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I.a. Abstract 

 In recent years, due to specific features of compact neutron generators, their demand 

in elemental analysis and detection of the illicit materials has been increased in scientific 

community. Compact in size, controlled operation and radiation safety like features of 

neutron generator is suitable for research work with illicit materials. An accelerator based 

neutron generator can be operated in steady mode as well as in pulse mode. The main 

embodiment of this type of generator includes ion source, ion acceleration system and target. 

We are developing such type of neutron generator. This consists of one in-house developed 

penning ion source, a single electrode acceleration gap and one deuteriated titanium target or 

virgin titanium target. In this report, we will discuss various physics and technical issues 

related to the important components of this generator, operation of the generator and neutron 

detection. 

I.b. सार 

 हाल के वषोर्ं में, कॉम्पैक्ट न्यूशॉन जनरेटर के िविशष्ट सुिवधाओं के कारण, मौिलक िवशे्लषण और अवैध 

साममी का पता लगाने में उनकी मांग वैज्ञािनक समुदाय में विृद्ध हुई है | आकार में कॉम्पैक्ट, और न्यूशॉन 

जनरेटर की सुिवधाओं की तरह, िनयंिऽत िविकरण सुरक्षा के ऑपरेशन, अवैध साममी के साथ शोध कायर् के 

िलए उपयुक्त है | एक त्वरक आधािरत न्यूशॉन जनरेटर िःथर मोड में और पल्स मोड में संचािलत िकया जा 

सकता है | जनरेटर के इस ूकार के मुख्य अवतार आयन ॐोत, आयन त्वरण ूणाली और लआय भी शािमल है 

|  हम इस ूकार के एक न्यूशॉन जनरेटर िवकिसत कर रहे हैं | इस में हमारी ूयोगशाला  में िवकिसत एक 

आयन ॐोत, एक इलेक्शोड त्वरण अंतराल और एक deuteriated टाइटेिनयम लआय या कंुवारी टाइटेिनयम 

लआय होते हैं |  इस िरपोटर् में, हम इस जनरेटर के िविभन्न घटक संबंिधत भौितकी िवषय, जनरेटर के 

संचालन और न्यूशॉन का पता लगाने के महत्वपूणर् तकनीकी मुद्दों पर चचार् करेंगे | 
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II. Introduction 

 In recent years, the threat from terrorist groups for the humanity has increased many 

folds in almost all corners of this earth. Thus, restriction of the illegal movements of the illicit 

materials like explosive, drugs and special nuclear material (SNM) through air, sea and road 

routes become very important. Imaging of the cargo container, luggage bags is not enough 

but it becomes essential to do elemental analysis of all the containers. The development of a 

non-destructive technology that can detect illicit materials within very short period of time 

has become an important issue in the area of cargo and luggage inspection. Prompt Gamma 

activation Analysis (PGAA) in the form of Thermal Neutron Analysis (TNA) and Fast 

Neutron Analysis (FNA) [1, 2] is promising techniques in which the detection of the nature of 

the element as well as the quantity present inside the container is possible for detection of 

explosive and drug whereas Differential Die Away Analysis (DDAA) [3] and high energy 

fission product gamma ray detection [4] methods are under extensive research for the 

detection of the special nuclear materials. For this purpose, production of neutrons plays an 

important role. Compact neutron generator has several advantages over other type of neutron 

sources like nuclear reactors and radioisotope sources. Though the radioactive neutron 

sources are used in industry for various applications, ideal for fixed installations and for 

continuous operation, they are not well suited for pulse operation, they creates safety issues 

and logistic complications. Neutron generator is more environmentally friendly, safer for 

operators, more sensitive for an elemental analysis. It is easier to control the neutron 

characteristics like the neutron yield, pulse repetition rate and the duration in neutron 

generator. This can be made as compact as ~600mm length and ~100 mm diameter. The main 

feature of this type of accelerator is ion source, gas source, acceleration electrode system and 

a target. We are developing one compact neutron generator in our laboratory. The reactions 

for the neutron production are as follows 
2H1 + 2H1 = 3He2 + n     Q=3.270 MeV 

2H1 + 3H1 = 4He2 + n     Q=17.590 MeV 
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The reaction cross section for both the reactions is shown in the figure-1. The production of 

neutrons from the D-T reaction is higher by orders of two than the D-D reactions. The 

maximum neutron yield from D-T reactions occurs at 130 KeV of deuteron energy where as 

in case of D-D reaction the energy of deuteron required in the range of MeV. Energetic 

deuterium ions are required for both the reactions. The schematic diagram of a typical 

electrostatic compact neutron generator is shown in figure-2. The different components of 

this generator are described in next sections. 

