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Abstract
“Flakes” of neutral water or oxygen molecules carrying

an electric or magnetic dipole moment can be attracted and
trapped by the electromagnetic field of the circulating LHC
proton beam. The possible presence of such flakes in the
vacuum system could explain beam losses and beam insta-
bilities encountered during the 2017 and 2018 LHC runs,
and the observed effect of an external magnetic field.

INTRODUCTION
At large accelerator laboratories, such as GSI [1],

CERN [2], or BNL [3], the vacuum pressure in the beam
pipe of storage rings ranges from 10−8 to 10−10 Pa. In cryo-
genic rings [4], the vacuum pressure 𝑝 may reach a level of
10−13 Pa or less, at a low temperature 𝑇. A low vacuum pres-
sure ensures a low density of atoms and molecules, according
to 𝑛 = 𝑝/(𝑘𝐵𝑇), with 𝑘𝐵 the Boltzmann constant. The resid-
ual gas density 𝑛 is a key quantity defining the “beam life-
time”. In fact, the presence of neutral vacuum molecules in
accelerator beam pipes lead to occasional collisions between
beam particles and vacuum molecules, which may create
several undesirable effects, ranging from the emission of
beamstrahlung photons by beam electrons or positrons, over
the stripping of electrons from partially stripped heavy-ion
beam particles, to the fragmentation of the neutral molecule
itself. The consequences of the beam-gas collisions may
vary between a mild drop in the beam lifetime to a nearly
catastrophic phenomenon, as in the case of a dynamical vac-
uum instability [5]. More generally, the presence of ionized
gas molecules or liberated electrons inside the accelerator
beam pipe can have undesired consequences, such as the
creation of an electron cloud [6–10].

In this paper, we present a study of the dynamics of
neutral molecules under the effect of the beam electromag-
netic fields. We discuss a possible accumulation of neutral
molecules in the vicinity of the beam [11], with potential
negative impact on the beam lifetime. Then, inspired by ob-
servations in the LHC [12], we examine a possible mitigation
by the installation of weak solenoid magnets.

NEUTRAL MOLECULE DYNAMICS
At first sight, neutral particles are not affected by an elec-

tromagnetic field unlike particles carrying an electric charge.
However, the situation can be different for neutral molecules
which may exhibit a non-homogeneous charge distribution.
∗ This work was supported, in part, by the European Union’s Hori-

zon 2020 Research and Innovation Programme under grant agreement
No. 101004730 (I.FAST).

To first order, this charge distribution 𝜌( ⃗𝑟) is characterized
by its electric dipole moment ⃗𝑝 = ∫ ⃗𝑟𝜌𝑀( ⃗𝑟)𝑑𝑣. A simi-
lar discussion applies to the intrinsic magnetic field of a
molecule, which may be characterized by a magnetic dipole
moment 𝜇⃗.

In general, the geometry of a molecule is not rigid, but
exhibits an equilibrium configuration of its elementary parti-
cles subject to internal restoring forces, which, for example,
give rise to natural vibration states of the molecule around an
equilibrium mechanical geometry. The frequency of these
internal oscillations is high.

The effect of an homogeneous electric or magnetic field
on a molecule with a dipole moment is to inflict a torque. If
the field is not homogeneous a net force on the center of mass
will also arise. These forces and torques are as follows [13]:

{ 𝜏⃗ = ⃗𝑝 × ⃗𝐸 + 𝜇⃗ × 𝐵⃗
⃗𝐹𝑐𝑚 = ( ⃗𝑝 ⋅ ∇) ⃗𝐸 + (𝜇⃗ ⋅ ∇)𝐵⃗ . (1)

The typical response of the molecule to a dipole-moment in-
duced torque is an oscillation with frequency 𝜔𝐸 = √𝑝𝐸/𝐼𝑖,
and 𝜔𝐵 = √𝜇𝐵/𝐼𝑖, where 𝐼𝑖 denotes the moment of inertia
of the molecule. The effect of the torque changes the ori-
entation of the molecule according to its moment of inertia
𝐼𝑖 = 𝑀𝐿2, with 𝐿 a characteristic length of the molecule
and 𝑀 the molecule mass. The change of the molecule’s
orientation angle 𝜃 is

