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precision of proton-proton and
lision studies with A Fixed-Target
at the LHC (AFTER@LHC)

The physics motivations have been already
an-Philippe Lansberg
discussed in other talks, so here only technical issues
P�, Univ. Paris-Sud,
Université
Paris-Saclay
will be considered, basically

Acceptance in center-of-mass rapidity
With ztarget = zIP and a 7 TeV proton beam

In a fixed-target mode:
– ALICE Central Barrel covers very backward rapidity and Muon
Spectrometer covers rapidity interval towards mid-rapidity
– LHCb: wide rapidity range starting from ycms ~ 0

Cynthia Hadjidakis
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Great credit for heaving shown for the first time the
potentialities of the fixed target physics at the LHC

Long list of papers:

ecision of proton-proton and
sion studies with A Fixed-Target
t the LHC (AFTER@LHC)

-Philippe Lansberg

�, Univ. Paris-Sud, Université Paris-Saclay

Beam splitting by bent-crystal

After @LHC - Daniel Kikoła’s talk, SPIN2016

Motivation: beam collimation
recision of proton-proton and
sion studies with A Fixed-Target
t the LHC (AFTER@LHC)

n-Philippe Lansberg

�, Univ. Paris-Sud, Université Paris-Saclay

→ Deflecting the beam halo at 7σ distance to the beam
→ Reduces the LHC beam loss
→ Beam extraction: civil engineering required, new facility with 7 TeV
proton beam
���, University of Birmingham
→Beam splitting: intermediate option, might be used with existing
experiment
AFTER@LHC
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Dedicated and modern forward geometry spectrometer
Channeling solution has still open points to be finalized
Needed: civil engineering, new facility from scratch
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Prospects for high-luminosity fixed-target physics at the LHC - L. Massacrier

Second LHCb Heavy Ion Workshop, 4-6 Sep 2019, Chia

Unpolarised target
• Feasible (not irrelevant changes in the ALICE spectrometer needed)
• Complementary to LHCb
• R&D in its preliminary phase
• Material Budget can play a relevant role
• Tracking Resolution simulations required due
to the gap target-tracking

retractable solid target
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Polarised target
• Complementary to LHCb
• The possible location is unclear

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022

Polarised target

optimised for studying particles
containing c- and b-quarks

Forward acceptance: 2 < η < 5

Tracking system momentum resolution
Δp/p = 0.5%–1.0% (5 GeV/c – 100 GeV/c)

The technique proposed is well consolidated
Design follows the successful HERMES Polarised Gas Target which ran at HERA 1996 –
2005, and the follow-up PAX target operational at COSY (FZ Jülich)

tubular storage cell
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Polarised target

acceptance: 2 < η < 5
R&D is complexForward
and needs
Tracking system momentum resolution
several innovative developments
Δp/p = 0.5%–1.0% (5 GeV/c – 100 GeV/c)

optimised for studying particles
However
the
containing c- and b-quarks

The technique proposed is well consolidated
Design follows the successful HERMES Polarised Gas Target which ran at HERA 1996 –
2005, and the follow-up PAX target operational at COSY (FZ Jülich)

tubular storage cell

We are already on the road …
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Introduction

LHCb is the only LHC detector that can run both in collider and fixed-target mode. The
LHCb fixed-target system, called SMOG (System for Measuring the Overlap with Gas) [1],
was originally conceived for precise colliding-beams luminosity calibration. The SMOG system
allows to inject a low flow rate of noble gas into the vacuum vessel of the LHCb VErtex LOcator
(VELO) detector [2]. A temporary local pressure bump of about 10 7 mbar is obtained in the
LHCb beam-pipe section (over a length of about 40 m around the interaction point), which is
about two orders of magnitude higher than the nominal LHC vacuum pressure and one order of
magnitude lower than the LHC vacuum interlocks limit. The resulting beam-gas collision rate
(also increased by two orders of magnitude) allows for a precise determination of the beam density
profiles. This has been successfully exploited to obtain very precise luminosity measurements
through the beam-gas imaging technique [1, 3, 4].
As an additional important feature, SMOG gives the unique opportunity to operate an LHC
experiment in a fixed target mode, and to study proton-nucleus and nucleus-nucleus collisions
on various target types and at diﬀerent center-of-mass energies. Several dedicated runs have
already been performed since 2015 using He, Ar, or Ne targets with proton and lead beams at
energies ranging from 2.5 TeV to 6.5 TeV, as shown in Fig. 1. This allowed to disclose a new,
rich and ambitious physics program at the LHC, exploiting the unique fixed-target kinematics
achievable with beam energies at the TeV scale. Physics searches with SMOG include study of
cold nuclear-matter eﬀects through prompt heavy-flavour production in pA collisions [5], Quark
Gluon Plasma (QGP) formation in PbA collisions, search for intrinsic charm in the proton at
high Bjorken-x, as well as measurements of prompt antiproton production in pHe collisions [6],
of relevance for Dark Matter searches in astrophysics.

