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Abstract: Novel measurements of the neutron energy spectra of the 9Be(d,n)10B reaction with a thick beryllium tar-
get are performed using a fast neutron time-of-flight (TOF) spectrometer for the neutron emission angles  and

,  and  the  incident  deuteron  energies  are  250  and  300  keV,  respectively.  The  neutron  contributions  from  the
9Be(d,n)10B reaction are distributed relatively independently for the ground state and the first, second, and third ex-
cited states of 10B. The branching ratios of the 9Be(d,n)10B reaction for the different excited states of 10B are obtained
for the neutron emission angles  and , and the incident deuteron energies are 250 and 300 keV, respect-
ively. The branching ratio of the 9Be(d,n)10B reaction for the third excited state decreases with increase in the incid-
ent deuteron energy, and the branching ratios for the ground state and the second excited state increase with increase
in the neutron emission angle.
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I.  INTRODUCTION

D+

∼ 102

Accelerator neutron sources are widely used in neut-
ron  physics  and  neutron  applications,  owing  to  the  high
neutron  yield,  good  controllability,  compactness,  and
nonproliferation capability [1-9]. Typically, in exotherm-
ic nuclear reactions, deuterons and tritons are bombarded
with  deuterium  ions,  producing  fusion  neutrons  by  the
2H(d,n)3He  (D-D)  and 3H(d,n)4He  (D-T)  reactions,  and
deuterium  ions  bombard  beryllium,  producing  neutrons
by  the 9Be(d,n)10B  (D-Be)  reaction  for  low  energy 
ions at  keV.

Compared with deuterium-adsorption targets and triti-
um-adsorption  targets,  metallic  beryllium  exhibits  stable
chemical properties and excellent hardness. Pure metallic
beryllium targets are easy to obtain, and they can be eas-
ily  processed  into  various  shapes.  Beryllium  has  a  high
melting  point  (1280  °C)  and  good  thermal  conduction,
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which allows metallic beryllium targets to withstand high
intensity  ion beams. Most importantly, the cross sec-
tion of the 2H(d,n)3He (D-D) reaction is roughly equival-
ent to the 9Be(d,n)10B (D-Be) reaction for low energy 
ions  at  keV.  As  a  result,  accelerator-based
9Be(d,n)10B  reaction  neutron  sources  can  generate  high
intensity  and  continuous-spectrum  neutron  fields  at  low
energy deuterium ions.

Q
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The 9Be(d,n)10B  reaction  is  relatively  complex.  For-
low-energy deuterium ions, 9Be(d,n)10B is an exothermic
reaction  with  =  +4.36  MeV,  but  there  are  four  well-
known  excitation  states  of 10B [10, 11].  With  increasing
energy  of  deuterium  ions,  several  many-body  reactions
(9Be(d,2n)9B  (  =  −4.1  MeV), 9Be(d,np)9Be  (  =  −2.2
MeV), and 9Be(d,2np)8Be (  = −3.8 MeV)) markedly en-
hance  the  neutron  yield  and  extend  the  neutron  energy
spectrum. However, measurements of the neutron energy

        Received 7 August 2020; Accepted 28 October 2020; Published online 14 December 2020
      * Supported by the National Natural Science Foundation of China (11875155, 11705071, 12075105), the NSFC-Nuclear Technology Innovation Joint Fund
(U1867213), the NSAF (U1830102), the Fundamental Research Funds for the Central Universities of China (lzujbky-2020-kb09) and the Project of National Defense
Science and Technology Industry for Nuclear Power Technology Innovation Center (HDLCXZX-2019-HD-33)
     † E-mail: weizheng@lzu.edu.cn
     ‡ E-mail: zeyao@lzu.edu.cn

Chinese Physics C    Vol. 45, No. 2 (2021) 024002

     ©2021 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese
Academy of Sciences and IOP Publishing Ltd

024002-1



0◦ 45◦

spectra, angular distribution, and integrated yields for the
9Be(d,xn)  reaction  have  been  scarce,  and  the  existing
studies mainly focus on the deuterium ion energies from a
few MeV to  tens  of  MeV [10-36]. Some notable  excep-
tions  are  a  study  by  Coombe  et  al.,  who  measured  the
neutron energy spectra  from the 9Be(d,n)10B reaction for
80 keV deuterium ions at  and  [37], and a study by
Zou et  al.,  who  measured  the  angular  distribution and
neutron yields from the 9Be(d,n)10B reaction for 200 and
500 keV deuterium ions [38].

