms, mostly inclusive
with respect to several decay channels interesting to the
LHCb experiment, define which events are persisted to
the disk buffer. The HLT1 trigger level completely runs
on GPUs [63,64], a major breakthrough for high-energy
physics experiments of the LHCb scale. (ii) HLT2, where
offline-quality data reconstruction and selections are
performed, including high-level particle identification
from the RICH system. Selection algorithms optimized
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FIG. 15. Particle (top) and collision vertex reconstruction

(bottom) efficiency as a function of the beam axis longitudinal
coordinate, as measured on simulated samples with pp stand-
alone (green), pHe stand-alone (blue), pp 4+ pHe (red) and
pp + pAr (yellow) collisions. The z coordinate distributions
for the vertices associated to reconstructible particles (top) or of
the vertices themselves (bottom) are also shown in dark cyan. For
both plots, efficiency is found not to depend on the type of
collisions, and, by comparing results, no loss in efficiency for
beam-beam physics when injecting the gas is observed.

for specific hadron decays fulfilling the LHCb physics
program are then run.

Owing to the flexibility of the data acquisition system,
concurrent reconstruction of beam-beam and beam-gas
collisions was successfully achieved [65] by tuning the
reconstruction algorithms to cope with the different colli-
sion geometries and energies. As an example, Fig. 15
shows the reconstruction efficiency of particles (top) and
collision vertices (bottom) as a function of the collision
longitudinal coordinate, by using the simulated samples
introduced in Sec. VI A. Only the particles that cross the
full tracker, reconstructed as long tracks, and with mini-
mum 3 GeV momentum and 0.5 GeV transverse momen-
tum are considered. Two distinct peaks, corresponding to
beam-gas and beam-beam collisions, are found in the
distribution of the reconstructible particles (top) or PVs
(bottom), being these defined as the particles leaving
enough hits in the tracker system or the collisions produc-
ing at least three charged particles. The performance is
found to be comparable for the two collision types and, by
comparing the results for the different simulations, no loss
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in beam-beam efficiency because of the gas injection is
found. Rather, because of the large difference in detector
multiplicity between pp and beam-gas collisions, a small
decrease in the beam-gas tracking efficiency can be seen
between the standalone and the overlapped data-taking
scenarios. The interference between the two data types is
proven to be minimal. Reconstructed events are then
filtered according to a set of selection algorithms developed
according to the physics case discussed in Sec. II. In
particular, in order to reduce contamination from concur-
rent beam-beam collisions, a reconstructed collision
vertex in the z region covered by the SMOG2 cell is
always required. Additionally, to suppress contamination
between particles from pp or proton-gas collisions in the
same event, particles that are triggered on are required to
originate or decay in the SMOG?2 cell region.

C. Luminosity

As introduced in Sec. III A, within the storage cell, the
gas density assumes a triangular profile with maximum
value

(o)
Ciot’

4)

Po =

where @ is the gas particle rate (particle/s) and C,, the
total conductance of the cell from the center outward, also
taking into account the gas temperature recorded by the
dedicated probes.

The average areal density values 6 = p,-L/2, with
L cell length, are obtained by integrating the density
profile, simulated by MOLFLOW+, along the beam axis. A
comparison between the simulation (Simu) and the ana-
lytical method (AM) is illustrated in Fig. 16 (top) for H,. A
very good agreement, differing the integrated areal density
ratio k = Oginu/0am from one by 0.1%, is found.

In the real configuration, the rf-foil effect also has to be
taken into account. This affects the system conductance and
limits the validity of the adopted approach assuming the ideal
and isolated cell. A proper correction factor has hence been
calculated and applied. Figure 16 (bottom) shows the density
profiles in this configuration and a clear deviation of the
simulation from the theoretical expectation can be observed
when approaching the right extreme of the cell. This differ-
ence has been estimated to be k ~ 2.5%, independent of the
gas types and for gas fluxes ranging between 2 and
10 x 107> mbar1/s, typical values of the injected gas flow.

The luminosity is then given by

Ezk’Hprrev’ (5)

where N, = Ryunch * 1 bunch 18 the number of protons in the
beam, given by the number of bunches (7y,,,.,) and number
of protons per bunch (7, ,uncn)» and fro, = 11245 Hz is the
revolution frequency of the LHC beams. The systematic
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FIG. 16. Gas density profile for H, for the cell only (top) and
the cell with the rf foils (bottom). The black line is obtained
with the analytic method, the red dots with the MOLFLOW+
simulation. The smaller panels show the ratio of the two curves,
in the full range (middle) and in the SMOG?2 cell central region
(bottom) where the injected gas pressure is the highest.

uncertainties related to the luminosity measurement have
been estimated. These are due to the precision with which
the parameters involved in the areal density estimation are
known, such as the cell length and diameter, the gas
temperature, and the injected gas flow. All the contributions
remain relatively small, with the dominant one being the
GEFES accuracy, around 1% if the gas flux is kept constant.
The same calculations done for H, have been repeated
for Ar and no difference has been found, as expected. In
conclusion, the total systematic uncertainty on luminosity
is expected as about 1.4%, both for light and heavy gases.

