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Energy spectrum analysis for intense pulsed electron beam
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Abstract

As the energy spread of intense pulsed electron beams (IPEB) strongly influences the irradiation effects, it has been of great
importance to characterize the IPEB energy spectrum. With the combination of Child—Langmuir law and Monte Carlo
simulation, the IPEB energy spectrum has been obtained in this work by transformation from the accelerating voltage
applied to the diode. To verify the accuracy of this simple algorithm, a magnetic spectrometer with an imaging plate
was designed to test the IPEB energy spectrum. The measurement was completed with IPEB generated by explosive
emission electron diode, the pulse duration, maximum electron energy, total beam current being 80 ns, 450 keV, and
1 kA, respectively. The results verified the reliability of the above analysis method for energy spectrum, which can
avoid intercepting the beam, and at the same time significantly improved the energy resolution. Some calculation and
experimental details are discussed in this paper.

Keywords: Intense pulsed electron beam; Energy spectrum; Monte Carlo simulation; Magnetic spectrometer;
Imaging plate

1. INTRODUCTION exact energy distribution in different materials, evaluate the
irradiation effect, and thus optimize the beam parameter.
For the measurement of the electron beam energy spec-
trum, multiple diagnostic techniques can be utilized. Scintil-
lation detectors coupled with multichannel analyzers are
more likely to be given priority for their high temporal re-
sponse in various cases (Wohn et al., 1972). However,
even if the glazed scintillator surface could survive in the
IPEB irradiation, a much higher allowable counting rate is re-
quired for the large beam intensity of IPEB up to 200 A/cm?.
Furthermore, the harsh electromagnetic pulse environment of
intense pulsed charged particle beams will inevitably bring
difficulty to the production of signals with high signal-to-noise
ratio and its stable propagation. Therefore, to avoid these prob-
lems, photographic plates (Kawai et al., 1983) and phosphor
screens (Cizmar et al., 2007) have been chosen as the particle
capture medium in magnetic spectrometer analyzers. Worth to
mention, imaging plate (IP) is one kind of phosphor screens,
i which is capable to store spatial distribution images of the
Address correspondence and reprint requests to: X.Y. Le, School of Phys-

ics and Nuclear Energy Engineering, Beihang University, Beijing 100191, stimulating  particles, suCh. as X ray or el.ectrons (Tanaka
China. E-mail: xyle@buaa.edu.cn et al., 2005). Because of its broad dynamic energy range,
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Intense pulsed electron beam (IPEB) has been a hot topic for
research and application during the past several decades.
Generated from explosive emission diode with a typical ac-
celerating voltage at hundreds of keV, IPEB is usually char-
acterized by ultra-short pulse duration (~100 ns), total beam
current over 1 kA, and high instantaneous power density.
This can induce a rapid temperature rise and even phase
change by energy deposition. Therefore, the applications of
IPEB in various fields have been intensively reported, such
as metal surface modification (Gao et al., 2007; Hao et al.,
2010; Zhang et al., 2011, 2013), water sterilization (Bly,
1979; Urazbahtina et al., 2004), film deposition (Liu et al.,
2005; Cai et al., 2014), and nanopowder synthesis (Kholod-
naya et al., 2014). Generally speaking, the energy spectrum
of IPEB is of great necessity, which can help obtain the
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excellent recoverability, linearity, and sensitivity, as a substi-
tute for X-ray film, IP has been used recently in a variety of
applications, including electron microscopy and thermal neu-
tron imaging (Izumi et al., 2006).

This work is intended to characterize the energy spectrum
of IPEB, which has an intrinsic instability from pulse to
pulse. Because of that, it is important to monitor the beam pa-
rameter state in its application. All the above diagnostic
methods need to intercept the beam, which makes them un-
available in the IPEB energy spectrum online measurement.
To achieve this aim, a simple algorithm was proposed in this
work to unfold the energy spectrum based on the diode accel-
erating voltage. Afterwards, to verify the reliability of this
method, a magnetic spectrometer coupled with an IP was ap-
plied to experimentally obtain the energy spectrum.

2. IPEB GENERATION

This work was carried out on Beihang Intense Pulsed PAticle
Beams (BIPPAB-450) accelerator (Yu et al., 2015). As dem-
onstrated in Figure 1, BIPPAB-450 accelerator uses a magne-
to generator to generate high-voltage pulse up to 250 keV.
Rectified by a water-filled Blumlein double forming line
(DFL), the pulse with 80 ns duration [full width at half max-
imum (FWHM)] gets a doubled voltage magnitude from an
oil-filled auto-transformer.