The 9Be(d,n)10B  reaction  is  a  typical  direct  reaction,
and  the  angular  distribution  of  the 9Be(d,n)10B  neutron
source presents a forward trend. Neutrons from direct re-
action mechanisms are still visible at larger neutron emis-
sion angles, but the relative intensity and the positions of
maxima decrease with the angle. Consequently, it is more
beneficial  to  select  forward  angles  for  studying  the
branching ratio of the 9Be(d,n)10B reaction.

θ = 0◦ 45◦

In this  work,  novel  measurements  of  the  neutron en-
ergy  spectra  of  the 9Be(d,n)10B  reaction  with  a  thick
beryllium target  were  performed  for  the  neutron  emis-
sion angles of  and , and the respective incident
deuteron  energies  were  250  and  300  keV.  This  work
provides  basic  information  for  accelerator-based  D-Be
neutron sources used in neutron physics and neutron ap-
plications.

II.  EXPERIMENT

A.    Experimental arrangement

D+
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The  measurements  of  the  neutron  energy  spectra  of
the 9Be(d,n)10B reaction with a thick beryllium target for
low  energy  deuterium  ions  were  performed  using  a  fast
neutron time-of-flight  (TOF)  spectrometer  and  a  Cock-
croft-Walton accelerator at the China Institute of Atomic
Energy (CIAE). The experimental setup is shown in Fig.
1. The Cockcroft-Walton accelerator provided  ions at
250 and 300 keV with a frequency of 1.5 MHz and pulse
width of 2.5 ns. The target used in this experiment was a
pure  metallic  beryllium  sample  with  a  diameter  of  22.0
mm and thickness of 1.0 mm in the  direction with re-
spect to the deuteron beam.

0◦ 45◦

135◦

The fast  neutron TOF spectrometer  was employed at
 and  for  measuring  the  neutron  energy  spectra  of

the 9Be(d,n)10B reaction. The spectrometer consisted of a
BC501A  liquid  scintillator  with  a  diameter  of  5.08  cm
and thickness of 2.54 cm, and a HAMAMATSU R329-02
photomultiplier  tube.  The  flight  length  of  the  emitted
neutrons  between  the  metallic  beryllium  target  and  the
front surface  of  the  detector  was  3.0  m.  In  this  experi-
ment, the threshold of the BC501A liquid scintillator de-
tector was 0.191 MeV. A silicon surface barrier detector
(SSD) was placed in the  direction with respect to the

deuteron beam, to monitor the neutron yield by counting
the associated protons from the D(d,p)T reaction owing to
the deuterium ions bombarding self-injecting deuterons in
the target, because the D(d,n)3He reaction occurred along
with the D(d,p)T reaction. The SSD was positioned at 90
cm from the Be sample target.

L1
0◦ L2

45◦

In  addition,  the  deuteron  beam  self-injected  into  a
beam-limiting diaphragm,  and  deuterium  ions  bom-
barded self-injected  deuterons  in  the  beam-limiting  dia-
phragm,  to  produce  neutrons  by  the  D(d,n)3He  reaction.
These neutrons were also responded to in the BC501A li-
quid scintillator detector. To determine the position of the
D(d,n)3He neutron peaks in the neutron TOF spectra and
neutron energy spectra, the neutron flight distances from
the beam-limiting diaphragm to the BC501A liquid scin-
tillator  detector  are  shown  in Fig.  1.  is  the  neutron
flight distance at , which was 3.230 m.  is the flight
distance at , which was 3.134 m.