Phase I
unpolarised target

Phase II
transversely
polarised H and
D target

Data taking SMOG 2015-2018

SMOG
… at
2 papers published on PRL:
Figure 1: Dedicated SMOG runs collected since 2015. Beam-gas collisions have been recorded
-antiproton production
intypes
p-He
@ 110 GeV
PRL121,222001(2018) (arXiv:1808.06127)
using diﬀerent gas
(He, Ar,collisions
Ne) and beam energies.
-First measurement of charm production in fixed-target configuration at the LHC - PRL122,132002(2019) (arXiv:1810.07907)
The SMOG2 project, presented in this document, constitutes an upgrade of the actual SMOG
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7 SMOG2 gas feed system

VELO

The SMOG apparatus is equipped with a gas feed system, shown in Fig. 2, which allows to
injects gas into the VELO vessel, Fig. 5. This system has only one feed line (used for di↵erent
noble gases), and cannot provide accurate determination of the injected gas flow rate Q.
For SMOG2 a new GFS, schematically shown in Fig. 36, has been designed. This system
includes an additional feed line directly into the cell center via a capillary, Fig. 29. The amount
of gas injected can be accurately measured in order to precisely compute the target densities
from the cell geometry and temperature.
Beyond the constraints requested by LHC and LHCb, the scheme shown in Fig. 36 is a well
established system, operated by the proponents in previous experiments [32, 33].
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2<η<5

375 mm

Internal
side view
WFS

storage cell

Overview

The system consists of four assembly groups, Fig. 36.

ELECTRICAL CONTINUITY
BETWEEN CELL AND RF FOIL

FLOATING HALF CELL SUPPORT
CONNECTED TO THE RF FOIL
FRAME

STORAGE CELL
SUSPENSIONS
STORAGE CELL

CONICAL TRANSITION
FLEXIBLE WAKE FIELD SUPPRESSOR

GAS FEED TUBE IN
THE CELL CENTER
FIXED HALF CELL SUPPORT
CONNECTED TO THE RF FOIL
FRAME
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LHCb Upgrade

CERN/LHCC 2019-005
LHCb TDR 20
08 May 2019

UPGRADE

SMOG Upgrade

TDR
SMOG2
Installation scheduled in the
second half of November
2019

CERN/LHCC 2019-005

SMOG2 and LHCspin references:

Technical Design Report

https://cds.cern.ch/record/2673690/files/LHCB-TDR-020.pdf
LHCb-PUB-2018-015
CERN-PBC-Notes-2018-007, https://cds.cern.ch/record/2651269
PoS(SPIN2018)011, https://pos.sissa.it/346/011/pdf
PoS(SPIN2018)098, https://pos.sissa.it/346/098/pdf
CERN-ESPP-Note-2018-111, arXiv:1901.08002
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ENGINEERING CHANGE REQUEST

SMOG2
BRIEF DESCRIPTION OF THE PROPOSED CHANGE(S):

LHCb proposes an upgraded version of the existing gas injection system SMOG. The
core idea of the project, called SMOG2, is the use of a storage cell for the injected gas
to be installed upstream of the VELO detector. The main advantage of the proposed
system is to increase by up to two orders of magnitude the effective target areal
density, thus resulting in a significant increase of the luminosity for fixed-target
collisions, keeping the same gas flow rate used up to now with SMOG.

