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RENMC

>.:. <eZ^bfbjh\, H.K. IjhrdbgZ, <.X. Jh]h`dbg, G.<. Kuq_\Z

:H «<ukhdhl_ogheh]bq_kdbc gZmqgh-bkke_^h\Zl_evkdbc bgklblml g_hj]Zgbq_-

kdbo fZl_jbZeh\ bf_gb ZdZ^_fbdZ :.:. ;hq\ZjZ», Fhkd\Z

< klZlv_ ijb\_^_gZ jZkq_lgh-wdki_jbf_glZevgZy hp_gdZ f_ljheh]bq_kdbo

oZjZdl_jbklbd f_lh^bdb baf_j_gbc wnn_dlb\ghc fZkku iemlhgby-240 f_-

lh^hf fgh`_kl\_gghklb g_cljhgh\, dhlhjZy \uiheg_gZ k ihfhsvx fZl_-

fZlbq_kdh]h fh^_ebjh\Zgby g_cljhgguo ijhp_kkh\ \ ^_l_dlhj_ b baf_j_gbc

dhfie_dkguf f_lh^hf. F_lh^bdZ ijbf_gy_lky \ eZ[hjZlhjbb y^_jgh-

nbabq_kdbo bkke_^h\Zgbc :H «<GBBGF» ^ey ZgZebah\ \ p_eyo ]hkm^Zjkl\_g-

gh]h mq_lZ b dhgljhey y^_jguo fZl_jbZeh\ b ^ey dhgljhey oZjZdl_jbklbd

iemlhgby ijb ba]hlh\e_gbb wdki_jbf_glZevgh]h lhieb\Z. Ij_^klZ\e_gu

hp_gdb kf_s_gby j_amevlZlh\ baf_j_gbc \ hdkb^Zo, gbljb^Zo, lhieb\guo

lZ[e_ldZo FHO- b KGMI-lhieb\Z, kdjZi_ \ \b^_ kf_k_c ihjhrdh\ hdkb^h\

iemlhgby b mjZgZ, \ua\Zggh]h jZaebqb_f k\hckl\ dZeb[jh\hqguo h[jZaph\ ba

f_lZeebq_kdh]h iemlhgby b ZgZebabjm_fuo h[jZaph\. ;ue jZkrbj_g ^bZiZahg

agZq_gbc dhwnnbpb_glZ mfgh`_gby g_cljhgh\ ml_qdb ^h 1,272 \dexqbl_ev-

gh, b ^bZiZahg wnn_dlb\ghc fZkku iemlhgby-240 ^h 70 ] \dexqbl_evgh.

HibkZgu khklZ\eyxsb_ g_hij_^_e_gghklb baf_j_gbc, dhlhjmx jZkkqblu-

\Zxl \ khhl\_lkl\bb k jmdh\h^kl\hf ?<J:OBF/KBL:D «Dhebq_kl\_ggh_

hibkZgb_ g_hij_^_e_gghklb \ ZgZeblbq_kdbo baf_j_gbyo». GZ hkgh\Zgbb \u-

iheg_gguo bkke_^h\Zgbc [ueb mlhqg_gu ijbibkZggu_ f_lh^bd_ oZjZdl_jb-

klbdb ih]j_rghklb baf_j_gbc. Hp_g_gZ oZjZdl_jbklbdZ g_bkdexq_gghc kb-

kl_fZlbq_kdhc khklZ\eyxs_c ih]j_rghklb, \dexqZxsZy \ k_[y ihdZaZl_ev

ijZ\bevghklb, ih]j_rghklv dZeb[jh\db ^_l_dlhjZ b ih]j_rghklv Zll_-

klh\Zggh]h agZq_gby h[jZaph\, bkihevah\Zgguo ^ey dZeb[jh\db.

Dexq_\u_ keh\Z: f_lh^ fgh`_kl\_gghklb g_cljhgh\, qbke_ggh_ fh^_ebjh\Zgb_, dZeb[jh\hq-

gu_ dhwnnbpb_glu, wnn_dlb\gZy fZkkZ 240Pu, ki_dlj g_cljhgh\, RENMC, Zll_klh\Zgguc

h[t_dl.
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EVALUATION OF SAMPLE PHYSICAL AND CHEMICAL PROPERTIES

INFLUENCE ON PLUTONIUM-240 EFFECTIVE MASS MEASUREMENTS BY THE

NEUTRON MULTIPLICITY METHOD USING THE RENMC COUNTER

D.A. Vladimirov, V.Yu Rogozhkin, O.S. Proshkina, N.V. Sycheva

JSC «A.A. Bochvar High-Technology Research Institute of Inorganic Materials», Moscow

Calculated and experimentally evaluated metrological characteristics of neutron

multiplicity technique for plutonium-240 effective mass measurements are per-

formed using of mathematical model and complex gamma-ray, calorimetric end

neutron estimations. The technique is applied in NDA Laboratory of

JSC «VNIINM» for nuclear materials to be analyzed for NMA purposes and to

support experimental fuel fabrication. Evaluated bias that caused by different

properties of calibration metallic plutonium samples and analyzed samples of ox-

ides, nitrides, MOX and SNUP fuel pellets, mixed plutonium and uranium oxide

scrap is presented. The range of leakage neutron multiplication factor values up to

1.272, and the range of plutonium-240 effective mass values up to 70 g are consid-

ered. In result of measurement the expanded relative uncertainty with a coverage

factor of 2 (confidence level 0.95) is calculated in accordance with the

EURACHEM/SITAC Guide «Quantification of Uncertainty in Analytical Meas-

urements». Also systematic error attributed to technique including components of

trueness, accuracy of detector calibration and certification accuracy of samples

used for calibration has been estimated.

Keywords: neutron multiplicity method, numerical modeling, calibration coefficients, 240Pu effective

mass, neutron spectrum, RENMC, certified object.