VII. FIRST RESULTS WITH 2022 LHC
COLLISIONS

As part of the 2022 LHCb commissioning, data samples
with injected helium, argon, neon, and hydrogen were
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Tomography of the SMOG?2 cell in its 2D closed (left) and its 3D open (right) positions as obtained by the reconstruction of

material interaction vertices in 2022 and 2023 pp collision data, respectively. By comparing, e.g., with Figs. 4 and 9, several elements of

the SMOG?2 hardware can be recognized.

collected. From the operational point of view, neither beam
instabilities nor additional background have been observed
due to the gas injections. Temperatures around 15 °C were
measured with no beam circulation, increased by about
25°C during beam injection and tuning. The recorded
maximum value is of 42°C, well below the maximum
tested one of 130°C. The GFS was operated for all gases,
giving very stable and precisely measured injected fluxes,
as exemplified in Fig. 14.

The collected data have then been analyzed. First,
reconstructed material interactions are employed to per-
form a tomography of the cell [66], with the result shown in
Fig. 17. By exploiting 2022 collision data, the left bidimen-
sional picture of the closed cell, of the two wings and of the
support of the capillary where the gas flows through can be
seen. Later, with 2023 data, the tridimensional representa-
tion was also obtained. By comparing, e.g., with the
drawings in Fig. 4 or with the pictures in Fig. 9, several
elements can be recognized. By exploiting these figures,
the aperture and the position of the cell relative to the
VELO modules were measured with data, with all results
consistent with expectations.

The performance for reconstructing beam-beam and
beam-gas collisions was then compared. Figure 18 presents
the pseudorapidity distributions [67] for the particles
reconstructed in the first trigger level. Particles produced
in pp collisions (in red) are symmetric in the VELO
detector (top), modulo the inefficiency coming from a
lower number of VELO modules in the backward region.
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FIG. 18. Normalized pseudorapidity distributions for particles
reconstructed by the first trigger level in the VELO detector (top)
and by the full tracking system (bottom) originating from pAr
(red) and pp collisions (blue), as distinguished by the z
coordinate of their positions of closest approach (POCA,) to
the beam axis.
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FIG. 19. Distributions of the z coordinate for collision vertices
reconstructed in the first trigger level during a data taking with
overlapped pp and pAr collisions. Two distinct distributions,
following a Gaussian and a triangular-like distributions, respec-
tively, can be clearly seen.

Only forward particles, instead, originate from the fixed-
target collision (in blue), as expected. Such a difference
is then reduced for particles reconstructed by the full
tracking system (bottom), where the spectrometer accep-
tance is for particles produced at the nominal interaction
point with n € [2,5].
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FIG. 20. Distributions for collision vertices reconstructed in the
first trigger level. The top plot shows, in a data taking with
injected helium, the reconstructed vertices for different LHC
bunch crossing configuration. The bottom plot compares the PV,
distributions in the SMOG?2 cell with different injected gas and
they are found to be compatible.

Collision vertex reconstruction is then illustrated in
Figs. 19 and 20. In the former, the distribution for the
longitudinal coordinate of pp and pAr vertices recon-
structed in the first trigger level, is shown. Evidently, the
LHCb detector, when injecting gas, can be claimed as
equipped with two distinct and independent collision
points, allowing to study collisions in two different
systems and with two energy scales. In top Fig. 20, the
z vertices distribution is illustrated for different LHC
bunch-crossing types [68]. Independently on the pp
collisions happening in LHCb, all LHC beam1 bunches,
entering LHCb from the VELO, can be exploited to
collect fixed-target data. The bottom plot compares the z
vertex distributions from runs with different injected
gases. By comparing with the expected profiles obtained
with the MOLFLOW+ simulations discussed in Sec. VIC,
a qualitative agreement can also be seen.

Particles reconstructed in the full spectrometer are
then paired to form secondary vertices where the decay
of composite particles occurs. As an example, invariant
mass distribution reconstructed in the first trigger level
for K3 — n"z~ candidates is presented in Fig. 21. As a
function of the collision vertex z coordinate associated
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FIG. 21. Invariant mass distributions for Kg — ztn~ decays
reconstructed in the first trigger level from pp + pAr collisions.
Top plot shows the distributions as a function of invariant mass
and PV, associated to the K9 particle and two clear peaks,
corresponding to pAr and pp collisions, emerge. The K3
invariant mass for pAr (red) and pp (blue), compared in the
bottom plot, has compatible widths.
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FIG. 22. Normalized distributions of the number of hits (top)
and tracks (bottom) reconstructed in the first trigger level in
bunch crossings with reconstructed collision vertices only in the
SMOG?2 cell (blue), in the LHCb pp interaction point (in green)
or in both (in red). For both figures, the averaged number of per-
bunch pp collision was about one.

with the K meson (top plot), two distinct peaks,
corresponding to pp and pAr collisions, clearly appear.
Moreover, by projecting them on the invariant mass axis
(bottom), the widths of the mass peak are found to be
comparable, demonstrating the detector momentum res-
olution is only slightly z-dependent. The coarse con-
sistency between the peak center values also proves
good control on the momentum scaling, modulo min-
imal effects due to the nonperfect detector calibration in
the 2022 commissioning phase.

