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Preface

This report contains the contributions presented at the "X-th International
Symposium on Jelcted Topics of the Interaction of Fast Neutrons and Heavy

Ions with Atomic Nuclei" organized by tne Applied Nuclear Physics Grour of

the Technical University Dresden.

The Symposium was devoted to currant prodlems 1n experimental and thecretical
investigations of nuclear reactions, czevering a bronad range of aspects, Ttre
main effort was made to the nuclear fission process and the heavy ion reac-
tions,

At this X-th symposium participated scientists from nine countrys and two
international scientific organisations which presented results obtained in
more than twenty instituts,

We would like to thank all participants, especially the lecturers, chalrmens
and summary-talkers for their effort and active work during the sessicnsand
all subsequent informal discussions. Further we want to thank the Internaztioral
Department of the Technical University Dresden for the valuable suprort in or-
ganizing this symposium., A special thank is due to the stoff of the rest home
in Gaussig. Moreover, we would like to thank the Central Instituts of Luclear
Research of the Academy of Science of GDR for making possible the publication
of this report., We are much indepted fur technical assistance and preparing
this proceedings to A, Barthel, K, Lenzendorf and 5. Woltek.

G., Musiol
W, Wagner
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Jokzaz sa Mexzysa ) oamu# cuMnosEys
ne sagmiozelicTemn Gucepux HeATDO-
HO® ¢ sppaME, layccmk, I'lP, 1980 r.

METOZN ABCOXDTHWX W3M:PEHUE CEYEHWM
JAENEHUA

Enaxo» B.#., Amxazos #A.[., Kosanesko C.C.,
QoMuves A.B.

Bsenecnre

JaHHHEe MO CeYeHAAM INeNeHAS TAXKEAHX Afep ABAADTCA BaxNcRmAMM
AZepHO-PU3WUECHUNE ROHCTAHTAME ZJIf GTOMHOR JHEepreTHER ¥ TEXRA-
KA, B 0cOOcHEOR CTeneHM 3TC OTHOCHTCR K CEYEHHD ACIGHNASA 3%([ R
KOTOpoe B nAManasoxe asHepru#t 100 ©3B - 20 WaB Amngercs npranan-
HEM MEXZAYHADOZAHHN CTABZApTCM. /3NepesdAN M OUCHKAM ceuenml nme-
NeHNA NOCBANEHO GONBWOE YKCNO padoT, NMPOBOAMBIMXCHA B UEJNOM pA-
Be BEeUymEX LEHTPOB Mupa, OAHaKO TOYHOCTH M JOCTOBEDHOCTDH WMED-
MAXCH B HacTOAWES BpeMA AGHHHX He YROBJAETBODADT COBPEMEHHHM 10—
TpeGHOCTAM.,

NonaBnsALLee HONBUMHCTBO PE3yNBTATOB NO CeUeHIAM ReXEHUS
Mony4eHO B OTHCCUTENBANX WAMEDCHEAX ¢ MCMONB30EBAHHEM B KaueCTse
ONOPHO} BeAMUYMHN CeUeHMA ZeleHHR U . Ity m3Mepenns ABAADTCA
Hafonee MPOCTHMY, HO COZep™ET B cele B KAUYECTBe CucreMmaTidecxolt
OUMOKM MOTPENHOCTD CTAHKApTA, 8 TAKEE YYBCTBLTENBNH K adfexray
paccesua HeWTpO¥OB, T.K. "°’L[ - denoporesuit #3oToOM.

Ins u3MepeHud ceuedma IcNEHUA =3 {{ Tak=e pazma wamGonee
BaxHMX HyKAMACE - 904 233?2 , 197, WeTIOABRYRTC  MeTOTM
adermPHHe AAM NOJ00HNE afCOTWTHHM, B HOTODHX m3uepApTcs gelf-
TpoHANE MOTOK M 4uciao fenedudt B Muuwenn ¢ mzBecrrolt maccifl ne~
NANETOCA BEMECTBz. JTH HM3MCPEHUA MOXHO pPA3ZESNUTE Ha 3 TPYNIH:
I. AGcomprane u3Mepenwus, 2. MaMepeHus QopwH, 3. HuaxosHepreTn-
4Yeckue uamepenus ¢ HopMupoBKo# npy TennoBol 3HeprMM HeWTPOROB.

B I-off rpynne B u3MepeHuAx onpezenfiercs aGCONDTHAR BENM-—
upHa He#TPOHHOTO NOPOKA M COOTBETCTBEHHO AGCONOTHAA BeaAYuHA
ceveBns. B ocranrsux rpynnax, MCXons M3 M3BecTHOM aHeprerTHde~
cxoll 3aBUCAMOCTHA AdJeKTUBHOCTH HellTPOHHOPO MOHMTODA, ONpEReNA~
erca fopMa 3aBHCKMOCTH CEYEHMA OT DJHEPTHM, KOTOpPAs 3aTEK HOp-
MUpYeTCA K aGCONRTHHM BOARUYMHAM cedyedull AeneHWs (TENA0BONY
B 3-eM cayvyae). I9PM Tpynnu uenecoo6pa3Ho OGbeRMHATE NMPH pac-
CMOTPERHM, T.K. B METOAYUECKOM OTHOLEHMM OHM MOXOEH M, KAK
npaBKa0, RPOBOANTCA HA OZHMX M TEY. Xe YCTEHOBKAX.

HaMepeHun B OOXBUANCTBE CIyyaeB NPOBOAATCH B EBAPOKOM ZXU=-
anasoxe ameprmit mefiTpOHOB Ha HCTOUNMKAX HeHRTPOHOB MOHOJHGpIe-
PTHUECKHX NAR C "OenuM” CneRTPOM, NpHYEM MNOCASAHHE ABAANTCH
Hapbonee a¢dexTMBHLMA, 7?.K. NO3BONADT ORHOBPEMEHMO MOXY4arh
CeueBHS 3O BCeN AManas3ome anepruft. lpu msmepemmAX QOpMH UCHONB~
aynTCs HefATpPOHMNG ZeTEKTOPH C riaZkol ¥ muockofft 3aPHCHMOCTED
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addexruBrocTN OT 3mepran. [ipu w3MepeHMAX C HOpPMHPOEXUER npu
TENNOBHX 9HEPTHEAX KCHOAB3YNTCHA ASTEKTODH C 3aBUCHMMOCTED OT
3HEPTHUM 1/7 (4 (h,af ) um IO 5 (7,0 } - pearmun).
Namepenns ¢ EODMEDOBKOR npum PenA0BOf 3HEPTHH NPOBOAATCA B AWA~
nasose 3HepTull MeRTpOHOB, B KOTOpOR CeueHMe Zensmus V74

M3-3a CAHOKHOCTE CTPYKTYPH He ACNONB3YyETCHA B Ka4ecTBe CTAaHAapTa,
NoaToMy M3-3a HEJOCTAaTKA MECTa B AOKJAZe pPacCMAaTpPUBATLECA He
Oyayr.

HapAzy C 3TuM NPOBOARAMCH H3MEDEHMA M NPE QMKCHPOBARHHX
SRepruAX He#TpOHOB ~ ' ©, KOTOpHE XOTA K IADT OTACNBHHE 3HAYEe—
HAA ceveHall, OxHaKO MCNONB3yeMuH# B HUX METOA KOPpEIMPOBAHHHX
M0 BpPEMEHA CONMYTCTBYOMHEX YACTHIl NMOZBOAAET HCKANYHUTH IHAUUTENB-
HO® UMCHO CUCTEMATHYECKHUX OuMGOK, & pe3yABTaTH MX MOTYT C ycne-
XOM CIYXATH AAR NPOBEPKR ' HODMADOBaHRA nauepenudt Qopun.

Ecny werozn perucrpaLmm uucna Zenenull BO BceX padorax
NpaKTHYECEM ONMHAKOBH - MOHM3ANMOHHNE KaMepH WMIW ra30BHE CHOUH~-
TRAANATAONHHE KAMEDH C TENEeCH:M YTJIOM 2?77'(ncxnnqeuma COCTaBAA~
8T NMwb padorTa“, I'ie NpUMEHANCA NOBEPXHOCTRO-GaphbepHHR AeTek-
TOp), TO METOAH W3MEpEeRMS HEATPOHRHX NMPOTOHOB - KOHCTPYKUUA M
NPRAQAN PACOTH MOHMTOPOB - NPEACTABAAKT HEKOTOPOE pa3HooGpa3ue.

B na.now Acknage SyZyT A3MOXeRH HauGonee YNOTpeGUMHE METO-
IH a0COMOTHHX M3MepcHui B m3MepeHmil fCpMH, BHMNONHEHHHX Ha MO-
caexuue 10 ner.

MauwepeHus C YepHuM HESTEKTO[OM

fauepenna ceueHnsn INEACHKA 2354{ NpOBOIMAKCH B Aprosnckolt
HaUMOHANBHOR Ja00paTOpUM 4y 2 1 HauMOH&NbHON ODUO cwaunapronb.
B kadecTBe aGCOAGTHOTO MOHMTODA HellTpO'IHOT'O NOTOKA UCAOJAB30O-—
BaJICH TAK Ha3HBaeMuu "JyepHuli cueTuuk", npennoxeHHuu [lesuT-
ueu7. CyeTuuK npeAcTaBnfeT coOoft UMAMHAD ¥3 BOIODPOZOCOZCpRA~
Liero NA3CTHYECKOTO WIM EXMAKOTO CLUUHTHANATOPA C OCEBHM BXOJHHM
KauaNoM, KOXORALMM MPUONU3KUTENBHO Lv CEPehMiH Uuaudnpa, Tuer-

Y4K MOXEeT padoTarh TUABKO C XODUWO KOJNaMMEpDUBAliHAM MYYKOM Helt-
TPOHOB, MOJHOCTHO YKAaAWBAWWMMCA B MpeleflaX BXOZHOIO KaHala.
Hefltpoms perucTpupyorTcs MO NPOTOHaM OTAauu. [lpu 3roM HeiTpox,
nperepneBuuit coyzapeHde Ha IHe BXOZHOTO KaKazla M Orpa3ubmuiics

B 3apHPOD noavcdepy, npakruuecku co 100%-gof BEpOATHOCTHO BHOBB
nonanaetr B CUMHTUINATOP. B pe3ynbrare CUETUMK MMEeT S)HEKTHBHOCTE,
6au3kyw k I00% B ZOCTaTOUHO mAPLKOM A¥anasowe axepruit, d1oT nna-
Na30H 3aBMCUT OT Da3MepOB CYETYXURA, ONHAKO NpPU yBENHUEHHM CuUeT-
UyKa CymeCTBEHHO BO3pacrer ero codcTBeHuuft JOH, YTO ABAAETCA
0C06EBHO TpardYHuM Npd M3MepeHuu HefTPOHOB ¢ Mano#t anepruelt.
loatoMy uYepHu# cYeTUMK HE ABAAETCA YHMBepCaJbHHM NMPUOOPOM B
LKPOKOM I¥anasoHe 3Hepruu, u TpeSyeTCA CO3ZAHME DANA CUETUAKOB
creLUGRIECKUX paaNMepoB A8 OTAelbHHX PHEpPIEeTUYECKHUX HMHTEDBAJIOB,
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OnHaRC npaxKTA4eCKa® NPUTOAEOCTH TAKHX CUETUHKOB B OCNACTH 2HEp-
raR HeftrporoB muwe 8-I10 M3B ocraercs comsuTenbHoR. 3aBHCMMOCTE
3QheKTMBHOCTH CUETYMHA OT IHEPTMH ANA CUETYMHA ANAMHOR 40 cM u
nuaMeTpoM I3 cM mpuBenesa Ha puc.l.

SfdexTyBHOCTH CUSTUMKA C XOpomelt TOUHOCTHD MOXET CHTH
paccu#TaHa MO Nporpaume, NpeAnoXeHHOR [leHATUEM, ®W OCHOBaHHOH
Ra weroze Momre-Kapmo®™. TpoBepka pacueTa npAMuM WM3MEpEHUEM U3
OCHOB® METOZa CONYTCTBYDMMX 4YacTRU  MOKa3azla COrAacue B MNpefe-
nax I,5%.

AMIIMTYAHNR CMEKTP MMNYABCOB YEPHOTO CueTUMKA (puc.2)
MMeeT HA3KOIHEepPTeTHYeCKY® YacTh 70 HYIEBHX 3teprafl. [osToMy
npy ompeneieHud 85CONMTHOTO MATErpans MO CHNEKTPY npolezypa
BKCTPAnoAfHuK K HyZeBOR 3Hepruu, HcoCXOZMMAA H3-32 AUCKpUMY-
HAaUAW mYMOB, FBIARETCH BECEMA KpETHUHGH.

Maueperus B AprosecKofl HauMosaaLHEON NaGOpATOPME NPOBO AH-
IACH Ha yckopurene Ban-ze-I'paafa B amanasoHe anepruM HeliTpOHOB

35 kaB - 3,5 MaB (u3mepenus Qopuu)“ # 200 3B - 6,0 M3B (aGco-
JDTHENE H3MepeHHA~ . Wauepenms B HaumosanisoM Opp0 CTAHRADTOB -
TaKse Ha yckopmrede Ban-ge-T'paaga B Auanaaose axeprmu 200 k3B -
1,2 MaB (a0CONNTHHE MBMEpEHUsA). B KaueCTBe WCHO3HEPTeETHYECKOTO
MCTOYAMKA He#TPOHOB C 9Reprmef BHme 4,5 M3B ucnunbauBaiach pe-
axws D (45 ﬂ/ Ye u 7‘- ( ”/ fge npn

£ £ 4,5 W3B. /%

B ofomx caysasx uCHOONb30BaJCA MMIYAbCHuM pexuu palGoTH yc-—
KOpUTEAA C ANUTEABROCTBD UMMYNbCa HECKOJBKO HAHOCEKYHZ. Mns
yuesbuerus QoEOB B ZETEKTOpAX MCHOJAB30BAICH OTCODP COOHTMA MO
BpPEMEHYM NpONeTa M NO aMIaxTyae.

llenenus pPEracTPHPOBAIUCD MEOTOCHOMHHMY NJIOCKOTAPANNEIIBHH=
MM RMORU3aUMOHEHEMY Ramepamy, Mumesy 23’[1 roanuHol I00-150 wkr/cu
SHNM HaHEeCeHH HA MONJNORKM M3 XeJe3a MAN MOJNUOZIeHa TonmueEcH
0,15 mu, Macca 235[1 B M{UEEHAX B paGOTax4’ ofpeneAfnach mo
o¢-CcueTy B manoll reouerpun. llpuMecu Apyrux EYKIHACB - MACC-CNEK—
rpouergggn M KOMODMMETPUYECKMM MACCOBUM aHanu3oM. B padore®
Macca 4 onperensnach OTHOCHTENBHO CTAHZAPTHOTO CJOS B Te-
N70BOM NOTOKE HEe#TPOHOB.

CxeMH 3KCRMepUMEHTANBHHX YCTEHOBOK NMpuBeleHH Ha puc.3.

lpr OZMHAKOBOM HellTPOHHOM MOTOKE CKOPOCTH CUBTA B YEDHOM
zerexrTope npulnusdrendno B 10~ pa3 Oonmme YeM B kauepe geleHult,
NloaToMy AAA MONYYEHWA YNOBNETBUDHUTENBHON CUSTHOCTH B Kauepe ne-
nenut o0a IeTEKTOpa BOJKHN paClNOJaraThCH HA CYNECTBEHHO 5aaaou
paccTOoABMY OT MUCTOYHHKA Helirponos. bBonee roro, B padorax ' ® 5
Kawepa neselui Haxonmunach B ycaosuAx "orkpuro#t reowerpuu”, r.e.
o0nydYanach HEKONAMMMPOBAHHHM Ny4yxoM He#lTpoHOB, Bce aro mpumo-
IMT K BO3pacrauww afexTOB pacCeARMs HeTPOHOB, B HYaCTHOCTH Ma
MaCCHMBEHX CTEHAX KaMepH, YBEJUYEeHAD BAMAHAA aHABOTPONUH Hel-
PPOHHOTO NYYKAE X YBEJHYEHND OmMCOK B ONpefencHAd T'eOMETpHH
o6ny9eEna 0004x REeTEKTOpOB., B padoTe” uUCMOAB30BANACH CNELHANb-
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Hafl COOPKS W3 [,jz €03 N OONMITRNENA, YCTAMOBIEHHAY HA ME—
BeHEOY# YacTM YCK(pETENs, ROTOpaf (opMMpOBala NYYOK B Npezenax
nzockoro yraa +4° ¢ OREOPORHOCTED, NO M3MEPEHHAM aBTOPOB, NYd-
me 1%. HelTPOHRWA MOEAYOD BO BCEX CIydYasX NOMENANCH B MACCHBEYD
3amM?y A3 GOpH[OBAHHOI'0 NMOIEJTHACHA M CBMENA, HA BXOAE 3ALMTH
yCragaBARBALCA Npellwaornuil XOANMMATOD, ONpezRenfnEMM TeleCHHR
yron Ba AeTeKTOpD.

Huxe caexyo? nepeuuclieHEs >ppexros, HCKasaDAMX pe3yabTarT
mauepeHAd ¥ cnocoON onpefeNeHHs NONpaBoR.

I. ®oB HellTPOHHOTC MOHHTOpA CHJIAZNBACTCA M3 NOCTOABEOIrD
"zounarHoro” goma ¥ oHa, CBA3EGHEOr0 C nyuykom HeldTponoB. POH
HellrpoHoB c ywenbueHHolf aneprmell, a ranze Hellrposx 2-oit rpymnu
OTZENANMCE OO BpeMeHy NpoJera. &r'ﬂQOH, cBA3auHEl C nyuxom,
OnpeleAnRNca NyTeM NepeKPHTHA BXOZHOTO KONIMMaropa npoSkoR u
cOCTaBAAR BeNnuiHy OoT 0,2 A0 1% B 3aBHCMMOCTH OT 3HEpruM Hel-
TPOHOB.

2. POH B RaMepe IEJACHUA N3-3a HAJOXEHMA OC-UMITYABCOB M
HeATPOHGB ¢ HM3KOHM asHepruell Tamme NMOAABAANCH NO BPEMEHHM NPO-
nera. OpHako adexr or 2-oi rpynnd HefPpOHOB U3-3a Manoft mpo-
NeTHOR Ga3W He MCI OHTh OTZeNeH U B-Riay zenenu#, BHIBaHHWX 2TH-
My HeliTpoHauMu, ONpeLeNAACH M3 CCOTHOLEHME COOTBETCTBYDEKX MHKOB
BO BpEMEEHOM CleKTpe HeHTpOHHOrO ZcTeKTCpa. $CH OT ZeMTOHOB,
nonazapbWi#X Ha YaCTH MOHONPOBOZRA, 3 TAKZXE§OH OT CTEHOK KaMepH
NpOBEPANUCEH KAK YAANCHAEM MAMEHM YCKODUTENd, TaX ¥ YPRHOBHX
MpneHeid. UGe COCTABAANUMX JOHA OKA3ANACH NMPEHEODEXUMO MANHMH.

3. lcxkaxenye HeATPOHBOrO MOTOKA MOXET NPOACXOAMTE M3-38
B3auMOnefCTENA C BXOZHOW 4YacTHD KOJAAMMATODPA, pacCedAyus OT BHYT-
penHeft MOBepXHOCTR KONNUMATOpAa B CueTdnk HeliTpOoROB, paccedHus M
[IOrIOMHAS HeUPDOHOB Np¥ NPOXORAEHHM KaMepH IZejeHKR, paccesHms
H NMOrJOmeHus B BO3Z3yXe ¥, B caydyah OTKpurTOM reowePrun, B pado-
rax“’ s M3-3a pacCesHMA Ha MaTepKayax M BO3AYXe BONK3M MULEHM
denAmerocd BsemecTBa. [locaezeuit ajjexr Moxer NpRBOARTS K YBEIM~
YeHMm CYeTAa B KaMepe yM3-3a Bodpacranus ddexrnBRoR AnmHd npoSera
HefiTpoHOB B cnoe. Kpowe TOro, cileayer oTMeTuTh a@fekr oGpaTHOrO
paccesRda OT 3alATH B CYUETY¥K HeHTpOHOB, BHWEXAWAX M3 HETO 0e3
B3aMMOZeHCcTBUA, BCE repeyycCleHHHe NONpaBK¥ pPacCYHTHBAJNNCH C UC-
NOAB30OBAHNEN XéHHHX [10 COYEHMAM B3aHMOAERCTBHA M3 OHUGIMOTERY
A?ACD/E/Q?QQZ . Monpaska Ha BaanmMogzedcTBMe HeHTPOHOB C BXORHOH
YacThD KOAJMNATOpA OfpelesAnach B pacoTeé IKCIEPMMEHTAaNbHO, NY-
TeM M3MepeHufl ¢ KOAAMMATODaMH 4-X DR3HHX AXaNMETpoB. buno Haltnewo,
YTO ITO B3IAHMNOXEHRCTBUE IKBMBANECHTHO ;Be‘nqeuun spheKTUBMOTO nHA-
MerTpa xuaamwaropa Ha I,5%. B pasorax”? 5 ara nonpaBka BooOme He
BBORMAACE.,
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4, (NpexoxGHNe EETErpana AMIANTYAROrO cnexrpa Hell?pOHHOTO
CYeTYAKA NPON3BOANZOCH C MNOMORED furmposanms no meroxy Momre-
Kapao aroro cnexrpa pacnpezexenues llayccoma (pmc.2). llapamerpa-
MRINTEDOBARRA OHEN 3HEprES HBHTDPOHOB, NOCTOAHHHE DACHpEACREHKA
llayccona, KOTOpOe XapaETepE3yeT 3MucCND (JOTO3XEKTDONO™ Ha ANO-
ze Goroyumoxmrens. llpoeAypa OnpeneneHHs NATErpaxa B paoorax“'
He ONHCWBAGTCA.

