
����
gosudarstwennyj nau˜nyj centr rossijskoj federacii

institut fiziki wysokih —nergij

ifw— 96–78

ori

d.w.gORBATKOW, w.p.kR@ˆKOW, o.w.sUMANEEW

dozowye harakteristiki nejtronow

s —nergiej ot teplowyh do 20 m“w

w tkane—kwiwalentnyh fantomah

pROTWINO 1996



udk 539.17:621.384.6 m–24

aNNOTACIQ

gORBATKOW d.w. I DR. dOZOWYE HARAKTERISTIKI NEJTRONOW S “NERGIEJ OT TEPLOWYH DO 20m“w

W TKANE“KWIWALENTNYH FANTOMAH: pREPRINT ifw— 96–78. – pROTWINO, 1996. – 9 S., 3 RIS.,
9 TABL., BIBLIOGR.: 6.

s POMO]X@ PROGRAMMNOGO KOMPLEKSA roz6.4 – USCONS PROWEDENO DETALXNOE ISSLE-
DOWANIE DOZOWYH RASPREDELENIJ NEJTRONOW W TKANE“KWIWALENTNYH FANTOMAH. rEZULXTATY
RASˆETOW PRIWEDENY W WIDE TABLIC, KOTORYE MOGUT BYTX ISPOLXZOWANY W KAˆESTWE SPRAWOˆ-
NOGO MATERIALA.

Abstract

Gorbatkov D.V. et.al. Dose Characteristics of Neutrons with Energies from Thermal to 20 MeV
in Tissue Phantoms: IHEP Preprint 96–78. – Protvino, 1996. – p. 9, figs. 3, tables 9, refs.: 6.

With the help of the program complex ROZ6.4 – USCONS the dose distributions of neutrons
in tissue phantoms have been invesnigated. The results are presented in Tables and may be used
as reference information.
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wWEDENIE

nEJTRONNOE IZLUˆENIE QWLQETSQ ODNIM IZ GLAWNYH FAKTOROW RADIACIONNOJ OPAS-
NOSTI NA QDERNO-FIZIˆESKIH USTANOWKAH, ISPOLXZUEMYH W NAUˆNYH ISSLEDOWANIQH,
MEDICINE I QDERNOJ “NERGETIKE. iMENNO S “TIM OBSTOQTELXSTWOM SWQZAN BOLX[OJ

INTERES K DOZOWYM HARAKTERISTIKAM NEJTRONOW.
wOPROSU ISSLEDOWANIQ RADIACIONNYH “FFEKTOW, WYZYWAEMYH NEJTRONAMI, A TAK-

VE SISTEMATIZACII NAKOPLENNYH DANNYH POSWQ]ENO DOSTATOˆNO BOLX[OE KOLIˆESTWO

RABOT (NAPRIMER, [1-3]). oDNAKO PRAKTIˆESKAQ POTREBNOSTX W INFORMACII O DOZOWYH

HARAKTERISTIKAH NEJTRONOW I, W PERWU@ OˆEREDX, O RASPREDELENIQH POGLO]ENNOJ I

“KWIWALENTNOJ DOZ NEJTRONOW W TKANE“KWIWALENTNYH FANTOMAH ˆASTO PREWY[AET

OB˙EM DANNYH, SODERVA]IJSQ W “TIH PUBLIKACIQH.
kROME TOGO, BOLX[INSTWO SU]ESTWU@]IH SEGODNQ DANNYH OPIRA@TSQ NA FUNDA-

MENTALXNYE RASˆETY, WYPOLNENNYE METODOM mONTE-kARLO E]E W 50-E GODY sNAJDE-
ROM [1] DLQ PLOSKOGO FANTOMA, I NA DETALXNYE ISSLEDOWANIQ DOZOWYH RASPREDELENIJ

W “LLIPTIˆESKIH FANTOMAH, PROWEDENNYH W NAˆALE 70-H GODOW zOLOTUHINYM I DR. [2].
wPOLNE ESTESTWENNO, ˆTO ZA PRO[ED[IE GODY PROIZO[LI SERXEZNYE IZMENENIQ KAK

W OCENKE KAˆESTWA IZLUˆENIQ, TAK I W SAMOM PODHODE K RASˆETU DOZY. pOQWILISX
NOWYE, BOLEE SOWER[ENNYE ALGORITMY I PROGRAMMY RASˆETA PERENOSA NEJTRONOW I

FOTONOW, ZNAˆITELXNO UTOˆNENO I KONSTANTNOE OBESPEˆENIE.
tAKIM OBRAZOM, ISPOLXZOWANIE SOWREMENNOGO PROGRAMMNOGO APPARATA POZWOLQET,

NA NA[ WZGLQD, POLUˆITX SISTEMATIˆESKIE, ZNAˆITELXNO BOLEE TOˆNYE I PODROB-
NYE DOZOWYE HARAKTERISTIKI NEJTRONOW W FANTOMAH, ADEKWATNYE SOWREMENNOMU SO-
STOQNI@ ZNANIJ KAK O NEJTRON-QDERNYH WZAIMODEJSTWIQH, TAK I O BIOLOGIˆESKOM

DEJSTWII NEJTRONOW.
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1. mETOD RASˆETA

rASˆET POGLO]ENNOJ I “KWIWALENTNOJ DOZ (D(�r) I H(�r)) W DANNOJ RABOTE PRO-
WODILSQ W KERMA-PRIBLIVENII:

