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Tém tit: Tan xa neutron 13 mot trong nhimng k¥ thuat héng dau duoc sir dung rong rai ¢
nhiéu qubc gia trong viéc khao sat ciing nhu danh gia tinh chat va céu tric & thang
nguyén tur cua cac loai vat liéu. O Viét Nam, k§ thudt tan xa neutron hién nay chua dugc
phat trién. De nghién ctru bude dau cho viéc phat trién mot hé do neutron tan xa dat tai
kénh ngang s6 1 sap sira dugc khai thac & 10 phan tmg hat nhan Pa Lat, nhom nghién ctru
da nghién ciru thiét ké thir nghiém mot hé do phan bo tan xa neutron theo goc va do thir
nghiém vo1 dong neutron phin loc 148 keV trén kénh ngang s6 4. Trong béo cdo nay,
nhom nghién ctru s& trinh bay phuong phap do va mot sd két qua do neutron tan xa trén
bia mau **'Ta tai cac goc 45°, 60° 90°, 120° va 1350 Cac gia tri thyc nghiém dugc so
sanh v6i két qua tinh toan mo phong st dung chwong trinh MCNP5.

Tir khoa: tan xa dan hoi, phin loc neutron, MCNP5

DEVELOPMENT OF A FUNDAMENTAL MEASURING SYSTEM FOR
NEUTRON SCATTERING AT CHANNEL No. 4, DALAT REACTOR

Abstract: Neutron scattering is one of the leading techniques that is widely used in many
different scientific fields in the world. It can be applied for research and evaluation of
structure characterization of materials on the atomic scale. The neutron scattering
technique will be established in the RCNEST in the near future. In this work, we have
designed and fabricated a system for measuring of the neutron scattering in the horizontal
channel No. 4 at the Dalat research reactor. The experimental measurements were carried
out on *®'Ta target at the 148 keV filtered neutron energy with angles of 45° 60°, 90°,
120° and 135°, respectively. The obtained results were compared with the simutated
values by MCNP5.
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1. MO PAU

K¥ thudt nentron tan xa ngay cang dong vai tro quan trong trong viéc xac dinh tinh
chit va ciu trac vt liéu cac dang rén, 16ng, khi, vat liéu nano, tinh thé, dong luc hoc mang
tinh thé v.v. Co 4 k¥ thuat do neutron 1a do truyén qua, tan xa khong dan hoi, tan xa dan hoi,
va neutron echo-spin. Trong d6 k¥ thuit tan xa dan hdi 1 k¥ thuat do cudng d6 neutron tan
xa theo goc nham xac dinh tinh chit va ciu trac vat liéu dang phat trién manh mé. Vi du cac
hé phd ké nhiéu xa, khuéch tan, phan xa, tan xa goc nho (SANS) dang hoat dong hiéu qua
tai JAEA (Nhat), Dubna (Nga), GEMS (buc), ORLN (M¥) v.v, ciing dya vao phuong phap
nay [1-15].

Trén thé gi01, cac h¢ tan xa neutron chu yéu duoc thiét ké va lép dat trén cac kénh neutron
cta 10 phan ing nghién ctru nhu cac hé BIO-SANS, GP-SANS, IMAGINE tai 10 HFIR, hay cac
hé CORELLI, EQ-SANS, MAGREF ding may gia toc SNS, ORNL, My, v.v  [16]. Lo phan
{mg hat nhan Pa Lat d4 hoat dong nhiéu nim qua nhung chua c6 hudng do tan xa neutron nao
duoc nghién ctru. Vi loi ich tir cac hudng nghién ciru neutron tin xa mang lai, dong thoi dé bét
kip xu thé, mot hé do neutron tan xa s& dugc thiét ké va lip dat trén kénh ngang s6 1, 1o phan
ung hat nhan Pa Lat (DNRI). Trén co s& dd, nhom nghién curu da tién hanh phat trién mot hé do
tan xa quy mé nho chi mot dau do dé thir nghiém trén kénh ngang sé 4 nham danh gia kha ning
ap dung cta k¥ thuat nay trén 10 Da Lat. Bao cdo nay trinh bay cac két qua thuc nghiém do
phan bd goc ctia neutron tan xa trén dong neutron phin loc 148 keV.



