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Chapter I

Introduction

The former Low Energy Antiproton Ring (LEAR) is being converted to a Low Energy Ion Ring
(LEIR) for ion accumulation for the LHC [40]. A scheme for accumulation of Lead ions has
already been investigated [14], and at present the accumulation time as well as the number of
accumulated ions are about a factor of 2 from the design goal.

During these experiments it was observed that the vacuum in the machine increased with the
increased beam intensity, this again lead to increased losses - which turned out to be a limitation
to the final maximum intensities which could be attained.

In this note we first investigate the various mechanisms responsible for particle losses in
LEAR. Among these mechanisms charge-exchange is the most dominant, and using measured
values for cross sections for the different reactions we estimate the expected loss rates in LEAR
and compare with earlier results on LEAR.

The next step is a study on how the beam and the beam losses affects the vacuum of the
machine. Two main mechanism are investigated. One mechanism is due to the beam induced
ionization of the residual gas, which is therefore investigated. As the ionized residual gas caused
problems in the former ISR, this is investigated in some detail and comparisons are made. Finally
we study the effect of direct losses impinging on the vacuum chamber of the machine.

The purpose of these studies is to identify the mechanism responsible for the pressure rise
observed in LEAR during accumulation, and suggest possible remedies for this problem.
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Chapter II

Particle Losses

A first step in evaluating the mechanisms responsible for the pressure rise and following degrada-
tion of the lifetime and therefore the maximum accumulated intensity in the LEAR experiments
is to understand which mechanisms governs the particle losses in the experiments.

Therefore, possible mechanisms for beam loss are identified and studied and the influence in
the present experiments is evaluated and the mechanisms responsible in the LEAR experiments
are identified. This follows to some extent studies which have already been done, but as the
information is needed in order to evaluate the influence of vacuum changes on the beam loss
the discussion has been included. Some additional information which has not been included in
earlier, published, studies is also included.

2.1 Mechanisms for beam deterioration

In the following we list and briefly discuss the known mechanisms which can lead to particle
losses from particle beams. Following that we will then discuss the various mechanisms in detail
in order that we can evaluate the contribution to the actual beam loss caused by each of them.

1. Electron capture and electron loss processes in interactions with the residual gas may cause
charge change of the circulating particles which may again cause these to exceed the ac-
ceptance of the machine and therefore be lost. The interaction with the electrons in the
electron cooler is also important [14, 62].

2. Multiple Coulomb scattering on the nuclei of the residual gas leads to emittance growth,
and will if not countered eventually lead to a beam larger than the machine acceptance and
thereby cause losses.

3. Intra beam scattering equilibrates the beams three degrees of freedom, and through the
storage ring lattice energy from the total kinetic energy of the beam is coupled into the
relative motion in the center-of-mass, which cause emittance growth.
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4. Single Coulomb scattering on the nuclei of the residual gas are large angle Coulomb scat-
tering events which, in one event, cause a beam particle to be scattered outside the accep-
tance of the machine, and thereby lost.

5. Single Coulomb scattering in the beam (Touschek effect) is caused by large angle Coulomb
collisions inside the beam. This effect leads to tails in momentum as well as in emittance,
these tails may eventually be outside the acceptance of the machine. This effect is most
pronounced in electron machines, where the difference between the transverse and the
longitudinal temperature may be large [10].

6. Nuclear collisions with the residual gas cause immediate particle loss, but are only im-
portant at high energies where the particle may get close enough for the nuclear forces to
reach, and where the other effects have become negligible.

7. Instabilities can be caused by mistuning of the ring, which cause the betatron tune to be
resonant with the ring periodicity, these lead to particle losses. By careful operation these
can usually be avoided.

In the following discussion we will not consider emittance augmenting mechanisms as these
will be assumed countered by electron cooling as in the tested scheme for accumulation. How-
ever, these may be important as the speed of the cooling is important in order to reach the design
accumulation time, which in the experiments so far is about a factor 2 to long [14].

Furthermore nuclear interactions lead to cross sections which are very small at the studied
energy of 4.2 MeV/amu, and we will therefore not concern ourselves with nuclear interactions
[45]. As instabilities is a phenomenon which is well understood and methods to avoid losses due
to these are well known we shall not discuss them here either.

2.2 Scattering of beam particles

We discussed several of these techniques in a recent note [45]. As mentioned in that note and
above only single Coulomb scattering is important for losses at relatively low energies in a cooled
stored proton beam. In Ref. [45] the loss rate due to single Coulomb scattering of (anti)protons
was found. Ignoring the electrons around the nuclei, who contribute an energy loss rather than a
scattering [38], we can extend this result to Lead ions with a nuclear charge Z. In doing this we
need to take into account that the lead ions are heavier than the residual gas atoms (mass number
A). We find a loss rate given by1

Γ =
2πZ2r2

pcnsc

A2γ2β3

(
βh

εaccep,h

+
βv

εv

)
(2.1)

1The calculation in Ref. [45] assumes that the mass of the projectile is larger than the target. This is not
the case here, however the scattering angles are still relatively small and the equation can therefore still be used
approximatively [60].
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where rp = 1.535·10−18 m is the classical proton radius, γ and β are relativistic factors, εaccep is
the acceptance of the machine, βh,v the ring averaged beta functions, c the speed of light and nsc

the single Coulomb scattering density given by

nsc =
∑

Zi
2ni (2.2)

where ni and Zi are the densities and nuclear charge numbers of the residual gas constituents.
The vacuum composition and LEAR parameters are given in appendix A. With the standard
LEAR vacuum of 5·10−12 Torr and various measured compositions given in Table A.2 and Table
A.4 the multiple scattering density is in the range 1.6·1012 m−3 to 1.0·1013 m−3. These densities
results in loss rates in the range of 10−7 s−1 to 10−6 s−1, which are very small compared to the
observed rates in Ref. [14] (0.06 s−1 to 0.1 s−1). It must therefore, as mentioned in Ref. [14], be
charge-exchange with the residual gas which dominates.

