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Introduction

1. Fission chamber.

Fission fragments of a heavy nucleus have a total kinetic energy~ 160 MeV. It
allows designing the chambers those are the gamma-insensitive detectors of
neutrons. They are good to measure neutron fields inside nuclear reactors, cross-
section of fission and as threshold detector. Often it is argon-filled detector that
works as ionization chamber. The layer of fissionable material more then 1 mg/cm in
depth overlay the electrodes. It results in absorption efficiency reduction that is the
main drawback of this technique.

2. 3He detectors.

3He -filled proportional counter that during a neutron irradiation with energy E,
generate the pulses, with amplitude that proportional to E, + Q, where Q = 764 keV is
the energy of reaction 3He(n, p)®H. Such the counter is used to study neutron spectra
in the range 0.2 < E, <2 MeV. When E, > 2 MeV recoil 3He nuclei appear. Their
yield encumbers the detection of neutrons with E, > 2 MeV.
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Neutrons of different energies

Classification of neutrons by energy:

Neutrons Energy E,, \elocity, Average Average
eV cm/s wavelength®, cm | temperature, K

Fast > 105 (> 5 105) >1.410° <1012 1010
Slow

intermediate 104 - 10° 1.4 108 3101 108

resonance 0,5-104 1.4 107 31010 106
Thermal 5103-0,5 2.210° 2108 300
Cold 5107-5 102 4,4 104 91038 10
Ultracold <5107 4,4 102 910° 102

*A=h/\/2mE

Neutrons with energies E, = 0.1 — 2 MeV are one of the most dangerous radiations for man
health. The radiation-weighting factor wy for them and alpha-particles has the highest value
20. The radiation-weighting factor for neutrons with E, = 2 — 10 MeV is wg = 10, and when E_
> 20 MeV or E, < 10 keV wg =5 i.e. the same as for protons. For photons of gamma-radiation
wg = 1.

E=w;D
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Total capture cross-section
versus neutron energy
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Estimated efficiency of stilbene
scintillator of different thickness h
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Classification of main nuclear
reactions which involve neutrons

Slow neutrons Neutrons of intermediate energy Fast neutrons
(F, < 1 keV) (1 keV < E, < 500 ke'V) (0.5 MeV< E, < 20 MeV)
Potential (elastic) scattering
Light nuclei < >
(A=25) Resonance scattering,

Reactions (n, p), (n, @), (n, 2n).

Resonance scattering. Radiative capture.

€ o

Medium nuclei
(25 <.4 < 80) Potential scatter-

ing

Inelastic scattering Reac-
tions (n, p), (n, aj, ..., (n,

2n).
- > € >
Radiative capture < Inelastic scattering. >
Heavy nuclei |-« ;
(A > 80) Reactions (n, f), (n, Zn).
-« »>

The processes, which mainly result in neutron moderation are marked by green colour,
those, which mainly result in the generation of photons of gamma radiation, are marked
by red colour, and those, which can result in the generation both neutrons and photons

of gamma radiation are marked by blue colour
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The average number of collisions n,
which is necessary to thermalize fast
neutron with a kinetic energy E..

2,5x10° -
The average number of
_ collisions n defines the
2007 time, which is
” necessary to thermalize
c
S . a fast neutron and to
L 1,5x10° H .
E - scatter it back to the
S detector. In other
T oo E,= 14 Mev words, the time
E ' E =2 MeV distribution of thermal
_ E = 500 keV neutrons detection can
5,0x10° - — give information about
4 E =100 keV n- values and therefore
I 4 about mass number A.
0,0 “‘) —r g1 rrr 1 rrrrrrrr1rrrr 1 rrrr1
0 40 80 120 160 200 240

Mass number A
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3. Spectrometry
and detection of
neutrons based
on scintillation
method
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Neutron detectors

1. Fast neutron spectrometry works on the principle
of measuring the the recoll proton spectra

2. Thermal neutron detection by (n, o), (n, v)
reactions

3. Other
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3.1. Spectrometry of fast neutrons
(240 mmx40 mm stilbene detector )

Recoil proton spectrum
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Scintillation amplitude spectra a
40 mmx40 mm stilbene detector
irradiated by the D-T neutron source
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2 L oool/ wed S E =142 Mev 1 spectrum of recolil
= 5 § protons,
3 curve 2 is the
S
E reconstructed
spectrum of
14.2 MeV neutrons.
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U 3.2. Thermal neutrons detection