DOCUMENT PREPARED BY:

DOCUMENT TO BE CHECKED BY:

Pasquale Di Nezza EP-ULB
C. Adorisio, G. Arduini, M. Barberan,
Vittore Carassiti EP-ULB
M. Bernardini, G Bregliozzi,
Giuseppe Ciullo EP-ULB
R. Bruce, R. de Maria,
Luciano Pappalardo EP-ULB
M. Ferro-Luzzi, R. Folch,
Paolo Lenisa (Univ. Ferrara and
C. Gaignant, J.- C. Gayde,
INFN)
M. Giovannozzi,
Erhard Steffens (Univ. Erlangen)
G. Iadarola, M. Lamont,
A. Masi, T. Otto, M. Pirozzi,
B. Salvant, J. Sestak,
C. Vollinger, Jorg Wenninger
Daniel Wollmann

DOCUMENT TO BE APPROVED BY:

P. Collier
(on behalf of LMC)
Rolf Lindner
(LHCb Technical Coordinator)

particularly important because
many of the technical solutions
found here can be applied to
the polarised case

DOCUMENT SENT FOR INFORMATION TO:

Giovanni Passaleva

SUMMARY OF THE ACTIONS TO BE UNDERTAKEN:

-Installation of an openable storage cell, fixed to the VELO rf-box frame
-Lay cable + gas pipe line into the P8 cavern
-Replacement of the SMOG Gas Feed System located into the P8 cavern
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Polarised Gas Target (PGT) topology – a schematic view
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Polarised Gas Target (PGT) topology – a schematic view

Geometrical Acceptance

Target lenght (30 cm)
!19

Constraints on the target geometry
The LHC beam transverse size changes between the injection at 450 GeV (large)
and the lumi beam at 7000 GeV (small)
Target cell profile

LHC transverse
beam profile

at injection
(450 GeV)

Solution adopted for SMOG2: L = 20 cm, R = 0.5 cm
for LHCspin: L = 30 cm, R = 0.5 cm

at Lumi Run
(7000 GeV)

Constraints on the target geometry
The LHC beam transverse size changes between the injection at 450 GeV (large)
and the lumi beam at 7000 GeV (small)

The achievable luminosity critically depends
on the geometry of the cell
at Lumi Run
(7000 GeV)

Aperture issues

Solution adopted for SMOG2: L = 20 cm, R = 0.5 cm
for LHCspin: L = 30 cm, R = 0.5 cm

Polarised storage cell

Aperture means luminosity

The dynamic aperture is the stability region of
phase space in a circular accelerator

a cell with R = 0.5 cm has still
a good safe factor for the
machine aperture

Figure 32: Minimum aperture for all studied scenarios. A 0.1 mm o↵set due to orbit drifts is assumed.
The figure is from Ref. [28] while the vertical red line, representing the storage cell edge, has been added
by the authors of this document.

Polarised storage cell

Aperture means luminosity

The dynamic aperture is the stability region of
phase space in a circular accelerator

•

a cell with R = 0.5 cm has still
a good safe factor for the
machine aperture

IH (100 % HERMES ABS flow) = 6.5·1016 s-1

Figure 32: Minimum aperture for all studied scenarios. A 0.1 mm o↵set due to orbit drifts is assumed.
The figure is from Ref. [28] while the vertical red line, representing the storage cell edge, has been added
by the authors of this document.

•

Cell 30 cm long, R= 0.5 cm, at 100K, with standard feed tube 10 cm long, 1.0 cm i.d.
target density θ = 1.2 · 1014 cm-2 (comparable with HERMES)

At HL-LHC-25ns, LHCspin can reach L=8.3 ∙ 1032 cm-2 s-1

Small impact on the
LHC beam life-time:
reduction ~7%
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Impedance
When a beam of particles traverses a device which