γ

In the experiment, all of the events that were detected
by the  detector  were  recorded in  a  list  mode on a  single
event  basis,  using  a  CAMAC  data  acquisition  system.
Each  event  was  characterized  by  three  parameters:  the
pulse height (PH), pulse shape discrimination (PSD), and
TOF. The PH and PSD parameters were used for the de-
tection  threshold  determination  and  n-  discrimination,
respectively, in the offline analysis.

B.    TOF spectra
As  shown  in Fig.  1,  the  BC501A  liquid  scintillator

detector was  used  as  the  primary  detector  in  the  experi-
ment,  for  measuring  the  neutron  spectra.  Although  the
BC501A  liquid  scintillator  detector  is  sensitive  to  both
neutrons  and  gamma  rays,  the  output  pulse  shapes  for
neutrons  and  gamma  rays  in  liquid  scintillator  detectors
are different, allowing to distinguish neutron and gamma
signals. In this work, a 4-channel pulse shape discriminat-
or  was  used  for  distinguishing  the  detected  neutron  and
gamma  signals  using  the  zero-crossing  time  method  for
all  measured  TOF,  and  gamma  signals  were  rejected.
Neutron-only TOF spectra were obtained by filtering the
mixture TOF spectra of neutrons and gamma rays, choos-
ing  neutron  signals  in  the  two-dimensional  distributions

 

Fig. 1.    (color online) The experimental setup for measuring
the neutron energy spectra of the 9Be(d,n)10B reaction.
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of the zero-crossing time versus pulse height produced by
the BC501A liquid scintillator detector. This filtering was
performed offline.

0◦ 45◦
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Figure  2 shows  the  measured  TOF  spectra  of  the
9Be(d,n)10B  reaction,  for  deuteron  energies  of  250  and
300 keV and neutron emission angles of  and , re-
spectively.  The  time-zero  ( )  in  the  experimentally
measured  neutron  TOF  spectra  was  determined  as

,  where  is the  gamma  peak  posi-
tion  in  the  measured  neutron  TOF  spectrum,  is  the
neutron  flight  distance,  is  the  channel  width  of  time-
to-amplitude converters (TACs), and  is the flight speed
of gamma-rays. In this work,  was determined by com-
paring  the  neutron-only  TOF  spectra  and  the  mixture
TOF spectra of neutrons and gamma rays. The additional
parameters were  = 3.0 m and  = 0.23 ns, while  was
the speed of light.

As shown in Fig. 2, gamma responses can be well ex-
cluded from the measured TOF spectra of the 9Be(d,n)10B
reaction.  We  observed  six  neutron  energy  peaks  in  the
1800-2500  range,  corresponding  to  neutrons  from  the

9Be(d,n)10B reaction for different excited states of 10B, as
well  as  neutrons  from  the  D(d,n)3He  reaction  for  the
beam-limiting diaphragm and the  metallic  beryllium tar-
get.  The  peak  positions  in  the  experimentally  measured
TOF  spectra  all  agreed  well  with  the  calculated  results.
The  relationship  between  the  neutron  energy  and  the
neutron TOF was described by

Tn =
72.306×L
√

En
, (1)

En Tn

L
where  is  the  neutron  energy,  is  the  neutron  TOF,
and  is the neutron flight distance.

