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ABSTRACT 
We developed a significantly cost-effective scale-downed device to investigate the beam dynamics during longi-
tudinal compression. The device demonstrated the effects of space charge on the compressed electron beams. We 
adopted specially designed Rogowski coils to monitor the process of beam compression at two different positions 
along the beam line. 
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1. Introduction  
   High power Heavy Ion Beam (HIB) is expected as 
a promising driver of Inertial Confinement Fusion 
(ICF) [1,2]. The ICF driver needs to supply a beam 
power of ~100 TW (roughly 1 MJ in 10 ns). To achieve 
such an extraordinarily high beam power, the ion 
beams are longitudinally compressed at the final ac-
celeration process. However, in this process, space-
charge effects are predicted to increase the beam emit-
tance, which degrades the beam focusability [3]. 
While the detailed mechanism of beam degradation in 
the compression process still remains unclarified, ex-
perimental researches using a driver-level HIB like the 
system design at Lawrence Berkeley [4] are hard to 
perform from its cost. 
  Instead of such a huge and costly HIB device, we 
developed a device for scale-downed experiments 
which uses electrons instead of ions. High specific 
charge of electrons compared with heavy ions enables 
us to simulate the behavior of intense HIBs with a la-
boratory scale device. 
 
2. Beam compression experiment 
  The schematic of the developed beam compression 

device is shown in Fig. 1. It consists of a laser ablation 
plasma electron source, an induction adder composed 
of five modules [5], a solenoidal transport line, and a 
Faraday cup placed at the longitudinal focal point of 
the electron beam.  
  The source plasma is produced by a Q-switched 
Nd:YAG laser with a wavelength of 1064 nm, a pulse 
width of 20 ns, and a maximum energy of 150 mJ. A 
titanium disk is irradiated by the laser with a spot di-
ameter of ~1 mm. The plasma drifts to the extraction 
gap placed at the entrance of the solenoidal line.  

Figure 2 shows ion (a) and electron (b) beam fluxes 
extracted through the gap with 3 kV and -3 kV bias 
voltages, respectively. The diameter of the extraction 
hole was 10 mm. As shown in Fig. 2(b), we obtained 

Fig. 1. Schematic of electron beam compression 

experiment. 
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an electron beam current of several tens of mA from 
the source plasma, which is much more intense than 
that from thermal electron guns used in our previous 
study [6]. In addition to the intensity, this beam source 
has several advantages for our experiment. First, ow-
ing to the drift motion of the plasma source, the extrac-
tion gap can be placed just before the beam modulation 
gap. Second, we can make parameter survey by chang-
ing the timing of modulation voltage application to the 
plasma, since the decay time of the plasma flux (~10 
μs) is enough large compared with the modulation 
pulse length (~100 ns). As shown in Fig. 2, the elec-
tron beam current is tens of times larger than the ion 
beam current. We consider that the enhancement can 
be attributed to the drift motion of the source plasma 
which affects the sheath potential at the extraction 
boundary [7, 8]. 
  The 5-unit induction adder regulated the modulation 
voltage for longitudinal bunching. The typical modu-
lation pulse waveforms are shown in Fig. 3. The unit 
numbers in Fig. 3 correspond to each driver unit 
shown in Fig. 1, and a synthesisized pulse was applied 
to the modulation gap placed just after the beam ex-
traction gap. The "ideal" line shows the modulation 
voltage waveform with which all electrons in the beam 
bunch are longitudinally focused to the same position 
in the beam line when the space-charge effect is ig-
nored. As shown in the figure, the synthesisized pulse 

("synthesis" in the figure) mostly matches the "ideal" 
line, that is, the beam modulation in our experiments 
are expected to be performed precisely. The modula-
tion voltage was adjusted to a focus length  of 160 
cm in the case of Fig. 3. 
  Thanks to precise modulation by the induction ad-
der, the compressed beam has a sharp peak as shown 
in Fig. 4. When the initial beam current was 30 mA,  
the peak current of the compressed beam was 
~170 mA. 

Figure 5 summarizes the results of the bunch com-
pression experiments. The result shows initial current 
dependence of the compression ratio, which is defined 
to be the ratio of the peak current to the initial current. 
When the initial current is larger than 10 mA, the com-
pression ratio decreases with increasing initial current. 
This is the first experimental demonstration of the 
space charge effect on the longitudinally compressed 
charged particle beam.  

 

Fig. 2. Beam current waveforms extracted from la-

ser-produced plasmas. 

 
Fig. 3. Typical modulation pulse waveform applied 

to induction accelerator (focus length Lf=1.6 m) 

 
Fig. 4. Typical waveform of a compressed elec-

tron beam measured at focus point (focus length 

L=1.6 m). 
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3. Consideration for multipoint measure-
ment with Rogowski coils 
  In the beam compression experiment described in 
Section 2, the initial current dependence of compres-
sion ratio is clearly observed in the regime where the 
initial current is more than 10 mA. However, in the 
lower current regime, the reproducibility of the beam 
current is not so good and the compression ratio varied 
shot to shot. To identify the cause of this variation, we 
tried to observe the time evolution of beam during 
compression with multipoint monitoring. Therefore, 
we installed non-destructive beam monitors in addi-
tion to the Faraday cup. Rogowski coils are often used 
as non-destructive beam monitor [9,10]. Since the 
commercially available ones are not suitable for our 
device from a geometrical restriction, we tried to man-
ufacture suitable Rogowski coils.  
 

