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Longitudinal compression of a macrorelativistic electron beam
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We present a novel concept of longitudinal bunch train compression that can manipulate a relativistic
electron beam across hundreds of meters. This concept holds the potential to compress the electron beam
produced by a conditional linear accelerator at a high ratio, elevating its power to a level comparable with
large induction accelerators. The method employs the spiral motion of electrons in a uniform magnetic field
to fold hundreds-of-meters-long trajectories into a compact setup. The interval between bunches can be
fine-tuned by modulating their spiral movement. We explore this method with the particle dynamic
simulation. Compared to setups of similar size, such as a chicane, our method can compress bunches at
considerably larger scales. Consequently, it opens up new possibilities for generating high-power beams

using compact devices at lower costs.
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I. INTRODUCTION

Macropulses of high-power relativistic electrons have
significant application potential across various research
frontiers. They notably enhance acceleration gradients
for the witness beam in the two-beam acceleration devices
[1-4], potentially improve normal tissue protection in
FLASH radiotherapy research [5], optimize imaging qual-
ity in FLASH radiography [6,7], and generate high flux,
short neutron pulses in white neutron sources [8].

Nevertheless, the direct acceleration of a high-current
electron beam to requisite energy poses significant tech-
nical and economic challenges. Conventional induction
accelerators, typically spanning hundreds of meters, are
employed in scientific setups for Z pinch or FLASH
radiography [3.,6,9], necessitating an extensive array of
klystrons for power supply. Thus a more cost-efficient
approach entails the acceleration of a long pulse beam at a
suitable current, subsequently compressing it.

From the perspective of power compression methods,
relativistic electron beams present numerous advantages as
energy carriers, compared to alternatives like lasers [10,11],
microwaves [12,13], and electric current [14,15]. These
advantages include a high-energy conversion efficiency
derived from ac power, and negligible energy dissipation
during compression. Moreover, as the space charge effect
diminishes with an increase in particle energy F, the power
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capacity of the electron beam is proportional to E>. This
suggests an extremely high-energy storage limit for the
relativistic beam.

However, the compression of relativistic electron beams
on nanosecond or microsecond scales poses a significant
challenge due to the trajectory spanning hundreds of meters
in spatial scale, which results in elevated costs and large
setup dimensions. The Geel Electron LINear Accelerator
Facility [8,16] and the Compact Linear Collider study [3,4]
each performed macropulse compression tests at the
nanosecond and microsecond scales, employing a perma-
nent magnet of 50 tons and combiner rings with a diameter
of up to 438 m, respectively. Hence, the typical electron
beam compression is usually carried out at the level of
picoseconds or femtoseconds [17-20].

In regard to this issue, we propose a novel method for
compressing macrorelativistic electron beams. It offers the
ability to manipulate beams on the scale of tens of nano-
seconds, within a more compact system, thus providing an
innovative solution for the cost-effective production of
high-current relativistic electron beams.

II. COMPRESSING PRINCIPLE

As illustrated in Fig. 1, the spiral motion of electrons in a
uniform magnetic field can be harnessed to fold hundreds
of meters worth of trajectories into a compact cylindrical
volume. This process allows for the efficient use of space,
and we can manipulate bunches’ interval by modulating the
spiral helix of a bunch train.

To illustrate, let us consider the compression of two
electron bunches depicted in Fig. 1. Assuming that the time
interval between bunch 1 and bunch 2 is 7/, at position I,
and the cyclotron period of the bunch in the uniform
magnetic field B, is T'.. After modulation, bunch 1 gets a
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FIG. 1. Compressing principle. The electrons spiral forward in
a uniform magnetic field B,, and its velocity direction is deflected
by two magnets at positions I and II. The deflecting magnets are
dipole magnets with time-varying strength.

smaller spiral pitch (smaller velocity component in the z
direction) than bunch 2. Their trajectories intersect again at
position II after a drifting space. However, bunch 1 takes k
extra spiral periods compared to bunch 2, and conse-
quently, the interval between bunches at position II turns
into 7}, =T, — kT.. A compression ratio n = % is
achieved after the progress. The beam is compressed when
In| > 1. If || < 1, the beam is diluted.