1. Boric counter{*°*BF;[B(CH,),], 1°B(n,a)’Li} (E, < 1003B)
2. Boric scintillators{*°B, E, = 478 MaB}, {*°B,05+ ZnS(Ag)}

3. Detectors contain °Lil {(for E,, = 10eV the efficiency of detection
IS 60%) The scintillation amplitude generated by neutrons
corresponds to the amplitude generated by E, = 4,1 MeV}

4. Inorganic glass scintillators {°Li,O, Al,O,, ClI,O;, SiO,, ...}

5. Detectors contain Gd (E, =33 keV , Ey = 44 keV)
GSO (Gd,SiO;) t = 60ns, GPS (Gd,Si,0-) T = 46ns.
6. Combined scintillation detectors
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Scintillation amplitude spectra
from a Lil(Eu) detector (& 25 mm

X 3 mm) [(n, a) reaction]

SLi+n=5H + 5He + 4.78MeV
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The typical spectrum of photons of gamma Q*
Bradiation obtained from water moderation s
of fast neutrons from the D-T source

e Fig. shows the well-known gamma lines
o B [rrachation by T - D source (14.2 MeV netrons) 1 \which must appear due to the absorption of
r'k_ Detector: @50mmx=65 mm Nal: Tl crystal -

10 ¢ fast neutrons by:

- boron (0.48 MeV),
- oxygen (6.13 MeV)
lines appearing due to the interaction of
thermal neutrons with:
- hydrogen (2.22 MeV),
- boron (4.44 and 6.76 MeV),
- nitrogen (1.88 and 5.27 MeV),
- oxygen (0.87 MeV),
: : - chlorine (1.95, 5.75, 6.11 and 7.41 MeV),
o 1 2 3 4 5 6 1 8 o9 - silicon(3.54 MeV)

Energy of photons (MeV) - iron (763 Me\/).
The chemical elements underlined correspond to the energy spectrum of photons
generated by fast neutrons (the reaction of radiation capturing); while non-underlined
elements correspond to those generated by thermal neutrons (the reaction of inelastic

neutron scattering)
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Time spectra of thermal neutrons
measured by a @20 mmx3 mm Lil:Eu

detector
] Lil(Eu) 20x3mm 6, -
e LWl Neutron source D - T (14.2 MeV) 3 LI+ n=
i 3 4
s —>31H+ ,He + 4.78MeV
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scattering of fast neutrons.
01.12.2016 ISMART - 2016 18



Phoswich for separate detection
thermal and fast neutrons

A phoswich (“phosphor sandwich”) is a combination of scintillators
with dissimilar pulse shape characteristics optically coupled to each
other and to a common PMT (or PMTs). Pulse shape analysis
distinguishes the signals from the two scintillators, identifying in
which scintillator the event occurred

Phoswich detectors were developed to detect low-intensity, low-
energy gammarays, X-rays, as well as alpha and beta particles
efficiently in a higher-energy ambient background. Some detector
designs can measure and separately identify all energies
simultaneously

(Gd- bearing scintillator
eh .
- ) »
Paraffin ol B Amy hufdg
= % » - analysis
=158 w05 MT 9954/ g
- 2| = l H (|).'|(.)Tfn I I|V'1 ll ) )I ‘4'\ N
239pu-Be -5 lectron Tubes Lid.
o § >

Organic scintillator

01.12.2016 ISMART - 2016 19



Efficiency of thermal neutrons
detection &, by composite scintillators
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Phoswich for separate detection
thermal and fast neutrons

Fast and thermal
neutrons, gamma -
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Conclusions

There Is no other approach besides the
scintillation technigue, which has such a
wide field for application in different tasks
of neutron detection from radioecology to
high energy physics.
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Detection of neutrons by compaosite
scintillators with different graln S|ze
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Efficiency of detection of gamma e
radiation and thermal neutrons ==
for different one layer scintillators

4,1is X-ray mass attenuation coefficient,
pis adensity, § is volume fraction of
c — 1 _ e)<p ‘_ /,l g d scintillation grains (i.e. 0.28 and 0.38 for
4 Jo, B Ce:GSO and Ce:GPS respectively), and d
Is the thickness of scintillator. The d-value
is taken as L,,.
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Decay times