<\_^_gb_

F_lh^ fgh`_kl\_gghklb g_cljhgh\ ijbf_gy_lky ^ey g_jZajmrZxs_]h baf_j_gby

kdhjhklb kihglZggh]h ^_e_gby (wnn_dlb\ghc fZkku iemlhgby-240) h[jZapZ iemlhgby

iml_f j_]bkljZpbb h^bghqguo g_cljhgh\, ^\hcguo b ljhcguo g_cljhgguo kh\iZ^_gbc

k bkihevah\Zgb_f ^_l_dlhjh\ dheh^_agh]h lbiZ k j_]bkljhf k^\b]Z [1]. Hg iha\hey_l

baf_jylv fZkkm iemlhgby \ h[jZapZo \ ^bZiZahg_ hl g_kdhevdbo ]jZffh\ ^h dbeh]jZf-

fh\.

F_lh^ lj_[m_l ij_^\Zjbl_evghc dZeb[jh\db ^_l_dlhjZ ih wnn_dlb\ghklb j_]b-

kljZpbb 0 b dhwnnbpb_glm hl[hjZ kh\iZ^_gbc $. >ey ih\ur_gby lhqghklb ZgZebaZ \

eZ[hjZlhjbb y^_jgh-nbabq_kdbo bkke_^h\Zgbc :H «<GBBGF» [ue jZajZ[hlZg kihkh[

dZeb[jh\db ih iemlhgb_\uf h[jZapZf, Zll_klh\Zgguf ih bahlhighfm khklZ\m b fZkk_,

\ dhlhjhf dZeb[jh\hqgu_ dhwnnbpb_glu hp_gb\Zxl k ijbf_g_gb_f ih^oh^Z N_cgfZ-

gZ [2]. Baf_j_gby ijh\h^yl ih f_lh^bd_, \ dhlhjhc kq_lqbd fgh`_kl\_gghklb RENMC

(E:GE KR:) [3] hldZeb[jh\Zg ih Zll_klh\Zgguf h[t_dlZf f_lZeebq_kdh]h iemlhgby

:H 95 505/531-44-2021. H^gZdh gZ ijZdlbd_ f_lh^bdZ ijbf_gy_lky g_ lhevdh ^ey ZgZ-

ebaZ f_lZeeZ, gh b kh_^bg_gbc iemlhgby: hdkb^h\, gbljb^h\, lhieb\guo lZ[e_lhd
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FHO- b KGMI-lhieb\Z, kdjZih\ \ \b^_ kf_k_c ihjhrdh\ hdkb^h\ iemlhgby b mjZgZ.

Wlh ijb\h^bl d kbkl_fZlbq_kdhc ih]j_rghklb, k\yaZgghc k hlebqb_f g_cljhgguo

k\hckl\ ZgZebabjm_fuo h[jZaph\ hl dZeb[jh\hqguo.

P_ev gZklhys_c jZ[hlu khklhyeZ \ jZkq_lgh-wdki_jbf_glZevghc hp_gd_ kf_s_-

gby j_amevlZlh\ baf_j_gbc \ aZ\bkbfhklb hl \b^Z ZgZebabjm_fh]h fZl_jbZeZ b hl ^jm-

]bo \ebyxsbo nZdlhjh\. Hp_gdZ \uiheg_gZ k ihfhsvx fZl_fZlbq_kdh]h fh^_ebjh\Z-

gby g_cljhgguo ijhp_kkh\ \ ^_l_dlhj_ b baf_j_gbc bahlhigh]h khklZ\Z b fZkku iem-

lhgby dhfie_dkguf f_lh^hf.

HibkZgb_ baf_j_gbc b jZkq_lghc fh^_eb

H[sbc \b^ kq_lqbdZ RENMC ij_^klZ\e_g gZ jbk. 1. < kq_lqbd_ bf_xlky 115 ]Z-

ahjZajy^guo ^_l_dlhjh\ k 3He ih^ ^Z\e_gb_f 10 Zlfhkn_j ^bZf_ljhf 2,45 kf b Zdlb\-

ghc ^ebghc 76 kf, \klZ\e_gguo \ ihebwlbe_gh\mx fZljbpm. Qbkeh ^_l_dlhjh\ \ 1-hf

(hl ihehklb), 2-hf, 3-_f, 4-hf dhevpZo khklZ\ey_l 24, 30, 29, 32 khhl\_lkl\_ggh. Kq_l-

qbd bf__l 26 kq_lguo dZgZeh\, \ dZ`^hf ba dhlhjuo aZ^_ckl\h\Zgu hl 3 ^h 6 ^_l_dlh-

jh\ k 3He, kh_^bg_gguo k dZ`^uf dZgZehf mkbebl_ey «Amptek». F_`^m ihebwlbe_gh-

\hc fZljbp_c k ^_l_dlhjZfb k 3He b baf_jbl_evghc ihehklvx jZkiheh`_g kehc dZ^fby,

dhlhjuc ih]ehsZ_l h[jZamxsb_ky \ ihebwlbe_g_ l_ieh\u_ g_cljhgu, ij_^hl\jZsZy

l_f kZfuf bo \ha\jZs_gb_ \ baf_jy_fuc h[jZa_p b bg^mpbjh\Zgb_ ^hihegbl_evguo

Zdlh\ ^_e_gby. K\_jom b kgbam baf_jbl_evghc ihehklb jZkiheh`_gu ]jZnblh\u_ lhj-

p_\u_ aZ]emrdb lhesbghc \ 15,2 kf, ij_^gZagZq_ggu_ ^ey mf_gvr_gby ml_qdb g_cljh-

gh\ ba ihehklb. >hihegbl_evguc kehc dZ^fby hdjm`Z_l ihebwlbe_gh\mx fZljbpm k

ljm[dZfb k 3He kgZjm`b, f_`^m keh_f dZ^fby b kl_gdhc dhjimkZ kq_lqbdZ gZoh^blky g_

f_g__ 5 kf ihebwlbe_gZ. >ey kq_lZ kh\iZ^_gbc bkihevah\Zg [ehd we_dljhgbdb AMSR

(mkh\_jr_gkl\h\Zgguc k^\b]h\uc j_]bklj fgh`_kl\_gghklb). < dZq_kl\_ ijh]jZffgh-

]h h[_ki_q_gby kq_lqbdZ fgh`_kl\_gghklb g_cljhgh\ ijbf_gy_lky jmkbnbpbjh\ZggZy

\_jkby ijh]jZffu h[jZ[hldb baf_j_gbc g_cljhgguo kh\iZ^_gbc INCC 1.0o [4]. <h

\k_o wdki_jbf_glZo rbjbgZ \hjhl kh\iZ^_gbc [ueZ mklZgh\e_gZ T=32 fdk, ij_^\Zjb-

l_evgZy aZ^_j`dZ P=2 fdk.
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Jbk. 1. H[sbc \b^ kq_lqbdZ RENMC

