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Observation of intrapulse energy

switching in standing-wave electron

linac
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Abstract. For the development of an effective cargo-scanning system, an intrapulse energy switching has been
tested at the National Centre for Nuclear Research (NCBJ) with the possibility to change the beam energy within
a 4 ps pulse of the linear electron accelerator (linac). Modification of the electron energy is achieved through
the beam-loading effect in a standing-wave accelerating structure equipped with a triode gun. Construction
of the machine and the achieved results are presented in this article.
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Introduction

The National Centre for Nuclear Research (NCB]J)
has already achieved pulse-to-pulse energy switch-
ing in the Interlaced Energy Cargo Scanning System
(CANIS) [1]. It allows us to obtain colored X-ray
images of cargo, where different colors represent
groups of identified materials: organic, nonorganic,
and metal [2]. The unique construction of CANIS
is based on the fast power switch, which is able to
set the portion of high-power radiofrequency (RF)
transmitted from the magnetron to an accelerating
structure during each pulse and is fast enough to
react within a short time between pulses.

Linear electron accelerators (linacs) typically
work with a pulse repetition rate up to 300 Hz; it
is limited by the magnetron average power equal to
0.1% of the peak power of the pulse. By shortening
the pulse length, one can reach 500-1000 Hz in
cargo linacs powered by 3.1 MW magnetrons. One
of the methods to make the process of high-energy
cargo scanning even faster is to switch the energy
not between but during each pulse. When the de-
tector line is properly designed and consists of fast
scintillators with short afterglow, it can speed up
the scanning process.

Such ideas have been presented already in previ-
ous research [3]. At the NCBJ, a demonstration of
the intrapulse switching based on the beam-loading
effect [4] was undertaken using a dedicated stand
CANIS-2, equipped with a side-coupling, standing-
-wave accelerating structure [5]. Detailed studies
covered dynamic energy measurements, repeatabil-
ity, stability, and energy-switching effectiveness. We
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Fig. 1. Scheme of the CANIS-2 linac elements and connec-
tions. C — cathode-anode voltage; G — grid voltage; LLRF
- low-level RF circuits for proper klystron pulse shaping.
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focused especially on the 6-9 MeV energy range,
preferred in train cargo scanners.

Intrapulse switching linac hardware

The general scheme of the CANIS-2 accelerator is
presented in Fig. 1. To allow a wide beam-energy
range, CANIS-2 consists of a 5 MW TH2157A
klystron powered by ScandiNova K100 solid-state
modulator. Accelerating structure with waveguide-
-coupling value equal to 1.9 is supplied via a four-port
circulator. The solid-state modulator allows for the
modification of the RF pulse time from 1 us to 6 us
and the pulse repetition rate up to 300 Hz (depends
on the peak power from klystron (PK) and pulse
time so as not to exceed an average power of 7 kW).

Beam control is performed using the triode
gun modulator, whereby a user can modify the
cathode-anode voltage (C) within the range of
7-15 kV and the beam pulse time ranging from 1 us
to 6 us. Beam-loading modification can be achieved
dynamically by varying the grid voltage (G) level in
the range from -150 V to 100 V, with a gun modula-
tor switching time <500 ns. It corresponds to the
gun current change from 0 A upto 1 A. All CANIS-2
elements are controlled by a personal computer
(PC)-based control system. Other auxiliary systems
such as a vacuum pump and a water-cooling system
are not shown here but are also installed.

The general view of the tested hardware is pre-
sented in Fig. 2.
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Fig. 2. General view of CANIS-2 stand.
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Fig. 3. Electron beam energy as a function of RF power
from klystron (PK) and gun current. Linear fit is applied.
The error bars represent the uncertainty of the magnetic
spectrometer measurements.

Results of static measurement

At the beginning, no intrapulse switching was ap-
plied and we measured all the linac parameters and
determined the proper working points. A map of the
achieved beam energy values was created after a set
of “static” measurements were performed with the
following modified parameters: RF power level (the
PK): 2.2-3.5 MW, electron beam current emitted
from the gun: 200-800 mA. The value of the gun’s
high voltage was set at 12 kV and not modified, since
it has a minor influence on the beam parameters.

The results for five different power settings are
shown in Fig. 3. The linearity of the beam energy is
clearly visible within the measurement error.

To efficiently switch the electrons’ energy by
beam loading in the 6-9 MeV range, a PK value equal
to 2.8 MW was chosen. The electron beam energy
was measured by a magnetic spectrometer capable
of measuring the spectra up to 18 MeV. The results
for selected working points at 2.8 MW RF power are
presented in Fig. 4.

Observation of intrapulse switching
The magnetic spectrometer is a useful tool for static

observations only, since every single measurement
lasts 1-2 minutes. To observe the intrapulse energy

120%

— le=200 mA
o= 300 mA
le=400 mA

= les500 mA
o= 600 mA
le=T00 mA
le=B00 mA

—— lo=900 mA

Fig. 4. Normalized electron beam energy spectra measured
using a magnetic spectrometer for different beam currents
(Ie). (Is — a current by magnetic spectrometer’s Faraday

cup).
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Fig. 5. Dedicated tool for dynamic electron beam energy
measurements. The sensitive area is located in the middle,
while both ends terminated in air-cooled radiators.

switching, a new, dedicated tool, able to handle dy-
namic visualization of the electron energy in time,
had to be prepared. Therefore, a device for fast
measurements, which consists of two electrically
isolated aluminum plates, was designed (Fig. 5).
Both plates were grounded via 50 Q resistors and
connected to a Rohde & Schwarz RTO2044 oscil-
loscope. The ratio of the charges deposited by the
electron beam on the plates is directly related to
the electron energy [6, 7].

