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Overview 
1.  Motivation 

A.  Rational: Scientific Unknowns 
o  Soon to be knowns? 

B.  Emotional: Fear!!! 
o  Is this a show-stopper? 

2.  Potentially Problematic Plasma Effects 
A.  Plasma Formation / Ionization 
B.  Plasma Beam Loading 
C.  Dark Current 
D.  Beam Instabilities 
E.  Avalanche Formation (incomplete) 

3.  Conclusions 
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Motivations 
  Plasma means free electrons 

  Electrons are light and move easily 
  Electron clouds have been known to cause problems 

  Plasma can drive instabilities in beam 
  Beam induces wake in plasma, which in turn produces 

undesired fields 
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Motivations 
  It’s a complicated set of interdependent processes 

  Impact ionization (multiple levels of ionization) 
  Electron diffusion in the plasma 
  Electron-ion recombination (multiple ways) 

  “Large” uncertainties 
  Large enough to cause concern 
  Little confidence in ionization/recombination cross sections 

o  Need experiments! 
  Potentially lots of processes (coupled) to model 

o  What if you forget one? 
o  Difficult to model 
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Beam-Induced 
Plasma Formation 

  Impact ionization leads to plasma formation 

  Plasma dissipated by other processes 

  Recombination 
  Diffusion 
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Estimates of Free Electron Number Density in the
Beam Region During Cooling

Kevin Paul

May 19, 2011

We assume that the accumulation of free electrons in the region of the beam during
cooling can lead to beam instabilities similar to (or the same as) electron cloud instabilities
seen in other accelerators. Thus, we attempt to compute the free electron density in the
region of the beam during muon cooling. We note, before beginning, that electron cloud
densities of 1012 m−3 = 106 cm−3 have been seen to result in emittance growth in proton
bunches with 1–5×1011 protons.

The source of low-velocity free electrons in the region of the beam is ionization. The
number-density of electrons produced from ionization due to a high-energy beam, localized
to the region of the beam, is

dne

dt
= nbeam nmat σi(vbeam)vbeam ≡ Fe (1)

where nbeam and nmat are the number densities of the beam and cooling material, respec-
tively, σi is the impact ionization cross section, and vbeam is the velocity of the beam.

After electrons are produced due to ionization, they will be lost from the region of the
beam by the processes of diffusion and electron-ion recombination. For molecular materials,
such as hydrogen and lithium hydride, the dominant recombination process is typically
dissociative electron-ion recombination, where three-body electron-ion recombination tends
to dominate for atomic gases like helium. The total loss rate of electrons from the region of
the beam is then:

Ω ≡ ΩD + ΩR (2)

where ΩD is the diffusion rate and ΩR is the electron-ion recombination rate. After the
beam has passed, the rate of electron density change is

dne

dt
= −Ω ne (3)
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We assume cooling in a variety of materials, including liquid hydrogen (LH2), high-

pressure (400 atm) hydrogen gas (HPG), and lithium hydride (LiH). For each of these

materials, the molecular number density is shown in Table 1 below. For each cooling

Table 1: Molecular number densities for various cooling materials

HPG LH2 LiH

nmat 1.00× 1028 m
−3 2.02× 1028 m

−3 6.21× 1028 m
−3

material, the ionization cross sections are shown in Table 2 below. We quote the ionization

cross section for Li instead of LiH, as LiH data could not be found. However, we assume

the true cross section for LiH will be within an order of magnitude.

Table 2: Ionization cross sections for various cooling materials ([2] for H2, [1] for Li)

H2 Li

σi(vbeam) 2.0× 10−23
m

2 2.6× 10−24
m

2

With the various beam parameters and the material properties, we can compute the

ionization electron production rate parameter, Fe, for each scenario. This is shown in

Table 3.

Table 3: Ionization electron density production rates during the initial stages of cooling

Fe HPG LH2 LiH

Micro-bunches 2.8× 1026 m
−3

s
−1 5.7× 1026 m

−3
s
−1 2.3× 1026 m

−3
s
−1

Bunches 5.7× 1025 m
−3

s
−1 1.1× 1026 m

−3
s
−1 4.6× 1025 m

−3
s
−1

Continuous Beam 8.5× 1019 m
−3

s
−1 1.7× 1020 m

−3
s
−1 6.8× 1019 m

−3
s
−1

The electron loss rate, Ω, is a combination of electron diffusion from the region of

the beam and electron-ion recombination. The diffusion rate, ΩD, in the various cooling

materials is computed from

ΩD =
De

r2beam
, (23)
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where De is the electron diffusivity in the given material, given by

De =
v2e
ν

(24)

with

ν = nmat σel(ve)ve (25)

where ve is the free electron velocity and σel is the electron-neutral collision (elastic

scattering) cross section. We assume that the velocity of free electrons is on the order of

∼13.6 eV, or that ve ∼ 1.7× 106 m/s. At this energy, the electron-neutral elastic scattering

cross sections are shown in Table 4. This results in the diffusion rates shown in Table 5.