5. JpdexruaNoc?h perncTpalmm AcneHMH pacCUMTHBANACE B pa-
dorax5'6 H3 BEINUNN NOTEDH B CYeTe W3~B3 AUCKDILMEALNR MYMOB
H NOTIOACHMN OCKOJAKCB B CAO€ BORECTBA C YU6TOM yraOBOrO pacmpe-
IenEeANs OCEOXKOB. B paOore6 nonpaBka H8 3PPeKTUBHOCTS> HE BBOZH-
AaCk, TARK KAK MaccCa ypaka ONpelenfAnach OTHOCHTONBHO 06pa3ma B
roft e xamepe. [lo-BuaAuMOMY, NpeHeOpexeHEe JrAOBHM DacnpeneNeHECM
OCROAKOB NmpH¥ 3Heprre HolirpoHOB I M3B MOXET NMPHBOAMTH K HEKOTO-
pol omuGke.

5. leomerprueckuflt jaxrop onperesmAcs 3 OrHOmeHMi m ARa-
MeTpC 3 MpmeHell m BXOZHOTO OTBEPCTHR KOMIMMATOPA HeHTDOHHOIG
Eerexropa, OAMaXO NperncraBEAeTCH, Yr0 HeOLaroNnpHATHHE YCIOBHSA
3KCHepUMEHTA —~ HEXOCTG TOYRAA KOJIMMALMA MYYKOB, Golabmoe gaccros—
HMe MeXAy neTeKTOpaMM, "OTKpPHTAA" reoxsrrus (B paﬁorax“' ) Mo-
YT CAYXATH MCTOYHUKOM RONONHETENHHHX ONMOOK M NPHBOZMTE K
Gozee cnoxuod 3aBucuMocTH QaKTOpa OT rEOMETDMH YCTAHOBKH.

7. 3pPeKTHBHOCTH HEATPUHHLX HETEKTOPOB PAaCCUMTHBANACEH MO
smerony Monre-Kapzo, ucxoms 43 reoMeTpMRm CUETUYMK3, CEUEHUA H
yraoporo pacnpegenesus ( /5/0 )-pacCcefinf, CBETOBHXOAA CLUMHTHI-
RATOpA M T.X. C YYETOM B3aMMOREGRCTBHA HeMTPOHOB C AZpaMM Yrie-
poza ¥ NyaCcCOHOBCKOI'0 pacCnpelefeHMs Npu 2MUCCHE HOTO3NEKTPOHOB,
CymecrBeiHOe BRMAMHE NOCNEAHErO QaKTOpa, MNPUBOIALErO K 3aMEeTHOMY
DPaCHEpEHHD aMNJAMTYAHOTO CrEeKTpa NPOTOHOB, GHJIO OOHApyREHO B pa—
GoreI .

re3yIbTaTH M3MepeHRH GOpMH, NpoBeneHHWe B paGore”’, HODMH~-
poBazmchk MO 4YeTHpeM BennuyHAM ceuyeHHR, NONMYyIeHHHX aBTOpaMM B
adcoMmTHYX H3MEpEeHuAX,

Kak BHABO M3 CKAa3aHHOI'0, MCNOAb3YeMHH MeTOR COZXepRMAT
Gonruoe YKCRO MOMPABOK H, COOTBETCTBEHHEO, MCTOUYHUKOB CHUCTEMA-
THYECKMX OBHOOK. Clexyer OTMETUTDh, YTO H3MEDEHHA B padore5
npencrzBAANT CcoGoll nosropeHnme M3MepeHud B pado're4 10 cyuec?By
B T€X Xe YCNOBMAX. Pe3ynbrarTd ITHX H3MEpEHHA 34METRO OTAHYRWT-
cA, NpuYeM NpyYMHA ITHX H3ME[ECHH aBTOpaMyu HE yKasHBaercd ¥ B
ofmed ocraeTca HefcHoH,

Tunuunne BeAsYMHN NMONPABOK U CUCTEMATHYECEMX MOTpemHO-
creft npusenesu B rTadauue I.



TanUunHe BeJMUMHW NONPABOK M NOIPEmHOCTEN MPH H3depeHNsX

¢ "yepHHM" CUYETUMKOM

TaGawua I

Spperr no?gsnna norngsocrb
I. %04 HeATPOHROTO peTeRTODA 0,2-1 0,I
2. oE B Ramepe ZeneHmi 0,I 0,I
3. KT or 2-0R rpynnu HeRTpOHOB
u "xBocra" mellrpoumoro nmxa 3-183 0,2-1
4, Paccefinue HeWTPOROB Ba KROANAMATODE
cueTHMUKE IS 0,2
5. Pacceanse 0T CTEROK XOANMMATODE BHYTPH 0,I-I,5 0,05-0,3
6. Paccernue HEWTPOHOB B MOHMSAUMOHHON Kauepe I-2 0,2-0,5
7. Moraowenue He#TpoORO® B MOHWBALUMOHHOR KaMepe 1-2,5 0,2-0,3
8. Paccenune HEeHTPOROB B BOBAYXE 5-12 0,5-I,2
9, OGparmoe paccoAHM® OT SaMUTH B CUOTUHK 0,I-I,5 0,2-0,5
I0. Faccefinme HeATPOHOB B OKPECTHOCTH MAMEHH
H BNSBAHHOE 3THM YyBeludehme CUera 0,7
11, Onpenenekue MHTErpaza NPOTORHOI'O MAMKA 0,1
I12. 3pderrumrHOCTH KauepH ZelneRHil 0,I-0,5 0,I-0,2
13, Meprroe Bpous 0,2
L4, Teomerpuueckut dakrop 0,5
15. 3pdexruBEac?h HeHTPOREArO CUYOTUMKA 3,5-11,5 I -2
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lauepeBMA OTHOCKTENBHO ( /1, 0 )-paccesRaf
7

Hetlrponrul mMOTOK OmpeAeABETCA NYTEM CYeTa NPOTOEOB, MUC-
NyGeHHHX NP P3auMMOXelCTBER e€ro ¢ TOHKAM BOZOPOZOCOXEpRA MMM
pansaTopod. Tako® MeTon, CTPCTC IOBOPS, ABIAETCA OTHOCHTEJbHLM.
OzxRako B CBF3M C BWCOKO# TOUHOCTEN CTAaRA3pTa~CevyeHMA (n—p)-pac—
CEeAHAMA, ¥3MEDEHWA, BHNONHEeHHHE ATUM MeTOLOM, MPHHATO OTHOCHTH
K a0COMOTENM, B cuay pAfia lpeuMyIsCcT® Npocrora, Xopomee GHCTPO-
neficTBue, ad@eKTMBHOCTD B GHLOHOM MHTEpBale 3Hepruit HefTpOHOB,
HU3KAA YYBCTBHTEABHOCTE K 0( ~foHy - OH ABRACSTCHA Haubozee
ynorpeOuMiM 1, B YaCTHACTH, AN #3uepeHunl BA mcTouHukax ¢ “Oe-
auM" cnexrpoM (I0-I6). 3Th A3MEpeHHA ABNADTCA TEMOM OTZENBHOTO
noknana, MODTOMY 3MECH, ZNA COMCCTaBIEHAA C HIMEDEHHAMM, C [O-
MOIBY YEpHOTO CYEPUMHA UEeNecOOCps3HO TONBKO NMEpEUYMCINTH OCHOB-
HHe ACTOYEMKM CHCTEeMAaTHUYeCKAX OWACOK.

I. Qo HelTpOHEOrO ZReTERTOpa COCTOHT M3 BPEMAHE3aBUCHMOIO
"roMHaTHOTO * JoHE, JoHa OT C( ryoL) peaKuuu Ha yraepofe pazua-
TOpa M, B CRY4Yae HCIOIB30BAHMA IJiff PETHCTPALMM MPOTOHOB

S¢ (4 ) - nerexropa - peakunu Ha KpewHMAm ¢ 00pa30BaHMEM 3aps-
EcHANX 4YacTHi, Berpumsa gowa B 3TOM ciyd4ae MeHbme, YeM y CueT~
YHKa YGPHOTO.

2. QoH B KaMmepe Zenehuit Mpu H3MepeEUAR Ha MCTOUHMKE C
OeM CNEKTPOM B OCHOBEOM CBA3aH C YaCTHYHHM 3auenueHueN Helt-
TPOHOB, MPUBONAWMM K yBEIMUEHHMW BLEMEHM MNpoJeTa.

3. McraxednmA HEWTPOHHOTO LyYKa CBA3ANH € pACCEAHWEM Or0 Ha
MHWSHAX AENAMETOCA BEWeCTEAa ¥ OKHAX HA KaMepe, a TAKKEe HA Cudu~
Horoll 3amute nepen HelTpoHH:M ZeTexTopoM. OHO MeHbuEe MO BejHud-—
He, 4eM B clyyae YEDHOrO cUeTu4Ka, UYTO CBA3AHO C xopomel KOILIu=
Maumell myuka, CONBWMMM MPOJIETHHMM PACCTOAHMAMM M ONM3KKM B3a-—
MMHHM DaCNONOXeHAEM IETEKTOpOB.

4, B pAne pacowa' LIe,13 TPOTOHH OTAAYM KONAMMUPOBANACH
npy perucTpaiinM, aMniHTyAENR cnexTp MX He ROCTMralk HyNA M
IKCTPANONALMM K HyMeBol aHepruu 1IA_ONpeneNeHHs MHTErpana He
TpeoBanock. B mpyruax paGorax ' ~* ° akcTpanonsuMa K Hysmesolt
2HepTHH Ohna HeoOXOZMMa, NpuYeM BeNWyYmHa MONPABKH MMEET 3aMeT-
HYD BEAMYHMHY.

5. 2pJeKTHBHOCTD perucrpalinM KeleHall Takaf xe KaK 4 B
cnyyae 4epHOTO cCyeTYHKa.

6. Teomerpuueckut QakToOp He [ BOARUTCA, TAK KAK M3-38 XOpO=-
wmel KOnnMMauu# nyuyxka, CONBMMX NpOJNETHHX paccTofHult, MOXHO Cuu-~
TaTh, 4YT0 0Ca@ AeTeKTOpa HARXOAATCA B ORHOM M TOM Xe Nyuke iirpo-
HOB.,

7. 3pbeKTHBHOCTS HedTPOHHOrO MOHMTOpA OnpelenAcTCA U3
2jeXTHBHOCTH pErdCTpaLMA NMPOTOHOB MACCH BOZOPOZS B pEaKTOpe
4 ceuenud ( n, )-paccennus. Tpu 2TOM RONKHH OHTH YUTEEH
OZHOPOZHOCTDH TOJWMHH panuaTopa ¥ yraos0e pacnpeliesienue NpoTO-
HOB OTZAuM (M3BECTHUE C TOYHOCTHD He Aydme % ).



TUNUYHHE BeNWYdaHH HONPaBOXK M NMOTPEWHOCTSH NpH NSMEDOHMAX
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8. 3aBUCHMOCTD BpGMERM CpaCaTHBAKEA IMCKDEMEEATOpa Hell-
TPOHHOTI MOHMTOPA OT SMIAMTyAH MPOTOHHOTO AMAYABCA A T.C, OF
aHeprum HellrpoxoB, YTO IPMBOZMT K BPEMERHOMY CABHTY 4 OBACKE
B 2HepreTuYeCKol KaAMCOpOBKe,

B raGigge 2 NpMBORATCA TEXHUYECKAE BENMUMHH NONMPABOK ¥
norpemHoCTel usmepenuld.

9. TounocTs 3seprerryecroll KanUGDOBKE B 0GOMX LeTeKropax,
KOTOpad OnpelelseT He TOMBKG TOUHUCTH aGCOMDTHOR 3HepreTudeckoi
UKQUIH, HO NPH H3MEPEHEAX HAa KCTOYAMKAX C OENHM CRNEKTPOM, MOKET
NPUBOZMTE K OmuOXe B BEJAUYMHE CAMOIO CcUEHMH,

HamepeHus C MCNOZBSOBAHAEM CONYTCTBYDEeR
aKTHBHOCTH

Jrn WaMepeHHUA MOXEO pas3GuTh Ha 2 TpYNIH:
a) C UCnOoAL30BAEMEM CONMYTCTBYNNKX HaCTHI,
0) ¢ ucmonb3oBaEMeM CONMyrCcTBynme# HaBeZeHHOR axTHBHOCTH.
a) W3uepenus C WCIONH30BAHMEM CONYTCTBYOWMMX YACTHIU
B aroM ciyyae ucTOYHEAKOM HeUTpDOHOB CAyXaT peaKuuu
7‘/471[% & J//n/"/e . ConyrcTBynane HefiTpomam
-YaCTHUHM 7 TeNMOBH CnyxaT LAA aCCOJIDTHOIO M3MEpeHns Hell~
TPOHHOTO MOTOKA. Y3MepeHHS NpOPOKATCH METOAAMN KODLENNpOB3HHHX
M HEKODPENMPOBAHHHX [0 BpPEMEHA COIIYTCTBYDUMX 4YacTHi. B nepsoM
caydae PETHCTDUPYDTCA COBNANCHMA MeXTy LeNeHUAMH W CONYTCTBYyD-—
my¥MA YaCTRUAMA, 2 BEJAMYMHE CeYEHUMA OMpeNelNasachk M3 OTHOLEHMUSA
yucna COBMafeHult u COMYTCTBYOUMX HYACTHI *~,. JTOT METOZX ABAA-
eTCA TEMOR OTZENLBOr0 RKOKJNAZa H 37eCh MOXHO TOJBKO OTMETUTH,
4YTO N0 CPABHEHMD C MpPEBHNAYMAMY METONAMM YUCHO HCTOYIAKCB CAC—
TeMaTHYECKHX OmMOOK CBEAEHO K MAHMMYMY. B 3KcnmepmMeHnTanbiue
RaHHHE BBOAATCA O MOMPABKH:
I. ®on B Kasane conmyrcrynmux vactyn (0,I-3%).
2. Wcxaxenne HellTpOHHOTO noTOoKa (VU,5-2,5%).
3. JppexTUBHOCTH perucTpaumu menaenu®t (1-2%).
UcHOBHOM BKAaZ B norpemHoctTh mamepeHu# (1-2,5%) BHOSUT
CTETHCTHKA,
MeTOZ HeKOpeXMPOBAHHHX MO BpeMEHM CONYTCTBYOWMX HaCTHL
OHJl MCNONB30BAH B paGoTe = ANA M3MEpEeHUs CeUeHNR ZesieHHn 3?&(
Helirponamy ¢ 3axeprue 2,5 MaB. B arolt paGore comyrcraywnmue re-
AuoHH ¢ 2Heprmedd 700 KaB perucTpuUpOBaJHCH NPOTOYHHM MPOMODPUK-
OHAJBHHM CYETUYAKOM, 8 AEJEeHMA - UOHU3aUMOHHOH xamepo#h. [lpy o6~
padoTKe pEe3yRBTaTOB MauepeHud pacCUMTHBANCH IeOMOTpuyeckul
dax?op W BBOAMAKCH NOMPAaBKK Ha YrA0NBOE pacnpeRelieHue
peaKunn, HCKameHM6 KERTPOHHOPrO nyuka, 3dQeKTHBEOCTH perdCTpaLMH
TeAROHOB M nmeneHmi.
OcHoBHAaf® TPYAHOCTH 3aKADYANACH B OnNpeneJeRHM MHTErpana
00 NUKY HH3KO2HEPTEeTHHeCKHX reAsoHOB, NOJyYeHHHX B ReTEKTOpe
C NAOXAM 3HEPreTMUYECKNM Da3peueHHeM, Ba JOHe TPHTOHOB M NMPOTO-

HOB N3 conyrcTsymmefl peaxuun jp(;9q/ jy . llorpemnocrs
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BEIMYERH ITOrO HNTErpala Ouna nopraka 5% u npeswmana Bee
OCranbHHe MOTPEWHOCTH.

G) UsMepeBHn C MCHONB30BAHAEM comyTcrsywuel saBepenHoll
aKTUBNOCTH.,
HauepeHna ceueHps AeJeHUA redtuodgun ¢ anepruel
0,5 MaB TarkWM M€T OM MPOBOLMAMCE F [»a%0T *. B KauecTBE ACTOU-

Huka HeflTpPCHOB WCHOABBOBAZACE DER2KLAR 7 | ’(/’ > } S, .
Mcrousgr BeflTPOBOB BBOABACH BHYTPE HOHHdduHOHHOﬁ KauMepH, COCPO~-
Agelt #3 2-x KOBUEHTPHTE CKUX cdep. He nopepZHOCTH BHYTpeHuel
cpeps Oun HeHecen caolt ’LL C HEOZROPORHCCTHN, HE [pEBHmMAD~
melt 5%. Nocxne ocnyqeanﬁ nefiTposdHl MOTOK JnpEASARLCHE MO -
aKTMBHOZTH OT pacnazna C?z » KoTopas nauepﬁnacbzﬂiZY?zp/‘
CNEXTPOMETDOM, OTKRJRODOBAHHHN N0 00pajdulOBOMY MCTOYHHMRY SI(Sz.
TOYHOCTH H3MEDCHMN OHIA MAoXo# M3-3a 3IHAUMTENBEOrO HelTpoHHOIO
¢ona. PoAoBHEe EERTPOHH BOSIHMKAMM N3-33 OOMOApPAMPOBKE AMadparuu I
MoROTINOBOAA ycropureana (I1-2%), a TaKxe wW3-3a pacCefEdd OT CTEH U
oKpyxanmEx rpenveroB (I-5%). Kpome Toro Goabmodd ®iziax B norpeu-
HOC?H BREOCUAO pACCesirue MeATCOHOB HA JACTANAX KaMepH, KOTOpoe
NPUBOIUIO K ynﬁ%ﬁﬂﬁn npodera B CHOe ypaha Ha 2,5-4,2.. [icaHas
NOTPeWHICTS pPE3YNRETATE COCTABMIA 4,7-5,%9%.

285&£

H3keperiaa ¥ bolTOOH:N PCIOUNMKAX

o -+ ——————————rs. = -

paﬁordxl9 ~el NPOBOZUNACE AGCCANTHUE WU3MEDEHUA ~eueHufl
i (3,00 VA e8> &( ip¥ 5-X QUKCUPONBAHHLK SHELTUAX W°ﬁTpJH ¢ uc-~
1253082 RUEN mOTOHeMTEOHHux 7ne OJdumoaaf&Q (¢G4 KaB),
180 -Be (770 waB), “4p-p (255 KoB), "-éa-ﬂ:;lqo KkaB) ©
12496 - Ke (23 xsF).

CrekTp HeNTDOHOER OT 3TUX HCTOUHLAXGE NLeACTAERIAST COoGo#
MORGOHEDT'ETHUCCKYD JMHKD, [DACHANSHAVE 53 CHST KALLMATUAYSCKHX
3DPEKTOB G HUBKOIHEPLrETHUUSZHUN ABNCTON, FIRMUHERWIL &3 32U&T
FACCEAHMA HENTICHOB BHYTpHM «CTCUHUNA. JHuprids MeATULsSKOR Or
TAEUX UCTOUHUE Y M.O. [E20UATERY 1) “ufr AN JzuHEN 10 5hel UAM
CBAI3U ¥ IBEPTUM  J —UanyusldAn.