Fh^_ev kq_lqbdZ fgh`_kl\_gghklb gZ^l_ieh\uo g_cljhgh\ RENMC jZajZ[hlZgZ

\ ijh]jZffghc kj_^_ Serpent k bkihevah\Zgb_f dhf[bgZlhjghc ]_hf_ljbb [5], [6]. JZk-

q_lu ijh\_^_gu f_lh^hf Fhgl_-DZjeh k [b[ebhl_dZfb y^_jguo ^Zgguo ENDF/B-VII.0

b JEFF-3.1.1 [7]. Ki_dlj b \uoh^ g_cljhgh\ (D, n)-j_Zdpbc jZkkqblZg ih ijh]jZff_

NEDIS 2.0 [8]; wlb ^Zggu_ \\h^bebkv \ Serpent dZd bkoh^gu_ iZjZf_lju \g_rg_]h bk-

lhqgbdZ. Ko_fZ kq_lqbdZ RENMC ij_^klZ\e_gZ \ ^\mo ijh_dpbyo gZ jbk. 2 b jbk. 3.

Ih ijh]jZff_ Serpent jZkkqblu\Zeb wnn_dlb\guc dhwnnbpb_gl jZafgh`_gby

g_cljhgh\ b kdhjhklb ke_^mxsbo ijhp_kkh\: ih]ehs_gby \ 3He-kq_lqbdZo (kdhjhklv

kq_lZ g_cljhgh\ N1j), \ugm`^_ggh]h ^_e_gby (Sf ), jh`^_gby g_cljhgh\ \ugm`^_ggh]h

^_e_gby (�f Sf ), kdhjhklv ihl_jv g_cljhgh\ (SLOSS). Djhf_ lh]h, ih ijh]jZff_ Serpent

f_lh^hf ijyfh]h fh^_ebjh\Zgby jZkkqblu\Zeb \j_fy aZf_^e_gby lslow b \j_fy ^bnnm-

abb l_ieh\uo g_cljhgh\ ltherm. Ih j_amevlZlZf jZkq_lZ hp_gb\Zeb wnn_dlb\ghklv j_]b-

kljZpbb g_cljhgh\ Hj b dhwnnbpb_gl hl[hjZ kh\iZ^_gbc Fj.
Wnn_dlb\ghklv j_]bkljZpbb g_cljhgh\ hij_^_eyeb, dZd hlghr_gb_ kdhjhklb kq_-

lZ d kmffZjghc fhsghklb bklhqgbdZ (kihglZggh_ ^_e_gb_, (D, n) - j_Zdpby, \ugm`^_g-

gh_ ^_e_gb_) ih nhjfme_ (1):

� � »¼
º

«¬
ª �� SSN fjkikij

f
QDQH 1/

j1

(1)

<_jogyy aZ]emrdZ

<_jogyy ieblZ

I_j_^gyy ieblZ

Ljm[db k \eZ]hih]ehlbl_e_f

……….K\_lh^bh^gu_ bg^bdZlhju

……….AMPTEK

J_]mebjm_fu_ hihju
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Jbk. 2. Ko_fZ kq_lqbdZ RENMC Jbk. 3. Ko_fZ kq_lqbdZ RENMC

\ jZaj_a_ \b^ k\_jom

Hlghr_gb_ qbkeZ (D, n)-g_cljhgh\ d qbkem g_cljhgh\ kihglZggh]h ^_e_gby .j b

kdhjhklv kihglZggh]h ^_e_gby Ski jZkkqblu\Zeb ih ijh]jZff_ NEDIS 2.0. >ey f_lZe-

ebq_kdh]h iemlhgby b KGMI-lhieb\Z [_a ijbf_k_c ijbgbfZeb .j = 0.

Dhwnnbpb_gl hl[hjZ kh\iZ^_gbc hij_^_eyeb q_j_a \j_fy `bagb g_cljhgZ \ mklZ-

gh\d_ ih nhjfme_ (2):

� �lTlP

j ee
// 1 �� �u F (2)

]^_ l – \j_fy `bagb g_cljhgZ \ ^_l_dlhj_ ^h ih]ehs_gby beb ml_qdb

P = 2 fdk – ij_^\Zjbl_evgZy aZ^_j`dZ hldjulby \hjhl kh\iZ^_gbc ihke_ j_]b-

kljZpbb g_cljhgZ;

T = 32 fdk – rbjbgZ \hjhl kh\iZ^_gbc.

>ey hp_gdb ihegh]h \j_f_gb `bagb \ thermslowSerpent lll � \\h^beb ihijZ\dm gZ ih-

]ehs_gb_ g_cljhgh\ \ ^_eys_fky fZl_jbZe_ ih nhjfme_ (3):
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JZajZ[hlZggZy fh^_ev kq_lqbdZ fgh`_kl\_gghklb \_jbnbpbjh\ZgZ ih kdhjhklb

kq_lZ g_cljhgh\ gZ ^hklmiguo h[jZapZo iemlhgb_\uo fZl_jbZeh\: jZkoh`^_gby jZk-

q_lguo b baf_j_gguo agZq_gbc g_ ij_\urZxl 3 % [6].