III.  RESULTS AND DISCUSSION

The  measured  TOF  spectra  were  converted  into  the
neutron energy  spectra  based  on  the  neutron  flight  dis-
tance,  the  channel  widths  of  the  TACs,  and  the  gamma
peak positions. Typical results are shown in Fig. 3. All of
the  measured  neutron  energy  spectra  were  modified  by

Fig. 2.    (color online) The measured TOF spectra of the 9Be(d,n)10B reaction, for deuteron energies of 250 and 300 keV and neutron
emission angles of 0° and 45°, respectively. The channel width is 0.23 ns. The red solid curves denote the mixed TOF spectra of neut-
rons and gamma rays. The black solid curves denote the neutron-only TOF spectra. Arrows are the calculated results. The red arrow
represents  neutrons  from  the  D(d,n)3He  reaction,  for  the  metallic  beryllium  target.  The  violet  arrow  represents  neutrons  from  the
D(d,n)3He reaction, for the beam-limiting diaphragm. The navy arrow represents gamma-rays. The orange arrow represents the time-
zero of the TOF. The black arrows are neutrons from the 9Be(d,n)10B reaction, and, from right to left, mark the ground state (Q = 4.36
MeV), first excited state (Q = 3.64 MeV), second excited state (Q = 2.62 MeV), third excited state (Q = 2.21 MeV), and fourth excited
state (Q = 0.78 MeV) of 10B.
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the  neutron  detection  efficiency  of  the  BC501A  liquid
scintillator detector, calculated using the NEFF code [39].

Q

Q

As for the 9Be(d,n)10B reaction, emitted neutrons had-
different energies, because 10B can be in different excited
states [15, 20]. The excited states of 10B are 0, 0.72, 1.74,
2.15,  3.58,  and 5.17 MeV,  corresponding to  the -ener-
gies of  4.36,  3.64,  2.62,  2.21,  0.78,  and  -0.81  MeV,  re-
spectively.  The  energies  of  the  emitted  neutrons  for  the
different excited states of 10B can be calculated using the

-equation [40]

En =
md ×mn

(mn+mB)2 ×Ed

×

cosθL±

√
cos2θL+

mn+mB

md ·mn

(
mB−md +

Q
Ed
·mB

)
2

,

(2)
Ed md mn

mB

Q Q
θL

where  is  the  incident  deuteron  energy,  and , ,
and  denote  the  masses  of  the  deuteron,  neutron,  and
boron, respectively.  is the -energy of the 9Be(d,n)10B
reaction,  and  is  the  neutron  emission  angle  in  the
laboratory system.

0◦ 45◦

The  measured  neutron  energy  spectra  of  the
9Be(d,n)10B  reaction,  for  deuteron  energies  of  250  keV
and 300 keV and neutron emission angles of  and ,
are  shown in Fig.  3. We observe  six  typical  neutron  en-

Q
Q

Q

Q

Q

RD

ergy  peaks,  corresponding  to  the  neutrons  from  the
D(d,n)3He  reaction  for  the  beam-limiting  diaphragm,
neutrons  from  the 9Be(d,n)10B  reaction  for  the  ground
state  of 10B  (  =  4.36  MeV),  neutrons  from  the
9Be(d,n)10B reaction for the first excited state of 10B (  =
3.64 MeV), neutrons from the D(d,n)3He reaction for the
metallic  beryllium  target,  neutrons  from  the 9Be(d,n)10B
reaction  for  the  second  excited  state  of 10B  (  =  2.62
MeV), and neutrons from the 9Be(d,n)10B reaction for the
third excited state of 10B (  = 2.21 MeV) [peak positions
from right to left].  The neutron energy peak correspond-
ing to the neutrons from the 9Be(d,n)10B reaction for  the
fourth excited state of 10B (  = 0.78 MeV) has very high
counts owing to the modification of the small neutron de-
tection efficiency at 1.1 MeV. Owing to the large uncer-
tainty  of  detection  efficiency  for  neutrons  at  1.1  MeV,
this  neutron  energy  peak  was  not  analyzed.  To  validate
the  accuracy  of  the  measured  neutron  energy  spectra  of
the 9Be(d,n)10B  reaction,  the  neutron  energies  for  the
9Be(d,n)10B reaction and the D(d,n)3He reaction were cal-
culated using the Q-equation,  and the results  are marked
by arrows in Fig. 3. The calculated neutron energies and
the neutron peak position energies in the measured neut-
ron  energy  spectra  of  the 9Be(d,n)10B reaction  are  com-
pared in Table 1. The relative deviation ( ) between the
calculated  neutron  energy  and  the  neutron  peak  position
energy  can  be  used  for  validating  the  accuracy  of  the