VeTouskn npeactanasie o008 Cieruscoiull 47 -umnTien, oipy-
zenuHl ofo waecKoll pandonvol oficaouwol paaMeTpod 35 g, HTEY -
CPEHOCTD MCTOMHYACE 05 CAcAIAYTY FOMe, CHEU M C BYOUKCK [OUHUTTLH
METOROM M=DPOHUSBECHE 32ndk. Trudg LRCHCIANGRTE " ullT2RiaHA
HY 12,4, ZCrnudyd DONGEAL T 050y ALYMA YL8n0 bey MIUFHIM,
ALBSHYE & KOTOUNT DEDACTEUA ORLDATE T D8I TuME 207 JKTOpaMU, 1o~
Hof TEOMETLMH JHCHELMMEATE 47ResT 000 OTHU TUPCILRD H-YYyBCTHA=
TEARENM K TOURIMY DACHORONRHYG 0 THANKRE B URHTpe, S0 D0 Clfe-
TE TEEECHOTC yena };y11WMerx AG MUECHA LOCTATOAHE PO ME-
WapUTh pac:rnstss WALCHAMA, UYTO COCT.AUD PAKHO, I M3 BO
YHupeEH4e BHCOKYO dV ~aKTWBHO UTD MITOMSAKOE (MOPSAKA SOTEH KPR ).
MuyJHe pa3Meps ACTOUHMKOB [LV BNAVIRGHAA TEREUHUY T03RGA0T
CYMTATH MX TOUEUHHMY,
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OcHOBHYr OmMOKY B RAMepeHES BHOCHT adjeKT TepMoJiK3auuu
AellTpOHOB Ha OKpYZADEMX ApeAMeraX. XOTA CTPEHH ¥ IOTOJOK NoMe-
TNEHUSA, B KOTOpOM NPOBCOARJICA OKCIEDUMEHT, OWJIM HOKPHTH GODOM,
2pdeKT oT pacCesHHWX HeRTDOHOB CHA3HBAACH. [[03TOMY M3MELeHKA
BEJUCH fIPM [R3MMUHHX DACCTOAHWAX OT NUCTOYHUKOB 10 mamehelt ¢ mo-
cnervoue® axcrpamonsuzelt ero K 0. f13-3a KOpOTHOTO BpeMeHd XA3~
H# 6[’-mcroqﬂnxon (I5 vacos — 50 pHel) B Le3YnBTATH MINELChHUA
BBORMJANCH NONPaBKK Ha pacnad. TPeKOBHE A°TEKTOpHN LACMORATATAN
Ha HGKOTOpOM D3acCTORHUM O MuneHell, MOLTOMY GAERENRIACY: o;-
$EKTUBHCCTE [ETHUCTLAUNM OCKINKOB.

llorpeutssth NONYUEHHHX BahHHX OUEGHABAETCH 3ETOpAMY BEaV-
YyHo#t mopARKa 3%.

b!

Peayrbra™i M3MEpeHU! M COCTOAHME CIAaHIz2[Ta -
Cevennn HeneHEn SO o4l

da puc.5 npencTaBiAeHN pe3yrBTATH, NOJAY:SHHHNE B LUTHDOBAH-
HHX pagdoTaXx B CpaBHEHU¥ C OUEHEHHHMM BerudvHaMy M3 GuOIMOTEX
zF?VJZﬁ/QI*/V " éALﬂV}éf— . Tf7 COMOZTARNEHAK 7MY LAHHHX
¢OpamaeT 42 ze0s BHUMAHME DPAT OGCTOATCABCTE.

JlaHHHE, MONMYYEHHWE [a3HHMM ABTOpEMM, CyUECTBECHHO [a3nAyY
pTofi, cColekn0 B LUanasnHax odeprult ellTporos Z-5 Ma3E u I
rIe BeNuUrda pacxoxyenus mocouraer 7-10%. iy 5TOM CTARYaRICS
HE TONBKC BeNWYWMHH ceverull, HO # JopMa, 4TO HOTARLHO BASHC 43
CONDCTAaBJCHU S OLEHSMHHX LaHuHX.

Anans3 psuynsT2TOR pPa2ubx &BTOPOB NOXABHBAST CYIsCIBOBI-
Hye ONpEerneNEHHUX TEHIZcHUVE, TaK Haﬁﬁy? LM BRKCE VSO rpnTeNMaTa-
YecKW BHEE [, yrux, & ZauHue KapacOHA™~ CHCTEMATAYR KM HAZe.

T

L=t

[ SR

LEENRS
HESH

J54HNE, NMONY4eHNLe C ACNONLZOEARYEM "UeLHOIO" OETEHTOLE, B 20ib~
IMHCTBe CHyY&e3 HUES M, BO BCAWCM CLyude, HE BHUE, U8 7aEHAS,
MONYYEHHHE ¢ ACTIONBROEAHMel ( /7 7,0 )-racceauss. ST0 Poxc;u:
BO3MORHOCTH CYUSCTBOBAHUA U TSMBTIUECHMX OLAOOK KIS LM,
Mipy 2roM Tamue OwkOKN de ARIATOTCA 1) ACYUMMM OTNpeIENeHHonYy Lo~
TOLY, T.K. %342, CHAR ML BAKCE 1 KADJCOHA BHIOAHEHN JHANOTHUHHMA
MEeTOmAMY . ila 97HOBE COUOITHBACHUA LiAHWY, TAK A€ HAK HA 4 H 86
AHANY3A TOTDRUHCCTER ABMI[CHME HCDU3MOKHO CLCRATE 33KINYLHNS O
OLEUMYLE TTEQY, TOT0 HMAM Apvror METOLa. UYEeBARHC, YTO UM JCiE-
Wee [AasROOOPAZMC BMCLHLLINEHETANSHEX MOTOLUK TYA2T MLNONBE5034HO,
TeM MEHARGE JyLeT BAMALUE COeLyDAUOCKAY CUITEUIIAUECHUX CUUN0K,
LpoMe TG0, OYeEMIHE HuGONOLUMOCTD NNEUMPHOHEWS 20COMOTHNY duMe-
reHul MeTORaNU, ConePRAUMMY MAHUMANLHOU KOJinietTH0 MCTO'YhAKOB
CUSTAMATANECHAR ORUOLK NI OTALABHHY 3HAYCHKAR ox:f LR HelTDO-
HOB, Du3YNBTATH KOTO}UX MODYT CAYRUTH KDHTEpASM UHeHKM Ta'iHHX
M OCYNECTBARTS HODMMPOBHKY ¥ KOHTPOND M3MEpeHsA IODMH.

JpyuepGu MORET CAYRMTB oHej PRTAUCCKAH Touxa [4,5-15 MaB,
A6 HalMWEaeTCA MaKCAMaNbHWR pasopoC LaHHWX.

‘e
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Bento:enloe eornm PO3YASTATOB 4-X MOCECANRX mN3wepenmil
Apnsra X Xp. f Knce (wero lfo. EOPPEGANDOBAHENX CONYTCTBYDREX
gsacran) Omppa™“ m Kapxcoma™ (ormocmrex:imo (n &-paccenn)
NOSBOANET CYNTATH NOAYUCHEOE 3BAYSANE 2,07-2.09 10°* cu? ROCTO~
BepEMM. 370 me 3BavemMe pexoMemxyer onamorema £ NDF/B-F

Hauepenrs ApABTa“™©, BUNOANSHAOE METOROM KOpPPEIR)IBANHMX
CONYTCTBYDARX 4YacTmi mHa Rellrpomax ¢ Hmepruell 2,5 M3B maxo pe~
anumuy 2,15 Gapi, 3amerro Gomee HN3KYD, YeM peKOMEHAYEeMan o0eN—
Mn OnCINOYERAMNM, NO NPEXPACHO COTXACYDAYNCH C AAEHMMM PaGOTM
nemu.as. Bunoznenroll ¢ ncnoab3csasues “depEOro™ cdYerumEa 3
padoru Sap'rona, sunoxneEmoll ¢ RCNOZb30BAHEEN { 7 p )-faccen-
Euf. Cleayer OTMeTNTH, UTO N3MEpeHNS h'alcaz3 B RAHBOM Cxydae
ZaXm Ooxee BWCOKOe 3EaieHme. f3MeperRms Kyrccam METOXOM HEXOppe-—
ANDOBABEMX COMYTCTBYDMNX YacTmi ZAIN OYEH) BHCOKCE JHAVYEHANe, KO-
r0p0€, MO-BREMMOMY, HCABRA CYNTATDH AROCTOBEDHMNM.

OGpamaer Ha ceCn BEMMaNME TO OGCTOATEABCTBO, 4YTO ROZ3D-
nfoRce COZBENASTRO I:HHHX, MOAYICHEMX B NMOCIeRENX fadorax, 32 MC-
KEDUSHUMen wamepeusi .’.npx»mcca”'ID NEENT HEEE [€HKOMEHROBAHHMX
amayvciie#i, T.e. 0 MeLe YCOBSPECHCTBOBAENA IKCHepNMEHTaXbROR Me—
POXAKM # YyBEAMYEHNA TOSHOZTH WMaMepeHER uMeeTCA TeHACHIAR X
CHWNCHZY BeNWMKH ceueHHd Zenenwa. HyEHO CKa3arh, 4TO ¥ ngz
H3MEpeHIAX ceyenal ReneAMs Ha APYPEX HYKAMAAX -~ /4 Aﬁ, ’

W — (e3Y¥NAbTATH NOCnEAHNX m3mejednl, K3K NpaBHAO BASE po-
3ynbTarcB Sonmee [ 3HHAX pasor.

T 2C - T e T TTe - D
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Accuracy Requirement~ 2. ission (ross-Sections Reisvant

to Reactor '[bchnolog

He. v lemmel
JAEA Nuclear Data Section
r.0. Box 100, A-1400 Wien

The economics of a nuclear power station are determined by a large variety of parameters
from a wide range of science and technology as well as social and environment aspects. The un-
certainty of nuclear data is & non-negligible facet within the probleme encountered in the design
and operation of a muclear power station. A thumb-rule says that a 1000 MW nuclear power station
costs 1 billion USP and the electrical output is worth 100 million $ per year [2]. 1In view of
such enormous figures, the consideration of the accuracy requirements of nuclear data becomes
important even though it represents only one facet of the probleme Having in mind that many
boundary conditions, in particular increasing safety requirements, will raise the nuclear power
costs even further, one must realize that nuclear data is one of the few facets of the nuclear
power problem where a reduction of costs can be achieved by more accurate nuclear data. Conse-
quently, considerable efforts are justified to determine the accuracy requirements of nuclear
data end to request experimental nuclear physicists and their funding authorities tc meet the
requirements determined [see references 1 to 14].

Generally, more accurate nuclear data are required to improve the understanding of fundamen-
tal physics underlying the processes that take place

8. ) within the fuel itself, and
b. ) within the structural materials and reactor components.

My topic is to consider the accuracy requirements for the fission cross~sections which,
besides the capture cross—zecticns and the fission reutron yields, are the most important data
for the nuclear fuel. More accurate knowledge of nuclear data ‘

- may allow to reduce the required fuel enrichment,

- may allow extended burmup of the fuel,

- may allow better predictions of the performance cf highly
irradiated fuel during storage and reprocessing,

- and may, in particular, allow more flexibility in the desigm
of alternate reactor types with differen: fuel compositions
and with different neutron spectra.

Compare in varticular ref. (8],

Having realized that more accurate nuclear data may bring savings for the design of more
economic nuclear power reactors, one must realize at the same time that the measurement of nuclear
data for the transactinium isotopes with the precision required is not a trivial matter either
and requires significant invegtments. It is therefore esmential to analyze which data are needed
to which accuracy and with which priority. Since many years various national and international
nuclear data committees therefore review their nuclear data requirements, and the IAEA Nuclear
Data Section compiles these requirements in the World Request List WRENDA [1].

Inveptments for measuring precise nuclear data are not only needed in the form of accelera-
tors and laboratory equipment but probably even more in the education of nuclear phvsicists. The
experimental difficulties of modern vrecision measurements of nuclear data are such that only a
limited number of laboratories in the world can fulfill the requirements. Many of these labora-
tories continue to find adequate support. Several new ones are reaching a state which enables
them to significant contributions. But in some other laboratories one finde that the importance
of nuclear data measurements and evaluations is not always sufficiently recognized so that ex-
perienced nuclear data physicists are forced into other subjects of research.

Data uncertainties in the fission cross~ssctions of actinide isotopes may have different
reasonss

1. There are no accurate measurementss this is usually the case in inconvenient ranges of
neuirorn energies and for certain isotopes where target materials are difficult to obtain,

2. There is only a single accurate measurements this needs confirmation by another experi-
ment possibly using a different method.

1, Thers are peveral accurate measurements which are discrepant. This is the most interest-
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ing case as this mey give the key for detecting unknown systematic errors a- ! iead to imprcved
experiments.

In Juns 198G the Intermatiocnal NMuclear Data Committee (INDC) had its 1'%k Meeting in Wenna.
Tuere is a standing subcommittee reviewing pariicularly disturbinz date discropancies, irn ccope—
ration with o similar subcowmittee of the NEANDC (CECL Nuclear Inevsy Azency Nuzlear Deta Sommit-
tee)e I will refer to their findinge later on. A most useful supzary was given by M5, Sowerby
in May 1980 [9] which indicates that out of the 15 mcst serious da‘a discrepancies considered,

12 concern the transactinium nuclides, and 5 out of these 12 concer~ discrepancies in important
fission crogs-seciions.

Let us now have a more detailed look at WRENDA. The currer:. iesue is WRENDA 79/80 [1]. A+
present, national commiiiees review their regquests tc be includ=d in the 1987 issue, bu: these
are not yet available.

WRENDA 79/80 includes requirements from 15 countries. Requesis are includel only 1Y they
were reviewed and ronfirmed by c¢fficial bodies such as national nuzlear data committees, anc i
it was found that existing experimental data do not have the required accuracy.

P
X

WRENDA 79/80 contains a tntal of 1780 requests, of which 60% are new or mod:fied since the
1976/77 edition. 40% are continuing requests from the previous edition. 455 requests from the
old edition were deleted because the request was either considered as fulfilled or withdrawn for
other reasons. Three quarters of the requests relate to fission reactor technology, including
nuclear material safeguards. The remaining quarter relates to nuclear fusion, where the number
of requeste incrcased from 128 ir the 1976 edition %o 449 in the 1979 editirn.

Rapeanu et al [13] recen-ly summarized the data requirements included in WRENDA for fast
reactor tecknology. wWithin thi. category about 45% relate to structural materials and fission
products. About 5% relate ta the treasactinium isotopes, mostly to their capture cross—secions,
fission cross-sections, and the fisaion nectron yield W

U=235

The fission cross—eection of L-235, this being not only (ne mogt importan® fissile i1sctede
but alsc a standard refarence materisl basic to ctiher measuremeris, has bYeen a too—priority re-
quest, ever since 19956 wien tne first intermational muciear dasn reguest iis! wae pudiisned | 14 .
Al=eady 2t that time, an securacy of 1% has been requested for wide energy ranres. In retro
1ive, ihic was at that time a wishful thinking rather than a jastified request. When formulating
ar accuracy ragquirsment, one has to find a compromise hetween vhat is desirable ani what 1o
possivle. Consequently, there is =ome element of personal judgement invclved, and
surrrising if the one requestor asks {or 2% acouracy while ths ocher is satisfied
the same purpose.

The requests comriled in the current issue of WPENTA have been formuiated after carety
sideratiorn by various specialists. If ona takes all thesc carefuily justified requesta teg
the ™wishful thinking™ from 1966 is more or iess confirmed. "he =225 fission cross-section
needed, with priority 1, from 2 milli—eV to 20 MeV, in large enersy ranges with an accuracy of
1%; in other energy ranges 2 or 3% are considered sufficient. lowever, conirary to ‘he pact, thc
chailenge of the 1% accuracy of fission cross—seciions appears no ionger to be unrsalistic, as
#il} e demonstirated in the present fGaussig Symposium,

st

i history of the 2270 m’s valua of the =235 fission cro
volveds  In 17247 T1571 thig valie was believed to be as aceurs
snuined value 19 1,47 nigner. 14 was oenly in 1374 that the m's value of the U-23% fiosiin
Crustmsesc ion was raised Ly avout 1Y because tie -4 halfeiife was reausea by 2
arrurate sample-thickmes: correstions,  But gtill <oday there ewaistg o dictarbine ’
cy T167 for tne thermal =215 fingiar crosfmeeciion whoen meamsired o:ther w. ' h monoeier.e*ic rei-
‘roag or in o well-defined {aermal Msrwellion epactru Th

n.' ye!l reacned even for a vilua ne basic as tharpt =279 4

czegection jilustrailes "he srobtees
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WRENTA 79/60
Summary of requests for fission cross—section measurements
For details see WRENDA itself [1]

Required .
Isotope Energy Range Accuracy Commenis
T™h-232 1MeV- 5 MeV 5% fast resctors
1.5 MeV - 7.2 NeV 5% for neuiron dosimetry using spectrum unfolding;
106 discrepancies be-ween in‘erral and differ-
ential data
11 MeV ~ 14 MeV 104 hybrid eystem design
14.2 MeV 154 neutron multipliers
Pa~233 | , -
- v S-15%
Pa-23d} 500 eV~ 3 Me 5-15
U232 1keV - I MeV a0,
U-233 0 eV~ 100 eV 1%
100 eV~ 20 MeV 5% abanlute
1 keV — 10 MeV 1% relative to U-235
U-234 1keV - 3 MeV cof,
V=235 reference standard, priorityr 1
0 eV~ 1 eV 1% shape of low energy range f~r thermal react:Ts
svandard for other da*a
75 eV - 15,7 eV 17 fsr normeiization a) higiner eniries
up to 1 keV .
T keV - 15 MeV 1-3% above 20{ keV g-andard ‘or other datayneede.:
1. excitation function with cni:-rration at
several energies
2. measurements wi‘h cverlappire energy ranges
1. new evalua‘ior
fiss. spec. average 2% as integral ‘est
1~236 1keV = 31 MWeY 0504
100 keV - 10 Me¥ 57 relative +n TI=238
U227 1 ke - 3 MeV 5.7
=215 vriority 1, may bentme a veferen~e giandard,
also uged for dosimeiry
500 keV ~ 1,73 v 6=5% probiem: data near nreshold
1,) MeV = 1t WY 1217 ralative t- 7-235
3 abnolute
TLRB. L. LVRTage bg as integral tes?
oy B new rriority 1 remdiec’y
C o2 e "t
i ke¥ - 1 MeV g d
;15 MaV 7 . pwe e 12220
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Required

Isotope Energy Range Accuracy Comments
Np-238 1T kaV~- 2y 504
p-239 0 eV - 10 MV 304
Bp-240 1RV = 2 MV 50%
Pu-236 1keV = 2V 10% priority 1
Pu=237 1xeV - 2 MV 50%
Pu-238 1keV =~ 15 NeV 154, priority 1
Ru-239 highest priority request for fast reactor cal-
culations
O eV - 1 ev 11
1 eV~ 3 Mev o4
3 MeV - 20 eV 2-s%
Pu=240 0 eV - 15 MeV 3-10%
Pu=241 priority 1
0O eV~ 10 eV 1-3%
10 eV = 15 MeV 5-10%
Pu~-242 priority 1
1 keV - 3 MeV 10%
20 keV - 400 keV kY 4
Fu-243 1 keV = 3 MeV 50%
Am~241 new priority 1 requests
0 eV - 15 MV 204
1keV - 3KV 104
10 keV = 1,5 MeV 5-10%
Am~242 (
An=-242n 0 eV~ 15 MeV 15%% new priority 1 requests
Am—-243 )
Cm=-242 partly new priority 1 rejuests, possibly 104
Cm=243 - for Cm=244 and Cm=245
242 t 0 eV = 15 MNev 0%
Om=245
Cm~246
Cm=247 - ..
o248 t 1 keV 3 eV 504 lower priority
Bk-249
cf=250
cf-251 z O eV~ 10 keV 10% old priority 1 requests

Es-253
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I would like to mention a work that has been performed by Musgrove, Boldeman et al [18]. They
meamred the angular distribution of fission fragments from the U~235(n,f) and U-233(m,f) react-
ions, using monoenergetic neutrone of energies between 50 keV and 1.85 NeV at 100 keV intervals.
Such measurements have been done earlier. Musgrove et al then undertook a channel analysis to
seek simltaneous fits to the fission cross—sections and to the angular fragmeni distribution
data, using transition state spectra and barrier parameters from Just et al (1979). It appears
that their channel analysie was quite succesaful for the 100 keV range fission of U-233 and U-235,
and preferable to the usual statistical approsch. The statistical behaviour of the U-235 s-wave
fission widths has presented a problem for nearly a decade. A suitable set of fission channels
could be found by Musgrove et al, indicating that the contribution through the 2= band may be
the largest component in low-energy s-wave fission., Up to a few hundred keV good agreement with
the experimental cross—sections can be achieved using only a Jew channels. Thus, this method
could possibly be useful in predicting unmeasured fission cross-sections of cther transactinides.