For organic single crystal or composite scintillator:

T-=3—4ns, 15~ 300 ns

to 0.5 mm

Decay Time,
Detector
NS

Ce:GSO single crystal, thickness 0.39 mm (0.5 mol.% Ce) 33.0
Single-layer composite detector, Ce:GSO, grains from 445
0.06 to 0.1 mm '
Single-layer composite detector, Ce:GSO, grains from 0.3

44.5
to 0.5 mm
Ce:GPS single crystal, thickness 0.35 mm (7 mol.% Ce) 45.2
Single-layer composite detector, Ce:GPS, grains from 0.06

42.1
to 0.1 mm
Single-layer composite detector, Ce:GPS, grains from 0.3 42 1
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The efficiency of thermal neutron
detection &,

80 LA BELANLENLAL N BN BELENL AL BN LR B BN 80_""l'"'l""l""l""l""l""l""l"_
Ce:GSO composite detectors ] [ Ce:GPS composite detectors ]
70E 20-55 keV --A--56-120 keV --@--20-120 keV ] 70 | 20-55 keV -~ 56-120 keV--@--20-120 keV
< 60f = 60 [ Y
= I ° : S ]
wT B0 L I e ] «w 50 [ ]
g | i ® S °
0 U d ] T 40F o - D .
s ¢ A e £ . e~ —
W 30Fg Ao ] i 30F A ’ ]
[ A_"” [ -
20 F & ] 20 F, A A ]
10:4.‘.|H..|‘..‘|‘..‘|...‘|..H|..‘.|.H.' 10'5..1 ........ [ P B BT BT I B
00 05 10 15 20 25 30 35 40 00 01 0, 2 03 04 0 e 0, 5 07 08
Detector Thickness (mm) Detector Thickness (mm)
N, . o
Eyq = S x100 % N is the number of detected events, t is the time of
t-F accumulation of the events; F._ is a flux of fast

. ?7 . .
e 4 R? neutrons from the source, 7, =0.09, S is an area of

68 65 ~0.7-0.9 input window, R is the distance between the source
| meeme and the detector. The ¢, and &,,°, S- and S are the
th = sisS St = Ss =35 &n S - values for composite scintillator and single
S¢ has no limitation crystal, respectively.
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B3aumopencraue ¢ NPpoToHamMu U
HeUTPOHaAMMU

8. PaanaumnoHHbIM 3axBat HeUTpPOHOB (#1) NpoToHamu (p), T.e. peakums
CO3AAaHUSA AeNTPOHa (d), NPUBOAUT K U3NYYEHUO FramMma- UsnyyeHus (c
3Hepruen £,= 2.224 MeV). [1na TennosbIx HEUTPOHOB CeyeHue 3Tou
peakumu (n +p =>d + y) 0,,= 0.311 bapH (1 6apH = 10-24cm?).

9. ilna mansbix sHeprum (meHee 15-20 MaB) paccesaHue HeUTpoHa Ha
NpOTOHe U30TPOMHO.

10. CevyeHue obpasosaHua 6UHelTpoHa (T.e. ABYX HEMTPOHOB KAK HEKOro
CBA3AHHOI0 COCTOAHUA) MeHee 10-°6apH.

11. MexaHU3M B3aUMOAEUCTBUS HEUTPOHA CO Cpefou MOXeT CyLeCTBeHHO
U3MEHATbCA C U3MeHeHUeMm ero 3Hepruu. Xopowo U3BeCTHO cepbe3Hoe
pasnuume B MeTOAAX AeTeKTUPOBAHUA U  martepuanax AeTeKkTopos
NUCNOMb3yeMbIX ANS 6LICTPLIX U TensoBbIX HeUTpoHOoB. [1na 3amenneHus
HelTpoHoB ¢ 3Hepruen 14 MaB, 5 MaB u 1 M3aB o sHepruum tennosbix
HeuTpoHoB (0.026 3B) B BOomopoaHou cpepe Heobxoaumo 20, 19, 18
COyAapeHUU COOTBETCTBEHHO, B TO BpeMs KAk B TSxeslbIX marepuarnax 37a

