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Motivation
▸Magnetized

electron cooling is one of the major approaches towards
obtaining the required high luminosity with low longitudinal
momentum spread in the proposed Jefferson Lab Electron Ion Collider.

▸As

an added advantage of magnetized electron beam, scientists have
explained that magnetized beam can mitigate some collective effects
such as space charge effects.

▸In this work I’m are going to investigate how magnetization affect the

space charge current limitations near the photocathode and whether
according to their explanation magnetization mitigates the space charge
effect and supports to achieve the required high current.
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Importance of the magne/zed electron beam
Electron cooling

▸ The future electron-ion collider is required to deliver a high luminosity
exceeding 10!! cm"# s "$ per detector to examine the hadronic structure of matter.
High luminosity concept
The colliding electron and ion beams should have high bunch charge and
small transverse emittance, such that in strong final focusing the beam
spot sizes reduce to a few microns at collision point, thus can combine
with a high bunch repetition rate and high averaged current to get high
luminosity.
𝑁$ 𝑁# 𝑓𝑁%
ℒ=
4𝜋𝜎& 𝜎'
where, 𝑁$, 𝑁# number of particles per bunch, 𝜎& , 𝜎' beam sizes of the
two colliding beams, 𝑓 rep rate , 𝑁% number of bunches.

▸ To achieve this small beam size (small transverse emittance and less momentum
spread) the ion beam must be cooled.
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Importance of the magnetized electron beam cont.
Electron cooling

▸Invented by G.I. Budker in 1965 for the purpose of increasing luminosity of hadron
collider.

▸ It was first tested in Novosibirsk in 1974 with 68 MeV protons at NAP-M storage
ring, which had cooling length of 1 m.

▸ The idea behind this is when a “cold” electron beam co-propagated with the “hot”
ion beam with same velocity, Coulomb collisions between ions and electrons lead
to a transfer of thermal motion from ions to the electrons, in a similar way that
two gasses in a mixture reach thermal equilibrium.

▸ Thus, electron cooling reduces the spread in the longitudinal and transverse ion
velocities, which means a decrease in the momentum spread, in the diameter, and
5
in the divergence of the ion beam.

Importance of the magnetized electron beam cont.
Electron cooling
Requirements of the cooling electron beam for efficient cooling:

▸ High bunch charge
▸ Low beam temperature (small electron beam emittance and energy

spread)
▸ Large enough transverse beam size in order to cool the traversing ion
beams
These features can combine in enhancing the collective interaction such as
space charge effect which can badly affect the cooling process.
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Importance of the magne/zed electron beam cont.
Magnetized electron cooling
In 1977, Y. Derbenev discovered a way to increase the cooling efficiency by using a
"magnetized electron beam”.
Ion beam cooling in presence of uniform magnetic field is much more efficient than
cooling in a drift (no magnetic field):

▸Electron beam helical motion in strong magnetic field increases electron-ion
interaction time, thereby significantly improve the cooling efficiency

▸Cyclotron motion due to the magnetic field also provides suppression of electron-ion
recombination.

But the radial fringe field at the entrance or exit of the cooling solenoid exerts an
azimuthal kick on the electrons that produces a rotational motion which has a very large
radius and a very large resultant emittance .
In order to cancel this azimuthal kick at the entrance of the cooling solenoid we generate
the electron beam inside a magnetic field which make an earlier kick at the exit of the
cathode solenoid.
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Importance of the magnetized electron beam cont.
Magnetized electron cooling beamline
Busch’s theorem, canonical angular momentum
𝒆
𝟏
𝑳 = 𝜸𝒎𝒆𝒓𝟐 𝝓̇ +
𝝍 = 𝜸𝒎𝒆𝒓𝟐 𝝓̇ +
𝒆𝑩𝒛𝒓𝟐
𝟐𝝅
𝟐
is conserved.
Drift motion in Cyclotron mo8on
between solenoids (smaller radius)
(larger radius)

