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AHHOTAnUs

B pabore paccMoTpeHBI COOTHOLIEHWS, OLpPENEISOIINe TOIHOCTH
U3MEPEeHNd KOJMYecTBa IOIVIOMIAIOIIEro BellleCTBa 1IpU TEHEBOI PeHT-
reHorpauu ¢ BBICOKMM BPEMEHHBIM Da3peLIeHUEM ylapHbiX (leToHa-
LUOHHBIX) BOJIH HA 1y4KaX CUHXPOTPOHHOIO W3JLyY€HUs, IIPUBEIEHbI
COOTBETCTBYIOIINE AllIPOKCUMALNOHHbBIE BbIPDAKEHUA.

Kpome Toro, B pabore npuBeneHbl HEKOTOPBIE COOTHOLUEHUS, OIM-
ChIBAIOLLME PAUA/IbHY IO TOMOIPadUIO aKCUaIbHO-CUMMETPUYHOIO (Lju-
JIMHPUYECKOIO) 3apsiia

SR ”white” beams possibilities
on the shock and detonation waves investigation
of the method of shaded X-ray radiography

M.G. Fedotov
Budker Institute of Nuclear Physics
630090 Novosibirsk, Russia

Abstract

Analysis is presented of the effect of ”white” synchrotron radiation
application on the resolution and precision of the shaded X-ray
radiography of shock and detonation waves in a dense medium. The
approximations for some parameters is obtained.

The possibilities of radial tomography of the axial-symmetric
(cylindrical) charges are discussed.
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BBenenue

Peanusyemas Ha nyuxax cuHxporTponHoro usiaydenus (CU) penrreHorpadus
C BBICOKHUM IIPOCTPAHCTBEHHBIM U BPeMEHHBIM pa3pelleHueM SBJjdeTcs IHep-
CIEKTUBHBIM Pa3BUBAIOLIUMCS MeTOHNOM MCCJIENOBAHUA yAAapHBIX U JeTOHA-
uuonubix Boa [1]. Ilpuyem npu coOTBETCTBYIOLIUX IKCHEPUMEHTAIBHBIX
CXeMax OHa MOXKeT HCIOJIb30BATBCA HE TOJBKO IS M3MEpPEHUs JIOKAJIbHOI
IVIOTHOCTH, HO U (B aKCHaJbHO-CHMMETDPUYHOM CJIydae) IJIs BOCCTAHOBJIE-
HUS TPEXMEPHOI'O paclpellesleHus IJI0OTHOCTU pajluajibHON ToMor padueil, 11l
NPeNU3UOHHOIO OIlpelleleHls CKOPOCTH JIeTOHALUN, U3MePeH ] MaCCOBbIX CKO-
pocTell, uccileOBaHUs NPOLECCOB pasjleTa U UCTedeHUs NPOAYKTOB JeTOHA-
LUU.

Opnnako BbIOOp HOAXOAIIEH CXeMbl IPOBEAEHUS SKCIEPUMEHTa Tpebyer
pelBapUTebHON OLEHKH PAa3/IMyHbIX UCTOYHUKOB [IOI PELIHOCTEN U, 110 BO3-
MOXKHOCTH, OLpelleleHUs yCJA0BUI MHUHUMU3AINY UX OOIlero BKJaja 10 Ipu-
eMJIeMOl BeindnHbl. K TakuM UCTOYHUKAM HOI PEIIHOCTEN IPU PeHTIeHOr pa-
(um ynapHbIX U AeTOHALMOHHBIX BOJIH CJlelyeT OTHeCTH QyHIaMeHTalbHbIH —
KBAHTOBBIH — IYM U3JIy4YeHU, BJUgHIEe KOHEUHBIX Pa3MepOB UCTOYHUKA U Jle-
TeKTOpa, KpUBU3HY (HPOHTA BOJIHBL, HHJINHIPUIHOCTE UCCIIelyeMOro odpasna
(3apsna).

TouHoe aHaNUTHYECKOE ONpellesleHle BKJ1ala KaXK/I0I0 HCTOYHUKA OCII0XK-
HseTCs HEODXOINMMOCTBIO HCHOJIB30BAHUS [J1 CoXpaHeHus nnrencusuaoct CU
”6estoro” (HEMOHOXPOMATH3UPOBAHHOIO) M3JIy4YeHHs, KOrZa OT IapaMeTpOB
obpasua 3aBUCUT He TOJIbKO MHTEHCUBHOCTH, HO U CIEKTP IIPOLIeAIIero myd-
Ka. B pabore paccmoTpeHbl HOJIyYeHHble B 1pubjinxkeHun oOpaTHOW cre-
[IEHHOI 3aBUCUMOCTHU MaccoBoro Kosdduuuenra ocjaablieHusd U IpU yCA0BUU
paboThl B KOPOTKOBOJIHOBOH yactu cuekrTpa CU annpokcuMalnuoHHBIE BbIpa-
JKeHUS, O3BOJILIONINE OLeHUBATH rms GyHAaMeHTAJILHON omubKu onpeneJie-
HUS KOJIMYeCTBa MOIJIOMIAIOLIEIO BellleCTBA, SHEPruio (POTOHOB B MaKCUMYyMe
HHTEHCUBHOCTH, PeruUCTpPUPYeMbIll HeTeKTopoM 3apsan. 1ak Ke IpoBeneHO
CpaBHEHUE € COOTBETCTBYOIIMMU Pe3yJbTaTaMy 1 MOHOXPOMATU3UPOBaH-
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HOI'O M3JlyYeHUs M AaHa Tabiuna Ko3hGUUMEeHTOB JJld pacdeTa IOIJIOMeH s
B HaunboJlee pacHpoCTPAHEHHBIX B3PbIBYaThIX BELIECTBAX.

W3 npyrux MCTOYHUKOB HOIPEIIHOCTEN B paboTe paccMaTpUBAKOTCS BJIM-
ssHME KOHeYHbIX pasmepoB ucrounuka CU u perekTopa, KpuBH3HBI (PpOHTA
BOJIHBI, LWIMHAPUYHOCTH UCCIeLyeMoro obpasua (3apsaaa) u T..1.

Kpome Toro, B paboTe IpUBENEHbI HEKOTODbIE COOTHOLIEHUS, OIUCHIBa-
olue pajuaibHyo TOMOI PadHIo aKCHAIBHO-CUMMETPUYHOrO (LUIIMHADPIYe-
CKOIO) 3apsa.

1 Cxema m3MepeHHs

PaccmarpuBaemas cxema u3mepeHus npupeiieHa Ha puc. 1. 3pech crycrok
(6any) 1 pesta TUBHCTCKHX 3J1€K'TPOHOB HAKOIUTENIS, ABULASCh B CUJILHOM Mar-
HUTHOM II0JI€ O UCKPUBJIEHHON TPAeKTOPHH, H3JIy4aeT HO KACATeJbHOW K
9TOI TPaeKTOpUuU CHHXPOTPOHHOE u3ilyderue. llpenmnosaraercs, 4To us T04-
ku 2 ("mcrounuk”) ny4ok 3 penrrenoBckoil komnonerTel CU (¢ yriom pac-
KpbiBa Konyca V) momanaer Ha uccienyemblit obpasen ("3apsan”) 4 ¢ pac-

Y ——

[ 1 —

Puc. 1: Paccmarpusaemas cxema renesoit perrrenorpaduu. Crycrox (6and) 1 pe-
JISTUBUCTCKUX 3JIEKTPOHOB, ABUIAsCh B MAUHUTHOM 1I0JI€, U3Jly4aeT 10 KacaTeslb-
HOI K TPAaeKTOpUU CUHXPOTPOHHOE m3iydenue. W3 rouxku 2 ("ucrounux”) my4ox 3
PEHTIEHOBCKOI KOMIIOHEHTHI U3jlydeHus (C yrioM packpbisa konyca V) nouapaer
Ha uccienyeMslil o6pasen (7sapsn”) 4 ¢ pacpoCcTpaHSIOIIENCS B HEM CO CKOPOCTHIO
D ynapsoi (,ueTOHauMOHHOﬁ) BOJIHOW 5, U jasiee — Ha neTeKTop 6 (S — IIoHIAlb
JeTeKTopa, | — paccrosHue 10 UCTOYHUKA).



LPOCTPAHAIOIENCS B HEM CO CKOPOCTbHIO [ ynapHoil (MK e TOHALMOHHON)
BoJiHOW 5. YacTh u3iiydeHus, HpolleAinas depes 3apsill, majaeT Ha ObCTpo-
IefCTBYOMUI UHTEr pupy oMUl jeTekTop 6 mIomanso S, pasMelleHHbI Ha
ocH nmydka (WM Ha O[IHO- WJIU ABYMEDPHYIO PELIETKY TaKUX IETEKTOPOB).