𝑑2𝜃
𝑑𝑡2

= 𝜔2
𝐸 ̂𝑝 × ̂𝐸, (2)

where ̂𝑝 and ̂𝐸 designate unit vectors in the direction of ⃗𝑣
and ⃗𝐸, respectively. The dynamics of the center of mass is
instead governed by

𝑑2 ⃗𝑟𝑐𝑚
𝑑𝑡2

∝ 𝑝𝐸
𝑀 ( ̂𝑝 ⋅ ∇) ̂𝐸 = 𝐿2𝜔2

𝐸( ̂𝑝 ⋅ ∇) ̂𝐸. (3)

As 𝐿 is small, oscillatory rotational motion of the molecule
is much faster than the motion of its center of mass over
a distance with a significant field change. Hence, we can
approximately consider an effective dipole moment aligned
with the respective field.

We next consider the electric and magnetic field generated
by the beam in an accelerator.

EFFECT OF THE BEAM FIELD
For an axisymmetric coasting beam with a Gaus-

sian particle distribution, the strength of the electric
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and magnetic field is dependent only on the radial dis-
tance of a particle from the beam center according to
𝐵(𝑟), 𝐸(𝑟) ∝ 𝐼

𝜎
𝜎
𝑟 [1 − exp(−1

2
𝑟2

𝜎2 )] with 𝐼 the beam cur-
rent, and 𝜎 the rms beam size. Note that in Eq. (1) the elec-
tromagnetic field enters in the dynamics through the “nabla”
operator. Therefore, the effect on the center of mass is not the
usual one created by space charge forces, but it is generated
from a space derivative of a “dipole moment aligned with the
local field”. This creates an unusual force [11] sketched in
Fig. 1. For the EDM case, the force disappears at a specific
radius 𝑟𝑒, which depends only on the beam size and not on
the beam current. The dynamics of EDM neutral molecules
is complex. The timescale of the dynamics becomes more
evident after rescaling the molecule position with the rms
beam size as 𝜎 and rescaling the time to the unit 2𝜋/𝜔𝐸.
We find in Ref. [11] that the dynamics timescale of Eq. (3)
is determined by the ratio 𝐿2/𝜎2, which is extremely low
for realistic parameters, hence the difficulty in simulating
the dynamics.

Figure 1: Forces exerted on the center of mass of a molecule,
as a function of normalised transverse position. Note the
substantial difference between EDM (black markers), and
MDM (red markers), but also the difference with respect to
usual space-charge forces expected from the beam fields.

The initial conditions for the motion of the neutral
molecules is determined by the thermodynamics of the vac-
uum. At the starting point, we consider the molecules to
be in thermodynamical equilibrium, or that there transverse
rms velocity is 𝑣𝑟𝑚𝑠 = √𝑘𝐵𝑇/𝑀. Note that the forces of
Eq. (1), represented in Fig. 1, create a potential Well, which
can effectively trap neutral molecules, provided they have a
kinetic energy never large enough to escape. As the initial ki-
netic energy of a molecule can be related to an rms velocity,
directly linked to the temperature, a characteristic trapping
temperature can be associated with a specific strength of
the force in Fig. 1. Clearly this temperature results from a
combination of beam properties as beam current 𝐼, beam
size 𝜎, and the dipole moment strengths 𝑝 and 𝜇. Carrying
out the mathematics one finds that the respective trapping
temperatures 𝑇∗ for EDM and MDM molecules are

𝑇∗
𝑝 = 1

𝜋𝜖0𝑘𝐵𝑐
𝐼
𝜎𝑝, 𝑇∗

𝜇 = 1
𝜋𝜖0𝑘𝐵𝑐

𝐼
𝜎

𝜇
𝑐 ,

as shown in [11]. If 𝑇/𝑇∗ ≫ 1, we expect that neutral
molecules are not trapped by the electromagnetic beam field.

