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Abstract: A mathematical model and a program are developed to calculate neutron yields, energy spectrum and angular
distribution of D( d, n) *He reaction in a thick deuteriunr titanium (TiD, ) target as incident deutemn energy lower than 1. 0 MeV.
D(d, n) *He reaction cross section from nudear data tables and stopping power derived with SRIMF 2003 code are adopted in the
calculatoin of neutron production of an accelerator based I( d, n)*He reaction neutron source. Integrated neutron yields, neuron
energy spectruns and angular distribution are obtained.
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0 Introduction

Accelerator-based D(d,n)* He (D-D) and T(d, n) ‘He (D-T) fusion reaction neutron sources are
widely used in many fields including basic nuclear data measurements, irradiation effect researches of
fusion reactor materials and electronic materials, neutron activation analysis, and neutron cancer
therapy' . Although neutron yield from D-T reaction is approximately two orders of magnitude larger than
that from D-D reaction, applications of D-'T neutron generator are restricted due to cost and safety
ooncems regarding tritium and short target lifetime. In recent years, compact neutron generators based on
DD reaction are widely investigated due to advantage of long target lifetime and manageability. For
instance, a compact coaxial DFD neutron generator with neutron yield of 1. 2% 10 n*s™' for boron
neutron capture therapy ( BNCT) was successfully developed at Lawrence Berkeley National Laboratory
(LBNL)'™ and Torino University'’!. A project on intensity neutron generator based on DD and D-T
fusion reactions is in progress at Lanzhou Universityl Tohis expected to generate D-D neutron output
higher than 1x 10" n*s™'. Characteristics of D- D neutron source with thick target are studied for accurate
design of beam shaping assembly (BSA) in various applications.

In previous investigations concerning beam shaping assembly ( BSA) D-D neutron source was
generally assumed generating isotropically 2. 45 MeV mone energetic neutrons' ™ . In fact, D-D neutron
source produce in a thick target has distinct angular distribution and intrinsic neutron energy spectrum.

For accurate design of BSA, an improved D D neutron source model based on neutron energy spectrum
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and angular distribution is required. Moreover, neutron energy spectrum and angular distribution are
important for basic nuclear data measurements (such as in neutron integrate experiments) .

Though experimeutal measurement is straight forward, neutron energy spectrums in all directions and
neutron angular distributions are an arduous work. Neutron energy spectrums in some special emission
directions from a Dr D reaction neutron source are measured in laboratories. In this study, a mathematical
model and a program computing yields, energy spectrum and angular distribution of neutrons generated by
DD reaction in a thick deuteriunrtitanium (TiD, ) target are developed. Neutron spectrum in any
emission direction is simulated. Integrated and differential neutron yields, neutron energy spectrums and

angular distribution are presented.

1 Methods
In a DD neutron source with a thick target, integrated and differential neutron yields Y( Eq) and
j—g( 0, Ea) are derived as
0
1
Y(Ea) = J.IONdO(Ed) S(Td)dEd’ (D
0
dY 1
d—( 0,Ea) = J[oNdO( 0, E.) ded, (2)

d

where 0 is the neutron emission angle, Eq the incident deuteron energy, I, the intensity of incident
deuteron ion beam, N4 the atomic density of deuterium in target. O( Eq) and 0( 0, E,4) are integrated
and differential cross sections of the D(d, n) *He reaction, respectively. E is deuteron energy in the
target. S(FE,) is stopping power of deuteron in the target. Energy of neutron produced is computed with
the following (- value equation'®

E.(0,E,) = { J?cose+ [{%+ %OOSZG}E(I'F %Q} 5} ’ (3)

where ( is the (- value of D(d, n) *He reaction.
In order to calculate neutron yields, a thick target is divided into thin layers. Integrated neutron

yield( AY,) and differential neutron yield dy in each layer are given by

dQ
1
AY;(Eq;) = ToNaO(Eq;) m AE o, (4)
dY 1
d_é( 9, Ed,j) = [()Ndo(e, Ed,j) m. AE(I,ja (5)

respectively. Where j is index of the layer, E; the deuteron energy impinging in the j-th layer, AE;
the energy loss of deuteron ion in the jth layer. Total integrated neutron yields of a thick target are