The IPEB diode shown in Figure 2 is coupled to the front
high-voltage system after insulator. When the high-pulsed
negative voltage is applied to the 45 mm-diameter graphite
cathode, dense plasma is formed in the ecton process on
the cathode surface (Mesyats, 1995). After the electrons in
the plasma get accelerated by the high pulsed voltage,
IPEB is thus generated in the cathode—anode gap. It is inev-
itable that before the final application, IPEB needs to pass
through a 50-um-thick titanium foil anode, which is fixed
and supported by a honeycomb metal grid with a transparen-
cy over 95%.

Fig. 1. Schematic diagram of BIPPAB-450 high-voltage system: 1. Magneto
pulse generator, 2. Pseudospark, 3,6,8. Voltage dividers, 4,7. Observation
window, 5. DFL, 9. Auto-transformer, 10. Insulator, 11. High-voltage lead.
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Fig. 2. Schematic diagram of BIPPAB-450 IPEB diode: 1. Cathode holder,
2. Graphite cathode, 3. Support grid, 4. Vacuum flange, 5. Anode foil seal-
ing, 6. Titanium anode, 7. Drift chamber.
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Fig. 3. Typical waveforms of IPEB generated from BIPPAB-450 accelera-
tor: 1. DFL input voltage, 2. Diode input voltage, 3. Diode input current.

Three typical waveforms of IPEB parameters are presented
in Figure 3. The voltage signals were captured with two voltage
dividers and the current signal was sensed by a Rogowski coil.
All of them were recorded by a Tektronix TDS 2024 oscillo-
scope. Worth to mention, comparing the input voltages of
DFL and diode, the rectification effect of DFL to the pulse du-
ration and the doubling effect of auto-transformer to the voltage
magnitude are both well reflected. Moreover, there is acommon
characteristic of these three signals. Their measurements can be
accomplished online without intercepting IPEB, which indi-
cates that it can be beneficial if the relationship between the
IPEB energy spectrum and any of them can be built.

3. THEORETICAL ALGORITHM

As has been stated above, in order to obtain the IPEB energy
spectrum without intercepting the beam, the relative counts
of electrons with various energies have to be calculated. It
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is not difficult to think of the Child—-Langmuir law, which
just connects the electron energy and emitted beam current:

degn/2¢ U3

IO = O me

€y

where U is the accelerating voltage, d is the anode—cathode
distance, ¢, is the vacuum permittivity, e is the magnitude
of the electron charge, and m, is the electron mass.

Originally proposed by Child for the case of ions (Child,
1911) and extended to the case of electron currents between
cylindrical cathodes and anodes (Langmuir, 1913), this equa-
tion should be valid for the case of IPEB as the following
three assumptions are satisfied:

1. The electrons should travel between the cathode and
anode, that is, no electron scattering occurs. This is
equivalent to the requirement of a good vacuum in
the cathode—anode gap.

2. In the anode—cathode gap, the space-charge effect of
the electrons can be neglected.

3. The magnitude of the electron speed before being ac-
celerated should be zero.

The relationship between the accelerating voltage and
emitted beam current is thus established. To calculate the
beam fluxes at different energies, the emitted beam current
should be integrated over the time duration when the diode
is working at a specific energy as below:

IU) = j],-dz = jJ(Ui)dt, 2)

where U; denotes a specific energy, J; is the corresponding
beam current, and [ is the total flux at this specific energy.

In practice, the accelerating voltage was recorded in steps
of 0.4 ns, which can be treated as a differential time duration
At. Assuming the diode works at one specific energy at one
At, that is, it produces mono-energetic IPEB during every
0.4 ns, Eq. (2) can be rewritten in an additive form:

ni

(U) = Xi:(]i X A =Y (U)X Al = ny x At < J(Up), (3)
1 1

where n; is the counts of Ar when the accelerating voltage
works at the specific energy U,. Up to now, the energy spec-
trum of the emitted IPEB from the diode can be obtained.

However, it should be taken into consideration that a tita-
nium foil is placed into the propagation path of IPEB before
its application on the target materials (see Fig. 2). As the foil
is utilized as the anode, it is inevitable for IPEB to penetrate
it. Generally speaking, electron beam will lose a part of its
energy during this process, and thus energy straggling will
take place as well.

Therefore, Monte Carlo simulation should be applied to
simulate IPEB penetrating the titanium foil anode and finally
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unfold the IPEB energy spectrum. In this work, EGSnrc
(Rogers et al., 2010) and Fluka (Ferrari et al., 2005) were
chosen to complete this job. EGSnrc is open professional
Monte Carlo software developed by the National Research
Council Canada to model the passage of electrons and pho-
tons through matter. It can run on various system platforms.
Fluka is an integrated particle physics Monte Carlo simula-
tion open package for calculations of protons or electrons
transport and interactions with matter. It can only run on
the Linux or Unix system. Considering the energy range
and physical model, both of them are applicable for IPEB
simulation with proper setup.