•
•

is not smooth or
not a perfect conductor

LHC longitudinal and transverse beam stability is not expected to be altered significantly by
the addition of the SMOG2 setup (replacing the VELO WFS upstream).
No indication has been found that the addition of the SMOG2 setup alters longitudinal and
transverse resonant modes significantly in both open and closed positions (see Fig. 34 and 35 for
longitudinal impedance from simulated wire measurements)8 .
With or without the SMOG2 setup, the local power loss could reach up to ⇠ 1.5 kW if the
worst mode (⇠380 MHz, Rs ⇠ 1.5 k ⌦ is hit by one the main spectral lines of the HL-LHC beam
(2748 bunches with 2.2 ⇥ 1011 protons/bunch). However, it must be noted that hitting that
single line, although possible, is considered a statistically unlikely scenario. Nevertheless, hitting
one of the many modes above this frequency is much more likely, and would yield a power loss
of the order of 350 W. The mechanical design of the SMOG2 setup, as for the rest of the VELO,
should therefore account for that possibility, and temperature monitoring is recommended. It
is worth to mention that the situation in the open position is essentially the same as in Run 2
(apart from the beams, which will have higher intensity) and that the 350 W are expected to
be dissipated mostly in the sturdy (bakeable) vacuum vessel. Detailed simulations on heat
dissipation into the open SMOG2 system have been recently reported by [29]. In the extremely
pessimistic9 case of resonance shifts of ± 20 MHz, a power dissipation of 14 W into the whole
cell have been estimated. This can increase up to a factor 4 in case the two beams create the
same simultaneous dissipation. No resonant heating into the closed cell is to be expected. In
test bench RF measurements with the VELO mock-up, it was found that the situation is much
worse when the wake field suppressor shape is altered by a bridge breaking. It is therefore very
important that the mechanical structure is robust enough to keep the design shape throughout
LHC operation.

will produce e.m. wakefields (in time domain) or impedance (in frequency domain):

•

energy is lost by the beam dissipated in surrounding chambers → beam induced heating!

•

resonant kicks to following particles → instabilities → beam loss and blow up!

Section with cell

Simulations show that, in the extremely pessimistic case of
resonance shifts of ± 20 MHz, with the open cell, a power
dissipation of 14 W into the whole cell have been estimated.
This can increase up to a factor 4 in case the two beams
create the same simultaneous dissipation.
No resonant heating into the closed cell is to be expected.

Section w/o cell

Figure 34: Simulations of the VELO with SMOG2 and downstream wake field suppressor (open position):
eigenmode simulations (red dots) and longitudinal impedance from simulated wire measurements (black
line), see footnote 8.

LHC SMOG2.pdf
8
https://indico.cern.ch/event/765714/contributions/3178576/attachments/1736758/2809374/
Complete VELO with SMOG 181018.pdf
9
Definition given by the LHC Impedance Group.
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This dissipation power is aﬀordable by the system
Figure 35:

Simulations of the VELO without SMOG2, with upstream and downstream wake field

Beam Induced Depolarization
BID is based on resonant transitions caused by the
beam field acting on the polarized H-atoms in an
external guide field
Some of these resonances change nuclear polarization.
For longitudinal guide field, only the π resonances are
present. For transverse field, like at LHCspin, both π and
σ types of resonances are present

π
π
σ

Studies have been performed and by comparing the HERA data with LHC,
we conclude that resonant depolarization at the LHC via the σ2-4 transition
is negligible compared to HERA, despite the 25x higher beam current!

In order to resolve the σ24 resonances, a field homogeneity in the order of their
spacing is required (0.37 mT in the high-field limit) —> extremely homogeneous
magnet
… all this gives constraints to the T magnet

The Transverse Magnet
A transverse magnetic field:

•
•
•

>300 mm long for 10 mm diam cell
Field 0.3 T
Field homogeneity: <1%

stive'Option

z

Some of the possible solutions

Resistive

Racetrack(Coils( Superconducting

Bedstead

•
•
•
•
•
•
•
•

length 540+mm
heigth 150+mm+
150+mm+wide
cross section 10 mm x 10 mm
current density 600+A/mm2
integrated field 170 Tmm
B+cell 0.3209+T
Delta+B+12 mT

•
•
•
•
•
•
•

simple and standard
water cooling
HV power converter
heavy

ductor

Canted Cosin Theta

length 700 mm+
150+mm+wide
cross+section 10+mm+x+10+mm+
current density 300+A/mm2
integrated field 200 Tmm
B+cell 0.3052+T
Delta+B+2.9+mT

