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Abstract

Here a compact three orthogonal planes high-energy electron radiography system was proposed. One of the critical
technologies, the ultra-fast beam bunches split from the bunch train are studied. The separated bunches could be
transported to the three orthogonal planes of the target for dynamic radiography diagnostics. The key elements of the
ultra-fast bunches split system are transverse deflecting cavity (TDC) and the twin septum magnet (TSM). The
principle of TDC and TSM are briefly introduced. An example of the beam bunches split system for test experiment
(40 MeV electron beam) with TDC and TSM is designed and studied by particle-tracking simulation and it confirms
this method is valid and feasible. Especially with TSM, a compact three orthogonal planes radiography system can be
realized. The evolution of the beam parameters along the beam line from simulation are investigated. The detailed
design of the beam split system and beam dynamics simulation study are presented in this paper.

Keywords: Three orthogonal directions high-energy electron radiography; Transverse deflecting cavity; Twin septum
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1. INTRODUCTION

A new scheme was proposed that high-energy electron beam
as a probe used for time-resolved imaging measurement of
high-energy density materials, especially for high-energy
density matter and inertial confinement fusion (ICF) (Gai
et al., 2014; Zhao et al., 2014a,b). High-Energy Density
Physics aims to study the properties of matters under extreme
temperature and pressure state, which is also called warm
dense matter (WDM). The WDM produced in laboratory
by laser or high-energy heavy ions beam (Sharkov et al.,
2016) requires the energy density exceeds 1 Mbar and the
transiently time scales on the 10 ns—1 ps. Therefore, the diag-
nostics system for WDM experiment should have a large
dynamic range and high spatial resolution.
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Especially for ICF, the compression of the target material
by laser or heavy ions comes from many directions. It is es-
sential to measure the compressed target moving boundary
and check the symmetric compression in time. Therefore
the time dependent and the three orthogonal directions or
fully three-dimensional (3D) imaging systems are desirable
(Zhao et al., 2016a,b). Comparing with proton and some
other X-ray diagnostics system, high-energy electron radiog-
raphy system based on photocathode injector linear electron
accelerator (LINAC) is expected to gain high spatial and
temporal resolution with less expense (Merrill, 2015). The
high-energy electron radiography (eRad) is first developed
and tested by Los Alamos National Laboratory (Merrill,
et al., 2007) for material study with 30 MeV electron beam
and the spatial resolution was achieved about 100 um. In
order to develop higher energy eRad for WDM and ICF
diagnostics, R/D of the eRad had been commenced by In-
stitute of Modern Physics (IMP), Chinese Academy of Sci-
ences (CAS), and Tsinghua University (THU) based on
THU LINAC beam with about 40-50 MeV energy and
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picoseconds pulse-width bunch since the year 2014 (Zhao
et al., 2014a,b, 2016a,b; Zhou et al., 2017). Two experi-
ments with ~40 MeV electron beam were performed and
the spatial resolution reached ~6 um. They were the princi-
ple test and certified that this kind of LINAC with ultra-short
pulse electron bunch (several picoseconds pulse width) can
be used for eRad very well.

Several ultra-fast electron projection radiography experi-
ments for plasma diagnostics have been performed by several
laboratories, such as radiography of magnetic fields in high-
intensity laser—solid interactions (Schumaker et al., 2013)
and radiography of optical-field ionized plasmas (Centurion
et al., 2008). Compared with electron projection radiography,
the imaging lens of the eRad system will greatly improve the
spatial resolution. Therefore, we can get more and clearer
target information from the eRad and it is feasible and useful
for plasma diagnostics. Furthermore, the eRad in three orthog-
onal directions is also able to provide more target information
and more powerful for other diagnostics application, such as
experimental researches on mesoscal (~mm) materials and
ultra-fast phenomena of chemistry and physics processes.

