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Abstract

The study of magnetized electron beam has become a high
priority for its use in ion beam cooling as part of Electron
Ion Colliders and the potential of easily forming flat beams
for various applications. In this paper, a new diagnostic is
described with the purpose of studying transverse magne-
tized beam properties. The device is a modification to the
classic pepper-pot, used in this novel context to measure the
uncorrelated components of transverse emittance in addition
to the typical effective emittance. The limitations of tradi-
tional methods are discussed, and simulated demonstrations
of the new technique shown.

INTRODUCTION

Research at Thomas Jefferson National Accelerator Fa-
cility (JLab) has focused on the production of magnetized
electron beams [1,2] for the purpose of an electron cooler
for the Jefferson Laboratory Electron Ion Collider (JLEIC)
[3]. Magnetized electron bunches are generated when the
source cathode is immersed within a magnetic field that has
a perpendicular field component, typically provided by one
or more solenoids. Due to the conservation of momentum,
electrons gain angular momentum as they exit the magnetic
field.

It is estimated that the cooling rate between a co-
propagating electron and ion beam in a solenoid channel
could be improved by about two orders of magnitude if the
electron bunch was not following typical Larmor rotations
[4,5]. To investigate magnetized beam, a short diagnostic
beam-line has been constructed to characterize the electron
beam as a function of magnetization, as shown in Fig. 1.

Figure 1: Diagnostic beamline: a. Gun in faraday cage, b.
Magnetizing solenoid, c. Viewer 1, d. Viewer 2/1DPP, e.
DQW Cavity, f. Viewer 3, g. Beam dump.
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The inherent angular momentum of magnetized beams
manifests as a rotation and natural divergence in the trans-
verse plane that complicates traditional diagnostic tech-
niques, as described in the following sections. It is extremely
important to be able to measure the uncorrelated emittance
for the JLEIC electron cooler because this is the emittance
present inside the cooling solenoid when co-propagating
with the ion beam.

EMITTANCE

For the JLEIC cooler, the canonical transverse emittance,
&m, is set at 36um. In addition to the magnetized emit-
tance, which has a linear correlation in the x, oy and y, px
planes (alternatively r, pg), there is the typical uncorrelated
emittance, &, from thermal electron energy at the cathode,
non-linear fields and induced by space-charge forces within
the bunch. For the JLEIC cooler there is a budget of 19um
for the uncorrelated emittance component. Minimizing this
quantity decreases the chance of undesirable electron-ion
recombination [6]. The total effective emittance, €, is given
by:

& =gl + &’

ey

Emittance Diagnostics

Emittance measurement techniques at low energy typi-
cally involve a insertable mask that allows a small portion
of the beam to be transported (without space-charge forces)
to a viewer, wire scanner or Faraday cup [7]. The emittance
is then derived either statistically from the sampled beam or
from an interpolated reconstruction of phase space. These
masks are usually either slits or 2D pepper-pots. Single or
multi-slits can be used to measure a 2D transverse phase
space, while a pepper pot can measure both transverse planes
simultaneously.

Consider a single slit diagnostic, where the beam is
scanned over the aperture. A beamlet is passed through
the slit and is incident on a viewer. In the case of magne-
tized beams, this beamlet is rotated and generally large at
the viewer compared to non-magnetized beams because of
the angular momentum. The emittance can be calculated
by statistically evaluating the first and second moments of
position and angle, or a profile can be fitted to the divergent
dimension of each beamlet and used to reconstruct phase
space [8,9].

Multi-slits and 2D pepper-pots can be problematic with
highly divergent beams as beamlets can overlap and one has
to choose a method of chopping the image to assign a portion
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?,, to each slit or hole for calculation. If the divergence is non-
E: uniform across the radius of the beam or asymmetric, though
Z not impossible, the image division for analysis becomes
%more subjective.
~ At JLab as part of a magnetized beam test from a
£ thermionic gun a 1D pepper-pot, shown in Fig. 2, was de-
£ signed as a longitudinal bunch profile diagnostic. The 1D
‘G pepper-pot has distinct advantages for longitudinal measure-
= ments as described in [10]. For magnetized beams the 1D
%pepper—pot can also be used to provide both transverse phase
E space images when combined with beam scanning in both
% the horizontal and vertical plane. Figure 3 shows the typical
5 behavior of beamlets as simulated from a 1D pepper-pot.
The images displays some slight rotation because the cen-
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stream, is already diverging.