2.3 Charge-exchange processes

Charge-exchange processes consists of electron capture processes and electron loss processes.
The equilibrium charge state is the charge state at which the probability for loss and capture
are equal. This means that if a particle is passing through a medium it will eventually be in an
equilibrium charge state depending on that medium. An approximate formula for the equilibrium
charge state for a heavy ion with nuclear charge number Z and velocity β passing through a
gaseous medium is given in [26]

q̄ ≈ Z

(
1 − exp

(
− β

αsZ0.67

))
(2.3)

where αs = 1/137 is the fine structure constant. For Pb ions with a velocity β = 0.094 we find
that q̄ ≈ 40. As the charge state of interest for the LEIR is Pb54+, we expect electron capture
processes to be the dominant charge-exchange process.

In order to calculate the beam particle loss rate we can use a series of measurements on the
electron capture and loss cross sections of 4.66 MeV/amu Pb54+ ions done by Graham et al. [31].
The measurements are reproduced in Table 2.1.

Adding these cross sections and assuming that any of the reactions will cause loss of the ion,
we find that the total loss rate is given by

Γc−ex = βc
∑

niσi (2.4)

where σi is the cross section for the given species and ni is its absolute density in the vacuum
chamber. If we assume that the vacuum (5·10−12 Torr) is only Hydrogen we find a loss rate of
7.4·10−4 s−1 - much lower than the observed loss rates.

In Ref. [56] is given an empirical scaling law for the cross sections which is based on all
the data measured by Graham and others. As our standard vacuum contains both Oxygen and
Carbon we need to take these into account, especially as it seems that the loss contribution from
collisions with Hydrogen is negligible compared to the observed losses.
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Target σq,q−1 σq,q−2 σq,q+1 σq,q+2 σtot

(1H)2 0.38 0.021 0.25 0.65
2He 0.89 0.28 1.17
(7N)2 88 9.0 3.2 100
10Ne 48 10.3 1.8 0.23 60.3
18Ar 83 21 2.5 106.5
54Xe 75 26 3.9 105

Table 2.1: Cross sections for electron capture and electron loss processes for 4.66 MeV/amu
Pb54+ ions incident on various targets. The typical uncertainty in these values is ±5% [31]. The
unit of the cross sections is 10−18 cm2/atom (10−18 cm2/molecule for H2 and N2 targets.

The scaling law for single electron-capture is as follows

σ̃sc =
1.1 · 10−8

Ẽ4.8

[
1 − exp(−0.037Ẽ2.2)

]
×
[
1 − exp(−2.44 · 10−5Ẽ2.6)

]
(2.5)

where the so-called reduced (kinetic) energy Ẽ and reduced cross section σ̃ are connected to the
physical values by

σ̃sc = σsc
Z1.8

t

q0.5
; Ẽ =

E

Z1.25
t q0.7

[keV/amu] (2.6)

One interesting facet of this empirical scaling law is that is it valid for a rather large energy
range Ek (0.3 to 8.5 MeV/amu) as well as a large range of charge states q (3+ to 59+). Further-
more it is independent of the chemical nature of the projectile, i.e. it depends only on its charge
state. Figure 2.1 shows a comparison of data for Pb54+ ions and this scaling law. In the figure
is also shown results from Franzke’s formula [25], which has been used in earlier studies [40].
Franzke introduces two formulas one for electron capture and one for electron loss, these are
given as

σC = 2.0 · 10−24 q̄2q̄T

Z0.5(γ2 − 1)2

(
q

q̄

)2

cm2/atom ; Z ≥ 36 ; γ < 1.1 (2.7)

σL = 3.0 · 10−18+(0.71 log Z)3/2 q̄T

q̄2
√

γ2 − 1

(
q

q̄

)−4

cm2/atom ; Z ≥ 36; γ < 1.1 (2.8)

for high charge states q > q̄. The parameters q̄ and q̄T are the equilibrium charge states for
projectiles of velocity β of the projectile and target respectively given by equation (2.3).

It should be noted that Franzke’s formula is supposed to calculate the total electron capture
(loss) cross section. Schlachter’s scaling rule for electron capture is for single electron capture.
The contribution from higher order interactions is usually less than 20%, however as none of the
two equations predict the cross sections with a precision of this order Schlachter’s formula has
been chosen for this work as it seems to follow the cross section variation with target better than
Franzke’s, especially for the lighter targets which are abundant in vacuum systems.
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Figure 2.1: Left: Single electron capture cross sections for Pb54+ ions. The points are experi-
mental results [31], the solid line an empirical scaling law from Ref. [56] and the long dashed
line is Franzke’s formula eqn. (2.7). Right: Electron loss cross sections for Pb54+ ions at 4.66
MeV/amu. The solid line is Franzke’s loss formula eqn. (2.8).

The right plot in Figure 2.1 shows the cross sections for single electron loss, together with
equation (2.8). It is interesting to note that the energy dependence seems to be wrong in eqn.
(2.8), a conclusion which we deduce from the fact that the equation was originally fitted to
experimental data taken at an energy of 1.4 MeV/amu [25]. However, from the experiments
discussed in Ref. [57] we find that the loss cross section does not depend strongly on energy in
the energy regime 3 - 9 MeV/amu - thus the loss cross sections measured at 4.66 MeV/amu can
be used at 4.2 MeV/amu. No cross sections for electron loss in Oxygen or Carbon has been found
in the literature, but from Figure 2.1 we conclude that we can approximate the scaling around
these Z values to be linear in Z, thus we estimate the cross sections for Oxygen and Carbon
atoms by calculating ZO,C/ZN ·σloss(N) (the precision is anyway not much better than 20% thus
there is no point in going into more detail).