D(�r) =
∫

E

Fi(E,�r)Ki(E)dE; (1)

H(�r) =
∫

E

Fi(E,�r)Ki(E)Qi(E)dE, (2)

GDE Fi(E,�r) — FL@ENS ˆASTIC SORTA i (NEJTRONOW I FOTONOW); Ki(E) — KERMA-
FAKTOR ˆASTIC SORTA i; Qi(E) — KO“FFICIENT KAˆESTWA ˆASTIC SORTA i.

iSPOLXZOWANIE KERMA-PRIBLIVENIQ (1)–(2) DLQ RASˆETA DOZY NEJTRONOW PRED-
STAWLQETSQ OPRAWDANNYM, POSKOLXKU USLOWIE RAWNOWESIQ ZARQVENNYH ˆASTIC, OBRA-
ZU@]IHSQ W UPRUGIH I NEUPRUGIH NEJTRON-QDERNYH WZAIMODEJSTWIQH I POLNOSTX@

OPREDELQ@]IH DOZU NEJTRONOW, WYPOLNQETSQ S WYSOKOJ TOˆNOSTX@. s DRUGOJ STORO-
NY, IMENNO METOD KERMA-PRIBLIVENIQ POZWOLQET POLUˆITX REZULXTAT S MAKSIMALXNO

WYSOKOJ TOˆNOSTX@, TAK KAK W “TOM SLUˆAE, WO-PERWYH, ISPOLXZU@TSQ TABLIˆNYE

ZNAˆENIQ KERMA-FAKTOROW, UˆITYWA@]IE WSE PROCESSY, PRIWODQ]IE K WYDELENI@

“NERGII W AKTE WZAIMODEJSTWIQ IZLUˆENIQ S WE]ESTWOM, A WO-WTORYH, ISKL@ˆAET-
SQ STATISTIˆESKAQ SOSTAWLQ@]AQ POGRE[NOSTI, HARAKTERNAQ DLQ NEPOSREDSTWENNOGO

RASˆETA DOZY METODOM mONTE-kARLO.
rASˆET POLQ NEJTRONOW I WTORIˆNYH FOTONOW W WE]ESTWE FANTOMOW W DANNOJ

RABOTE PROWODILSQ S POMO]X@ PROGRAMMY roz6.4 [4], REALIZU@]EJ METOD DIS-
KRETNYH ORDINAT DLQ RE[ENIQ MNOGOGRUPPOWOGO URAWNENIQ PERENOSA NEJTRONOW I

FOTONOW. mETODIˆESKAQ POGRE[NOSTX REALIZOWANNOGO ALGORITMA OPREDELQETSQ TOˆ-
NOSTX@ ˆISLENNYH SHEM I ISPOLXZUEMYH KWADRATUR I SOSTAWLQET NE BOLEE 1%. dLQ
KONSTANTNOGO OBESPEˆENIQ RASˆETOW PERENOSA NEJTRONOW I FOTONOW ISPOLXZOWALASX

SISTEMA PODGOTOWKI GRUPPOWYH KONSTANT USCONS [5]. dANNYE PO TKANEWYM KERMA-
FAKTORAM I KO“FFICIENTAM KAˆESTWA NEJTRONOW I FOTONOW, OCENIWAEMYE NAMI KAK

NAIBOLEE TOˆNYE, ZAIMSTWOWALISX IZ RABOTY [6].

rIS. 1. gEOMETRIQ RASˆETOW.

sUMMARNAQ POGRE[NOSTX RASˆETOW POGLO]EN-
NOJ DOZY SOSTOIT IZ POGRE[NOSTI RASˆET-
NYH PROSTRANSTWENNO-“NERGETIˆESKIH RASPREDELE-
NIJ NEJTRONOW I FOTONOW, POLNOSTX@ OPREDELQEMOJ

KONSTANTNOJ SOSTAWLQ@]EJ (∼10%), I POGRE[NO-
STI ISPOLXZUEMYH LITERATURNYH ZNAˆENIJ KERMA-
FAKTOROW (∼10%), I OCENIWAETSQ WELIˆINOJ PORQD-
KA 15%. pOGRE[NOSTX RASˆETOW “KWIWALENTNOJ DO-
ZY CELIKOM OPREDELQETSQ POGRE[NOSTX@ ISPOLX-
ZUEMYH LITERATURNYH KO“FFICIENTOW KAˆESTWA I

OCENIWAETSQ WELIˆINOJ ∼30–50%.
rASˆETY PROWODILI DLQ FANTOMOW ˆETYREH

STANDARTNYH GEOMETRIJ (RIS.1 A-G):
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a) — BESKONEˆNAQ PLASTINA TOL]INOJ 30 SM, PRI NORMALXNOM OBLUˆENII;
B) — BESKONEˆNAQ PLASTINA TOL]INOJ 30 SM, PRI IZOTROPNOM OBLUˆENII;
W) — BESKONEˆNYJ CILINDR DIAMETROM 30 SM;
G) — SFERA DIAMETROM 30 SM.
iSTOˆNIK NEJTRONOW ZADAWALSQ MONO“NERGETIˆESKIM, IZOTROPNYM, RAWNOMERNO

RASPREDELENNYM PO POWERHNOSTI FANTOMA. dLQ BESKONEˆNOJ PLASTINY TAKVE PRO-
WODILISX RASˆETY DLQ NORMALXNOGO PADENIQ NEJTRONOW.

wE]ESTWO FANTOMA PRINIMALOSX “KWIWALENTNYM MQGKOJ BIOLOGIˆESKOJ TKANI

SO SLEDU@]IM HIMIˆESKIM SOSTAWOM: KISLOROD 76,2%; UGLEROD 11,1%; AZOT 2,6%;
WODOROD 10,1% (PO MASSE). pLOTNOSTX WE]ESTWA FANTOMA 1 G/SM3.