Electrons are born with
transverse
thermal
momentum in magnetic
field Bz each electron
will have a helical
cyclotron motion,
At the photocathode,
̇
𝜙=0
eBz ao2
L =
4

Upon leaving the
solenoid, Bz =0
But due to the
torque exerted in
the
transition
region
𝐿 = 𝛾𝑚! 𝑟 " 𝜙̇

Upon
entering
Cooling
Solenoid

Bcool
a02
= 2
Bz
re

Inside the cooling
solenoid

L =

eBcool re2
4
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Space charge forces

▸ Space charge is an accumulation of charges in a particular region.
▸ Space charge forces are the Coulomb repulsive forces inside this
region of charge accumulation.

Space charge force acting on a charge inside the beam:
Uniform cylindrical charge distribution travelling with relativistic speed in free space(r),
𝐹& = 𝑞 𝐸& − 𝛽𝑐𝐵' = 𝑞𝐸& 1 − 𝛽 ( =

𝑞 𝜆) 𝑟
𝛾 ( 2𝜋𝜖) 𝑎(

where a radius , 𝜆 𝑟 = 𝜆) (𝑟/𝑎)# longitudinal charge distribution, travelling with
a relativistic constant velocity v = βc.
For a Gaussian distribution (r, z),
charge density
𝜌 𝑟, 𝑧 =

𝑞)
( 2𝜋)* 𝜎+ 𝜎& (

𝑒 (-+

#/(/ #)
$

𝑒 (-&

#/(/ #)
%

where 𝑞) bunch charge, 𝜎* and 𝜎+ longitudinal and transverse rms beam sizes.
𝐹& (𝑟, 𝑧) = 𝑞𝐸& 1 −

𝛽(

=

#
#
#/(/ #) 5-6 ((% /#*% )
1
1&
(-+
$
𝑒
(23&4# (2 /$
&

▸ Space charge forces can degrade the beam quality and cause instabilities

as a result of emittance growth, energy spread, halo formation, particle
losses and even can set up an upper limit for the beam current.
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Space charge current limitation
This charge accumulation forms a cloud of charges next to the cathode and it limits the
further emission of charges from the surface due to the space charge forces, is referred
as the space charge current limit.

▸ Child and Langmuir first studied the maximum current density J that can be
transported from an infinite planar cathode at zero potential to an infinite planar
anode parallel to the cathode, when the initial velocity of electrons is zero, due to
the space charge limitations,
𝐽=

4𝜖) 2𝑒 */(
𝑉
9𝑑 ( 𝑚

where d distance between cathode and anode, V fixed potential.

▸ But most of the above assumptions are not the same for the practical situation.
▸ Hence, it can be used as a useful approximation.
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Emittance compensation in a magnetization beam
px

Emittance
▸ The motion of charged particles in a beam can be described
completely by six degrees of freedom in phase space: position
(x, y, z) and momentum (px , py , pz ) in Cartesian coordinates.

Area=𝜋𝜖

x

▸ This concept is very powerful in beam dynamics as, the density
of particles in phase space does not change along a beam
transport line: Liouville’s theorem.

▸ Emittance is a measure of the phase space area occupied by a beam.
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,--./0,

𝑑𝑥 𝑑𝑝𝑥 = 𝜋𝜖

Geometric
emittance :

𝑥 ( 𝑝9 ( − 𝑥𝑝9 (
1
𝜖:,&78 =
𝑥 ( 𝑝9 ( − 𝑥𝑝9 (
𝑚)𝑐
𝑚)𝑐
𝜖:,&78 = 𝛾𝛽 𝜖&78
𝜖&78 =
𝜖
𝑝+ :,&78

Thermal
emittance:

𝜖:,<= = 𝜎)

rms emittance:
Normalized
rms emittance:

𝜖&78 =

𝑘𝑇
, T cathode temperature , 𝜎, rms beam size at the cathode
(
𝑚)𝑐

Beam size = 𝜖&78 𝛽 , 𝛽-beta function
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Emittance compensation in a magnetization beam cont.
The paraxial envelope equation for particle trajectory with space charge fields,
22
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where 𝑟- beam radius, B solenoid field, 𝑝. = 𝛾𝑚𝑟 " 𝜙̇ + "!0 𝑟 " canonical angular momentum of the particles ,
2

"

"

3 # 4#

𝜖1 = 𝛽𝛾𝜖 normalized emittance and 𝐾 = 2

!

is the generalized perveance, indicates how significant the
/ -6 $

space charge effect is on the beam’s motion and I is the beam current and 𝐼, ≈ 5,
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= 17 𝑘𝐴 for electron.