CoOTBETCTBEHHO, DU KAXKJIOM IIPOXOXKAeHuN HaH4Ya NeTeKTOp OyneT Bbi-
pabaThiBATh CUIHAJ, IIPONOPLUUOHAJIBHBIN SHEPI U U3J1Y YEHUS, BbIICJEHHON B
€ro aKTHBHON 06J1acTH, U MO3BOJISIOIIII ONPENesTNTh KOJIUYECTBO MOTJVIOMIAI0-
miero BemecTBa B myuke. [lpudem Gjiaronaps Majoll AU TeJIbHOCTU BCIBIIIEK
CU (< 1 uc) u Bblcokoit yacTore ux nosroperusd (1—200 MI'n B 3aBucumocTn
OT HAaKOIWTENs U PeXUMA €ro paboThl) B COYETAHUH ¢ MaJlblM pasMepoM U
BBICOKOW SPKOCTBIO UCTOYHUKA TAaKas PEruCTpalus B IPUHIMIE MOXET Bbl-
HOJIHATHCH ¢ BBICOKHM [POCTPAHCTBEHHBIM (110 ~ 10 MKM) 1 BpeMeHHBIM (110
~ 10 HC) paspereHneM (IOCKOJIBKY BPEMEHHOE Pa3pelleHite MOXKeT OblTh 110
BBIIIEHO [IPH pa3MelleHnn Habopa JeTeKTOPOB BIOJIb HAIPABJIEHUS PACIIPO-
CTpaHEHUs BOJIHBL U UCIOJIB30BAHUY CBOICTBA CaMOpPA3BEPTKH [IPOLECCA).

3neck cilenyeT OTMETHTh, YTO HpU TAKOH ” 1o0an4eBoll” per ucTpatuy npe-
JleJIbHBIE Pa3peLleHns;, OIPAHMYEHHbIE KBAHTOBBIM LIyMOM, OyAyT ompeie-
JIATBCS He CPelHell PKOCTBIO HCTOYHUKA (HOCTUIAeMOIl B COBPEMEHHBIX Clle-
LUAIH3UPOBAHHBIX HAKONUTENAX MHOIOOAHYEBBIM DEXHUMOM), a MIHOBEHHOII
(IMKOBOII) — CB3aHHON He ¢ TOKOM 3JIEKTPOHHOIO Y 4Ka, & ¢ 3aPs/IOM ONHHOY-
HOro crycTka. U B 9TOM OTHOLICHHH HAKOMUTEIN IPEAbIAYIIErO HOKOJIEHUS
(st PUBMKHM BCTPEYHBIX [YYKOB) MOL'YT UMETH Olpe/eeHHBIE HPEUMYIiie-
CTBA IPH UCCIIEAOBAHNY GBICTPOIPOTEKAIOLINX IPOLECCOB (UCKIIIOYEHHEM, BU-
JLIMO, siBJISE€TCS UCHOJIB30BAHNE KOrePEHTHBIX HCTOYHUKOB CY-0HAY 14 TOpPOB).
Kpome Toro, B HakOnmuTe X ¢ MaJIbIM YHCJIOM OaH4ell CPABHUTEIBHO HPOCTO
MOXKeT OBbITh peajiu30BaH pekuM (HopMupoBanus onuHodHonl Bcubimkun CU
([2], [3]) nozBoastromuit, Hanpumep, ~doTorpadupoBaTh”’ HCCeyeMblil 1PO-
Hecc ¢ BpeMeHeM sKcno3unuu ~ 1 He.

2 IlpoxoxneHue m3jIydeHmHs depe3 obpaser.
KBanToBBI HIyM

2.1 MoHoxpoMaTuyeckoe M3JjiyuyeHUe

Eciin kojimdecTBO IOIJIOMIAIONIErO BellleCTBA B IyUYKe 1M = fp(a:)da: (roe p
— IJIOTHOCTH, & — KOOpJAMHATa BIIOJb JIMHUKM IPOXOXKICHUS WU3JIy4eHUs 4e-
pe3 obpasel) U ero 3JIeMEHTHBII COCTaB MOI'YT CYHTAThCS HEM3MEHHBIMU J1J15
Beell 1IoLany eTeKropa, To cpeftee (Hanpumep, 3a seusiuky CU) xosmde-
CTBO PErUCTPUPYEMBIX JIeTEKTOPOM (DOTOHOB J1J11 MOHOXPOMaTUYECKOI'O U3-
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JIydeHHs MOKeT OblTh onpeneiero kak N = Nyexp(—pm), rie pft — MaccoBblit
KO3 (PUILKMEHT IIOTJIONIEHHS] JAHHOTO M3J1y YeHUS BeecTBOM, [Ny — KOJIMYECTBO
PErucTpUpyeMbIX (POTOHOB B OTCYTCTBHU 0bOpasna.
-1 Ng =

B srom ciyuae m = & In(#) ¢ nucnepcueit (rms omnbku onpesesenns)

_ dN -1
Om = O'N(%) .

_ _ 1 m g _
oy = VN, 100, = TN exp(55*), a yacTo ucnonb3yemoe oTHoOWeHNe ZE =
1 pm
VAR exp(57).

Owmbka onpeejenns JOCTUraeT MUHIMYMa 25 = ﬁ npu ocsiabiaeHnn

0

Ilockosibky nucnepcus 4dmciia perucTpupyeMblx HOTOHOB

us/lydenus obpasuoM B €2 pas (T.e. Ipu ycioBuu prm = 2) u HapacTaer Kak
[pU yMEHBIIEHUN, TaK U [IPY yBeJIMYEHUN NOLJIOMIeH s (IPHYeM B OC/IEIHEM
cilydae — SKCIOHEHIUAJIBHO).

Ilockosibky MaccoBblll Ko3ddunuenT NOrJoueHus ObICTPO malaeT ¢ po-
cToM 3Hepruu GOTOHOB, TO JJd 3allaHHOIO HuccienyemMoro obpasua u Guk-
CUPOBAHHOI'O IIOJIHOI'O 4ucjia (POTOHOB MaKCuMaslbHad TOYHOCTH U3MEDPEHUS
KoJ1M4yecTBa [IOIJIOUIAloero BeuecTsa Oyaer JocTurarThbCcsd TOJAbKO Ha Olpe-
JEJICHHON 3Hepruu U ObICTPO yXyAIIaThCd IIPU CMELIeHUM TON dHEPruu oOvT
onruMyma.

2.2 7”Dbesnoe”’usjiyyeHume

B ciydae, eciin usiiydeHue He SBJISE€TCA MOHOXPOMATHYECKUM, OHO MOZKET
OBITH OIUCAHO COOTBETCTBYIOLIEN CHEKTPAIbHON IoTHOCTHIO n(E) = %
(umcaom GOTOHOB B €AUMHULE CHEKTPAILHOIO MHTEPBAJIA, NOCTYNAOWUNX HA
neTeKTop B orcyrcrBuu obpasua). Ecau QE(E) — 3aBUcMMOCTB KBaHTOBOI
5GPEKTUBHOCTU ETEKTOPA OT DHEPIUM, & € — CPEJIHSsl SHEPLUsl, 3aTPadnBa-
eMas B lleTeKTope Ha obpa3oBaHUe ONHOIO HOCHTENH, TO CPEIHUIl perucTpu-
pyemblil netektopom 3apan @ = [ % “QE(E) - n(E) - expl—pu(E)m] - dE,
CpellHUIl KBajpaT ero OTKJIOHEHUH, OOYCJIOBJIECHHOIO (UIyKTyalusiMu 4HCIIa
perucTpupyeMbulx (hOTOHOB, O'?Q = f—; “QE(E) -n(E) - exp[—p(E)m] - dE.

Iockoabky 3aBucumocts (Q(m) u, coorsBercrBerHo, m(Q)), MoryT GbITbH
60 paccuuTaHbl, JUOO U3MEPEHBl B CTATHYECKUX SKCHEPUMEHTAX ¢ BBICO-
KOIl TOYHOCTBIO, TO IPH YCJIOBUH 0y, /T & 1 mucnepcus onpeneseHus Kojmde-
CTBa HOIVIOWAIOLIEIO BELIECTBA MOXKET ObITh HaflneHa (AHAJIOIMYHO CJlydaro
MOHOXPOMATHYECKOIO M3J1yYeHUd) KaK Oy = (g—%)_l c0Q.

HeTajbHblll pacdeT orpaHUYeHUll, HAKIAAbIBAEMbIX Ha U3MEPEHUE ILJ1OT-
HocTH (hYyHIAMEHTAILHBIM (KBAHTOBBIM) L1yMOM PEHTTEHOBCKOIO M3/1y Y€HUs,
MOZKET ObITh BBINOJIHEH TOJILKO YUCAECHHO ¢ Y4€TOM KAaK CIEKTPaJIbHOIO pac-
npenesiennst uHTeHCHBHOCTH B yuke CU, Tak n n3MepeHHbIX IpU pa3JInYHbIX
3HAYEHUAX SHePIUU POTOHOB MACCOBBIX KO3 dUIUEHTOB Oc/1ab/eHus 1)1 BXO-

6



JSIIUX B HCCIEAYEMO€E BELIECTBO 1€MeHTOB. TeM He MeHee, B GOJIBIINHCTBE
CllydaeB TOYHOIO pacdeTa AaHHON omubku He Tpebyercs (IOCKOJIBKY Cylie-
CTBYIOT Pa3/id4Hble NOLOJHUTEbHBIE HCTOYHUKH OWMOKHU), OIHAKO KpailHe
2KeJlaTeJIbHOI ABJIAETCA BO3MOXKHOCTH ObICTPON IPUOJIMAKEHHON OLEHKU I10-
I'PELIHOCTH C MCIIOJIB30BAHUEM JOCTATOYHO KOMIAKTHBIX AHAJNTHYECKIX Bbl-
paXxKeHuil.