Table 4: Electron-neutral elastic scattering cross sections for various cooling materials [3]

H2 Li

σel(ve) 1.5× 10−20
m

2 1.5× 10−19
m

2

Table 5: Electron diffusion rates for various cooling materials during the initial stages of

cooling

HPG LH2 LiH

ΩD 0.50 s
−1 0.25 s

−1 8.1× 10−3
s
−1

The dissociative electron-ion recombination rates for the various materials are shown

in Table 6, and the recombination electron loss rates, ΩR = nmat σR(ve)ve, are shown in

Table 6: Electron-ion recombination rates for various cooling materials ([4] for H2, [5] for

LiH)

H2 LiH

σR(ve) ve ∼ 5× 10−14
m

3
s
−1 ∼ 10−15

m
3
s
−1

Table 7 below. It is obvious by comparing the diffusion loss rates with the recombination

loss rates that recombination loss rates dominate. Hence, we ignore the diffusion loss rates

and assume Ω ≈ ΩR.
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Plasma Density 
Evolution 

  Until the plasma density gets very large… 

  Largest possible density is easy to find 

 which is approached for an infinitely long beam 
(CW). 
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While the beam is present in the cooling material, the total rate of electron density

change is:

dne

dt
= Fe − Ω ne (4)

which implies that—barring temporal variation in the beam density, which definitely exists

because of RF bunching—there will be a steady state solution to the electron density in the

region of the beam,

lim
t→∞

ne(t) ≡ n∞ =
Fe

Ω
(5)

When the beam is present in the cooling material, we assume that Fe is constant. After

the beam has passed, Fe = 0. Assuming that Fe is piece-wise constant in time, then the

complete general solution to the ODE can be found within a given time interval when Fe is

constant (t1 ≤ t < t2) to be

ne(t) = ne(t1)e
−Ω(t−t1) + n∞

�
1− e−Ω(t−t1)

�
, (6)

assuming ne(t1) is known.

The successive passage of beams at a fixed repetition rate through the cooling material

will then result in sequential periods of electron density growth followed by electron density

decay. The exponential rate of growth and decay is the same, set by the free electron loss

rate Ω. The behavior of the electron density then depends on only two parameters: ΩTon

and ΩToff . Ton represents the duration of time in which ionization is active (“on”). Toff

represents the duration of time in which ionization is inactive (“off”). In practice, Ton is the

temporal length of the bunches, and Ton + Toff is the repetition period of the bunches.

When ΩTon is small, there is not enough time for the electron density to reach the

steady-state value, n∞. When ΩToff is small, there is not enough time for the electron

density to decay away, meaning there will be free electrons present in the cooling material

when the next bunch arrives, potentially leading to an instability if the remaining electron

density is large enough. When one or both of these conditions is true, the electron density

will oscillate between a minimum and maximum that occur at the start and finish of each

bunch, respectively. An example of this scenario is shown in Figure 1. We now demonstrate

how to compute the minimum and maximum densities in the “periodic” limit (i.e., for an

infinitely long bunch-train).

Assume that the length of the single bunch is Tbeam = Ton, that the beam repetition

frequency is frep, and that the free electron density in the material starts at zero, ne(0) = 0.

Immediately after the first bunch has passed (t = Tbeam), the electron density is

ne(Tbeam) = n∞
�
1− e−ΩTbeam

�
. (7)

2
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Table 14: Ratio of the free electron current to the peak beam current

Ie/Ibeam HPG LH2

Initial Micro-bunches 2.9× 10−6 2.2× 10−6

Initial Bunches 2.9× 10−6 2.1× 10−6

Final Bunches 2.9× 10−6 2.1× 10−6
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CW Beam Maximum 
Plasma Densities 

  Consider HP GH2, LH2, and LiH absorbers 

  Consider a CW muon beam before and after cooling 

  Maximum (CW) Densities in each material 
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N Radius KE nbeam 

Initial 55. × 1012 0.15 m 150 MeV 4.3 × 107 m-3 

Final 3.3 × 1012 0.01 m 150 MeV 5.8 × 108 m-3 

HP GH2 LH2 LiH 
Initial 4.7 × 106 m-3 4.7 × 106 m-3 3.0 × 107 m-3 

Final 6.3 × 107 m-3 6.3 × 107 m-3 4.1 × 108 m-3 

Comparable! 



