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ABSTRACT 

A cold neutron source which can be adopted at a low power 
accelerator was studied. Time-of-flight radiography using the 
cold neutron source was performed. It is suggested that time-
of-flight cold neutron radiography has possibility to 
distinguish the materials more clearly than the traditional 
film method since Jarge contrast differences can be obtained 
by using digital data of the neutron intensity at different 
energies from thermal to cold region. Material will be 
identified at the same time by this method. 

INTRODUCTION 
Neutron radiography is one of the most useful methods in 

the non-destructive inspection. So far, thermal neutrons are 
mainly used. Now, it is desired to inspect thicker 
materials. There are two ways for the thicker material 
inspection. One is to use high energy neutrons(l) since at 
high energy region above around 1 MeV the neutron cross 
section becomes small. The other is to use cold neutrons since 
a lot of materials have Bragg cut-off at the cold neutron 
region where the cross section falls off sharply. We can get 
photos with various contrast depending on the neutron energy 
because the change of neutron cross section is different from 
material to material. 

So far, cold neutron sources are mainly installed 
at high power accelerators for the neutron scattering 
experiments performed for material science. However, there are 
many facilities equipped with low power accelerators which 
can be used for the neutron radiography. Installation of a 
cold neutron source will increase the usefulness of such 
facilities. Therefore, a simple and convenient cold neutron 
source should be developed for the neutron radiography. We 
describe here a new type of cold neutron source and test 
experiments of a ttme-of-flight neutron radiography using the 
cold neutron source. 

EXPERIMENTAL 
The electron linac at the Hokkaido University was used as 
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AsS1喰AC・I・

A cold neutron source which can be adopted at a low power 
accelerator was studied. Time-of-flight radiography using the 
co1d neutron source was performed. It 1s suggested that time-
of-f11 ght c01 d neutron radiography has possibi 11 ty to 
distinguish the materials more clearly than the traditiona1 
fl1m method slnce Jarge contrast differences can be obtained 
by using digital data of the neutron intensity at dlfferent 
energies from therma1 to cold reglon. Materla1 will be 
iJentificd at the same tlme by thls method. 

INTRODUCTION 

Neutron radiography is one of the most usefu1 methods in 
the non-destructive inspection. So far， thermal neutrons are 
main1y used. Now， i t 15 desired to inspect thicker 
materials. There are two ways for the thicker materia1 
inspection. One is to use high energy neutrons (1) since at 
high energy region above around 1 MeV the neutron cross 
section becomes sma11. The other is to use co1d neutrons since 
a 10t of materia1s have Bragg cut-off at the co1d neutron 
region where the cross section fa1ls off sharp1y. We can get 
photos with various contrast depending on the neutron energy 
because the change of neutron cross section is different from 
materia1 to materia1. 

So far， co1d neutron sources al'e main1y insta11ed 
at high power acce1erators for the neutron scattering 
experiments performed for materia1 science. However， there are 
many facil1 ties equipped wi th 10w power acce1erators which 
can be used for the neutron radiography. Insta1lation of a 
cold neutron source wil1 increase th弓 usefulness of such 
fac11i t1es. Therefore， a simple and convenient co1d neutron 
source should be deve10ped for the neutron radiography. We 
descr i be here a new type of co1d neutron source and test 
experiments of a time-of-flight neutron radiography using the 
co1d neutron source. 
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The electron linac at the Hokkaido University wns used as 
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neutron generator. Figure 1 shows experimental set-up of 
moderator-refrigerator system. Here, we used the existing 
refrigerator to cool down the moderator but a more compact 
refrigerator will be sufficient. The moderator system is shown 
in Fig.2. The moderator is a coupled liquid hydrogen 
moderator with a premoderator. The cold neutron intensity from 
this type of cold moderator is highest(2). We studied best 
premoderator material. The candidates are polyethylene and 
ZrHa which have nearly the same high hydrogen number density. 
The size of moderator was 12cmxl2cmx5cm. The temperature of 
the cold moderator was about 18k. 

The neutron radiography measurements were performed by 
setting the samples at the end of evacuated flight tube. The 
flight path length is about 6 m from the cold moderator. 

HEAT EXCHANGER 

DEWAR VESSEL 

MODERATOR CHAMBER 

Fig.l Experimaental set-up of moderator-refregirator system. 
• D 
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'Reflector Target (Pb) 
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Fig.2 Coupled liquid hydrogen moderator system. 
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neutron generator. F1gure 1 shows exper1mental set-up of 
moderator-refr1gerator system. Here， we used the ex1st1ng 
refr1gerator to cool down the moderator but a more compact 
refr1gerator w111 be suff1c1ent. The moderator system 1s shown 
1n F1g.2. The moderator 1s a coupled 11qu1d hydrogen 
皿oderatorw1th a premoderator. The cold neutron 1ntens1ty from 
th1s type of cold moderator 1s h1ghest(2). We stud1ed best 
premoderator 皿ater1al. The cand1d耳tes are polyethylene and 
ZrH2 wh1ch have nearly the same h1gh hydrogen number dens1ty. 
The s1ze of moderator was 12cmx12cmx5cm. The te皿perature of 
the cold moderator was about 18k. 