Takue BblpaxKeHUs: He MOI'YT ObITh MOJIYUYEHbI CPa3y AJIs BCEIO YHEPIETH-
yeckoro puana3oHa CU u npom3BOIBHBIX 3JIEMEHTOB B UCCJIEYEMOM BEIlle-
crBe. OmHAKO peaslbHO, NPU PEerucTpPaluy JIeTOHANMOHHBIX BOJIH B KOHJEH-
CHPOBaHHBIX cpelax, Markas kommnonertTa CU (¢ sHeprusMu Huxke Kpurude-
CKOIl) HOJHOCTBIO MOIVIOIIAETCS CPEHOll, IPUYEM COCTAB HMOC/AENHER OOBIYHO
OrpaHUY€EH TOJIBKO JEIKMMHU JIEMEHTAMMU.

C y4eToMm 5TOro /jis NOCTPOEHHs AHAJUTHYECKUX OLEHOK ObLIM CHEJIaHbI
colenyromue npubJInKEeHUs:

1) B enuHULE CHEKTPAJILHOIO HHTePBaJA dF MOMIHOCTD U3J1y YeHUS HCTOY-
nuka CU « /E/E.exp(—E/E.) (rne E — sHeprus peHTIeHOBCKUX (HOTOHOB,
E, — kpurnyeckas sueprus ucrodnuka CU), a yros BepTUKaIbHOIO PacKphbl-
Ba nyuka AV « \/E./FE [4] (nansble npubiukeHus MOIYT HCHOJIB30BATHCS
mis £ > 3E. n npennosaraior ucrodnnk CU upeasnbbiM — T.e. 0e3 yBe-
JIMYEHUs PACXOMIMOCTH M3-3a pa3bpoca TPaeKTOPUil M3J1y YaloluX JIEKTPO-
HOB). COOTBETCTBEHHO, KOJIMYECTBO PEHTICHOBCKUX (HOTOHOB, HPUXOMALINX
B unTepBasie dF 3a opmuounyio Benbiuky CU B orcyTcrBum mcciaenyemoro
obpasia Ha JeTeKTOp MoKeT ObITh 3anucano kak dN = A-exp(—E/E.) - dE,
win n(E) = Aexp(—E/E,).

[pu Bbipaxenun n B oronos/ksB pesmunna A = 4,9-101°. L5 (1o [4]),

ZREN
rue I — TOK 3JIEKTPOHHOIO mydka Hakonuress, A; S — miomaib AeTeKTOpA,

mm?; B — maranTHOe noje ucrounnka CU, Ti; [ — paccrodHme oT HCTOYHUKA
10 peTekTopa, M; f — dacrora npoxoxjenud 6andeil (yacrora seusimex CU),
MI'n. Kpurnueckas smeprug E, = 0.6651 - B - £2, kaB, rue € — sHeprus
3JIEKTPOHOB Hakonuresid, ['sB.

2) 3aBUCHMOCTH MAacCOBOIO KoahduiuueHTa NOrJIOMeHus 0T S3Hepruy HoTo-
HOB MOKeT OBITh allllPOKCUMHPOBAaHA OOPATHOM cTeneHHON dyHKumeil (06bId-
HO Hcnosb3yemoil npu onucanuu dorosbdexra [5]), T.e. pu(E) = p/EX, rne
k obpluHO mpuHUMAaeTCs paBHbIM 2 — 3. 3HadeHus k U p, pacCCYMTAHHBIE IO
nassbiM [6] mist saepruit 10 —30 k5B nuis pstiia BemecTB (OCHOBHBIX IITATHBIX
U psilla PEHTTEHOKOHTPACTHBIX B3PbIBYATHIX BEIIeCTB, napaduHa, KpeMHUs),
npuenenbl B Tabumne 1. Jlannoe npubiimxenne XOpOIIO ONUCHIBAET 3aBUCH-
mocth p(E) ms Bemects, conepxamux M- u N-ssementst (3necs Na, K, Cl,
Cu, Ni), no orpasnudenso npuroguo i K- u L-ssemenros (H, C, N, O). Tem
HE MEeHee, U B HTOM CJIydae B PACCMATPUBAEMOM JUALIA30HE SHEPrUil omnbKa
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BblUUCIIEHUs Oy, /T 1 Q) He npesbiaer 20%.

Tabuuna
P k P k

napaduH /10 TmIeH 143 |1.84|18% ammonai 4060 |2.66
(CH2)x NH4NO; + 18.4% Al
punurpobenson (DNB) 762 |2.30 | nepxsiopar ammonus (AP) | 13500 |2.81
CeHy4)(NO2), NH4ClO4
rpunurporoiyon (TNT) 844 | 2.32 | rekcamMuHIIEPXJIOpAT 26500 | 2.74
C7H5)(N02)3 HUKEeJIA N](NHg)e(ClO;})Q)
nukpusosas kucaora (TNP)| 972 |2.36 | rerpamunnepxaopar menu | 35400 | 2.78
CGHQ)(N02)3OH CU(NH3)4(CIO4)2)
OKTOI'€H / T'€KCOI'€H 988 |2.36 |HaTpueBBIN LIEAIUT 12400 | 2.82
(CHQNN02)3/(CH2NN02)4 NaC103+30%

OUHUTPOTOIY 01
1au (PETN) 1150 |2.39 | kanueBbiil wenpuT 23200 | 2.84
C(CH20ONO3),4 KCl0s + 27%

OUHUTPOTOIY 01
Hurpar ammonus (AN) 1220 |2.40 | kpemuuit (marepuas 26500 | 2.90
NH4NO3; perekTopa Si

PaCCMOTpeHHbIe HpI/I6J'II/I)KeHI/IH NO3BOJIAIOT JIETKO ONPEAC/INTE 3HEPI'UIO,
COOTBETCTBYIOUIYIO MAKCUMYMY CHeKTpaJ’IbHOﬁ IIJIOTHOCTHU (pOTOHOB 110CJIE UcC-

cJleflyeMoro obpasma;
Beopw = "R kpmkE. (1)

C I.HPIpPIHOfI ACUMMETPpUYHOI'O MaKCUMyMa IIopAallKa

[2L.Eey
AE , A\ —— . 2
k+1 @)

Ha pucynke 2A npuBeneHbl 3aBUCHMOCTH HOJIOKEHUS MAKCUMYMAa WHTEH-
CHBHOCTH OT KOJIMYeCTBA IOIVIOLIAIOLIErO BellecTBa (napaduHa, TPUHUTPO-
Tostyouta u 18% ammonasa), paccynransble 1l Burjepa HakonuTeas BOIIII-
3 (rok myuka 100 MA, gacrora obpatuenus 6anda 4 MI'n, sueprus sjexrpo-
HoB 2 I'sB, noste Burisepa 2 Tiu) ¢ B, = 5.3 k3B. Tem He MeHee u B IPUHATHIX
npubnuxenusx sapucumoctu @Q(m) u oy, (m) conepxar cnenuaibube QyHK-
nuK 1 He yJ00HBI Ul ucnodsb3oBanus. llostomy mis cayuas 100% xBanto-
Boll addekTuBHOCTH HeTekTopa (QF = 1) Oblin NOCTPOEHD! ANIPOKCUMALIN
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1 Il X i i 1 : Q 1 : L L i 1 1

4] L L L
0.5 2 4 6 m, 8 g/cml 10 05 2 4 6 m, g g/cmz 10

Puc. 2: 3aBucumoctn oT KosmdecTBa MOIJIOMIAIIErO BEIIECTBA M 3HEPruu ¢o-
ToHOB B MakcumyMe (A), npunumaemoin serexropom ssepruu (B) u orsowenus
om/m (C), nocrpoennsie mus napaduna (rpaduxu 1), rpunurporonyona (2), 18%
aMMoHas1a (3) LO ALIPOKCUMALMOHHBIM (GOPMY/aM U PACCUMTAHHBIE IS 3TUX ZKE
Bewects uucaenro (17, 27, 37). Basucumocru o,,(m)/m (D), oupenenennbie s
ToHa u "6enoro’uyuka CU (rpadux 4), moHoxpomarudeckoro usiydenus (5), ”6e-
joro”IydKa U KPEMHUEBOIO AeTeKTopa ¢ pabouum cuaoeM 1 mm (6).

Ucrounux CU — Buraep naxoumrens BOIIII-3, paccrosnue no perexropa (moma-
npio 0.25 MM2) 20 M.



B 3JIEMECHTApPHbBIX (l)yHKHI/IHX, OCHOBaHHbIE HAa B3aMHOI KOMIICHCaluu psana
BO3HUKAIOIUX omudoK:

U_m_k+1 k+1 V1 ex (k_éll;_l%ﬁcl) (3)
m /A 2B B, %i%:_% '
2 1/2 k+1.07 Eep
W=e¢-Q=A k—-l-lEC -(E”)3/2-exp % ' Z @

Ha pucynke 2B npuBenenst rpaduku 3aBucumoctu W, a na puc. 2C —
3aBUCUMOCTU Oy, /110 OT 1, PACCUUTAHHBIE B HPUHSATHIX HPUOIMAKEHUIX 1J1sl
Buriiepa nakonuresias BOII-3 u perexropa miowansio 0.25 mm? (na paccro-
sHun 20 M OT UCTOYHUKA) KAK [0 AlIPOKCUMALUAM, TaK U YHCJIEHHO.

CpaBHeHUE 3aBUCUMOCTEN [J11 MOHOXPOMATHYECKOIO u ~6esoro”  m3iy-
YeHUs [OKa3blBAeT BO BTOPOM CJlydae 3HAYUTEJIbHO OOJiee MENJIEHHOE Hapa-
cTaHue OLUOKK ¢ yBeJUYeHHEM KOJIMYeCTBA HOMNIOMIAOIIErO BelecTBa (4To
obecrequBaeT 3aMeTHO GOJIBIIMI AUHAMUYECKUT IUANa30H), HOCKOIBKY O~
KazaTellb 9KCIOHEH Thl 1POLOPLIUOHAJIEH He 1, a *RY/m.