Figure 2: Mechanical design of 1 dimensional pepper-pot.
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Figure 3: Example of simulated beamlets from the pepper-
pot as would be seen on viewer screen for measurements.
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The 1D pepper-pot has been designed with an array of 15
¢ horizontal holes spaced such that beamlets will not overlap
« for a large operating region. For vertical emittance measure-
= ments, the beam is scanned over the pepper-pot vertically
£ using carefully calibrated steering magnets. Shown in Fig. 3
= is a simulation of a beam image on the viewer, combined for
%‘) 5 vertical positions. The analysis to reproduce phase space
WEPGW108
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(or statistically calculate emittance) requires that each beam-
let be assessed individually. With this design, one can mask
unwanted beamlets without losing information. For each
beamlet the first and second moments in the x and y plane of
the viewer are evaluated and an intensity profile taken. Over
many vertical measurements, one can reconstruct vertical
phase space at the location of the diagnostic.

By changing perspective of the image shown one can
view the line of holes in the average rotated plane to gain
insight into the uncorrelated emittance. By calculating the
average rotation and removing this from the image, then the
procedure of dividing each beamlet and calculating profiles
and moments is repeated. Now, the total vertical uncorre-
lated emittance is revealed, &, . The horizontal emittances,
&x and g, , require additional horizontal beam scanning to
create more data points between each horizontal hole.

SIMULATION

The beamline shown in Fig. 1 has been simulated using
the particle tracking code GPT [11]. Figure 4 depicts the
normalized rms effective emittance and the uncorrelated
component. The rms uncorrelated emittance is calculated
by fitting a least-square method line of best fit, with gradi-
ent m to the (y, py) phase space and calculating non-rotated
momenta: py = pyo — mx where pyo is the original momen-
tum.

Effective & Uncorrelated rms Emittance
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Figure 4: Effective rms emittance (red), uncorrelated rms
emittance (blue) evolution from cathode to 1D pepper-pot.

To demonstrate how this diagnostic would be used in
practice, a virtual experiment in simulation was performed
utilizing the 1D pepper-pot. The phase space for the effec-
tive emittance and the uncorrelated emittance as simulated
directly from GPT are compared with the reconstruction
from the virtual experiment. These are shown in Fig. 5.

The calculated effective emittance from the reconstruc-
tion is 36.24um, compared to 36.08um directly from the
simulation. The calculated uncorrelated emittance from
the reconstruction is 5.03 um, compared to 4.91 um directly
from the simulation. Even with only ~1% of the beam being
sampled for use in reconstruction, the effective emittance is
within 0.5% accuracy. Visual comparison also shows good
agreement. The uncorrelated emittance is within 2.5% ac-
curacy. There is a larger discrepancy between the simulated
and reconstructed uncorrelated emittance due in part to the
tails on the beamlets from the non-linear rotation present on
the transverse edge of the bunch. Only the linear rotation is
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Figure 5: Recreated phase space from simulated measure-
ments.

removed. Therefore, the non-linear tails of the beamlets on
the rotated image increase the measured emittance giving
an overestimation of the true uncorrelated emittance. These
tails could be artificially removed to potentially give better
agreement in measurement.

OUTLOOK

The pepper-pot has been installed in the diagnostic beam-
line and initial commissioning tests have been performed
to ensure it functions as designed. Figure 6 shows a com-
posite image of 5 real measurement scans taken of a non-
magnetized beam with the pepper-pot. These real commis-
sioning tests were done without the magnetization used in
the simulated measurements. Shown in Fig. 7 is the sim-
ulated measurement with the rotation from magnetization
removed, in order to have a better visual comparison. Re-
moving the rotation does not remove the beamlet tails from
non-linear dynamics and because the real test measurements
were never magnetized, Fig. 6 will not have the non-linear
tails that are seen in Fig. 7.

C ite Image of 5 B:
with 1D Pepper-Pot
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Figure 6: Composite image of five real viewer images col-
lected using the pepper-pot in the diagnostic beamline. The
tilt is not from magnetization, but from pepper-pot misalign-
ment.

MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects

TO03 Beam Diagnostics and Instrumentation

IPAC2019, Melbourne, Australia

JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPGW108

Superimposed Measurements

with Rotation Removed
0.03

0.02

y [m]

-0.01

-0.02

-0.03

-0.02 0
X [m]

0.02

Figure 7: Composite image of five simulated measurements
of beam with roation form magentization removed.

However, the similarities between the simulated measure-
ments and the real images are evident. The commissioning
processes was successful. The remaining work is to per-
form a full measurement and phase space reconstruction of
a beam from a magnetized beam matching our simulation
conditions such as the appropriate 36um emittance. Under
these conditions we will see a better match to simulation
and the full benefits of the IDPP will be demonstrated.

