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Introduction and Motivation

Ions generally have negative effects on performance of electron accelerators
and stability of electron beams

I Quantum efficiency (QE) degradation of the photocathode due to ion
back-bombardment 1,2

I Fast Ion Instability - ions that last for only one pass of a linac or storage ring
(i.e. fast ions) can cause instabilities in the electron beam 3,4

I Charge neutralization due to trapped ions within an electron beam, causing
beam loss 5

Mitigation techniques exist to reduce the effects of ions and clear them from
the accelerator:

I Clearing Electrodes - ions are attracted to the electrode and leave the electron
beam 6

I Bunch Gaps - trapped ions leave the electron beam within bunch gaps
introduced in the electron beam 7

Few (if any) techniques exist to directly measure and characterize ion
production within an accelerator.
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Discovery and Creation of Ghost Beam

After running an electron beam at the Gun Test Stand for several minutes
with the gun solenoid and biased anode on, a low intensity electron beam,
measureable on a viewer downstream of the photocathode, still exists and is
long lasting!

I We know that this low intensity beam is made up of electrons due to how the
beam steers with corrector magnets along the beam line.

Figure: Diagrams of the GTS beamline

Joshua Yoskowitz The Formation of a “Ghost” Electron Beam Via Electron-Ion Trapping at the Gun Test StandFebruary 27, 2019 3 / 21



Discovery and Creation of Ghost Beam

Current theory as to why this “ghost beam” exists:
1 Real electron beam ionizes residual gas, creating ions and secondary electrons
2 After the electron beam is turned off, these ions and secondary electrons

remain trapped within the solenoid lenses via the magnetic mirror effect
3 Ions and secondary electrons recombine and emit light, referred to here as

“ghost light”
4 Some of the ghost light hits the photocathode and creates electrons that are

incident on the viewer

Measuring the ghost light may be a way to measure and characterize ion
production within the accelerator.
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Process 1: Ionization of Residual Gas

When residual gas molecules in the accelerator come into contact with the electron beam, the electrons
can ionize the gas molecules, turning them into positive ions.

The ion production rate depends upon the densities of the residual gas ng , the density of the electron
beam ne , the ionization cross section σg , and the relative velocity of the electron beam βec

dni

dt
= ngneσgβec

Note that ni is the ion density. We can make this equation more meaningful by solving for the ion
production rate per unit length.
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The ionization cross section σg is derived from Bethe’s theory 8,9:
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Process 1: Ionization of Residual Gas cont’d

Below are log-log plots of ionization cross section σg vs. beam energy Te and ion production rate per

unit length
d

dt

(
Ni

l

)
vs. beam current Ie for 100keV electrons ionizing H2 gas.
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Process 1: Plugging in Numbers

Assume that the residual gas is made up of only H2 gas

Plugging in numbers from 11/20/18 run:
I I = 100µA
I Te = 100keV, βec = 0.548c
I Pg = 1.8× 10−8Pa = 1.3× 10−10torr
I Tg = 293.15K (Room temperature)

σH2 = 4.49× 10−23m2 and
d

dt

(
NH+

2

l

)
= 1.25× 105 H+

2 / (m × s)
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Process 1a: Secondary Electron Production

When residual gas molecules are ionized by electrons, an electron is released from the
molecule, as shown in the diagram below. This ejected electron is called a secondary
electron.

The secondary electron has much less kinetic energy than the primary (scattered) electron.

We can determine the energy distribution of secondary electrons based on the differential
cross section 10:

dσ

dW
=

x d3σ

dWdΩsdΩp
dΩsdΩp

where W is the secondary electron energy and Ωs and Ωp are the solid angles of the
secondary and primary electrons respectively.
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Process 1a: Secondary Electron Production cont’d

Define the energy ratios t, w , and u as

t =
T

B

w =
W

B

u =
U

B

where T is the incident electron energy, B is the binding energy, and U =
〈
p2
〉
/2m is the

average kinetic energy of the electrons in the subshell (from which the secondary electron
was ejected). Note that T ≥ B + W .

Using these ratios, we can write the SDCS in the Binary Encounter Dipole model as 10,11
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0
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where a0 is the Bohr radius, R is the Rydberg energy and N is the number of orbital

electrons. Values for B, U, N, and
df

dw
for H2 are listed here 11.
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Process 1a: Secondary Electron Production cont’d

For a 100keV electron beam, we can plot the differential cross section
dσ

dW
as

a function of the secondary electron energy W .

Joshua Yoskowitz The Formation of a “Ghost” Electron Beam Via Electron-Ion Trapping at the Gun Test StandFebruary 27, 2019 10 / 21



Process 2: Electron-Ion Trapping via Magnetic Mirror
Effect

Under certain conditions, charged particles and molecules can be trapped
between two magnetic fields that have high gradient (between two strong
solenoids, e.g.) via the magnetic mirror effect.

Below is a plot of the z-component of magnetic field experienced by charged
particles in the GTS beamline due to B-fields from the gun solenoid and two
focusing solenoids. From the 11/20/18 run, the current in the gun solenoid is
at 150A and the current in the two solenoids lenses are ∼ 0.75A.
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Process 2: Electron-Ion Trapping via Magnetic Mirror
Effect cont’d

Charged particles in the presence of a uniform longitudinal magnetic field B that is
axially symmetric will circulate about the central axis at the Larmor radius:

rL =
mv⊥
qB

where m and q are the mass and charge of the particle and v⊥ is its orbital velocity.