Ha puc. 2D npencraiieHbl 5Tu 3aBUCHMOCTH, PACCYMTAHHBIE IS TOHA
(nenraspurpur rerpannrpar, PETN) B npeinooKeHnn, 4T0 HOJIHOE YHCIIO
nagaomux GoroHoB (¢ sHepruamu Gosiee E.) ONUHAKOBO, HO B MOHOXpOMa-
Te oHu cocpenorodenbl Boiusu 2.5E.. Coorsercrsenno, npu m ~ 1r/cm?
MOHOXPOMATHYECKOE H3J1ydeHrne ODeCHedynBaeT JIy4lIyl0 TOYHOCTH, HO IIPH
m > 3r/cm? TounocThb onpeneienus Ha 7 6eoM” IyuKe OKa3blBAETCs BBbILLE,

CyiecTBeHHBIM (HaKTOPOM, OI DAHHYHBAIOIINM JMHAMUYECKHUI AUANa30H
U3MepeHus BeJINYUHbIL 7 Ha ~ 0ejioM” Iy YKe, sSIBJISeTCH BO3ZMOXKHBIN CHa/l KBaH-
TOBOI >D(HEKTUBHOCTH JETEKTOPA B 00JIACTU BHICOKUX SHEPIUil M3-3a yMEHb-
LWIEHUS HOLJIOIIEHUS KeCTKUX (GOTOHOB B 4yBCTBHUTeJBHON obsactu. Kak
npumMep Ha puc. 2D njs ToHa TakKe IpeacTaBieHA 3aBUCHMOCTD, YUCJIEHHO
paccuuTaHHAS B IIPEAIOIOKEHUN TOJIIIUHBL PAbOYero cj10s KPEMHUEBOLO e~
rekropa 1 MM (npu mwiowanu 0.25 mm?). 1lpu 5170M JaHHOE OTHOLIEHUE CY1lie-
CTBEHHO yxynuaercs (no cpaBHeHuto co ciydaem 100% QF ) us-3a norepu
vacTu 7 curHaibHbIX” GOTOHOB 1IpU 3HaueHnsx m > 2.51/cm?, u HeckoibKo
yiyumaercs (13-3a yMeHblleHHst ~11yMoBoro” hosa KecTKux HOTOHOB) LHpu
MEHBIIHX.
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3 I'eomerpumuyeckume OrpaHUYEHUS

3.1 KoHeuHBIIl pa3Mep UCTOYHUKA

Kpome orpanuveHuil, HajlaraeMblX Ha JOCTUKUMOE paspelleHne KBaHTOBbIM
LILYMOM, CYIIECTBYIOT pa3jldi4yHble Ol DAHUYeHUs, OOYCJIOBJIEHHbIE YKUCTO I'€0-
Mmerpudeckumu dakropamu. K HUM OTHOCATCS: KOHEUYHbIE pa3Mepbl UCTOY-
HUKA U JIE€TEKTOPA, HMJIUHAPUYHOCTD UCCIeNyeMoro obpasia (3ap5u:[a), Kpu-
Bu3Ha GpPOHTA YIAPHON (J:[eTOHauHOHHoﬁ) BOJIHBI.

Hawubosiee npocro (I/I3 OYEBUHbIX I€OMETPUYECKUX COOTHOLueHHﬁ) MOKET
ObIThb Ollpelie/IeHbl OIDAHUYEHUS, CBI3aHHbIE C pa3MepaMu UCTOYHUKA U Jlie-
TekTOpa. Ecim paccrosgHme oT mCTOYHHKA 10 obpasna [y, oT obpasma Ho
nerekTopa lg, a pasMepbl (B HAIIPABJIEHUN JIBUKEHUS BOJ'IHbI) HCTOYHHKA U
leTekTopa (I/IJ'II/I ero :-)JIeMeHTa) Hs u Hg, 1O n1pocTpaHCTBEHHOE pa3pelleHune
(B YKa3aHHOM HallpaBJIeHUU B 00JIaCTU pa3MelleHus o6pa3ua) Oyner orpaHu-
YEeHO BEJIMYUHON

Hs } ld + Hd . ls
AH = =8 4T 2d’0s
L4l ©)
a BpeMeHHOEe — BeJIMYMHOI
AH
At = — 6
D (6)

(rme D — cKOpOCTH AeTOHALMU WM YIAaPHOIl BOJIHBL).

O6bruno Iy ~ 10l u AH ~ Hy+ H - l4/l5.

B wacrrocTu, B Bursepe nakouuntess BOIIII-3 xapakrepusiil (cpenHexBa-
JpaTUYHBI) BePTUKAJIBHBIN pasMep Iydka cocrasiser npumepHo 200 MKM,
YTO OrPAHHYHUBAET [IPe/leIbHOE IIPOCTPAHCTBEHHOE paspelenue (6e3 UCHoJIb-
30BaHUS HOLOJHUTENbHBIX KosuMmaropos) 20 — 50 MM u Bpemenude (npu
ckopoctu peronanun b km/c) — 4 — 10 ne. IockonbKy miomaip JeTekropa
S = Hq T (rme T - ero nonepedssiil pasmep), paccrosuue | = [ + g, a
oTHOweHHe 0,y /T < 1/v/A o< 1/7/S/12 o (Iy + lq)//Hq - T, To npenesbnbie
paspemtenus AH (mwim At) u 0, OKa3sbIBAIOTCH CBA3AHHBIMEH MeXAY COGOM
(MakcumasbHBI pasmep ' orpaHuYeH [HAMETPOM HCCIIENYeMOro obpasua,
9TO, B CBOIO OYEPE/lb, OI PAHUYEHO MOMYCTUMBIM MOLJIOMIEHUEM [IPH HEOOXO-
JUMOTl BEJIUYUHE Ty ).
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3.2 IIuaMHAPUYHOCTB 3apaga

Panee npennosiarajiochb, 4To KOJAMYECTBO MOIVIOUIAKOMIErO BEIIECTBA B Iy YKe
OIMHAKOBO Il BCeX TodeK merekTopa. Ho npu peHTreHorpaduy HH/IMHIPA
(puc. 3A) TosMHA NOIJIOMIAIONIENO CJI0s HOCTENEHHO YMEHbIIAeTCH OT 10JI-
HOrO AmaMerpa (B LeHTpe) 10 Hyds (Ha Kpalo LMUJIMHIPA).

Puc. 3: A — Yupomennas reomeTus npu peHTIreHOrpaduy MIIMHAPUYIECKOTO 00b-
exra: 1 — LIy4OK CHMHXPOTPOHHOIO U3JjlydeHus; 2 — uccienyeMblll obpasew (3apsii)
JuameTpoM d U IIOTHOCTBIO p; 3 — gerekTop (y — KoopauHaTa BIOJbL geTekropa, 1'
— ero nouepeynas wupuna, ) — BBIXOUHON 3apsiy).

B - I'paduxu smauenuit ornowenus @Q/Qo xax ¢ynkuum ornowenus 1'/d, pac-
cuuTaHHble [ 3ap4l0B TPUHUTPOTO/yola auamerpoM 3 cM (rpaguk 1) u 1 cm
(rpaduk 2), u sapucumocts suna 1+ 17 /(6d*) (rpadux 3).

B srom cilydae [Jid nuJJaubHiapa ¢ JuaMerTpom d ¥ HOCTOSHHON IJIOTHOCTbBIO
£ U3MEHEHUE KoJIndecTBa CO3/1aBacMOr'o B JIETEKTOPE 3apsdia (HO CpaBHEHUIO
C OJHOPOAHBIM IIOIJIOLIAOIUM CJIOEM TOJIIIUHbBL d) 6y,1:[eT:

T/2
AQ = / [g(m) — q(mq)] dy , (M)
—T/2

rae ¢(m) — noronsas (10 y) IWIOTHOCTH 00pa3syeMOro B JeTE€KTOpe 3apsiia,
m = p\/d? —4y?, mg = pd. Pasnoxus ¢(m) — ¢(mg) u m(y) B psubl 1o
YWIEHOB BTOPOIrO IOPSAAKA M BBIIOJIHUE MHTEr PUPOBAHKE, IOy YUM:

13  dq 1 1° , d*q (8)
ddm T a0 @ dm?
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nJiin

Am _AQ 112 177 dig (dg (9)
m 99, ST a0 B dm? \dm)

Hepsoe caaraemoe (o< 1%) owubku Arn/m He 3aBucuT OT CBOUCTB 1O-
LJIOIIAIOIIEN CPeAbl U PU U3BECTHOM JuameTpe d JIErKO MOXKeT ObITh yYTEeHO
npu ob6paboTKe pe3yJibTaTOB SKCIePUMEHTA.

Bropoe caaraemoe (o< 1) npu ycaosuun 1" < d, kak npasuio, maio. Op-
HAKO B 00IIeM ciydae y4eT JaHHOU coCcTaBdionlell Omubku TpedyeT 3HaAHUI
3aBucHMOCTH ¢(m) (wiu ee NPOU3BONHBIX).

