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   We have developed a new type of monoenergetic neutron source at the Kyushu University Tan-
dem Laboratory using the inverse (p,n) reaction kinematics. The iH(i3C,n) reaction was chosen as
a promising candidate. A major part of the neutron source consists of a hydrogen gas target having
an entrance window made of 3 pam-thick tantalum foil and a O.2 mm-thick tantalum disk as the beam
stopper. An experiment for the feasibility test was performed using 56.0 and 59.3 MeV i3C6+ beams.
The preliminary result showed that the iH(i3C,n) reaction can produce the kinematically-collimated

monoenergetic neutrons in the MeV region.

Keywords: Accelerator-driven neutron source, Quasi-monoenergetic neutron, MeV-region, Inverse
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1. Introduction

  There are various types of accelerator-driven
neutron sources that are widely utilized in basic
science and applications. In the energy region cov-

ered by tandem Van de Graaf accelerators, light-
ion i,nduced reactions on light element targets,
such as the D(d,n) and T(d,n) reactions, are the

most commonly used as the nuclear reactions to
produce monoenergetic neutrons. However, these
reactions cannot produce monoenergetic neutrons
in the energy region between 8 and 14 MeV, be-
cause of the breakup of the projectile and/or the

target nucleus. Therefore, only few neutron cross
section data are now available in this "gap" energy

region, whereas the data in this energy region are

required in several applications, e.g., development

of D--T fusion reactors.

  Recently, new types of monoenergetic neutron
sources with heavy ion (HI) beams have been
proposed as one of the candidates to fill in the
"gap" region and the feasibility has so far been
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investigated.i-3) Among these studies about the

iH(HI,n) reaction, a neutron source with the
iH(iiB,n) reaction was practically used for mea-

surements of activation cross sections in the 9 to 13
MeV region4) and its usefulness had been demon-

strated.

  Characteristic features and advantages of the
iH(HI,n) neutron source are summarized as fol-
lows:

1) Neutrons are emitted at angles smaller than

  emax defined by two-body kinematics in an
  endothermic reaction, that is, "kinematically
  collimated" neutrons are produced. This situ-
  ation is illustrated schematically in Fig. 1. By

  this collimation, the shielding design of neu-
  tron facilities is expected to become easier.

2) The iH(HI,n) cross section at OO in the lab-

  oratory system is enhanced strongly by the
  compression into the forward cone, which is
  expected to lead to large neutron yield at OO.

3) Emitted neutrons have two energies as shown

  in Fig. 1. However, the yield of neurtons
  with lower energy is considerably smaller than

  those with higher energy under most experi-
  mental conditions.

4) Backgrounds of neutrons and or rays from the

  beam stopper can be reduced, because heavy
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Fig. 1 Schematic diagram of two-body kinematics for the
      iH(HI,n) reaction under the condition VG > V.C,
      where VG denotes the velocity of the center of
      mass(CM), and V.C that of the produced neuron
      in the CM system. emax is the maximum angle of
      neutron production in the laboratory system.
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projectiles have higher Coulomb barrier than

protons and deuterons.

  At the Kyushu University Tandem Labora-
tory(KUTL), we have started to develop a mo-
noenergetic neutron source in the "gap" region by
using the iH(HI,n) reaction. The iH(i3C,n) reac-

tion was chosen as a candidate suitable for KUTL
from consideration about the performance of accel-

erator, and its feasibility test has been performed

in the present work.

2.

Fig. 2 Schematic drawing of the hydrogen gas target.
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Design of neutron source and its
simulation

  The neutron source developed in the present
work consists of a hydrogen gas target which is
shown schematically in Fig. 2. The gas cell is made

of O.5 mm-thick stainless steel and has the effec-

tive size of 30 mm long and 30 mm in diameter.
The entrance window is made of tantalum foil of

3 pam in thickness and 12 mm in diameter on a
cylinder shape frame of curvature 6 mm. A O.2
mm-thick tantalum disk is used as the beam stop-
per so that associated background neutrons and
7 rays may be reduced as much as possible by
using high Z materials. Escape of the electrons

produced by beam bombardment on the entrance
window is suppressed by permanent magnets.
  In the design of the neutron source, we have
estimated neutron yields at OO using a modified
version of the simulation code developed for the
iH(iiB,n) neutron source.9) Cross sections of the

iH(i3C,n) reaction as a function of incident energy

are necessary for the estimation. However, there is

no available experimental data. Therefore, those

40 45 50 55 60lncident Energy [MeV]
65 70

Fig• 3 Total cross sections of the iH(i3C,n) reaction de-

      rived from experimental total cross sections of the
      i3C(p,n) reaction.

cross sections are derived from the i3C(p,n) cross

sections in terms of the inverse kinematics. Avail-
able experimental data5-8) of the total i3C(p,n)

cross sections are plotted in Fig. 3. The data of
Dagley et al.6) who measured the angular distri-

butions of emitted neutrons were employed in the
simulation because the i3C(p,n) cross sections at

OO and 1800 in the CM system are necessary for es-
timation of the neutron yields of the iH(i3C,n) re-

action at OO. The obtained differential iH(i3C,n)

cross sections in the laboratory system are also
given in Fig. 4; the upper and lower panels cor-
respond to high energy ("primary") component
and low energy ("satellite") component of neu-
trons generated by the two-body kinematics illus-
trated in Fig. 1, respectively.