In Table A.7 in the appendix we have calculated the loss rates for 8 different vacuum compo-
sitions with the same absolute pressure of 5·10−12 Torr. These calculations results in loss rates in
the range 5.5·10−3 s−1 to 3.6·10−2 s−1. The measured loss rates given in Ref. [14] vary between
5·10−2 s−1 and 1·10−1 s−1. As the pressure in LEAR at times could easily be 10−11 Torr, there
seems to be a reasonable agreement between the observed and the calculated loss rates.

A loss rate of 5·10−2 s−1 corresponds to 5·106 ions being lost per second for a beam of 108

particles, and thus impinging on the chamber walls with more or less their full energy of 4.2
MeV/amu. Furthermore the injection efficiency was about 50%, thus with a continuous supply
of 108 ions every 0.4 s, about 1·108 are lost on the chamber walls per second (i.e. the losses due
to the beam lifetime are negligible in this context).
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2.4 Loss dynamics

In the previous sections we have argued that most losses occur due to charge-exchange processes,
and that the dominant part of these are electron capture processes.

It is interesting to consider what happens after a charge-changing collision as the loss mecha-
nism and hence the angle of impact of the lost particle on the vacuum chamber may be important
for the influence of the loss on the vacuum of the machine.

Particles in a storage ring like LEAR are confined by magnetic forces, thus the influence of a
charge change can be understood by a glance at the Lorentz force [38]

F = q
(
E +

v

c
×B

)
(2.9)

where E is the electrical field, which is zero in our case, v the velocity of the particle, c the speed
of light and B the magnetic field.

From the Lorentz force we see that a change in the charge has the same influence as a change
in the velocity. The lead ions in question here are non-relativistic, thus a change in velocity
corresponds to a change in momentum, and a change in momentum leads to a change of the
equilibrium orbit. The equilibrium orbit of a particle with a momentum deviation compared to
the ideal particle is the dispersion orbit, which to first order is given by

x(s) = D(s)
∆p

p
(2.10)

where D(s) is the dispersion function and x(s) is the local deviation of the orbit. Due to the
Lorenz force we may consider a charge change the same way we consider a momentum change,
thus all the limitations and rules regarding ∆p/p are equivalent for ∆q/q. This means that the
longitudinal acceptance of the machine can be used. The longitudinal acceptance given in Table
A.1 is ± 4·10−3. As a change of the ion charge by one corresponds to ∆q/q = 2·10−2 is it
clear that the particles are lost with just one charge change. Until the loss they will follow the
dispersion orbit, and they will thus be scraped at some acceptance limiting point. This simple
consideration is in agreement with the variation of the pressure rise around the ring observed
in Ref. [14]. Thus it depends on the nature of the acceptance limitations whether the particle
will be lost with a large or small angle of incidence on the chamber walls, a fact which may
be important as the interaction of a particle with a surface may depend strongly on its angle of
incidence [41, 59].

2.5 Summary

We have looked at a few mechanisms causing beam loss in the machine in order to establish
which changes are needed in order to increase the loss rate as observed in LEAR. We observe
that non-Hydrogen components in the vacuum severely affects the lifetime of the beam and
should therefore be kept to a minimum. The large influence of non-Hydrogen constituents in the
vacuum manifests itself due to a scaling with ≈ Z 2.5

t for Zt < 10.
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Most of the lost Pb ions will impinge on the vacuum chamber walls with essentially the
nominal energy and it is therefore interesting to study their desorption yield compared to the
influence of the ionized rest-gas ions. It is worth noting that the bulk of the directly lost particles
actually stems from a bad injection efficiency, thus if these turn out to be responsible for the
pressure rise, a lot may be gained from improving the injection efficiency.
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Chapter III

Beam induced vacuum changes

As we saw in the previous section the residual gas has a large impact on the beam lifetime and
quality. However, the opposite is also the case, that is that the passage of the beam through
the residual gas influence the residual gas. Significant influence has been observed at several
machines around the world. The observed effects can be summarized as follows

1. The passage of the beam ionizes the residual gas. If the beam is positive (protons, most
ions) the ions created will be accelerated away from the beam and onto the vacuum cham-
ber, where they may cause desorption of adsorbed gas molecules1.

2. Collisions of lost particles with the vacuum chamber walls may induce desorption of ad-
sorbed gas molecules directly.

3.1 Ionization of the residual gas

Ionization of the residual gas, is a problem which has already been studied intensively in high
energy machines such as the ISR [32], where instabilities due to acceleration of beam induced
rest-gas ions in the space-charge field from the beam arose. This has also been studied intensively
for the future LHC [18].

The rate of ionization of the residual gas is therefore important. As the problems encountered
in the experiments described in Ref. [14] never were observed with antiproton or proton storage
in LEAR one may suspect that the ionization rate and the following desorption could be increased
by the change to a Pb54+ beam.

The cross section for ionization by fast singly charged particles can be described by the Bethe
formula [30], which is given by

σBethe = 4πa2
0

α2

β2
×
{
M2

ion

[
ln

(
β2

1 − β2

)
− β2

]
+ Cion + γion

α2

β2

}
(3.1)

1In the case of negative beam particles (antiprotons or electrons) the ionized residual gas atoms will be trapped
by the beam potential and possibly induce instabilities.
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where α is the fine structure constant, a0 is the Bohr radius, βc is the projectile velocity, and Mion,
Cion and γion are target specific parameters which have been found empirically [52, 30]. Note
that the Bethe formula is independent of the projectile mass and the sign of the projectile charge.
At low energy (below about 2 MeV/amu [4]) the sign becomes important, as the interaction is
no longer a simple Coulomb collision between the target electrons and the projectile, but rather
a collision with the atom as a whole2.