BesIYMHa moxet coctasnatb 102 - 103 coyaapeHu.
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HopMupoBanHOE 9HCIIO OTCUCTOB

i, 4.2. CNeKTpomMeTpus ObICTPbIX

HEUTPOHOB. 3aaepXaHHasA
paavuontoMUHeCLeHLUS

dopma CLHIUHTUILIIA-
IIMOHHBIX UMITYJIbCOB
MOHOKpPHUCTAJJIA
CTHJIbOCHA U UX
aTrIIpOKCUMALIUA IS
PA3HBIX BUJIOB
BO30Y>KJICHUS

0
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SHe+in=1p+>H
(E,+Q; Q =764keV)
(0.2MeV < E, <2MeV)
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Characteristics of some nuclear

and atomic radiations

PrINCIPAL TYPES OF NUCLEAR AND ATOMIC RADIATIONS

Particle Symbol Rest-mass (m,) Charge (e) Spin Lifetime Decay
Neutrino v 0 0 3 - -
Electrons
Electron e” 1 o | ) - -
Positron e’ 1 +1 3 ~ 0°1 nsec e'+e —»
(In matter) 2y
L-Mesons
ut-Meson pt 207 +1 1 2-15 usec et + 2v
p~-Meson I’ 207 i ] 2-15 usec e +2v
n*-Meson nt 273 +1 0 25 nsec put+v
n~-Meson n 273 -1 0 25 nsec no+ v
n°-Meson n® 264 0 0 ~5 x 107" sec 2y
K-Mesons
K*-Meson K* 967 + 1 0 12 nsec a +a% at +xat+a, et
K~--Meson K- 967 -1 0 12 nsec n +aat+n +a,etc.
K{-Meson K? 965 0 0 ~ 1072 sec at +a,n° + n°
K2-Meson K& 965 0 0 ~ 10 nsec at + e + v, etc.
Nucleons
Proton p(H}) 1836 +1 3 ~ -
(1-:0076 a.m.u.)
Neutron n(n3) 1-0090 a.m.u. 0 1 ~ 13 min pre +v
Heavy ions
Deuteron d(H}) 2:0142 a.m.u. +1 1 - -
Triton 1(H}) 3-0165 a.m.u. +1 1 12:3 years He} + e + v
He® nucleus He} 3-0159 a.m.u. +2 3 - -
x-particle x(He}) 4-0028 a.m.u. +2 0 - -
Electromagnetic radiation
Photon (y-rays, hv(y) — 0 1 - —
X-rays etc.)
me=91x10"%%g lamu. =166 x 10-2g e =480 x 107%¢.s5.u,
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Delayed radioluminescence of organic molecular @*’
systems W

_k
N(t) ~ const-(1+ttJ (1)

D

10000 - 1) a- excitation;
13 2) neutron excitation;
3) - excitation

t, =1’ /4D; (2)

-
o
o
o
|

ty — Is characteristic time of diffusive
track expansion;
r, —Is the mean value of cross-section

radius of high activation density regions;

Number of pulses

100 4.

k — IS a constant.

0 ' 560 ' 10'00 ' 15'00 ' 20l00 ' 25'00 30lOO
Time, ns
Delayed radioluminescence pulse curves for stilbene single crystal and their
approximations by Eq.(1).
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The values of
Cross-
sections of
reactions
between fast
neutrons and
elements with
different mass
number A

01.12.2016
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Conclusions

The following types of back-scattering radiation can be detected:

1. Fast neutrons They may be obtained from the source (it makes possible
the calibration of the irradiation intensity in concrete measurements), as
well as from reactions (n, 2n), (n, 3n), etc. which are specific for concrete
element. Information about characteristics of these processes can be
obtained from an energy spectrum of fast neutrons.

2. Thermo neutrons They can be obtained in elastic scattering of fast
neutrons. The mean time delay between the irradiation moment (burst of
pulse neutron source) and appearance of back-scattering thermo neutrons
increases with A growth. Information about such a process can be
obtained from the time distribution of a back-scattering thermo neutron
appearance. The same one synchronizing signal for starting the measuring
unit and the neutron source has to be used.