It is noteworthy that the accuracy of data in the resonance region may be limited by compu-
ter economics. The best representation of resonance parameters seems to be provided by the
Reich-Moore formaliem. However, in the processing of evaluated data files, the high computer
costs required for thie formalism make it at present economically unfeasible. Consequently, the
Reich-Moore formalism, which was provided in the ENDF/B-IV format, is no longer used in ENDF/B-V
[22].

The unsatisfactory sitvation of U=235 fission crosse-sections in the 14 MeV range was
illustrated by Arlt et al [19] and confirmed by the Discrepancy Subcommittee of the INDC, which
concluded that the recent measurements in the MeV range can be divided into a group with higher
fission cross-sections and another one with lower data, and the discrepancy rem2ins unresolved.

The work done at Dresden and Leningrad, that wil! be reported today in the subsequent papers,
will contribute to solve this disturbing discrepancy. Updatings of the existing U=~235 evaluations
may then become necessary.

To achieve the required accuracies for the full energy range will be very difficult.
M G. Sowerby [9] formulates:
In view of the large mumber of existing data, new measurements should be made

= (a) if the accuracy is likely to be significantly better
than previously, or
- Sb; if a new technique is used, or
c) if errors in earlier work can be identified.

For more accurate data two main problems require attention:

- to improve technicues for neutron flux measurements,
- and to improve the determination of fission foil masses.

In both cases inter=laboratory comoarisons are considered and should be supported.

Th, U, Pa isotopes

New recuirements for data of Th-232, U~233 and other !l and PR isotopes arogse from the inte-
rest in Th-U reactors in order to avcid the risks involved in the accumilation of Pu=219,

Here again it is amazing that one of the oldest requests has not yet been fulfilled: For
U=233 there exists not a single accurate and absolute fission crossesection measurement with
monoenergetic neutrons in the thermal enersy range. Only measuremenis of the curve shape exis?,
and measurements in a thermal Maxwellian spectmm or relative to U=235, which all is not quite
sufficient.

For the higher energy range the NRANDC/IND? Subcommittee on Niecrevancies concnlinded, that
there are many recent data of pgood quality. But in the essential energy ranee

- between 100 keV and 1 MeV there are siomificant discrepancies
in the fission cross—section, amountings o more than 5%;
- the accuracy above 1.2 MeV is ceriainly not better than ¥ to 47;
- an accuracy of 1% as requested is out of reach;
- more absolute measurements are needed.

For Th-232 the situation is not bad, as there exist several new measuremente coverins the
full energy range cf interest. The Discrepancy Subcommittee concluded

- that there is a small energy-scale problem near threshold;

- some discrepancies ir. the 8-10 MeV range are encountered;

- more accurate 14 MeV values are needed, ag sewveral data se's
are normalized to this point;

~ the new measurements available partly superssde the E«NT)F,’B—’)
evaluation, and theref-re a new evaluation is required.
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The requiremsnts for U-238 have been increased as the INDC considers to include U-238 among
the recommsnded refersnce :tsndard materisls. It is also essentisl for reactor dosisetry. The
probiems with J-23C concert more the capiure cross-sections and resonance peramsiers.

Higher actini des

The requiremsnts for tke higher actinides result from the fact that their concentration in
fast breeder fuels is in soms cases 100 or 1000 times as high than in conventicnal ‘hermal
reactors (compare J. Bouchard [7]). Some of these appear in a concentraiion of xilograms per *on
of fuel, so that their fission cross-sections need to be known with high accuracy. Cthars, that
appear in lower concentrations, need to be known only with accuracies of 30 to 5( In these
cases nuclear theory supported by experiments at some energies may be sufficient.

For Am-241, which is one of the more important actinides, the fission cross—section require-
ments seem to be fulfilled below 100 keV. The INDC Discrepancy Subcommittee noted however a
factor-2 discrepancy between the msasured resonance integral and that deduced from the resonance
perameters.

Pa-219

Let me now consider the data situation using toe example of Pu-239, tc examine whetner the
accurancy recuirements are fulfilled. Quite recer’ly a new figsion cross-section measurement
for Fu=239 w»s published by Wagemans et al [20). 1In the eV and keV range we have now 12 experi-—
ments. Some of them are discrepant, others agree quite well. The discrepancies in the different
energy ranges are illustrated in the following teble. It is statistically legitimate to ignore
extreme values, as the "standard deviation™ is defined such that about one third of the data lies
outside.

Experiments oo Fu=232) up to 30 keV

Energy R + Requested
range H v hccuracy
+ t
0.0} = 0.1 eV ! 4 experiments agree within 0.5¢ "
0.1 -0.5 eV} 4 Lot !
14 ’
10 - 20 eV ! 7 of 9 experiments agree within 1.0 !
20 - . 8 10 5.4%
o - 40 16 1c 7. % ¢
40 - 50 ' 7 9 7.4 !
50 - 100 '6 9 % !
0.1 ~0.2keV! 7 10 5. 4 !
0.2 = 0.3 '5 8 1.7% %
0.3 - 1 ' 7 10 7.9 !
1 -5 ' 9 n S. % ¢
5 - 6 17 10 7. 4 !
6 =10 16 10 2.5 !
0 -2 's 8 6. % !
20 =10 'a 5 2.5 !
1 ’

How can we decide whether the requested accuracy has been achieved? 1. N. Usachev formulates
[1}+ A request can be considered as fulfilled when at least ) measurements with different msthods
agree within the requested accuracy.

Thus, the thermal range, where 4 experiments agree within 0.6% looks very satisfactory.
However, one must be very careful. It is possible that these 4 experiments are al. correlated
by using the same standard reference values [B-10(n,a), T, 2(Pu-239)] and by using at least part-~
ly similar techniques. The next energy range up %o 0.5 eJ, which is farer away from the 0.0252
eV reference point, shows that there are still problems to solve. In the other energy ranges
listed in the table between 10 eV and 10 keV the situation is partly already very satisfactory.
The 17% discrepancy in the 30—40 eV range is not serious because the cross—section is here quite
small. The requested accuracy of 2% seems to be reached in limited energy ranges. The existing
54 discrepancy in other energy ranges can likaly be reduced by a careful evaluation of the differ-
ent experiments and their error sources and uncertainties.

Tn the keV/MeV energy range, accuracies required are 1% to 2%, with incressed requirements
in the range below 1 MeV. The accuracy of experimental data is certainly still insufficient.
Aleo the capture-to-fission cross—-section ratio & requires new precise determination.

In the 14 MeV range I can again quote the work performed at Dresden where an accuracy of & "%
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wag achieved, whick is better then requestad. But the Usachew-requirement that at least 3 inde-
pendent measurementis must agree within the recired accuracy has no: yet been fulfilled. The
spread of data is + 4%

In this survey I had to restrict myself to the more important nuclides. I would like to
add a concluding remark.

E'ror correlations

Precision measurements in ths 1% accuracy range require utmost care in the documentation
of corrections and uncertainties. ot me demonstirate this using the example of the Pu-239 data
in the keV range.

Approximately, there are 9 exreriments with a 3% accuracy each. Calculating a weighted
average of the 9 experiments, the error wili be reduced to the required 1% — provided the experi-
ments are independent. Of course, they are not independent, and the true uncertainty lies some-
vhere in betwren of 1% and 3L The correct unceriainty can be estimated only by a careful error
correlation analysis. For the meinr fissile imotopes U-235 and Fu-239 such a correlation analysis
exists, for example, by Kon'shin [21]. The new rules for the INTF/B format [22] permit the in-
clusion of error correlations. There are alsc various problems involved when comparing experi-
mental data that have different energy resclutions. Related problems were discussed at the
Faclear Data Evaluation Workshop in Brooknawen, September 1980 [12]. T woumld like to forward
a recommendation of this Workshop which was seconded by the TAEA Meeting of Nuclear Reaction
Data Zenters (Sept/Oct 1950).

When reporting mrecision measurements of muclear data, the aathors should be as specific as
possible in quoting the 3ize of all corrections performed together with their estimated uncertain-
ties, also quoting standard cross—eections, half-lives and other reference values together with
their assumed uncertairties. Fossibly this should be done not only in the text but in tabular
form. If the measurement is a function of energy, such tabulations of corrections and uncertain-
ties are required for different emergy rang=s and possible correlations between the data at dif-
ferent energies should be discussed.

This will then anable %Le data evaluator to consider the data with the weight they deserve.
Many good experiments are known whichi miet be down-weighted or ignored, because the publication
includes insufficient information about corrections and error analysis, either because the author
did not take it imporiant or the journal editor did not want to include too many details. In any
case, detailed information about corrections and error analysie should be submitted together with
the data to the miclear data center, so tha: sufficient detail: can be included in the EXFOR data
file 723) which has developed tc a significant information system supplementing conventicnal
publications.

Literature on accuracy requirements for fission cross=sections

(1] DoW. Muir, editor, WRENDA 79/80, INDC(SEC)~73, Oct. 194

[2] JoL. Rowlands, Muclear data for reactor design, operation and safety, 1978 Harwell
Conference on Neutron Physics and Nuclear Data for Reactors and other Applications,
Proreedings by (F°CD, 1978

(3] B.H. Patrick, Past fission crosg-sections of the major transactinium isotopes, 1978
Harwell Conference, as ahove

(4] 0. Ozer, Nu~lear data needs for LWR apvlications, 1979 Knoxvil'a Conference on Nuclear
Data, Proceedings being published

[s1 Ph. FRammer, Nuclear data needs for plutonium breeders, 1379 Knoxville Conference, as above

(61 H. Kfisters, Nuclear data neads for the analysis of generation and burn-up of actinide
isotopes in nuclear reartors, 1979 Knoxville Confsrence, as abowe

7" J. Bouchard, Comprehensive review of TND requirements for U and U-Pu fuelled thermal
and fast reactors, and their associated fuel cycles, 1979 Cadarache Meeting on
Transactinium Isotope Muclear Mata, IARA-TECDOC-232, TAEA 1980

8] Ho Kouts, TND requirements for alternate fuel cycles, 1979 Cadarache Meeting, as above

(91 M.G. Sowerbg(,) Review of Important Muclear Data Discrepancies, NFANDC-124 = INDC(UK)=-33,
May 19

[10] B.H. Patrick and M.C. Sowerby, An Assessment of the accuracy re?uiromnu on higher
actinide nuclear data for fast reactcrs, NEANDC(UK)=174 = INDC(UK)-34, June 1980
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raszction T(d,n) weli ectaplished ow, The r~esults of our recent measu-

Tem=nts on

‘1>U, zj?ﬂp and ;’U?u ware rublizined eaciier 75/, Lue 0o Coe
reivl Iinvestiga*iocns of possibis counrces o sy3tearatic errorn typical wice -
Teinties batwesr ,1 % and 1,% ) cocid e achivad /.5/,

tszerimental esainments for f,c.s. neasucemsnte at 2, VeV aad about 8 NeV
using; the D(d,n;ﬁﬂe reaction for the yrodu~stion of monoenevsatic neutrons were

degseribed also recently /7/.

The TCAFM for gbsolute fission crouss sectisn meagurement at .4 MeV

ireliminary experimental data of a first f.c,s, measurement on 252

TCAFM in this energy region nave been reported - re:, /4,7/,

Monoenergetic neutrons were produced applying the D(d,n)3He reaction at thne
5 MV ~ Tandemgenerator ot the ZfK Rossendorf. /is source targsts thin (CDE)D-
foils were used. To seperate the associated 5He—particlea from the intense
background of charged particles a silicon surtace-barrier-detector telescope

was employed. A special fast particle discriminator has been developed to rea-

7 using the



lize the TCAFNM,
Further measurements of the 237U f.c.s. had been provided at a nsutron energy
of (5.86 X 0.25) MeV to reduce the unacceptable large statistical error of tne
first experiment. For this purpose the neutror productios rate at a deuteron
ensrgy of 3.5 MeV hed to be enhanced by a factor 5 - 42, This could be obtained
- by use of & pew rotating target sechan'am witl an iacreased effective
diemeter to deminish thermal damage of the target foils
- by use of & larger entrence diaphragma of the assocciated perticle
counting systes,
A peutron flux within the cope of (1.5 - 2)'105 per second and msrad nas been
realized,
The associated 5He—part1c1u were identified applying the d3Z/dx-particle iden~
tification method in some modification fcr use in a snall dynamic range /6/.
A new fast particle identifier was developed which generates a particle spec-
trun within a defined energy window. This particle spectrum (fig. 1) was sum-
med over the whcle measrement time. The smount of alpha-taciground events
within the “He-window could be determined effectively by change or tne (CDZ)“.
target fcil witk a (CHa)n;foil of comparable thickness.
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Ripg, 1 Tarticie spectrum of the particle identiiier, The alpha-peax arises

from the reaction 120(d,ar)10B.

Optimizing the particle senaration a typical amount of alpha-backeround of

2 ~ 3% epould be obtained.

70 ronaider the main condition of the T7ATM | that all neutrons ct tne cone
nave to be able to induce some fission event ir tre s3smple, the prefile of the
aeutron cone was sgcanned sgaip, In thig geometry a WitiM = a.>° cf the nautron
intensity distribution was ueasured which is in avreewant with zvprorriate ki~

neratical calculations/R/ (fis, 2),
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Experimental conditions of tkhe
f.c.s. measurerent

En

Ed i,
(€D,)"= foil
beam currert
focus

target ring
rotation
target angie

Ge25) ¥eV

9.5 MeV
(7.5 241 ) mg/exS
~ 560 ot
g 3 mn
g 3 ar

d -]

75¢

i+

(8.46

1+

Y

The mean fission rate couid bdbe
increased by optimization of the
areal densities cf the five
2550 — targets which were arren-
ged inside a multiclate pulse-
fission-chamter.

The experimertal cczlitic:zs
the f.c.s. zeasurement of °
are given in %tanle -,

re

Tre applied corrsctions to tcze
seasured ¢.c.s. value arnd its
partial uncertaizties to tae
standard deviation ol tne cross
section are gquoted in tatle- 2,
It can be seesn that the uncer-
tainty ol the absolute deter=i-
nation of the neutron rlux due
tc the apriication ol toe TUAIM
is ¢f tre same crdler as the ua-
certainties due %o the determi-
ratior of target rarsmseters.
frovidinZ 8 careiul optizization
cf ell experirertal corditiors
uncertainties &i absolute '.C.S.
measurezents at atout 5.5 XKeV
neutror ener<y of~2 % eculd be
exgected, The accuracy of 1 3,
rowever, sesas tc be scaewnat
unrealistic at (resent,

zesult

In teble 3 our result is compa-
red witk {.c.s,
by other autnors, Measurezents
apriying three independent and

values zeasured

in princijyle <different zet.cis
are availa:tle,
@er.t within tie ,siven standar?d

Wacelient 3 res-

jevieticns 15 oLserTvel Letweer

telesc.,~-diaphr,
5He angie
sniil angle

ie count.,-rate
A fi~detectr-
Er ~dm=tector
time resciution

baveme. ———

fisszion chazrier ¢

pressure

areal dengi*t: (7,7 4R 2 [0 e Sa
nevtran 2one A

tareet iist. 7 o [ 10,3V
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LRy e i (n, ) | Bes? 1.92 | & sbotisiiol L unesrraluty i
KK 1976 /4070 (o, ) 83,40 1,750 ; “e20 ntatistical uncertainty

i , v , .
{4978y /1)) 24 1,81 X 2,0 4035 etandard deviaticen
ANL (1977) /127 black 2,27 1,794 L e 3,57 astandard deviation
nautron
jetect,
WS (1E2RY M5/ () L4 1.7" 2 - 5 7 etab, uncertairty

U (1979) /7y ToAaM 3,0 1.78 L 5,11 €,27 standard deviastion
(19303 /6/ 8,46 1,801 X n,044 | 2.4 standarl deviation

iiure 3 showes our 14,7 MeV and 8.4 MeV results for the f.c.s, of “2°U in com-
parison with expe: imental data of recent f.c.s, shape measurements and with
data files of f.c,s, evaluations, /14/, Discrepancies with KFK /10/ are obvious
at both enerzies, The point at 8,4 MeV confirmes most of compiled files while
sonme data revision at 14,7 MeV has been provided last time,
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Joxnan ua MexzyHaporaull CHMImO3MyM
no B3amMozelcTEuD OHCTpuX He#TpOROB
¢ Anpams, layccek, I'AP, 1980 r.

ABCOJOTHHE M3MEPEHWA CEYEHWA AETEHRR 2SCUMmATPOHAMM
C SHEPTMER 2,€ M3B

Axxa3os N.JZ., Burenxo B.A., Xymus B.H., Hocrourunm O.%.,
Nerpmak K.A., doumves A.B., Himaxos B.H., Maaxun J.3.
Pannenult nncrnréé me . B.T . Xaonuxa,
cOCP

Apner P., Baruep B., Myawons I'., Oprmemn X.-T.,Ta#ixrep P.
Texnuueckuit ynngzgcurer llpeanex,

Hacroamas paGoTa ~ ovepesaBas W3 cepwd NpoBORmMuX ¢ 1972 r.
BPaznueBoM mHCTMTYTE M¥.B.[.XnonMHa atcomrHEX n3mepemull cogeHAR
nenenas. Uenb 3THX @3uepenuit — NMOaydenwe A3HHHX ANA peaKTOpHOR
TEXHAKR, N3BecrHO, 4TO Npm [a60Te peaKropa Ha OHCTDHX ReldTpoHax,
HARAMARBEAGTCH BUPOKMH HASOpP HYKAANOB OT ypaHa N0 KOPHR, HOTOpHE
X0TA ¥ He ABIADTCHA OCAOBHHMA DEAKTOPHHME KW30TONMAMM, MOTYT OKA3aTh
3aMeTHOe BAMAHRHE Ha TOMNMBENE Lyk3 pearTOopa. JUIA KOJAMyeCTReHHOM
OUGHKH 2TOr0 BAMAHUA HEOGXCAWMH faHHHe N0 BeRPDOHRHM CeueHHURM
GONbEHHCTBA AKTHHAAHNX HYKJIMNOB.

B Hacrosme#l padore npeacTaBAeHH pe3yMbTATH ACCOMOTHHX HIMEe-
peHuit ceueHMs AeclCeHHA U wHeltiTpoHnamy c rjggrueﬂ 2,6 WaB, Pax
&BTOPOB 1-3 B3MEepRN paHee CeYeRAe A6NEeBHA 2 il , mcnoas3ys pas-
E00Cpa3sHNe ACTOYHMKE HeMTDOROB ~ MOHODHEpDreTHYecKue ~ °~ U c Ce—
AHM crerTpoM-. Bo Bcex paGoTax MCNOAB30BAJACH METCHAKE H3Wepe-
HAR OTHOCMTENBBO COUGHHE HEJNEHRA ZSSLL. Hacroaman gadora eXuH~
CTBEeHHaR, KOTOpAf N4aeT BONWUABY CeYEeHHRA AeNeHuA 23 s ¥M3uepeH-
HYD a0COJWTHHM MOTOZHOM.

lpmsensoMnit B paGore METOZA KOppPeAMPOBAHHHX NO BPEMOHH CONyT-
CTBYDORX YACTHO fABAAeTCH MOXMPuxauueR pasee MCOONB30BABMETOCA B
HSMOpeHHAX Ha HeHTpoHax c >xeprme# 14,7 MaB “. Cxema 2%cnepuMenTa
npaseneHa Ba puc.l. Jlas nonyuesms HeRTPOROB HCNOAB3OBANACH peaK-—
ung D(d,n)’He . HcroumukoM HeWTPOHOB CNYyEMAR MHWEHb, COCTOA-
maA K3 cranbHOR NOANOREKR TOnmmHOM 0,3 MM C HAHOCOBHHM HA Hee
croes TATAHA, B KOTOpOM pacTBOpeR Reitrepul (aTOMHO® OTHOmEHHO
0,8). Mumen:r o6ny4yanach NYYKOM REATOHOB, YCKOPEHHHX A0 3HEPTH:
120 k3B. [lyvor RonamMypoBancsa Anadparmawu Amamerpos 0,3 uM.