Specifically, this modulation is achieved through the use
of dipole magnets with time-varying strength. In Fig. 1, a
pair of magnets is positioned along the particle trajectory to
modulate and demodulate the bunch train velocities. The
first magnet has a magnetic field oriented along —7. It
deflects the bunch, converting a portion of axial velocity v,
to angular component vy and reducing bunch’s trajectory
pitch. The time-varying strength of the dipole field leads to
varying deflection effects on the bunch train, and each
bunch spends different numbers of periods during the drift
space of length L. At the focal point, another magnet with a
field along 7 is placed, generating an opposite deflection
effect. It sequentially restores the axial velocity compo-
nents of each beam bunch, causing the compressed bunch
train trajectory to align once again. For simplicity, in the
following text, we will use the term “deflecting magnet” to
refer to such electromagnetic dipole magnet.

Under the magnetic deflection modulation, it is impor-
tant to note that the helical period of electrons with different
v, components remains consistent. The period, denoted as
T, is solely determined by the electrons’ relativistic mass
and the uniform field intensity (7, = ZE”T’? .

The compressing method is similar to velocity bunching
but tailored for relativistic electron beams. We cannot
create a considerable velocity difference on a relativistic
beam through energy modulation. However, the spiral

motion allows us to expand the electrons’ trajectories from
one dimension to three dimensions. By modulating the
axial component of the velocity, we achieve a “velocity
bunching” method skillfully in relativistic situation.

This paper presents a detailed introduction to the
compression methods, and we demonstrate its ability to
manipulate the particle beam in two schemes, namely,
bunch train compression and bunch train combination, with
particle dynamic simulation.

Simulations of electromagnetic fields are performed with
¢ST Studio Suite. For electron dynamics calculations, we
utilized the tracking module in CST. Since this module is
unable to handle beams with multipulse time structures, we
developed MATLAB code to supplement such calculations.
Our code exhibits good consistency with the dynamics
calculations of single bunches obtained from CST in
complex electromagnetic fields.

III. INSTALLATION AND COMPONENTS

As depicted in Figs. 2(a) and 2(b), the compression
installation consists of several components: a large solenoid
coil, injection/extraction structure, several deflecting mag-
nets, and rf structures.

The main solenoid coil generates a uniform, axial-
oriented magnetic field within its vacuum columnar cavity.
The injection and extraction structures match the beam with
the compression system. The deflecting magnets modulate
the spiral motion of the bunch train, and the 1f structures are
employed for the longitudinal focusing of each bunch.

A. Solenoid

The solenoid coil has a length of 5 m, an outer diameter
of 1 m, and an inner diameter of 0.8 m. The injection and
extraction ports are separated by an axial distance of 3 m.
The solenoid is divided into three sections, each of which
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FIG. 2. (a) Compression installation and (b) the front view
profile of the compression installation. It comprises a primary
solenoid, injection, and extraction structures, several deflecting
magnets, and rf Structures.
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Bz_iz

5
magnetic field B,. The field is obtained through a csT Studio
simulation.

surface R = 25 cm, where 6B, = . (c) Distribution of radial

has an independently adjustable current, enabling precise
control of the magnetic field distribution within the
cylindrical cavity.

The simulated average magnetic field strength within the
cavity is approximately 0.09 T. As an electron beam of
6.5 MeV is employed in the simulation, the reference
spiral radius is 25 cm. The uniformity of the magnetic field
on the cylindrical surface of Ry = 25 cm is shown in Fig. 3.
The axial magnetic field B, has a maximum nonuniformity
of less than 0.3%, and the radial component B, is
below 107 T.

B. Injection and extraction structures

The purpose of the injection structure is to induce spiral
motion of the electron beam along the axis of the
cylindrical cavity after injection. It is composed of ferro-
magnetic shells and permanent magnets with reversed
magnetization to the uniform field [Fig. 4(a)].