3. Photons of gamma radiation They are specific for specific elements,
and therefore the set of energies in a gamma spectrum gives direct
information about the composition of irradiated medium. Information can
be obtained from an energy spectrum of gamma radiation photons.
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Conclusions

4. For the theoretical case of chemical investigation of a set of
media each of which consists of one element using one of the
above mentioned types of measurements may give a good result.
For a real situation when an irradiated medium is composed of
various elements such a statement would be right only for the
case when the presence of a specific element is the aim of

investigation and the real chemical composition of medium is not
studied.

5. For analysis the chemical composition of a real medium using
only one of the methods of analysis may cause the non-single-
valued nature of results to be obtained. Only a linking research
based on comparison of the results of different studies may
provide an authentic analysis of a complex medium.
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sz |@ATPOHBI U UX XapPaKTePUCTUKM

1% .
ol f,

B 1932 roay Yepsuk [1] BbIABUHYN rMnOTesy O CyLeCTBOBAHUU HOBOMU
4YacTULBI C MASIO¥ MACCOU, PABHOU MPUMepHO macce NpOTOHA. ITO MpuBeso K
nepemMmeHOBaHUHO OTKpLITOU UM B 1914 roay 4YacTuUbL U3 HEMTPOHA B HEUTPUHO.
Hoeas yactuua 6b1na HasBaHa HEUTPOHOM.

B 1932 [.[1. MBaHeHKO u [elr3eHbepr BbIABUIAHOT FUMMOTE3y O TOM, YTO
aApa COCTOAT U3 MPOTOHOB U HeUTPOHOB. TIpU NpOXOXAeHUU HeUTpOoHa Yepes
BellleCTBO BEPOATHOCTb 3K30TepMUYECKUX aA4epHbIX pedkuui [c BblAeneHuem
Tenna] pacTeT ¢ ymeHblUeHUeM CKOpPOCTU HEUTPOHA, TOPMO3ALLeroca B cpede.

B 1934 %epmu c coTpyAHUKAMU BrepBble OBHAPYXUNU MOBbILLEHUS
BEpOATHOCTU  3aXBATA  HEMTPOHOB BO  BpeMa  UX  TOPMOXeHUs B

BOAOPOAOCOACPXALMX Cpeaax.

1. HeutpoH (n) (oTr natuHckoro neuter — “HmM TOT He ppyron”) — 3710
dyHAaMeHTaNbHaAA [anemMeHTapHan] YacTuLa C HYNIEBbIM S1EKTPUYECKMM 3apAL0M.
Ero macca paBHa 939,5731(27) MaB/c?= 1,675 10%*r, unn Ha 1,293323 (16) M3aB/c?
6onbwe yem y npotoHa. Ero 6apnoHHoe umcno B = 1 (6apuoH). CnuH s, = 1/2
(bepmmnoH). MarHuTHbIN MOMeHT W, = - 1,91, (1 = eh/2m c).
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vk CTpyKTypa HEMTPOHa

4. HewTpoH cocTouT U3 ABYX d- KBAPKOB U OAHOrO (- KkBapka (ddu).
HeWTpoH Hapaay ¢ NpOTOHOM HA3bIBAHOT HYKNOHOM. TTpOoTOH cOCTOUT U3
oaHoro d- kBapka u AByx u- keapkos (duu). T.e. nepexopg mexagy "down”
kBapkom to "up” keapkom BHYTpU aapa NpmBoAUT K peakuun (1). Oblen
XApaKTepuUCTUKOU AN noAaobHOro TUMNa nepexonoB  saBNsSeTCS
OrpaHuYeHUe paccToaHua Biammopgenctema < 103cm (“yaepxaHue
useta"). TTostomy BepoaTHoCcTb peakuumn (1) ana  HeWTpoHOB
HaxoAawmxca BHYTpU  CTabuUnbHOro 94pa U AnNd  HeUTPOHOB
bombapamnpyrowmx aapa pasnmuyHa.

5. Pacnaa cesobogHoro HemutpoHa co BpemeHem T = 898 (14) c
OonucbIBaeTCS:

n = p+e +v (1)

Kpau sHepreTtuyeckoro cnexktpa 3nekTpoHos in reaction (1) is 782 keV.
OTMeTUM, BpemMs XU3HU HeUTpOHa B CBA3AGHHOM COCTOSHUU MOXeT
npesbIwath 1032 ner.
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i, aMMOAEUCTBUE C NPOTOHAMU U HEUTPOHaAMM

6. CeveHVsa B3aMMOAENCTBUN HEUTPOH-HEUTPOH U HEUTPOH-NPOTOH
NPAKTUYECKU OAUHAKOBLI 6aroaapa oYeHb Manomy passmymio B Maccax
d- U u- KBApKOB.