3He-kq_lqbdb
]jZnbl

baf_jbl_evgZy ihehklv
ihebwlbe_g

\gmlj_ggbc dZ^fbc

\g_rgbc dZ^fbc
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Dhjj_dlbjh\dZ dZeb[jh\hqguo dhwnnbpb_glh\

D kf_s_gbx j_amevlZlh\ baf_j_gbc ijb\h^yl jZaebqby k\hckl\ dZeb[jh\hqgh]h

(klZg^Zjlgh]h) b ZgZebabjm_fh]h h[jZaph\. Dhjj_dlbjh\dZ wlh]h kf_s_gby iml_f i_-

j_^Zqb jZaf_jZ dZeb[jh\hqguo dhwnnbpb_glh\ (wnn_dlb\ghklb j_]bkljZpbb b dhwn-

nbpb_glZ hl[hjZ kh\iZ^_gbc) hl klZg^Zjlgh]h h[jZapZ d ZgZebabjm_fhfm ijh\h^beZkv

ih ZgZeh]bb k Ze]hjblfhf HKL 95 10597 k bkihevah\Zgb_f \ dZq_kl\_ fh^_eb kjZ\g_-

gby fZl_fZlbq_kdhc fh^_eb, ihkljh_gghc \ ijh]jZffghc kj_^_ Serpent ih nhjfmeZf

[6], [9], [10]:

0 = 0w kl Â 0j / 0j kl b $ = $w kl Â $j / $j kl, ]^_ 0, $ – dZeb[jh\hqgu_ dhwnnbpb_glu k ih-

ijZ\dhc; 0w kl, $w kl – wdki_jbf_glZevgu_ dZeb[jh\hqgu_ dhwnnbpb_glu ^ey klZg^Zjlgh-

]h h[jZapZ; 0j, $j – jZkq_lgu_ dZeb[jh\hqgu_ dhwnnbpb_glu ^ey ZgZebabjm_fh]h h[-

jZapZ; 0j kl , $j kl – jZkq_lgu_ dZeb[jh\hqgu_ dhwnnbpb_glu ^ey klZg^Zjlgh]h h[jZapZ.

Kfuke lZdhc dhjj_dlbjh\db khklhbl \ lhf, qlh _keb b qbkebl_ev, b agZf_gZl_ev

mfgh`blv gZ ^_ckl\bl_evgh_ agZq_gb_ dZeb[jh\hqgh]h dhwnnbpb_glZ, gZijbf_j, wn-

n_dlb\ghklb 0w , lh ijb h^bgZdh\hf hlghkbl_evghf kf_s_gbb jZkq_lguo agZq_gbc bo

hlghr_gb_ d gZ[ex^Z_fuf [m^_l h^bgZdh\h: 0j / 0w = 0j kl / 0w kl, b lh]^Z kdhjj_dlbjh\Zg-

gu_ agZq_gby [m^ml khhl\_lkl\h\Zlv ^_ckl\bl_evguf: 0 = 0w. JZ\_gkl\h 0j / 0w = 0j kl / 0w kl

\uihegy_lky, _keb klZg^Zjlguc h[jZa_p ih g_cljhgguf k\hckl\Zf b^_glbq_g ZgZebab-

jm_fhfm.

LZdbf h[jZahf, hp_gdhc kf_s_gby y\ey_lky jZaghklv (jZafZo) f_`^m j_amevlZlhf

baf_j_gby ^h dhjj_dlbjh\db b j_amevlZlhf ihke_ dhjj_dlbjh\db dZeb[jh\hqguo dh-

wnnbpb_glh\.

<ebygb_ mfgh`_gby g_cljhgh\. Hp_gdZ kbkl_fZlbq_kdhc khklZ\eyxs_c ih]j_r-

ghklb, h[mkeh\e_gghc ijhp_^mjhc dhjj_dlbjh\db dZeb[jh\hqguo dhwnnbpb_glh\

Hkgh\guf \ebyxsbf gZ lhqghklv f_lh^bdb dhjj_dlbjh\db nZdlhjhf y\ey_lky

\ugm`^_ggh_ ^_e_gb_, f_jhc dhlhjh]h kem`bl dhwnnbpb_gl mfgh`_gby g_cljhgh\

ml_qdb. Hp_gdZ kbkl_fZlbq_kdhc khklZ\eyxs_c ih]j_rghklb, h[mkeh\e_gghc ijhp_^m-

jhc dhjj_dlbjh\db dZeb[jh\hqguo dhwnnbpb_glh\, [ueZ ijh\_^_gZ k bkihevah\Zgb_f

h[jZaph\ f_lZeebq_kdh]h iemlhgby :H 106 – :H 506, Zll_klh\Zggu_ agZq_gby fZkku

iemlhgby b wnn_dlb\ghc fZkku iemlhgby-240 dhlhjuo ijb\_^_gu \ lZ[e. 1 (Zll_klh-

\Zggu_ h[t_dlu f_lZeebq_kdh]h iemlhgby :H 95 505/531-44-2021).

LZ[ebpZ 1

OZjZdl_jbklbdb Zll_klh\Zgguo h[t_dlh\ f_lZeebq_kdh]h iemlhgby

H[jZa_p FZkkZ iemlhgby, ]
Wnn_dlb\gZy fZkkZ

iemlhgby-240, ]

:H 106 2,239±0,010 0,1123±0,0007

:H 206 5,507±0,010 0,2762±0,0014

:H 306 18,270±0,014 0,9163±0,0045

:H 406 58,270±0,035 2,922±0,014

:H 506 160,85±0,09 8,067±0,040
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>ey h[jZaph\ :H 206 – :H 506 ih kdhjhklyf kq_lZ, baf_j_gguf ijb dZeb[jh\d_

^_l_dlhjZ k gbfb, [ueb jZkkqblZgu agZq_gby wnn_dlb\ghc fZkku iemlhgby-240 k bk-

ihevah\Zgb_f dZeb[jh\hqguo dhwnnbpb_glh\, mklZgh\e_gguo ^ey ^jm]bo h[jZaph\ –

h[jZaph\ ^ey dhjj_dlbjh\db. >ey dhjj_dlbjh\db [jZeb lZdb_ h[jZapu ba bf_xsboky,

dhwnnbpb_glu mfgh`_gby g_cljhgh\ ^ey dhlhjuo gZb[he__ [ebadb d ZgZebabjm_fhfm:

^ey :H 206 [jZeb :H 106, ^ey :H 306 – :H 206 b l.^. < wlhf kemqZ_ wdki_jbf_glZev-

guc j_amevlZl kh\iZ^Z_l k Zll_klh\Zgguf agZq_gb_f, lZd dZd f_lh^bdZ dZeb[jh\db g_

kf_s_gZ ih wnn_dlb\ghc fZkk_ iemlhgby-240. Ihwlhfm kf_s_gb_ kdhjj_dlbjh\Zggh]h

agZq_gby hlghkbl_evgh Zll_klh\Zggh]h, \ua\Zggh_ jZaebqb_f dhwnnbpb_glh\ mfgh`_-

gby ZgZebabjm_fh]h h[jZapZ b h[jZapZ ^ey dhjj_dlbjh\db, oZjZdl_jbam_l lhqghklv f_-

lh^bdb dhjj_dlbjh\db.