The projection of the trajectory of the injected electrons
consists of two arcs, as shown in Fig. 4(b). R; and R,
represent the radii of the electron’s circular motion at the
injection port and within the cavity, respectively, while R,. is
the radius of the cylindrical cavity. With Ry =25 cm,
R. = 40 cm, and the geometric relationship, we can calculate
that R; = 19.5 cm, which corresponds to a magnetic field of
B; = —0.11 T for electrons with an energy of 6.5 MeV.

(a) Permanent magnets ®)

Ferromagnetic shell (Iron) x(gm)

(©)

Solenoid Cavity

B,(T)

0051 Injection
Structure

0 02 04 06 08 1
t(ns)

FIG. 4. (a) Injection structure. (b) Magnetic field B, on
injection plane and the simulated injected electron trajectory.
(c) B, observed on the injected electron’s trajectory.

The simulated magnetic field distribution observed along
the path of the injected electrons is shown in Fig. 4(c).

The extraction structure is symmetrically opposite to the
injection structure to facilitate the extraction of spiral
bunches from the solenoid.

C. Deflecting magnets

The deflecting magnets play a crucial role in modifying
the axial velocity (v,) of the incoming beam using their
radial-oriented dipole magnetic field (B,).

It should be noted that the deflecting magnets consist of
yoke-less coils to avoid distortion in the uniform axial field
and the beam’s stable spiral movement. Consequently, the
deflecting magnets exhibit significant fringe fields com-
pared to an ideal sharp boundary magnetic field. Refer to
Fig. 5(a) for the B, distribution of the magnet on the
cylindrical surface with Ry = 25 cm.

In Fig. 5(b), the calculation for the deflecting effect
of the nonuniformly distributed dipole field is demon-
strated. To clarify, the axial velocity component (v,) of the
spiral electron is significantly smaller than the azimuthal
velocity component (vy). Consequently, before and after
the deflection, zqy — zZin < Ro(Oout — Gin)-

By considering a narrow slice of width Rd6 at 6 = 6,
where the magnetic flux can be approximated as uniform
[B,(z,0) = B,.(z,60)]. The deflecting effect of the slice can
be calculated as dv,(z) = £ B,(z.60¢)R - df, where e and
m denote the charge and mass of the deflected relativistic
electron, respectively. By integrating the deflection effect of
each slice within a width of w, the overall deflection effect
of the nonuniform field on the electrons can be obtained
as Av,(z) = [£B,(z.0)R, - do.
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FIG. 5. (a) Magnetic field of ideal and actual deflecting
magnets on the cylindrical surface of Ry = 25 cm. (b) Deflecting
strength Av of the nonuniform magnetic field. (c) Integral field
J B.(6,2)Ry - d6 of ideal and actual deflecting magnets. The field
is obtained with CST simulation.

Figure 5(c) provides a visual representation of the
distribution of the integral field [B(z,0)R,-d6 of the
deflecting magnet along the z direction. Compared with
the ideal magnet, the actual magnet exhibits a significantly
wider range of magnetic field distribution. The fringe field
of the magnet extends along the axial direction (z direction)
for nearly 60 cm, which greatly exceeds the intended width
of the designed good field region of only 2 cm.

The presence of the fringe field poses significant
challenges to our magnet and system design. Electrons
located outside the magnet are still influenced by the
magnet’s deflection. In Sec. IV, we will provide a detailed
explanation on how to address the fringe field issue.

D. rf structure

As the turning period 7. is proportional to the electron’s
energy, dispersion of the beam can cause the longitudinal
size of the bunches to grow, resulting in a deviation of
the electrons’ arrival time on the demodulating magnet.
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FIG. 6. (a) Position of the rf structures. (b) Cross section and
electric field distribution of the rf cavity. (c) Accelerating gradient
along the axis.

This time difference can cause incorrect demodulation of
the electron’s axial velocity and lead to particle loss.

Since the trajectory of each bunch is different, it is
difficult to find suitable positions to place components for
control and focusing. After comparing a series of options,
we finally chose to place two rf structures in the middle of
the drift space for focusing purpose, as shown in Fig. 6(a).
Trajectories of bunches with even N intersect at the rfl
field, while the odd N trajectories intersect at the rf2 field.
The tf fields can provide a certain degree of longitudinal
focusing on each bunch. However, due to the difference in
drift time, the focusing effect on each bunch is not the same.
In our design, the voltage of rf fields are chosen to minimize
the average size of extracted bunches.