The conceptual design of three orthogonal directions eRad
system is shown in Figure 1. It consists of LINAC based on
photocathode injector, beam bunches split system [including
transverse deflecting cavity (TDC) and twin septum magnet
(TSM)], beam transport lines, and matching lines (BT&ML
1-3), the imaging lens system in three orthogonal directions,
the target on the object planes and photons detector and
charge-coupled device (CCD) cameras on the three imaging
planes. The required parameters of the radiography system
depend on the various applications. The principle of the
eRad system is as following. The ultra-short pulse-width
electron bunches are generated by the short pulses laser
beam illuminated on the photocathode and then accelerated
by the gun cavity and accelerating cavity to high energy.
The time period of the electron bunches depends on the
time sequence of the laser pulses and the frequency of the
radio frequency (RF) cavity. For example, the bunches 1,
2, and 3 in one bunch train with time delay ¢ are spread to
three vertical positions (according to this design) with
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beam bunches split system for further three orthogonal direc-
tions beam transport shown in Figure 1. The bunch 1 is trans-
ported in the x-direction to the target and interacted with
target, afterwards the scattered and forward passed through
electrons are transported and imaged by imaging lens at the
screen or detector at imaging plane position, and then the
images are recorded by CCD camera in the x-direction.
The bunches 2 and 3 are the same principle with bunch 1
to get images on z- and y-directions. So, the three orthogonal
directions radiography are realized. Furthermore, the dynam-
ic radiography can be achieved with some time delay or at the
same time in three directions radiography by adjusting the
beam transport time to the target, which makes the radio-
graph system very flexible in time sequence.

Here the ultra-fast beam bunches split system with TDC
and TSM is studied, shown in Figure 1 in the blue square.
Due to weak vertical kick by the limited deflecting voltage
from TDC, it usually needs a long drift length to get
enough spread distance among bunches. A TSM is added
to shorten the drift distance and make the system more com-
pact and effective. The detailed design and simulation study
of the beam split is shown here.

2. KEY ELEMENTS OF THE ULTRA-FAST BEAM
BUNCHES SPLIT SYSTEM

Usually the beam bunches are bent or separated by electro-
magnetic kicker. Because of the slowly rising time
(~100 ns) of the electromagnetic kicker field, bunches sepa-
rated cannot be achieved in shorter time interval (<100 ns)
by these devices. The frequency of the RF cavity is normally
1-10 GHz, so the time interval of the two bunches can be as
short as from nanoseconds to picoseconds. The TDC is
chosen because it also works as a RF cavity and the fields
change very fast. For compact three orthogonal directions
eRad system, TDC and TSM are required for ultra-fast
beam bunches split. Before showing the beam bunches
split system design and simulation study, some basic knowl-
edge of TDC and TSM is introduced.
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Fig. 1. Conceptual design of the three orthogonal directions high-energy electron radiography systems.
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2.1. Transverse deflecting cavitiy

The difference between a TDC and an accelerating cavity is
that the TDC gives the beam transverse force to change the
transverse trajectory and have no contribution to the beam ac-
celeration. The TDC are required in accelerators for a variety
of applications (Brut, 2012), which need a time-dependent
transverse deflection of charged particles, such as RF separa-
tors, RF-cavity-based bunch length and longitudinal phase
space measurements, transverse and longitudinal emittance
exchange, etc.

To provide transverse force to the charged particles, the trans-
verse electric field and transverse magnetic field or both should
be given by the Lorentz force equation F = g - (E 4+ v X B),
where ¢ is the particles charge and v is the particles velocity.
For vertical force, a vertical electric field and/or a horizontal
magnetic field are required. Most dipole modes in cavities
have both the transverse electric and transverse magnetic field
at the center. However, these two kinds of field can either
add constructively or cancel each other. In order to find the
transverse kicker, the Panofsky—Wenzel theorem is used to
define the transverse voltage V), to the transverse variation of
the longitudinal field, shown in Eq. (1).

v, = JF_v/q cdz = j(Ey +exBy)-di= —%j(v,Ez) Sdz (1)

As the transverse voltage is proportional to the gradient of E,, it
is clear that TE modes, which do not have longitudinal electric
fields, cannot be used to provide a transverse deflection. For a
pillbox cavity the TM dipole mode is used. The 6 X 6 beam
transport matrix (Cornacchia and Emmma 2002) is shown in
Eq. (2) for a vertical deflecting cavity, from which the beam pa-
rameters rough evolution after TDC can be easily understood.
Beam in the x-direction is not effected by TDC, like a drift;
in the y-direction the position y and divergence y’ are changed
by TDC with respect to beam position z. The momentum
spread is determined by beam vertical coordinate y, vertical di-
vergence y', and longitudinal position z.