J_amevlZlu hp_gdb kbkl_fZlbq_kdhc khklZ\eyxs_c ih]j_rghklb, h[mkeh\e_gghc

ijhp_^mjhc dhjj_dlbjh\db dZeb[jh\hqguo dhwnnbpb_glh\, ijb\_^_gu \ lZ[e. 2: \

^bZiZahg_ dhwnnbpb_glZ mfgh`_gby ^h 1,272 fZdkbfZevguc jZafZo f_`^m j_amevlZ-

lZfb baf_j_gbc wnn_dlb\ghc fZkku iemlhgby-240, ihemq_ggufb ^h b ihke_ dhjj_dlb-

jh\db dZeb[jh\hqguo dhwnnbpb_glh\, g_ ij_\urZ_l 1,5 %.

LZ[ebpZ 2

J_amevlZlu hp_gdb kbkl_fZlbq_kdhc khklZ\eyxs_c ih]j_rghklb, h[mkeh\e_gghc

ijhp_^mjhc dhjj_dlbjh\db dZeb[jh\hqguo dhwnnbpb_glh\

:gZebabjm_fuc h[jZa_p

KlZg^Zjlguc h[jZa_p, bkihevah\Zgguc

^ey dhjj_dlbjh\db dZeb[jh\hqguo dh-

wnnbpb_glh\

Kf_s_gb_ j_amevlZ-

lh\ baf_j_gbc wn-

n_dlb\ghc fZkku

iemlhgby-240, %H[jZa_p
Wdki_jbf_glZevguc

dhwnnbpb_gl mfgh`_gby
H[jZa_p

JZkq_lguc dhwnnbpb_gl

mfgh`_gby

:H 206 1,076±0,004 :H 106 1,045 -0,08

:H 306 1,118±0,004 :H 206 1,062 +1,30

:H 406 1,175±0,006 :H 306 1,097 +1,47

:H 506 1,272±0,007 :H 406 1,152 +1,18

<ebygb_ iemlhgby-242

>ey jZkq_lZ dZeb[jh\hqguo dhwnnbpb_glh\ g_h[oh^bfu bkoh^gu_ ^Zggu_ h fZk-

k_ b bahlhighf khklZ\_ iemlhgby \ ZgZebabjm_fhf h[jZap_. Wlb ^Zggu_ [_jml ba Zll_-

klh\Zgguo oZjZdl_jbklbd, Z ijb bo hlkmlkl\bb ba j_amevlZlh\ ZgZebaZ dhfie_dkguf

f_lh^hf [1], dhlhjuc ij_^mkfZljb\Z_l \uiheg_gb_ ]ZffZ-ki_dljhf_ljbq_kdbo, dZeh-

jbf_ljbq_kdbo b g_cljhgguo baf_j_gbc. Ijhp_^mjm ZgZebaZ fh`gh ij_^klZ\blv \ \b^_

ke_^mxs_c ihke_^h\Zl_evghklb ^_ckl\bc: \gZqZe_ gZ hkgh\Zgbb ]ZffZ-

ki_dljhf_ljbq_kdbo b dZehjbf_ljbq_kdbo baf_j_gbc hp_gb\Zxl fZkkm \k_o bahlhih\

iemlhgby, djhf_ bahlhiZ iemlhgby-242, Z aZl_f hp_gb\Zxl fZkkm iemlhgby-242 ih ba-

f_j_gghc f_lh^hf fgh`_kl\_gghklb g_cljhgh\ wnn_dlb\ghc fZkk_ iemlhgby-240 b

fZkk_ iemlhgby-238, iemlhgby-240. Ijb wlhf \hafh`gh kf_s_gb_ j_amevlZlZ baf_j_-
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gby wnn_dlb\ghc fZkku iemlhgby-240 ba-aZ lh]h, qlh \ g_cljhghf_ljbq_kdhf ZgZeba_

dZeb[jh\hqgu_ dhwnnbpb_glu g_ khhl\_lkl\mxl dhebq_kl\m iemlhgby-242 \ h[jZap_.

>ey hp_gdb \ebygby iemlhgby-242 [ueb \uiheg_gu jZkq_lu dZeb[jh\hqguo dh-

wnnbpb_glh\ ^ey h[jZapZ KGMI b ^ey h[jZaph\ f_lZeebq_kdh]h iemlhgby :H 406,

:H 506, \ dhlhjuo fZkkh\Zy ^hey iemlhgby-242 [ueZ qbke_ggh m\_ebq_gZ ^h 10%.

Hp_gdb kf_s_gby j_amevlZlh\ baf_j_gbc wnn_dlb\ghc fZkku iemlhgby-240 k baf_-

g_ggufb dZeb[jh\hqgufb dhwnnbpb_glZfb hlghkbl_evgh bkoh^guo ij_^klZ\e_gu

\ lZ[e. 3.

LZ[ebpZ 3

Hp_gdZ \ebygby khklZ\Z gZ kf_s_gb_

H[jZa_p Kf_s_gb_, %

KH KGMI +0,03

:H 406 +0,13

:H 506 +0,17

J_amevlZlu hp_ghd kf_s_gby ihdZaZeb, qlh \ebygb_ baf_g_gby fZkkh\hc ^heb

iemlhgby-242 \ iemlhgbb gZ wnn_dlb\gmx fZkkm iemlhgby-240 ijb dhjj_dlbjh\d_ ij_-

g_[j_`bfh fZeh. Ke_^h\Zl_evgh, j_amevlZlu dhfie_dkgh]h ZgZebaZ fh]ml [ulv bkihev-

ah\Zgu \ dZq_kl\_ bkoh^guo ^Zgguo ^ey jZkq_lZ dZeb[jh\hqguo dhwnnbpb_glh\ ijb

hp_gd_ kf_s_gbc.