The structure can be a pair of tf electrodes or an rf cavity,
depending on the required 1f field magnitude. For example,
the cross section of a 3 GHz rf cavity used in our simulation
is presented in Fig. 6(b). With an axial length of 35 mm,
a radius of 40 mm, and an acceleration gradient amplitude
of approximately 1 MV /m, The required 1f peak power is
170 W. The accelerating gradient along the axis can be seen
in Fig. 6(c).

IV. COMPRESSING METHODS

Based on the aforementioned installation, we demon-
strate beam compression with several different ratio n = %
b

[Fig. 7(a)].
Two distinct compression modes, bunch train compres-
sion (T’ # 0) and bunch train combination (T, = 0) are
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FIG. 7. (a) Sketch of bunch train compression. E is the energy
of the electrons, and Q denotes the charge of each bunch.
(b) Compression process presented by phase space distribution
of the bunch train in z direction.

discussed separately. The difference between the two
methods can be simplified by explaining it in a two-
dimensional phase space in the z direction as Fig. 7(b).

A. Bunch train compression
1. Discussion about deflecting magnets

In the ideal situation, all beam bunches have an
initial axial velocity v, after injection. As the ith bunch
should has a uniform pitch of P; =+ in the drift region,
the deflecting magnet C1 should deflect it by Av; =

-y +ﬁ We can easily calculate the time-dependent

strength of the magnet [Fig. 8(a)]. Similarly, the magnet C2
for demodulation should deflect the bunches by Av; =

_ L
Y20 = NT,

However, the fringe field of time-varying magnets
greatly complicates the problem. Before modulation, the
injected beam may deviate from the magnet’s good field
region. After modulation, bunches’ trajectory pitch may
be nonuniform in drift space. Setting the deflecting
magnet strength according to Fig. 8(a) would lead to
severe particle loss.

To address this issue, another deflecting magnet CO was
added between the injection port and the modulating magnet,
as shown in Fig. 8(b), to counteract the effect of the
modulating magnet’s fringe field on the injection side.
What is more, an iterative calculation method was employed
to obtain the time-varying currents of the three magnets. The
objective of the calculation was to ensure that each bunch
(1) reaches the center of the modulating magnet’s good field
region after injection, (ii) reaches the center of the demodu-
lating magnet’s good field region after drifting, and
(iii) finally exits the solenoid installation through the

at the end of the drift region.

(a) L
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FIG. 8. (a) Time-varying deflecting effect of magnets in ideal
situation. 7,, (i) and 7,4(i) denote the arrival times of the ith bunch
at magnets C1 and C2. (b) Sketch of the relative position of the
magnets.

extraction port. After determining the geometry of the
magnets and the parameters of the bunch train, we can solve
for the required time-varying strength of each magnet.

2. Simulation

Our simulation employed a solenoid cavity with a
uniform magnetic field strength of B, = 0.09 T and elec-
tron beam with an average energy of £y = 6.5 MeV. Each
bunch has a charge of Q0 = 1 nC. The cyclotron radius of
the electrons in the uniform magnetic field is Ry = 25 cm
and the period is T, = 5.4 ns.

The phase-space acceptance of this compression system is
shown in Fig. 9. In the spiral motion, the vertical (y) and
horizontal (x) directions of the phase space coordinate
system align closely with the z and r directions of the
laboratory cylindrical coordinate system, respectively. The
geometric acceptance in the two directions is 15 and 780 mm
mrad. The aperture of this system is quite large. The energy
acceptance range of the system for a 6.5 MeV beam is
approximately +5%o. If each bunch with dispersion |§| <
5%o is injected with a pulse width of less than 0.2 ns, particle
losses caused by deflection errors during the modulating and
the demodulating process can be completely avoided, thus
achieving 100% compression efficiency.

The phase-space transformation of a single bunch before
and after the compression in vertical and longitudinal
directions is shown in Fig. 10. The magnet’s fringe field
introduces nonlinearity in this transmission system, causing
some distortion to bunch’s transverse ellipse envelope.