B cilydae MOHOXPOMATHYECKOIO U3JIydeHUs (YUCTO SKCHOHEHIHAIBHOE

d da? 2 ~ 1T 17t
ocnabienne) = —pq b =pfgun Am/mrx—§in — 55 FHP

CooTBeTCTBEHHO, NpU OC1abileHny, GJU3KOM K ONTUMAJIbHOMY (T.e. 1pu
pp - d = pmy & 2), BrOpbIM cJlaraeMblM MOXKHO npeHeGpeub u Amn/m =~
2
— é 5—2 (ecrecrBenno, upu yciosun 1 <K d).

B ciyuae 76esoro” nyuka CU aHammTUYeCKOe BbIPAXKEHUE AJIS OTHOLLE-

HUs %%/d%% BECbMaA I'PDOMO3JKO, HO PEAJIbHO OHO HAXONUTCS B IHALA30HE
—(1 +4)/m. CoorBeTCTBEHHO, TO TAK XK€ MO3BOJILET HpeHeOpedb BIOPBIM
cilaraemMbiM u, Hanpumep, npu orHowenuu 1'/d = 0.1 owubka Am/m =~
—0.17%.

Tem He MeHee SICHO, YTO pU yBEJUYEHUH [ONEPEYHOTIO PA3MEPA HETEKTO-
pa u npubJimKeHnn ero K d KOJUYECTBO MOIJIOMIAKMIErO BEIIECTBA HA KPAAX
pe3ko yMenbliaeTcs (a npu npesbiiienun d BooOiie nanaer 1o Hyds). Ilpu
STOM HM3-3a SKCIOHEHIIMAJBHON 3aBUCHUMOCTHU IHOLJIOLWIEHUS OT 71 CHUCHAJ [e-
TEKTOPA OKa3blBAeTCs JIabo 3aBUCALIUM OT INIOTHOCTH B LEHTpPe obpasua.
OcoberHo OBICTPO (H3-3a CMeLleHUs MAKCUMyMa HHTEHCHBHOCTH B MAIKYIO
06J1acTh) BKJaJ KpaeB OyleT yBeJMYUBATHCS [IPH YBEJUYEHHU [ONEPEYHOIO
pasMepa B ciydae ~6enoro” nyuka CU (a1or addekT, 0cobeHHO CylecTBeH-
HBIN [JI NJIOTHBIX 3aPs/IoB OOJIBIIOIO AMAMETPA, MOXKHO YMEHBIIUTE ~ OTCe-
yeHueM” MATKON KOMIOHEHTHI JIONOJIHUTENbHBIM PEHTIEHOBCKUM QUIILTPOM).

Ha puc. 3B npusenenst orsowenns Q/Qq (roe Qo — 3apsn, perucrpupy-
€MBIIl IETEKTOPOM C MONEPEYHBIM Pa3MepoM 1’ mpu oc/jiabJieHHH W31y YeHus
OIHOPOIHBIM INIOCKUM cjloeM Tojmutbl d) Kak dyHkuuu orTHowenus 1'/d,
paccuuTaHHble Ul 3apAioB TpuHuTporosyosa (upu p = 1.51r/cm?) nuame-
TpoM 3 ¢M (rpadux 1) u 1 cm (rpaduk 2). Ucrounux CU anasorudex Buriie-
py nakomuress BOIII-3. Ha pucynke Takxke mokasana 3aBHCHMOCTBH BHIA

1+ % (rpadux 3).
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3.3 KpuBusHa ¢poHTa BOJIHELI

CymecrBeHHbBIM  GAKTOPOM,  MOIYIIUM  HPUBOAUTH K ~ pa3MblBa-
HUIO” PErUCTPUPYEMOIO CKA4Ka IUIOTHOCTH W, COOTBETCTBEHHO, K HOTEPE
paspelleHns, aBJIAeTCS KOHEUHbIH pajnyc KpUBH3HBL GPOHTA yHapHOI (uiin
JIETOHAIUOHHOIT ) BOJIHBL.

Ilo Beeft BunuMocTu, ToyHad dopma dpoHTa (Haxe B ciydae IPOCTOO
LUJITHHADHYECKOrO 3apsiia) MOKET OBbITh PACCYNTAHA TOJIBKO YUCIEHHO ¢ UC-
[IOJIB30BAHIEM JOCTATOYHO HOAPOOHBIX Ia30AMHAMUYECKIX I XUMAYECKUX MO-
neseit. [losromy najiee OyneT npennosiaraThbCs NPeAebHO YIPOILICHHAS — Y-
cTo chepudeckas — Monesib GPOHTA, ¢ NOCTOAHHBIM PaJiyCcOM KpUBU3HBL
PacHpOCTPaHsIOIErocs BAOAL nuiinapa guamerpoM d (B [7] ykaseiBaeTcs,
410 06140 R = (0.5 +3.5)d). IlnoTHocTh BemecTBa nepel GpoHTOM BOJIHbL

p1, 3a GporTOoM — pa (p2 > p1) (puc. 4A).

m &
2 D d
R 3 pl+0.8p2- -
d o / p+0.6p,1 i
2 /R
pl+0.4pz- _
pl+0.2pz- |
A | B
g { I I

1 L 1 1
0 0.04 008 oq 012

Puc. 4: A - Yupomennas reomerust npu penTreHorpadgun cepudeckoro GpoHTa
BosHbl: 1 — ny4ox cunxporponHoro usiydenus (SR); 2 — uccuenyembiit obpaser
(sapsn) nuamerpom d; 3 — ¢pont BosHbL (¢ paiMycoM KpuBusHbl R, CKOpOCTbHIO
D u nnorHoCcTSMU p1 U p2 Lepen/3a BOJHOM); 4 — PEHTICHOBCKUI peTekTop (s —
LI0JIOKEHUE BEPLIUHBL BOJIHBL OTHOCUTENbHO 1yuka CU).

B - I'paduxu 3navennit oraowenus m/d, paccauranuble Kak QyHKIAN OTHOLIEHUS

s/d nus R = d (rpadux 1), 2d (2), 3d (3).
Eciim cMermenne BepHIMHBI BOJHBI OTHOCHTEJBHO IIPOXOMMIIEN depes

LeHTDP LWIMHAPA ~JIMHUM 3peHus” TOYEYHOIo JeTeKTopa s (a mpu mepece-
YeHuu (PPOHTOM BOJIHBI ~JUMHUU 3peHus” s uaMensercs or (0 1O Spqw =
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R—+/R?— (d/2)? ), 10 KOIIM4€eCTBO NOLJIOLIAIONIENO BELECTBA B IIy YKe OyueT
m=pd+2(p2—p1)VR?—(R—5)? , 0<5< Smar - (10

I'pacduku nepexona ”kaxyueiica” nornoctu p = m/d or 3HadeHus p; K
P2, paccuuTandble Kak GyHKUuKM oTHoLleHud s/d, npusenensl Ha puc. 4B s
R = d (rpaduk 1), 2d (rpaduk 2), 3d (rpadux 3). Ilupuse Tux 1epexonoB
(paBHBle Spax) cocrasisor 0.134d, 0.064d u 0.042d coorsercrenno (4ro
1ot 3apsna guamerpom lem cocrasiser 1.3 mm, 0.64 MM u 0.42 mm).

Kak paHee oTMedasioch, KOHeUYHbIH pasMep Hg AeTeKTopa B HANPaBJICHHN
JIBUZKEHUS BOJIHBI ~ pa3MblBaeT” perucTpupyeMoe u300pakeHue IPUMEPHO Ha
o1y Ke BesinduHy Hg. Ho u3-3a cyliecTBEHHO HeJIMHETHON 3aBUCUMOCTHU CHUI-
HaJla AeTEeKTOpa OT M UCKAXKEHUE MePeXofa OT p1 K Pz MOKET ObITh OMUCAHO
CBEPTKON ¢ alepTypoll AeTeKTOpa TOJIBKO MPU OTHOCHTEIbHO MAJIOM CKadKe
MJIOTHOCTH.

Koneunplil pasmep JleTeKTOpa B HOMEPEYHOM HAIPABJICHUU, He YBEJMYM-
Bas MIUPUHY HEePEXO/a OT p1 K Pz, HOJIZKEH CYIIECTBEHHO CHUKATH HAYAJIbHY IO
cKOpocThb u3MeteHus (7 Crila)kuBaTh” Hepexoit), OCOGEHHO [IPU 3HAYNTEIILHOM
CKa4Ke NJIOTHOCTH.

4 PanmanbHas ToMOorpadus

Kak u3BecTHO, peHTIreHOBCKag ToMOI'padus MO3BOJILET BOCCTAHABIUBATD
IIPOCTPAHCTBEHHOE pacIlpelie/ieHue HMOIVIOIIAIOIIErO BelecTBa B 0ObEKTE MYy-
TeM 0OpabOTKK 3HAYUTEIbHOIO YUC/Ia [IOJYUYEHHbIX IIPU PA3HbIX €10 OPUEH-
TalUAX TeHEBbIX N300pazKeHUI.

Teoperuyecku, npu ucciaenoBaHu oO6beKTOB, 00JIalAONIUX AKCUAJIbHON
CUMMETPUEN, NONOOHOE BOCCTAHOBIIEHUE JIEIKO MOXKET ObITh BBIIOJIHEHO YHKe
110 OIHOMY PEHTIEHOBCKOMY U300paKEHUIO, €C/IM IVIOCKOCTD Y1010 U300paxKe-
HES MapaJiiesibaa ocu cuMMeTpun. OnHaKO peajibHO BO3HHUKAIOT OrpaHMYe-
HUS, CBA3aHHbIE C 1IAIOM HUCKDPETU3ALUU, YPOBHEM ILIyMa U JIMHETHOCTbHIO
PEerucTpupyeMoro n300paxeHus, Mpucy TCTBUEM CJ1abol acuMMeETPuUn, T 1.