X 14, 0 O 0 0 X
X 01 0 0 0 0 X
y | |0 o0 1 I K2 0 y
Yy |7 lo o0 o0 1 K 0 y
z 00 0 0 1 0 z
dp 0 0 K KIj2 K,/6 1 dp 1y

@

I, is the TDC structure length and K = eV k/py ¢, Vj, is the total
defecting voltage, shown in Eq. (1), & is the wave number k =
27f/c.

The principle of TDC for beam bunches split is shown in
Figure 2. When an electron bunch propagates through the
traveling wave structure, the electrons always see a constant
phase of the deflecting force (assuming the bunch length
can be neglected compared with TDC wavelength). So if
one bunch starts to propagate through the structure at some
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Fig. 2. The principle of TDC used for beam bunches split.

TDC RF phase, when all the RF fields are zero, this bunch
will not be deflected. But if one bunch comes to the struc-
tures at some other TDC RF phase, this bunch will always
see the RF fields at this phase and will be deflected by a
nearly constant force along the structure.

Figure 2 shows how a vertical deflector separates three
bunches with short bunch interval Lg/2 to three directions.
The beam bunches vertical mean position Yy after TDC
and drift distance L is defined with Eq. (3), the second
bunch is on the zero-cross phase of TDC and the first and
third bunches (from right to left) is on the zero-cross phase
plus and minus 90° degree phase. So the second bunch is
non-deflected, the first and third bunches have maximum
vertical deflection in the negative and positive directions.

vy = SRy 3)
B E c

where V, the transverse deflecting voltage, depends on TDC

dipole mode fields, frr TDC frequency, L is the distance from

TDC center to the observation position and E'is the beam energy.

2.2. Twin septum magnet

The deflection force is weak in a TDC cavity because of the
limited maximum RF power. Due to this small vertical kick,
it needs a long drift distance for enough vertical separated dis-
tance among the three bunches. This will make the split system
very long and also degrade the beam quality. In principle, a
vertical dipole magnet can be added to the beam line at certain
position after the TDC and it will give additional vertical kick
to get enough vertical separated distance with short drift dis-
tance for one direction split bunch. Because the beam bunches
after the TDC will propagate in three ways and they are still
limited by small separated distance among each other, the
TSM is chosen instead of the dipole. The TSM was proposed
for early multi-axis advanced radiography (Wang et al., 1999)
and beam spreader for multi-beam lines X-ray free-electron
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Fig. 3. Two kinds of vertical TSM design and transverse cross-sectional view, the beam transport direction is toward into the paper.

laser (Placidi et al., 2014). There are also some designs and
test of the TSM, which prove this method is feasible in tech-
nology. In Figure 3, the transverse cross-sectional view of
two kinds design of vertical TSM (Wang et al., 1999; Placidi
et al., 2014) are shown, upper and down parts are the opposite
vertical deflection areas and the center is field-free area.
Figure 4 shows the simplified sketch map of the transverse
x- direction magnetic fields distribution along the y-direction
in TSM. The upper and down beam pipes with uniform mag-
netic fields in the transverse x-direction but opposite polarity
for increasing the vertical beam deflection and the center
beam pipe is field-free for non-deflected beam transport.

3. BEAM BUNCHES ULTRA-FAST SPLIT SYSTEM
DESIN AND SIMULATION

The design and layout of the beam bunches split for simula-
tion study are shown in Figure 5. Three bunches in a bunch

Bx/ T a

Field-free

y/ mm

Fig. 4. The simplified sketch map of the magnetic field B, distribution along
the y-direction in TSM.
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train with time interval  among each other are in front of the
TDC and the distance from the center bunch (s) to the TDC is
0.5 m. The TDC is 0.53 m long. After TDC if without the
TSM the beam bunches will be on the Y1, zero, and Y2
positions, which are the bunches mean vertical positions at
z=3.2 m, but with TSM the beam bunches will be on the
Y1', zero and Y2' positions. The simulation study was
done by ASTRA (Floettmann 2016) with a 3D TDC field
map. Initial beam parameters used for simulation study are
as following: the electron beam energy is 40 MeV with
Gaussian distribution in both transverse and longitudinal.
Beam bunch charge is 1 nC, rms beam size is 0.75 mm,
energy spread is 50 keV, normalized transverse emittance
is 1.0 mm mrad, and the rms bunch length is 0.88 mm, by
which the beam parameters evolution with the beam split
system can be studied.