For particles with charges q larger than one, the ionization cross section has been found to
scale as [30]

σi = q2 exp
[
−λ(q1/2α/β)2

]
σBethe (3.2)

where λ is an target specific parameter which can be determined empirically.
In Table 3.1 the target specific parameters are listed for a selection of typical rest gas compo-

nents, and some rare gases.

Species Mass Z M2
ion Cion γion λ

H2 2 2 0.7 8.12 -1.3 1.0
He 4 2 0.75 7.7 -1.21 2.0
CH4 16 10 4.2 41.85
H2O 18 10 3.24 32.36
N2 28 14 3.74 34.84
CO 28 14 3.7 35.14
O2 32 16 4.2 38.84
Ar 40 18 4.22 37.93
CO2 44 22 5.75 56
Xe 131 54 8.04 72.35

Table 3.1: Ionization parameters for a range of molecules and atoms [52, 30].

With the values in Table 3.1 is is possible to calculate the ionization cross sections for Pb54+

ions at 4.2 MeV/amu. It should however be noted that neither the γion nor the λ values have
been measured for species other than where listed. As the γion is a low energy correction factor,
irrelevant at 4.2 MeV/amu we choose to set this equal to zero for the unknown values. However
the λ which is also a low energy correction has some influence for Pb54+ ions at 4.2 MeV/amu
which is the reason why we have included the Xe atom in the list above, as this is one of the
few species for which the ionization cross section has been measured with lead ion impact at 4.2
MeV/amu, and we will use this and a few other measurements to extrapolate the λ values for the
unmeasured species. Table 3.2 shows the few available measured ionization cross sections.

With these cross section in hand, we have chosen the λ values listed in Table 3.3, and find
the cross sections also listed in that table.

2This issue is also addressed in Ref. [51], however the low energy deviation is not mentioned, and one might
be confused by a statement saying that the cross section is independent of the projectile charge - which is clearly
wrong.
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Target Pb Energy σ+ Ref.
(1H)2 4.65 MeV/amu 220+24

−30·10−16 cm2 [54]
18Ar 4.65 MeV/amu 640+70

−100·10−16 cm2 [53]
54Xe 4.65 MeV/amu 1560+190

−250·10−16 cm2 [53]

Table 3.2: Ionization cross sections for various typical residual gas constituents being ionized
by a passing Pb54+ beam. One observation made in the various studies quoted is that the cross
section does not depend on the chemical species of the incident particle, but only on its Ek/amu
and its charge state q.

Species Mass Z λ σi(4.65) σexp(4.65) σi(4.2)
[amu] [10−16 cm2] [10−16 cm2]

H2 2 2 1.0 203 220+24
−30 214

He 4 2 2.0 131 134
CH4 16 10 1.5 804 833
H2O 18 10 1.5 623 645
N2 28 14 1.5 629 650
CO 28 14 1.5 646 668
O2 32 16 1.5 696 719
Ar 40 18 1.6 641 640+70

−100 659
CO2 44 22 1.5 1054 1091
Xe 131 54 0.8 1547 1560+190

−250 1631

Table 3.3: Comparison of calculated and measured ionization cross sections for Pb54+ impact at
4.65 MeV/amu and the calculated ionization cross sections at 4.2 MeV/amu.

It is worth noting that these ionization cross sections are considerably higher (mainly due to
the q2 scaling in equation (3.2), see Figure 3.1)) than the ones for typical residual gas species for
protons at the ISR energies, as well as for protons at 4.2 MeV/amu [52]. Using the results in Ref.
[52] we find ionization cross sections for typical residual gases for protons of 4.2 MeV/amu of
order 10−17 cm2 and at the ISR the energy of 26 GeV of order 10−18 cm2, both several orders of
magnitude smaller than for lead ions at 4.2 MeV/amu.

Another interesting aspect of ionization cross sections is that for highly charged projectiles
such at Pb54+ the relative probability for multiple ionization (loss of more electrons of the target)
is enhanced [53, 48, 9]. Thus we would expect that only about half the total cross section is single
ionization and the rest is double or higher3 (depending naturally of whether that is possible in the
target).

From the ionization cross sections the number of ions generated per unit time of each rest gas

3As the charge of the projectile gets large the ratio between multiple ionization and single ionization levels out,
thus the largest change in the relation between the cross sections is for low charge states, i.e. the change from
protons to Pb54+ is large but the change from Pb28+ to Pb54+ is small [7].



14 Beam induced vacuum changes

0.01

0.1

1

10

100

0.1 1 10 100

H
2 I

on
iz

at
io

n 
C

ro
ss

 S
ec

tio
n 

[1
0-1

6  c
m

2 ]

Projectile Energy [MeV/amu]

0.1

1

10

100

1 10 100

H
2 I

on
iz

at
io

n 
C

ro
ss

 S
ec

tio
n 

[1
0-1

6  c
m

2 ]

Projectile Charge Number (q)

Figure 3.1: Ionization cross sections for a charged particle incident on H2 gas as a function of
energy and charge of the incident ion calculated using eqn. (3.2). The charge state is q=54 in the
left plot and the energy is 4.2 MeV/amu in the right plot.

species i can be calculated by(assuming that the generation of ions does not influence the density
of neutrals significantly)

dN+,i

dt
= Nβcniσ+,i (3.3)

which with some selected vacuum conditions from Appendix A gives the generation rates shown
Table 3.4.

Species Vacuum Composition
a d e h

H2 1.0·107 2.8·106 8.6·106 6.5·106

He 0 0 0 0
CH4 6.4·106 1.3·107 1.0·107 1.9·107

H2O 1.9·105 3.7·105 1.8·105 1.1·106

N2 5.7·105 9.6·106 0 1.5·105

CO 4.9·105 8.3·106 3.1·106 1.2·106

O2 0 8.1·105 0 0
Ar 0 3.7·105 0 0
CO2 0 0 4.3·105 5.1·105

Total 1.8·107 3.5·107 2.2·107 2.9·107

Table 3.4: Ions generated per unit time and unit distance (m−1 s−1) for various vacuum composi-
tions assuming an absolute pressure of 5·10−12 Torr (7·10−10 Pa), and a circulating Pb54+ beam
of 108 particles.