With the T'. determined, the compression ratio # depends
on the initial interval 7', between the beam bunches. We
will present the simulation results for two compression
ratios n; = 5 and n, = 10.
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dt(ns)

FIG. 9. Phase-space acceptance of the compression system in
(a) vertical, (b) horizontal, and (c) longitudinal directions.
8 = 6E/E,. “Accepted” denotes the particle can be captured
by the compressed beam, and “lost” is the converse.

In the two cases, we employ a beam consisting of
10 bunches with an initial interval of 7,; = 6.8 ns and
Ty, = 6 ns, corresponding to a beam length of approx-
imately 68 and 60 ns. The amplitude of the rf fields (Fig. 6)
used for longitudinal focusing is 28 and 25 kV, respectively,
and the frequency is f; = f, =3 GHz.

During the compression process, the first bunch under-
goes 17 spiral periods from injection to the extraction port,
the second bunch takes 16, and so on.

(a) Injection

extraction

3 2
Eo £
B B
-0.5 -0.5
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0.2
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FIG. 10. Phase-space distribution transformation of the first
injected bunch before and after the compression in (a) z direction
and (b) longitudinal direction.
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FIG. 11. Calculated time-varying strength of the deflecting

magnets. The solid and dashed lines denote situations with
compression ratio 7 = 10 and 5 =5, respectively. The dots
denote the arrival time of bunches at magnets C1 and C2.

The time-varying strengths of the deflecting magnets
obtained through iterative calculation are shown in Fig. 11.
The peak power required for the deflection magnet is
2.2 kW, with a maximum frequency of 40 MHz.

In the simulation, the profile of each bunch before the
injection is shown in Fig. 12(a). The bunch has an initial
rms length of 0.1 ns and maximum energy spread of
6 = £5%o. The initial emittance of the beam is I mm mrad
in both r and z directions.

For =5 and 5 =10, current profile of the beam
before and after the compression are shown in Figs. 12(b)
and 12(c), respectively. The full width at half maximum
of the compressed bunches are different because the
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FIG. 12. (a) Profile of each injected bunch. (b) Current profile

of the beam before (left) and after (right) the compression with
n=35. (c) Current profile of the beam before (left) and after
(right) the compression with 7 = 10.
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FIG. 13. Sketch of the bunch train combination system.

amplitude of the focusing rf field is constant, but the drift
time of each bunch is inconsistent.

In the case of 7 = 10, the interval between the bunches is
reduced from 7, =6 nsto T, =T}, — T, = 0.6 ns, result-
ing in a compression with a ratio of 10. The average current
of the beam string increased from 0.17 to 1.7 A, and the
average power increased from 1.1 to 11 MW.

We have identified several limiting factors for further
improving the compression ratio. The magnet’s fringe field
limits the minimum pitch of the electron spiral trajectory,
which restricts the maximum number of bunches in the
bunch train. Moreover, the time-varying voltage of the
demodulating magnet C2 limits the minimum spacing
between the extracted bunches, particularly when a magnet
without a yoke is used. If 7", is further reduced, a faster
change in demodulating strength is required.

However, there is a limiting case, 7, = 0, which can be
achieved by employing another demodulation method.

B. Bunch train combination
1. Discussion about deflecting magnets

If the injected bunch interval T, is equal to cyclotron
period T, all the bunches will arrive at the demodulating
magnet C2 simultaneously after the spiral procedure. In
this case, the time-varying magnet described in the pre-
vious section cannot demodulate the axial velocity of the
bunch train.

We can employ a spatial-gradient magnet instead of the
time-varying magnet for demodulation and focus all the
bunches at the extraction port.

The bunch train combination system is illustrated in
Fig. 13. The configuration of magnets CO and C1 is the
same as in the previous section. The ideal deflecting
strength of demodulating magnet C2 is linearly related
to the coordinate dz. The demodulation progress for the ith
bunch in the axial direction satisfies the following equation:

[0y + Av,(6z;)] - T, = L' = 6z;.
From a phase-space perspective, as shown in Fig. 7(b),

we rotate the bunch train that was originally distributed
along the z axis to the dv, axis after the spiral procedure.