CONCLUSION

The simulation results and initial commissioning work
demonstrates that a 1D pepper pot is a new diagnostic that
can be utilized to reconstruct and visualize the uncorrelated
transverse phase space component of magnetized beams in
addition to the traditionally viewed effective phase space.
With beam scanning horizontally and vertically, both trans-
verse planes can uniquely be generated with this diagnostic.

There is a further advantage of the 1D pepper pot over
a slit diagnostic when simply looking at a rotated image
downstream, in that the magnetization of the beam in the
transverse (r,p4) plane can be assessed also.

For the success of the JLEIC cooling scheme it is crit-
ical to know that the magnetization of the beam has been
preserved from the cathode and that the uncorrelated compo-
nent of transverse phase space is within specification. In the
low energy (<10MeV) region, this novel diagnostic yields
quantitative information on both of these parameters.

ACKNOWLEDGMENT

Authored by Jefferson Science Associates, LLC under
U.S. DOE Contract No. DE-AC05-060R23177. The U.S.
Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce this manuscript
for U.S. Government purposes. Work supported by DOE
SBIR Grant No. DE-SC0015186.

WEPGW108
2747

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



10th Int. Particle Accelerator Conf. IPAC2019, Melbourne, Australia JACoW Publishing

5 ISBN: 978-3-95450-208-0 doi:10.18429/JACoW-IPAC2019-WEPGW108
A
]
s REFERENCES [6] A.Burov, Ya.Derbenev, S.Nagaitsev, A.Shemiakin. “Optical
E’ [1] M. A. Mamun et al., “Production of Magnetized Elec- Prn,l’mgiles oliBeaén Tr.a rllspor.t for Rzlatl\lllstlc EleCtilOItl) Cool-
% tron Beam from a DC High Voltage Photogun”, in Proc. glgl 3 OSZO(;ZV. Zg g(ga topics — Accelerators and beams,
2 9th Int. Particle Accelerator Conf. (IPAC’18), Vancouver, ol.3, ( ). )
—g Canada, Apr.-May 2018, pp. 4567-4570. doi:16.18429/ [7] Min Zhang. "Emittance Formula for Slits and Pepper-pot
S JACoW-IPAC2018-THPMK168 Measurement",Fermi National Accl. Lab, TM, 1988.
Q " q .
f (2] S Ad ]I; Wl]etl;;mga ft .al.I,J Slm9ul;t110n f)tudlefI:he lz/lagne— [8] M.E. Dolinska, N.L. Doroshko. "Pepper-Pot Diagnostic
§ gze ;;CX((;)?I 8ea\r/n ,in roc.C 17 gzt. Aartlcive; ngfg ator Method to Define Emittance and Twiss Parameters on Low
= 3;9"f g39 _)_’ ancouver, t-anada, Apr.-viay » PP- Energies Accelerators", Probelms of Atomic Science and
é 5-3397.doi:10.18429/JACoW-IPAC2018-THPAKO71 Technology, p. 107-111, 2002.
E [3] G. H. Wei, F. Lin, V. S. Morozov, Y. Zhang, Y. Cai, and Y. ., o .
§ M. Nosochkov, “Status of the JLEIC Ton Collider Ring De- [9] S.G. Anderson, et. al. "Space-charge ef'liects in hlgh. brlghtne.ss
p sign”, in Proc. 9th Int. Particle Accelerator Conf. (IPAC’18), elec.tron beam emittance measurments", Phys. Review Special
° Vancouver, Canada, Apr.-May 2018, pp. 394-396. doi: Topics, Accl. Beams, Vol 5, 2002.
g 10.18429/JACoW-IPAC2018-MOPMLOO2 [10] M. Stefani, F. Hannon. "Longitudinal Bunch Profile Diagnos-
% [4] Ya. Derbenev, University of Michigan Report No. UM-HE- tic for Magnetized Electron Beams", Submitted for review to
= 98-04 (1998). Phys. Review Special Topics, Accl. Beams, 2019.
=
= [51 A.S Artamonov, Ya. Derbenev. "Positron Cooling in a Mag-  [11] S.B van der Geer, M.J de Loos. General Particle Tracer User
g netized Electron Beam", Sov. Phys. JETP 67 (5), 1988. Manual, Version 3.35.
s
=
S
=
a
8
2
g
S
]
=1
2
E]
2
=]
Z
g
<
)
o
Q
)
Q
Q
=
g
S
[ap]
>
m
@}
O
Q
|
S
o
£
3
Q
S
o}
=]
=1
=
=
2
=
Q
O
z
=
a
8
2
g
=
o
&
=
Q
=
S
WEPGW108 MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects
of
g 2748 TO03 Beam Diagnostics and Instrumentation