4. EXPERIMENT MEASUREMENT

To verify the algorithm and acquire a solid knowledge of
IPEB energy spectrum, a magnetic spectrometer was de-
signed as shown in Figure 4. To record the electrons distribu-
tion after moving half a circle driven by Lorentz force, an IP
was placed perpendicular to the incident direction of IPEB at
the side of the 1 mm-diameter collimator hole. The IP con-
sists of four layers: a protection layer (10 um), a photostimu-
lable phosphor layer (~100 um), a polyester supporting layer
and a metal substrate. The photostimulable phosphor layer is
BaFX: Eu*" (X=Cl, Br, or I, typically Brjgsly5) cubic
crystal mixed with organic resin as a binder. IP’s working
principle can be simply summarized as below: IPEB can
excite electron—hole pairs in the crystal. Some of the pairs re-
combined immediately and the rest were trapped by stable
electron—hole trapping centers in the crystal. For data acqui-
sition, He-Be laser light (632.8 nm) was used to excite the
trapped carriers and their recombination can be read out as
emission of blue light (~390 nm).

The magnetic field was directed perpendicularly inside the
screen, and its flux intensity can be considered as 600 *
10 Gs by calibration, with uniformity better than 2%. The
magnetic spectrometer was connected to BIPPAB-450 accel-
erator through the drift chamber. It shared the same vacuum
system with the accelerator, and thus the vacuum inside the
whole chamber could reach about 0.02 Pa. In this case, no
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Fig. 4. Schematic diagram of magnetic spectrometer couple with IP.
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heavy air pressure was exerted on the anode foil, which could
help avoid anode fracture, gas leakage, and pump damage.

After readout from IP, the information of detailed location
and beam intensity can be obtained. As the speed of 400 keV
electron has been closed enough to light speed, relativistic
effect has to be taken into consideration. According to the rel-
ativity theory,

T = [2Bp) +mic*] > —mee?, “

where T denotes the kinetic energy of electrons, ¢, B, and p
are the light speed, magnetic flux intensity, and track
radius, respectively. With this equation, the location data
read out from the IP can be transformed into energy data.
But the induced error should be taken into consideration as
well, which will be discussed later.

5. RESULTS AND DISCUSSION

Figure 5 demonstrates the energy-normalized energy spec-
trum of IPEB before penetrating the titanium foil anode. It
can be indicated from the two peaks that IPEB from
BIPPAB-450 accelerator is mainly composed of electrons
within two energy intervals. The relative energy fluctuations
AE/E for these two intervals are both about 10%, which
hints the same possible origin of these two peaks.

As the spectrum was calculated from the waveform of ac-
celerating voltage with Eq. (3), the data points near the two
peaks correspond to larger n;, that is, the IPEB diode
works at the specific energy U, for a longer time. When eval-
uating the error, n; and Ar are considered as constants for a
specific energy U;, and J(U;) is the only source of error. Ac-
cording to Eq. (1), only the error of U; should be taken into
account for J(U;), and it keeps the same for various magni-
tudes of energies. Considering comprehensively, n; is the
only variable that can affect the errors for different energies.
That is why the data points closed to the two peaks are as-
signed with larger error values.

0.025
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0.015

Energy-normalized intensity(a.u.)

l

400 450

250 300 350

Energy(keV)

100 150 200

Fig. 5. Energy spectrum of IPEB after emission before penetrating the Ti
anode foil.
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The effect of the titanium foil anode taken into account,
the Monte Carlo simulation results from EGSnrc and Fluka
are present in Figure 6. Comparing them with the spectrum
in Figure 5, several remarkable differences can be readily fig-
ured out. Firstly, the energy magnitudes of the two peaks
became a little smaller due to the energy loss in the titanium
foil. Except for that, another dominating effect of the foil to
IPEB is energy straggling, which can be reflected by the fol-
lowing details. It can be evaluated that the relative energy
fluctuation AE/E increased significantly to almost 15%.
Moreover, the two peak values of the energy-normalized in-
tensity decreased. The last but not least one, is that a platform
of electron distribution between the two peaks was formed,
and its averaged energy-normalized intensity value is
around half of the low-energy peak intensity. Obviously,
its formation is just the sum of the right-side tail of the low-
energy peak and left-side tail of the big peak. Up to now, the
general energy spectrum of IPEB from BIPPAB-450 acceler-
ator was obtained theoretically basing on the accelerating
voltage. The whole process was successfully conducted with-
out intercepting the beams. Next it becomes of great necessi-
ty to get the IPEB energy spectrum experimentally for
verification.