2. rEZULXTATY RASˆETA

nA RIS.2 DANO SRAWNENIE REZULXTATOW NA[IH RASˆETOW, WYPOLNENNYH DLQ USLOWIQ

NORMALXNOGO PADENIQ NEJTRONOW NA BESKONEˆNU@ PLASTINU, S DANNYMI RABOT [1] I [3].
kAK WIDNO IZ RISUNKA, NA[I RASˆETNYE DANNYE HORO[O SOGLASU@TSQ S DANNYMI

UKAZANNYH AWTOROW DLQ NEJTRONOW “NERGIEJ 20 K“w; 1; 14 m“w. dLQ NEJTRONOW

NIZKIH “NERGIJ (1 K“w I TEPLOWYH) SOGLASIE NESKOLXKO HUVE, ˆTO, PO-WIDIMOMU,
SWQZANO W OSNOWNOM S RAZLIˆIQMI W ISPOLXZUEMYH KONSTANTNYH SISTEMAH. nA RIS.3
PREDSTAWLENO SRAWNENIE NA[IH DANNYH S LITERATURNYMI PO “KWIWALENTNOJ DOZE.
oTLIˆIE NA[IH DANNYH DLQ “KWIWALENTNOJ DOZY OT LITERATURNYH ZAMETNEE, ˆTO
MOVET BYTX OTNESENO W OSNOWNOM NA SˆET RAZLIˆIJ W KO“FFICIENTAH KAˆESTWA.

rIS. 2. gLUBINNYE RASPREDELENIQ POGLO-
]ENNOJ DOZY NEJTRONOW W PLOSKOM

POLUBESKONEˆNOM FANTOME PRI

NORMALXNOM OBLUˆENII: —- —
NA[ RASˆET; * — DANNYE RABO-
TY [1]; × — DANNYE RABOTY [3].

rIS. 3. gLUBINNYE RASPREDELENIQ “KWI-
WALENTNOJ DOZY NEJTRONOW

W PLOSKOM POLUBESKONEˆNOM FAN-
TOME PRI NORMALXNOM OBLUˆENII:
—- — NA[ RASˆET; × — DANNYE

RABOTY [3].
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pROSTRANSTWENNYE RASPREDELENIQ POGLO]ENNOJ I “KWIWALENTNOJ DOZ W ZAWISI-
MOSTI OT “NERGII PADA@]IH NEJTRONOW DLQ PLOSKOGO FANTOMA PREDSTAWLENY W

TABL. 1–4, DLQ SFERIˆESKOGO — W TABL. 5–6, DLQ CILINDRIˆESKOGO — W TABL. 7–8.
w TABL. 9 PRIWEDENA “NERGETIˆESKAQ ZAWISIMOSTX MAKSIMALXNOJ “KWIWALENTNOJ

Hmax I AMBIENTNOJ H∗(10) DOZY DLQ UKAZANNYH FANTOMOW.

tABLICA 1. gLUBINNYE RASPREDELENIQ POGLO]ENNOJ DOZY NEJTRONOW W PLOSKOM POLUBESKO-
NEˆNOM FANTOME PRI NORMALXNOM OBLUˆENII, PgR· SM2.