Tox Ba Mumenb cocraBaan 200 MkA, 4TO ZAaBaN0 MAQPHOCTH NOTOKA
Hefl?poHOB B pafiome nenuTenbHOM Kamepu 10% I/cu®.cex. JeTexrop
COMyTCTBYNAXX HACTHL PETHCTPHPOBAN BCe 3apAXolHHe YacTHIH B
TENECHOM yrnegsjz . Ncnons3aosanca noBepYHOCTHRO-GapbOpHHN Rpou-
nueBul zeroxTOp nuomazd I cM“ c cofcrBennuM paapemesnes 20 xaB.
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Or noToKR DACCORAMHX ZOUTOHOB ASTEXTOD 3QARUBAACH 4/AXNAHWAEBOB
foasroR roxmumolt 240 unr/cuz. C ReroxTOpa OPSAYCHARZEND (OLMEK-—
POBAR 2 CErBana: BpeMeBROH Anf CXeMH CcHBnazess® (DpoHT EMEYIRCA
veRbae 10 uc) ¥ aMnanrypauB, EeoGXOZmMHR ARA BHIOAGNES TOINOROB
N3 Cnex?pa SapfEEeHHNY YacTNd. COOCYBeHEOE Ca3pemeRMe aMIANTYA~
HOTO KaBaXza, N3MEPEHHOS N0 o ~AERRMN 239Pu cocTaBEao 3% ¥ 0o3-
BONAAO AOCTATOYHO YSTRO pa3fief?h QUER sﬂe (0,7 MaB), “H (I,I MaB)
u LH (3 MsB).

$0H NPOTOEOB W TPHTOHOB OOA NHROM SHe mepoamk n onpexoRsa—
cs anmofinof agcrpanoxasnmell. ®OE pacCesRHIX AEATOHOB CYRECTBEHHO
3aBHCHMT OT KAYEeCTBA N TOAMMEN ANOMAHEGBOLl% JEABTPA nepezs ASTER-—
TopoM. B aKcnepuMenTe OCecneuuBalach NpencCpexXNMO Ma2ian 6r0
PenuvnEa. HauecTso cnexrpa 3apARSHHNX YACTMY (pAC.3) KOHTPOAN-
poOBaNOCsBO BpeMA usMepoHuR BenpEpeii3-AO.

TenecauR yrox sapaEesEHX YacTHL 3azae? koHYC HeRTpomoB,
B KOoTOpHE nomemasercs Hcciaenyemufl o0pasen 23621 . OGfisaTenbHEM
JCAOBHEM METOZA KODPOAMDOBAHEWX IO BPOMGRM CONYTC: BYOENX YaCTHL
ABNIRETCA TO, YTOOH ROHYC HedTpOHOB MNOAHOCTHY NONAZAN HE MHEOHB
Aensmerocs BemecTBa. [[pOfUNL HERATPOHHOTO KOHYCA pPaCCUMTHBANCSH
43 KNHCMATHKA PCARLOMA 'D(d,n )5H¢ . INA yieTa RO3MORHOrO pacCEH-
PEHAS HEMTPOBBOI'0 KOEYyC8, BH3BAHEOI'O KYJIOBOBCKMM PaCCORHHGM 3he
B THTANOBOR Mume#H er0 mpoduAB ONpeRenANCH IKCNEDHMEHTARLHO.
Ha puc.3 Bunrko, 4TO Bech KOHyC HeHTpPOROB XOpOmO YENAZWBAETCH B
npezenax MumeRH 38y,.

JHepIHA HOMTPOHOB ONpEZEeNANSCh METONUM 3DOeMeHM npojnera,
Buno nomyueno amsauenue cpepnell 3HepruuM cnexTpa ReMTPOHOB B KOHY-
ce, papsce 2,594 MoB, uro corsacyercs ¢ Beauuusoll, masecrHOM
%3 RUHeMaTHRH peaKIuy 4, Qupaa CneKTpa Ha NOAOBUHE BHCOTH COC-—
raBnans 120 xaB. OuenuBanuch BOSMOXHHE MCKAXEHHS CTMEKTpa NpH
p3aumoznelicTBur ReRTpOMOB ¢ aNGMEHTAMA KOHCTPYKUMM. CAenaH BHBOXR
0 TOM, YTO XOPA CNOKTP HeflTPOHOB H H® REAAGTCH MOHOIHEpIeTHYECKHM,
HCKAXERHR 6r0 HEBONMKM H B NAHHOM ONHTE MOTYT He YYHTHBATHCH,

llns perucrTpalMu AGAMTEABHNX COOHTMA MUChONB3OBANACH NNOCKO-
najpannenbEAR MOHM3AUNOHHAR KaMepa, COXepXamaf 2 MANCHH Aeasme-
rocAa BemecrBa. Jina onpaeaeRus 3HOKTHBHOCTH KAMEPH paccYdTHBa-
AKCH NOTOPE OCKONKOB B AKTHBHHX CHOAX MugeHell ¢ yyeroM yraoso-
IO pacnpexsnsius OCKORROB 5. florepm COOHTHR H3-38 ANCKPMMMHAIUN

EyMOB OnpeRsasANch anueluoif axcrpanonsumelt aMnAMTYRHOIO Crnex-

Tpa OCKONROB K EyASBo# amepraam,

Mamens aenAmerocs semectsa H3rOTaBAMBAIKCH B PazmeBoM uE-
CYHTYTO METOXOM TepMOpacnuIeRMfA., TOARMHE NMOZAOXEX %3 CRAABA
Enkenn ¢ xpowow cocrasasxa 0,13 wx., ORHOpPORNOC?D CHOOB KONTPO~

ANpOBanack N0 ol —-cuery AerexTopoM C MazoR Amadparwoll, macca 236y,
OnpeAeAnXACh N0 W3BOCTHOMY NEPROZY no;ypacrnaza . AIS waroromas-

ANA wumemef mCHoaR30BAACH 1 sucoxofl uncrord. Coxepsamme npx-
wacell xpyrax msoromos He npesumazo 0,I%.
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fIONY4eANAR B PE3YIBTATE B3ME;eIWY BOAuLXER CeUsEIR A ACENA
li mefirpomaum c ameprieR 2,5 M3B scorasmser
{0,890 + 0,037).707°7 cu
B paCoes™ pug 3rorc cegexas NLABCRETCH 3RauYeENe
{0,885 + 0,055).10'24 CM”. HODENPCERA CTROCHTONBNHX ZONHMX N3
pacor ~* 7 ua pesuuemy ce<eima nsreams Oy | peromemnoBainyp
crGamorexolt ENDF /8 - !-f 7, EHeT BENRYMEN Ceucu#s ReASHMA
li 4 pasaus coorBercrRaxko 0,86 m 0,674.10°2“ cuz.
Ocrosrolf cocTamnApiell Ce3yRET2Ta HAMNX AIMOPEHHR ABRRETCH
CTaT#CTMICCKAA ONNOKA. BENXYMHH BBOZHMMX MIONPABOK M COCTaBIACRRE
ACCPEEROCTH 63YALYATA NPABEACHH B Tadimue 1.

236

Tabama [
llonpaBsRx # COCTABAADEREE JOTPEeMHOCTH K3MepeRHA
pgpexr MTonpaska | !lorpeanocTs

(5 %) (3 %)
HeOREOPOAKOCT: CXON MEHCHER 0,8
LHUTNIOMEe HAE OCHOAXCS B MABCHM 2,0 c,2
JHCTANOAAUMs: X nynepol 3E.Sryw 1,2 ,5
P08 B RAHAN® [CORGHOB 3,1 c¢,5
PaCcefEdEe BeNTCONOBD P KOHYCE 1,9 ' C,o
Cratacrmea . B L ; 4
TlonHaf LOPpeTROCTH [L 4,2

Qurepaiypa

14

I, Meadows J.7, - Nuclear scl. and Ingineering. 1978, v.55,0.171
2. Tamphere .90, ~ Phyu. Zew., 1955, v, 100, [.763

3. Behrens .vW., Carlcon G.... - LUclear Sai. and Lngansering,

1977, v.%3, p.250.
4. Amxg3os A.I. u #p. - ATOoMHAA BMEprEA, 1979, T.47, cTp.4i6

5. Arlt R. e* al. Informutionern Techmische miversita! Iregden
05 - 5 ~ 79, Dresder. GIit, Ie7¢

6, Schmarek ¥.R. = Nuclear Date sneets, 1977, v.20, p.192



AccoapTHOE H3MepeHWe CedYeHmA JeXeHud 235 ;L, npe Ee =2.6 MaB nc MeTONy koppe-
JAPOBAHHHX (10 BPEMEHA CONYTCTBYDMRX JACTHIU

#. Apnr , B, Barmep M. flom , I'. Mysuoms , X.I'. Oprnenn ,P. Taitxuep
Texamueckuih yawBepemrer r. [pe3pena , I'IIP

1.J. Asxa3oB , l.B, Apamumsckudi , B.H. Nymus , C.A., Kocrourxur , C.C. Koma-
nesxo , K.A, ilerpzak , B.M. [nakos

PaaveBut uacruryr um. B.I'. Xnonuwa , r. JleHunrpaz

B axcnepumentax Ha IS0-KMAOBONBTHOM KaCKANHOM IeHepaTope TeXHEYecKoro
YumeepcATeTa . Jpe3reHa BOSpBHE G pPUMEHEE METON KODDEeJWDOBAHHHX OO BpeMe—
HR CCIYTCTBY/MMX YaCTUL LA aGCOJOTHOTO M3MepeHWs cegqenmd netewud /I/ npu
JHEDTHM HaleTa~qUx HellTpoHoB 2.6 Ma3B. YToOGH DOCT#4YL TpeSyeMy® TOYHOCTEL I-2%
HYRHO RXOOKBATh CTATHCTHYECKY® NOTDEWHOCTH MEHble QNHOTO IPOLUEHTa B cYeTe CO-
OuTult netednd, Ijif 3TOro HEOOXONAMO HECKOJABKO HeleJb BPEeMEHM A3Mepeund. Lid
cdopa ¥ NpenBaprTesibHOM O0CDASCTKA MHORECTBA B 3TO BPEMA MOABISOMZXCH NAHHHX
CJIYRMT CBA3b 3KCHepuventa ¢ madol 3BM tmma KRS 4200 wepes KAMAK /2/.
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Puc.2. Onpenexnesnte ¢oHa mnon
IAKOM CONYTCTBYOUINX Te-
JIAOHOB B CNeXTpe 3apA-
XEHHHX JIaCTAN.

LIS TOYHOT'O ONpelelleHUA TOHA TDUTOHOR MOIL HAKOM TeNUCHOB JHJIO TDCReIeHD 73Me-
peHde crnextpa foJbprofl, TOJMLFHY KCTODCH ROLOCpany TaKuy O5pa3cM, YTOON TeiuCHk

OHJIVM [ODJIOWEHH TP MAHAMAJIBHOI NMOTEePA BHETIMA TDHTOHOB
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Ompenexemue accoawroR sPPeRTHBHOCTE OHCTDO# KAMepDH NeJeHHA

P. Apmr, K. TepGax, P. Tefixwep, B. Barmep
Texmraeckmlt YamBepcurer Lpesnen, CexmmA (mamxR

LA TOYHOrO ONpONeNISHES &CGCOJDTHOrO CeYeHHs NeJieHUd IO MeTOXY RODPEJHpPOBAHHHX
IO BPOMEHR COIYTCTEYNMEX JACTEN ¢ HOrpemHocTsd B I - 2% tpedyerca 3Hamme adco-
JoTHOR 3(eKTHBHOCTE DETNCTPSINE OCKOIROB JieJeHHS €. B KaMepe NGJeRRA C TOY-
HOCTED Okoxo 0,2% /I, 2/,

dfpexTEBHOCTE RaMeDH NOJeHHA OIPABNYHBASTCAH:
1. norzompHEEM OCKOJKOB B ROJMAMEMCA CJO6 MENESHE
2. JMCKPIMRHAIMeR HESKOHEDPreTHYeCKHEX NMIYALCOB NeNeHHA NHOPOTOM BPEMEHHOTO
IRCKDEAMNEATODA B IOION RAMEDH

Bausnme 9TEX 5PPERTOB yIETHRAGTCS B NSMODEHEAX CEYOHE:A JEJNSHEA COOTBOTCTBYINE-
ME ROppexmsam /3/.

lexrn sTOR padorH ABAAETCA HENOCPENCTBOHHO? N3MEPeHEEe HE3JHERTHBHOCTE RAMEDH
JIeXeHNs, ROTOpaf C y4OTOM BHIle HASBAHHHX KOPPeKIER OCHYHO CYETAETCA DABHEM
Hy2w. [OpopeneHHHO H3MeDeHES TAKMM 00PAa30oM JOJXHH CXYEATH KOKA3ATEJBCTBOM TOTO,
YTO APYTEX OrpaHEYMBangmX sdpeRTHBHOCTE $HARTOPOB, CBAAHHHX C ROHCTPYRIme# MM
POXEMOM RAMeDH NeJNeHRA HET.

Henosmp3nBanEad NJOCRONApaJJeJbHAA RaMepa IeJeHHA EMeJia CJeLyKmEe [apaMeTpH :

padoqrt ras: CH4

BHCORO® HANPAXCHWE: 400 B

JABJIOHES : I.I - 10° Mackam
MEeX3JOKTPONHOS PacCTOSHEO: 3 MM

BPOMEEHO¢ paspemeHHe: 2 HC

IRaMeTp MAMOHH : 21 mm

MREeHHD CAYERA TOHKEE cjoft 252 Cf (1 m/cuz) ¢ AKTEBHOCTEY {0 HNeJOHAD B
400 Bexepean. 3THM MCRJIKIAETCH ROPPOKIMSA HA MOTJAOMEHMe OCKOJKOB. PoxmM Kamepu
ONTEMASNPOBAJACA IO sa.lﬂ;mew Pa3nelieHAD OCKOJKOB ROJeHHA OT ajha-4acTEm HA-
TypaabHOff ARTHBHOCTH C{ x no BpemenuoMy paspemermp /4/.

Hacroamge A3MepeHEA OPOBOMEJECEH (O OPRHIANY PEIECTPAIME OCKOJROB NOJEHHS B COB-
DANGHEE C HefTpoHaME NeJeHRA /5/, (DHHIMOEAXBHAA CXeMa RAEA H& péc,I,

Bpemenmuft cmexTp coenanemm#t (pc.2) XapaKTePH3yeTCA MIHOBEHHHM IINKOM ROPPeJE-
POBAHHHX COCHTRIt M NOCTOAHHHM JHHeRHHM foHoM, HeadfeRTEBHOCTH RaMepH NeseHHA
OpefieaAeTCA CAGLYXWEM BHDaxeHHeM /6/:

N4
1-¢_ =
F N‘l * NP‘Nf - At
rme N, - uncao oHOBHX coéuTRft Ha RaHaZ,

NP - YHCJO COOHTHRt B MUHOBOHHOM NHKe,
Nf -~ YHECJAO POerHCTPHpPOBAHHHX MNeJeHER,



Tadmma I
Pesyxprarh N3MepeHEH

BexmamBa CmupoOX HamepeHHO® 3RavYeRME HorpemnocTs
&
14.22 3 0.33 0.067%
1356124 * 1665 0.004%
CM, TESKCT
422,72 £ 0.06 0.0004%
0.8784 ¥ 0,0087 0.029%
gMcHO KeXeHHft Bume HOpOTra (357.4 £ 1) - 10° 0.001%
9ECAO COOHTHR MORYIOHHHX 0.6I % 0.I3) » I0° -  0.036%
aRcTrpanosaneeft
Jor nei'rpoxnogq JeTexropa 7.4 £ 1,65 0.027%
YHCAO pe%ml))onam 652.7 ¢ 6.9 0.244%
HOfiTpOHOB (MEH )
ROPPeKImA HA S&J6PRAHHHE 2.8%2,4) . 1074 0.025%
HeATpOHH
3DeRTHRHOCTH EaMepH (100,04  0.43) %
JIeJeHAA

At - BpemeHHAA eJRHENIA RaHAJA.

Bo Bpems M3MOPEHAA CHUHTAINCH YHCJAA NeJcHEE N,; m HeftrpoHOB Njp E permcTpEpO-
BAMACH BPOMOHHHE B AMIJMTYZNHHR COOKTDH RaMepd. Ha pMc.3 M306paxeHH AMIARTYIHHe
CNOKTPH C IOPOTOM NHMCKPEMEHAIEM N Ces HOpora B OGEACTH ILERTO, PaseAANmero
ampda-4acTAOH B OCKOJKH IOJieHHAA,

o X mocae EsMepeHHA aHaJusEpoBaJdcs QOH B HeRTpoHHOM feTeKTrope. [IpR ompelelsHEE
HeodPeXTHBHOCTH YYHTHBAJMCH:

I, smMaRRe nopora JEHeRHO# SRCTPANOXMIEE NJIATO K HYyJeBOo#l 3HODIHN
2, OB B HOATPOHHOM HOTOKRTOpPe

zszc
3. BUMARRe Y~ -aKTHBHOCTH MEUEHE f HA OTHOmeHRe HONABAGHEA O6JORA
IACKPIMEHAINE, ROTOpoe cocraBaano (8%2) - I0™

4, BUMAHEe 3ANSPRAHHHX HOATDOHOB NEJEEMA NPHE 3HOPrOTHIOCKOM NOpOore HefTpoE-
Horo merexropa B (0.9%0,I) MaB,

B Tada.l coopasu peayaprar mawepenxft, MOXHO S&RJWIATH, 4TO 9dPeRTEB:O0CTH Xa-
MODH HEJOHHA BO BCAKOM CJXydae doimme 99.6%.

Ha ROCTErHyToM YpoBRe HOTPeNmHOCTR NSMEDeHHR He RACAOIAMICH NONOJHETONBHNE EC-
TOYHEKE Hea(eXTHBHOCTE,

JaTenHHe KOPPOKINE HA N3MePeHHOS! BeMMUNHO® HoodJeRTEBHOCTE He Npesumasm 3%, HO
ompeneasaN yse 75% OmNORE pesymsraTa, OCHOBHOR BRJAN B HOIPeMEOCTD BHOCHX (OH
B HOBTPOHHOM HETOXTODS.
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MEASUREMENT OF FISSION CROSS-SECTION RATIOS USING
TRACK-ETCHED DETECTORS
M. Vérnsgy, S. Juhdez, J. Ceikei, M.A.B. Siddique”
and P. Rasics
Institue of Experimentsl Physics, Koesuth Uniwersity,
H<4001 Debrecen 1, PF, 10S, Hungary

239 ?sicn cross-section ratios of 2380/2350. 23‘0/8794'. 2350/237'4' end
P“/Z U were deterained in the rengs of 13,5-14.8 MeV neutron energy. The

fission fragments were detected by e polycerbonete solid stete nuclesr treck
de tector /SSNTD/,

l. Introduction

Fest neutron cross sections for U, U en Pu heve been
reviewed in detail by Poenitz end Guomhor1 upcnuz and Pltricks. The
devigtions 1in Gn,f values messured by different suthors sround 14 MeVv gre
related to the energy dependence of the fiseion cross sections neer the /n,2nf/
threshold as the boaberding energy is not slweys well defined. At 14 MeV the
change in ‘n,f is especislly significant for 2350, while for 239py 1t cen be
neglected,

The eim of this work was to study the spplicability of SSNTO for /n, f/
cross-section rstio messurements end to determine the Gn ¢ Cross-section
curves for 2350, 2"‘au, 237Np snd 2‘WPu sround 14 MeV, '

2, Experimentel technigue

The detsils of this experiments snd some preliminery results were
published in sn our eerlier p-por‘.

Neutrons were produced by s 180 KeV Cockcroft - Welton generetor using
the T/d,n/'H. resction. Tritum terget of 150 pg/t:-2 on @ 0.3 mm thick
eluminitu becking wes bomberded with en snelysed D* beam of 100 pA. The
neutron energies were chenged by the emaision sngle to the beea,

The fission events from semples were detected with Mekrofol KG SSNTD
/12 pe in thickness end 30 ma in disaster/. Two detector foils and two fissile
seaples /o.g. 238y and 235u/ were stecked in 27T geometry in such s wey thet
the fission fregments emitted in forwerd dirsction were detected,

The fissile semples were prepered by the Hlopin Institute in Leningred
J/USSR/ es well as in the CEA /Frence/ /239Pu/. The seaples of 19 ma diemeter
were deposited onto en Al-holder /0.2 na thick snd 40 s in diamster/. The
isotopic composition end thickness of the deposits /esuamerized in Table I./
have been determinded st the Hlopin Institute end CEA gnd were checked by sn
d-spectrometric method st our Institute,

Relstive fiseion cross-sections were deterwmined st six angles /0°, 30°,
60°. 90°, 120°, snd 150°/ in such @ wey thet the detector stecks were plesced
on the front window of @ fission chsaber. At esch engle the messuressnts were
repeated five times. Etching of the detector foile wes cerried out in 28 % KOH
solution st & temperature of 60° C. The etched foils were evalusted by e

Jumping Sperk Coum.r"’.