7. OnNeKTpOMArHUTHOE  B3AMMOAEGUCTBUE MeXAy HeUTpoHamu U
3NEeKTPOHAMU  OnpefdenseTcsd  B3AUMMOAGUCTBUMEM  UX  MAFHUTHBIX
MOMeHTOB. OHO CTAHOBUTBCA PABHLIM MOTEHUUANy WOHU3ALUU aTOMA
(~10 3B) Ha pacctosHuu ~ 10! cm, T.e. meHbwem B 10° pa3 yem ang
3apskeHHOMW uJacTuubl. TToaTomy, ceyeHue B3AUMOAEUCTBUA AN TAKOrO
npouecca ~ 1022 cM?, YTO NpeBbIWAET CeYeHUe B3AUMOACUCTBUA MeXAy
6LICTPLIM HelTpoHOM U agpom (~10-2% cm?). Tem He MeHee ponb
WOHU3ALUUOHHBIX MOTepb NpU  ABUXEHUU HEeUTPOHA CKBO3b CpeAy
npeHebpexmumo Mmana u3-3a TOrO, YTO B HEUTPOH-3NEKTPOHHBIX
B3AMMOAEUCTBUAX BbICTPLIM HEUTPOH TepseT Ype3BbIMaMHO Manyko 4acTb
sHepruu (~10 eV).

OCHOBHYHO  3HepruHo  6bICTPLIA  HEeWUTPOH TepseT B  94epHLIX
CTONKHOBeHUaX (Hanpumep, B CO3AAHUU NPOTOHOB OTAAYM).
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Tunbl B3aMMmoaenuCcTBUSA
HEUTPOHOB CO cCpenou

1. HenTpoHbI B OCHOBHOM B3aUMOAEUCTBYHOT C AAPAMU ATOMOB Cpefbl

2TU B3aUMOLEUCTBUA MOXHO pasfennTb Ha ABa TUNA:

(A) PacceaHue. HeMTpOHBI Npy CTONKHOBEHUU C S4paMU OTAGHOT NULLb
4acTb 3Heprum aapam oTaauu. B pesynbrate 6bICTpLI HEUTPOH TepseT
3Hepruro A0 BeSIUYUH SHeprum TensoBoro ABUXEHUS MONeKyn U
aTomos BelecTBd. OH CTAHOBUTLCA TEernOBLIM HEUTPOHOM.

(B) TTornouieHue. HeWTpoH nornouaetca S4pom.

1. O6pasyerca NpoAyKT peakumm B BO36YXAeHHOM COCTOSHUU KOTOPLIU
MOXeT U3Ny4YaTb POTOHBI J- U3IyYeHUq, a Nocne Yero CTathb
CTA6UNbHLIM NUBO PAAUNOAKTUBHBIM.

2. WHuummpyrotca aaepHble peakumm rnpuBoadlime K UsnyyeHuro
TAXeNbIX 3apSXeHHBIX YacTUYek.
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& 3.1. PaccesiHMe

B npouecce pacceaHUs HeUMTpoH

1. cnocobeH NPOHUKHYTL BO BHYTpb 44pa, YTO [AaeT clieayrolme aaepHble
peakumu: (n, v), (n, p), (n, a), (n ) a Takxe Heynpyroe (C mornolieHuem)
pacceaHue HeUTpoHoB (1, n°);

2. MOXeT Npu CTONKHOBEHUU C 9APOM npeTepneTb akT yrnpyroro (pe3oHaHCcHOoro)
pacceaHua (A, n)... YTO NPUBOAUT K NOTepe YaCTU SHeprum HeMTPOHa.

OTHOCUTenNbHAs posib KaXAOro U3 NpoLIeCcCoB OnpeaenaerTca 3Ha4eHUIMm
COOTBETCTBYHOLUX MUKPOCKOMUYECKUX ceveHun (a;).