Racetrack
B

r

M.+Statera,+LHC+spin+kickoff+meeting+M Ferrara+16/7/2019

An interesting ad+fancy option
B1
• very good field
endswind
•Flare
Easy+to
ed Ends
Canted Cosin
Theta
Canted cosine
theta
• Easy+to assembly
coil
• Holes
for+ABS+and+TGA
An interesting
ad+fancy option
B1
(1+or+2+magnets)+
• very good field
INFN*GrV project BISCOTTO:
development of*BiSCCO (Tc 96*K)*and*
• suitable
for+HTS?
• Easy+to
wind

spin-kickoff-meeting-I Ferrara-16/7/2019

B2

3

by$G.$Kirby,$CERN
• Easy+to
assembly

s Vs$Superconductors
its all SC$(wire and$tapes),$perfect for$ReBCO

tot

MgB2*(Tc 39*K)*CCCT dipoles.
Winding machine*by*INFN
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Bedstead

M.+Statera,+LHC+spin+kickoff+meeting+K Ferrara+16/7/2019
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small volume
LV power converter
cryogenics
protection

Btot
B2

Very good field
Easy to wind
Easy to assembly
Holes for ABS and BRP

Atomic Beam Source and diagnostic

LHC
beam

HERMES setup

Juelich setup (II generation)

First ideas: Arrangement in the tunnel

PGT

[

Image from Google Street View of CERN LHC tunnel

View of the target area before LS2 (≤ 2018) :
Available space upstream of the VELO vessel:
• beam tube in the foreground, now with additional
Possible
• Along theSolutions:
beam about 1m, limited by shielding
sector valve for temporary installation of dediwall. Could be moved, but important for the PGT
cated experiments, e.g. ‘bent crystals’;
1) toDevelop
compact
ABS+diagnostic
Space in front of
stay as closeand
to the build
VELO as
possible!
• in green: pneumatic cylinder of all-metal valve
• In transverse direction: enough to place ABS and
GV302 /SMOG. To be replaced this shut-down
2) diagnostics
Move the
shielding
wall
upstream
in the horizontal plane (→ Bguide vertical)
by flat gate valve.

LHCb (~1.5 m)

Increasing interest from CERN and the community
unpolarised
target

Increasing interest from CERN and the community
unpolarised
target

Highlight in the CERN Annual Report

Physics Beyond Collider initiative also provided support
for dark-matter particles. A group is studying the possibility
AnnualThe
Report
of a new electron-beam facility at CERN, based on a linac 2018 for the FASER experiment proposal, a search for long-lived
particles that is situated just off the LHC tunnel, 480 m from
injecting 3.5 GeV electrons into the SPS. Accelerated to
the ATLAS interaction point. An intense preparatory phase
16 GeV, the electron beam would be sent to a dark-mattertook place with a view to installing it during LS2, following
search experiment on the Meyrin site. An expression of
approval. Studies for fixed-target experiments in the LHC
interest was submitted to the SPS committee. The SPS
continued. A gas-storage cell next to the LHCb Velo was
could also potentially serve nuSTORM, which aims to
approved for installation in LS2, and a number of options
produce a well-calibrated neutrino beam with a muon
involving crystal extraction of protons were also considered.
storage ring.
The EDM collaboration, which aims to use precision

A significant step …

In order to isolate the upstream
region of LHCb, a separation
valve has been installed, by LHC,
during the LS2.
This will allow to install the PGT
without venting the LHCb pipe
section (+VELO)

Conclusions
Undoubtably, fixed target physics at LHC is an exiting reality. In this panorama, the
step towards a polarised target looks easier
performed a great job showing the physics opportunities in the LHC
geometrical and kinematical regions

e precision of proton-proton
and
has great potentialities
in the unpolarised case showing complementarity
ollision studies with A Fixed-Target
LHCb. The polarised case seems extremely hard to reach
nt at the LHC (AFTER@LHC)

to

The R&D made for the unpolarised target constitutes a solid base for
N�P�, Univ. Paris-Sud,the
Université
Paris-Saclaypart. The key parameters of the LHCspin system are
polarised
very promising

Jean-Philippe Lansberg

Realistic scenario

il ����, University of Birmingham

If built and tested on a test bench during Run3 (2021-24), a PGT could be installed at
LHCb during the LS3 (2024-2026) and operated using a gas feed system. Installation
of the other components (ABS+diagnostic) during Technical Stops appears feasible
AFTER@LHC
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