III. Neutron Generator Assembly 

 The photograph of the experimental set up is shown in figure-2. As shown in figure-3, 

a compact electrostatic neutron generator consists of ion source, accelerating electrode, target 

with cooling facility for steady operation. The ion source is one of the important components 

for the generator. In this generator, we have used one penning ion source that was developed 

in our laboratory. Because of compactness, maintenance free, roughed and easy 

instrumentation, the penning ion source is suitable for this instrument rather than other type 

ion sources. At higher voltages between the electrodes inside the vacuum enclosure, high 

voltage break down occurs for various reasons. The high voltage breakdown in vacuum gap 

depends upon various factors like, the gap distance, the area, geometry, material and surface 

condition of the electrode, gas pressure and the nature of the gas. The assembly is housed in a 

standard 100 CF nipple. One Delryn flange with high voltage electrode was used for the high 

voltage connection to the target and the accelerating electrode. The enclosure was pumped by 

one turbo molecular pump for base pressure up to 5E-7 Torr. The detail descriptions for 

important components are given in next sub sections. 

III.a Ion Source 

 The size of the neutron generator depends upon the size of the ion source. Among 

other types of ion sources [5], penning type ion source is compact in size, filament less and 

maintenance free and works for long life. In our laboratory, one such penning type of ion 

source with self extraction of ions in the axial direction was developed. The schematic 

diagram of the ion source is shown in the figure-4. Plasma is created in the plasma region 

between two cathodes and an anode with the help of the applied potential difference. A 

typical penning ion source is consists of plane metal cathodes and either ring shaped anode or 

cylindrical anode. In this case we have taken cylindrical anode thus the name given as hollow 

anode. The magnetic field due to the permanent magnet creates J x B force along with the 
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potential on the electrodes in the plasma region. The J x B force helps for efficient ionization 

of the gas due to longer electron gyration.  In this type of ion source there is no need for extra 

electrode for the extraction of ions. The ions are extracted by the help of the potential on the 

electrode and the shape of the electrode. Earlier we had a study of the effect of the geometry 

and the angle of extraction of the plasma electrode on the extraction of the ions and reported 

elsewhere [6]. The angle of the plasma electrode helps in the distribution of the equipotential 

surface in the vacuum side of the ion source. A charged particle while crossing the triple 

point (plasma, metal electrode and the vacuum) experiences an inward force due to the 

equipotential surface thus tends to converge.   

 Glow discharge plasma was created in the plasma region of the ion source by varying 

the potential between the electrodes from 0.5KV to 2KVwhile keeping deuterium gas 

pressure constant at 0.1 mtorr and varying the deuterium pressure from 0.1 mtorr to 0.05 

mtorr while keeping the potential between the electrodes at 2 KV. A maximum discharge 

current of 6.3 mA was observed while deuterium pressure was at 0.1 mtorr and the potential 

difference was at 2 KV. The discharge characteristic curves are shown in figure-5 and figure-

6. Both the curves follow a trend of exponential growth. This phenomenon of exponential 

growth of discharge current is well understood from the electron avalanche theory [7].  The 

effect of the magnetic field on the efficient ionization of the gas was investigated by varying 

the magnetic field at the centre of the plasma region. The magnet was moved away from the 

back of the cathode surface to adjust the value of the magnetic field as mentioned in the 

figure-7. An approximate 7% increment of the discharge current was observed while 

increasing the magnetic field by 100 gauss. The deuterium gas was inserted directly to the 

plasma region through a manual gas leak valve mounted on the vacuum chamber. But while 

the gas was not inserted directly to the plasma region a drastic change of the discharge 

characteristic was observed. The extraction current for different potential difference at a 

constant pressure of 0.1 mtorr is shown in figure-8. At deuterium pressure of 0.1 mtorr and 

potential difference of 2KV an extraction ion current of 215 A was measured. 

