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Abstract The method of energy dispersion in magnetic
field is used to analyze the energy spread of the triple-pulse
electron beam generated by the Dragon-II linear induction
accelerator. A sector magnet is applied for energy analysis
of the electron beam, with a bending radius of 300 mm and
a deflection angle of 90°. For each pulse, the time-resolved
and integral images of the electron position at the output
port of beam-bending line are recorded by a streak camera
and a CCD camera, respectively. Experimental results
demonstrate an energy spread of less than £2.0% for the
electron pulses. The cavity voltage waveforms obtained by
different detectors are also analyzed for comparison.

Keywords Energy spread - Linear induction accelerator -
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1 Introduction

The linear induction accelerator (LIA) is able to gen-
erate pulsed charged particle beams of extremely high
currents, which has been well developed and widely
applied in various fields, such as flash radiography [1],
high-power microwave generation [2] and heavy ion fusion
[3, 4]. In order to investigate the hydrodynamic process of
high explosives, MeV electron beam pulses generated in
LIA are focused onto a high-Z convertor to produce X-rays
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photons through the bremsstrahlung [5]. The temporal
width of the pulse is typically tens of nanoseconds, which
is capable of recording an inner stopped-motion image of a
dense object with a relatively small motion blur. For
obtaining fine details of the acquired image, it is strongly
demanded to reduce the X-ray spot size as small as pos-
sible, which is quoted as the evaluation of the resolving
ability.

However, reducing the X-ray spot size is limited by
factors of the space-charge effect, spherical aberration of
the lens, the beam emittance, the energy spread, etc. [6].
The beam energy spread affects the spot size in two ways:
the minimal beam spot radius determined by dispersion
aberration of the lens depends directly on energy spread of
the electron beam [7]; and the beam energy spread aggra-
vates the Corkscrew oscillation induced by the titled beam
injection, an inaccurate alignment of the solenoidal field,
giving rise to a bigger spot size and a larger spatial jitter
[8]. So, the beam energy spread is mainly determined by
waveform and synchronization of the induction accelerat-
ing voltages, and the load effect of intense beam [9].

In this paper, a method based on magnetic dispersion is
used to measure the energy spread of triple-pulse electron
beams produced by the Dragon-II LIA. The cavity voltage
waveforms detected by the capacitor voltage probe (CVP)
and resistor voltage divider (RVD) are analyzed for
comparison.

2 Principle of magnetic dispersion
In a magnetic field, electrons in different energies move

along distinct bending orbits. Such a spatial dispersion of
charged particles results from the effect of Lorentz force,
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which serves as the centripetal force of the deflection
perpendicular to the particle motion and the magnetic field.
This follows the relation of [10]

mv?/p = evB, (1)

where m is the particle mass, v is the scalar velocity, p is
bending radius of the orbit, e is the electron charge, and B
is magnetic induction intensity perpendicular to velocity.
The momentum (p = mv) of a relativistic electron can be
expressed as

p = Bymoc, (2)
where f§ = v/c with ¢ being the light velocity in vacuum,

y=(1— [32)7“ 2 is the relativistic factor, and my is the rest
mass of electron. The kinetic energy Ey is given by

Ek = ()) — 1)mOCZ. (3)

Substituting Egs. (1) and (2) into (3), one has Eq. (4) to
relate the electron kinetic energy and orbit curvature
radius,

1+(@>2_1 | (4)

For a sector magnet with uniform magnetic field and
normal entry and exit, the radial coordinates (x;, x,) and the
slopes (x'1, x’») of a trajectory at two positions are linked
with the momentum deviation Ap/py by the transfer
matrices [11], i.e.,

X2 1L, 0 cos@  pgsing py(l —cosg)
X ]1=1010 —Lsing cos¢ sin ¢
& 00 1 0 0 1
1 L1 0 X1
x{o1ollx], (5)
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where L; and L, are the objective and image distances,
respectively; ¢ is the deflection angle; and pq is the
bending radius of the central ray inside the magnetic
field. Usually, a slit is designed and installed at the
center of the input port, which denotes the radial coor-
dinate of the object position to as x; = 0. Considering
the symmetric drift-space of L; = L, = py and the
bending angle of ¢ = 90°, the relation between the
momentum difference and trajectory parameters can be