Bunched-Beam 
Plasma Evolution 

  Assume Fe(t) is a periodic step-function… 
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Figure 1: An example of electron density growth exhibited from periodic bunches when
both the amount of growth and decay is small. The dashed lines represent the minimum
and maximum values computed from Equations 18 and 19.

3

nmax	


nmin	
when k > 1. In the limit as k → ∞, these relations simplify further to

n(∞)
e,max = n∞

�
1− e−ΩTbeam

1− e−ΩTrep

�
, (18)

n(∞)
e,min = n∞

�
eΩTbeam − 1

eΩTrep − 1

�
. (19)

It is clear that as long as Trep > Tbeam, it must also be true that n(∞)
e,min < n(∞)

e,max < n∞. It
is only when Trep = Tbeam (i.e., continuous beam limit) that all three electron densities
are equal. One can immediately see that when ΩTrep > ΩTbeam � 1, then n(∞)

e,max ≈ n∞

and n(∞)
e,min ≈ n∞ e−Ω(Trep−Tbeam) = n∞ e−ΩToff . When ΩTbeam < ΩTrep � 1, then

n(∞)
e,max ≈ n(∞)

e,min ≈ n∞

�
Tbeam
Trep

�
.

In the next sections, we consider scenarios involving beams in the initial and final stages
of cooling. We compute the steady-state and periodic electron densities in each case.

1 Initial Cooling
In the initial stages of cooling, we consider the Nbunch = 2 × 1012 muons are equally
distributed over 20 micro-bunches at 200 MHz. Thus, each micro-bunch contains Nmicro =
1011 muons. We assume the length of each micro-bunch is one-fifth of the RF bucket length,
or Tmicro = 1 ns and TRF = 5 ns. The full micro-bunch train is therefore approximately
Tbunch ≈ 20 × TRF = 100 ns, and each micro-bunch train occurs at a repetition rate of
frep = 15 Hz, or Trep = 66.7 ms. At this stage, the radius of the beam is approximately
rbeam ≈ 15 cm, and the energy of the beam is approximately Ebeam ≈ 150 MeV. Thus, the
velocity of the beam at this stage is vbeam ≈ 2.75× 108 m/s. Based on these parameters,
the number density of a single micro-bunch is

nmicro =
Nmicro

πr2beam vbeam Tmicro
= 5.14× 1012 m−3 . (20)

It is also possible to consider the entire bunch, averaged over the duration of the micro-bunch
train. In this case, the average number density of the micro-bunch train is

nbunch =
Nbunch

πr2beam vbeam Tbunch
= 1.03× 1012 m−3 . (21)

If we approximate the beam as continuous, then the averaged number density is found by
assuming all Nbunch muons are distributed over the entire repetition period Trep, and that

nbeam =
Nbunch

πr2beam vbeam Trep
= 1.54× 106 m−3 . (22)
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Bunched-Beam 
Plasma Evolution 

  Assume a 201.25 MHz micro-bunching (20 bunches) 
and a single-pulse approximation to initial beam 

  Assume a train of 805 MHz bunches at 15 Hz for the 
final beam 
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N Tbunch nbeam 

Micro 2.75 × 1012 1 ns 1.4 × 1014 m-3 

Pulse 55. × 1013 100 ns 2.8 × 1013 m-3 

N Tbunch nbeam 

Pulse 3.3 × 1012 0.5 ns 7.7 × 1016 m-3 



Max/Min Bunched-
Beam Plasma Densities 

  Initial and final beam approximations: 

 No residual plasma between bunches! 
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nmax HP GH2 LH2 LiH 
Micro 1.6 × 1013 m-3 1.6 × 1013 m-3 1.0 × 1014 m-3 

Pulse 3.1 × 1012 m-3 3.1 × 1012 m-3 2.0 × 1013 m-3 

Final 8.4 × 1015 m-3 8.4 × 1015 m-3 5.5 × 1016 m-3 

nmin HP GH2 LH2 LiH 
Micro 0 0 0 

Pulse 0 0 0 

Final 0 0 0 

Plasma 
densities 
much less 
than material 
densities 
(~1028 m-3), 
comparable 
with beam 
densities! 



RF Plasma Currents 
  What if the plasma is driven by RF? 