The neutron rad10graphy measure皿ents were performed by 
setting the samples at the end of evacuated f11ght tube. The 
f11ght path length 1s about 6 m from the cold moderator. 

COLD He TRANSFER TUBE 

VENT1I.ATOR --

/一 H，GASBOMBE

MODERATOR CHAMBER 

F1g.1 Exper1maental set-up of mo~erator-refreg1rator system. 

ReIlec10r 
(Graphile) 

Void 

F1g.2 Coupled 11quid hydrogen moderator system. 
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COLD NEUTRON SOURCE 
Figure 3 shows the energy spectra from the coupled liquid 

hydrogen moderator with and without premoderator. The 
thicknesses of the premoderators were chosen to get the 
highest cold neutron intensity: 2cm for polyethylene and 3cm 
for ZrH2. The spectrum shapes In the cold neutron region does 
not depend on the premoderator materials. The spectrum from 
the moderator without premoderator has nearly the same shape 
as those of others. The cold neutron intensity form the 
polyethylene premoderator case Is larger than the that of the 
ZrH2 case. The intensity of the cold neutrons from the ZrHs 
case is about 0.75 times that of polyethylene case in the 
cold neutron region as shown in Fig.4. 

The reasons of the less Intensity from the Zrlfe 
premoderator are considered as follows. One reason Is that 
the hydrogen number density of the ZrHs becomes lower than 
that of polyethylene because of packing of the powder. The 
other, this will be the main reason, is that ZrHs does not 
have effective dynamic modes for slowing down the neutrons 
below 0.15 eV. This result suggests that to supply the 
thermal neutrons to the liquid hydrogen as many as possible Is 
important to increase the cold neutron intensity from the 
coupled liquid hydrogen moderator. We also compared the cold 
neutron Intensity with that from traditional decoupled solid 
methane moderator. The cold neutron intensity from the coupled 
liquid hydrogen moderator with polyethylene premoderator 
was about twice that from the decoupled methane. From theses 
results we decided to use the coupled liquid hydrogen 
moderator with polyethylene premoderator. 
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COLD NEUTRON SOURCE 

F1gure 3 shows the energy spectra from the coupled 11qu1d 
hydrogen moderator w1 th and w1 thout premoderator. The 
th1cknesses of the premoderators were chosen to get the 
h1ghest cold neutron 1ntens1ty: 2cm for polyethylene and 3cm 
for ZrH2・ The spectrum shapes 1n the cold neutron reg10n does 
not depend on the premoderator mater1als. The spectrum fro皿
the moderator w1thout premoderator has nearly the same shape 
as those of others. The cold neutron 1ntens1 ty form the 
pOlyethylene pre皿oderator case 1s larger than the that of the 
ZrH2 case. The 1ntens1ty of the cold neutrons from the ZrH2 
case 1s about 0.75 t1mes that of polyethYlene case 1n the 
cold neutron reg10n as shown 1n F1g.4. 

The reasons of the less 1ntens1 ty from the ZrH2 
premoderator are cons1dered as follows. One reason 1s that 
the hydrogen number dens1 ty of the ZrH2 becomes lower than 
that of polyethylene because of pack1ng of the powder. The 
other， th1s w111 be the ma1n reason， 1s that ZrH2 does not 
have effect1 ve dynam1c 皿odes for slow1ng down the neutrons 
below 0.15 eV. Th1 s resul t suggests that to supply the 
thermal neutrons to the 11quld hydrogen as many as posslble 1s 
lmportant to lncrease the cold neutron lntens1 ty from the 
coupled 11quld hydrogen moderator. We also compared the cold 
neutron 1ntens1ty wlth that from trad1t1onal decoupled solld 
methane moderator. The cold neutron 1ntenslty frol日 thecoupled 
11qu1d hydrogen moderator w1 th polyethylene premoderator 
was about tw1ce that from the decoupled methane. From theses 
results we declded to usc the coupled llqu1d hydrogen 
moderator w1th polyethylene premoderator. 
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TIME-0F-FL1GHT COLD NEUTRON RADIOGRAPHY 
We can get digital data as a function of flight time, 

namely neutron energy, by the method of time-of-flight. These 
data enable us to make photographs with a variety of contrast 
and also to identify the materials including in the samples by 
using the characteristic change of the neutron cross section. 
Preliminary experiments have been performed to study the 
effectiveness of the time-of-flight cold neutron radiography. 

