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Abstract—A compact deuterium—deuterium neutron generator for prompt gamma neutron activation analy-
sis was developed at Institute of Nuclear Physics and Chemistry. A neutron yield of 3.6 x 108 s~ was achieved
during of the bombardment of a titanium drive-in target by a 6.8 mA deuteron beam at 115 keV. The deuteron
beam was generated by a permanent magnet microwave ion source. An 85 h long run with 1.2 x 108 s~! average
neutron yield was performed at 85 keV and 3.7 mA. The operating mode of the neutron generator reached

99.95%.
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1. INTRODUCTION

Neutron generators are widely used in neutron sci-
ence [1], material analysis [2], explosive detection [3],
neutron radiography [4] and so on. A compact deute-
rium—deuterium neutron generator has been devel-
oped at Institute of Nuclear Physics and Chemistry for
an on-line coal quality analyzer, which is used to
detect the bulk elements of coals by prompt gamma
neutron activation analysis. Compared with radio-iso-
topic neutron generator and deuterium—tritium (D—T)
neutron generator, deuterium—deuterium (D—D)
neutron generator has many advantages. Firstly, D—D
neutron generator is safer. It is nearly free from tritium
contamination and can be turned off in the case of
installation and transportation. Secondly, the deute-
rium in the target can be complemented by the inci-
dent deuterium ions, thus the lifetime of the D—D
neutron generator is generally very long. Thirdly, the
D—D neutron generator does not require complex
maintenance, as its components are replaceable and
stops emitting when turned off.

Various efforts have been made to develop compact
D—D neutron generators all over the world [5—10].
In this work, a compact D—D neutron generator
using a titanium drive-in target was designed and
tested with a designed yield of 3 x 108 s~

2. NEUTRON GENERATOR DESIGN

A schematic structure of the neutron generator is
shown in Fig. 1. It was mainly composed of a perma-
nent magnet microwave ion source and a titanium

drive-in target. The ion source and the vacuum cham-
ber of the generator were at the ground potential. The
titanium drive-in target, wrapped in the outer shell,
was at the negative high potential. Thus, there was no
high voltage where people can reach. The differential
cross section of the deuterium-deuterium reaction at 0°
is about two times of that at 90° [11]. To avoid the neu-
trons at zero degree are intercepted, the water and the
bias voltage were supplied to the target at a 90° angle.
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Fig. 1. Schematic drawing of the D—D neutron generator.
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Fig. 2. The axial magnetic field along the source axis.

As shown in Fig. 1, a permanent magnet microwave
ion source was used in the compact D-D neutron gen-
erator for its long lifetime, high stability and relatively
intense ion beam. The discharge chamber of the micro-
wave ion source was 50 mm in diameter and 70 mm in
length. The discharge chamber was made of stainless
steel. The microwave power was generated by a
2.45 GHz/1.5 kW magnetron and transported to the
discharge chamber through an isolator, a three-stub
tuner, a 90° microwave bend and a dielectric window.
The dielectric window was composed of a J31 x 30 mm
aluminum column and a 2 mm thick BN disk.

The magnetic field for plasma producing was
formed by two NdFeB magnet rings with B, =1.3 T.
The dimensions of the rings were inner diameter of
70 mm and outer diameter of 95 mm and thickness of
30 mm. The gap between two rings was 14 mm to form
a saddle-like axial magnetic field profile, as suggested
by Peng et al. [12] and Liu et al. [13]. An iron wafer
with thickness of Imm was used to shield the magnetic
field and to decrease the probability of discharge
between the extraction electrode and the discharge
chamber. The measured axial magnetic field along the
source axis is shown in Fig. 2.

The deuterons were extracted by a three-electrodes
system, which was composed of a plasma electrode, an
extraction electrode and a target. The diameters of the
apertures on the plasma electrode and the extraction
electrode were 4 and 8 mm, respectively. The distance
between the two apertures was adjustable within the
15—30 mm range. The diameter of the target was
60 mm. The designed potentials of the plasma electrode
and the extraction electrode was 0 V and —120 kV,
respectively.