d, SM
E0,m“w 0.0 0.5 1.0 3.0 5.0 10.0 15.0 20.0 25.0 29.0 30.0

1.7 101 78.2 80.6 81.4 82.8 81.3 72.2 60.6 48.8 37.6 28.4 25.5
1.4 101 75.9 77.9 78.3 78.1 75.2 63.7 51.0 39.2 28.7 20.7 18.3
1.0 101 68.8 70.4 70.6 69.8 66.6 55.0 42.7 31.7 22.5 15.7 13.7
8.0 100 64.5 66.1 66.2 64.8 60.9 47.9 35.3 24.9 16.7 11.1 9.5
7.0 100 61.1 62.5 62.5 61.0 57.2 44.6 32.5 22.6 14.9 9.7 8.3
6.0 100 59.0 60.5 60.5 59.1 55.2 42.2 39.9 20.2 12.9 8.2 7.0
5.0 100 54.4 55.7 55.6 53.4 48.9 35.2 23.3 15.0 8.9 5.4 4.6
4.0 100 54.9 56.2 55.6 51.2 44.7 28.3 16.6 9.5 5.4 3.2 2.7
3.0 100 47.6 48.5 47.9 44.1 38.4 24.3 14.4 8.4 4.8 3.0 2.5
2.0 100 39.1 40.2 39.7 35.9 30.2 17.4 9.6 5.5 3.2 2.1 1.8
1.5 100 35.0 35.9 35.3 31.1 25.2 13.4 7.2 4.1 2.5 1.7 1.5
1.0 100 32.9 32.4 30.7 23.1 16.4 7.4 4.0 2.5 1.7 1.2 1.1
5.0 10−1 23.8 24.2 23.0 17.7 12.9 6.5 3.8 2.4 1.7 1.2 1.1
2.0 10−1 12.5 12.1 11.1 8.3 6.6 4.3 2.7 1.8 1.3 0.94 0.86
1.0 10−1 9.1 8.5 8.0 6.5 5.7 3.9 2.4 1.6 1.2 0.87 0.79
5.0 10−2 6.6 6.3 6.1 5.6 5.3 3.7 2.3 1.5 1.1 0.82 0.74
2.0 10−2 4.9 4.9 5.0 5.3 5.2 3.5 2.2 1.5 1.1 0.79 0.72
1.0 10−2 4.1 4.4 4.6 5.2 5.1 3.5 2.2 1.5 1.1 0.78 0.71
1.0 10−3 3.7 4.1 4.4 5.3 5.2 3.4 2.1 1.5 1.0 0.78 0.71
1.0 10−4 3.8 4.3 4.7 5.5 5.2 3.3 2.1 1.4 1.0 0.77 0.70
1.0 10−5 4.0 4.6 4.9 5.7 5.1 3.1 2.0 1.4 1.0 0.75 0.68
1.0 10−6 3.9 4.4 4.7 5.1 4.4 2.6 1.7 1.2 0.86 0.65 0.59
4.0 10−7 3.5 4.0 4.2 4.4 3.7 2.2 1.4 1.0 0.73 0.55 0.50
tEPL. 1.9 2.1 2.1 1.8 1.4 0.77 0.53 0.38 0.28 0.21 0.19
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tABLICA 2. gLUBINNYE RASPREDELENIQ “KWIWALENTNOJ DOZY NEJTRONOW W PLOSKOM POLUBES-
KONEˆNOM FANTOME PRI NORMALXNOM OBLUˆENII, PzW· SM2.

d, SM
E0,m“w 0.0 0.5 1.0 3.0 5.0 10.0 15.0 20.0 25.0 29.0 30.0
1.7 101 571.2 590.6 599.8 608.7 603.1 530.0 444.6 352.0 256.1 204.3 174.0
1.4 101 538.3 563.6 566.3 573.0 549.8 473.4 372.2 280.8 201.4 139.0 122.2
1.0 101 452.5 467.5 480.9 501.4 482.2 403.8 310.3 227.5 157.9 114.1 90.6
8.0 100 419.1 445.7 459.6 469.7 457.0 369.0 270.9 189.2 124.4 79.5 65.4
7.0 100 405.2 440.6 454.3 464.4 452.2 365.0 257.7 177.7 121.9 72.6 59.3
6.0 100 417.5 454.6 459.6 470.2 456.7 363.6 252.8 162.5 101.3 62.5 50.3
5.0 100 428.1 464.8 467.9 482.5 451.7 325.0 211.3 120.1 70.1 39.8 31.5
4.0 100 489.5 525.5 533.0 520.6 462.8 275.6 154.9 77.5 36.6 19.0 13.8
3.0 100 468.1 500.1 497.2 487.0 424.2 252.5 132.1 66.2 31.5 16.5 12.0
2.0 100 484.1 518.9 506.9 473.8 384.8 194.6 81.7 32.7 13.4 6.2 4.7
1.5 100 476.8 498.6 496.4 436.9 340.0 144.1 49.4 17.1 6.5 3.1 2.4
1.0 100 538.3 525.9 499.8 361.5 216.7 55.4 12.9 4.3 2.0 1.3 1.1
5.0 10−1 418.3 423.4 399.6 269.6 148.4 33.0 8.1 3.1 1.8 1.3 1.1
2.0 10−1 217.9 178.4 160.1 69.8 30.6 7.2 3.2 1.9 1.3 0.97 0.88
1.0 10−1 109.1 91.3 76.1 31.6 16.1 5.8 2.8 1.7 1.2 0.90 0.81
5.0 10−2 47.5 38.5 31.5 17.3 12.3 5.2 2.6 1.6 1.1 0.85 0.76
2.0 10−2 18.8 16.4 15.2 13.1 10.6 4.9 2.4 1.6 1.1 0.82 0.74
1.0 10−2 9.3 9.8 9.9 11.9 9.9 4.7 2.4 1.6 1.1 0.81 0.73
1.0 10−3 5.0 7.3 8.8 11.6 9.6 4.4 2.3 1.5 1.1 0.80 0.73
1.0 10−4 5.3 8.1 9.8 12.7 10.0 4.1 2.2 1.5 1.1 0.79 0.72
1.0 10−5 6.0 9.3 10.8 12.6 9.7 3.8 2.1 1.4 1.0 0.77 0.70
1.0 10−6 6.7 9.8 12.3 11.7 7.8 3.0 1.8 1.2 0.90 0.67 0.61
4.0 10−7 6.9 10.1 11.1 9.9 6.2 2.5 1.5 1.0 0.76 0.57 0.51
tEPL. 6.2 6.7 6.5 3.8 1.9 0.80 0.55 0.40 0.29 0.22 0.20

tABLICA 3. gLUBINNYE RASPREDELENIQ POGLO]ENNOJ DOZY NEJTRONOW W PLOSKOM POLUBESKO-
NEˆNOM FANTOME PRI IZOTROPNOM OBLUˆENII, PgR· SM2.