3.1. Beam bunches split with TDC

For beam bunches split simulation study, the 3D fields map of
the TDC same as PITZ (Photo Injector Test facility, Zeuthen,
DESY) TDC was used. The TDC is a traveling wave 3 GHz
RF copper structure with two stabilizing holes to have the RF
field mode with vertical deflecting electric field. It operates at
21/3 modes. More details of the structure parameters and
fields distribution can be found in references (Malyutin 2014;
Huck et al., 2015). The deflecting voltage is set to 2.55 MV,
corresponding to 5 MW in the cavity for the simulation.

A 2.7 m long beam bunches split system is designed for
40 MeV energy beam transport. Firstly, the beam bunches
split only with TDC are simulated to get the bunches sepa-
rated vertically. The distance parameters shown in Figure 5
are as following: Ly is 0.5 m, Ly is 0.53 m, L; is 1.17 m,
and L is 2.7 m. The first and most important step is to
define the zero-cross phase of the TDC, which means at
that TDC RF phase, the beam mean vertical position after
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Fig. 5. The design and layout of the beam bunch split for simulation study.

TDC is zero, which is used for synchronization for other two
bunches. The beam mean vertical position as a function of
the TDC phase by ASTRA simulation is shown in Figure 6
as a linear fit, by which the zero-cross phase can be calculat-
ed. In the simulation set up, the zero-cross phase for the
second bunch is at 58.13°. This method is also useful in
the experiment to define the zero-cross phase in line.

If the bunches 1 (red) and 3 (blue) can be deflected to the
opposite side with maximum deflection angle, the time rela-
tionship of the bunches interval ¢ and the TDC frequency
should satisfy Eq. (4) with respect to the zero-cross phase.

2N+1 . . .
— ) T, negative maximum deflection

2nfige -t =y N-m, no deflection

IN—1
2 )T

positive maximum deflection,

The time interval of bunches in a bunch train depends on
the laser frequency and the LINAC. Therefore the TDC fre-
quency can be selected to match the beam bunches period or
change bunches time interval to match the TDC frequency. In
the simulation study, the TDC frequency is 3 GHz and the
shortest bunches interval is calculated as t = N/4fiq., when
N is one, t equals to 83.3 ps. So with 3 GHz TDC the
beam bunches interval longer than 83.3 ps times N (N is
the integer) can be separated into one of the three directions.

The first (red) bunch is in minus 90° with respect to TDC
zero-cross phase, and the third (blue) bunch is in plus 90°
with respect to TDC zero-cross phase in simulation. The sim-
ulation was done by change the TDC phase with respect to
the zero-cross phase, which is equivalent to the bunches
with corresponding time interval ¢ with respect to the z
position for zero-cross phase bunch (second one). The
beam vertical mean position at positive maximum deflection
is 2.58, 8.68, and 14.78 mm at z position of 1.2, 2.2, and

@ 3.2 m, respectively. The beam parameters after TDC at
three positions are shown in Table 1. From the simulation
where N is the integer. results, it is clearly shown that, with long drift distance the
6 : 6
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Fig. 6. Beam mean vertical and horizontal positions as a function of the TDC phase at z = 2.2 m position.
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Table 1. Beam parameters after TDC at three z-positions without
TSM

Y mean Energy
Z position positon spread Emittance x/y  rms beam size
(m) (mm) (keV) (mm mrad) x/y (mm)
1.2 0 51.42 1.04/20.12 0.75/0.77
+2.58 50.05 1.04/1.30 0.76/0.76
22 0 51.59 1.11/19.95 0.77/0.91
+8.68 50.21 1.11/1.36 0.77/0.77
32 0 51.85 1.22/19.61 0.79/1.14
+14.78 50.47 1.22/1.45 0.79/0.79
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Fig. 7. The magnetic fields B, distribution of the TSM in the z—y-plane used
for simulation.
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larger vertical separated distance can be achieved, but the
beam energy spread and emittance are also increased. For
the non-deflected beam, the y-direction emittance is changed
because of the the beam y—z distribution exchange due to de-
flection (the non-deflection means after TDC the vertical
beam mean position is zero, but the bunch head and tail
are still deflected).