Fig. 3.    (color online) The measured neutron energy spectra of the 9Be(d,n)10B reaction, for deuteron energies of 250 and 300 keV and
neutron emission angles of 0° and 45°, respectively. Arrows indicate the results of the calculations. The red arrow marks the energy of
the neutrons from the D(d,n)3He reaction, for the metallic beryllium target. The violet arrow marks the energy of the neutrons from the
D(d,n)3He reaction, for the beam-limiting diaphragm. The black arrows mark the energies of the neutrons from the 9Be(d,n)10B reac-
tion, for 10B in different excited states.
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measured neutron energy spectra of the 9Be(d,n)10B reac-
tion and can be calculated using the following equation:

RD = 100×
∣∣∣∣∣Eexp−Ecal

Ecal

∣∣∣∣∣ , (3)

Ecal Eexpwhere  is  the  calculated  neutron  energy,  and  is
the neutron peak position energy in the measured neutron
energy  spectra. Table  1 shows  that  the  maximal  relative
deviation is 2.17%, validating the accuracy of the experi-
mentally  measured  neutron  energy  spectra  of  the
9Be(d,n)10B reaction.

As shown in Fig.  3,  neutrons from the D(d,n)3He re-
action for  the  metallic  beryllium  target  significantly  af-
fect  the  neutron  energy  spectra  distributions  of  the
9Be(d,n)10B reaction.  It  is  necessary  to  exclude the  neut-
rons from the D(d,n)3He reaction for the metallic berylli-
um  target  from  the  neutron  energy  spectra  of  the
9Be(d,n)10B  reaction.  To  achieve  this,  we  replaced  the

D+

metallic  beryllium  target  with  a  thick  deuterium-adsorp-
tion  target.  The  Cockcroft-Walton  accelerator  generated

 ions,  which  bombarded  the  thick  deuterium-adsorp-
tion target  to produce only D-D neutrons.  The fast  neut-
ron  TOF  spectrometer  was  employed  for  measuring  the
energy  spectra  of  the  neutrons  from the  D(d,n)3He reac-
tion,  and  the  SSD  was  used  for  counting  the  associated
protons  generated  in  the  D(d,p)T  reaction  that  occurred
along with the D(d,n)3He reaction, as shown in Fig. 1.

0◦

Q

Figure  4 shows the  measured  neutron  energy  spec-
trum for  the D(d,n)3He reaction,  for  the deuteron energy
of  300 keV and neutron  emission  angle  of , as  an  ex-
ample. Clearly, there are two neutron peaks in this spec-
trum.  The  right  peak  is  the  main  peak  of  D-D neutrons,
for  the  neutron  energy  of  3.23  MeV,  which  agrees  well
with  the  result  calculated  using  the -equation.  The  left
peak is  contributed by the D-D neutrons that  are  slowed
down and scattered.

135◦

Because  the  D(d,n)3He  reaction  is  accompanied  by
the  D(d,p)T reaction,  the  SSD  can  measure  the  associ-
ated  protons,  for  monitoring  the  neutron  yields  of  the
D(d,n)3He  reaction.  With  either  the  metallic  beryllium
target (self-injecting deuterons into the target) or the deu-
terium-adsorption  target,  associated  protons  from  the
D(d,p)T  reaction  can  serve  as  a  normalized  standard.  In
excluding  the  neutrons  from  the  D(d,n)3He  reaction  for
the  metallic  beryllium  target  from  the  neutron  energy
spectrum of  the 9Be(d,n)10B reaction,  the  experimentally
measured  D(d,n)3He  neutron  spectrum  and 9Be(d,n)10B
neutron spectrum should be normalized by proton counts
measured  by  the  SSD  at .  The  normalized
9Be(d,n)10B neutron  energy  spectrum,  excluding  the  ef-
fect  of  the  neutrons  from the D(d,n)3He reaction,  can be
obtained  by  subtracting  the  normalized  D(d,n)3He neut-
ron  energy  spectrum from  the  normalzied 9Be(d,n)10B
neutron energy spectrum and can be calculated using the

Table 1.    Comparison of the calculated neutron energies and
the experimental results for the 9Be(d,n)10B reaction.