Table 3.4 shows an ion production rate of about 3·107 m−1s−1 which should be compared
to the linear density of residual gas of about 5·109 m−1, thus the assumption that only a small
fraction is ionized holds reasonably. For comparison the generation of Hydrogen ions in the
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ISR at 5A (where the problems emerged initially [33]) with a hydrogen density of 1012 cm−3

(corresponding to a pressure of 3·10−13 Pa), and a cross section for ionization of 0.22·10−18

cm−2 [52], is 7·108 m−1s−1, an order of magnitude larger. However at the nominal intensity
of 109 Pb ions in LEAR the ion production rate would be the same as it was in the ISR per
unit length. Thus we need to investigate the ionized residual gas atoms and molecules ability to
desorb molecules from the surface of the vacuum chamber.

3.2 Desorption of molecules and atoms from a surface

The interaction of charged particles with a solid can, be split up into two regimes based on the
energy or rather the velocity of the projectile. The ’critical’ velocity which separates to two
regimes is the typical velocity of an electron in an atom called the Bohr velocity vb = e2/4πε0h̄
≈ 2·106 m/s (25 keV/amu). When considering particles moving much slower than this velocity
the interaction of the projectile is with the whole atom, whereas when much faster, the projectile
“sees the electrons at rest” and electronic collisions occur [11].

This observation is important in trying to understand the desorption mechanisms important
for the vacuum in the presence of a circulating beam, as this means that we have (at least) two
different subjects to consider. As mentioned earlier the circulating beam ionizes the residual
gas, and the space charge potential may accelerate the newly created ions onto the surface of
the vacuum chamber where they may desorb adsorbed molecules/atoms. Molecules/atoms can
either be physisorbed or chemisorbed on the surface of the material, the corresponding binding
energies are typically below 0.3 eV and above 1 eV respectively [58] (see also Appendix B.2).

The accelerating space-charge potentials in question are usually below a couple of kV and
the mechanisms responsible for desorption are therefore dominated by interactions with the full
atoms. On the other hand we have the direct losses of beam particles due to charge-exchange or
single Coulomb scattering which cause particles of high energy to impact on the vacuum chamber
surfaces. Furthermore will the ions of the ionized residual gas generally have low charge states
(single ionization being the most probable) whereas the fast ions will have high charge states in
our specific situation in LEAR.

Because of the possible large difference between the desorption mechanisms, and therefore
in the cross sections and scaling laws, we split the discussion in two, starting with the slow ions
of the residual gas.

3.2.1 Rest-Gas Ion induced desorption

In the proposed LEIR scheme the number of particles in the beam will vary from 5·107 at the
start of injection to 1.2·109 before ejection for acceleration to the LHC [14]. The influence of
ionization of the rest gas increases with the number of accumulated particles for two reasons.
First of all the number of ionizations increase, and secondly the accelerating space-charge po-
tential increases. The space charge field from an axisymmetric Gaussian beam of constant σ⊥ is
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purely transverse and given by [44]

E⊥(r) =
zeλ

2πε0rσ
2
⊥γ2

[
1 − exp

(
− r2

2σ2
⊥

)]
(3.4)

where λ = N/C is the linear density in the beam, r is the distance from the center and γ the
relativistic factor.

From the space-charge field we can find the potential Φ to be

Φsc(r) = −
∫

E⊥(r)dr (3.5)

which with the range of intensities foreseen in LEIR gives maximum accelerating potentials of
about 12V (it depends on the vacuum chamber radius), significantly lower than the potentials of
about 2kV experienced in the ISR [22].

Desorption by ions in this energy range has been investigated intensively, as it has been im-
portant both in vacuum systems such as the ISR [16] and LHC [5], but also because bombardment
of surfaces with ions cleans the surface, a process called sputtering. It has been found that the
desorption yield increases with mass of the bombarding particle [5]. Measurements of the des-
orption yield as a function of energy reveals that for low energies the yield saturates around 3keV
[47], and there is a minimum energy for desorption of a few eV (related to the binding energy of
the adsorbates). With suitable cleaning techniques (argon glow discharge) a negative desorption
yield was accomplished in the ISR, effectively making the whole of the vacuum chamber into a
pump [16].

As the residual gas ions created in LEAR are at very low energy of about 10 eV, the desorption
coefficient is extremely low. Using the ISR data for a clean and baked but not glow discharge
cleaned vacuum chamber we estimate the desorption yield (conservatively) to be about 0.05
molecules/ion [33]. Thus even if all the ionized rest-gas ions (3·107 s−1m−1) reach the vacuum
chamber surface and cause desorption, we will have a desorption yield of 1.5·106 molecules/m/s,
which corresponds to an outgassing rate of 1·10−14 Pa·m/s assuming and average vacuum cham-
ber radius of 0.1 m. Typical outgassing rates for cleaned and well baked stainless steel surfaces
are of the order of 10−8 Pa·m/s, and some of the best measured outgassing rates of specially
coated and treated surfaces are 10−12 Pa·m/s [36], thus residual gas ion induced desorption is not
a problem for lead ion accumulation in LEAR.

3.3 Direct losses

Apart from desorption due to low energy ions as discussed above, we may also have desorption
due to incident lead ions which are outside the acceptance of the machine. This happens both
continuously during storage and accumulation as lead ions undergo charge-exchange, but also
due to mismatch and over full buckets during injection. In the ISR the desorption due to lost
protons was negligible [16].
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In LEAR this may be very different as many interaction cross sections, such as for example
ionization scales strongly with the charge of the incident projectile. One example is the desorp-
tion of H+ ions from a surface during heavy ion bombardment, which scales with the charge
state of the incoming projectile as q3 [59].