d, SM
E0,m“w 0.0 0.5 1.0 3.0 5.0 10.0 15.0 20.0 25.0 29.0 30.0
1.7 101 79.2 76.6 72.4 59.8 52.3 37.1 26.8 19.9 14.2 9.8 8.6
1.4 101 75.1 71.3 67.1 53.7 46.0 31.3 22.1 15.2 10.0 6.8 5.9
1.0 101 68.4 64.1 60.3 48.1 40.1 26.1 18.4 12.0 7.6 5.0 4.3
8.0 100 63.1 58.8 54.6 42.3 35.4 22.0 13.9 8.7 5.4 3.4 2.9
7.0 100 60.5 56.0 52.3 40.0 32.1 20.4 12.1 7.7 4.7 2.9 2.5
6.0 100 58.5 54.0 50.1 37.8 31.0 17.9 11.0 6.7 4.0 2.4 2.0
5.0 100 52.9 49.1 45.0 33.1 25.5 14.1 8.1 4.7 2.7 1.6 1.4
4.0 100 53.1 46.7 41.7 29.1 21.2 10.2 5.5 3.0 1.7 1.0 0.89
3.0 100 46.4 41.2 37.2 25.2 17.8 9.0 4.7 2.6 1.5 0.96 0.83
2.0 100 37.9 33.1 29.0 19.1 13.1 6.1 3.1 1.8 1.1 0.74 0.65
1.5 100 33.1 29.0 24.6 14.7 10.2 4.6 2.4 1.4 0.91 0.64 0.57
1.0 100 31.2 24.3 20.2 9.9 6.1 2.6 1.5 0.94 0.64 0.47 0.42
5.0 10−1 21.7 16.9 13.9 7.4 4.7 2.4 1.4 0.92 0.64 0.47 0.42
2.0 10−1 11.0 7.6 6.1 3.2 2.6 1.7 1.1 0.72 0.51 0.38 0.34
1.0 10−1 7.3 5.1 4.1 2.6 2.3 1.6 0.98 0.67 0.47 0.35 0.32
5.0 10−2 4.8 3.5 3.0 2.3 2.2 1.5 0.94 0.64 0.46 0.34 0.31
2.0 10−2 3.1 2.5 2.3 2.2 2.2 1.5 0.91 0.63 0.45 0.33 0.30
1.0 10−2 2.2 2.1 2.1 2.2 2.2 1.4 0.90 0.62 0.44 0.33 0.30
1.0 10−3 1.7 1.8 2.0 2.3 2.2 1.4 0.88 0.61 0.44 0.33 0.30
1.0 10−4 1.7 1.9 2.1 2.4 2.2 1.4 0.86 0.60 0.43 0.33 0.30
1.0 10−5 1.8 2.1 2.2 2.4 2.1 1.3 0.82 0.58 0.42 0.31 0.29
1.0 10−6 1.8 2.0 2.1 2.2 1.8 1.1 0.70 0.50 0.36 0.27 0.25
4.0 10−7 1.7 1.9 2.0 1.9 1.6 0.92 0.61 0.43 0.32 0.24 0.22
tEPL. 1.1 1.1 1.1 0.89 0.67 0.38 0.26 0.19 0.14 0.11 0.1
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tABLICA 4. gLUBINNYE RASPREDELENIQ “KWIWALENTNOJ DOZY NEJTRONOW W PLOSKOM POLUBES-
KONEˆNOM FANTOME PRI IZOTROPNOM OBLUˆENII, PzW· SM2.

d, SM
E0,m“w 0.0 0.5 1.0 3.0 5.0 10.0 15.0 20.0 25.0 29.0 30.0
1.7 101 582.4 560.1 531.3 441.1 380.1 270.3 202.7 140.1 95.9 66.0 55.9
1.4 101 553.6 519.7 492.4 400.1 339.9 228.5 159.8 102.4 68.1 43.8 36.7
1.0 101 461.9 441.2 418.3 343.9 290.8 190.1 130.1 82.1 52.0 32.1 26.1
8.0 100 419.8 410.2 383.1 319.2 268.7 171.2 109.6 63.7 38.1 22.1 18.0
7.0 100 411.1 400.3 378.9 309.2 260.2 160.3 100.1 60.1 34.8 20.2 16.1
6.0 100 423.1 413.1 380.1 311.1 260.2 159.7 92.4 52.7 29.3 16.7 12.8
5.0 100 430.3 412.7 379.2 303.3 238.8 130.2 71.2 37.0 19.0 9.7 7.5
4.0 100 490.7 450.2 410.3 304.1 223.2 101.1 46.8 21.1 9.4 4.5 3.4
3.0 100 482.1 441.4 400.7 282.1 210.1 92.3 40.2 17.2 7.5 3.6 2.8
2.0 100 492.0 429.8 391.2 248.9 168.8 60.9 21.9 7.8 3.0 1.4 1.1
1.5 100 491.9 417.2 372.8 220.1 141.2 41.2 12.0 4.0 1.6 0.85 0.71
1.0 100 527.1 421.4 345.1 159.0 76.8 14.8 3.6 1.3 0.72 0.49 0.44
5.0 10−1 433.1 330.8 261.1 111.3 51.0 8.8 2.4 1.1 0.68 0.49 0.44
2.0 10−1 210.5 131.1 96.0 22.8 9.0 2.6 1.2 0.76 0.53 0.39 0.35
1.0 10−1 111.1 65.1 45.3 10.1 5.5 2.2 1.1 0.70 0.49 0.36 0.33
5.0 10−2 47.2 26.1 17.1 6.2 4.7 2.1 1.0 0.67 0.48 0.35 0.32
2.0 10−2 16.8 10.0 8.1 5.2 4.5 2.0 1.0 0.66 0.47 0.34 0.31
1.0 10−2 7.0 5.4 5.1 5.1 4.4 1.9 0.99 0.65 0.46 0.34 0.31
1.0 10−3 2.5 3.4 4.1 5.3 4.4 1.8 0.96 0.64 0.46 0.34 0.31
1.0 10−4 2.6 3.9 4.6 5.6 4.3 1.7 0.93 0.63 0.45 0.34 0.30
1.0 10−5 3.1 4.6 5.3 5.6 3.9 1.5 0.87 0.60 0.44 0.32 0.29
1.0 10−6 3.9 5.3 5.7 4.9 3.1 1.2 0.74 0.52 0.38 0.28 0.25
4.0 10−7 4.3 5.4 5.6 4.1 2.5 1.1 0.64 0.45 0.33 0.25 0.22
tEPL. 4.9 4.2 3.5 1.7 0.89 0.39 0.27 0.20 0.15 0.11 0.10