3.2. Beam bunches split with TDC and TSM

From the above simulation, at z = 3.2 m, the separated bunch
from the positive or negative directions to center is
14.78 mm. For further beam transport to the target, the
space is not enough to put other focusing or bending mag-
nets. Hence, the TSM is added after 1.17 m distance of the
TDC, at z = 2.2 m, shown in Figure 5.

The magnetic fields distribution of TSM for simulation is
shown in Figure 7, with uniform fields and fringe fields but
opposite polarity field in upper and down bending area. The
amplitude is 0.1 T. The gap distance of the field-free area is
10 mm, which is constrained by the upper and down beam
vertical position at the entrance of the TSM at 2.2 m and
the space for the septum plate (thickness is about 2 mm
with or without some magnetic shielding material). The
same simulation procedure as only with TDC was done,
and the vertical mean beam positions along the beam line
is shown in Figure 8. At z = 3.2 m position, the vertical sep-
arated distance from the positive or the negative to the center
is 85.32 mm.

The overall beam distribution and phase space of the upper
split beam with TDC and TSM at z = 3.2 m is shown in
Figure 9 and the beam parameters are in shown Table 2,
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Fig. 8. Simulated beam vertical mean position along the beam line with TDC and TSM for three TDC phases.

https://doi.org/10.1017/50263034617000647 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034617000647

Design and simulation study of ultra-fast beam bunches split 585
408 0.01 -0.18
0.005} -0.19
=408 oy g
= > >
£ £ 0 {1 2 02
8 404 & &
-0.005 -0.21
402 2 D 2 -0.01 2 0 > -0.22
S, [mm] X, [mm]
3 3 3
2 2
1 1
E E
E0 Eo0
> =
1 A
] 2l
== 4 2 2 0 2 S 0 2

X, [mm]

S, [mm]

S, [mm]

Fig. 9. The overall phase space and particle distribution of the positive vertical deflected bunch with TDC and TSM at z = 3.2 m in local

cordinate.

compared with the beam split without TSM. It is indicated
that the separated distance is drastically increased with
TSM. The TSM will induce energy dispersion in the beam
line, so more attention should be paid for the subsequent
beam transport and beam matching line (BT&ML 1, 2, and
3 in Fig. 1) design for eRad, which is not included in this
paper. In the simulation, the non-deflected beam parameters
are almost same with TSM and without TSM.

From particle-tracking simulation, the beam parameters
can be gotten at arbitrary positions. This will be useful for
subsequent beam transport design in reference coordinate
with Courant—Snyder parameters and also proved that this
design and simulation method is helpful for the whole
eRad system development. The emittance of non-deflected
beam in the y-direction is increased a lot, which can be re-
strained by other y-plane focusing quadrupoles in further
beam transport beam line.

Table 2. The beam bunch parameters at z = 3.2 m position with
and without TSM

y-mean Energy
positon spread Emittance x/y  rms beam size
Conditions (mm) (keV) (mm mrad) x/y (mm)
With TSM 0 51.85 1.22/19.61 0.79/1.14
+85.32 50.46 1.22/6.278 0.75/0.80
Without 0 51.85 1.22/19.61 0.79/1.14
TSM +14.78 50.47 1.22/1.45 0.79/0.79

https://doi.org/10.1017/50263034617000647 Published online by Cambridge University Press

4. CONCLUSIONS

The conceptual design of compact three orthogonal direc-
tions eRad system was proposed for WDM, ICF, and other
dynamics diagnostics study. One of the critical technologies,
the ultra-fast beam bunches split from the bunch train
(bunches interval about picoseconds to nanoseconds) is stud-
ied, which could be transported to three orthogonal planes of
the target for dynamic radiography. The key elements of the
bunches split are TDC and TSM. The principle of TDC and
TSM are briefly introduced. An example of beam bunches
split system design with TDC and TSM for test experiment
(40 MeV energy electron) is achieved and studied by
particle-tracking simulation, by which it confirms this
method is valid and feasible. With TSM, the length of the
whole system can be reduced drastically, which is more effi-
cient for compact three orthogral directions radiography
system. The evolution of the beam parameters along the
beam line is also studied here, which is useful for subsequent
beam transport and matching beam line design for the whole
system. The details of the design and simulation study in this
paper will be helpful for the principle experimental test and
the development of future higher energy three orthogonal
directions or fully 3D eRad system.
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