simplified as
Ap X2
Loz, (©)
p Po

Then, the corresponding difference in kinetic energy is
given by
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where Ey is the kinetic energy of the electron moving on
the reference trajectory (p = po). It can be seen that the
radial coordinate of the trajectory at the image plane
depends just on the kinetic energy, rather than the slope at
the object position. Figure 1 shows the numerically cal-
culated orbits of the electrons, which have distinct image
positions for different kinetic energies (18.5 and
19.5 MeV). The drift spaces before and after the magnetic
field (B = 2170 Gs) are both 300 mm in length. The ref-
erence orbit inside the magnetic field has a bending radius
of 300 mm and a deflection angle of 90°. The electrons of
the same kinetic energy are focused to the same point on
the image plane though starting with different azimuth
angles. By measuring the image position with respect to the
reference trajectory, the electron beam energy can be
obtained and the energy spread is then calculated by

Ek,max - Ek‘,min
2Ek,mean

e== x 100%, (8)
where Ey max, Exmin and Ey mean are the maximum, mini-
mum and mean kinetic energies, respectively, corre-
sponding to the maximum, minimum and mean x,.

3 Experimental setup and measurements
As shown in Fig. 2, a pair of 1-mm graphite slits with an

axial length of 80 mm is fixed on input port of the vacuum
tube, which restricts entrance position of the electrons
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Fig. 1 (Color online) Energy dispersion of the electron beam in the
magnetic field, at the magnetic induction intensity of B = 2170 Gs
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Fig. 2 (Color online) Schematics for the energy-spread measurement

exactly on the central trajectory. A sector magnet in bending
radius of 300 mm and deflection angle of 90° is carefully
constructed on the beam line for measurement. The magnet is
designed and modified to ensure that effective edges of the
magnetic extended fringing field match with the deflection
part of the tube. The object- and image-side drift spaces are
both 300 mm in length. A quartz glass is placed at the output
port to generate optical photons through Cherenkov radiation
[12] when the electrons exit the tube and impinge on the
glass. The optical light is split by a prism and received by a
streak camera and a CCD camera, respectively. The streak
camera records a continuous time-resolved image position

(a) Pulse A (B = 2167 Gs, Ek=19.0 MeV at x2=0)
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during a pulse. The CCD camera, which is coupled with a
micro-channel plank for gating-time control, records the
integrated image of a whole pulse. To provide a stable uni-
form magnetic field, a power supply is used to load a constant
current on the excitation coil of the magnet. The corre-
sponding relation between the magnetic intensity and the
loaded current has been scaled with a Gaussmeter in
advance. The stabilized current is limited within 10 mA,
which denotes a magnetic field fluctuation of less than 5 Gs
during the measurement.

Experiments are carried out on the Dragon-II LIA for
energy-spread measurement of the electron beams. At a time
in one experiment, three electron pulses (Pulses A, B and C)
are generated, with a time gap of ~400 ns between two
neighboring pulses. For each measurement, the external sig-
nal for triggering the cameras is tuned to synchronize with an
electron pulse to be detected. The time-solved and integrated
images are recorded at the exit port, by which energy spread
of the electron beam can be calculated according to the
relation between the electron energy and the image position.

4 Results and discussion
For each experiment, a triple-pulse electron beam passes

through the magnetic analyzer, among which the image of
one chosen pulse at the exit port is recorded. The alternation

(b) Pulse B (B = 2143 Gs, E«=18.8 MeV at x2=0)
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(c) Pulse C (B = 2143 Gs, £k=18.8 MeV at x2=0)
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Fig. 3 Images captured by streak camera (left) and CCD camera (right)
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of image position actually denotes changes in electron
energy during the pulse. The images captured by the streak
and CCD cameras in the measurements are shown in Fig. 3.
A pair of graphite slits is installed at the streak camera entry
to further limit the image in the z-axis, (perpendicular to the
slits). So the energy of an electron pulse manifests itself as a
continuously time-variable spot position on the streak cam-
era image. The CCD camera records an integral image of the
electron at the tube exit port, with the image width in x-axis
represents the energy range of a whole pulse. The experi-
mental results are listed in Table 1. We mainly consider the
flat top part of the electron beam pulse, which is ~ 50 ns for
Pulse A and ~ 60 ns for Pulses B and C. The results reveal
that the energy spread of the flat top of electron beam pulse is
not more than £2.0%. Specifically, Pulse A has the smallest
energy spread (¢ = £1.35%), while pulse C has the largest
one (¢ = £1.95%).