0.2
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/8
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-nl8
-nl4 -0.05
-10 0 10 -20 -10 0 10 20

2z(cm) z(cm)

o

B(T)
Deflecting strength(T cm)
o

FIG. 14. (a) Radial magnetic flux and (b) deflecting strength
distribution of demodulating magnets.

At the extraction port, from the spatial perspective, bunches
overlap with each other and seem like a large bunch.

The simulated magnetic flux density of the designed
spatial-gradient magnet on a cylindrical surface R, =
25 cm is depicted in Fig. 14(a), and its deflecting strength
along the z direction is shown in Fig. 14(b). The linear
relationship holds within a good field region spanning
approximately 6 cm.

By iteratively solving for the time-varying strengths of
CO0 and C1, along with the demodulating coordinates 6z; for
each bunch, the magnet parameters suitable for the bunch
train combination can be obtained, taking into account the
presence of fringe fields.

2. Simulation

In the simulation of bunch train combination, parameters
of bunches, solenoid field, injection, and extraction port are
consistent with the compression mode.

The transverse phase-space acceptance of the combina-
tion system is shown in Fig. 15(a). The geometric accep-
tance in vertical and horizontal directions are 1.2 and
2.5 mmmrad. The longitudinal acceptance is consistent
with the previous compression mode.

We simulated two scenarios: (i) combining a beam of
10 bunches, each with a charge of 1 nC, into a single large
bunch and (ii) periodically merging every three adjacent
1 nC bunches into a cluster.

In the first scenario, the time-varying deflecting strength
of magnets CO and C1 is shown in Fig. 16(a). The current
profile of the beam before and after combinations is

x'(mrad)

FIG. 15.
Accepted denotes the particle can be captured by the compressed
beam, and lost is the converse.

Transverse acceptance of the combination system.
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FIG. 16. (a) Time-varying deflecting strength of magnets.

(b) Current profile of injected beam. (c) Current profile of
individual bunches (left) and the combined bunch (right) at
extraction port. (d) Transverse phase-space distribution of the
combined bunch.

depicted in Figs. 16(b) and 16(c). Charge of the combined
bunch is 10 nC, and peak current of the beam is multiplied
by a factor approximately of 9. Figure 16(d) illustrates the
transverse phase-space distribution of the combined bunch,
confirming its alignment with expectations as bunches are
stacked along the vertical direction.

In the second scenario, the intensity of the deflecting
magnet C1 varies over time in a periodic manner
[Fig. 17(a)]. After passing through the device, every three
adjacent bunches merge into one. The average current of
the beam remains unchanged, while the peak current is
approximately 3 times higher than the injection.

Though this combination method produces bunch with a
large charge, the emittance is also large. If the bunch keeps
on drifting for a period of time without postfocusing, it
will spread out again. Therefore, this method may not be
suitable for applications that are strict on electron beam
emittance, while it is appropriate for applications such as
white spectrum neutron sources [8], where the combined
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FIG. 17. (a) Time-varying deflecting strength of magnets.

(b) Current profile of Injected and extracted beam.

bunch hits the target after combination and the emittance of
the bunch is insignificant.

V. SUMMARY AND OUTLOOK

In this paper, we demonstrate a macroelectron beam
compression concept achieved by modulating bunches’
spiral motion in a uniform magnetic field. With the
proposed system, a simulation of two different compressing
schemes is performed.

This method is capable of compressing electron beams
on a scale of tens of nanoseconds using a relatively compact
device (<10 m in spatial scale). It offers high compression
efficiency and large energy storage limits, making it a
promising choice for power compression.

There are several aspects of our research that can be
further improved. For instance, support and power feeding
structures of the rf cavity remain unaddressed. We priori-
tized a holistic analysis of the transportation system over
individual component scrutiny due to the diversity of the
bunch trajectory and issues with component fringe fields. In
addition, the impact of synchrotron radiation effects may
pose a limitation on our objective to augment the energy of
compressed electrons. This concept has to be further refined
using tools and methods of modern accelerator physics.
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