obtained as
Y(Ea) = D AY(Ey). (6)
J

In the j-th layer F,; may be approximated as deuteron ion energy before penetrating through. If
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E o= Eyand AE ;= 0, E, ; and AE, ; are computed by
Evj= Eqj-1— AEq -1, (7)
AEg;-1= S(Eaj-1) * Axi-1. (8)
Ax 1 is thickness of the (j— 1)-th layer. Energy of neutrons produced in the j-th layer E.,, ; is related to
deuteron energy Eq, ; and neutron emission angle 0 as in Eq. (3).

Differential yields and energies of neutrons produced in each layer are computed with Egs. (3),
(5), (7), (8). The calculation procedure terminates as Eq ; <O d¥;/dQ is obtained as a function of
E, ; and 0. Total differential neutron yield in each emission direction (neutron angular distribution) is
computed as

o) = G0, 50 (9

J

o

And neutron angular yield is obtained.
IfE£,;(0) and E,,;+1(0) are energy of neutton produced in the j-th layer and (j+ 1)-th layer,

energy difference of neutron is

AE,;(0) =1 E, (09— E, ., (0) 1. (10)
Then, energy spectrum parameter n AE, ;( 0) energy interval is given by
dY;
dy,_ Jo(0.Eu))
deEn( 7En,j) = ija (11)

where dY, ;/d Q is total differential neutron yield in AE, ;( 0) energy interval.

2 Result and discussion

Neutron production with a thick TiD, target is studied. It is assumed that the atomic ratio of
deuterium to titanium in the TiD, target is 1.0, 1.5 or 2.0 and homogenous in the target'" ™. The
number of incident deuteron in the target is constant within a deuteron mean path. Integrated and
differential cross sections of D( d, n) He reaction are recommended by Liskien et al.'” The stopping
power i calculated with SRIM- 2003 code' '™ . A program is developed to compute yields, energy spectrum

and angular distribution of neutrons generated by D( d, o

n) He reaction m a thick TiD, target with incident

deuteron energies 1. 0 MeV . o

—_
(=]
<

Figure 1 shows integrated neutron yields of a thick
TiDx target with atomic ratio of deuterium to titanium of
1.0, 1.5 and 2.0. Examples on neutron energy spectrum

with 150 keV, 400 keV and 1000 keV incident deuteron
are shown in Figs. 2(a), (b) and (c¢), respecively.
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Figure 2 provides neutron spectrums from (f to 18F with 5’ Deuteron energy/keV
intervals for a thick TiD with atomic ratio of deuterium t0 g, | [yiegrated neutron yields of D D neution

titanum of 1.5. Neutron angular distribution of a D-D source with thick TiD, target

neutron_ source is shown in Fig. 3.
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Fig. 2 Neutron energy spectrum of a D- D neuton source TiD, 5 thick taget
at incident deuteron energies 150 keV, 400 keV, 1 000 keV

Deviation of calculation depends on thin target 60 14
approximate method, cross section and stopping power sob
data. Erors produced by thin target approximate sol
method is small as thickness of layer is thin enough.
Eror of recommended cross section data are averagely 30[\ | EF1000keV A

lower than 5% . Uncertainty of calculated neutron yields 20b
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by SRIM-2003 are used because experimental and O =" "T0 % o o iz

mainly results from stopping power of deuteron in TiD,

target. In the investigation, stopping power calculated

Differential neutron yields/(s-mA-sr ! ).10"?

recommended data of StOpijlg power of deuteron in Neutron emission angle/® Neutron emission angle/°

TiD, target are not enough. It was found that stopping  Fig. 3 Neutron angular digributions of a B D neuron
power by  SRIM-2003 is  averagely  about source with TiDy 5 thick target

18 8keV/micron larger than experimental result by

Malbrough et al' . If Malbrough’ s results of the stopping power are regarded as a benchmark, yields
obtained by stopping power calculated with SRIM-2003 are on the low side. Relative deviation of neutron
yields is about 15% . Relative deviations of neutron energy spectrum and angular distribution are less than

15% because they are relative distribution of differential neutron yields.
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