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Abstract 
Long-range beam-beam (LRBB) interactions can be a 

source of emittance growth and beam losses in the LHC 
during physics and will become even more relevant with 
the smaller β* and higher bunch intensities foreseen for 
the High Luminosity LHC upgrade (HL-LHC), in particu-
lar if operated without crab cavities. Both beam losses 
and emittance growth could be mitigated by compensat-
ing the non-linear LRBB kick with a correctly placed 
current carrying wire. Such a compensation scheme is 
currently being studied in the LHC through a demonstra-
tion test using current-bearing wires embedded into col-
limator jaws, installed either side of the high luminosity 
interaction regions. For HL-LHC two options are consid-
ered, a current-bearing wire as for the demonstrator, or 
electron lenses, as the ideal distance between the particle 
beam and compensating current may be too small to allow 
the use of solid materials. This paper reports on the ongo-
ing activities for both options, covering the progress of 
the wire-in-jaw collimators, the foreseen LRBB experi-
ments at the LHC, and first considerations for the design 
of the electron lenses to ultimately replace material wires 
for HL-LHC. 

INTRODUCTION 
Parasitic beam-beam encounters in the interaction re-

gions, called Long-Range Beam-Beam interactions, have 
been recognised to have significant adverse effects on the 
beam in high intensity accelerators like the CERN LHC 
and HL-LHC [1]. Alternating the crossing plane in the 
two low-beta collision points only compensates for the 
linear part of these interactions. At LHC and HL-LHC, 
the remaining non-linear long-range kick still leads to a 
decrease of dynamic aperture down to ~ 6σ [1], [2], [3], 
[4], entailing a degradation of the beam lifetime and ulti-
mately machine performance. A simple method to correct 
both linear and non-linear perturbations was proposed in 
[5], using the electro-magnetic field of a current carrying 
wire placed at a specific distance from the beam. A first 
demonstration of the concept was performed in the CERN 
SPS from 2002 to 2012 [6] using two ‘wire’ compensa-
tors, one to perturb and the other to correct. Although this 
did not directly demonstrate LRBB compensation, the 
results obtained confirmed simulations, suggesting that 
wire compensators could significantly increase the opera-
tional flexibility and performance of the LHC. As the 

BBLR compensation is an integral part of an HL-LHC 
alternative scenario with flat optics [7], [8] it was essen-
tial to pursue the study in the LHC itself with wire-in-jaw 
collimators, installed around the CMS (2017) and ATLAS 
(2018) experiments, to directly demonstrate compensation 
[5], [9], [10]. This paper presents the progress with the 
LHC demonstrator tests to be performed in 2017 and 
gives an outlook for possible further installations in 2018. 
It also shows some preliminary results of investigations 
for HL-LHC, where electron beams are being studied as a 
replacement for current carrying wires. 

WIRE COMPENSATION IN THE LHC 
It has been shown in numerical simulations that LRBB 

effects can be mitigated using wires [5], [10]. In order to 
correct all driving terms, the compensation has to be 
performed locally and symmetrically left and right of the 
collision points, in the plane of crossing. The current 
should correspond to the average current of all bunches 
undergoing long-range interactions,  equivalent to 100A 
for LHC, and 200A for HL-LHC [10]. Inherent to the 
optics, the best location to place the wires are where the 
beam β-function has an aspect ratio βx(y)/βy(x)=1.8 for 
LHC, and 2 for HL-LHC. The left and right wires should 
be at a normalized distance 15-20% larger (or smaller) 
than the crossing angle for the wire on the side of the 
smallest (or largest) beta [11]. For the LHC demonstrator 
tests the wire is embedded in a collimator jaw (see Figure 
2), the only object able to approach close to the intense 
LHC bunches. Suitable locations could be found in IR5 
(CMS) by replacing existing tertiary (TCT) and physics 
debris (TCL4) collimators, where βx/βy=1.41 and 0.7 
respectively for the optics foreseen for 2017 run [7].  

Figure 1: Impact of 2 wires on lifetime with left collima-
tor jaw at 6 collimation σ (ε = 3.5µm.rad), as a function of 
optics, crossing angle and emittance [12].  ____________________________________________ 
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The wires can thereby approach the beam in the 
crossing plane and bear a high current (design value of 
350A). Nevertheless, due to mechanical constraints, the 
distance of the center of the wire to the surface of the jaw 
is 3 mm (see Figure 3), i.e. 5 to 8 beam σ depending on 
the collimator, limiting the minimum wire-beam 
separation. In this configuration, using a large emittance 
bunch (ε = 5µm.rad) to probe the long-range beam-beam 
interactions from a train of nominal bunches, simulations 
show that wire compensation of the octupolar driving 
term can be clearly demonstrated by measuring the beam 
lifetime at various crossing angles [12] (Figure 1). 

