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Introduction 

Neutron tomography is one of the most exciting re-
cent achievements of nuclear physics. It is of note that 
neutron tomography requires dedicated neutron source, 
i.e. paraxial sources with low angle spread. The only 
sources now able to deliver required neutron beams with 
sufficient intensity are nuclear reactors and large-scale 
accelerators in pair with collimators [1, 2]. Collimation 
degree is usually lies in the range of 50–300 (ratio be-
tween length and width), and the neutron flux density at 
collimator`s end is 108–109 s-1cm-2 as a maximum. 

The use of point-like neutron sources based on laser 
plasma induced by focusing of powerful femtosecond 
laser radiation onto a neutron-producing target [3, 4], for 
example set of deuterium clusters  was discussed lately. 
Ions are effectively accelerated at certain conditions in 
such plasma, producing neutrons as a result of D-D colli-
sions. The neutron yield of 106 per 1 J of laser energy has 
been detected at the source size of 100 �m [3, 4]. How-
ever state-of-the-art lasers having 0.1 J per pulse at 1 kHz 
repetition rate give average neutron yield of 108 s-1.  

The possibility of a point-like neutron source creation 
with the yield of 1010–1013 s-1 based on high-current ion 
source of a new generation was discussed in [5]. It was 
proposed to use either D-D or D-T reactions occurring at 
the bombardment of D or T-loaded target with focused D 
ion beam. A size of the neutron emitting area would be 
determined by the quality of the ion beam and the effi-
ciency of the beam focusing system (ie, the minimum 
size of the bombardment area). This proposal is based on 
recent developments [6–8] of the unique high-current ion 
source. Such source utilize high-power gyrotron millime-
ter-wave radiation for plasma production in an open 
magnetic trap under conditions of electron cyclotron re-
sonance (ECR). In recent experiments it was demonstrat-
ed that this source with simple two-electrode extraction 
system and only 45 kV maximum voltage on it is able to 
produce deuterium ion beams with 400 mA current and 
normalized rms emittance less than 0.1 π·mm·mrad. 
Bombardment of a heavy ice target with described beam 
provided a total neutron yield of the order of 109 s-1. 

Present paper describes first experiments on proton 
beam focusing dedicated to the point-like neutron source 
development based on high current ECR ion source. 

Experimental setup 

Experimental studies of ion beam properties and 
search for optimal discharge conditions for high bright-
ness beam formation were carried out at SMIS 37 expe-
rimental facility [6–8]. SMIS 37 provides gyrotron radia-
tion at 37.5 GHz frequency with peak power up to  
100 kW in 1.5 ms pulses for plasma heating. Microwaves 

were focused in the center of a discharge chamber 25 cm 
long and 4 cm in diameter by means of special quasi-
optical microwave-to-plasma coupling system. The dis-
charge chamber was placed in a magnetic trap of simple 
mirror configuration. The magnetic field in the trap was 
produced by means of pulsed solenoids, spaced 15 cm 
apart. Magnetic field in the mirror was varied from 1.4 to 
4 T (ECR field for 37.5 GHz is 1.34 T). Ratio of the max-
imum and minimum magnetic fields of the trap was equal 
to 5 (i.e. Bmax/Bmin, mirror ratio). Deuterium or hydrogen 
were used as a working gas. The gas inlet into the source 
was realized through a gas feed line incorporated with the 
microwave coupling system. The ion extraction and beam 
formation were realized by two-electrode, i.e. single gap 
plasma electrode – puller electrode system. Holes in 
plasma electrode and puller were 5 mm and 10 mm re-
spectively. The plasma electrode was placed as far as  
10 cm downstream from the magnetic mirror to limit the 
extracted ion flux, which helps improving the beam 
transport through the puller. The maximum available ex-
traction voltage was 50 kV. A Faraday cup was placed 
right behind the puller electrode to measure the total 
beam current passing through the extractor. Emittance of 
the extracted beam (all species together) was measured 
with “pepper-pot” method, which has been successfully 
tested earlier at SMIS 37 [6–8]. 

In the first experiment on beam focusing a simple 
magnetic lens with 2 T maximum field on the axis was 
used. It was installed just after the puller electrode. Beam 
current distribution and its focusing efficiency was meas-
ured using a scintillator plate for beam visualization in 
the focal plane of the lens. 

Experimental results 

The dependence of the ion beam current measured 
with the Faraday cup on the acceleration voltage is shown 
in Fig. 1 for the optimal extraction electrode configuration.  

 

Fig. 1. Faraday cup current versus extraction voltage 
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For beam emittance measurement “pepper-pot” plate 
was placed 1 сm downstream from the puller with anoth-
er 5.5 cm gap before a CsI scintillator for beam imaging. 
Example of the reconstructed emittance diagram is shown 
in fig. 2. The RMS normalized emittance appeared to be 
0.06π·mm·mrad.

Fig. 2. Ion beam emittance diagram. Extractor: 5 mm plasma 
electrode aperture and 10 mm puller aperture with 11 mm gap.
rms normalized emittance is be 0.06π∙mm∙mrad

Fig. 3. Upper image: photograph of scintillator luminescence 
(green glow) induced by 80 mA hydrogen beam in magnetic 
lens focal plane (red glow corresponds to optical emission from 
plasma through the plasma electrode aperture); Lower image:  
corresponding beam space distribution in two orthogonal radial 
directions 

Thus produced ion beam with 80 mA current and 
0.06 π·mm·mrad emittance had the normalized rms 
brightness 22 A/( π·mm·mrad)2.  

As it was mentioned above the magnetic lens was 
used for beam focusing as the next step. Measurements 
have shown that lens focus for 1.3 T field was situated 
approximately in 10 cm from lens center. Example of 
scintillator luminescence image induced by 45 keV, 
80 mA hydrogen beam together with its analysis of space 
distribution in radial direction are presented in fig. 3.The 
best result for focused beam full width at half maximum 
was 0.75 mm.

Conclusion

The use of a high-current ECR ion source with quasi-
gasdynamic plasma confinement and heating with gyro-
tron microwave radiation allows the formation of light 
ion beams with uniquely low emittance (for a given cur-
rent level). Such a low emittance enables the focusing of 
the ion beam into the small spot. In frames of suggested 
approach to development of a point-like neutron source at 
the first experimental step-beam size at the focus of the 
magnetic lens less than 1 mm was demonstrated. Estima-
tion presented in [5] show that the point-like source based 
on high current ECR ion source could produce the neu-
tron yield up to 1011 s-1 for D-target, and up to 1013 s-1 for 
T-target. Such neutron flux corresponds to a flux density 
of 108-1010 s-1cm-2 at 10 cm distance from the source, 
which may be effectively utilized for neutron tomogra-
phy, thus making this technique widely available.
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