Going through the literature we find that hardly any research has been directed against des-
orption of ’surface impurities’, as we choose to call the adsorbed residual gas molecules, due to
highly charged fast heavy ions. The reason seems to be that the main lines of study are interested
in cleaning surfaces, and the highest yields are close to the Bohr velocity [20], or into studying
fission fragments in reactors impinging on container walls [19, 12]. However the trend in these
experiments and theory is that the yield has a maximum around the Bohr velocity but drops only
slowly as going to higher velocities, while it increases strongly with the incident charge state,
and only depends slightly if not at all on the mass of the projectile [59]. On the other hand
most of these studies are concerned with ion desorption, and these in general positive. As the
beam itself is positive, it is therefore not obvious whether this is the source of the vacuum in-
crease. However the process of desorption is further complicated by the release of large showers
of secondary electrons when the projectile penetrates the material [19, 28]. It would therefore
be desirable with measurements of the cross section of desorption of various typical residual
gas components due to fast lead ion impact, like what has been measured for low energy singly
charged ions impacting on cold surfaces [5].

Recently however, some experimental results from the Brookhaven AGS Booster indicates
problems similar to the ones in LEAR [63, 64]. In these experiments it has been observed that
beam loss during injection cause increase of the pressure in the machine, which in turn reduces
the lifetime. Their beam is an Au31+ beam with β = 0.044 (0.9 MeV/amu). They find, similarly to
the observations in LEAR that the pressure increase decreases rapidly when the beam is switched
off (τ = 35 ms). They have also investigated the pressure dependence on the losses, and they find
good agreement between the observed lifetime and the observed increase in pressure.

However, their observations only confirm our suspicions that the problems are caused by
direct losses of lead ions, no solution is offered. We can however try to estimate the beam
induced increase in outgassing responsible for the pressure increase.

The equilibrium density in a vacuum chamber is proportional to the desorption rate, thus if
we assume that the typical desorption in LEAR was 5·10−9 Pa·m/s (= 5·10−12 mbar·l/s/cm2), a
pressure increase of a factor approximately 5 corresponds to a desorption increase by a factor
5. This equals a beam induced desorption of 4·10−8 Pa·m/s = 3·1012 molecules/m/s. During
continuous injection we are loosing approximately 108 lead ions onto the chamber walls per
second (1.3·106 s−1 m−1), thus each ion, if this is the cause, induces the release of 2.5·106

adsorbed molecules. For comparison the AGS people estimate 105 molecules per lost ion, thus it
does not sound unreasonable.

3.4 Conclusions

We have discussed various mechanisms via which a circulating beam may cause changes in
the vacuum. One mechanism which was observed to cause problems in the former ISR was
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that, the by the beam ionized residual gas atoms/molecules, are accelerated by the space-charge
potential of the beam onto the chamber walls of the vacuum system and cause desorption of ad-
sorbed molecules/atoms. In the ISR this lead to a limitation in the maximum circulating current.
However though a series of calculations based on cross section for ionization and typical beam
parameters in the LEAR experiments we find that the desorption possible via this mechanism in
LEAR is negligible compared to the normal outgassing rate of the chamber walls.

However, using the beam loss measurements from LEAR we find that a considerable amount
of beam particles are continuously being lost onto the chamber walls. At these energies the
knowledge of desorption yields is very limited, and we can therefore not directly conclude that
the lost particles are the reason for the pressure increase. However, the interaction of projectiles
with targets such as adsorbates has been seen throughout the literature to scale strongly with
the charge state of the projectile. Furthermore the at an energy of 4.2 MeV/amu ionization cross
sections as well as other cross sections are quite large compared to f.ex. at 26 GeV as in ISR. Thus
it seems plausible that the directly lost beam constituents are responsible for the pressure rise.
Finally similar observations have been done at the AGS in Brookhaven, and similar conclusions,
though no solutions have been drawn [63, 64].



Chapter IV

Conclusions

In light of the pressure rise observed at LEAR during testing of a new scheme for accumulation
of lead ions for the LHC experiment ALICE [3], and the limiting influence of this pressure rise
on the efficiency of the scheme in terms of the maximum accumulated beam current, we have
investigated the interaction of the lead beam with the LEAR vacuum and surroundings in order
to establish the source of the unwanted pressure rise.

We have found that the pressure rise is most likely caused by the direct losses of lead ions
onto the vacuum chamber walls. Lead ions are lost due to charge-exchange processes with
the residual gas, mainly electron capture, but also, and in considerably larger numbers, during
injection due to an injection efficiency of only 50%. The lost particles may thus impinge on the
chamber walls with their full energy of 4.2 MeV/amu. The high charge state of the lead ions
are believed to enhance their ability to desorb material from the chamber walls considerably and
thus cause strongly increased desorption and thereby pressure.

Unfortunately no experimental or theoretical information can be found on exactly this pro-
cess thus it is hard to evaluate what measures should be initiated in order to resolve the issue.
However there is no doubt that cleaning the vacuum chamber walls efficiently will help, but
without absolute information on desorption yields it is difficult to estimate the level of cleanli-
ness necessary for the pressure rise to be avoided. Naturally a significant increase of the injection
efficiency may also help.