In IR1 (ATLAS) the crossing is vertical, while the TCL 
collimators are horizontal. Since the closest available slot 
for a vertical wire, behind Q4, would have a defavourable 
β-function aspect ratio, it was decided [13] to postpone 
the installation in IR1.  

WIRE-IN-JAW COLLIMATORS 
Wire-in-jaw collimators have a tungsten jaw into which 

a copper wire with a thin silicon dioxide insulator is em-
bedded [13], [14].  These wires can be placed parallel to 
the beam at variable distances (accuracy ~ 20 µm), and 
can carry high current (up to 350 A). 

Figure 2: Section view of a TCTW collimator. 

Thermo-Mechanical Analysis 
The design main challenge was to embed an electrical 

wire in a jaw while maintaining the complete machine 
protection and beam cleaning functionality of the tertiary 
collimator. When the wire is powered at 378 A (slightly 
higher than the specified maximum of 350 A), the thermal 
load generated by the Joule effect and absorbed by the 
jaw is ~ 1 kW. For comparison, the thermal losses on a 
jaw induced by the beam shower intercepted are estimat-
ed to be < 0.4 kW. In order to evacuate the 1 kW load, the 
wire is brazed to a Glidcop “T” shaped support (see Fig-
ure 2), minimizing the thermal resistance between the 
wire and the cooling pipes. The tungsten block is in turn 
pressed against the Glidcop support by means of screws. 
A small gap (0.1 mm) between the wire and the tungsten 
insert avoids the generation of stresses by Hertz contact 
on the insert (Figure 3). Outside the collimator jaw, the 
wire diameter is increased from 2.48 to 3.45 mm to 
decrease the Joule losses. To assess the behaviour of the 
collimator in operation, temperatures, stresses and 
deformations reached in the jaw with a 350 A wire 
current were estimated, and a beam impact scenario 
(asynchronous beam dump) was analysed. At 350 A, with 

nominal water cooling in the jaw, a maximum wire 
temperature of 260°C is reached (Fig. 4) leading to a 
predicted thermally-induced deflection of 150 µm. The 
rest of the jaw remains at the cooling water temperature 
of ~27°C. In the case of direct beam impact, the threshold 
of plastic deformation for the jaw occurs for a proton 
bunch intensity of 5.109. This is the same as for a standard 
tertiary collimator, showing that robustness is not 
compromised. 

Figure 3: Mechanical analysis of the assembly of the 
tungsten block and Glidcop support. 

Figure 4: Wire temperature profile at 200 A (right hand 
side, with maximum ~75°C) and 350 A (left hand side, 
with maximum ~260°C) estimated with active cooling. 

Tests on a Wire-in-Jaw Prototype 
A full jaw prototype has been tested under high vacuum 

(1×10-9 mbar), with current up to 350 A to bechmark the 
thermo-mechanical analysis. Additional temperature 
sensors were added to the standard jaw sensors to 
measure portions of the wire exiting the jaw and not 
actively cooled. When the jaw and wire are cooled 
(Figure 5), the hottest point of the wire is measured close 
to the elbow where the wire exits the collimator block, as 
was also found in simulations. It should be noted that the 

Figure 5: Temperature evolution along the wire with cur-
rent ramped up to 350 A. 

cooling circuit used during the tests was under-
dimensioned, with the water outlet ~ 20°C warmer than 
the inlet. Up to 200 A the measurements compare very 

Tungsten inserts 
(Inermet® IT180) 

Cooling pipes 
CuNi10 

Glidcop Al-15 housing 
and back stiffener 

BBLRC wire 

Glidcop “T” support 

0 

20 

40 

60 

80 

100 

120 

0 

50 

100 

150 

200 

250 

300 

350 

14:24 14:52 15:21 15:50 16:19 16:48 17:16 17:45 

 w
ire

 te
m
pe

ra
tu
re

 (°
C)

 

w
ire

 cu
rr
en

t (
A)

 

wire current water outlet 
water inlet T1 stardard jaw sensor 
T2 elbow (inlet) T3 cooling tube (inlet) 
T4 flange brazing (inlet) T5 stardard jaw sensor 
T6 elbow (outlet) T7 cooling tube (outlet) 
T8 flange brazing (outlet) 

Proceedings of IPAC2017, Copenhagen, Denmark TUPVA115

01 Circular and Linear Colliders
A01 Hadron Colliders

ISBN 978-3-95450-182-3
2359 Co

py
rig

ht
©

20
17

CC
-B

Y-
3.

0
an

d
by

th
er

es
pe

ct
iv

ea
ut

ho
rs



well to values found in the simulations, while for higher 
currents, due to the limited cooling power, the tempera-
ture does not reach steady state. 