  Figure 5 shows an example of the estimated neu-
tron yield at an incident i3C energy of 58.2 MeV.

The gas pressure was chosen to be 1 atm. The in-
cident energy was adjusted to become a resonance
energy of about 51.5 MeV shown in Fig. 3 at the
center of the gas cell. One can see two peaks corre-
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sponding to two neutron components. It is found
that the yield of "primary" neutrons having the
energy of about 7 MeV is much larger than that
of "satellite" neutrons having the energy of about

1 MeV. The difference in the yields can be easily

explained from that in the cross sections shown in
Fig. 4.
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4 Differential iH(i3C,n) cross sections in the labo-

  ratory system. Neutrons generated by the two-
  body kinematics have two components as shown
  in Fig. 1: (a) high energy ("primary") component
  and (b) low energy ("satellite") component.
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  An experiment to test the feasibility of the neu-

tron source was carried out using 56.0 MeV and
59.3 MeV i3C6+ beams at KUTL. These incident
energies were determined by the above-mentioned
simulation so that the energies of primary neutrons

generated at OO were 6.2 and 7.2 MeV, respectively.

The average beam current was about 10 to 40 enA.
The pressure of hydrogen gas in the gas cell was 2

atm. Emitted neutrons were detected using a 7.6-
cm diameter and 15.2-cm thick NE213 scintillator
coupled to a photomultiplier tube (PMT: Hama-
matsu R1821--Ol) placed 2 m downstream from the
center of the hydrogen gas target. In the follow-
ing signal processing,iO,ii) background events due

to gamma-rays were eliminated by using a conven-
tional pulse shape discrimination (PSD) method.

Neutron yields were measured at angles between
OO and 350 in step of 50 for 59.3 MeV, and only
OO for 56.0 MeV. An active radiator proton recoil
telescope (ARPRT) developed by our groupi2) was

also used for the measurement at OO to check the

absolute yield. The ARPRT was located 20 cm
far from the center of the gas cell. To estimate

background neutrons generated from the entrance
window and beam stopper in the gas cell, those
scattered by the surrounding walls and floor, the

following background runs were carried out using
a 20 Å~ 20 Å~ 40 cm3 shadow bar made of iron: (1)

gas-in and with shadow bar, (2) gas-out and with

shadow bar (3) gas-out and without shadow bar.
  An additional experiment for the well-known
D(d, n) reaction was also performed•using the same

gas target for comparisons with the result of the
iH(i3C,n) reaction. The D2 gas fi11ed in the gas

cell had the pressure of 2 atm. The incident
deuteron energy of 4.3 Me.V was chosen so as to
give the same neutron energy of 7.2 MeV as the
iH(i3C,n) reaction. It should be noted that a 7.2

MeV neutron generated by the D(d,n) reaction is

monoenergetic because the incident deuteron en-
ergy is lower than the threshold energy of breakup

reactions, e.g., the D(d,np) reaction. Neutron
yields from the D(d,n) reaction were measured at
angles between OO and 700 in step of 100.

Fig.

2

5 Calculated spectrum of neutrons produced by the
  iH(i3C,n) reaction at 58.2 MeV in the OO direc-
  tion.

4. Experimental results and
sion

discus-

  A two-dimensional plot of output signals from

the PMT dynode and the PSD circuit is shown
for a foreground (FG) run with gas-in and with-
out shadow bar in Fig. 6. Neutron events are sep-
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Fig. 6 Two-dimensional plot of pulse height distributions
from the PMT dynode and the PSD circuit.
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8 Neutron spectrum at OO for the iH(i3C,n) reac-
  tion at 59.3 MeV, which was obtained using the
  unfolding code FORIST with the response matri-
  ces calculated by the SCINFUL code.
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7 Measured and calculated NE213 response func-
  tions for the neutron measurement at OO for the
  iH(i3C,n) reaction at 59.3 MeV•

arated well from background gamma-rays events.
After the separation of the gamma-ray background

events, a pulse height spectrum of neutrons com-
ing directly from the neutron source were obtained

using the following relation, FG - BG(1) - BG(2)