tABLICA 5. gLUBINNYE RASPREDELENIQ POGLO]ENNOJ DOZY NEJTRONOW W SFERIˆESKOM FAN-
TOME PRI IZOTROPNOM OBLUˆENII, PgR· SM2.

r, SM
E0,m“w 0.0 3.0 5.0 10.0 13.0 14.0 14.5 15.0
1.7 101 96.8 96.9 97.0 99.9 109.8 110.5 111.1 112.0
1.4 101 83.0 83.7 84.1 90.2 95.9 101.1 103.2 105.1
1.0 101 70.9 71.4 72.1 78.3 85.4 88.0 91.1 94.3
8.0 100 58.8 59.4 60.7 67.0 75.1 78.0 81.1 84.4
7.0 100 54.7 54.9 57.0 63.1 71.2 74.4 76.9 79.7
6.0 100 51.0 51.6 51.9 59.2 67.3 70.0 73.1 76.3
5.0 100 40.1 40.3 40.8 49.0 57.2 61.1 63.9 68.1
4.0 100 27.7 29.1 30.1 39.2 48.7 54.0 59.1 64.2
3.0 100 24.1 24.4 26.2 33.1 41.9 47.1 51.1 56.4
2.0 100 14.0 16.3 16.9 23.0 32.2 36.2 40.2 44.1
1.5 100 10.7 11.2 11.8 18.1 26.3 30.1 33.7 38.3
1.0 100 5.2 5.4 5.9 9.5 17.1 21.7 27.1 33.4
5.0 10−1 4.5 4.7 5.0 7.2 11.9 16.0 19.2 23.8
2.0 10−1 3.0 3.1 3.2 3.6 4.6 6.1 7.9 11.0
1.0 10−1 2.7 2.8 2.9 3.1 3.3 4.0 5.2 7.3
5.0 10−2 2.5 2.6 2.7 3.0 2.7 2.9 3.5 4.7
2.0 10−2 2.4 2.5 2.6 2.9 2.4 2.3 2.4 2.9
1.0 10−2 2.4 2.5 2.6 2.9 2.4 2.1 2.0 2.1
1.0 10−3 2.3 2.3 2.5 2.9 2.5 2.0 1.8 1.5
1.0 10−4 2.2 2.2 2.4 2.9 2.7 2.2 1.9 1.6
1.0 10−5 2.0 2.1 2.2 2.8 2.8 2.4 2.1 1.7
1.0 10−6 1.6 1.7 1.8 2.3 2.6 2.3 2.1 1.7
4.0 10−7 1.4 1.4 1.5 1.9 2.2 2.1 1.9 1.6
tEPL. 0.79 0.81 0.85 1.1 1.3 1.4 1.3 1.2
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tABLICA 6. gLUBINNYE RASPREDELENIQ “KWIWALENTNOJ DOZY NEJTRONOW W SFERIˆESKOM FAN-
TOME PRI IZOTROPNOM OBLUˆENII, PzW· SM2.