The energy spread of electron beam mostly results from
imperfect square voltage waveforms and asynchrony

between different accelerating cavities. The triple-pulser of
the Dragon-II LIA consists of three square-pulse sections, a
confluent/blocking network, and a control/triggering mod-
ular unit [13, 14]. The pulser is designed for load-matching,
which helps to reduce reflections of the pulses but still
cannot completely eliminate the effect. The former voltage
pulse(s) will be reflected to add on the latter one(s). So,
generally, a former electron beam pulse has a smaller
energy spread than a latter one does.

The cavity voltage waveform is detected by the CVP
and RVD. As shown in Fig. 4, the waveforms obtained by
the two probes slightly differ from each other at the flat top
part. The detected waveform is closely related to the time
difference between the voltage signal and the beam-load
signal arriving at the detector. The CVP is located close to
the accelerating gap, while the RVD is outside the cavity.
Thus, the CVP is expected to provide a waveform closer to
the real one. This is verified by the fact that the CVP
waveform accords much better with the result of magnetic

Table 1 Experimental results

of the energy-spread No. Pulse B (Gs) Tgat (NS) X, (mm) E, (MeV) 3
measurement Min Max Mean Min Max Mean
#1 A 2167 50 1.5 17.4 9.5 19.03 19.55 19.29 +1.35%
#2 B 2143 60 —-1.0 18.2 8.6 18.74 19.36 19.05 +1.63%
#3 C 2143 60 1.7 253 13.5 18.83 19.58 19.21 +1.95%
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Fig. 4 (Color online) Voltage and current waveforms of electrical signals
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analysis. The current waveform obtained by the beam
position monitor (BPM) at upstream of the tube indicates
that the camera images correspond to the central part of the
electron beam. Current of the electron beam reaches
~2 kA for all the triple pulses. For a relativistic paraxial
beam, the focusing magnetic force almost balances the
electric repulsion, which is independent of the beam
geometry [11]. The space-charge effect barely impacts on
the beam transport, hence the energy analysis.

The error of the experiment mainly results from inac-
curacy of the magnetic field intensity, and deviation of the
electron position. The first part includes the accuracy of
magnet scaling and instability of the current loaded, which
give an error of less than 15 Gs in the magnetic field
intensity. The second part includes deviations in position-
ing the input graphite slits, the deflection tube and the
magnet, which correspond to an error of totaling 4 mm in
the image position at the output port. The error of the
kinetic energy is calculated at 0.27 MeV at E, = ~19
MeV. Because the energy spread is a relative difference of
the kinetic energy, the energy-spread error is mainly
determined by the graphite slit width and the discrimina-
tion of electron position from the image. Then, the energy-
spread error is calculated at &..ro; = 0.68% (absolute value)
in the experiment.

According to the beam current waveforms, the charge in
the electron beam is calculated at 1.3 x 10~* C for Pulse
A and 1.5 x 107 C for Pulses B and C. The slit width at
the input port restricts most of the beam current from
entering the deflection magnetic field. Due to the axial
length of the graphite slits, the slit width also limits the
angular width of the electron beam. It mainly blocks off the
rising and falling parts of the beam pulse, which appear to
oscillate much more fiercely than the flat-top part does.
Considering a Gaussian beam profile with a RMS radius of
10 mm, the slit width (1 mm in the x-direction) and the
tube width (20 mm in the z-direction) allow an entrance
charge of about 3.0 x 107° for Pulse A and 3.6 x 107° C
for Pulses B and C. Because the resolving power of the
electron momentum (or energy) is inversely proportional to
the input slit width, a larger slit width enhances the signal
of measurement, with a loss in the resolving power, though.

5 Conclusion

The method of magnetic analyzing is applied to measure
the energy spread of the triple-pulse electron beam pro-
duced by the Dragon-II LIA. The beam line for diagnostic
is designed to have symmetric drift-space lengths at the
upstream and downstream of the sector magnet, which has
a bending radius of 300 mm and a deflection angle of 90°.
The energy spread of the electron beam for different pulses

are all within £2.0% for the flat-top part. Due to the effect
of the cavity voltage reflection, the first pulse of the elec-
tron beam has the smallest energy spread, while the last
pulse has the largest one. Due to the time difference caused
by the cavity structure, the voltage waveforms detected by
the CVP and RVD show to be slightly different at the flat
top. Since the location of the CVP is very close to the
accelerating gap, it is expected to provide an exact cavity
voltage. Experimental results display a good agreement
between the CVP waveform and the energy spectrum of the
magnetic analyzer.
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