+ BG(3), where BG(i) (i=1,2,3) correspond to
the above-mentioned three background events. In
Fig. 7, the resultant pulse height spectrum at OO

is compared with the calculated NE213 response
function with the SCINFUL codei3) for a 7.2 MeV

neutron. Good agreement is obtained. A small
amount of neutrons observed in the light output
region more than 4 MeVee may be due to a back-
ground from the neutrons and protons generated
by the interaction of i3C with contamination com-

ponents in the hydrogen gas, such as air and va-

por. The neutron spectrum unfolded with the
FORIST codei4) using the response matrices cal-

culated with the SCINFUL code is shown for the

measurement at OO in Fig. 8. The peak energy
of 7.2 MeV coincides with the simulation result.
The energy resolution was about 1.5 MeV, which is
due mainly to the intrinsic resolution of the NE213

scintillator used.

  The experimental yields of neutrons produced
at OO are shown together with the calculated ones
in Table 1. These experimental errors contain sys-

tematic errors of 12.3% and 7oro, respectively, for

the measurements with the NE213 and ARPRT
detectors, in addition to statistical errors. Both

the yields measured with the NE213 and ARPRT
detectors are in good agreement within the error.
It 'is found that the experimental yields for both

neutron energies agree well with the calculated
ones with the (p,n) cross sections of Gibbons.5)
It should be noted that the data of Dagley et al.6)

was still used for the (p,n) angular distributions

because their data is only the available experimen-

tal data. As shown in Fig. 3, there are some dif-

ferences among the measurements. This work may
support the smaller cross sections in the energy re-

gion of interest.

  In Fig. 9, the experimental angular distributions

of the neutrons produced by the iH(i3C,n) and
D(d,n) reactions are plotted together with those

calculated using the above-mentionedL simulation
code. Both the calculated angular distributions
are normalized to the experimental values at OO,
respectively. It should be noted that the neutrons



\lik13rp JfLYNJJJS<tl}2Yctiii2PSii kN,AIM\XEi eg 23 g rg3EP -289-

Thble 1 Comparison between measured neutron yields at
  OO and those calculated with the cross sections of
  Dagley et al16) and Gibbons.5)
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9 Angular distributions of neutrons produced by the
  iH(i3C,n) and D(d,n) reaction, The open and
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  distribtitions.

Fig. 10 Estimated angular distributions of neutrons pro-
   duced by the iH(i3C,n) reaction using a newly
   designed gas target.
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generated from the iH(i3C,n) were not observed
at angles over 300. The experimental angular dis-

tributions are in good agreement with the calcula-

tions for both the reactions. Thus, it was experi-

mentally confirmed that neutrons produced by the
iH(i3C,n) reaction are emitted within the forward

cone restricted by the kinematics, whereas neu-
trons from the D(d,n) reaction are emitted over

the wide angular range.

5. Conclusionandoutlook
  We have started the R 8e D of a quasi-
monoenergetic neutron source using the iH(i3C,n)

reaction at KUTL. The hydrogen gas target was
fabricated as a major apparatus of the neutron
source. The feasibility test experiment with 59.3

MeV i3C6+ beam has demonstrated that this in-
verse (p,n) reaction can produce "kinematically
collimated" monoenergetic neutrons with 7.2 MeV

Fig. 11 Estimated spectrum of neutrons produced in the
   oO direction by the iH(i3C,n) reaction at 62.9
   MeV using a newly designed gas target.

at oo.

  The present work is the first step toward com-
pletion of the monoenergetic iH(i3C,n) neutron

source at KUTL. Further optimization of the de-
sign is necessary for enhancement of neutron yields

and reduction of backgrounds in order to satisfy
several requirements for practical use. For in-
stance, it is desirable that the entrance window
of the gas target is as thin as possible in order to
reduce the energy loss of the incident i3C beam in

it. A simulation of neutron production was carried

out for use of 2 psm-thick tantalum foil as the en-

trance window, which is the thinnest among com-
mercially available tantalum foil. The result with

2 atm hydrogen gas is shown in Figs. 10 and 11.
In the simulation, the (p,n) cross sections were
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taken from Gibbons.5) It was found that use of

this new gas-target makes it possible to produce

monoenergetic neutrons up to a maximum energy
of 11 MeV at KUTL, and all generated neutrons
are emitted in the kinematically-allowed forward
cone as shown in Fig. 10.

  In the future, we plan to carry out systematic

measurements of activation cross sections and cal-

ibration of neutron detectors using the developed

monoenergetic neutron source in the "gas" region

between 8 and 14 MeV where the experimental
data are scarce.
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