235, 238 d 239

3, Results and discuesion
Results obteined in this experiments compered to the previons dets ere
presented in Fig 1, The renges of correction factors and the errors sre given

in Teble II.
+ On lesve from Atomic Ensrgy Centre, Oscce, BAZC. Bengledesh



Table I.
Isotopic composition and areal density of fissile samples
Isotopic composition { Aresl densi ty
Sanple ug/ce relative to
235,
ZIIIU 235 236, v
35 170 1
U 0,0010 99,9955 0, 0035
237Np 239, 24l 0 Las 0.5
237 ’
Np 99,9917 0, 0078 0, 0005
Pu - 99,9964 | 0,0036 | 670 3.85
>y depleted by a factor of 230{190 113
Table II,
Range of correction factors and errors
Range of Range of
Ef fect corrections errors
.}
Statistical - 1.1-1.5
Mass ratio 2.6-4,3
Detector efficiency 1.2~17.5 3.2-4.5
Spark-counting efficiency l - 3,8 0.2
Neutron-flux veriation 0.9 0.1
Forward-backward anisotropy negligible -
Fission due to other isotopes negligible -
Thermel neutrons negligible -
Total 3,6-23.4 4,5-6,0
S -
£ 121 |
Foed v e N
114 ¢ ot o . " ..
F o9 ‘ ’ [ .
% s Tt N o .
9"? 0.84
-_';f as1 , ¢
Z a0 ' . .
o ': i “.’ L
!—E 046 ] 2
o 056 N o oo, 8 i ,
g osed o .
L2 T A e e e e I
135 14,0 14,5
NEUTRON ENERCGY HEY)
¢ ENDF/8 -1V = | APLNA,
s CARLSON ET AL 8 BEMRENS LT &
o ENDF/B -¥ + SOWERBY ET AL
0 CANCE ET AL ® ARTL ET AL
o PRESENT RESIATS
Fig. 1. Comparison of various relative cross sections
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There are three effects which can cause variation in the detector
efficiency, namely the fission-track-range variation in target material,
detector thickness and anisotropy in the angular distribution. The range of
fission fragments hes been determined from empirical formulas® 7 while the
fission fragment angular distribution was taken into account by using the data
of Blumberg and Leachmana'g.

The possible presence of the thermal neutron background was controlled

238U/235U as @

by the measurements of the fission cross-section ratio for
function of distance from the neutron source. No change was abserved in the
cross-section ratio indicating negligible amount of slow neutrons in this
experiment,

As it can be seen in Fig 1 the trends of the relative cross sections
within ‘he limits of errors are in good agreement with those given by other

2‘1°’11, however, the errors of our measuruments are relatively high

autors

compared to other investigations. This is mainly due to the uncertainty in the

determination of the sample thickness as well as in the detector efficiency.
The error caused by the detector foil can be decreased by choosing thin foils
with the same thickness.

The results prove the possible use of track-~etched detectors in
combination with the J,5.C. for the fission cross section measurements,

The authors are grateful to Dr, Cs, M, Buczké and Mr, L, Vas for their
assistance in the alpha spectrometry and in the operation of electronic
systems, respectively,
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“Dynamics of nuclear fission®

by K. Dietrich
Physik-Department der Technischen Universit¥t Minchen
8046 Garching, James Franck Str. BRD

In this talk I want to start with a short historical survey
of the treory of fission. I then shall discuss in some de-
tail recent « “empts to describe the fission process in
analogy to Brownian motion. Finally, I shall shortly comment
on alternative recent approaches, especially the time-depen-

dent Hartree Fock- (or BCS-) method.

§1, Historical Survey

Shortly after the experimental discovery of the fission pro-
cess by Hahn and StrasSmann, N. Bohr and J.A.Wheeler1 succeeded
to understand the main features of the process on the basis

of two basic assumptions: (i) The nuclear fission proceeds

by the formation of a "compound nucleus" the lifetime of

which is sufficiently long such that a thermal equilibrium

of all the degrees of freudom of the system is reached. The
system hereby "forgets®" the way it was formed except for
conserved quantities and decays independently of the way it

was formed.

(11) The dependence of the (poten-
tial) energy of the nucleus on its shape can be described
by the (static) "liquid drop model” (LDM). As a result of

the competition between surface- and Coulomb-energy, a bar-

rier develops which the nucleus has t. overcome in order to

undergo fission.

The (static) LDM did not lead to an understanding of asymmetric
fission - the lowest saddle point of the potential landscape
calculated within ths LDM turned out to be reflexion - symme-
tric with respect to a central plane perpendicular to the

axis of rotational symmetry. I may remind you that calculations
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within the dynamical LDM (especially incompressible, irrotational,
non-viscous flow) also did not lead to an understanding of the

mass asymmetry.

Only after Strutinski's discovery of the shell-correction
uthodz, the change from symmetric to asymmetric division as
a function of the mass number of the fissioning system could
be related to shell effects. At the same time, this method led
to an interpretation ~f the cbserved intermediate structure
of the tission yield in terms of a “second valley” of the de-

formation potential. Quite recently, Blons et a13 proved even

the existence of a "3rd valley" for fission of 2“"'x'h and 233“

which had been postulated by P. MSller and J.R. qu‘ on the

basis of calculations within Strutinski's method.

The second "branch®" of theoretical studies emerged from the
picture of the fission process as a compound nuclear reaction
in combination with the LDM: Complete thermal equilibrium
suggests that the excess (B*-Bf) of excitation energy e”
above the higher of the two barriers is statistically dis-
tributed among all the degrees of freedom of the system. As

a consequence of the additional hypothesis of a conserved
K-quantuam number on the passage from saddle to lc::luions'6
the angular distribution of fission fragments must be deter-
mined by the square lD’Imlz of one symmetric top wavefunction
if only one "tramnsition state” is p«'.»pul.a?:ocls'6 (z"?sf) or
by a statistically weighted sum of |D.Im'2, i? many of them
conttibut.7.

Once the systes has passed the fission barrier, the fact
that the fission mode is unstable leads to a redistribution
of the energy (l,) stored in deformation onto the other de-
grees of freedom. It is the details of this dynamical process
vhich are still unraveled. In particular we would like to
know the state of the system at the moment of final rupture

between the nascent fragments ("scission point”), since the
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masses, charges, angular momenta of the fragments). In order

to obtain further relevant experimental information we must

thus study in more detail the fine structure of the mass and
charge distribution for given kinetic energy of the fragments
(especially odd-even effects) and the angular momenta of fission
fragments. If the mechanism for producing the angular momenta
of the fragments is the bending mode, these angular momenta
depend sensitively on the deformation of the fragments at scis-

aion".

Of great interest is,of course, also further experimental and
theoretical wcrk on the emission of light particles (& ,p,d.t,

etc) close to scission.

Beside this mainstream of theoretical studies a most interesting
paper was published by Kramers12 already 194¢, but stayed quite
unnoticed in nuclear physics. In this work Kramers studied the
decay of a system, which at time t=0 is given by a certain ini-

tial distribution (see fig.1).
subsequent time evolution is essentially a thermalization within

each fragment.

Rather different assumptions on the state of the system at
scission have been made (complete thermal equilibriuma, par-
tial thermal equilibriumg, collective excitations on1y1°) in
the course of time. Why is it so difficult to decide experi-
mentally between these pictures? The reason is that we observe
the fragments at large times after the scission stage. At

these times the system has "forgotten" the state it went

through at scission apart from "conserved quantities" (i.e.

A V——, d(Q,t=0)~---~
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Fig. 1 : Schematic plot of collective potential Yiinitial dis-

tribution d4(Q;t=0)

The collective degree Q interacts with a "reservoir” of
randomly distributed degrees of freedom. Due to certain
statistical assumptions one may derive what is called a
"Kramers--Chandrasekhar-equation” for the time-evolution of
this distribution. This is precisely the problem of nuclear
fisgion if we are willing to accept the statistical assumptions
which underly the derivation of this equation. But the same
protlem arises in other fields of physics: For instance an
impurity which is trapped at t=0 in some valley of the lattice
potential and which can escape by coupling to the lattice

ions would satisfy a similar equation of motion. Indeed, Kramer's
paper became very famous in solid state physics. Let us now
discuss the basic physical ideas of Kramer's approach in some

detail.

§2, The Fission Process as a Problem of Brownian Motion

The fission process represents a large scale collective motion
which is ccupled to the intrinsic degrees of freedom of the
system. The collective and intrinsic degrees play a similar
rSle as the degrees of freedom of the pollen particles and
the molecules of the liquid, resp. of the classical case of

Brownian motion.

The natural starting point of a theory of such a system is a
Hamiltonian which is composed of a collective part Hcollta,s)
depending on the collective variables 6 and their conjugate

»
momenta P only, an intrinsic part H (;,3) dependent on the

intr

intrinsic variables £ and their conjugate momenta f and a

coupling H which we assume to depend on the intrinsic and

cplg
collective variables only:
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H = o)+ Hoy Gif)s g G A)
Hg 7).+ UG

¥We should realize that the derivation of such a Hamiltonian
for a system of fermions represents already a problem on its
own merit. We may assume that we have derived the form (1)

of the Hamiltonian within the cranking theory which implies
that the collective motion is slow compared to the intrinsic
one. Let us now assume that there are many intrinsic degrees
of freedom and that the intrinsic motion is in a state of great
complexity. Then a perturbation of the intrinsic motion at a
given time t=0 is expected to “"decay” more rapidly than a
perturbation of the collective motion. A measure of this loss
of memory are the relaxation times. Let us thus assume that
the collective variables Q are distinguished fram the intrin-

sic variables x by larger relaxation times:

ont (8) 3> 77 (x) @)

The validity of the inequality (2) for shape degrees Q can be
deduced from the analysis of deep ‘nelastic heavy ion reactions
(Illll)13. I1f we assume thce validity of the somewhat stronger
statement, that the average collsctive variables £Q(t)>

change only by negligible amounts within the relaxation time
fo0(%) of the intrinsic degrees, the intrinsic degrees will
alvays remain close to a thermal equilibrium if they started
to be in a thermal equilibrium at some initial time. This

then suggests to treat the intrinsic (microscopic) degrees

as a heat bath coupled to the ("macroscopic®) collective

shape degrees and to assume that the deviation of the reservoir
distribution from the canonical form can be treated as a small
parturbation. On the other hand, the dynamics of the collective
macroscopic degrees is to be treated explicitly. Hefmann and
Siemens formulated this "linear response theory", wvhich is



widely used in the theory of condensed matter, for the descrip~

tion of heavy ion renctions"

. Let me note in passing that an-
other way to introduce statistical features is to treat the
matrix-elements of the coupling Hamiltonian as random numbers.
This method has been applied to the description of heavy ion

reactions and recently also of fission by Weidenmilller et 31.15

and by Ndrenberg et allé

The resulting equations for the macroscopic distribution function
a(Q,P;t) look very similar to the ones of the linear response
theory but differ by the microscopic expressions obtained for

the friction and dissipation tensor. Let me describe in a

short way how one proceeds in principle in order to obtain

an equation of motion for a macroscopic distribution func-

tion 4(Q,P,t):

We start from the equation of motion for the complete densi-

ty operator f[ﬂof the system /t = f/

lfog[if] (3)



(1) With a proj~ction technique due to Nakajima and 3vanzig17
we may rewrite equ.(3) in terms of an equation of motion for

the “"reduced density matrix® defined by

<@lp/4> = T <Rt /7))@ >

or, equivalently, for its Wigner transform. The Wigner function
is defined by introducing “"relative® an “centre of mass" coor-

dinates

/- e a

in <Q',? ] @) and taking the Pourier transform with respect

————

4‘;:__ A’;a

to the relative coordinate q

~ e, ~
APt~ fay e BHh&E) o

P Gt)h= <@ fIPEUT-$> o

The physical significance of the Wigner transform is that it
represents a probability density in the phase space of the
collective variables Q,P if we go to the ciassical limit.

It is precisely this function which we reed in order to cal-
culate the average cross section for fission: Assuming that

the macroscopic observables like mass, charge, angular momenta

of the fragments a.s.o. are known functions 12(0,9) ot our

set of collective variables, the measured final distribution p(a)

;D/d/——-'/é/é’a/pa/ﬂel?z‘-)fayJ/ﬂ/e?}‘f] (6)
where "a" are the measured values of the observables [](g,P).

The Nakajima-Zwanzig equation which is obtained from (3) for

the Wignerfunction (5) has the general form
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A R z ”
ﬂ//ﬂ= IA‘/* /A’/t’-z‘/a’/fyd’z" )

Here f(t) is a term dependent on the initial conditions at time
t=0, while i describes the propagation of the system from time
t' to time t. Due to condition (2) one can show that ?(tr1>()
for t > T (x) ana that K(t-t') is negligible for times t

preceding t by more than ?;el x)

Assuming that the macroscopic distribution function d(Q,P,t)
changes very little within a time interval of length Z' 1(x),
we may replace d(Q,P,t') by 4(Q,P,t) in the integral of equ.(7)

(Markov approximation):

;{;/f/ ~ J#H2) 2

As a last step one simplifies the integral kernel, which is
still a highly complicated functional, either by perturbation
theory like in linear response theory14 or by ir “roducing
random matrix assumptions15'16.

These approximations are of a statistical nature. They are thus
not dependent on whether the collective degrees of freedom be-
have almost classically or quantum~mechanically. In the "local=-
ly harmonic approximation™, the quantum mechanical equation

and the classical equation for d(Q,P,.) become equal. Quantum-
effects in the equation of motion for the Wigner function are
thus unimportant, if at any given time t the collective poten-
tial U(Q) (see {(1')) can be approximated with good accuracy by

a quadratic expansion around the "average trajectory” Q(t)==(z2>

Vi) = df<ir>) » (o-ats) 355



4 (p— (I/{/)}z;;%()é- (9)

in the whole damain where d(Q,P:t) is substantially different
from O. If the collective inertia(u, the friction and the
diffusion coefficents are approximately constant in this do-

main é«:ﬁﬂ)}/ /-//(ﬂ)}; )= D(c>) } onc finds the

following equation of motion for A(Q;p.t):

xzz ) P S Y\
iz % ;«247" (4-8) e )7

7;/’;5;7 (;Z?¢%Q}f',éz7‘;%;é? (10)

COR)>: = JPAAKPL) an

which is referred to as a "Fokker-Planck equation” in recent
publications of nuclear physics and as "Kramers-Chandrasekhar
equation” in statistical mechanics. Let me note in passing
that in the high temperature limit the friction and diffusion

coefficients are related by the Einstein relation

"229== ‘7*,' Va (12)

where T is the temperature of the reservoir of intrinsic vari-

ables,

The linear response theory relates the coefficients D and

to the microscopic Hamiltonian H (x,Q) . Por the case that

cplg
is a sum of shape-dependent single particle potentials

/M ﬁi/ Z/// (13)

the form of ‘r’and D was explicitly calculated in ref.18, It is

“cplg

the widely discussed case of "one-body dissipatiocn”. More



recently, the effect of two-body interactions on / and D was

9 | An extension to systems which are

taken into account
superfluid at temperature T=O is in progress. 1 believe personally
that an approach to the fission problem which is based on a
Brownian theory is promising and represents a natural extension
of the existing theories of nuclear fission, which incorporates

the extreme statistical theory of !‘ongs (maximalisation of phase

space unter given constraints) as well as the theory of Nix

and Svlntecki‘o (obtained for ’-D-O) as special cases.

wWhat has been done and what is being done on these lines?
Several preliminary studes based on a K-C equation of type (10)
were performed recently:

A. Jensen et al. 1amfomd microscopic calculation for the friction
tensor for fission of 38y (deformations between 1st minimm and 2nd saddle)
Grangé et al.z° studied the time dependence of the fluctuation
for an inverted oscillator potential starting with an initial
distribution which was localized in the vicinity of the top

of the barrier.

Pomorski et 31.21 studied the time evolution due to equ. (10)
in a somevhat more realistic case: The potential U(Q) depended
on 3 deformation variables Q (elongation, mass asymmetry, neck
diameter) but with one of them (neck diameter) being related
to the other two by a constraint. The potential was calculated
within Strutinski's method. The friction and inertial tensor
were chosen phenomenologically (friction tensor -»O and inertia
of mass asymmetry mode -3>@0 beyond the scission point) and the
dissipation and friction tensor were related by the fluctuation
dissipation theorea. The experimentally observed distributions
of the mass and the kinetic energy of ths fragments could be
reproduced with reasonable choices of the inertia and the fric-

cion.

An undesirable feature which is common to all the simple appli-



cations of Fokker Planck equations is the strong dependence

of the final 4istribution from the initial one. The reasons

are probably that the number of degrees of freedom is too low
and (more important) that the initial distribution is chosen

at the saddle point or even slightly beyond the top of the
barrier in order to avoid the problems connected with tunneling.
As a consegquence the time which elapses up to scission is too

short for the system to lose the memory of its initial state.

In the last part of my talk I wish to mention some alternative

theoretical approaches which also merit great interxest.

§3, Alternative approaches to the fission dynamics

In a series of papers Ledergerber et a1.22 and Schi.itte23

studied a semi-classical model describing the passage from
saddle to scission. The time-dependence of the collective
variables was classically given and the time-dependent Schri-
dinger equation with a simple model Hamiltonian was sclved in
a limited space of internal excitations. All the authors came
to the conclusion that a substantial amount of intrinsic exci-
tations is generated on the way from saddle to scission. Schiitte
in particular showe” that these intrinsic excitations are pre-
ferentially pairs of quasi-particles with time-reversed single
particle quantum numbers. Let us note that - apart from the
special case of symmetric fission - quasiparticles differing

only by time reversal have the same distribution in space. If
odd-even effects in the proton or neutron number distribution
are observed this may thus either mean that Cooper pairs sur-
vive up to scission or that pairs of quasi-particles in time-
reversed orbits play an important rdle. Very interesting ex-
perimental information on odd-even effects was recently ob-
tainedz‘ . The drawback of these model calculations is that
they lack selfconsistency. This was overcome by some first

calculation325 based on a time dependent Hartree-Fock (TDHF)

or time-dependent 3CS method. The applicability of TDHF to
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low enerqgy fission is expected to be at least as justified
as for heavy ion reactiouns. The large number of orbitals in

a nucleus like 236

O makes it technically impossible to carry
out a calculation without some undesirable simplifications
such as axial sysmetry and reflexion symmsetry. Thus the re-
sults must be viewed as model] studies A feature which is likely

21

to be realistic is the time of some 10 “ sec.required for

passage from saddle to scission.

In conclusion I would like to emphasize that low-energy fis-
sion constitutes a valuable complement to deep inelastic heavy
ion reactions in that the excitation energy is lower sc that
more details of nuclear structure such as shell effects sur-
vive the statistical averaging. Furthermore, the angu:ar momsen-
tum of the fissioning system is very low for low energy fission
while the average anqular momentum of the "dinuclear systeas”

is large for a typical deep ineliastic reaction.
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FINE STRUCTURE OBSERVATION AND ANALYSIS IN THE
NEAR FISSION THRESHOLD OF Th ISOTOPES

J. Bleons, C. Mazur, D. Paya and M. Ribrag
DPh=N/MF, CEN Saclay, BP 2, 91190 Cif-sur-Yvette, France
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Abstract

High resolution measurements reveal the presence of a fine structure in the gross resonances
located near the fission threshold of 23%Th and 232Th + neutron. The properties of such a struc-
ture can be understood only in the framework of a third minimum in the fission barrier. As predic-
ted by the calculations, the metastable states in this minimum have a stronger quadrupole deforma-

tion than in the second minimum and #n octupole deformation.

The resonant structure in the near threshold fission cross section of the thorium isotopes
has long been a challenge in understaading the fission barrier penetrabiliiy conditions. The ex-
planations proposed in terms of a single or a double humped fission barrier failed to reproduce
even the rough behaviour, when numerical calculations were performed. In hopes that a more detai-
led description of the fission cross section will help to solve the problem, we have undertaken a
series of high resolution measurements.