The magnetic moment µ of the particle is

µ =
1

2

mv 2
⊥

B

which is a constant of the motion. 12

From energy conservation:

dE

dt
=

d

dt

(
1

2
mv 2
⊥ +

1

2
mv 2
‖

)
= 0

Thus, if a charged particle in a magnetic fields moves towards a higher magnetic
field, then v⊥ increases and v‖ decreases. If the magnetic field is sufficiently strong,
the particle will mirror.
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Process 2: Electron-Ion Trapping via Magnetic Mirror
Effect cont’d

We can define a pitch angle, given by sin θ =
v⊥
v

, above which the particle will

always mirror. Using the invariance of µ, the threshold pitch angle θ is given by

sin2 θm =
B1

B2
(1)

where B2 is the maximum B-field with B2 > B1 and θ ∈ [0◦, 90◦]

θm does not uniquely define the kinetic energy T of the particle. If we only consider
particles that have Larmor radii within the radius of the beampipe (r = 0.034m),
then we can define threshold pitch angles θ and kinetic energies Tth, given by

Tth = (γth − 1)mc2

γth =

(
1− v 2

th

c2

)− 1
2

vth =
v⊥,th

θm

for electrons and for H+
2 ions.

Joshua Yoskowitz The Formation of a “Ghost” Electron Beam Via Electron-Ion Trapping at the Gun Test StandFebruary 27, 2019 13 / 21



Process 2: Electron-Ion Trapping via Magnetic Mirror
Effect cont’d

Electrons/H+
2 ions

Threshold θ for Lens 1, upstream (B0.5 → B0.21) 8.29◦

Threshold θ for Lens 1, downstream (B0.5 → B0.61) 20.0◦

Threshold θ for Lens 2, upstream (B1.03 → B0.9) 19.0◦

Threshold θ for Lens 2, downstream (B1.03 → B1.13) 30.0◦

Electrons H+
2 ions

Tth for Lens 1, upstream (B0.5 → B0.21) 39.9keV 9.725eV

Tth for Lens 1, downstream (B0.5 → B0.61) 6.5keV 1.713eV

Tth for Lens 2, upstream (B1.03 → B0.9) 582eV 0.159eV

Tth for Lens 2, downstream (B1.03 → B1.13) 248eV 0.0675eV
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Process 3: Electron-Ion Recombination

When ions and electrons are brought together, there is a probability that the
electron will recombine with the ion, resulting in a neutral atom/molecule
and an emitted photon. This process is known as radiative recombination:

AZ+ + e− → A(Z−1)+ (n, l) + γ

The energy of the photon is Eγ = E + Enl where E is the incident electron
energy and Enl is the energy of an electron in the nl state of the target
atom/molecule A.

The total cross section for radiative recombination of an electron into state n
is given by Pajek and Schuch and is based on Kramers formula13

σtot (E ) =
32π

3
√

3
α3a2

0

(
Z 2E0/E

) [
γ − s (nmax) + ln

(
Z 2E0/E

)1/2
]

where γ ≈ 0.577 is the Euler constant (not to be confused with the photon
γ) , α is the fine structure constant, E0 is the Rydberg constant, a0 is the

Bohr radius, and s (nmax) =
nmax∑
n=1

1− g (n)

n
, where nmax = 2 for H2 and values

of g (n) are given here13.
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Process 3: Electron-Ion Recombination cont’d

Figure: Log-log plot of σtot (E) as a function of E for recombination with H+
2 ions
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Process 3: Electron-Ion Recombination cont’d

The recombination rate αtot is defined as the average of the product of σtot (E) multiplied
by the relative electron velocity for a given electron velocity distribution f :

αtot =
w

vσtot (v) f (~v) d3v

Assuming a Maxwellian distribution, the recombination rate using σtot (E) from Pajek and

Schuch is given by 13

αtot = α0Z
2
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t
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Note that this assumes that the recombining electron energy is much smaller than the
binding energy (i.e. E � Enl ). In the case of H2 and considering the graph of SDCS for
Te = 100keV, this assumption is valid.
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Process 3: Electron-Ion Recombination cont’d

Figure: Log-log plot of αtot vs. kT⊥ for electrons recombining with H+
2 ions.
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Discussion

In order to determine the average lifetime of a ghost beam, one must
integrate all of these processes and iterate over all possible reaction channels.
However, since there are so many possible reaction channels to ionization and
recombination and because these processes are correlated, it is impractical to
do this analytically.

Instead, we can use simulation software such as GPT and IBSimu to simulate
ionization, secondary electron production, and recombination. We can then
record the lifetime of these processes and see if it matches the lifetimes
measured in experiments.
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Future Experiment and Connection to Thesis

Two viewports will be added to the beamline within the gun solenoid.

I The angled viewport will look for light emission between the anode and gun solenoid.
I The perpendicular viewport will look for light emission in an artificial trap created by

surrounding the viewport with steel shielding (like the solenoid lenses)

If we measure ghost light, it would indicate that ions do exist in the accelerator and we can
measure their concentrations and determine their identities.
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