III.b High Voltage Vacuum Break Down 

 For the neutron production from D-D or D-T reactions, the energy of the deuteron 

should be ~ 100 KeV. Once the ions are extracted from the ion source, it is required to 

accelerate them to the required energy. For acceleration of the ions from the extraction 

aperture one single electrode is placed at a gap of ~80 mm. The high voltage breakdown 



5 
 

between the grounded plasma electrode and the acceleration electrode is important. The high 

voltage breakdown in vacuum gap depends upon various factors like, the gap distance, the 

area, geometry, material and surface condition of the electrode, gas pressure and the nature of 

the gas. The relation between the breakdown voltage, the gap length and the effective surface 

area is given in equations (1) and (2) respectively  

  Vmax= kdn.......................... (4.1) 

Where Vmax is the maximum breakdown voltage 

k is a constant that depends upon the electrode material and gap length. The value of k is 

given as 312 [8], d is the gap length and n is a constant that depends upon the pressure. (For 

pressure of 1 x 10-4 torr, n=0.11) [9] 

 
n

2cm
effA

kmaxV











 ............... (4.2) 

Where Vmax is the maximum breakdown voltage k and n are material and geometrical 

constants. The values are k= 342 KV and n=0.16 [10]. 

 Considering these entire factors, electrodes have been made out of stainless steel. The 

surface has been elcetropolished with roughness of < 1 m. For high voltage insulation, 

between the electrodes and the wall of the vacuum enclosure, one ceramic tube has been 

inserted as shown in the figure-2. Both the electrodes were placed in a high vacuum system 

through electrical feedthroughs. After evacuating the chamber to 1x 10-6 torr by one turbo 

molecular pump, deuterium gas was filled up to 1 x 10-4 torr. The pre break down current has 

been measured between the plasma electrode and the acceleration electrode for 80 KV. At 

this voltage, instead of few initial sparks, the voltage remained steady for long time. 

III.c Target 

 The target is that part of the neutron generator at which the fusion takes place between 

two hydrogenous isotopes and neutrons are generated. Basically, the targets are of two types. 

First type of target is known as metal hydrides [11] where as the second type is known as 

drive in targets [12]. The metal hydride targets have hydrogenous isotopes embodied into 

them. They are prepared from thin films of reactive metals like titanium, zirconium, vanadium 

etc on substrates like copper. These types of targets are prepared from the vacuum thermal 
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evaporation for the preparation of the thin film followed by hydrogenation.  A drive in target 

is a virgin metal where the initial hydrogenous ions get implanted and the neutrons are 

produced by the collision with the following energetic ions.   

 For both the cases, a good target material is supposed to have high hydrogen 

solubility, thermal and mechanical stability under energetic particle interaction, high heat 

conductivity and easy to fabricate. The saturation of hydrogen concentration in a target is an 

important parameter in selecting target material. Metals like titanium, zirconium, and 

vanadium from group IV are known to have higher solubility of hydrogen. The hydrogen 

saturation concentration in the titanium target was assumed to be ~ 6 x 1022 cm-3 

corresponding to one to one atom ratio.  

 The life of the target is an important parameter for neutron generators specifically for 

sealed tube. Though the neutron yield from the metal hydride target is better than the drive in 

targets but its life depends upon the rate of depletion of hydrogenous isotopes from the metal 

thin film because of the reaction with energetic ions and the rise in temperature of the target 

due to bombardment of energetic ions. Whereas the life of the drive in targets are better 

because of the depletion of the metal atoms is very less because of the near normal incidence 

of the energetic ions. The depletion of the metal atoms is possible only due to sputtering by 

the incident ions. In case of neutron generators, the incoming ions strike the target surface 

either at normal or very close to normal incident angles. The sputtering yield of titanium by 

deuterium ions of energy of 100 KeV at normal incidence is very low. Hence the life of a 

drive in target is very high.  

 In our present experiment for neutron production we have used one 1mm thick 

titanium drive in target. The photograph of two types of target is shown in figure-9. The 

deuteriated titanium target was obtained from Product Development Division, BARC, 

Mumbai. In our future experiments, we will use deuteriated metal targets for 2.5 MeV 

neutrons and tritiated targets for production of 14MeV neutrons.  

IV. Neutron Production 

 The first experiment for the neutron production from this generator has been carried 

out. Ion source was operated with 1KV potential difference between the electrodes and a 

deuterium filled pressure of 1E-4 Torr. The deuterium gas which is produced in house by one 

electrolyser from heavy water is used for this experiment. In this experiment one pure 
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titanium target of 30mm diameter and 1mm thickness was used. As the titanium has a 

characteristic for the retention of hydrogenous isotopes, the initial batch of deuteron ions are 

getting implanted into the target while the subsequent deuteron ions collide with them and 

produce neutrons of 2.5 MeV energy from the D-D reaction. The generator was operated for 

one minute with acceleration potential of 80 KV.  The extracted deuteron current with respect 

to the acceleration potential is shown in figure-10. 