2. NOQI DUNG
2.1. Péi twong va phwong phap

Hé do neutron tan xa theo goc duoc thiét ké véi nhiing tiéu chi quan trong nhu chuan
tryc dong neutron dén, che chan giam phong, thiét ké ciu hinh dit mau va dau do sao cho gia
tri do dac dat tdi wu, xac 1ap céac thong ) phu hop cho hé dién tir, va dam bao an toan buc xa
cho ngudi lam viée. Do chuan tryc dong va che chin giam phong rat quan trong trong qua
trinh do tan xa nén mo6 phong la thuc sy can thiét. Két qua do thuc nghi€ém neutron tan xa theo
goc cling duge danh gia va so sanh voi két qua moé phong.

M6 phéng

Véi muc tiéu giam phong t6i da co thé che chin va chuan truc nhém nhiét hoa neutron
nhanh va hap thy neutron nhiét 13 viéc 1am can thiét trugc khi thiét 1ap cau hinh do. Pau tién,
mo phong vé su suy giam thong luong neutron 148 keV qua bé day vét chit che chin ban dau
12 3.9 cm, tinh toan sy suy giam thong lugng theo ty 1& khdi lwong B4C pha trong Paraffin
dugcc thuc hién dé chon ra ty 1€ vat liéu che chin hop 1y v& hinh hoc va vé kinh té. Sau do,
tiép tuc mo phong tinh toan su suy giam thong luong ciia neutron khi di qua cac kich thudc bé
day che chin khéc nhau dé lya chon bé day cua vat chét che chin va chuén truc.

Chuwong trinh md phong théng luong neutron dén diu do sau khi tan xa trén miu *'Ta
thuc hién dua trén ciu hinh thuc té: mot nguén neutron 148 keV phat don hudng dén mau
18174 hinh tru c6 duong kinh 1.5 cm, cao 2.5 cm tir khoang cach 80 cm; DPiu do *He dat theo
cac goc tu 30° dén 1500, cach mau 30 cm; Thong luong neutron dén dau do (F4) duoc thuc
hién véi s hat gieo bang E8.

Thiét 1ap cAu hinh do
Sau khi mo phong va tinh toan, thiét ké hinh hoc ctia hé do tan xa mé ta nhu Hinh 1
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Hinh 1. So dd thiét ké hé do tan xa neutron dan hoi theo goc.

(1) Khe chuén trire dn dong neutron ra tir phin loc; (2) Paraffin 100%; (3) Ong che chér} va chuén truc
50% B4C + 50% Paraffin; (4) Mau try **'Ta; (5) Cadmi day 2mm; (6) Paraffin pha B,C d¢ hap thu neutron
tan xa khi do phong; (7) Dau do ®He; (8) Cadmi 14 cudn dau do chin neutron nhiét; (9) Che chén an toan.



Phuong phap do neutron tan xa dan hoi 1a phuong phap do cudng do neutron tan xa
trén mau tai cac goc khac nhau. Vi vay, viéc thiét ké cdu hinh hé do 1a can thiét sao cho dau
do quay duoc cac goc dé dang va chinh xac. Dong neutron phin loc don niang 148 keV véi
thong luong 3.9x10° n/cm?/s va cudng do dat 95.8% [17] duoc st dung trong sudt qua trinh
do dac.

Hé hoat dong voi 02 co ché gdm do phong va do mau nhu sau:

- Po miu: Dong neutron phin loc 148 keV di ra tur khe chuén tryc (1), sau do tiép tuc
duoc chudn tryc véi mot éng chuan truc dai 80 cm bén trong la Paraffin (2) nham nhiét hoa
neutron nhanh va bén ngoai la 16p B4C pha Paraffin (3) hép thu neutron nhiét. Pau éng duoc
che mot 16p Cadmi (5) day 2mm nham hép thu neutron. Tiép den neutron 148 keV ra khoi
dng chuén tryc s& dén thing mau *'Ta (4), neutron tan xa tur mau s& di vao dau do *He (7) dé
ghi nhan. Pau do duge boc trong 1 16p Cadmi (8) dit trong dng che chin bang vt liéu B,C va
Paraffin. Tin hiéu tir dau do duoc xir 1y théng qua hé dién tir va hién thi phd do 1én man hinh
may tinh thong qua chuong trinh Genie2K

- Do phong: Dé phép do dugc chinh xdc hon, khi do phong, céu hinh gilt nguyén nhu
khi do mau, chi thém mét 16p che chan B4C pha Paraffin (6) day 10 cm chan trude dau do
ngan chdn neutron tan xa di dén dau do.