B uyacrHOCTH, M3-334 HEBO3MOXKHOCTU HAKOIJIEHUS (pre,E[HeHI/Iﬂ) u3obpa-
2KeHUs, OCHOBHbIM (aKTOPOM, OI' DAHMYUBAIOIIMM Ka4eCTBO TOMOI' paduu npu
ucciaenoBanun Ha nydkax CU ynapHBIX U Je TOHAIIMOHHBIX BOJIH B aKCHAJIbHO-
CUMMETPUYHBIX CJIy4dasdx (HaHpHMep, PacCIpoOCTPAHLIOIMINXCA B LUJIUHpUYe-
CKUX 3apsiax BUOJIb ocn), MOZKET OKa3aThCd KBAHTOBBIN LIYM.
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4.1 Ilpsamas 3amadga

OunpejielieHne BJIUSHES [IYMOB Ha Pe3yJIbTAThl PAAUAIbHON TOMOT paduu T pe-
OyeT IpeaBapUTEIbLHOIO PACCMOTPEHUs MeXxaHu3Ma (HOPMEUPOBAHUS UCXOIIHO-
1o (perucTpupyemMoro) u300paxeHus U METOLOB ero HpeodpasoBaHus.

Ha pucyske 5A ycJOBHO IOKa3aHO cedeHme (B IJIAHE) DEHTIEHOBCKOIO
nyuka CU 1, npoxousiiero depes uccienyemMblil aKCHAIbHO-CUMMETPUYHbBIIT
(3mech — nmuiauHApPUYecKuil) oObeKT (3apsn) 2 Ha HepeKpPbIBAIOIINT OOBEKT
MHOI'OJIEMEHTHBI JleTekTop 3 (cocrodmuil u3 siemenToB 4 mupuson A).
Baaronaps masoit pacxonumoctu mydka CU kaxabiil ajiemenT ” Buaut” B 00b-
€KTe TOJIBKO CBOIO TI0JIOCY , 4TO €CTECTBEHHBIM 00Pa30M BbLIeJIS€T KOHIIEHT PH-
YecKie cJIon D Takxke mupuHOi A.

L\,\,&_,x 3 S0Y%——————————T————————
A 4]i+2
\ - i+1 gl,%m
X ™ .
3 6 f i 40%¢) 1
YT | |i1
1 . 4]
r=(-1>A B
] % 4
. . 30% 1
Y 2
‘\\.\-; Al [1 A
' 20%F g
[ [i
J, 10%F 4
pi+2 pi'H pl Pﬂ-l pi+1 C §/
— i — —F—1 0 B 2
Liws Lim Ly Lisa Lisa O LT ]
=z 7z 2 1 5 o L

Puc. 5: A - YcaoBnas cxema ToMorpadum akCHalIHO-CUMMETPUYHIO o0beKkTa: 1 —
nyyok CU, 2 — uccinenyembiit 06bekT (3apsin), 3 — MHOIO3/IEMEHTHBIN JETEKTOP, 4 —
4yBCTBUTE/IbHBIE /leMeHThl (wupunoil A), 5 — KoHUeHTpUuYeckue ciou (TaKxe 1y-
pusoit A), 6 — syy, upuxogsiuuit or ucrodnnka CU Ha JaHHBIT y4acTOK 3J1€MEHTa;
Yy — PAcCTOSHUE OT Kpasi 3JIeMeHTa ¢ HOMEPOM 1t [0 jiy4da 6, a & — pacCTOsSHUE BIOIb
jyya.

B — Cxema nepexona ot norsomenns B Habope parMeHTOB HUINHAPUIECKUX CIIOEB
HaJl 9J1eMEHTOM ¢ K LOIVIOIUEHMIO B Habope ILIOCKHUX Cj10eB (C LIOTHOCTAMHU p U
nosHbIMK ToJuHaMK L).

C — Pacupenenenne 1o ciosm (¢ — HoMep cj0s) OTHOWeHUst 0, /p; (rpagux 1),
pacuuTaHHOe I ToMorpaduu 3apsifia IIPeCCOBAHHOIO Tporuia Ha mydke CU Bm-
raepa BOIIII-3 ¢ ncnonbsoBannem 20-37€MEHTHOIO AETEKTOPA; OTHOLIEHUE O /1T
(rpadux 2), pacuurTaHHOE 1O ALLIPOKCUMALUKM Ml LPUHATHIX YCJIOBUIl perucrpa-
uuu; orHowenue (rpadux 3) K p abCoOTHBIX 3HAYEHU OWKUOOK, 00YCJIOBIEHHBIX
onpenesteHneM L;; 10 ToJIIUHE C/I0S Hall LEHTPOM 3J€MEHTa.
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Eciu y — paccrosnue oT Kpasd 3JjieMeHTa ¢ HOMepOM ¢ 1o Jiyda 6, a  —
paccTosiHue BAOJb Jyda (puc. HA), TO KOJMYeCTBO NOIVIOMIAIOLIENO BELIECTBA

Rg—(Trl-y)z

/ o F i+ 97 de | (11)

rae p(r) — pallMajibHOE paclipelieieHue IIOTHOCTH B UCCIIEAYEMOM CeYeHUH
obbekTa, Ry — panuyc okpyxHOocTH cedeHus, 15 = A - (i — 1) wum 7, =
A (i —3/2) (mast T.H. "HedeTHOro” KM 7 YeTHOIO” pa3sMelleHUs 3JIEMEHTOB
).

115t OIHOPOIHOIO 2JIEMEHTHOIO COCTaBa OObEKTa CHIHAJ A4€lKH HeTeK-
TOpA

Q: = / a(mi(y)) - dy | (12)

rze ¢(m) — NOroHHAs IOTHOCTH 0OPAa3yeMoOro B IeTEKTOpE 3apana (B ciydae
"6esoro” nyuka CU q(m) ~ am® >kt exp(=3 - */m ).

Ecau cymecTByoT 060CHOBAHHBIE NPEAIIOIOKEHNA O XapaKTepe H3MeHe-
HUs IUIOTHOCTH BHYTPH CJIOEB, TO MOXKET OBITH COCTaBJIEeHA CHCTEMa HHTe-
rpaJibHbIX TPAHCHEHJEHTHBIX ypaBHeHuil. OJIHAKO pellleHne TAKON CHCTEMbI
(oupenesienue p(r) no Habopy 3HaYeHUN ;) HOCTATOYHO HPOBJIEMATUYHO.

4.2 MeTon obpaiieHus MaTPUILI

Ho B GoapiuHcTBe ciydaeB (IpH 3HAYUTENBHOM YHCIE DerHCTPUPYIOMIIX
5JIEMEHTOB) IPOXOXKICHUE U3JIy9eHUs HA KaXIblil 5JIeMEHT MOXKHO ONUCATH
Kak [ocJefloBaTe/IbHOE [IPOXOXKJIeHNe Yepe3 Habop IJIOCKUX CJIOEB BelleCTBa.
IIpuaem Kaxublil CJIOf HMeeT IJIOTHOCTH, PAaBHYIO cpenHeil (uiu Kak-1ubo
B3BEILEHHOI) IIOTHOCTH COOTBETCTBYIOLIENO HIUIHHAPHIECKOIO CJI0s, i TOJI-
IIHY, PABHYIO HEKOTOPOH ~ 3dPeKTUBHON HOTJIOIIAIOIIEN TOJIIINHE YTOTO I~
JIMHJPUYECKOIO CJI0s HaJl JaHHBIM dJieMeHToM (puc. 5B).

IlockosibKy Ha 3J1eMeHT HOMep ¢ BjugeT NOLJIOIIeHHe B HUJIMHIAPUYECKUX
CJIOSAX C HOMepaMH j > %, TO KOJIMYeCTBO IOIJIOIIAOIIErO BellleCTBA HaJl HUM

No
mi = Lijpj (13)
Jj=1
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rae Ny — HOMep HOCJIeIHEro 3jleMeHTa (Ha KOTOPBI Hpoenupyercs Kpail 00b-
exta, T.e. Ng & Ry/A), p;j — wWioTHOCTH cilos j, L;j — TOJIIHHA CJI0S jJ
HaJl 3JIEMEHTOM i leTeKTopa (B HpOCTefilieM cilydae MOXKHO HCIOJIB30BATh

a
Li; = % E]f[1 /rj2-+1 —(ri+y)? —(1—4di5) rj2- — (1 +y)? ] dy — cpension ToJ-

IIUHY , win gaxe Li; = 2[\/rj2-+1 — (1 + A/2)? —(1—5ij)\/rj2- — (i + A/2)%]
—TOJILLMHY CJIOS Hall LEHTPOM 3JIEMEHTA).

B srom ciayuae Q; = A - q(m;), U 00 U3MEPEHHBIM 3HA4YeHUAM (); MOryT
ObITH JIELKO OLpe/e/Ie bl m; (eCTeCTBEHHO, U HAJIMYUK SKCIIePHMEH TAIbHOM
WK PAcYeTHON 3aBHCUMOCTH ¢(m)), 4T0 cpasy HPHBOLUT K CHCTeMe JIMHET-
HbIX ypPAaBHEHUI:

Liipi + Liapas + ...+ Lin,pN, = My
ngpg tot L2NUpNU =ma;
LNCINUPNU = MpNgy , (]_4)

wm B MaTpudnoit dopme L - p = m.
Marpuna L naHHOI cuCTeMbl TpeyroJbHas, U IPU HEHYJeBbIX JUArOHAJIb-

HbIX steMerTax (L # 0) cucrema Beerpa (mazxe npu HaJIMYUM LIyMa B 1)
COBMECTHA U MMEET eIMHCTBEHHOE pElleHIE.