The SE shield electrode, which was electrically
connected with the extraction electrode, was used to
shield the secondary electrons generated from the tar-
get. The SE shield and the target were electrically con-
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Fig. 3. Variation of the load current /), of the high-volt-
age power supply with the extraction voltage Uy;.

nected by a resistance with the value of 50 kQ. Thus,
the potential difference between the target and the SE
shield reached hundreds of volts while the negative
high voltage supplied to the SE shield. This potential
difference would prohibit the secondary electrons and
push them back to the target. The probability of break-
down between the plasma electrode and the extraction
electrode decreased. The deuteron beam current of
the D—D neutron generator could be estimated by the
load current of the high-voltage power supply, as long
as the deuterons were not bombarding on the
extraction electrode. Figure 3 shows the variation of
the load current of the high-voltage power supply with
the deuteron energy. The load current of the high-
voltage power supply, /,,,4, can be expressed as:

= [d,target + [d,ext(l + Y) = [d,tot + [d,ext’y’ (1)

where 1y e 1S the deuteron current on the target, and
14 o is the deuteron current on the extraction elec-
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Fig. 4. Drawing of the titanium driven-in target and its
assembly.
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Fig. 5. Photograph of the D—D neutron generator.

trode, and I . is the total deuteron current of the
neutron generator, and 7y is the secondary electron
yield. It should be pointed out that the secondary elec-
tron yield increased with the increase of deuteron
energy in this energy range [ 14]. In the meanwhile, the
plasma sheath edge moved toward to the plasma when
the extraction voltage increased [15], thus the beam
diverged and then /, ., decreased with the increase of
extraction voltage. In Fig. 3, the peak of /,,4 at about
10 keV is the result of the increased secondary electron
yield and the decreased /; .. In addition, the slow
increase when the voltage more than 28 keV should be
attributed to the tiny increase of the emission area, due
to the move of the plasma sheath edge.

JIAN-LIN et al.

Figure 4 shows a detailed drawing of the titanium
drive-in target and the target assembly. The target was
directly cooled by de-ionized water and could be easily
replaced after use. Jet impingement cooling was
applied, and the jet center was displaced 5 mm from
the beam center to cool the target more efficiently.
The thermal analysis of the titanium drive-in target
was discussed elsewhere [16]. The titanium drive-in
target was made of a 0.05 mm thick titanium film
plated on a 0.5 mm thick copper plate. The driven-in
target was a 0.05 mm thick titanium film plated on a
0.5 mm thick copper plate. This was because titanium
had a higher neutron yield and copper had a higher
thermal conductivity. The titanium film was plated on
copper by filter cathode vacuum arc technique [17].
The SE shield and the titanium driven-in target were
assembled on a target holder that made of homopoly-
mer, through which bias voltage and cooling water was
supplied to the SE shield and the target. De-ionized
water was used to cool and insulate the target. The
temperature of the water was controlled by a chiller
while it was circulating in a closed loop, and the spe-
cific resistivity was achieved by a parallel connected
ion-exchange-resin column.

3. EXPERIMENTAL RESULTS

Figure 5 shows the assembled D-D neutron gener-
ator. The generator was about 0.6 m in length and 0.5 m
in height. It could be placed inside the applied device
and connected to the controller and the chiller by
wires and pipes.
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Fig. 6. Layout of the calibration of the 3He proportional counter.
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Fig. 7. Variation of beam current and neutron yield with
deuterium ion energy at 250 W of microwave power. The

hydraulic pressure of the chiller was 2.5 kg/cmz, and the
resistivity of the water had exceeded 16 MQ cm.

The neutron yield of the D—D neutron generator
was measured by a 3He proportional counter. The *He
proportional counter was inserted into a Boron-con-
taining polyethylene tank. The rate of the *He counter
was calibrated by a 2Cf source which was placed to
the position of the titanium drive-in target (shown in
Fig. 6).

The variation of beam current and neutron yield
with deuterium ion energy at 250 W of microwave
power is shown in Fig. 7. The hydraulic pressure of the
chiller was 2.5 kg/cm?, and the resistivity of the water had
exceeded 16 MQ cm. The extracted deuteron current and
the neutron yield increased with the deuterium ion
energy. The neutron yield reached 3.6 x 103s~! at 115 keV
and 6.8 mA.

We performed an 85-h long run when the deuteron
energy was 85 keV and mean current was 3.7 mA (Fig. 8).
The mean neutron yield was about 1.2 x 108 s=.. The
operating mode of the neutron generator reached
99.95%. The sharp drop in neutron yield occurred
mainly due to the breakdown of the generator, mostly
attributed to the flash-over of the insulator. The
restarts of the generator were automatically operated
within 20 s.

4. CONCLUSIONS

A compact deuterium-deuterium neutron genera-
tor using a permanent magnet microwave ion source
and a titanium driven-in target was designed and
tested at INPC. A neutron yield of 3.6 X 103 s~! was
achieved by bombarding a titanium drive-in target by
a 6.8 mA deuteron beam at 115 keV. An 85 h long run
with 1.2 % 108 s~! mean neutron yield was performed at
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long run. The microwave power was 230 W.

85 keV and 3.7 mA. The operation mode of the neu-
tron generator reached 99.95%.
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