r, SM
E0,m“w 0.0 3.0 5.0 10.0 13.0 14.0 14.5 15.0
1.7 101 742.1 742.6 743.4 779.8 812.2 833.1 843.1 852.3
1.4 101 641.7 642.2 643.1 681.1 722.3 741.1 762.4 771.1
1.0 101 553.0 553.7 559.8 592.6 616.3 630.2 641.2 650.8
8.0 100 481.4 490.0 491.4 531.5 552.1 568.7 574.9 579.4
7.0 100 470.6 481.1 482.4 522.1 547.6 564.1 570.1 570.6
6.0 100 462.1 463.0 470.2 520.4 545.3 561.6 567.4 567.4
5.0 100 401.1 402.4 421.1 481.5 529.2 552.5 560.1 571.9
4.0 100 312.4 313.1 329.7 420.1 521.0 550.2 581.1 603.2
3.0 100 269.4 280.1 301.7 401.6 490.2 528.5 559.9 590.1
2.0 100 181.5 182.5 202.0 318.7 443.1 501.1 542.6 581.6
1.5 100 111.1 120.1 141.3 250.1 393.1 461.4 512.9 571.1
1.0 100 33.2 36.8 48.1 131.0 292.1 393.2 471.3 580.7
5.0 10−1 17.6 20.1 27.3 84.9 211.0 301.1 371.0 468.3
2.0 10−1 4.8 5.2 6.1 14.2 51.8 95.8 142.8 219.7
1.0 10−1 4.0 4.3 5.0 8.4 22.1 42.4 68.0 118.9
5.0 10−2 3.6 3.9 4.5 6.9 10.2 16.9 27.2 48.1
2.0 10−2 3.4 3.7 4.2 6.5 6.7 7.8 11.0 16.8
1.0 10−2 3.2 3.5 4.1 6.4 6.0 5.3 5.6 7.0
1.0 10−3 2.9 3.2 3.7 6.3 6.2 4.6 3.6 2.3
1.0 10−4 2.7 2.9 3.3 6.1 6.8 5.3 4.1 2.4
1.0 10−5 2.4 2.5 2.9 5.5 7.3 6.2 4.9 3.0
1.0 10−6 1.9 2.0 2.2 4.2 6.8 6.7 5.8 3.9
4.0 10−7 1.5 1.6 1.8 3.3 5.8 6.4 5.9 4.3
tEPL. 0.89 0.93 1.0 1.8 3.3 4.1 4.6 5.2

tABLICA 7. gLUBINNYE RASPREDELENIQ POGLO]ENNOJ DOZY NEJTRONOW W CILINDRIˆESKOM

BESKONEˆNOM FANTOME PRI IZOTROPNOM OBLUˆENII, PgR· SM2.
r, SM

E0,m“w 0.0 3.0 5.0 10.0 13.0 14.0 14.5 15.0
1.7 101 82.3 82.4 82.9 89.6 96.2 98.8 100.1 104.3
1.4 101 68.0 68.2 70.1 77.3 86.1 89.8 92.6 96.2
1.0 101 57.3 57.8 59.2 66.2 75.4 79.1 81.9 84.8
8.0 100 46.1 47.4 48.3 57.2 66.1 69.8 73.4 77.1
7.0 100 41.9 43.4 44.7 53.3 62.5 65.8 69.1 73.1
6.0 100 38.1 39.2 41.2 49.4 58.5 62.0 66.5 69.4
5.0 100 29.2 30.1 31.8 40.4 49.9 54.1 58.5 62.2
4.0 100 20.3 20.8 22.1 31.2 43.1 49.4 52.7 59.1
3.0 100 16.7 18.1 19.1 26.9 37.4 42.2 47.2 51.9
2.0 100 11.2 11.6 12.4 18.8 27.9 33.1 37.5 41.1
1.5 100 7..7 8.2 9.1 15.1 23.1 27.9 31.2 36.3
1.0 100 4..2 4.4 4.8 8.2 16.2 21.1 25.9 32.1
5.0 10−1 3..8 4.0 4.3 6.4 11.3 15.1 18.4 22.9
2.0 10−1 2.7 2.8 3.0 3.5 4.6 6.2 8.0 11.0
1.0 10−1 2.5 2.6 2.7 3.1 3.4 4.2 5.4 7.6
5.0 10−2 2.3 2.4 2.6 3.0 2.9 3.1 3.7 5.0
2.0 10−2 2.2 2.3 2.5 2.9 2.6 2.5 2.7 3.2
1.0 10−2 2.2 2.3 2.4 2.9 2.6 2.3 2.3 2.4
1.0 10−3 2.1 2.2 2.4 2.9 2.7 2.3 2.1 1.8
1.0 10−4 2.1 2.1 2.3 2.9 2.8 2.4 2.2 1.9
1.0 10−5 1.9 2.0 2.1 2.8 2.9 2.6 2.3 2.0
1.0 10−6 1.6 1.7 1.8 2.3 2.7 2.5 2.3 1.9
4.0 10−7 1.4 1.4 1.5 2.0 2.3 2.3 2.1 1.8
tEPL. 0.81 0.83 0.88 1.1 1.4 1.5 1.4 1.3
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tABLICA 8. gLUBINNYE RASPREDELENIQ “KWIWALENTNOJ DOZY NEJTRONOW W CILINDRIˆESKOM