Several experiments were performed during the past few vears. We first used the neutron time
of flight facility connected with the AL 60 Saclay linear accelerator to measure the fission cross
section of 232Th along with the fission fragment angular anisotropy D]. The fission cross section
measurement was repeated at the Ceel linear accelerator GELINA which provided us with a better
energy resolution. This last run was accompanied by a fission cross section measurement of 23071,
also at GELINA Eﬂ. In all these experiments the fission detector was a six-cell gas scintillator
where the sixth cell was loaded with a neptunium deposit used to monitor the neutron flux. The
anisotropy measurements were performed by setting against the Th-deposit, a grid which stopped the
fragments emitted at an angle larger than 30° (in one experiment) or 45° (in a second experiment).
The best energy resolution was achieved in the GELINA rums : 42 ps/m for the 232Th cross section
(i.e. 2.3 keV at a neutron energy of 1.6 MeV) and 84 ps/m for the 230Th cross section (i.e. 1.7
keV at a neutron energy of 0.7 MeV). The results are displayed in Figs. 1 and 2.

Since we are mainly interested in the resonances let us concentrate on those located at 0.7
MeV in the 230Th cross section and at 1.6 and 1.7 MeV in the 232Th cross section. They are blown
up in Figs. 3, 4 and 5. Each of them reveals a fine structure which was not observed earlier. In-
deed, fine structure peaks with about the same width (10 keV) have been reported in the cross
section of other actinides Eﬂ and were interpreted as intermediate structure effects due to com-
pound nucleus states in the second well of the fission barrier. However, these peaks have some
typical properties which are not met in the thorium case : their spacings obey a statistical law
(Wigner distribution) and the fission fragment angular distribution does not vary from peak to
peak. We shall see later that the spacings of the Th peaks are connected by a relationship which
is more strict than a simple probability distribution ; as for the fission fragment zngular dis-
tribution, Figs. 3, 4 and 5 show that, even if no fine structure is appearent in the data due to
a poorer energy resolution, the anisotropy is not constant. Rai.:r, the fragments are more forward
peaked on the high energy side of each gross structure, the spin increases on the average with
energy. Such a behaviour is incompatible with the properties oi compound nucleus states but stron-

gly suggests the presence of simpler collective states. This conclusion is supported by the cal-
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culaticns and the systematics of the fission barrier parameters which show that, in the thorium
isotopes, the first maximum is much lower than the neutron binding energy. As a consequence, it is
no longer possible teo distinguish between class 1 and class 11 states in the first and the second
well ; so, the usual intermediate structure, as it is found in heavier actinides, cannot develop.
But the calculations provide an alternative explanation of the fine structure with the appearance
of a third minimum in the fission barrier of light actinides when octupole deformations are per-—
mitted BJ. Since the miniiwum is very shallow only the first rotational states can lie below the
top of the barrier and they should occur as pairs of states with different parities due to rhe
space symetry violation.

The data have beer. analysed in terms of the above considerations. The cross section is cal-

culated as

( Jﬂ( ) TiJw(E)
o (E) = z Oy (E =
£ K,J,n CF Tiﬂ(E) + Tjﬁ(E) + rf“J"(E)

where the compound nucleus cross section o ana the transmission coefficients Tn and TY ia the

CN
neutron and y-ray channels are given for each spin and parity Jn by an optical model code. The
Tf's are the transmission coefficients of suitable fission barriers ; for a given projection K,
the parameters of the different barriers are set equul except for an energy shift which reflects the

presence of a rotational band :

J+i/2

, -
E. = Egn v oo [JU#) - KiKel)os 1 a_(3+1/2)]
- —

i 23 K,1/2""

The 0.7 MeV resonance in “37Th is a simple case since it is well isclated, without auv pedestal
and since a series of angular distribution measuremrnts are row available which permit, with some
corfidence, to assign a spin value to the dififerent components nf the fine structure. For iastan-
ce, in comparing the 55° and 80° data Eﬁ one can assert that the 708 k=V and 719 ke peaks must
have a spin 3/2 whereas, in order to fit the 0° to 90° ratie Bﬂ, a value of 7/2 is needed near
730 keV together with values of 1/2 below 720 keV. A detailed discussion of the spin and parity
assignment is given elsewhere Eﬂ. Fig. 6 shows that a perfect fit can be achieved with twe reta-

tional bands with quantum numbers K™ = 1/2" and X” = 1/27 and the following parameters :

42/23 = (1.9 + 0.Dke/ a, = 6.2+ 0.1

E, - = E, o+ = (9 ¢ DkeV  a_ = -0.3+ 0.1

1/2 1/2

while the moment of inertia 3, as measured in neighbouring nuclei, is two times larger in the se-
cond well thar in the first well, our value is more than three times larger. This is an additional
evidence of . third minimum with a stronger deformation.

The analysis of the 732Th cross section is more comnlicated because the pelestal cross sec—
tion on which the resonances sit !isturbs somewhat the angular distributions. In order to describe
correctly this pedestal which is presumably formed by already open fission channels one has to
begin the analysis at lower energy, in the region where the cross section begins to rise ; this
means {itting the cross section and the anisotropy from about 0.7 MeV up to 1.8 MeV or more and
reproducing all the fine structure observed in this range. Of course it is easy to build a fine
structure by adding more and mcre new fission channels ; but this procedure gives too high a cross
section above 2.5 MeV when all fission channels are open and, on the other hand, one knows frem
calcuiations that the number of single particle levels in this energy range does not exceed 8.

The analysis has been cond:icted along this direction and using the results of the 230Th analysis.
Although it is still in a preliminary stage, Fig. 7 shows that both the gross and the fine struc-
tures can be accounted for, provided that the third well may contain two vibrational resonances.

By way of conclusion I would like to say that although some of the experimental results have
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Fig. 6 - 230Th cross section calculated as a superposition of two rotatiomal bands with opposite
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been obtained several years ago, the analy-
sis has to progress very cautiously because
in the third minimum we are faced with sta-
tes with unusual properties. There vas s
time when the very existence of the third
minimum was questionned. To day, in view of
the coherence of all the resules, its ap-
pears as firmlv established and no doubt mo-
re interesting conscquences will be derived

from a complete analvsis of the data.

Fig. 7 - “2<Th cross section calcutat.d in
the same manner as in Fig. # when several K
fission channels are involved.
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HEKOTOPHE OCOFEHHOCTH S1EPTETVHYECKO. 3ABICHMOCTI CPHHETO WICHA WIHOBEILLIX
HE.[TPOHCB [EEFHIA

bB.A.Ky3pramoB, O.B.ilanmoBekii, B.l. [ukcaimuu, H.H.CemeHoBa
WH3IKO-3HODreT4YeCKui yHCeTUTYT, OOHMHCK, CCCP

AHHOTaAIRLA

B padore o6cyRnmapTcs OCOUCHHOCTH METONA K DEe3yJBTATOB uanepexnm DHepPreTHYCCKOU

3aBUCKMOCTH CPEIHSTo_YMCJa MTHOBEHHHX HETDOHOB IpM A8CHME Ficp ypiHa-<3C,
aHa-238, HENTYHHA-237. BHIIOJHEH COBMECTHHY AHAIM3 3IKCHEeDUMEHTAJNBHMX H2HKHX 10
P H KHheTHYEeCKld SHGPPIIFIII OCKOJIKOB IpK ACJICINII pANa ALeD.

1. BBejenue

wiccremoBanue ¢$axTOpoB, BJLLIMNIRX HA 3HEDPreTHYECKYW 34BHCIMOCTE CPEIHErC HUCIA
MCHOBEHHHX HEUTDOHOB LeleHid, NpeAcTaBifdeT He TOJbKO NpaKTHieckuil uHTepec, HO #
no3BoJiAeT OoJsiee INIyOOKO MOHATE QUIEYECKMH CMHCJ ABJEHIE, NPOMCXOIAUMX HE NOCJCIA-

Helf cTanMy IOpolecca IeJeHUA fAfRp. K HITd CleXyeT OTHECTH TCHIE Mpolsieitd Kok nepe-—
KayKa 3HEepI'Mil KO/UIEKTUBHOI'O IBIKEHWA B SHEDIMI BHYTPEHHEIrO BO3SYKISHKA, MeXaHU3l
Pa3spALKN CILILHO BO30YRLEHHHX OCKOJKOB LEJICHUA M LD.

JHEepIuA, YHOCHMAA MUHOBEHHHN H3JIyYeHMeM, - KUHOTHYECKAas JHCPIUA OCKOJKOB JEJiCHUA
¥ 3HEPIiIA 3aTpaduBacHas Ha MCIOYCKamie HEiTPOHOB I y" ~¥BalTOB, — YCPLAaeTCH 13
SHEpTitd ACJCHMA I aﬂepmm BO3OYRACHMA LEJAALETOCH iLpa.

- E}-Q'E EK""VPE,)"‘EX *
Tie o § — OHE[THA NeJCHHA, YCPEIHEHHAs O BCeM crocodal: EeiicHuA, &L — 3HEepria BO3-

CyRmeHus feimuerocd fAnpa; oy, — CPeIHAA KUHeTH4ecKasd HSPTIA OCKOJKOB [CJiCHA;

\;,— CpemHes YHCJIO MIHOBEHHHX HEeiTPOHOB, MCIIYCKASLHX OCKOLK&ILI LeICHir; uy- Cpel-
HeA JHCDPIWi, 3aTpaddBaciiasd HA HCHyCKaHile OODHOTO HSTPOHA; E,— Cperlnan CcyliiapHant
JHepId, yHocHMas MIHOBEHHHNMM X ~KBaHT A,

J3LICHSIGIS SHCDIULT BOBOYILCHMI IHEJUUerocs LOpa IokeT OKasaTh BMAHNC {3 BC2 Foli-
TCHEHTH ypaBHeHMA (aJiatca 3HEPTIM. B CBA3M ¢ 9TIN HS JCKKYEHO OTHIOHEHHC 3HED-
IeTHYSCKOIl 3aBIUCITIOCT: l)p OT JHHEHHOIl, L0T&ibiUH2 HCCASOBAlIU! BLBULIA 3HePIN:L
BO3CYRIEHNA HA KUHETUYECKYKW SHEDIil0 OCKOJKOB NP IeJcHM DALA ALSD CBULETCLBCT-
BYOT O H&IMUMK IBYX OCOGEHHOCTEHd: MPOABJCHKC JIOKAILHEY MH3NMEeHSIILI K ILABHOI'C yleHL-
weHua (ML HEKOTODHX ALEP - YBEJMUCHIA) :n Mo LepC pcoeTa JHCPLMH BOIUYIRICHMA IC-
JALerocd ALpa. lakoe NOoBeleHHE OFHOrO K3 WICHOB YPaBHCHMA CaNaHCa DHEprill He
MOKET He OTPasiTocA Ha BEJMYIHe APYTiX COCTaB/AOuL,

PecyibTaTy uU3MepeHus v,, Ipy OeJIeHMM ALeD 23611 , 2381,{ u 237M0 HbmpOHar,m

WO YeHHHe B HACTOAE# paldoTe, COBMECTHO C JIMTEDaTYpPHMMM FaHHHMUL O VP e
MCHOJE20Bakl LA aHa3a O0COCSHHOCTEH I JHePICTUYCCKAX 3aBHCIOCTEl,

2. JKCLepUMeHTANbHHE MeToL

Vlame perma Vp Ipy IeJeHMM UCCJACIYEeMbX fr,uep HeilTpoHaMu NPOBOLWIKNCE OTHOCHTEJBHO
BEJIIYMHEH Vp npu cnomaxmom TeJie i C} . /OHH3AIMOHHHE KaliepH CO CJOAMU
UCCHeYEMHX BeWicCTB i f pa3MelasMcs BHYTPY LCTCKTOpA BTOPUYHHX HEHTDPOHOB
H3 OYTH CKOLIMMEDOBAHHOTO Iy4YKa MOHOBRHCDPTETHYCCKUX HEHATDOH.B, BH3HBANUMK LesJeHys.
LeTeKIop HEATPOHOB NpPCACTABAAL COOPKY M3 [ CYETUMKOB, HANOJHCHHHX Ieiuch-3 o
paciivIOXeHHNX B MOJHOTWIEHOBOM IIWIMHIDKYCCKOM GrOKC. B lieHTpe GJjoKa mieJachk Mo~
JOCTh LJA pasMelleHud Kamepl HeqacHud.

JiaMepeHre YHCJa MPHOBEHHHMX HEMTDOHOB OCYUECTBJILIOCH B PCKUME BPEMEHHOIO WHATU3E.

K
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PMIyARC ¢ KaMmepH MesieHMA 3amyCkasl KaHal CYeTa HefiTPOHOB B 3aBUCHMOCTH OT BPEMEHH.
BpemeHHo#i MHTEpBAn M3MePEHWH 3HAYMTESHHO NPEBHIAN CPEfHEe BDEMi RM3HM MLHOBEHHMX
He#iTDCHOB JNENeHUS B NMETEKTOpEe, YTO MORBOJNAIO 3APETHCTDHDOBATH KAk 3HbPeKT, Tak u
(POHOBYD NMOAJIORKY. lICHIONB3OBAHKE HECKONBLKMX TPYNN NAMETM NONYCKAIO Napalie bHue
U3MEpeHNA IUCJIA HeJRTDOHOB JejieHEI LA MCCAENYeMOI'0 U30TOnA M MLIA 252(:5 .
HamepeHus ﬂp IpM pasHHX 3IHEPIIFX HETPOHOB, BH3HBANKGX LoJieHMA, MPOBOLWIMCD Ha
3JeKTpecTaTuieckoM yckopurese $9il 3I-I. LA MOsyYSHEA HEHTPOHOB MCIOJIb3OBATHCE
pearapm T( P , 7 ) u D(Q, n ). xepreTudecxoe paspeueHde LIS HETPOHOB UpH pa-
doTe Ha TBEPLOX TPMTHEERCH MILIEHH COCTABJANO OKONG 3L K33. JaUjTa ISTEKTOpa HeiT-
POHOB OT IEPBMYHOI'0 MIJMy4eHHA OCYywWeCTBIANI4CH OCTOHHOI CTeHOHR TomuuHod < M. fopvu-
IpoBanue myuka HEHlTPOHOB NPCH3BOMMIOCh KaHakcM ¢ xiameTpon 40 1pl, mpoduTon B8 SeTom-
HOM cTeHe. Ily4oK HEJTPOHOB HOCKE IPOXOKNCHUS Yepe3 MIMEPHTEI-HYD CHCTEMy LONazal
B JIOBYWKY, U3TOTOBICHHYD U3 COPKPOBAHHOIC HONRSTIIEH&. BHYTDM JOBYHKM paChodarivi-
Cs MOHMTOD HeMTDOHHOT'O MOTOKA.
Ilpy o6padoTke pPe3yJbTATOB USMEPSHUE BHOCWIMCH HOMPABRI, YEATHBAULIE COCLMIEKY Ze-
TEKTOpa HEUTPOHOB, MOHM3AIWIOHHMX KAMeD } QJSKTDOHHO. aniapaTypd. [LIOXO IIoIIaMmii-
CAd pacueTHOMy OIpEneJieHIlo ABIAECTCA PDEKT, CBA3AHHHLI C 3&BIICHMOCTBHR UHCJ& DETHUCT-
PUPYEMHX HE{NTPOHOB OT 3@eKTUBHOCTH PETMCTDALULI OCKOJKOB S2JeHud. KauecTBeHAO 3Ty
38BUCHMOCTS MORHO OCBACHUTH HECKOJbKIRZM JPHCKTAMI: 3ZBUCHMOCTHO HHCJ2 KCLKYCKaehux
OCKOJIKaMI HEHTDOHOB OT KMHETHYECKOH BHCDIIM OCKOJKOB; YIVIOBOH 3aBHCIMIOCTHY AMIUIH—
TYIHOTO PACIPEIESIeHNHsA UMITYJIbCOB, CO35ABACMHX OCHOJMIKAMI B HMOHM3AMOHHOU Kanede, #
3aBUCIMOCTDBI0 3aiSPKKY BPEMEHHOM OTMETIY 3ayCKa cyeTa HeiTDOHOB OT JOpPME 3THX
HMITyI5COB. liCCACLOBAHMA NETeKTOPa NOKA3aMl MATy YYBCTBUTENHHOCTh 3JQEKTHBHCCTI.
PeTHCTpAlMIL HEUTPOHOB K YIMIOBOLY pACHDeIesEHIH OCKOJMOB LSfeiild. LD MCHOJLEGBaM
OHCTDOK MOHMBAIMOHKEOL HaMe—

ol pE (4DiTe.SHOCTD iSImy/mdCa
1,00 croJio 40 HCeH) BpeueH:Ee 3a-
QEPRHI HE MOIYT OHa32Th
0,99 CKOJIo-HIOYAb 3alleTHO2 BJLLA-
HHEe HA 3PPEeKTHBHOCTH PETHCT-
0,98 Pal¥l HEeUTPOHOB LeJcHildA.
Tlo-B¥ MOy OCHOBHO; BKIAT
B GOCY:XIAEMOL 3I[CRTS IpH-
997 HALIEKUT [NSDBOMY FABJIEHUK -
3aBUCHLOCTH YiICJa HCIyCKae-
0,96 MEX HEe{ATPOHOB OT IGMHE TIYeC—
KOl 2HEPTUMN OCKOJKOB IeJe-—
0,95 H¥A. B HacToAued padote
BJMAHNE YPOBHA NOpOra peruct
0,04 L1 | i { 1 1 1 palifil WATYJARCOB B Kakase oc-

Q3 o4 5 06 07 08 09 10€ KOIKOB IeJEHUA Ha B(IX?BKTHB—

HOCTH DETHMCTDALMK HEHTDCHOB

Puc.I. Jlosa perucTpupyemix He#TpOHOB HefieHUA B HeJEeHIUT K3yyaiacs aKCHepr—

3aBUCIBMOCTH OT IPHCKTHBHOCTH DETHCTPALME OCKOJKOB MeHTaipHo. Ha puc.l fpume-
nesaeHns, @ -252‘Cj- . O -238Y v -4 U ' V -23%. IeHH Pe3yALbTaTH KCC.JICLi0BAHM.

3 pe3ynpTaTe M3MepeHMii BHOCWIMCH [ONPaBL:’, YUMTHBAOLME cuaenywoume 2QQeKTH: 8 [ - pas-
JYe 3BHepreTHYCCKUX CIIEeKTPOB HE{TDPOHOB LUGICHHA; 2 ~ 3aBUCHMOCTE 3:peKTIBHOCTH
perucTpamy HEeidTPOHOB OT MOJIOKCHMA HCTOYHMKA id OCH NCTEKTOpa; 3 — Ppa3Jjirdye
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Tadmmia 2 JeilcTBUTeNIBHO B TOlt OGNaCcTH
JHEDpI'Md HeiTpOHOB, e MpoMC-
Afpo-wmuent 1 By (WoB) [ dW/dBn (MB™)  xomur yuemsuene Ey, cropocTs
H : pocTa VY, yBeJHMUMBAETCH, T.€.

“BU o Io=-27 O'{ZI f 0,009 no-ammgw, IIPOUCKOTUT Me—
. &7-8 . 0,18 = 0,005 pepacrpelneeHue SHEPPUM dejie-

277N I -3 0,134 * 0,010 HUA MeRNy KIHeTHYeCKOid 2Hep-~

P P 3 -8 * 0,154 * 0,009 I'Hell OCKOJIKOB M MX 3HEpruei

N Eoscyxuem Jm;epaT JpHHE

) ﬂ,am{ue'loﬂ ur..K oas pAana
fgnep Cu/M mcnomaoaa&m UL ONpCLelieHA CHOPOCTH pocta vP oY aﬂepxm BO30Y:IE HLsT
( ¢ yuetom uameneHui E.J.

PesyrpTaTH ayaimM3a npmaeﬂ.eﬂu B Tadmue 3.