<ebygb_ g_ba\_klguo e_]dbo ijbf_k_c

< jy^_ h[jZaph\ KGMI- b FHDK-lhieb\Z, Z lZd`_ \h \k_o h[jZapZo kdjZiZ

ijbkmlkl\mxl g_ba\_klgu_ ijbf_kb-fbr_gb (., n)-j_Zdpbb. G_mq_l wlbo ijbf_k_c \

jZkq_l_ bklhqgbdZ g_cljhgh\ ijb\h^bl d aZgb`_gbx kdhjhklb kq_lZ gZ 10-15% b \eby-

_l gZ hp_gdm dZeb[jh\hqguo dhwnnbpb_glh\ [8]. >ey ^_fhgkljZpbb ^Zggh]h wnn_dlZ

[ue ijh\_^_g jZkq_l dZeb[jh\hqguo dhwnnbpb_glh\ \ aZ\bkbfhklb hl iZjZf_ljZ .j \

^bZiZahg_ hl .j =0 ^h .j =2,5 ^ey h[jZapZ ihjhrdZ ^bhdkb^Z iemlhgby fZkkhc 150 ] -

jbk. 4 b 5: k jhklhf iZjZf_ljZ .j ijhbkoh^bl m`_klhq_gb_ ki_dljZ, ba-aZ q_]h wnn_d-

lb\ghklv j_]bkljZpbb g_cljhgh\ b dhwnnbpb_gl hl[hjZ kh\iZ^_gbc mf_gvrZxlky.

>ey mkljZg_gby g_khhl\_lkl\by jZkq_lguo b gZ[ex^Z_fuo oZjZdl_jbklbd bklhq-

gbdZ g_cljhgh\ ih^h[guo h[jZaph\ \ bkoh^guo ^Zgguo ijh]jZffu Serpent m\_ebqb\Z-

eb dhgp_gljZpbx ijbf_k_c (nlhjZ, dbkehjh^Z beb \h^u – \ aZ\bkbfhklb hl bf_xs_cky

bgnhjfZpbb) ^h l_o ihj, ihdZ jZkkqblZggZy kdhjhklv kq_lZ g_cljhgh\ g_ klZgh\beZkv

jZ\ghc baf_j_gghc, b khhl\_lkl\mxsb_ lZdhfm khklZ\m h[jZaph\ iZjZf_lju g_cljhg-

gh]h ihey ijbgbfZeb ^ey dhjj_dlbjh\db dZeb[jh\hqguo dhwnnbpb_glh\. Ijb hp_gd_

kf_s_gby wlZ ijhp_^mjZ [ueZ ijbf_g_gZ d h[jZapZf FZyd-1, H;-1, :1112-9, L24, 2F b

^ey \k_o h[jZaph\ kdjZiZ O-1 – O-6 (lZ[e. 4).
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Jbk. 4. AZ\bkbfhklv wnn_dlb\ghklb j_]bkljZpbb g_cljhgh\ hl iZjZf_ljZ .

Jbk. 5. AZ\bkbfhklv dhwnnbpb_glZ hl[hjZ kh\iZ^_gbc g_cljhgh\ hl iZjZf_ljZ .

J_amevlZlu hp_gdb kf_s_gby

< lZ[e. 4 ij_^klZ\e_gu hp_g_ggu_ agZq_gby kf_s_gby j_amevlZlh\ baf_j_gbc

wnn_dlb\ghc fZkku iemlhgby-240. I_j_q_gv ijhZgZebabjh\Zgguo h[jZaph\ \dexqZ_l:

- klZg^Zjlgu_ h[jZapu bahlhigh]h khklZ\Z iemlhgby \ ^bhdkb^_ iemlhgby «=KH –

1» - bg^_dk klZg^Zjlgh]h h[jZapZ \ khklZ\_ dhfie_dlZ 1, «=KH – 4» - bg^_dk klZg^Zjl-

gh]h h[jZapZ \ khklZ\_ dhfie_dlZ 4 (\ lZ[e. 4 ijb\_^_gu agZq_gby fZkku iemlhgby,

jZkkqblZggu_ ih ^hihegbl_evguf oZjZdl_jbklbdZf – fZkk_ ^bhdkb^Z iemlhgby b fZk-
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kh\hc ^he_ iemlhgby \ ^bhdkb^_, lZd`_ ijb\_^_gu agZq_gby wnn_dlb\ghc fZkku iem-

lhgby-240, jZkkqblZggu_ ih fZkk_ b bahlhighfm khklZ\m iemlhgby);

- ^bhdkb^ iemlhgby \ miZdh\d_ LMD-30 «FZyd-1» (\ lZ[e. 4 ijb\_^_gu agZq_gby

fZkku iemlhgby, hp_g_gghc ih j_amevlZlZf bkke_^h\Zgbc, hibkZgguo \ jZ[hl_ [1], wn-

n_dlb\gZy fZkkZ iemlhgby-240 baf_j_gZ g_cljhghf_ljbq_kdbf f_lh^hf k dZeb[jh\hq-

gufb dhwnnbpb_glZfb ^ey h[jZapZ :H 406);

- ^bhdkb^ iemlhgby \ klZevghf dhgl_cg_j_ «Dhgl_cg_j» (\ lZ[e. 4 ijb\_^_gu

agZq_gby fZkku iemlhgby b wnn_dlb\ghc fZkku iemlhgby-240, baf_j_ggu_ dhfie_dk-

guf f_lh^hf k dZeb[jh\hqgufb dhwnnbpb_glZfb ^ey h[jZapZ :H 106);

- h[jZapu KGMI-lhieb\Z b KGMI-lhieb\Z k ijbf_kyfb \ ieZklbdh\uo dhgl_cg_-

jZo (\ lZ[e. 4 ijb\_^_gu agZq_gby fZkku iemlhgby b wnn_dlb\ghc fZkku iemlhgby-240,

baf_j_ggu_ dhfie_dkguf f_lh^hf k dZeb[jh\hqgufb dhwnnbpb_glZfb ^ey h[jZapZ

:H 106);

- h[jZapu FHDK-lhieb\Z b FHDK-lhieb\Z k ijbf_kyfb \ ieZklbdh\uo dhgl_c-

g_jZo (\ lZ[e. 4 ijb\_^_gu agZq_gby fZkku iemlhgby b wnn_dlb\ghc fZkku iemlhgby-

240, baf_j_ggu_ dhfie_dkguf f_lh^hf k dZeb[jh\hqgufb dhwnnbpb_glZfb ^ey h[-

jZapZ :H 106);

- kdjZi \ \b^_ kf_rZgguo hdkb^h\ mjZgZ b iemlhgby (\ lZ[e. 4 ijb\_^_gu agZq_-

gby fZkku iemlhgby b wnn_dlb\ghc fZkku iemlhgby-240, baf_j_ggu_ dhfie_dkguf

f_lh^hf k dZeb[jh\hqgufb dhwnnbpb_glZfb ^ey h[jZapZ :H 106).