If a significant portion of molecules is trapped, the oscilla-
tions of the molecules around equilibrium radius produce an
enhanced density structure, evolving with time as is shown
in Fig. 2: here the horizontal axis represent the time in units
of linear oscillation periods around the equilibrium radius 𝑟𝑒.
Note that this picture will change according to the ratio of the
actual gas temperature 𝑇 and 𝑇∗. The density enhancement
increases for a smaller ratio of 𝑇/𝑇∗. If heavy flakes are
formed, e.g. each consisting of 𝑁 molecules, their trapping
temperature 𝑇∗

𝑓 = 𝑁𝑇∗ is larger than the 𝑇∗ of individual
molecules, which, therefore, enhances the density increase,
and could lead to some of the potential problems described
in the Introduction.

Figure 2: Radial density evolution for EDM molecules for
𝑇/𝑇∗

𝑝 = 0.05.

MITIGATION BY SOLENOIDS
The alignment of the dipole moment to the correspon-

dent field is influenced not only by the beam field, but by
external fields as well. For example, the dynamics of MDM
molecules will be affected by adding an external magnetic
field, such as the one created by a solenoid. It is notewor-
thy that, in the LHC Run 2, the installation of a local 60 G
solenoid at a particular, critical location “16L2”, with a sus-
pected surface layer of frozen air molecules, was effective in
suppressing locally induced beam loss and instabilities [12].

The total magnetic field 𝐵⃗ is now the results of the sum
of the beam and solenoid fields, and the MDM is consid-
ered aligned to 𝐵⃗. In this situation the potential Well will
be changed, and hence 𝑇∗. The key parameter is the ratio
of the maximum solenoidal field over the maximum beam
field, 𝜒 = 𝐵𝑠,max/𝐵𝑏,max. Given a gas temperature 𝑇, and
fixing the value of 𝜒, we obtain a corresponding 𝑇∗: when
𝑇/𝑇∗ > 1 trapping will become difficult, and a beneficial
disruption of the neutral molecule dynamics will result.

As an alternative to the procedure just sketched, we can
estimate the impact of a solenoid also as follows. Through
a direct integration of the magnetic field created by each
tiny segment of the solenoid coils we compute the exact
local solenoid field at the position of a molecule. We then
apply Eq. (1) assuming that the dipole field is aligned with
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the local solenoidal field. The result of this procedure is
shown in Fig. 3, we call 𝐿𝑠 the solenoid length, and 𝑅𝑠 is the
solenoid radius. The quantity 𝐹 is a scaled force obtained
by replacing the dipole moment by a unity vector and nor-
malising the magnetic field to its maximum, namely 𝜇⃗ → 𝜇̂,
𝐵⃗ → 𝐵̂. The curves in Fig. 3 were computed at a radial
position 𝑟 = 0.1𝑅𝑠 and 𝑟 = 0.9𝑅𝑠. From this picture the
actual physical force can be obtained as 𝐹 = (𝜇𝐵max/𝑅𝑠)𝐹,
with 𝐵max the field at the solenoid center (transverse and
longitudinal). The solenoid becomes effective in mitigating
the beam induced dynamics when the force it generates is
of the same order of magnitude as of the force induced by
the beam electromagnetic field.

Figure 3: Normalised force at several longitudinal positions.
The solenoid coil extends over negative 𝑧 values and ends at
𝑧 = 0. Shown in red is the resulting radial force, and in blue
the longitudinal one. The radial position of the particle is
at 𝑟 = 0.9𝑅𝑠 (solid) and 𝑟 = 0.1𝑅𝑠 (dotted). The results are
relatively insensitive to 𝐿𝑠/𝑅𝑠 as long as 𝐿𝑠/𝑅𝑠 > 10.