H¢ do da stir dung cac thiét bi cta Ortec va Canberra, cac thong s6 thiét !ép nhu sau:
HV = 1100V; Gain = 5; Shapping time = 2us; LLD = 4.1%; ULD = 100%; ché d0 do bién
do da kénh MCA duoc lua chon.

Do giéi han vé khong gian cta kénh ngang s6 4 nén chi thiét 1ap duoc mot sd goc do.
Két qua trinh bay trong bdo cdo nay la két qua do neutron tan xa dan hoi va khong dan hoi
qua mau **'Ta & cac goc 45°, 60°, 90°, 120°, va 135°.

Pic trung cia ong dém He khi do neutron nhanh
Ong dém ty 18 chira khi Hq3 khi ch@é'u notron c6 nang lugng E s& cho nhimg xung ma

bién dg cta no ty 1€ vai E+Q, phd phan bo do cao xung cua neutron thuong thé hién cac phan
ung sau:

a. °He+n— 'H+°H+764 keV

b. 3He recoil (tan xa dan hdi)

¢. °He+n—’H+°H+3.27 MeV

d. Gamma

V6i neutron nang lugng dudi 1 MeV thi phan tng (b) khong can quan tdm, phan tng (C)
rat nho do ning luong ngudng cao va tiét dién phan ung nay 1a rat nho [18]. Phan tng (a) va
(d) thuong xay ra khi do ph6 notron trong ving ning luong duéi 1 MeV va do véi dau do
kich thude nho.

Do vy, str dung dong neutron phin loc nang luong 148keV ghiéu dén bng C;tém *He 4p
sudt 4 atm c6 kich thuée nho [19] nhu trong thi nghiém nay, phd neutron s€ thé hién phan
ung (a) va (d) ro rang nhat.

Hi€u ung tuong (1) (2) sinh ra do phan ung (a) kha r6 rang nhu ta thay & Hinh 2. Phan
tmg (d) ciing hién thi gamma trén phd va c6 bién do thap hon hiéu ung tuong. Tuy nhién,
trong qua trinh thiét 1ap thong s6 hé do, ngudng thap duoc dit gia tri sao cho phan gamma
nay bi cit bo.

Do cudng do cua neutron tan xa trén mau theo goc rat thip va do dau do dang st dung
kém nhay v6i neutron nhanh nén thoi gian do neutron tan xa s& phai ting 1én dang ké.
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Hinh 2. Phd neutron 148 keV do v&i dng dém *He kich thudc nho, ap suét 4 atm

(1) Hiéu tng tuong cua Triton; (2) Hiéu ung tudng cua proton;
(3) Vung neutron trén nhiét; (4) Vung neutron 148 keV.

2.2. Két qua
Mob phéng che chin chuin truc

Két qua mo phéng‘vé su suy giam thong lugng neutron theo ty 18 khdi luong B4C pha
trong Paraffin (Pa) va v€ sy suy giam thong luong cua neutron qua kich thudc be day che
chan hién thi qua Bang 1 va 2.

Bang 1. Sy suy giam thong lugng neutron nhanh theo ty 1& khdi lwong B,C

Thong luong L Thong lugng L y

% B,C | neutron nhiét Saisd | peutron trén nhigt | S2180 Th(”)nﬁg lugng | Sai s6
(amev-tev) | P (LeV-150keV) (%) tong (%)
0 1.00 0.12 1.00 0.10 1.00 0.08
10 0.11 0.41 0.96 0.10 0.75 0.10
20 0.05 0.63 0.94 0.10 0.72 0.10
30 0.03 0.88 0.93 0.10 0.71 0.10
40 0.01 1.18 0.93 0.10 0.71 0.10
50 0.01 1.53 0.95 0.10 0.72 0.10

Vi bé day 3.9 cm va 50% Pa + 50% B4C, neutron nhiét giam khoang 120 lan so véi
che chin chi c6 Paraffin. Tuy nhién, neutron ning lwong trén nhiét va neutron nhanh chi
giam rat it. Dé giam neutron trén nhiét, két qua mé phong khi ting kich thudc bé day che
chén trinh bay trong Bang 2.



Bang 2. Su suy giam thong lugng cta neutron qua kich thuéc bé day che chén

Bé day

Thong lugng

Thoéng lugng

4 o Sai s6 n .., | Saiso Thén Sai b

echin | mumnths | T | mann gt | 65| ngtins | 09
3.9 (Pa+B,C) 1.00 1.53 1.00 0.10 1.00 0.10
6.2 (Pa+B,C) 0.31 2.76 0.22 0.22 0.22 0.22
7.2 (Pa+B,C) 0.16 3.78 0.11 0.31 0.11 0.31
i.z,(oP?;a?‘tC) 0.16 3.70 0.11 0.31 0.11 0.31

Tang kich thuée che chin tir 3.9 cm 1€n 6.2 cm, thong lugng neutron nhiét giam 3 lan
va thong lugng neutron nhanh giam hon 4 lan.