A possible remedy of this lack of information is to carry out a series of measurements on the
desorption yield due to lead ion impacts. Desorption yields can be measured with a variety of
methods [6, 21, 35, 5], and a more detailed study will be needed to find the right setup, something
beyond the scope of this note. These measurements should be done for various cleaning methods,
and various levels of cleanliness of the subject in order to be able to estimate the necessary level
[1, 2, 8, 46]. Furthermore, it would be necessary to investigate the dependence on the incident
angle of the projectiles, as large incident angles where the projectile travels along the surface for
some time may enhance the desorption yield considerably [59]. Other possibilities, if it turns out
that ordinary stainless steel will not be feasible for the vacuum chamber, may consist of studying
various surface coatings which have shown desirable behaviour in other ways [17, 29, 37, 49].
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Appendix A

Vacuum and LEAR parameters

For the calculations of the losses due to the residual gas a vacuum description (composition and
pressure) as well as some ring parameters are needed.

A.1 Accelerator and beam parameters

Table A.1 shows some relevant parameters for LEAR used in the calculations, whose results are
given in chapter 2.

Parameter Symbol Value
Circumference C 78.54 m
Bending Radius ρ 4.2 m
Average Horizontal Beta function 〈βh〉 7.2 m
Average Vertical Beta function 〈βv〉 8.2 m
Horizontal Acceptance εaccep,h 150 π mm mrad
Vertical Acceptance εaccep,v 40 π mm mrad
Momentum Acceptance ∆paccep/p ± 4·10−3

Average vacuum chamber radius b 0.1 m
Ion Mass Number A 208
Nuclear charge number Z 82
Ion Charge z +54
Ion Kinetic Energy Ekin 4.2 MeV/amu
Ion Momentum p 88.9 Mev/c/amu
Ion Relative Velocity β 0.094
Number of ions pr. injection Ninj 5·107

Design Accumulation Goal N0 1.2·109

Table A.1: LEAR and Pb beam parameters for the calculations [14, 39].
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A.2 LEAR Vacuum

Table A.2 shows the composition of the LEAR vacuum as it was in 1997 during the experiments
described in [14]. In Table A.3 the equivalent atomic densities are calculated (assuming room
temperature of 300 K), and the relative amount of each species is listed.

Single Injection Multiple Injection
Species Sect. 2 Sect. 4 Sect. 2 Sect. 4

[10−12 Torr] [10−12 Torr] [10−12 Torr] [10−12 Torr]
H2 1.30 35.00 1.30 63.00
He 0.00 0.00 0.00 0.00
CH4 1.00 11.00 0.99 19.00
H2O 0.07 0.31 0.02 0.44
N2 0.01 0.00 0.01 0.00
CO 0.08 0.10 0.13 7.30
O2 0.00 0.00 0.00 0.00
Ar2 0.00 0.00 0.00 0.00
CO2 0.02 0.15 0.02 0.62
Total 2.48 46.56 2.47 90.36

Table A.2: LEAR vacuum partial and total pressures (absolute) in two ring sections during mul-
tiple injection (accumulation) and during single injection (November 1997).

In studying the composition and pressures one notes that section 4 is generally much worse
of than section 2. This is a general tendency for most of the LEAR vacuum measurements.

Single Injection Multiple Injection
Species Sect. 2 Sect. 4 Sect. 2 Sect. 4

[m−3] [m−3] [m−3] [m−3]
H (84%) 2.2·1011 (90%) 3.7·1012 (83%) 2.1·1011 (85%) 6.5·1012

C (14%) 3.5·1010 (9%) 3.6·1011 (14%) 3.7·1010 (11%) 8.7·1011

N (0%) 6.4·108 (0%) 0.0·100 (0%) 6.4·108 (0%) 0.0·100

O (2%) 6.1·109 (1%) 2.3·1010 (2%) 6.1·109 (4%) 2.9·1011

Table A.3: LEAR vacuum atomic densities in two ring sections during multiple injection (accu-
mulation) and during single injection.

From Table A.3 we see that in section 2 the influence of the multiple injection is negligible,
whereas in section 4 the presure doubles and the relative abundance of Hydrogen decreases.

In order not to draw wrong conclusions Table A.4 lists another measurement (September
1997) of the pressure and rest gas composition in LEAR.

In the September measurements in Table A.4 we once again observe that section 4 is bad
compared to 2 and as it turns out compared to all other sections. Table A.5 on the other hand
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Species Sect. 1 Sect. 2 Sect. 3 Sect. 4
[10−12 Torr] [10−12 Torr] [10−12 Torr] [10−12 Torr]

H2 0.23 1.6 0.49 33.0
He 0.00 1.9 0.14 0.0
CH4 0.27 1.0 2.7 5.3
H2O 0.01 0.04 0.06 0.2
N2 0.26 0.20 0.12 0.6
CO 0.22 0.17 0.10 0.5
O2 0.02 0.02 0.00 0.0
Ar2 0.01 0.8 0.01 0.0
CO2 0.00 0.03 0.02 0.0
Total 1.0 5.7 3.6 39.6

Table A.4: LEAR vacuum partial and total pressures (absolute) in the four different ring sections
(September 1997).

Species Sect. 1 Sect. 2 Sect. 3 Sect. 4 Variation
[m−3] [m−3] [m−3] [m−3] [nmax/nmin]

H (55%) 5.0·1010 (61%) 2.3·1011 (78%) 3.8·1011 (92%) 2.8·1012 56
He (0%) 0.0·100 (16%) 6.1·1010 (1%) 4.5·109 (0%) 0.0·100 -
C (17%) 1.6·1010 (10%) 3.9·1010 (18%) 9.1·1010 (6%) 1.9·1011 12
N (18%) 1.7·1010 (3%) 1.3·1010 (2%) 7.7·109 (1%) 3.9·1010 2.2
O (9%) 8.7·109 (3%) 1.0·1010 (1%) 6.4·109 (0%) 2.3·1010 3.5
Ar (0%) 3.2·108 (7%) 2.6·1010 (0%) 3.2·108 (0%) 0.0·100 -

Table A.5: LEAR vacuum atomic densities in four ring sections (September 1997).

shows that the relative abundance of atoms other than hydrogen is larger in the low vacuum
sections. This seems to indicate, as we also see that the pressure changes around the ring are
mainly caused by changes in Hydrogen and to some extent Carbon (really CH4) that our pressure
changes are mainly due to contamination by CH4 and H2.