1st term - change of slope of the particle trajectory
2st term - effect of the axial electric field (acceleration or deceleration)
3st term - effect of the radial electric field (focusing, defocusing)
4st term - magnetic force
5st term - effect of a canonical angular momentum
6st term - emittance variations
7st term - how significant the space charge effect is on the beam’s motion

Thus, the emittance term has the same 1/𝑟7 * dependence as the angular momentum term .
𝑃?
𝑚𝑐𝛽𝛾

(

1
𝑟7 *

𝜖)
=
𝛽𝛾

(

1
𝑟7 *

𝑝?
= 𝜖: = 𝛽𝛾𝜖
𝑚𝑐

called the drift emittance or correlated emittance.

𝑒𝐵+ 𝑟 (
𝜖: =
2𝑚𝑐
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Emittance compensation in a magnetization
beam cont.
The magnetic field can generate a canonical angular momentum that increases the
total emittance. The larger emittance results in larger transverse beam size which
inversely proportional to the space charge forces.

𝜖:;: =

𝜖< # + 𝜖:= # + 𝜖0/ #
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Experimental Setup
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Experimental setup cont.
Gun high voltage chamber

▸ A compact DC high voltage photogun with
inverted insulator and spherical cathode
electrode was used.
▸ Operates at 300 kV but by the time we got the
measurements it was operated at maximum
225 kV due to some field emission.

Gun Solenoid

Size

11.811" ID, 27.559" OD, 6.242" Z

Conductor

L=500 m, A=0.53 cm2
16 layers by 20 turns

Field at
Photocathode

1.5 kG

Current

400 A
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Experimental setup cont.
Bialkali antimonide (K (CsSb) photocathode

▸ Photocathode active area was limited to
3 mm radius.
▸ For this experiment photcathode made
with GaAs substrate with 90 min
deposition time of Sb layer and
molybdenum substrate with 10 min
deposition time of Sb layer were used.
▸ Both showed quantum efficiency (QE)
in the range of 5-8% with 515 nm green
laser.

Laser

▸ For this experiment we used high energy
fiber laser.

wavelength

515 nm

Pulse width

500 fs

Rep rate

Up to 50 kHz

Pulse energy

40 µJ

▸ Gaussian temporal profile.
The laser size at the photocathode was
adjusted and pulse width was stretched to get
different values by using optical transport
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system with diffraction grating.

Measurements
▸ Increased the laser power at the cathode by keeping the other parameters
constant and measured the average current at the end of the beamline for
different solenoid strengths (0, 100, 200 A).
▸ Incident power can be related the extracted charge for a fixed QE value,

𝑄𝐸 =

!" %
×100%
#$ &

=

'() %
%
# &

where:
P (W) - incident laser power
I (mA) - measured average beam current
λ - laser wavelength (515 nm)
h - Planck’s constant (6.626 × 10!> Js)
e - electron charge (1.602 × 10"$? C)
c - speed of light (2.998 × 10@ m/s)
▸ Varied the laser spot size at the cathode (1.54, 1.0, 0.5, and 0.251 mm), laser
pulse width (120, 70, 1 ps) and gun voltages (200, 150, 100 kV) and followed
the same procedure for the magnetized and non-magnetized beam.
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Laser pulse energy vs bunch charge and corresponding QE %
for different solenoid currents
225 kV , 50 kHz , 75ps (FWHM)
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▸

Bunch energy is used as
the independent variable
by normalizing the laser
power for the laser
repetition rate.