Tang kich thudc che chén tir 3.9 cm 1én 7.2 cm, thong lwong neutron nhiét giam 6 lan
va thong lugng neutron nhanh giam 9 lan.

’ Dé kiém tra kha ning che chan va tiét kiém kinh phi, giit nguyén bé day cua I6p che
chan bén trong 1a 3.9 cm (50% Paraffin + 50% B4C), thém mét 16p 100% Paraffin day 3 cm
bao boc bén ngoai. Két qua dat dugc tuong tu nhu trudng hop chi sir dung mot 16p che chan
day 7.2 cm 6 ty 1& 50% Paraffin + 50% B,4C.

Do kich thuéc dng nhya gi6i han, 2 dng nhwa d6 Parafin va B4C st dung cho do thuc
nghiém co kich thudce va ty I€ nhu sau:

- Ong thir nhat diing chuan truc va dan dong neutron ra tir phin loc dai 60 cm, duong kinh
16.8 cm bén trong gom 2 I6p: mot ong Paraffin ban kinh 3.9 cm bén trong; mot ong
Paraffin pha B4C ban kinh 2.4 cm véi ty 1€ khoi luong 1:1 bao boc bén ngoai,

- Ong thir 2 duing che chén giam phong boc bén ngoai dau do, dai 60 cm, duong kinh 16.8
cm beén trong gom 2 16p tach biét: mot ong B4C pha Paraffin véi ty 1€ khoi luong 1:1
ban kinh 2.5 cm bén trong; mot ong B4C pha Paraffin véi ty 1€ khoi lugng 1:9 bén kinh
3.6 cm bao boc bén ngoai.

Mé phéng thong hrgng neutron dén diu do 3He sau khi tan xa trén miu ' Ta

Két qua mo phong hién thi nhu Hinh 3.
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Hinh 3. Puong phan bd neutron 148keV tan xa trén mau Ta-181 theo gdc

Theo nhu két qua mé phong, thong lwong neutrn tan xa dén dau do *He ¢6 gia tri giam
dan khi goc tan xa tang lén.

Phé do thuc nghiém

Khi thyc hién cdu hinh do nhu thiét ké, thoi gian do phong va miu kéo dai trén 10h
moi lan do. Pho do cao xung cua neutron tan xa thé hién vung 148 keV chua dugc rd nét do



théng ké chua du. Vang neutron nhiét xudt hién rd do dau do He rat nhay véi neutron nhiét.
Vung nay xudt hién bai mot phﬁn do tan xa tir mau, mot phﬁn do neutron nhanh tan xa dan
hdi nhiéu 1an trong dau do, va mot phan do phong. Do vy khi xir Iy sb liéu thuc nghiém,
chi cac gia tri trong viing ning luong 148 keV dugc quan tim. Phd do cao xung cia qua
trinh do mau **'Ta va do phéng dugc so sanh nhu Hinh 4.
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Hinh 4. Phd neutron do trén dong neutron 148 keV.

Kénh

(1) Hiéu tng tuong cua Triton; (2) Hiéu ing tudng cua proton;
(3) Vung neutron trén nhiét; (4) Vung neutron 148keV.

Khi do mau, 16p Paraffin pha B4C day 10 cm che chan trude dau do duoc lay ra. Két
qua cho thay neutron tan xa 148 keV phat ra tr mau da duogc ghi nhan.

Khi xu ly s6 liéu, toc @6 dém (cps) cua phd tan xa tai viung nang luong 148 keV duoc
st dung dé so sdnh vé1 mo6 phong. Bang 3 hién thi két qua do thuc nghiém va moé phong.

Bang 3: Bang két qua do thyc nghiém va moé phong.

Thuc nghiém M&é phéng P léch giira thuc
Goc - - nghiém va md phéng
CPStdnxa | Saiso | Théng lwgng Sai so (%)
45° 1.00000 0.03094 1.00000 0.00024 0.00
60° 0.92762 0.03087 0.95103 0.00024 2.34
90° 0.80599 0.02794 0.85004 0.00026 4.41
120° 0.75232 0.02909 0.79326 0.00027 4.09
135° 0.69256 0.03119 0.79648 0.00026 10.39
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Hinh 5. So sanh hai dudng phéan bd neutron tan xa gitra mo phong va thuc nghiém.
Ta thay rang dang phan bd giita mé phong va thuc nghiém da gan nhu gidng nhau.
Tuy nhién, goc thuc nghiém 135° 1éch 10.39 % so v6i md phong do che chén gan tudng 10
chua tot.