Hau6oisee npocto (1 GBICTPO) 5TO pelleHne MOXKET ObITh HOCTPOEHO Me-
TonoM [laycca:

PNy =
N, = ——2—
0 LN.;.NU )
1
PNo—-1 = Li(mNo—l - LNU_lxNUpNU) ;
Ng—1,No—1
;
1 Al
p1 = L—”(ml =Y Lipy) - (15)
Jj=2

OnHAaKoO HpU 5TOM LPH BBIYUCICHUH O4€PEIHOIO HEU3BECTHOIO UCIIOJb3Y-
IOTCH BCE paHee BBIYUCJIEHHBIE, YTO OOYCJIOBJIUBAET UX 3HAYUTEIBHYIO KOD-
PEeIMLHIO U CYLIECTBEHHO 3aTPYMHSET OLEHKY B/IUSHUS HA PEIIEHHE MIyMa
U3MepPEHUs 1 U, COOTBETCTBEHHO, ().

HenocpencrBeHHO 5Ty OLIEHKY MOXHO HOJIYYUTHb U3 MATPUYHOLO IPE-
crapieHus pemeHud cucreMmbl. Eciu € = L~' — marpuua, obparnas L

Ng

up; = >, Cjm; (To ectb p=C +Mm), I OpH yCJIOBUH, YTO IIYyMBI H3-
i=y

MepeHUs 1M; He KOPPeJIUPOBAHHBI, TO Il p; KBajpal MUCHEPCUN LIyMa
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Ng
aﬁ =3 Cj?iafn (rme oy, — nucnepcus LiyMa OlpeleeHus KOJIM4ecTBa Ho-
7 b . T
i=]
[JIOLIAIOIIEr0 BEIIECTBA HaJl SJIEMEHTOM {).

Marpuua MoxeT ObITh JHOO HOCIENOBATENBHO (LOJIEMEHTHO) HOCTPOE-
Ha ¢ ucnosib3oBaHueM ajropurma ['aycca, anbo nosiydeHa HENOCPENCTBEHHO
obpatennem mMaTpunbl. [lociennuil BapuanT, XOTS U MeHEE ONTUMAJILHBIN B
BBIMHIC/IUTEIbHOM IVIAHE, HO UCIOJB3YIOIIMI CTaHAAPTHYIO NPOLENypY, Obl1
[IPUMEHEH [PU [OJIYYE€HUN YHCJIACHHON OIEHKHU BJIMSHUS KBAHTOBOI'O IIyMa HA
Ka4ecTBO TOMOIpadu.

Ouenka Obl1a BBIIOJIHEHA B I[PEANOJIOXKEHUU ucnosib3oBanus 20-
3JIEMEHTHOI'O JIMHelHOro seTekropa ¢ ddefikamu 0.1 x 0.5 MM u ucroyHu-
ka CU, uuskoro no napamerpam K urdepy nakounutess BOIIII-3 nnsa ro-
morpaduu 3apsana npeccopanuoro rporuia (p = 1.6r/em®, Ry = 1 cm).
Hucnepcus myma my; npu 3ToM Mordia OblTh alllPOKCUMUPOBAHA KaK Oy, R
(0.006 +0.002m;) - ;. Pacuernoe pacupenesienne 10 CJIOSM OTHOLIEHHS JHC-
nepcun OMMOKN OHpejieleHs WIOTHOCTH K IIOTHOCTH 0, /pj IPUBEICHO Ha
puc. 5C (rpadux 1).

ConocrasiieHie 3TOr0  PacCHpelesieHus € HCXOOHBIM —PacHpelesIeHueM
Om,/m; (rpaduk 2) HoKasbplBaeT, 4TO OTHOCHTENbHAS OLIMOKA OLpEesIcHust
WIOTHOCTH OJIM3KA K OTHOCHTEIBHON OMuOKe OlpenesieHHs KOJINYecTBa HO-
[JIOIIAIOIIErO BEIIECTBA TOJIBKO Ui BHEIIHUX CJIOEB OOBEKTA, U 3HAYUTEI b
HO HpeBbIIaeT HOCICHHION JI BHYTPEHHUX (HapacTas ¢ yMeHbIIEHHEM j
npumepto Kak 1/+/7).

It cpaBHeHust 3iech xe npusefieHo (rpaduk 3) oTHOLeHUE K p abeo-
JIIOTHBIX 3Ha4YeHNH omuboK, 00y CcI0B/IeHHBIX ONpee/ieHneM L;; He 10 cpefHei
TOJILIMHE [OTJIOMIAKIIErO CJIOs, & HO TOJIIIIHE CJIOS HAl HEHTPOM AETEKTOPA.
Bununo, uro Bo3HuKaomue OmuOKN CYLIECTBEHHBI TOJBKO Ui HECKOJIBKIX
KpailHUX CJIOEB OOBEKTA, & [JId OCTAJIbHBIX CJI0EB B PACCMOTPEHHBIX YCJIOBU-
AX 9TH OUOKK IPeHeOPERUMO MaJjibl (110 CPABHEHUIO ¢ BKJIAJOM KBAHTOBOIO
myma).

XoTd B paCCMOTPEHHOM HpHUMEPE OMIMOKH, CBS3aHHbIE ¢ KBAHTOBBIM IIy-
MOM, OYeHb BeJINKH (/1 HeHTpa obbekTa 0, mocruraeT 45%p), onn MoryT
OBITH CYLIECTBEHHO YMEHBIICHBl IIyTeM yBeJudeHus miorHoctu noroka CU.
Tem He MeHee, [IPU PEHTIEHOBCKON TOMOIpaduu yoapHbIX (JeTOHALNOHHBIX )
BOJIH MOXET CYIIECTBOBATH JIONOJIHUTE]bHAS KOMIIOHEHTA OMIUOKU, BO3HUKA~
OIas IPU 9aCTUYHOM [EPEKPBITHH KAKOIO-J1ib0 3JjieMeHTa leTeKTopa (hpoH-
TOM BOJIHBI.

IIpu >rom, u3-3a HestuHeHON 3aBUCHMOCTH ¢ (M) oupelesseMas BeJJHYHHA
M OKa3blBA€TCs 3aHUKEHHOM, U Ta OMWHMOKa MHOIOKPATHO (HO ¢ HOCTENeH-

19



HO YMEHBIIAIOUMMCH BECOM) BOIUET B OLPEAE]IEHHE IUIOTHOCTU BCeX Oojlee
ray6okux cioeB (npaBaa, WIOTHOCTH Cpeibl epey (GpOHTOM BOJIHBI OOBIYHO
U3BECTHA TOYHO, YTO, B IPUHIIKIE, MOXKET OblTh UCII0JIb30BAHO IPU BblYUC/1e-
HUAX).

4.3 MeTon nNHTErpaJbHLIX Npeobpa3oBaHuU

Ycrpasenue 310l omubKH BO3MOXKHO JHO0 IOMCKOM (¢ IOC/ ey oell KOppeK-
Hueil) TaKuX CKA4KOB Ha PErHCTPUPYEMOM U300paKeHHH (4T0 MOXKET ObITH
TPYIHOBBIIOJIHIMO 1IpU GOJIBLIOM pajiyce KDUBU3HBI BOJIHBL), JHOO IpUMe-
HEHUEM JIeTeKTOPa ¢ BeCbMa MaJlbIM Pa3MepoM sdeeK (Korjja BKJIaJ] OIHOI
s4ellKy JleTeKTopa B GOPMEPYeMOe n300paKeHne IpeHeOPeRUMO Madl).

B wacrHOCTH, mpm perumcTpanun ’MIrHOBeHHON ¢oTorpadun”’ TeEHEBOTO
u300paxeHus BOJIHBL Ha perTrenodyscrsurensioM [13C (npubope ¢ 3apsio-
BOII ¢Bs13b10) 1y TeM popmuposanus onunouroil Bensiku CU ([2], [3]) pasmep
SJIEMEHTA MOXKET cOCTaBIsTh b — 50 MKM, a ux nosiHoe 4ucsio B crpoke (Ng)
pocturats 10° u Godee.

O4eBUIHO, YTO [PU CTOJb MAJION MJIOMIAAN OJHOIO BJIEMEHTA €0 3arpy3-
ku Oynyr odenb Maibl (10 — 100 doroHOB 3a BCHBILIKY), KBAaHTOBBLI LIyM
O4Y€HB BEJIUK U PELIEHHE 3a/1a49i TOMOr paduu BO3MOXKHO TOJIBKO B cpeaHeM” —
CO 3HAYUTEJbHBIM ~ CrIAXKUBAHUEM IyTeM HOAABJIEHUS LIyMa (QuiibTpanuen.
Haubosee anekBaTHBIM 3TOMY MOAXONY SBJISETCS T.H. METOM HWHTEr DAJBHBIX
npeobpa3oBaHUI.