Kf_s_gb_ [ueh hp_g_gh dZd jZaghklv f_`^m baf_j_gguf b kdhjj_dlbjh\Zgguf

agZq_gbyfb wnn_dlb\ghc fZkku iemlhgby-240 ^ey \k_o h[jZaph\, djhf_ =KH – 1 b

=KH – 4, ^ey dhlhjuo \f_klh kdhjj_dlbjh\Zggh]h ijbgbfZeb agZq_gb_, jZkkqblZggh_

ih Zll_klh\Zgguf oZjZdl_jbklbdZf.

F_ljheh]bq_kdb_ oZjZdl_jbklbdb f_lh^bdb baf_j_gbc

JZkrbj_ggmx hlghkbl_evgmx g_hij_^_e_gghklv k dhwnnbpb_glhf ho\ZlZ 2 (^h-

\_jbl_evghc \_jhylghklvx 0,95) j_amevlZlZ baf_j_gby wnn_dlb\ghc fZkku iemlhgby-

240 jZkkqblu\Zxl \ khhl\_lkl\bb k jmdh\h^kl\hf ?<J:OBF/KBL:D "Dhebq_kl\_ggh_

hibkZgb_ g_hij_^_e_gghklb \ ZgZeblbq_kdbo baf_j_gbyo" [11] ih nhjfme_ (4):

, (4)

]^_ uc – kmffZjgZy g_hij_^_e_gghklv.

KmffZjgmx g_hij_^_e_gghklv baf_j_gbc wnn_dlb\ghc fZkku iemlhgby-240 jZk-

kqblu\Zxl ih nhjfme_ (5):

222

koKBc uuuu �� , (5)

Ku – klZg^ZjlgZy g_hij_^_e_gghklv dZeb[jh\db ^_l_dlhjZ fgh`_kl\_gghklb,

dhlhjZy hp_gb\Z_lky ih lbim : ijb dZeb[jh\d_ ^_l_dlhjZ;

cuU 2 
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ko

u  ± klZg^ZjlgZy�g_hij_^_e_gghklv�koh^bfhklb baf_j_gbc��dhlhjZy�hp_gb\Z_l�

ky�ih�lbim�:�ih�j_amevlZlZf�fgh]hdjZlguo��g_�f_g__������baf_j_gbc; 

 

LZ[ebpZ�4 

Hp_gdZ�\ebygby�khklZ\Z�gZ�kf_s_gb_ 

� FZl_jbZe 
H[hagZq_gb_�

h[jZapZ 
FZkkZ�3X��] 

Wnn��fZkkZ 

Pu-240, ] 

Kf_s_gb_��

% 

1 >bhdkb^�iemlhgby��ihjhrhd =KH-1 
����������

8 
����������� 1,77 

2 >bhdkb^�iemlhgby� ihjhrhd =KH-4 
����������

8 
����������� 1,49 

3 >bhdkb^�iemlhgby� ihjhrhd FZyd-1 ������� 72,4���� 3,00 

4 >bhdkb^�iemlhgby� ihjhrhd Dhgl_cg_j ��������� ��������� 1,43 

5 
KGMI���8�3X�1S�1�lhieb\gu_�

lZ[e_ldb 
KH�KGMI ����������� ������������� -1,75 

6 KGMI� �8�3X�1S�$P�1��ihjhrhd JL-393 ���������� ��������� -1,32 

7 
KGMI���8�3X�1S�1��lhieb\gu_�

lZ[e_ldb 
���: �������� ����������� -1,31 

8 
KGMI���8�3X��1S�1��lhieb\gu_�

lZ[e_ldb 
154-q� �������� ����������� -1,51 

9 
KGMI���8�3X�1S�1��lhieb\gu_�

lZ[e_ldb 
155-q� �������� ����������� -1,70 

10 
KGMI���8�3X�1�k�ijbf_kyfb��

lhieb\gu_�lZ[e_ldb 
H;-1 ���������� ����������� -0,31 

11 
KGMI���8�3X�$P�1�k�ijbf_kyfb��

lhieb\gu_�lZ[e_ldb 
:����-9 ���������� ��������� 0,85 

12 
KGMI���8�3X�$P�1�k�ijbf_kyfb��

lhieb\gu_�lZ[e_ldb 
L�� ���������� ��������� 1,34 

13 
KGMI���8�3X�$P�1�k�ijbf_kyfb��

lhieb\gu_�lZ[e_ldb 
�F ���������� ��������� 1,70 

14 FHDK���8�3X�22��lhieb\gu_�lZ[e_ldb H[-5 ���������� ����������� 2,79 

15 FHDK���U,Pu,Am)O2��ihjhrhd A1112-C ���������� ��������� 2,53 

16 
FHDK, (U,Pu,Am)O2, 

ihjhrhd 
B4 �������� ��������� 2,36 

17 FHDK���8�3X�22��lhieb\gu_�lZ[e_ldb M1122-Ok �������� ��������� 2,92 

18 
KdjZi���8�3X�22 ��fZljbpZ� 

ihjhrhd 
X-1 �������� ��������� 1,90 

19 
KdjZi���8�3X�22 ��fZljbpZ� 

ihjhrhd 
X-2 �������� ��������� 2,48 

20 
KdjZi���8�3X�22 ��fZljbpZ� 

ihjhrhd 
X-3 �������� ��������� 2,39 

21 
KdjZi���8�3X�22 ��fZljbpZ� 

ihjhrhd 
X-4 �������� ��������� 2,51 

22 
KdjZi���8�3X�22 ��fZljbpZ� 

ihjhrhd 
X-5 ���������� ��������� 2,24 

23 
KdjZi���8�3X�22 ��fZljbpZ� 

ihjhrhd 
X-6 ���������� ��������� 2,43 

 

KlZg^Zjlgmx�g_hij_^_e_gghklv�baf_j_gbc�wnn_dlb\ghc�fZkku�iemlhgby-����ih�

lbim�< jZkkqblu\Zxl�ih�nhjfme_�(6): 
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� �222 3/3/ stbiasmethodB ubbu �� , (6)

ust – klZg^ZjlgZy g_hij_^_e_gghklv wnn_dlb\ghc fZkku iemlhgby-240 \ h[jZap_,

ih dhlhjhfm ijh\h^beZkv dZeb[jh\dZ. AgZq_gb_ ust hp_gb\Zxl ih lbim B k bkihevah\Z-

gb_f Zll_klh\Zgguo oZjZdl_jbklbd h[jZaph\ f_lZeebq_kdh]h iemlhgby.