CTONKHOBEHUSA He U3MEHSHOT CpefHIOO 3Hepruro TensoBbIX HEUTPOHOB U NpU UX
ABUXEHUU Uepe3 BeleCTBO (gU@@y3usa HEUTPOHOB) OHU INUWb  MOTYyT
nornowartbca (c,). B cpede, roe o5 < G4, peakuum C HEUTPOHAMU MOTYT
NPUBOAUTL K TeHepauUU HEeUTPOHOB MeHbLUMX 3Hepruud (7, n’), 3apsaxeHHbIX
yactuu (n, p), (n, a), (n, f), nMbo POTOHOB ramma usnyuveHus (1, y).

Tun U KOHUeHTpauus sagep oOnpeAenatoT  TUMBL U BepPOATHOCTU
(Makpockonuuyeckoe cedeHue 2, = o, xN,) peakumu. BenuuumHa 2 - 370
BEpOATHOCTb TOrO, YTO Ha OTpe3ke B 1 cM Npu B3aMMOAEUCTBUU C ATOMAMU COpTa
k (koHueHTpauusa N,) HEUTPOH UCNLITAET aKT paccesHUs unu byaet nornolieH B
peakuuu /- Tna.
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MpoToHLI oTAAYM
Jyroe paccesHue HeUTpOHOB BO3MOXHO Ha BCeX 94pax, HO
MAKCUMASIbHO 3Heprus nepenaetcs NpoToHam otaaum (7, p).

2. TTpu ynpyrom paccesaHuu HeMTpOHa, C Ha4anbHOU 3Hepruen £,, Ha
MOKOALLEeMCSa 94Ape Maccou A, co3paeTcs S4po OTAAYU C SHepruen £,

AAE 2AE -
E - L Ccosa = " d#+cosp (2
+1° & +1° p.

rAe au B -yrnel OTAQYM B NA6OpATOPHOU LieHTpa Macc cucteme
cooTeeTcTBeHHO (B = 2a).

3. B noboeom cTonKHOBeHUU ¢ npoToHOM (A = 1) moxeT 6bITb
nepeAaHa BCa 3Heprua HeuTpoHa (£, = £,), ¢ aapom yrnepoaa (A =
12) £, %2 0.35 £,u 1.4. Ona (n, p) paccesaHusa, nonyumm

E, = E,cos’a ®)

3asucumocTb (3) BLIFNSAUT KAK CTyneHbka B UHTepsane
sHepruii O < Ep < En.
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it 3.2. MNornoweHue

cuomuni€H PAA KOHKYPUPYHOLMX NPOLIECCOB MOrsoLeHUs HeUTPOHOB.

(i) PaguaumonHsrii saxear (4, y) (E, < 0.5 M3B, 113¢d {o = 2 10*b},1556d {o = 5,6
10% b}, 1576d {0 = 2,5 10° b} ). bonblwaa YacTb 3Hepruu CeA3U HeUTPOHa B aape
(~6 - 8 M3B) npespawaetca B y- usnyyeHme. O6pasoBaBWIMACA U30TOM MOXeT
6bITb KAK CTABUNBHBIM, TAK U HecTabunbHbLIM. HecTabunbHoe a4po npetepnesaet
£ wvnmn p* - nepexoA, UTO 4ACTO COMPOBOXKAAETCA  UCMYCKAHUEM
AONONHUTENbHBIX (POTOHOB )~ U3NYyYeHUs.

(i) TeHepauma npotoHoe (n, p) (0,2 M3aB > En > 10 M3B, unu Ttennosbie
HeTpoHsI ¢ 3He {0 = 5,3 103 b, 0,77 MeV}) ;

(iii) FeHepauma a- uyactuy (n, a) (05 MaB > E, > 10 M3B, unu Ttennosbie
HeuTpoHsI ¢ 6Li {0 = 940 b (7,5%), 2.31 MeV}, °B {0 = 3,8 103 b (19%), 4.7 MeV});

(iv) M"HULUMUpPYeMbIe HEUTPOHAMU peakumu genenus (n, )

(v) Peakumm reHepaumm asyx nnm 6onee HeutpoHos (n, 2n), (n, np), (n, 3p).. (E, >
10 MaB ),

(vi) Heynpyroe paccesnue (n, n") (E, > 0.5 MaB ) TTocne npoHukHoBeHUS B 94pO
HeUTPOH ncnyckaetca ¢ 6onee HU3KOU 3Hepruewu.