The IPEB energy spectrum was measured with magnetic
spectrometer, which has been introduced above, and the
result was recorded by an IP. After data readout, the energy
distribution can be intuitively recognized from the raw data
as shown in Figure 7. The data contain the information of rel-
ative number of excited electron—hole pairs and correspond-
ing location. According to Eq. (4), the location can be
connected to electron energy. In this way, the IPEB energy
spectrum can be experimentally obtained (see Fig. 8).

Because IP has very high spatial resolution, that is, the
energy spectrum recorded by IP has very high-energy resolu-
tion as well, which can be found out if comparing Figure 8
with the calculated results in Figure 6; and some similarities
of the theoretical and experimental energy spectra can be
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Fig. 6. Calculated energy spectrum of IPEB after passing through the Ti
anode foil by: 1. EGSnrc and 2. Fluka.
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Fig. 7. Raw data of IPEB energy spectrum on IP.

figured out, such as the general shape, relative energy-
normalized intensities of two peaks and the platform, relative
energy fluctuation AE/E for two peaks. In some extent, the
conformance of these parameters can already testify the ap-
plicability of the algorithm for IPEB energy spectrum evalu-
ation. However, if looking into the detail, the energy values
of the two peaks are slightly differed. The high- and low-
energy peaks are located at 185, 325 keV (experiment);
180, 350 keV (Fluka); and 200, 355 keV (EGSnrc), respec-
tively. To understand this situation, an error evaluation was
made for the relativistic revision. As can be seen in Eq.
(4), the errors induced by the magnetic flux intensity B and
track radius p should be taken into consideration. According
to the basic statistical idea of absolute error propagation, the
IPEB energy uncertainty can be obtained with:

C2€2 sz

o= c2e’B?p
(T + mec?)

(T + mec?)

or or
AT = —=AB+—A
oB + op

Ap,  (5)

where AB and Ap denote the absolute errors of the magnetic
flux intensity B and track radius p, respectively; and to sim-
plify the analysis, the former takes the value of maximum
variation of flux intensity 10 Gs, while the latter takes the
value of the collimator radius 0.5 mm. In this way, the ob-
tained theoretical error curve for the magnetic analyzer is
demonstrated in Figure 9, from which we can deduce to
some extent the mechanism of the peak dislocation. The ac-
curacy limitation of the magnetic analyzer determined that a
measurement result within a relative error tolerance interval
about 10% is acceptable. If examining the theoretical algo-
rithm as a measuring method, its result is acceptable as
well. Considering the real IPEB energy spectrum can
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0.012 -
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0.006 +

— L -

0.004 4
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Fig. 8. Energy spectrum of IPEB read out from IP after relativistic
correction.
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Fig. 9. Theoretical error curve of the magnetic analyzer with three labeled
reference data points.

hardly be obtained, either the theoretical or experimental
spectrum has been closed to the real one.

Up to now, the IPEB energy spectrum has been unfolded,
while the formation mechanism of its shape with two peaks
still remains unknown. To figure it out, the accelerating volt-
age in Figure 3 should be examined with extreme caution. It
is not difficult to find out on the right side of the main peak,
there is a small peak, which corresponds to the low-energy
peak in the spectrum if compare their energy values. Between
the main peak and the small peak there is a time delay about
40 ns. The speed for electromagnetic wave propagation in
steel is about 2.7 x 10® m/s, that is, voltage signal can be
propagated over a length about 10.8 m during 40 ns. That
is almost twice of accelerator length. Hinted by the data,
the occurrence of signal reflection due to impedance mis-
match between IPEB diode and previous high-voltage
system can be determined. Considering the signal propaga-
tion length and basic principles, DFL should be the exact
scene where it occurred. This result can be taken for reference
if one wants to reshape the IPEB energy spectrum for some
specific purposes, for example, to obtain a mono-energetic
beam.

6. CONCLUSION

IPEB energy spectrum was emphatically studied in this work.
Basing on the accelerating voltage of IPEB diode, which can be
obtained by a voltage divider without intercepting the beam, an
algorithm was proposed to unfold the IPEB energy spectrum.
Firstly, Child—-Langmuir law was applied to build the relation-
ship between the accelerating voltage and diode-emitted
electron spectrum. Afterwards, Monte Carlo simulation with


https://doi.org/10.1017/S0263034616000707

Energy spectrum of pulsed electron beam

Fluka and EGSnrc programs was made to take the titanium
anode foil into consideration. The results revealed that the
energy loss and energy straggling are the two most important
effects made by the foil.

A magnetic analyzer coupled with an IP was utilized to mea-
sure the IPEB energy spectrum. By comparison, the experimen-
tal results verified the applicability of the proposed algorithm
for IPEB energy spectrum. And detailed analysis hinted the for-
mation mechanism of the double-peak-shape IPEB spectrum.
In perspective, this algorithm can be beneficial for beam mon-
itoring and parameter optimization, and it can also be utilized
for the charged particles with parameters in a much wider range.
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