Ed /angle states Ecal /MeV Eexp /MeV RD (%)

250 keV/0°

DD 6.58 6.7 1.82

0.00 4.42 4.5 1.81

0.72 3.74 3.8 1.60

DD 3.15 3.1 1.59

1.74 2.78 − −

2.15 2.39 2.4 0.42

250 keV/45°

DD 6.52 6.5 0.31

0.00 4.33 4.4 1.62

0.72 3.66 3.7 1.09

DD 2.95 3.0 1.69

1.74 2.71 2.7 0.37

2.15 2.33 2.3 1.29

300 keV/0°

DD 6.21 6.2 0.16

0.00 4.48 4.5 0.45

0.72 3.80 3.8 0.00

DD 3.23 3.3 2.17

1.74 2.84 2.9 2.11

2.15 2.45 2.4 2.04

300 keV/45°

DD 6.12 6.2 1.31

0.00 4.39 4.4 0.23

0.72 3.72 3.7 0.54

DD 3.01 3.0 0.33

1.74 2.77 − −

2.15 2.38 2.4 0.84

 

Fig.  4.    The  measured  neutron  energy  spectrum  of  the
D(d,n)3He  reaction,  for  a  deuteron  energy  of  300  keV  and
neutron emission angle of 0°. The black arrow denotes the cal-
culated neutron energy for the D(d,n)3He reaction.
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following equation:

nnet =
NBe_target

N(S S D)Be_target
−

ND_target

N(S S D)D_target
, (4)

nnet

NBe_target N(S S D)Be_target

ND_target N(S S D)D_target

where  is  the  normalized 9Be(d,n)10B neutron  energy
spectrum,  excluding  the  effect  of  the  D(d,n)3He reaction
neutrons.  and  represent  the
measured neutron energy spectrum of the 9Be(d,n)10B re-
action and the counts of associated protons for the berylli-
um  target.  and  represent  the
measured neutron energy spectrum of the D(d,n)3He reac-
tion and the counts of associated protons for the deuteri-
um-absorption target. Typical results are shown in Fig. 5.
Clearly, the D(d,n)3He reaction neutron peak at 3.23 MeV
is excluded from the 9Be(d,n)10B neutron spectrum, valid-
ating  the  method  for  excluding  the  D(d,n)3He  reaction
neutrons. It should be emphasized that, as shown in Fig. 5,
the  rightmost  peak  corresponds  to  the  neutrons  from the
D(d,n)3He  reaction  for  the  beam-limiting  diaphragm,
which do not affect the neutron energy spectrum distribu-
tion  for  the 9Be(d,n)10B reaction  on  the  different  excited
states of 10B.

0◦ 45◦

Based on the above-mentioned data analysis method,
the  measured  neutron  energy  spectra  of  the 9Be(d,n)10B
reaction, excluding neutrons of the D(d,n)3He reaction for
the metallic beryllium target, for deuteron energies of 250
and 300 keV and neutron emission angles of  and  ,
are  shown in Fig.  6.  The  neutron  contributions  from the
9Be(d,n)10B reaction  are  distributed  relatively  independ-
ently for different excited states of 10B (from right to left:

Q Q
Q

Q

the ground state (  = 4.36 MeV), first excited state (  =
3.64  MeV),  second  excited  state  (  =  2.62  MeV),  and
third excited state (  = 2.21 MeV) of 10B).