TTpoaykTer peakuui (ii) - (iv) 061aaaroT MOHU3UPYHOLWEN cnocobHOCTbHO
WU MOTYT HenocpeACTBeHHO BO36YXAaTb CLUHTUNNALUUN.
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CpaBHeHUe BepOATHOCTEN peaKuui TennoBbIX

HEUTPOHOB C XMUMUYECKUMMU INeMeHTamMu (ans
eCTeCTBeHHON CMeCU U30TOMNOB).

Meproxn I 1 | 11] I v | vV I Vi [ vn VI
i H DaeMeHTBI, U1 KOTOPBIX Gs = G4, 0003HAUEHB! 3e1eHLIM, JUTS KOTOPBIX G4~ Gy, sHe 05 — CeMEHHE PacCesHMs
Hydrogen 0003HAYECHBI KPACHBIM, U8 KOTOPBIX Gs ~ G4, 0003HAYCHBI CHHUM Helium TEIUIOBBIX HEHTPOHOB,
2 AL Be B «C 4N O oF wNe a0y Ce4YeHHEe MOTNOMEeHH
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon TEIJIOBBIX HEHTPOHOB
3 “Na |1N1g 13;\. |4Si |5P |6S 17(1 ";.-\I'
Sodium Magnesium | Aluminium | Silicon Phosphorus | Sulphur Chlorine Argon
1K 20Ca uSe 2T nV 2Cr 2sMn ke 27Co 2sNi
4 Potassium | Calcium Scandium Titanium | Vanadium | Chromium | Manganese Iron Cobalt Nickel
zoCl.l u.Zn ,uGa _uGC ,uAS uSe 358!‘ ,usKl‘
Copper Zinc | Gallium Germanium | Arsenic Selenium Bromine Krypton
_wa jsSl‘ 39Y mzr 4|Nb 42]\10 .uTC 44Rll sRh “Pd
Rubidium Strontium Yttrium | Zirconium Niobium [ Molybdenu [ Technetium | Ruthenium Rhodium Palladium
5 m
7Ag wCd | wln s0Sn =1Sh saTe ssl saXe
Silver Cadmium | Indium Tin Antimony Tellurium lodine Xenon
3sCs sqBa s7La 2 Hf nla W sRe 2508 ir Pt
6 Cerium Barium Lanthanum Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum
soAu w"g m'rl upb s;Bi uPO ssA' seRn
Gold Mercury | Thallium Lead Bismuth Polonium Astatine Radon
s7Fr ssRa soAC 104RT 1wsDb 10658 107Bh sHs 10 Mt
7 Francium Radium Actinium | Rutherfordi | Dubnium | Seaborgium | Bohrium Hassium | Meitnerium
um
Lanthanides (rare earths)
ssC(' quI’ m;\'d 61 Pm .uSm 63 Eu (,.Gd 6;Tb “Dy m“O mEl‘ me 70\'1) 71 Lu
Cerium Praseod | Neodym | Prometh | Samariu | Europiu | Gadolini | Terbium [ Dyspros | Holmiu | Erbium | Thulium | Ytterbiu | Lutetiu
ymium ium ium m m um um m m m
Actinides
s Th alPa 0l iNp ssPu osAm 96Cm v7Bk owCT wEs 1o Fm wiMd 1w2No wslr
Thorium | Protacti | Uraniu | Neptuni | Plutoniu | Americi | Curium | Berkeliu | Californ | Einstein | Fermiu | Mendele | Nobeliu | Lawrenc
nium m um m um m um ium m vium m ium
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OpraHunvyeckue CUMHTUNNATOPLI
ONA CneKTpomMmeTpuu ObICTpbIX
HEUTPOHOB
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1- 3TANOHHLIU
MOHOKpUCTANN
cTUnbbeHa

(D25 mmx20 mm)
2- MOHOKpUCTANnN
r-TeppeHuna
(@80 mmx50 mm )
Komno3uumoHHbIe
CUUHTUNNATOPBLI HA
OCHOBE rpaHy
cTunbbeHa:

3- @200Mmx20 MM;
4- @30Mmx20 mm
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