According to the analysis of Ref. [11], the maximum value
of the force exerted on a molecule due to the beam field
is 𝐹max = 𝑘𝐵𝑇∗

𝜇/(4𝜎). Hence, a beneficial effect of the
solenoid is expected if (𝜇𝐵max/𝑅𝑠)𝐹 ≥ 𝑘𝐵𝑇∗

𝜇/(4𝜎), namely
for a maximum solenoidal field of

𝐵max ≥ 1
4

𝑅𝑠
𝜎

𝑘𝐵
𝜇

1
𝐹𝑇∗

𝜇. (4)

Figure 3 shows that the contribution of the solenoid is max-
imum at its end region, where the field gradient is the
strongest (fringe field). Hence, as a first exploratory step we
inspect when these regions of the solenoids may disrupt the
molecular dynamics induced by the electromagnetic beam
field. From Fig. 3 we deduce a reference value 𝐹 ≃ 0.5 as
a typical average value of the transverse and longitudinal
normalized forces in the solenoid fringe-field region.

Considering a gas of MDM molecules like O2 with
𝜇 = 2.8 BM (units of Bohr magneton) and an LHC beam
at injection energy with an average current of 𝐼 ≈ 0.5 A
and 𝜎 ≈ 2 mm, we find 𝑇∗

𝜇 = 8 mK. For a solenoid with
𝑅𝑠/𝜎 = 10, Eq. (4) then yields 𝐵max ≥ 30 G, two times
lower than the 60 G field successfully applied in the LHC.

We note that the required 𝐵max increases, by about a factor
of 7, as the LHC beam size shrinks during acceleration to
top energy. However, in the above estimate we compared
the force from the solenoid with the strongest possible effect
of the beam. Most molecules participating in the build up
originate in outer regions of the beam pipe, where the beam
force is weaker, and where, hence, a weaker solenoid suffices
to prevent their attraction by the beam field.

Interestingly, Eq. (4) holds even in the case of flake forma-
tion [11]. In fact, for an arbitrary clustering process involving
𝑁 molecules, the flake trapping temperature is 𝑇∗

𝜇,𝑓 = 𝑁𝑇∗
𝜇,

and the magnetic dipole moment of the flake 𝜇𝑓 ≈ 𝑁𝜇, so
that 𝑇∗

𝜇,𝑓/𝜇𝑓 = 𝑇∗
𝜇/𝜇. In consequence, the impact of the

solenoid on the density enhancement changes with the type
of clustering. For a situation with no flakes, the trapping
temperature is extremely low (𝑇∗

𝜇 = 8 mK) compared with
the LHC beamscreen temperature of 𝑇 ≈ 5 K. Hence, no
enhancement of the density of molecules should be possible,
even without solenoid, and the dynamics of single residual
gas molecules is dominated by their thermal motion.

However, in case a flake formation happened, larger
molecule aggregates have a larger trapping temperature,
which would reduce 𝑇/𝑇∗

𝜇, allowing, in the absence of a
solenoid, the formation of regions of higher density through
a pinch-like dynamics, as in Fig. 2 (see Ref. [11] for more de-
tails). Here, for heavy flakes, the solenoid has an important
effect, especially in the vicinity of the solenoid edges.

Although we do not know the exact processes leading to
flake formation at cryogenic temperature in the LHC and
neither the size of such flakes, the properties of Eq. (4)
reveal that the disruptive action of the solenoid remains the
same, independently of the flake mass. This implies that
the solenoid will prevent heavy flakes from constructing a
coherent pinch-like dynamics, irrespective of their trapping
temperature 𝑇∗

𝜇,𝑓. This property is remarkable: the solenoid
allows solving a problem without exactly knowing how bad
it is: once 𝐵 complies with Eq. (4), the higher 𝑇∗

𝜇 the more
effective will be the solenoid in avoiding a density increase.
At last, we have found an example of a good fringe field!

OUTLOOK
A first analysis was presented of the effect of a solenoid

on the motion of neutral molecules with a magnetic dipole
moment subject to the electromagnetic beam field. We have
argued that if the solenoid field creates a force comparable of
the one from the beam, the pinch mechanism is disrupted and
regions of enhanced molecule density can no longer form in
the vicinity of the beam. While, in the future, more detailed
studies and simulations can be carried out, the results of this
first study could already serve to motivate the application of
weak solenoids in regions with suspected flake formation.
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