▸

Bunch charge
corresponding to the
maximum laser energy,
(without taking into
account the space charge)
is roughly 14 nC.
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▸ Space charge limitations were initiated around 0.3 nC and increased for a maximum of 0.7 nC.
▸ The charge extracted from 0.3 nC to 0.7 nC can be come from the edges of the Gaussian beam.
▸ The beam is scraping; the beam pipe size and strength of the focusing solenoids are probably
not enough to transport a clean beam to the dump.
▸ The wiggle behavior in high bunch charge region can be also a result of this beam loses.
▸ QE also shows inversely proportional trend to the charge extracted, which is again
a 1:result
of profile
theof space
charge
Figure
Charge density
a (non-)saturated
bunch. (Grey)
limitations.
This used;
saturated region
is shown in
figurewas
1. To estimate
the actual tot
▸ Two different QE values at the beginning is due two the different photocathodes
higher
QE
gained
is simply the sum of the saturated region and the tails. The charge in th
region is given by:
from the molybdenum substrate.
▸ Up to 100 nJ there is a significant effect of magnetization on the space charge limitations.
Z
Z
Q
=
dµ
ß
rdr
▸ Higher magnetization extracted more charge by mitigating the space charge effect but later it didn’t follow
the
= ß
ºr
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same trend.
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Results cont.
1 ps

120 ps

▸ Plots follow the idea of Child’s law ; extracted charge is proportional to the gun
voltage.
▸ However, both laser pulses extracted roughly the same ultimate bunch charge.
▸ There is a little dependence of magnetization on the space charge limitation; higher
magnetization extracted more charge.
▸ For these measurements laser instability at high power range limited the bunch
charge.
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Results cont.

Larger beam, longer pulse

More bunch charge

▸ There is a little dependence of magnetization on the space charge limitation;
higher magnetization extracted more charge.
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Simulations
▸ Two different simulation codes, GPT (General Particle Tracer) and ASTRA (A Space Charge Tracking Algorithm) have
been used to model the beam line and reproduce the measurements.
▸ So far GPT simulations have been done by varying the bunch charge of the beam from pC to few nC and tracking
the extracted charge from the cathode up to 1 m with highest accuracy possible.
Mean transverse energy

0.130 eV

Transverse beam profile

Gaussian

Beam size (rms)

1.54 ×10!" m

Temporal beam profile

Gaussian

Bunch length (FWHM)

75 ps

Beam pipe radius

3.6 ×10!# m

Y off set

1.7 ×10!" m

Number of participles

5000

▸ In simula8ons space charge limita8ons start much later than the measured value.
▸ Simula8on shows no dependence on magne8za8on.
▸ Simula8on were done considering only the space charge eﬀect near the cathode, not the beam transport part
8ll 4 m thus, there can be some discrepancies at higher laser energies due to beam losses but, at lower laser
energies (0-2 nC input bunch charge range) simula8ons should match the measurements.
▸ Also, surface charge limit of the cathode can aﬀect the extracted charge and its hard to dis8nguish between the
two eﬀects.
21

Summary and Outlook
▸ Jefferson Lab’s magnetized electron beam was used to investigate the space charge effect in
magnetized beam.
▸ New laser source was installed at GTS specifically for this experiment which was capable of
delivering nC bunch charge (high power and varying repetition rate up to 50 kHz) with low average
current.
▸ Measurements were taken by varying the laser power and tracking the average current at the end
of the beam line for different magnetization strengths.
▸ Followed the same procedure by changing the gun HV, laser spot size at the cathode and laser
pulse widths.
▸ Results showed that the space charge is inversely proportional to the beam dimensions and
proportional to the gun voltage, consistent with equation predictions.
▸ Measurements showed magnetization doesn't has a significant affect on space charge current
limitations.
▸ In future, I’m planning to do more simulations using both GPT and ASTRA programs for full
beamline by implementing the laser profile to the program and try to identify the mismatch in 0.7
nC measurements.
▸ More beam based measurements will be planned with new laser, molybdenum substrate, smaller
active are etc.
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