The optimum thicknesses of the two aluminum end
plates for the 6-9 MeV range were selected experimen-
tally and were equal to 7.5 mm and 15 mm, respec-
tively. For such thicknesses, both signals had clearly
observable amplitudes. Before the measurements,
the device was calibrated. For selected energies, the
integrated charges collected in both aluminum plates
(Q, and Q,, respectively) during the accelerator pulse
were measured, and the Q,/Q, ratio was calculated.
The relation between the beam energy and the Q,/Q.
ratio is shown in Fig. 6.

The best fit for the expression E = f(Q,/Qy,),
showing the experimental relation of the integrals
of the electron charge-deposition distributions in
aluminum (presented in a previous paper [6]) has
an exponential nature:

-3
(1) E=axe @

where the values of the coefficients a and b are as
follows: a = 14.314 MeV; b = -0.639.
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Fig. 6. Calibration curve of the dual-plate device.
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Fig. 7. Gun currents measured during the accelerator
pulse, shown along with the RF pulse (a); electron energy
at the accelerator exit in relation to time for different
gun current settings, shown along with the RF pulse (b).
All curves averaged over 1000 pulses.

Q, and Q,, integrated charges collected in the
two aluminum plates.

After the calibration procedure, the setup was
ready for the dynamic experiments.

First, the beam energy was observed in relation to
time during the accelerator pulse, for different beam
currents and an RF power of 2.8 MW. The results
are presented in Fig. 7.

As one can see, an electron beam was emitted
with ~2 us delay in relation to the klystron pulse, to
ensure the correct filling of the standing-wave struc-
ture by the RF field. The gun modulator works in a
stable way in a wide range of gun currents (Fig. 7a),
although its effectiveness is lower for higher currents,
i.e., when the measured values are below the settings.
For higher electron beam energies, a longer time is
required for nominal energy stabilization (Fig. 7b).

In the next step, intrapulse switching was tested
by rapid modification of the beam current in the
middle of the pulse, i.e., after ~2 us. To switch
between low and high energies, one should start
with a high gun current and drop it down to lower
values. An example of the control signals for switch-
ing realization is presented in Fig. 8. The red curve
represents the beam current drop accomplished by
the gun modulator ~1.5 ps after the switching trig-
ger signal (SW trigger).

The effect of the energy switching is presented
in Fig. 9. To set the correct beam energies, the exact
values of the electron beam currents for both periods
of the pulse time were tuned experimentally and
6 MeV is achieved at 720 mA, while 9 MeV is ob-
tained at 270 mA.

In Fig. 9, both switching directions are shown,
ie., 6 MeV - 9 MeV and 9 MeV — 6 MeV. For final
application, i.e., cargo scanning, the first case is more
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Fig. 8. Oscillogram of the control signals for intrapulse
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Fig. 9. Intrapulse energy switching.

useful. As one can see, building up of the nominal en-
ergy value at 9 MeV first takes more time, which causes
blurring of the energy spectrum. Therefore, for further
studies, the 6 MeV — 9 MeV case was preferred, and
for this scenario, the histogram based on the black
curve in Fig. 9 was prepared and is shown in Fig. 10.

Two clear peaks at 6 MeV and 9 MeV confirm
that the method works properly. However, the cargo
scanning process can be further improved when
fast scintillating crystals without long afterglow are
used (e.g., (Lu,Y),SiOs:Ce [LYSO] [8]). Detector
triggers should then select only the pulse regions
marked in Fig. 11b. In effect, the peaks in the elec-
tron energy histogram are well separated (Fig. 11a)
in comparison to Fig. 10, which allows for better
material discrimination.

Finally, as a cross-check, the “static” measure-
ment with the magnetic spectrometer was repeated
but with the intrapulse energy switching activated.

The obtained result, presented in Fig. 12, agrees
well with what one may expect. Two peaks are clearly
visible and located in correct places. The different
amplitudes of the peaks are related to the unequal
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Fig. 10. Histogram of electron beam energy obtained
during the 6 MeV — 9 MeV energy switching.
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Fig. 11. Energy histogram (a) obtained in selected parts
of the electron beam pulse (b).
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Fig. 12. Energy spectrum measured by the magnetic
spectrometer, shown along with the spectra measured
without switching.

time lengths of the pulses, while the static measure-
ments are normalized.

Conclusions

The main goal, i.e., observation of intrapulse switch-
ing, has been achieved on a dedicated CANIS-2
experimental stand built at the NCBJ. The mea-
surements were focused particularly on the energy
range useful for train-scanning applications, i.e.,
6-9 MeV. Optimum values were found when the
electron standing-wave accelerating structure was
powered by a klystron at 2.8 MW. Owing to the
rapid modification of the electron gun current from
720 mA to 270 mA, the beam-loading effect results
in the electron energy change from 6 MeV to 9 MeV
during each linac pulse. For the dynamic energy
measurements, the well-known multiplate method
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was used. Two well-separated energy peaks can be
seen in the measured energy histogram.

The imaging detector line of the cargo-scanning
system using intrapulse switching linac should
consist of fast scintillating crystals and should be
triggered selectively, to further improve the quality
of the reconstructed images.

The klystron used in the CANIS-2 stand can be
easily replaced in final applications by the commonly
used 3.1 MW magnetron. Moreover, another energy
range, i.e., 4/6 MeV, popular for truck scanning, can be
achieved at a lower RF power with the same method.
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