2.3. Ban luan

Hé do da duoc thiét 1ap c6 hiéu chinh che chan giam phf)ng nhiéu lan da dat dugc két
qua ban dau. Tuy nhién, két qua nay c6 dong goép ctia nhiéu sai s6 khac nhau nhu sai s6 hinh
hoc, hé dién tu, chuan tryc dong neutron phin loc, phong chua dugc che chan tot nhat, v.v.
Trong d6 sai s6 dong gop tir ciu hinh hinh hoc va tir phan chuan truc dong neutron phin loc
la dang chu y hon ca.

Hién tai neutron tan xa hudng dén dau do trong mot 6ng tru c6 duong kinh béng voi
duong kinh dau do 1a 2.5 cm, dng tru ndy chua dugc chuan truc dé neutron tan xa chi dén
duoc dau do trong mot khe hep, do vay ma sai s6 goc do ciing can dugc hiéu chinh.

Két qua trinh bay trong bao cdo gdm neutron tan xa dan hoi va khong dan hoi, chua
hiéu chinh tan xa nhiéu lan trong mau va hiéu tng tu che chan. Dy kién tiép theo nhom
nghién ctru s& hoan thién cac phan trén.

3. KET LUAN

Budc dau phat trién hé do nén nhom nghién ctru con gip mot sd khé khan do chua co
hé di chuyén dau do tu dong qua cac goc nén phai di chuyén bang tay. C4u hinh hinh hoc
chua c6 d6 chinh xac cao khi phai do dac va thiét 1ap bang cAc cong cu thd so. Tuy nhién,
budc dau nhdm nghién ctru di do dac duoc neutron 148 keV tan xa 1én mau 18173,

Huéng nghién ciru twong lai s& thuc hién céac viéce tiép theo gom:

- Tao hé di chuyén dau do tu dong nham nang cao tinh chinh xac cua cdu hinh hinh
hoc va tang thoi gian do dé dat thong ké,

- Tiép tuc thiét ké che chin giam phong,

- Téch biét dugc neutron tdn xa dan hoi va khong dan hoi dé nang cao tinh chinh xéc
cua két qua do.

- Hiéu chinh hi¢u Gng tan xa nhiéu lan trong mau va hi€u tng ty che chan,

- Do thém mot s6 dong neutron c6 ning luong khac nhau.




TAI LIEU THAM KHAO

[1]. Kuklin A I, A V Rogachev, D V Soloviov , O I Ivankov, Yu S Kovalev, P K Utrobin, S A
Kutuzov, A G Soloviev , M I Rulev and V I Gordeliy. “Neutronographic investigations of
supramolecular structures on upgraded smallangle spectrometer YuMO”. IOP Conf. Series:
Journal of Physics: Conf. Series 848 (2017),1, 012010.

[2]. Bobrikov LLA., N.Yu. Samoylova, S.V. Sumnikov, O.Yu. Ivanshina, R.N. Vasin, A.L
Beskrovnyi, A.M. Balagurov “In-situ time-offight neutron diffraction study of the structure
evolution of electrode materials in commercial battery with LiNi0.8Co00.15A10.0502 cathode”
Journal of Power Sources, 372 (2017) 74-81.

[3]. Golosova NO, DP Kozlenko, SE Kichanov, EV Lukin, H-P Liermann, KV Glazyrin, BN
Savenko “Structural and magnetic properties of Cr203 at high pressure”, Journal of Alloys
and Compounds, 722, 1, 593-598 (2017).

[4]. Dang NT, DP Kozlenko, SE Kichanov, SG Jabarov, Al Mammadov, RZ Mekhtieva, TL
Phan, VG Smotrakov, VV Eremkin, BN Savenko “Revealing the Formation Mechanism and
Effect of Pressure on the Magnetic Order of Multiferroic BiMn20O5 Through Neutron Powder
Diffraction”, Journal of Electronic Materials, 46, 6, 3373-3380 (2017).