Neutrons  from  the  D(d,n)3He  reaction  for  the  beam-
limiting  diaphragm  cannot  be  excluded,  causing  higher
background  in  measured  neutron  energy  spectra  of  the
9Be(d,n)10B reaction. According to the beam dynamics of
the accelerator, with increasing energy of incident deuter-
ons, the number of neutrons from the D(d,n)3He reaction
for  the  beam-limiting  diaphragm  continues  to  increase
owing to the space charge effects of deuterium ions, par-
ticularly at large neutron emission angles. Obviously, the
background in Fig. 6(d) is higher than those in Fig. 6(a)-
6(c).

0◦

45◦

0◦

45◦

From  data  analysis,  the  branching  ratios  of  the
9Be(d,n)10B reaction  were  obtained  for  the  different  ex-
cited  states  of 10B,  and  the  results  are  shown  in Fig.  6.
The  branching  ratios  of  the 9Be(d,n)10B  reaction  for  the
ground state, first excited state, second excited state, and
third  excited  state  are  48.21%,  100.00%,  11.99%,  and
39.11%,  respectively,  for  a  deuteron  energy  of  250  keV
and neutron emission angle of . The branching ratios of
the 9Be(d,n)10B reaction for the ground state, first excited
state,  second  excited  state,  and  third  excited  state  are
58.61%, 100.00%, 12.43%, and 37.71%, respectively, for
a deuteron energy of 250 keV and neutron emission angle
of .  The  branching  ratios  of  the 9Be(d,n)10B  reaction
for  the  ground  state,  first  excited  state,  second  excited
state,  and  third  excited  state  are  45.61%,  100.00%,
11.65%, and 32.61%, respectively, for a deuteron energy
of  300  keV  and  neutron  emission  angle  of .  The
branching  ratios  of  the 9Be(d,n)10B  reaction  for  the
ground state, first excited state, second excited state, and
third  excited  state  are  91.85%,  100.00%,  18.31%,  and
32.98%,  respectively,  for  a  deuteron  energy  of  300  keV
and neutron emission angle of . With increasing incid-
ent  deuteron  energy,  the  branching  ratio  of  the
9Be(d,n)10B reaction for the third excited state clearly de-
creases.  With  increasing  neutron  emission  angle,  the
branching ratios  for  the  ground  state  and  the  second  ex-
cited state increase.

√
N N

0◦

45◦

0◦ 45◦

The statistical error (SE) of the measured neutron en-
ergy  spectra  of  the 9Be(d,n)10B  reaction,  excluding  the
neutrons  from  the  D(d,n)3He  reaction  for  the  metallic
beryllium target, was computed as 1/ , where  is the
number of neutrons with a given energy in the spectrum;
the  calculation  results  are  shown  in Fig.  6.  Clearly,  the
SEs  of  the  neutron  energy  spectra  are  very  small.  The
maximal  SE  values  for  the  neutron  peaks  for 10B  in  the
different excited states are 2.49% and 2.31% for a deuter-
on energy of 250 keV and neutron emission angles of 
and ,  and 1.32% and 2.23% for a deuteron energy of
300 keV and neutron emission angles of  and , re-
spectively.

The energy resolution represents the ability of a TOF

 

Fig.  5.    (color  online)  The  normalized 9Be(d,n)10B  neutron
energy spectrum, excluding the neutrons of the D(d,n)3He re-
action for the metallic beryllium target, for a deuteron energy
of 300 keV and neutron emission angle of 0°. The arrows in-
dicate the  calculated neutron energies.  The red and violet  ar-
rows denote the neutrons from the D(d,n)3He reaction for the
metallic beryllium target and the beam-limiting diaphragm, re-
spectively,  and  the  black  arrows  are  the  neutrons  from  the
9Be(d,n)10B reaction, for 10B in different excited states.
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spectrometer to  discriminate  neutrons  with  similar  ener-
gies and can be defined as [41]