While the presented distributions clearly demonstrate
that collisions in the SMOG?2 cell can be reconstructed, the
negligible interference with the pp data taking had to be
demonstrated as well. In Fig. 22, the number of VELO
hits (top) and tracks (bottom) for collisions with recon-
structed vertices only in the SMOG?2 area (blue), only in
the pp interaction point (green) and in both (red) are
compared. The increase in the VELO occupancy, whose
reconstruction dominates the data processing time, is small
when injecting the gas (4.2% for the number of VELO hits
and 1.5% for the number of VELO tracks). On top of this,
it is worth reminding that, while during the 2022 com-
missioning only about one per-bunch pp collisions was
used, the nominal Run 3 value will be larger. The effect
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FIG. 23. Invariant mass distributions for (top) J/w and

(bottom) D° decays as resulting from the full data processing
chain in 18 min of data taking with injected argon. Both mass
peaks are modeled with a Gaussian function for the signal and an
exponential for the background.

of gas injection on the pp data taking will decrease
correspondingly.

The validation of the full reconstruction chain,
namely the two software trigger levels and the offline
analysis infrastructure, has also been performed for
SMOG?2 events. Examples of performance results are
presented in Figs. 23 and 24. In Fig. 23, a data sample
with injected argon in the SMOG?2 cell is considered,
and J/w (top) and D° (bottom) candidates are recon-
structed and selected. For both composite particles, the
resolution is found to be comparable with similar
analyses of pp collisions data. Plots of Fig. 24 show,
on a data sample with injected hydrogen in the
SMOG?2 cell, the Kg (top) and A (bottom) candidates
invariant mass distribution. It is worth to underline that
these figures result from a data taking of just 18 and
20 min, respectively. As discussed in Sec. II, high
statistics and efficiently reconstructed charm channels
produced in fixed-target collisions will be available
with SMOG2.
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VIII. CONCLUSIONS

The upgrade of the LHCb gas target was possible
through a collaborative R&D effort involving LHCb and
LHC teams. For the first time, a storage cell able to deliver a
large amount of beam-gas collisions without perturbing
the beam-beam collision system or the beam lifetime was
installed in the LHC primary vacuum. The system has been
extensively commissioned in 2022 with several injections,
notably of a non-noble gas for the first time. No beam
instability has been reported, validating the studies dis-
cussed throughout the paper and excluding detrimental
interactions of the SMOG?2 cell with the LHC machine.
No unexpected response by the temperature probes has
been observed, excluding effects of heating from the beam.
The GFS was operated injecting all gases, with excellent
stability and precise reproducibility of the injected fluxes,
which is of paramount importance to have a reliable
luminosity measurement in real time. Physics channels
have been studied with the collected beam-gas collisions.
With injections lasting only about 20 min, large samples of
charm hadron signals are reconstructed, with momentum

resolution and efficiencies that are mostly comparable
between beam-beam and beam-gas collisions. Finally, only
small increases in the detector multiplicity have been
observed because of the beam-gas collisions. Overall,
LHCb is demonstrated to be capable of efficiently man-
aging and processing data from both collision systems
without compromising its performance.

The implementation of SMOG?2 is expected to enhance
the fixed-target program in several ways. These improve-
ments include expanding the range of available gas species
for experimentation, enabling better control over target gas
pressure and instantaneous luminosity, and significantly
increasing the integrated luminosities of the fixed-target
samples by up to two orders of magnitude. Furthermore, the
use of hydrogen and deuterium in particular will serve as a
reference for measurements involving heavier nuclei. It will
also enable measurements of nucleon structure in a novel
kinematic regime, providing valuable insights into the
properties and behavior of nucleons in different experi-
mental conditions. As well, events reproducing primary
cosmic-ray collisions in the interstellar medium and in the
atmosphere will provide insights to astroparticle physics.
At the same time, heavier targets, such as argon, krypton, or
xenon, can extend the studies of nuclear matter in a domain
where QGP effects are expected to be manifest.

A possible future upgrade, known as LHCspin [69-72],
has already performed several R&D studies and represents
the natural evolution of SMOG?2 aiming at installing a
polarized gas target opening the door to spin physics at
LHC. With strong interest and support from the inter-
national theoretical community, LHCspin could be a
unique opportunity to advance our knowledge on several
unexplored QCD areas, complementing both existing
facilities and the future Electron-Ion Collider [26,27].
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