3.1 Rogowski coil inside the transporting solenoid 

  The Rogowski coil that we made was designed to be 
installed in the solenoidal transport line. The Rogowki 
coil must have sufficient sensitivity with more than 
1 V/A to measure 1-mA electron beams and a wide 
bandwidth enough to monitor the timescale ranging 
from 10 μs to 10 ns at compression peak. Also the 
magnetic core must accommodate the geometry of the 
transport line. Figure 6 shows photographs of the 
Rogowski coil. We used a FINEMET (Hitachi Materi-
als) core because it has high permeability with good 
high frequency characteristics. The number of turns of 

the coil was determined to be 10, by which we ob-
tained a sensitivity of 5 V/A and a cutoff frequency of 
3 kHz. An aluminum case for the coil and a Faraday 
cup attached to the case are also shown in the figure. 
We examined the characteristics of the coil by moni-
toring a beam simultaneously with the Faraday cup. 
  The typical result is shown in Fig. 7. The beam cur-
rent measured is smaller than that in Section 2 because 
the diameter of beam extraction port is reduced to 
2 mm to prevent the beam from hitting the coil. With-
out modulation and compression (Fig. 7(a)), the wave-
form from the Rogowski coil well coincide with that 
from the Faraday cup. With modulation (Fig. 7(b)), the 
coil could not observe the beam correctly. This is prob-
ably because the beam orbit was disturbed by the dis-
continuity of the guiding magnetic field caused by in-
certing the ferromagnetic core [11]. 

From the output waveforms of the Rogowski coil 
and the Faraday cup, we estimated relative sensitivity 
of the coil. Figure 8 shows the relative sensitivity of 
the coil. As shown in the figure, the relative sensitivity 
increased in the high frequency range. This might be 
caused by the parasitic capacitance between the coil 
winding, i.e., the frequency characteristics of the 
Rogowski coil was not flat. 
  We examined the effect of the magnetic core on the 
magnetic field of the beam transport line. Figure 9 
shows the magnetic field measured by a Gauss meter 
along the center axis of the beam line.  

 
Fig. 5. Initial current dependence of beam com-

pression ratio. 

 

Fig. 6. A Rogowski coil and a metal case designed 

to be installed inside the solenoidal line. 
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The result supports that the beam transport is disturbed 
by the modulation of the solenoidal field. After all, we 
concluded that this coil is unsuitable for the non-de-
structive beam measurement. 
 
3.2 Beam monitoring from outside 

Since the prototypical Rogowski coil that we made 
is not suitable to be installed inside the solenoidal line, 
we tried another way to monitor the beams with 
Rogowski coils which were installed outside the sole-
noidal line. The new coils monitor the electron beam 
through the insulator flanges as shown in Fig. 10.  

The result of beam monitoring with this configura-
tion is shown in Fig. 11. When it is without beam mod-
ulation (Fig. 11(a)), the measured waveform by the 
Rogowski coils were similar to those by the Faraday 
cup. The coil signals decay faster than the Faraday cup 
signal, which is due to the insufficient permeability of 
the magnetic cores. On the other hand, as shown in 
Fig. 11(b), a large noise, which was completely differ-
ent from the beam signal, was observed by the coils 
when the beam was modulated. This noise may be due 
to the beam modulation pulse. Probably, the noize 
came through the wall of the beam transport line be-
cause it was not observed with the prototype coils in-
stalled inside the solenoid. This is supported also by 
the fact that the timing of the noise and modulation 
pulse coincide with each other.  

From the above resutls, we conclude that for non-
destructive beam measurement, we have to increase 
the S/N ratio of Rogowski coils. 
 

 
Fig. 7 Beam waveforms of Rogowski coil inside the 

solenoid and comparative Faraday cup signals. 

 

Fig. 8. Frequency characteristic of relative sensi-

tivity of the prototypical Rogowski coil. 

 

Fig. 9. Effect of the Rogowski core on the mag-

netic field of solenoidal beam transport line. 

 

Fig. 10. The configuration of Rogowski coils outside the 

beam line and a Faraday cup. 
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4. Conclusion 
  To contribute the HIB driven ICF, we developed a 
revolutionary compact and cost-effective scale-
downed electron beam device for longitudinal com-
pression of intense charged particle beams. Using this 
device, we showed the first successful experimental 
results for longitudinal beam compression in space 
charge dominated regime. The results showed that the 
beam compression ratio decreases with increasing 
beam intensity. The results demonstrated that the scale 
down devices is useful for the beam dynamics study in 
the space charge dominated regime. 
  We tried to monitor the detailed time evolution of 
the beams during the compression with Rogowski 
coils. In order to accommodate the geometry of the 
beam transport line, we manufactured several types of 
Rogowski coils. However, those Rogowki coil could 
not measure electron beam current waveforms with a 
10-ns timescale at the focusing region.  
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Fig. 11 Measured beam waveforms of Rogowski 

coils outside the solenoid and Faraday cup. 
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