FIRST INVESTIGATIONS OF ELECTRON 
BEAMS FOR LRBB COMPENSATION IN 

HL-LHC 
The feasibility of replacing the solid wires with elec-

tron beams [15] for LRBB compensation in the HL-LHC 
is currently under study. So-called “electron-lenses” are 
magnetically confined, low-energy electron beams, with 
electromagnetic fields that can affect the circulating pro-
ton (or ion) beam. Such an ‘electron wire’ would provide 
a non-material wire that could approach the circulating 
proton beam without the possibility of damage or exces-
sive beam loss. Space for such structures has been re-
served in the HL-LHC layout at locations where the β-
function aspect ratios are close to 2 and 0.5, between the 
Q4 and Q5 matching quadrupoles (at ~190 m from the 
interaction points). Here the proton beam β-function is ≈
500 m, corresponding to a σ of 0.4 mm (at nominal 
emittance ε = 2.5 µm.rad). This translates in a required 
transverse distance of the wire with respect to the 
circulating beam (~10 σ [10]) of the order of 4 mm. To 
avoid overlapping with the circulating proton beam, the 
electron beam must therefore be confined to a transverse 
size of 1 to 2 mm. For a bunch intensity of Np = 2.2×1011

protons [16] each LRBB interaction corresponds to an 
equivalent current of 10.56 Am [10]. This would lead to 
an integrated current of ~ 200 Am for each of the two 
wires, assuming 19 LRBB interactions. Co-propagating 
electrons (as needed for compensation) travelling at a 
velocity βe = ve/c produce a kick which is amplified by the 
factor (1+βpβe)/βpβe, where the proton velocity βp ≈ 1 and 
electron velocity βe is 0.28 to 0.31 for reasonable acceler-
ating potentials (20 to 25 kV).  

Figure 5: Potential of 20 A electron beam initially accel-
erated to 25 kV. A virtual cathode is formed as the elec-
tron beam is compressed  
To obtain the equivalent of 200Am therefore implies an 
electron current of 15 - 20 A over a length of 3 - 5 m per 
lens. This corresponds to a very high-density beam, large-
ly dominated by space charge effects, which needs to be 
confined by high solenoid fields. The ultimate value of 
the magnetic field of the main solenoid will depend on 
how small a beam can be produced at the cathode, which 
will then be magnetically compressed by a factor 
f = Bmain /Bcathode  to the required size (where Bmain and

Bcathode are the magnetic field in the main and cathode 

solenoids respectively). At present the largest current 
density achieved at a cathode surface is ~15 A/cm2 [17], 
[18], [19]. 

First feasibility studies on such systems were 
performed using a geometry designed for a hollow 
electron lens, foreseen for collimation [20]. A cathode 
size of 1 cm2 was assumed, with Bmain = 5 T and Bcathode = 
0.2 T (f = 5). With compression, the electron beam 
potential decreases, and if the initial potential is not large 
enough, a ‘virtual cathode’ ( = 0 V in Figure 5) can be 
generated, causing the electrons to be reflected 
backwards. The minimum initial potential (Uanode) 
depends on the electron current and the beam perveance. 
For an infinitely long tube and a ratio between the 
vacuum chamber radius and the electron beam radius 
Rt Rb , the perveance can be expressed as [20], [21], [22]:

Pt =
2e m3 3 4πε0lnRt Rb . From simulations it was found that for 

a 80 mm diameter vacuum chamber, Uanode ≥ 35 kV is 
required. At Uanode = 35 kV, the average energy at the 
main solenoid is estimated to be ~20 keV (Figure 6). The 
actual size of the electron beam is found to be 2.5 × 3 mm 
with a distortion observed due to effect of the large 
opening at the intersection between the electron injection 
line and proton beam line. One solution (shown in Figure 
6) is to add a longer taper to the electron injection line.

Figure 6: Transverse electron profile for a 20A - 35 kV 
source. The radial energy distribution and transverse 
dimensions are shown for 2 different pipe geometries. 

CONCLUSIONS 
Long Range Beam-Beam interactions can be mitigated 

by compensating with a correctly positioned and dimen-
sioned current carrying wire or an electron beam. Wire-in-
jaw collimators with this purpose in mind have been de-
signed, tested and installed in the LHC left and right of 
IR5. Simulations show that improvements in beam life-
time should be observed during machine tests foreseen for 
2017, hopefully confirming for the first time the ability of 
such schemes to enhance machine performance by allow-
ing a reduction in the crossing angle for long-range beam-
beam limited machines. 

Investigations are also underway to replace current car-
rying wires with electron beams for HL-LHC. Further 
studies are required to find the optimal configuration, 
minimise the required electron current, and check the 
effect of electron beam size, asymmetries and imperfec-
tions on the proton beam.  
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