He cioxnHO mokasars, 40 Qypbe-00pa3 pacrupeneeHuss KOJIMIeCTBA 110~
[JIOLIAIOIIEr0 BEIeCTBA B IIyYKe (B CHIYy CHMMETDUH DaclpelesicHus SBJIsd-
IOIIUIICA KOCHHYCHBIM 11peobpa3oBaHieM) COBLALAET C PA3/IOKEHUEM [IPOU3-
Benenud - p(r) Ha Gynkuun Beccens Jy (omsa u3z dopm npeobpaszoBaHus

[eo]

lankeas, [9]), T.e. (3nece m(y) = _f p(\/r?+y?) -de  i=+/—1):

Mw) = / m(y) - exp(—iwy) -dy = 27r/p “Jo(wr) o -dr . (16)

CurenoBaTe/IbHO, 1IPH U3BECTHOM (JIEIKO BBIYUCAAeMOM 1O m(Yy)) Cuek-
Tpe M(w) paluaibHoe pacupeiesieHie IIOTHOCTH JIEPKO BOCCTAaHABIIUBAECTCS
obparubiM npeobpazopanuem 'ankens [9]:

1 oQ
p(r ﬂ/M ) Jo(wr) w - dw (17)
0
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a COOTBETCTBYIONIAA ~ B3BEILIEHHAS OLINOKA” MOXKeT ObITh OLpelesIeHa [0 Te0-
peme llapceBang:

Ry
1

/ag(r)-r-dr = 47r2/ﬂa§4(w)-w-dw (18)

0

(rme € — BblCLias nepellaBaeMas IPOCTPAHCTBEHHAs YAacTOTA, OI DAHUYEH-
Had JIMOO YacTOTON NUCKpeTH3anuu, Jaudo AONOJHUTEeNbHON (GuiibTpaluei,
om(w) — crekTpasibHad MIOTHOCTH IPOCTPAHCTBEHHOIO LIyMa).

Hutst ”6estoro” (HalpuMep, KBaHTOBOIO) IIyMa ¢ IOCTOSHHOM CHEKTpaslb-
HOI WIOTHOCTBIO opm(w) = N 1

Ry

Ro
1 Q
2 _ 2002 o % 2
/UP(T)'T'C[T — 8?./\/’ Q ~ 47r2/0m(y) 'dyl (19)
0

0

YTO XOpOoLIo corJiacyercd ¢ Ha6.1110,1:[a10u_[el71c51 IIpy 4YUCJI€HHOM MOAEJIMPpOBaHU N

(MeTonoM obpaluenns MaTpuubl) 3aBUCUMOCTbBIO 0, (1) o< 1/4/r, B npubimzxe-
2 2 W,
T IaA
HII KOTOPOH 0 A 7 2:1 T,
1=
Takum 06pasoM, IIyM ONpeJesIeHNs IJIOTHOCTH MOXKeT ObITh CyIeCTBEH-

HO YMEHbIIeH HU3KOYaCTOTHOU IPOCTPAHCTBEHHON duiibTpalueil — npudeM
IS MaQTPUYHOIO AeTeKTOPa BO3MOXKHO BBIIIOJIHEHHE JIBYMePHOU GuibTpanuu
(criraxmBaHue HCXOMHOIO paclpelelieHus 110 obeuM KoopausaTam). B npus-
[uIe, TO Jlae [IPU OYeHb MaJlblX IVIOIIAAAX YyBCTBUTELHBIX S4€€eK U O4eHb
3HAYUTEIbHOM KBAHTOBOM IIIyMe [O3BOJILET [IOCTUYb IPUEMIIEMOIO 3HAYeHI S
0p UEHOH yXyJIEeHUs [1POCTPAHCTBEHHOIO Pa3peLleHs.

Ilpumep 4uciieHHOro MOIEIMPOBAHUSA pPalUaJJbHON ToOMOrpaduu NBOMHO-
ro numaapa (Tporwi, quaMeTp 1.2 M, IIOTHOCTH BHY TPEHHER 00JIacTH 10
nostoBunbl muamerpa 1.51/cv®, premneit — 1r/cm3, ucrounuk CU aunaso-
ruder Buryiepy BOIII-3, nerekrop mMHOrosmeMeHTHBIN ¢ suefikumu 20 MKM
wpusoil 1 100 MKM BBICOTOR), BBIIOJIHEHHOM METONOM HHTEIDAJIBHBIX IIpe-
obpa3oBaHuUil, IpuBe/leH Ha PUCYHKe 6.

Puc. 6A — npsamoe BoccTaHOBIICHIE NPpU HAJuduu Hryma, rpaduk 1 Ha puc.
6B — BoccTaHOB/IeHHe NpU HaIUYUK LiyMa, HO ¢ duiabTpanueii. g cpas-
HeHud 31ech Ke (Ipaduk 2) HpUBeLeH pe3yibTal IIPAMOIO BOCCTAHOB/IECHUSL
pacnpezeieHud IJIOTHOCTU B OTCYTCTBUU LIyMa.

CyIIeCTBEHHBIM HENOCTATKOM METO[a UHTErPAJIbHBIX IpeobpaszoBaHuil
SBJIAIOTCSA 3HAUYUTENbHBIE BBIYHC/IUTE/IbHbIE 3aTpaThl (OCOOEHHO Ha 3Tale
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> TR
W

0.5

0

il

Puc. 6: A - npsmoe BoccTaHOB/EHHE METONOM HHTEIDAIBHBIX IIPe0OpA30BAHMIT
PaJMaJIbHOIO PACIIPENEIEHN IJIOTHOCTH 11PY HAIMYMU LIYMa.

B - BoccTanoBneHne npy Hanmduy wyMa, Ho ¢ puibrpanuell (rpadux 1), u npsamoe
BOCCTAHOBIIEHIS B OTCYTCTBUM WyMa (rpadux 2).

Buech: p — wiotHocth (r/cm®), § — HOMep ciios.

obparTHoro npeobpazopanus I’ aHKe.nﬂ). OnHaKko, MOCKOJIBKY MPH 3HAYNTE b
HOM YUCJIE 3JIEMEHTOB TOUYHbIE PDELLIEHUS, [TOJ1y YaeMble Pa3/IMYHbIMU METONAMU
(3a HCKIIIOYEHUEM METONOB, 0a3UPYIOIIUXCS HA 3apaHee U3BECTHBIX CBOMCTBAX
pacnpeueneﬂmﬂ), IIPAKTUYECKH COBIANAIOT, TO BbIIOJIHEHUE UHTElPAJIBLHOIO
1peobpaszoBanusd ¢ GuibTpaluei MOxKeT ObITh 3aMEHEHO I1POCTPAHCTBEHHON
puiibTpaluel HCXOMHOIO pACIpeNe/IeHU U HOCIENY IOIUM [IPUMEHEHUEM aJl-
ropurma ['aycca. [lpuyeM 5T0 1O3BOJISET BBIIOJHATD (PUILTPALUIO (Hanpn—
Mep, PeKypPCUBHbIM (pI{IJ'II:-TpOM) C IepeMEeHHON (Ho MaCCUBY ,E[aHHbIX) qacTO-
TOIl cpe3a U J0OUBATBHCA OTHOCHTENIBHO C1abO0il 3aBUCUMOCTH 0, OT T.

3akiIroueHmne

B pabore paccmoTpeH psll COOTHOLIEHUI, ONUCHIBAIOMINX AUCIEPCHIO LIyMa
onpeliesle s KOJIMYecTBa HOIVIOUIAIOIEI'0 BelllecTBa [IPU TeHEeBOU PEeHTIeHO-
rpadun yoapHBIX T JeTOHAIMOHHBIX BOJH B TNIOTHHIX Cpefax, a TakK Xke Tph-
BeeHBI TTIOJTyYeHHBIe alllTPOKCTMAIINOHHBIe BRIpaxeHnd. Kpome Toro, B pabo-
T€ PaCCMOTPEH Pl MeOMeTPUYECKUX OI'DAHUYEeHU U BbIIOJIHEHbl HEKOTOPbLE
OLEHKHU 1 MeTo/la PallallbHOI ToMOI paduu.

BrlinosiHeHHbIe OLIEHKU IIOKA3bIBAIOT, YTO HCIOJIb30BABLINIICI [IPU UCCIIe-
HOBaHKHU OBICTPOLPOTEKAIOIIUX HpoLeccoB ucTodnuk CU (Buriep Hakonuress
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BOIIII-3) no3posisgeT u3MepATh KOJIMYECTBO HOLJIOMIAIONIENO BELIECTBA ¢ IPU-
eMJIeMOTl (€NMHUIBI IPOLEHTOB) TOYHOCTHIO Jazke [PU HCIOJIb30BAHUN JleTeK-
ropos Masofi (~ 0.1 Mm?) miomwaiu u npu auamerpax o6pasua B HECKOJIBKO
CaHTUMETPOB. B 5TOM cilydae peasibHOE HPOCTPAHCTBEHHOE PA3PEIleHUe MO-
JKeT OILPENeIAThCI He caMuM JleTeKTopoM uiin ucrodaunkom CU; a, nanpumep,
KPUBH3HON (PPOHTA BOJIHBL.

B 1o xe Bpems nanubiii ucrounuk CU He obecnedmBaeT TOYHOCTHU H3Me-
PeHUs, JOCTATOYHbIE I KAYeCTBEHHON pPaJUalibHOM TOMOI paduu 1 BOCCTa-
HOBJIEHUS IBYX- WM TPEXMEPHOIO PACHpENeSIeHUs [JIOTHOCTH 34 (PPOHTOM
YIApHOU (HeTOHALMOHHOM) BOJIHBL ¢ IPHEMJIEMBIMI Da3peLeHHeM I Iy MOM.
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