(a) Contrast variation 
We measured the intensity of neutrons transmitted through 

the samples at intervals of 3 mm. The samples were arranged 
one-dimensionally. We chose following materials as the 
samples which are frequently used in manufactured goods; 
brass, Al, Pb, Cu, Fe, stainless, polyethylene and wood. The 
width of samples were 12 mm. Figure 5 shows variation of the 
contrast at different neutron energies. In Fig.5(a), the 
polyethylene will be clearly distinguished from others. From 

Fig.5 Variation of contrast depending on neutron energy. 
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TIME-OF-FLIGHT COLD NEU官官ONRADIOGRAPHY 

We can get d1g1tal data as a functlon of f11ght t1me. 
namely neutron energy. by the"method of tlme-of-f11ght. These 
data enable us to make photographs wlth a varlety of contrast 
and also to 1dent1fy the mater1als 1nclud1ng 1n the samples by 
us1ng the character1st1c change of the neutron cross sect1on. 
Pre11m1nary exper1ments have been performed to study the 
effect1veness of the tlme-of-f11ght cold neutron radlography. 

(a) Contrast var1at10n 
We measured the 1ntenslty of neutrons transm1tted through 

the samples at 1ntervals of 3 mm. The samples were arranged 
one-d1menslonally. We chose follow1ng materials as the 
samples whlch are frequently used 1n 皿anufactured goods; 
brass. Al. Pb. Cu. Fe. sta1nless. polyethylene and wood. The 
w1dth of samples were 12皿m. F1gure 5 shows var1at1on of the 
contrast at d1fferent neutron energles. ln Flg.5(a). the 
pOlyethylene wl11 be clearly dlst1ngulshed from others. From 

Flg.5 Varlatlon of contrast dependlng on neutron energy. 
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the energy dependent contrast wood is distinguished by 
others, too. The differences among brass, Cu, Fe and stainless 
are recognized in Fig.5(b). The difference between Al and Pb 
appears more clearly in Fig.5(c). These results suggest that 
the cold neutron time-of-flight radiography will be able to 
distinguish the materials more clearly than the traditional 
film method. 
(b) Material identification 

Figure 6 shows examples of macro cross sections of sample 
materials. There are large differences among them. Figure 7 
shows a spectrum of incident neutrons and a spectrum of 
neutrons transmitted through double layer samples of Fe and 
brass. We calculated the transmitted neutron spectra by using 
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the energy dependent contrast wood is distinguishea by 
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appears more clearly in Fig.5(c). These results suggest that 
the cold neutron time-of-flight radiography will be able to 
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the cross sections shown In Fig.6. By fitting the 
calculated spectra to the experimental one, we performed the 
test of fit with a use of x2-test. Figure 7(a) shows the 
fitting when using the correct sample. In this case the value 
of x 2 is 111.55 which is less than a value of significant 
level 5 X, 165. Figure 7(b) and 7(c) are examples using the 
cross sections of incorrect materials, (Fe, Cu) and 
(Cu,brass). The values of x 2 become very large. Therefore, 
the fitting is rejected. We examined other cases using 
different materials and all cases examined showed similar 
behavior. The results suggest that material identification 
will be performed by using the cold neutron transmission 
data. 

CONCLUSIONS 
The cold neutron source proposed is conventional one since 

this can be constructed by using the small-sized 
refrigerator on the market. This will be useful to get 
photographs with different contrast in the film methods, too. 
A cold neutron radiography combined with the tlme-of-flight 
method has possibility to give more informations than the 
traditional film method. 
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the cross sections shown in Fig.6. By fitting the 
calculated spectra to the experimental one， we performed the 
test of f1t with a use of x2-test. Figure 7(a) shows the 
f1 tt1ng when us1ng the correc.t sample. 工n th1s case the value 
of X2 1s 111.55 wh1ch 1s less than a value of s1gn1f1cant 
level 5 %， 165. F1gure 7(b) and 7(c) are examples us1ng the 
cross sections of 1ncorrect mater1als， (Fe， Cu) and 
(Cu，brass). The values of X2 become very large. Thむrefore，
the f1tt1ng 1s rejected. We exam1ned other cases us1ng 
d1fferent 皿ater1als and all cases exam1ned showed s1m11ar 
behav1or. The results suggest that mater1al 1dent1f1cat1on 
w111 be performed by us1ng the cold neutron transm1ss1on 
data. 

CONCLUSIONS 

The cold neutron source proposed 1s convent1onal one s1nce 
th1s can be constructed by us1ng the small-s1zed 
refr1gerator on the market. Th1s w111 be useful to get 
photographs w1th d1fferent contrast 1n the f11m methods， too. 
A cold neutron rad10graphy comb1ned w1 th the t1me-of-f11ght 
method has poss1b111ty to g1ve more 1nformations than the 
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