∆E
E
=

2∆t
t
+

2∆L
L
, (5)

E ∆E
t L

L ∆L

∆t

where  is  the  neutron  energy,  is  the  full  width  at
half  maximum,  is  the  neutron TOF,  and  is the  neut-
ron flight length (  = 3.0 m).  is the uncertainty of the
neutron  flight  distance,  which  is  approximately  0.2
cm. is given as

∆t = [(∆t0)2+ (∆th)2+ (∆tw)2+ (∆ts)2+ (∆t∆E)2]
1
2 , (6)

∆t0where  is  the time width of  the pulse beam, which is

∆th

∆th =
1.837/

√
En ∆tw

∆ts

∆t∆E

∆ts ∆t∆E

∆t=
√

(6.5×En+3.375)/En

approximately  2.5  ns;  is  the  time  uncertainty  in  the
measurement owing to the crystal thickness of the scintil-
lator  detector,  which  can  be  calculated  using 

;  is the time uncertainty of the timing and
time  analyzer,  which  is  approximately  0.5  ns;  is  the
uncertainty  of  the  crossing  time  of  the  photomultiplier
tube; and  is the time uncertainty caused by the neut-
ron energy divergence owing to the scattering of primary
neutrons in the target chamber. Both  and  can be
neglected as they are small. Therefore, the uncertainty of
the neutron TOF is . The energy
resolution as  a  function of  the emitted neutron energy is
shown in Fig. 7. Clearly, the neutron energy resolution of
TOF  is  lower  than  10%  for  neutron  energies  below  16
MeV.

Fig. 6.    (color online) The measured neutron energy spectra of the 9Be(d,n)10B reaction, excluding the neutrons of the D(d,n)3He reac-
tion for the metallic beryllium target, for deuteron energies of 250 and 300 keV and neutron emission angles of 0° and 45°. The olive
arrow denotes the neutrons from the D(d,n)3He reaction, for the beam-limiting diaphragm. The black arrows indicate the neutrons from
the 9Be(d,n)10B reaction, for 10B in different excited states.
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IV.  CONCLUSION

0◦ 45◦

The  neutron  energy  spectra  of  the 9Be(d,n)10B reac-
tion with a thick beryllium target were measured using a
fast neutron TOF spectrometer. The incident deuteron en-
ergies  were  250  and  300  keV,  and  neutron  emission
angles were  and .  In this  work,  the neutrons from
the  D(d,n)3He  reaction  for  the  metallic  beryllium  target
were  excluded  from  the  neutron  energy  spectra  of  the

9Be(d,n)10B  reaction.  However,  the  neutrons  from  the
D(d,n)3He reaction for the beam-limiting diaphragm were
observed in the neutron energy spectra of the 9Be(d,n)10B
reaction, which did not affect the neutron energy spectra
distribution  of  the 9Be(d,n)10B reaction  for  different  ex-
cited states of 10B.

θ = 0◦ 45◦

The neutron contributions from the 9Be(d,n)10B reac-
tion were  distributed  relatively  independently  for  differ-
ent excited states of 10B, including the ground state,  first
excited state, second excited state, and third excited state
of 10B.  The  branching  ratios  of  the 9Be(d,n)10B  reaction
for  different  excited  states  of 10B  were  obtained  for  the
neutron emission angles  and , and the incident
deuteron  energies  were  250  and  300  keV,  respectively.
With  increasing  incident  deuteron  energy,  the  branching
ratio of the 9Be(d,n)10B reaction for the third excited state
clearly  decreased.  With  increasing  neutron  emission
angle,  the  branching  ratios  for  the  ground  state  and  the
second excited state increased.  This work provides basic
data  for  studying  the  physical  mechanism  of  the
9Be(d,n)10B  reaction,  and  it  provides  the  neutron  energy
distributions  for  low-energy-accelerator-based  D-Be
neutron sources used in neutron physics and neutron ap-
plications.
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