In chapter 2 we discuss briefly single Coulomb scattering of beam particles on the rest gas
nuclei. In the calculation emerges a dependence on the charge of the rest gas nuclei, and one
defines an ’effective’ density, or single Coulomb scattering density nsc (eqn. (2.2)). It is interest-
ing to know how much the variations in rest gas composition observed in the tables above will
influence this density if the same pressure is assumed. In Table A.6 nsc has been calculated for
the various compositions and the results are compared to the smallest obtained density.

A similar calculation can be done for the loss rate due to charge exchange with the rest gas.
The result of calculating the loss rate given by equation (2.4) for the various compositions are
given in Table A.7. In the calculations the measured total cross sections given in Table 2.1
have been used, including compensation for the energy difference between the cross section
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Mark Composition nsc nsc/n
min
sc

[m−3]
a Table A.4, Sect.4. 1.63·1012 1.0
b Table A.4, Sect.3. 6.27·1012 3.8
c Table A.4, Sect.2. 9.97·1012 6.1
d Table A.4, Sect.1. 1.03·1013 6.3
e Table A.2, Multi, S4 3.11·1012 1.9
f Table A.2, Multi, S2 1.95·1012 1.2
g Table A.2, Single, S4 3.96·1012 2.4
h Table A.2, Single, S2 3.86·1012 2.4

Table A.6: Single Coulomb scattering densities nsc for the different observed vacuum composi-
tions in LEAR calculated for a constant total pressure of 5·10−12 Torr (7·10−10 Pa).

measurements and the LEAR experiments. The scaling with energy has been deduced from the
empirical formula for electron capture cross sections, and we find an increase in the cross section
from 4.66 MeV/amu to 4.2 MeV/amu of 27% - this has been included. For C and O we have
made the linear approximation that σO,C

tot = σN
totZO,C/ZN , which according to Figure 2.1 should

be reasonable.

Composition Γc−ex Γc−ex/Γ
min
c−ex

[10−2 s−1]
Table A.4, Sect.4. 0.55 1.0
Table A.4, Sect.3. 2.38 4.3
Table A.4, Sect.2. 1.79 3.3
Table A.4, Sect.1. 3.63 6.6
Table A.2, Multi, S4 1.11 2.0
Table A.2, Multi, S2 0.70 1.3
Table A.2, Single, S4 1.48 2.7
Table A.2, Single, S2 1.43 2.6

Table A.7: Charge-exchange loss rates Γc−ex for the different observed vacuum compositions in
LEAR calculated for a constant total pressure of 5·10−12 Torr (7·10−10 Pa).



Appendix B

Physical Properties of Matter

This appendix contains some tables of properties of matter which may be of interest in the dis-
cussions in this report.

B.1 Ionization potentials of atoms and molecules

Several aspects of the beam interactions with the vacuum and the vacuum vessels may depend on
the ionization potentials of the various constituents of the vacuum and species adsorbed on the
vacuum vessel. The follow Table lists a selection of ionization potentials for neutral atoms and
molecules as well as singly ionized atoms (in which case it is more electron loss than ionization,
but the convention seems to be that it is also referred to as ionization).

Species Mass Neutral Singly Ionized
[amu] E0

i [eV] E1
i [eV]

H 1 13.6
He 4 24.6 54.4
C 12 11.3 24.4
N 14 14.5 29.6
O 16 13.6 35.1
Ne 20 21.6 41.0
Ar 40 15.8 27.6

Species Mass Neutral
[amu] E0

i [eV]
H2 2 15.4
CH4 16 12.6
H2O 18 12.6
N2 28 15.6
CO 28 14.0
O2 32 12.1
CO2 44 13.8

Table B.1: Ionization potentials of some atoms and molecules commonly found in vacuum sys-
tems [43].

B.2 Adsorption of molecules and atoms

The energy with which a molecule or atom is bound to a given surface may have a large influence
on the desorption yield [61] and is therefore of interest in connection with the studies carried out
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in this note. Table B.2 shows the chemisorption energies of some molecules on some different
surfaces.

Species Surface Echem

[eV]
CO Ni(111) 1.26
CO Cu(111) 0.52
CO Pb(111) 1.47
CO Ag(111) 0.28
CO Pt(111) 1.50
CO Al(111) 0.21

Species Surface Echem

[eV]
CO Ni 1.8
CO Ti 6.8
O Ti 7.7
O Ni 5.0
O Cu 4.5
O Pt 4.0

Table B.2: Chemisorption energy Echem of some different molecules chemisorbed on various
surfaces. The measurements on the left are from 1996 [34], whereas the right ones are from
1965 - the discrepancy between the C0 on Ni result gives an impression of the uncertainty of the
old method [61, 15].

The chemisorption energies in table B.2 corresponds reasonably with the statement in Ref.
[58], that these energies are typically above 1 eV. The tables above and below should be consid-
ered as examples of the types of measurements which exist. Many more measurements do exist,
but it is beyond the scope of this note to make a complete compilation, as it is not evident to what
extent the detailed variation of binding energies, which are anyway much smaller than the kinetic
energy of the lost Pb ions, influence the desorption. However, we could add that the adsorption
energy of water (H2O) on Pt(111) is 0.67 eV [24].

Table B.3 shows the physisorption energies of some molecules on glass and Carbon.

Physisorbed Gas
Material H2 N2 O2

Glass 0.085 0.185 0.177
Carbon 0.810 0.160

Table B.3: Physisorption energies (in eV) for some gases on Glass and Carbon [58].
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