  For example, in HP GH2 filled RF cavities 
  RF cavity will accelerate free electrons easily 
  Predicted ionization levels are not “full ionization” 

  Could seed an avalanche 
  Would expect Paschen’s Law to still apply 

  Can predict currents in 15 MV/m fields 
  Drift velocity of electrons given by mobility in gas 
  With drift velocity, ratio of currents can be computed 
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Table 12: Effective growth and decay times relative to the loss rate, Ω

HPG LH2 LiH

ΩTon 2.5× 105 5.0× 105 3.0× 104

ΩToff 3.3× 1013 6.7× 1013 4× 1012

3 Free Electron Currents
Assuming breakdown does not occur, the free electrons produced in the gas will move in

any external electric field. The current from these free electrons will add to the current of

the beam, potentially leading to additional beam-loading in the cavity, if the ionized cooling

material exists inside the RF cavity itself. The current associated with free charges moving

at a velocity, v, with number density, n, through a cross-sectional area, A, is

I = e n A v . (28)

Since the cross sectional area of the free electrons is the same as the ionizing beam that

produced them, and we assume both the electrons and the incident beam particles have the

same magnitude charge, e, we can observe that the ratio of the current associated with the

free electrons to the current associated with the beam can be written as

Ie
Ibeam

=
ne ve

nbeam vbeam
, (29)

where ve is the drift velocity of the free electrons in the external field E. The drift velocity

(or, equivalently, the mobility) of the free electrons can be found in literature as a function

of E/n, where n is the number density of the background material. For gasses, the drift

velocities are usually quoted as functions of E/p where p is the gas pressure. For small

values of E/p (in V-m/N), the drift velocity is linear in E/p. Assuming E = 15 MV/m, the

ratio is small for the cases we are considering here (HPG and LH2). For the two hydrogen

cases, we find the drift velocities shown in Table 13. Then, assuming ne = n∞, we can find

Table 13: Drift velocity of free electrons in H2 with E = 15 MV/m[6]

HPG LH2

ve 7.4× 103 m/s 5.5× 103 m/s

the ratio of the currents for the two H2 cases for both the initial and final stages of cooling,

shown in Table 14.
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Assuming breakdown does not occur, the free electrons produced in the gas will move in

any external electric field. The current from these free electrons will add to the current of

the beam, potentially leading to additional beam-loading in the cavity, if the ionized cooling

material exists inside the RF cavity itself. The current associated with free charges moving

at a velocity, v, with number density, n, through a cross-sectional area, A, is

I = e n A v . (28)

Since the cross sectional area of the free electrons is the same as the ionizing beam that

produced them, and we assume both the electrons and the incident beam particles have the

same magnitude charge, e, we can observe that the ratio of the current associated with the

free electrons to the current associated with the beam can be written as

Ie
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=
ne ve
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, (29)

where ve is the drift velocity of the free electrons in the external field E. The drift velocity

(or, equivalently, the mobility) of the free electrons can be found in literature as a function

of E/n, where n is the number density of the background material. For gasses, the drift

velocities are usually quoted as functions of E/p where p is the gas pressure. For small

values of E/p (in V-m/N), the drift velocity is linear in E/p. Assuming E = 15 MV/m, the

ratio is small for the cases we are considering here (HPG and LH2). For the two hydrogen

cases, we find the drift velocities shown in Table 13. Then, assuming ne = n∞, we can find

Table 13: Drift velocity of free electrons in H2 with E = 15 MV/m[6]

HPG LH2

ve 7.4× 103 m/s 5.5× 103 m/s

the ratio of the currents for the two H2 cases for both the initial and final stages of cooling,

shown in Table 14.
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Small!!! 



Beam-Driven 
Plasma Currents 

  Energetic beam fields can drive further ionization 
  Can lead to an avalanche! 

19 



Beam-Driven 
Plasma Currents 

  Beam-induced Impact Ionization: 

20 



Beam-Driven 
Plasma Currents 

  Free-electron-induced Impact Ionization: 
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Beam-Driven 
Plasma Currents 

  Electron-ion Recombination: 
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Beam-Driven 
Plasma Currents 

  Molecular Disassociation: 
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Beam-Driven 
Plasma Currents 

  Charge Exchange: 
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Conclusions 
  Plasma densities comparable with beam densities 
  Recombination time scales much shorter than beam 

time scales 
  No residual plasma left in material between pulses 
  No beam instabilities driven 

  RF-driven plasma currents small compared with 
beam current 
  No beam loading 

  Avalanche possible, but maybe avoidable 
  Requires further investigation 

  Largest uncertainties are in cross sections 
  Need to check with experiment 
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Table 14: Ratio of the free electron current to the peak beam current

Ie/Ibeam HPG LH2

Initial Micro-bunches 2.9× 10−6 2.2× 10−6

Initial Bunches 2.9× 10−6 2.1× 10−6

Final Bunches 2.9× 10−6 2.1× 10−6
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