[5]. Kozlenko DP, NM Belozerova, SS Ata-Allah, SE Kichanov, M Yehia, A Hashhash, EV
Lukin, BN Savenko, “Neutron diffraction study of the pressure and temperature dependence of
the crystal and magnetic structures of Zn0.3Cu0.7Fel.5Ga0.504 polycrystalline ferrite”,
Journal of Magnetism and Magnetic Materials, 449, 44-48 (2018).

[6]. Dragolici A.C., M Balasoiu, O L Orelovich, L Ionascu, M Nicu, D V Soloviov, A 1
Kuklin, E T Lizunov, F Dragolici, “CEM V based special cementitious materials investigated
by means of SANS method. Preliminary results”, IOP Conf. Series: Journal of Physics: Conf.
Series 848 012024(6) (2017).

[7]. Shibaev A V and A I Kuklin and O E Philippova. Effect of polymer on the arrangement
of mixed anionic/cationic wormlike surfactant micelles revealed by SANS. Journal of Physics:
Conference Series, 848,1, 012006.

[8]. Bokuchava Gizo, Yulia Gorshkova, Ricardo Fernandez, Gaspar Gonzalez, Giovanni
Bruno, “Characterization of precipitation in 2000 series aluminium alloys using neutron
diffraction, SANS and SEM methods”, Romanian Reports in Physics, 2017.

[9]. Ulbricht, A.; Heintze, C.; Bergner, F.; Eckerlebe, H.; “SANS investigation of a neutron-
irradiated Fe9at%Cr alloy”, Journal of Nuclear Materials, 407 (2010), 29-33.

[10]. Chumakov, A. P.; Grigoriev, S. V.; Grigoryeva, N. A.; Napolskii, K. S.; Eliseev, A. A.;
Roslyakov, I. V.; Okorokov, A. I.; Eckerlebe, H., “Magnetic properties of cobalt nanowires:
Study by polarized SANS”, Physica B-Condensed Matter, 406 (2011), 2405 - 2408.

[11]. Sharifi, P.; Eckerlebe, H.; Marlow, F., “SANS analysis of opal structures made by the
capillary deposition method", Physical Chemistry Chemical Physics, 14 (2012), 10324-10331.

[12]. Calder S., An K., Boehler R., dela Cruz C., Frontzek M., Guthrie M., Haberl B., Huq
A., Kimber S.A., Liu J., Molaison J.J., Neuefeind J., Page K., dos Santos A.M., Taddei
K.M., Tulk C.A., Tucker M.G., "A suite-level review of the neutron powder diffraction
instruments at Oak Ridge National Laboratory”, Review of Scientific Instruments, 89,9,
092701 (2018).

[13]. Feng Z., Wei Y., Liu R., Yan D., Wang Y.C., Luo J.L., Senyshyn A., dela Cruz C., Yi
W., Mei JW., Meng Z.Y., Shi Y., Li S., "Effect of Zn doping on the antiferromagnetism in
kagome Cu4 —x Znx ( OH )6 FBr", Physical Review B, 98, 15, 155127 (2018).

[14]. Alaboalirat M., Qi L., Arrington K.J., Qian S., Keum J.K., Mei H., Littrell K.C,,
Sumpter B.G., Carrillo J.Y., Verduzco R., Matson J.B., "Amphiphilic Bottlebrush Block



Copolymers: Analysis of Aqueous Self-Assembly by Small-Angle Neutron Scattering and
Surface Tension Measurements”, Macromolecules, 52, 2, 465-476 (2019).

[15]. He L., Li C.W., Hamilton W.A., Hong T., Tong X., Winn B., Crow L., Bailey K.M.,
Gallego N., "Anomalous neutron scattering ‘halo’ observed in highly oriented pyrolytic
graphite", Journal of Applied Crystallography, 52, 2, 296-303 (2019).

[16]. https://www.ncnr.nist.gov/nsources.html.

[17]. Tran Tuan Anh, Pham Ngoc Son, Vuong Huu Tan, Pham Dinh Khang, Phu Chi Hoa,
“Characteristics of Filtered Neutron Beam Energy Spectra at Dreactor", World Journal of
Nuclear Science and Technology, 4, 96-102, 2014.

[18]. Tsutomu IJIMA |, Takehiko MUKAIYAMA & Keisho SHIRAKATA, “Measurement
of Fast Neutron Spectrum with Helium-3 Proportional Counter”, Journal of Nuclear Science
and Technology, 8(4), p. 192-200, 1971.

[19]. Reuter stokes, helium 3 detector 207 formation datasheet.



https://www.ncnr.nist.gov/nsources.html