HklZevgu_ khklZ\eyxsb_ hp_gb\Zxl ih lbim B ih j_amevlZlZf gZklhys_c jZ[hlu:

%1,5 methodb – fZdkbfZevgh_ kf_s_gb_, h[mkeh\e_ggh_ f_lh^hf dhjj_dlbjh\db

dZeb[jh\hqguo dhwnnbpb_glh\ (lZ[e. 2);

%3 biasb – fZdkbfZevgh_ kf_s_gb_, k\yaZggh_ k hlebqb_f ZgZebabjm_fh]h ^bhd-

kb^Z iemlhgby, FHDK-lhieb\Z b kdjZiZ hl f_lZeebq_kdh]h dZeb[jh\hqgh]h h[jZapZ

(lZ[e. 4);

%2 biasb – fZdkbfZevgh_ kf_s_gb_, k\yaZggh_ k hlebqb_f ZgZebabjm_fh]h

KGMI-lhieb\Z hl f_lZeebq_kdh]h dZeb[jh\hqgh]h h[jZapZ (lZ[e. 4).

Ijb mklZgh\e_gbb ijbibkZgghc f_lh^bd_ ih]j_rghklb oZjZdl_jbklbdm ijZ\bev-

ghklb hp_gb\Zxl ih nhjfme_ (7):

221,1 biasmethodC bb � T . (7)

>ey ^bhdkb^Z iemlhgby, FHDK-lhieb\Z b kdjZiZ %3,7 CT . >ey KGMI-lhieb\Z

%2,8 CT

< oZjZdl_jbklbdm g_bkdexq_gghc kbkl_fZlbq_kdhc ih]j_rghklb ^hihegbl_evgh

\ghkyl \deZ^ khklZ\eyxsb_, k\yaZggu_ k dZeb[jh\dhc ^_l_dlhjZ b lhqghklvx Zll_klZ-

pbb h[jZaph\, bkihevah\Zgguo ^ey dZeb[jh\db:

� � � �222 22 stKK uu �� TT . (8)

>ey ^bhdkb^Z iemlhgby, FHDK-lhieb\Z b kdjZiZ %3,8 T . >ey KGMI-lhieb\Z

%2,8 T .

OZjZdl_jbklbdZ koh^bfhklb [ueZ mklZgh\e_gZ k bkihevah\Zgb_f j_amevlZlh\ ba-

f_j_gbc wnn_dlb\ghc fZkku iemlhgby-240, ihemq_gguo ijb ZgZeba_ j_Zevguo h[t_d-

lh\ baf_j_gbc, agZq_gb_ oZjZdl_jbklbdb koh^bfhklb khklZ\ey_l ê
ÔØ
kÜ6o = 0,84%.

>h\_jbl_evgu_ ]jZgbpu kmffZjghc ih]j_rghklb ijb n=1 ijb J=0,95:

– ^ey ^bhdkb^Z iemlhgby, FHDK-lhieb\Z b kdjZiZ %4,1r G ;

– ^ey KGMI-lhieb\Z %3,3r G .

>bZiZahg baf_j_gbc wnn_dlb\ghc fZkku iemlhgby-240 [ue jZkrbj_g ^h 70 ]

(fZdkbfZevgh_ agZq_gb_ kj_^b ijhZgZebabjh\Zgguo h[jZaph\ – «FZyd-1»).

>bZiZahg dhwnnbpb_glZ mfgh`_gby - ^h 1,272 (fZdkbfZevgh_ agZq_gb_ kj_^b h[-

jZaph\ f_lZeebq_kdh]h iemlhgby, bkihevah\Zgguo ^ey dZeb[jh\db ^_l_dlhjZ –

«:H 506»).
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K bkihevah\Zgb_f fZl_fZlbq_kdhc fh^_eb kq_lqbdZ RENMC \uiheg_gZ hp_gdZ

kf_s_gby baf_j_gbc wnn_dlb\ghc fZkku iemlhgby-240, k\yaZggh]h k hlebqb_f k\hckl\

ZgZebabjm_fuo h[jZaph\ ^bhdkb^Z iemlhgby, FHDK-lhieb\Z, kdjZiZ, KGMI-lhieb\Z

hl f_lZeebq_kdh]h iemlhgby, bkihevah\Zggh]h ^ey dZeb[jh\db ^_l_dlhjZ. J_amevlZl

ij_^klZ\e_g \ \b^_ ^\mo khklZ\eyxsbo: fZdkbfZevgh]h kf_s_gby, k\yaZggh]h k ih-

]j_rghklvx f_lh^Z dhjj_dlbjh\db dZeb[jh\hqguo dhwnnbpb_glh\, b fZdkbfZevgh]h

kf_s_gby, aZ\bkys_]h hl \b^Z fZl_jbZeZ. Hp_gdZ kf_s_gby \uiheg_gZ \ ^bZiZahg_

agZq_gbc dhwnnbpb_glZ mfgh`_gby g_cljhgh\ ml_qdb ^h 1,272 b \ ^bZiZahg_ agZq_gbc

wnn_dlb\ghc fZkku iemlhgby-240 ^h 70 ]. GZ hkgh\Zgbb \uiheg_gguo bkke_^h\Zgbc

[ueb mlhqg_gu ijbibkZggu_ f_lh^bd_ oZjZdl_jbklbdb ih]j_rghklb baf_j_gbc.
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