V. Neutron Detection 

 Neutrons being electrically neutral, it is difficult to measure by direct methods. The 

detection of neutrons is possible only through nuclear reactions. In our case, one LiI (Eu) [13] 

detector was used for the detection of neutrons. The detector was placed close to the target 

position in a radial direction. During the operation of the generator the detector reading was 

300 cps. From the detector efficiency and the size, a neutron yield of 3 x 105 n/sec was 

estimated. The neutrons from the target spread in isotropic direction with very little variation 

of energy. 

 In our experiments, we have used CR-39 Solid State Nuclear Track Detectors for the 

detection of neutrons and other fusion products. CR-39 is a transparent plastic whose 

chemical composition is C12H18O7. When a charge particle passes through it, it leaves a trail 

of damage along its track in the form of broken molecular chains and free radicals.  The 

amount of damage is directly related to the rate of energy lose by the incident particle. 

Neutron being electrically neutral, it does not create any tracks directly while passing through 

the detector. Detection of neutrons by CR-39 is a two step process. In the first step, this 

creates recoil proton, carbon and oxygen nuclei in the forward direction. Than these recoil 

nuclei creates tracks while moving in forward direction.   

 One sample of CR-39 was placed over the outer wall of the vacuum enclosure of the 

neutron generator. After irradiation with the neutrons for one minute during the operation of 

the generator as mentioned above, the sample was etched with 6 N NaOH solutions for 7 

hours. Sodium Hydroxide After etching, the sample was examined under one optical 

microscope. The microscope image of a virgin CR-39 sample is shown in figure-11 whereas 

the image of the CR-39 that was exposed to neutrons is shown in figure-12.  The tracks shown 

in the image confirm the production of neutrons.       

VI. Conclusion 
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 In this study, the production of neutron from D-D reactions in an electrostatic 

accelerator based neutron generator was examined. The neutrons were produced at deuteron 

energy of 81KeV bombarded into a titanium drive in target.  A flux of 3.5 x 105 n/sec was 

measured by one LiI (Eu) detector. In future, detail energy and flux measurement experiments 

will be carried out with higher deuteron energy and different targets like’s deuteriated 

titanium targets and pure zirconium and vanadium targets. We will endeavour for production 

of 14MeV neutrons from D-T reactions in future experiments. 
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IX. Figure Captions 

Figure 1: Reaction cross section for D-D and D-T fusion reactions 

Figure-2: Schematic diagram of neutron generator 

Figure-3: Photograph of the experimental set up 

Figure-4: Schematic diagram of ion source 

Figure -5: Discharge characteristic of ion source w.r.t. potential difference 

Figure-6: Discharge characteristic of ion source w.r.t. pressure 

Figure-7: Discharge characteristic of the ion source w.r.t. magnetic field 

Figure-8: Extracted deuteron current for different discharge potential 

Figure-9: Photograph of different targets 

Figure-10: Extracted deuteron current w.r.t. acceleration potential  

Figure-11: Image of CR-39 detector exposed to neutrons 

Figure-12: Image of virgin CR-39 detector 

 

 

 



10

 

Figure 1: Reaction cross section for D-D and D-T fusion reactions 

 

 

 

Figure-2: Photograph of the experimental set up 
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Figure-3: Schematic diagram of neutron generator 

 

 

 

Figure-4: Schematic diagram of ion source 
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Figure -5: Discharge characteristic of ion source w.r.t. potential difference 

 

Figure-6: Discharge characteristic of ion source w.r.t. pressure 
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Figure-7: Discharge characteristic of the ion source w.r.t. magnetic field 

 

Figure-8: Extracted deuteron current for different discharge potential  
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Deuteriated Titanium Target in Close Enclosure     Titanium Target 

Figure-9: Photograph of different targets 

 

Figure-10: Deuterium ion current at target w.r.t. acceleration potential 
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Figure-11: Microscope image of virgin CR-39 detector 

 

 

Figure-12: Microscope image of CR-39 detector exposed to neutrons 

(White tracks indicate damage due to neutrons) 