BESKONEˆNOM FANTOME PRI IZOTROPNOM OBLUˆENII, PzW· SM2.
r, SM

E0,m“w 0.0 3.0 5.0 10.0 13.0 14.0 14.5 15.0
1.7 101 613.4 621.1 630.1 672.4 723.1 749.4 760.3 782.3
1.4 101 513.1 517.7 529.7 583.6 641.1 660.6 678.5 701.1
1.0 101 429.8 441.0 451.2 501.9 540.2 557.4 570.1 580.8
8.0 100 371.4 382.4 390.2 439.8 488.7 501.9 521.2 522.3
7.0 100 362.4 368.6 380.3 431.1 484.1 503.2 510.3 510.6
6.0 100 340.2 350.1 363.1 423.1 481.6 490.1 509.7 517.4
5.0 100 281.1 290.1 312.7 380.3 452.5 481.6 500.2 511.9
4.0 100 199.7 210.4 230.2 340.7 440.2 491.1 521.1 553.2
3.0 100 171.7 190.4 211.4 312.1 418.5 470.7 500.7 540.1
2.0 100 102.0 109.5 129.8 242.0 381.1 438.3 492.1 541.6
1.5 100 61.3 70.1 86.2 191.9 341.4 410.7 462.0 531.1
1.0 100 17.2 21.1 31.4 97.1 253.2 361.9 441.9 560.7
5.0 10−1 9.08 12.0 16.8 67.2 191.3 269.2 349.1 448.3
2.0 10−1 3.06 3.9 4.1 12.1 46.8 90.1 141.6 221.1
1.0 10−1 3.01 3.4 4.0 7.4 20.1 41.2 66.1 118.9
5.0 10−2 2.08 3.1 3.6 6.1 9.6 15.8 25.8 48.3
2.0 10−2 2.07 3.0 3.5 5.8 6.6 7.8 11.2 17.1
1.0 10−2 2.06 2.9 3.4 5.8 5.8 5.4 5.7 7.3
1.0 10−3 2.05 2.7 3.1 5.7 6.0 4.7 3.8 2.6
1.0 10−4 2.3 2.5 2.9 5.5 6.6 5.4 4.3 2.7
1.0 10−5 2.1 2.3 2.6 5.0 7.1 6.2 5.1 3.2
1.0 10−6 1.7 1.8 2.1 3.8 6.6 6.7 5.9 4.1
4.0 10−7 1.5 1.5 1. 7 3.1 5.7 6.3 6.0 4.5
tEPL. 0.87 0.91 0. 99 1.7 3.2 4.1 4.7 5.3

tABLICA 9. mAKSIMALXNAQ “KWIWALENTNAQ (Hmax) I AMBIENTNAQ DOZA (H∗(10)) NEJTRONOW
DLQ RAZLIˆNYH GEOMETRIJ, PzW· SM2.

pL. NORM. pL. IZOTR. sFERA cILINDR

E0,m“w Hmax H∗(10) Hmax H∗(10) Hmax H∗(10) Hmax H∗(10)
1.7 101 608.7 599.8 582.4 531.3 852.3 833.1 782.3 749.4
1.4 101 573.0 566.3 553.6 492.4 771.1 741.1 701.1 660.6
1.0 101 501.4 480.9 461.9 418.3 650.8 630.2 580.8 557.4
8.0 100 469.7 459.6 419.8 383.1 579.4 568.7 522.3 501.9
7.0 100 464.4 454.3 411.1 378.9 570.6 564.1 510.6 503.2
6.0 100 470.2 459.6 423.1 380.1 567.4 561.6 517.4 490.1
5.0 100 482.5 467.9 430.3 379.2 571.9 552.5 511.9 481.6
4.0 100 533.0 533.0 490.7 410.3 603.2 550.2 553.2 491.1
3.0 100 500.1 497.2 482.1 400.7 590.1 528.5 540.1 470.7
2.0 100 518.9 506.9 492.0 391.2 581.6 501.1 541.6 438.3
1.5 100 498.6 496.4 491.9 372.8 571.1 461.4 531.1 410.7
1.0 100 525.9 499.8 527.1 345.1 580.7 393.2 560.7 361.9
5.0 10−1 423.4 399.6 433.1 261.1 468.3 301.1 448.3 269.2
2.0 10−1 217.9 160.1 210.5 96.0 219.7 95.8 221.1 90.1
1.0 10−1 109.1 76.1 111.1 45.3 118.9 42.4 118.9 41.2
5.0 10−2 47.5 31.5 47.2 17.1 48.1 16.9 48.3 15.8
2.0 10−2 18.8 15.2 16.8 8.1 16.8 7.8 17.1 7.8
1.0 10−2 11.9 9.9 7.0 5.1 7.0 5.3 7.3 5.4
1.0 10−3 11.6 8.8 5.3 4.1 6.3 3.6 6.0 4.7
1.0 10−4 12.7 9.8 5.6 4.6 6.8 4.1 6.6 5.4
1.0 10−5 12.6 10.8 5.6 5.3 7.3 4.9 7.1 6.2
1.0 10−6 12.3 12.3 5.7 5.7 6.8 5.8 6.7 6.7
4.0 10−7 11.1 11.1 5.6 5.6 6.4 5.9 6.3 6.3
tEPL. 6.7 6.5 4.9 3.5 5.2 4.6 5.3 4.1
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zAKL@ˆENIE

pROWEDENY DETALXNYE RASˆETY GLUBINNYH RASPREDELENIJ POGLO]ENNOJ I “KWI-
WALENTNOJ DOZ NEJTRONOW W PLOSKOM, CILINDRIˆESKOM I SFERIˆESKOM TKANE“KWIWA-
LENTNYH FANTOMAH. pOKAZANO RAZLIˆIE NA[IH DANNYH S LITERATURNYMI, SWQZANNOE
S ISPOLXZOWANIEM RAZNYH KONSTANTNYH SISTEM I KO“FFICIENTOW KAˆESTWA.

rASSˆITANNYE DANNYE PRIWEDENY W TABLICAH I MOGUT BYTX ISPOLXZOWANY W

KAˆESTWE SPRAWOˆNOGO MATERIALA.
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