Tadmma 3

fapo - mmens 2B Y P u gl}Ju :2}7.”/? 2$9Du ; 24%Py 24'pu
dV fe* (1e8) ; 0,107 ;0,125 ; 0,130 ; 6,25 ; 0,i04 | O,IT1 ; ©,I%

13 tadmmm 3 caegyer, 4YTO Ha KCHyCKaHMe ONHOTO HelTpoHa 3artpaumBactca 8 - I0 .Llss
Omxou H3 OPMYMH TAKOrO COJIBWOIO 3HAYEHUA 3Toif BeJMUMHHN MOEET CJYXHTE: 3aBHCIMMOCTD
EY or EX. CywectByeT cheudfuyeckand 0COCEHHOCTDH KOHKYPCHUUIG! KCIYCKaHUA f— KBaH-
TOB ¥ HEHATPOHOB OCKOJKaMI [3, 4] [locse BuwIcTa nepBorO HEUTDOHE SIPO-OCKGIOK C
Majyioft sHeprieit Bo30yRHmeHMs ¥ COJMbLMM CIDIHOM. BTOPOMY HCHTDOHY TPYLHO HalTH KoHey-—
HOe COCTOAHMEe C MaJIOii 3aHepruell u COJMbLM CILMHOM, YTO, [O-BULOMY, yBeJniuuBaeT Bpe-
MA EM3HM ANpa N0 OTHOLEHMK K MCIIyCKaHMo HejiTpoHa. o pajoTe [4] NONY4YeHO, YTO B
cpernHem dE /dV  cocrasuer okono I lii._
lpyraa ocode}moch SHEPIeTUYECKO 3aBICIMOCTI VP COCTOMT B JIOKSILIHX OTKIOHEHIIX
OT MmHeiiHoil EyHMWM. 3TOT GEKT OTYETMNMBO MposBiAeTcA mpu meiehm < Th [5]) u
233y [¢] Heﬁ"ponanm.
PeayapTaTH M3MEpeHEA 236L(_ , TIOTyYeHHNe B HACTOAueil padoTe, COBMECTHO
¢ pes3yabTATaMM I 400TH f’?] CBULETEeJLCTBYDT O CTYNEHYaTOM pocte Vp [0 Mepe yBe-
JHMYeHRd 2HEepruM HelTpOHOB. lIMemumMecs NaHHHE 10 KIHETHUECKOH SHEDIMM OCKOJKOB IS
2361( [8] He MOTYT OHTb MCHOMIb3OBAHH IV OUbACHEHWH TaKOii 3aKOHOMepPHOCTH.
3TO0 MHTEpeCHOe SBJICHME 3aCiyXuBaeT NOMOJHUTEJLHOT'O TLATCJLHOIO IICCJICiOBaHMA.
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REACTOR CAICULATION METHODS

Christien fsiche
Zentralinstitut fir Kernforschung, Rossendorf, DDR . 8051 Dresden

The fundamental problem im the field of reactor calcuiations consists in
evaluating the neutron distribution in the reactor. FProm thet, the interesting
physical parameters can be derived directly, like in the case of power gene-
ration, or by means of additional physical relations, as e.g. in the case of
phase and temperature distribution in the flowing coolant.

The basic relation of neutron kinetics is the transport equation
¥ X LSO R L UCAD RS L AT LA IG'IJS' I (T3S € PFIE) »
+ X(s) S“"‘;' YOI TR PESEL) + SV 3 €.0)

[PFSc.t)- anguler neutron flux]
+ initial and boundary conditions.
This equation describes the statistical mean value 5f the angular flux.
Cther statistical effects, which e.g. occur as zero pcwer noise in reactors
of very small power, are not included in this equation.

The dominating topi: of reactor calculetion doesn:it corsist in the solution of
the initial value probtlem but in the solution of the boundary value protlem,
and here the calculetior of the homogeneous cirsenvelie problem is of special
importance,

It 18 obvious, trat the neiutron transport eqzetion is much too complicatei for
giving a sigple solution. Jolving practical tasks requires therefore the intro-
duction of approxizatiorns. In the practice some groups of tvpical protleas cac
be distinguished from seriee calculetions, necessary to optimize construction
and operation behavicur of powar reacters, to precision calculations of
experizents, for finding out uncertainties in data or calculstior methods or
for checring the accuracy of rcutine calculations.

Although the analvtical solutions of the transport equation sre very interest-
ing fros the zathematical point of view and contribute to the development of
the theory of singuler equations, thev can be fgnored in practicel snalysis of
reactor problems beceuse they are limitsd to the simplest exercises only,

iiow we consider those approxizastions being important to practicsl calculations.
The goal is to redure the nuaber of free variables., At first we want to sepa-
rate from the energy variable. Jue to the resonance structure of the croes-
sections the energy dependeance 18 very complex, but should not be treated in
detail hare, The expeiient consists in the introduction of neutron groups with
group sveraged cross-sections, By it the energy problem is now shifted to the
calculation of these group constants. The nusber of energy groups varies
between 1 and 4 in thermal and 15 and 30 in fast reactor cslculations. Spectra
are calculasted with group numbers between 30 and some thousands,



In treating the spatial problem several methods are in use. Mornte-Carlo-
methods allow to take into account the full complexity of gecmetry and neutror-
nucleus interaction. They are favoured to calculate integral parameters instead
of distritution functions, Very often the generstion game is appliied, where the
histories of a number of neutrons sre followed from their emission tc their
absorption or escape. Juring the nistorv free flights altermate with coliisicr
processes and are determined by probadility distributiocs. Por decreasing the
computer time a nuater of variance reducing iricke are tntroiuc:4 into tre
calculational procedures.

The Sn-nethods form another group of approxizaticns. For sne- or two-diz-r-
sional geometries the angulsr dependence of flux is consiicrel to be piecewise
linear so thst the transpcrt equstior i{s reduced tc a set of Jiffsreztial
eguations for tae supporting functions.

[ i G,_. , - ) wa
w E)s —— O, w;.E) » (x,;_,.E W= -
¢(x o €) 9, ¢ ) o, ¢

[s(zu s, 5 * T (x 5)]¢(: .t)oL (; 010,..)- r LGB )P,  E)x
= 2‘-"‘3:— chlu S(x.w, €)
S‘olpproxi.nltion. coupled with the spherical hermorics exparcisn of the
cros2-sections, satisfies rcst sccurscvy resuir-msents.

Spherical harmorics spproximations hev> provel ¢z te s powarful todl for
solving reactor calculatinon problems. Assucizs exn Issirnris enl hroogern-cus
m2diud the scattering process is szizithaily syz=eiric gto:it itne initial
neutron directicon. Ixpandirg the soetitaring rross-gecticn o wel?l as itne
ang:lar flux in terxs ¢¥ le;enir~ colvmerisls one sefg T ousivw $5e zphericsi

namonics adittion thenreia @ firss nrdar get +7 {iFf7 rari‘e. eziations Tor

the exparsion 2nefficients, Tre Zirvst ~wa coeffizi.rnte gro jlomtingl with the

total neutron fiux., and tr. raitrnr ~urrert reer 2tivel-r
»
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The simplicity of the d.ffusion equation promotes it to the top favourite in the
practical reactor analysis, For that reason this spproximation is sometimes
applied to such cases also, which not correspond to the suppositions, The
effects are partly checked by means of more accurate calculations and result
often in fitting the parameters,.

The development of calculation programmes received a big boom after the fissica
iteration has been proved to give always the unique nonnegative solution of the
finite differences form of the diffusion equation.

In one-dimensional geometries the numerical solution is very simple. The calcu-
lation in two or three dimensions is more problematic because especially the
number of mesh points rises up considerably., Since the size of the diffusion
length is used as a directive for the distance of the mesh points, the number
of energy-space points can ammount to 100000 in two snd many millions in three
dimensions, Furthermore the convergence rate of the iteration process reduces
will» incressing number of mesh points.

Iz search of more powerful numerical procedures & number of techniques has been
developped, which start from & coarse mesh and use simple polynomials or
superpose special solutions, Often these coarse mesh methods are used in combi-
nation with fine mesh calculations for accelerating the latter, Presently the
development of new methods is not finished, Of course, the use of more refined
methods increases the difficulties of their handling. While the finite
differences programmes can be operated by anybody, the advanced programmes
require deeper insight into the physical snd numerical processes,

Briefly it should be mentioned that the macro-distribution of the neutron flux
in @ reactor is usually superposed by a micro-distribution, caused by the
heterogeneous structure of the fuel cell, A specisl group of codes fulfills the
celculations of micro-dstributions in cells or supercells and yields cell
averaged multigroup oross-sections, The first collision probability method is
used widely in these codes, The difficulties consist in the calculation of the
probebility matrix taking into consideration the resonance riructure of the
cross-sections,

There is & number of further subjects of resctor calculations like burn up,
shielding or ssfety calculations with their specific methods which cannot be
treated here,

The development of computer codes for @ll these special cases results necessa-
rily in the generation of programme systems where the codes are linked together.

For molving meny reactor calculation problems one can msake use of codes from
the internstisnal 1library mansged by the IAEA, But the implementation and
handling of an unknown programme is not unproblematic generally,
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Einsohlitzung der Wirtschaftlichkeit von
Kernkraftwerken unter besonderer Beach-
tung der Bremnstofftkonomie

Buhl,
VE Kombinat Kernkraftwerk "Bruno Leuschner", Greifswald,
Bereioh Forschung, Berlin, DDR

1, Uberdblick

Die Wirtschaftlichkeilt von Hernkraftwerken war in den 60er Jahren an eine

Reihe von Bedingungen geknipft, Neben den grundsdtglichen Voraussetzungen -

wie Vorhandensein des "Knowhow” und einer industriellen Basis zur Errichtung
vor Kernkraftwerken -~ gehdrten v, a, folgende Punkte dazu:

- kaum vorhandene eigene konventionelle Energletriger

— Bezahlung des Forschungsaufwandes aus dem Staatshaushalt und

- Einsatz der Kernkraftwerke im Grundlastbereich,

Im Ergebnis der 70er Jahre, iasbesondere infolge der konzentrierten Nutezung
von Wissenschaft und Technik in der Produktion und den Auswirkungen der Ener~
glekrise, sind die Kernkraftwerke praktisch Uber Nacht absclut wirtschaftlich
geworden,

Die in Tabelle ! ausgewiesenen Stromerzeugungskosten westlicher Industrie-
ldnder sind kejue i1llusioniren Werte, es sind tatsichlich erreichte und be-
kanntgegebene Kosten der letzten Jahre,

Will man die Ursachen dieser Entwicklung ergrlinden, so mufl man zunHdchst die
wichtigsten Faktoren, die die internationalen Wirtschaftsbeziehungen erheblich
beeinflusser, rnennen: /8/
~ Verschdrfw g des Krisenprozesses im Kapitalismus
- Aufschwung der nationalen und sozlalen Befreiungsbewegungen
~ Verdnderungen der wirtschaftlichen Strukturen im Weltmaflstab
in bisher unbekanntem Male
- Relative Verknappung und damit Aufwandserhthung btel Verfligharkeit
bzw, Aufschlul der Ressourcen
= Auswirkungen des Tempogewinns bel der £infUhrung neuer Erzeugnisse,
Verfehren und Technologien aus Wiasenscnaft und Technik in die Produktion
- Vertiefung der wirtschaftlichen und wissenschaftlich-technischen Zusammen-—
arbeit Uber Landergrenzen hinweg,

Das Wechselspiel dieser Fakxtoren ist die Basis flr die Preisentwicklung auf
den Hauptwa.cenmirkten in cen 70er Jahren, Fs fllhrte zu den hinlidnglich be-
kannten qualitativen und quantitativen Anderungen in bisher unbekannten Aus-
malen, wie

-~ sprunghaften Preisanstieg auf den Hauptwarenmirkten
- Herausbildung eines héheren Niveaus der Weltmarktpreise und
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- grundlegende Verdnderungen der Weltmarktprelsrelationen, insbesondere
gwischen Fertigerzeugnissen und Rohstoffen.

FUr die Kernenergie bewirkt dleser Prozel, dal dile ¥errkraftwerke 1infolge der
angedeuteten Relatlonsverinderungen lhre Wirtschaftl.chkeit im Verhdltni.: zu
den anderen Kraftwerkstypen erheblich verbesserten., 3Jeglnstigt wurde dies vcn
folgenden Faktoren:

Enorme Stelgerungsraten der Prelse flUr konventionelle Energletriger
Wirksamwerden grofler Kernkraftwerxs - Blockeinheilien

Stabilislerung hoher Verflgbarkelten 1m kommerziellen Betriebd
Umschlag des zeitlich friher getidtigten Forschungsaufwandes in die
Produktion und Senkung des laufenden.

Die Konsequenzen dieser Entwicklung sind ja nicht unbedeutend,

Wenn man sich dle GrolBenordnungen der Produktion ansieht und sie mit den 1n
Tabelle 1 ausgewiesenen Kostenvortellen in Bezug bringt, kommen fir Unter-
nehmen mit nohem Kernkraftwerkcanteil betrdchtliche Vorteile heraus,

Seh2n wir uns deshalb den Stand in der Welt an,

Ende 1979 wurden 1in der ¥Welt rund 2490 KernkraftwevrkshlZcke mit einer Lelstung
von mehr als 4125 000 MW in 22 Lindern industriell %etrieden., I
welteren 14 Landern sind Kerukraftwerke in Hau ~1er testellt, Die Zahl der

n dlesen und

insgesamt neu 1in Betrieb gehenden Kernkraftwerke tetrdgt nockrals 330, ihre
geplante Lelstunyg 315 000 MW, Der Antell der Kerukraftwerkskazpazitdten an der
gesamten installierten Lelstung der Linder betrdgt bereits bis zu 30 %

(ziehe Tabelle 2,

Diese Kernkraftwerke haben insgesamt - wie das fnergieprogramm der EG vom
November 1979 flr dieses Wirtschaftsgeblet ausweist - Jetzt bereits Kosten-
vorteile gegenliber der Kohle von ca. 20 % und gegenfiber 01 (onhne Berticksich-
tigung der Ereignisse im Irak/Iran) 30 ,.. 40 %, Uie hier angedeutete Ent-
wicklung 148t sich gut am Beisple! GroBbritanniens demonstrieren (511d 1.

Doch bevor wir zu eilner endgliltigen Aussage Uber die Wirtschaftlichkelt von

Kernkraftwerken kommen, noch einige Analysen der wichtigsten Kostenkomponen-—
ten, v. a, der Investitionskosten und der Kerntrennstoffkosten.

2, Analyse der Investitlionskosten

Eine wichtige Komponente der Selbstkosten der Elektroenerglieerzeugung - die
Abschreibungen -~ wird wesentlich von den Investitionskosten, oder hiufig

auch Anschaffungskosten genannt, bestimmt. Der Absolutwert der Abschrelbungen
pro Jahr 1ist dabel weltgehendst unabhdngig vom der jahrlichen Energieproduk-
tion.

Die Investitionskosten haben, wile die Tabellen 2 und 3 zeigen, gewaltige Ver-
dnderungen erfahren, Wihrend in der "glnstigen" Zeiten Kernkraftwerke nur
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Kohle-  01- Wihrungs-
XKW kraft- kraft- einheit
werke werke
usa (g 1978) V) 1,54 2,32 3,95 ¢/kWh
GreBbritannien (@79) 1,02 1,29 1,31 P/ kWb
BRD 3,97 7,55 P£/kWh
Frankreich (78) 10,4 12,6 14,1 cts/kWh
Schweden (76) 7 9'/102) 14 Ore/kWh
Italien 3,83 5,51 c/kWh

1) ohne Rauchgasentschwefelung bel Kohlekraftwerken

2) mit Rauchgasentschwefelung bel Kohlekraftwerken

Tabelle 1:

Stand der Selbstkoaten einiger Kraftwerkstypen /1-7/

Land Installierte KKW- Anteil der Kernenergie an der
¥apazitidten EEE 1insgesamt
/YW / / %/
Usa 50 846 12,5
Belgien 1 761 24,6
BRD 8 219 10,2
Frankreich 6 726 13,4
GroSbritannien 7 168 12,9
Italdien 1160 2,5
Niederlande 526 6,6
Schweiz 2 531 X) ca,30
Spanien 1100 7
Japan 13 467 12
UdSSR 18 022
DDR 1 830 11
VR Bulgarien 880 21

x) einschlieBlich Anteile aus franzdsischen Kernkraftwerken

Tabelle 2: Leistungs- und Arbeitsanteile an den Gesamtkapazititen



100 ... 120 B/k¥® kosteten, mul man bei heutigen Bestellungen zi1t dem 14 ..., 18-
fachen Wert rechnen. Ahnlich, wenn auch auf Grund der hheren Ausgangsposition
prozentual vielleicht nicht so beeindruckend, verkindern sich aber auch die
Kosten der Steinkohlenkraftwerke in den USA (Tabelle 4). Auch andere Linder
geigen #hnliche Entwicklungen (Tabelle 5).

Die genauere Analyse dieser Entwicklung zeigt folgendes:
Die im Rechnungswesen allgemein als Investitions- oder Anschaffungskosten aus-
gewimene Komponente setzt sich aus gwei Faktoren zusammen:

- Vergabepreis (vartraglicher Aufschlulpreis des NAN)
- Bauherrnkosten (Anschaffungsnebenkosten)

Dabei beinhaltet der Vergabepreis nichts anderes als die direkt entstehenden
Kostea plus eines zullssigen Gewinnantells flir die Ausristungen, berechnet von
den NAN, Bel Kernkraftwerken sieht die typische Aufschlisselung folgendermalen
aus:

Reaktoranlage 32 %
Turbogenerator 16 %
Wasser-Dampf-Kreislauf 1%
e¢lektrotechnische Einrichtung 12 9%
Leittechnik 6%
Bauteil 20% Stand 1977/789

Fiir Steinkohlenkraftwerke gilt die nachfolgende Aufteilung:

Kesselanlage 3%
Maschinenanlage 22 %
elektroteghnische Anlage 5%
Leittechnik 3%
Umweltschute (einschliefl, Rauoch-
gasentschwefelung) 8 %
Nebtenkosten 8 e

Bauteil 13 % /9/

Die Anschaffungskosten baben vor 10 ,,, 15 Jahren nooh mehr als 3/4 der Ge-
samtkosten bestimmt. Heute sind sie auf weniger als 50 % gesunken, withrend
die Bauherrnkosten stark zugenommen haben, Tadbelle 6 verdeutlioht das,

Anders ausgedriickt, es betrugen um das Jahur 1970 im ginstigen Fall die Bau-
herrnkosien ruad 25 ,.. 30 §/kW, heute rechnet man bei Inbetriebnahmen um
Mitte der 80er Jahre mit rund 500 ,,., 550 $/kW, d, h, dem mehr als 20-fachen}

Wihrend bisher die Summe der Eingzelpreise der NAN die Investitionskosten be-
stimmten, machen heute Financierungskosten und Preiseskalation den gridten
Teil der Kosten flr die Errichtung aus.

An dieser Stelle darf man nicht verschweigen, dal wesentliche Vorsussetgungen
fur eine gesellschaftliche Akseptant ~ hier ist die weltweite Besinnung auf
die Bedeutung des Umnweltschutzes rzu nennen - nicht nur in KKW su qualitativen



- 85 -

Planungs- Inbetriebnahmejahr Kosten % der Steigerung
Jahr /Mio US-38/ besgogen auf Position 1
1967 1972 105 100
1969 1975 187 178
1974 1978 276 263
1973 1981 448 427
1974 1983 623 593
1975 1985 750 714
1976 1986 922 878
1978 1990 1675 1595
Tabelle 3: Entwicklung der Investitionskosten eines 1000 MW-LWR-Blockes
in den USA
Planungs- Inbetrieb- Kosten % der Steigerung
janr nahme jabr /Mio US~-8/ begogen auf Position 4
1967 1972 135 100
1969 1975 230 170
1971 1978 425 315
1973 1981 495 365
1974 1983 715 530
1975 1985 890 660
1976 1986 1120 830

Tabelle 4: EBntwicklung der Investiticnskosten eines vergleichbaren 1000-MW-
Steinkohlekraftwerkes in den USA

Kernkraftwerk Aufnahme des kommereiellen speeifische Investi-

Betriebdes tionskosten

/Can, B3/uW/
Pickering A 1971 375
Pickering B 1973 1138
Bruce A 1977 634
Bruce B 1978 1229
Point Lapreau 1980 1409
Gentilly 1984 1343
Darlington 1986 - 1988 1474

Tabelle 5; Entwiocklung der specifischen Investitionskosten kanadischer
Kernkraftwerke



Verdnderungen flilhrt., Diese Problematik ist diesem Kreis sicher hinldnglich
bekannt., Ihre tkonomisch:n Auswirkungen sind natlrlich das absolute Ansteigen
belider Investitlonskomponenten.

Noch ein Wort zu den Errichtungszeiten, Ihre Verlidngerung ist eiae 2ntschel-~
dende Ursache flr diese Entwicklung, Wie Tabelle 7 ausweist, traten innerhald
von 7 Jahren Verlingerungen der Errichtungszeiten von 40 % und mehr ein, Das
bedeutet natlirlich auch ldnger laufende Kredite, Die inzwischen ohnehin gestie-
genen Zinsen erhdhen den Gesamtpreis somit betrdchtlich, ganz abgesehen von den
Auswirkungen moglicher Arbeitsproduktivitdtseinbullen,

Sieht man sich allein dile Verdnderung der Genehmigungsfristen an, so erhilt man
folgendes Bild: /mach 2/

Projekt Jabhr des Bau- Genehmigungs- Zahl der unter die Genehmigung
antrages fristen fallenden Probleme
/Monate)
1 1966 12 128
2 1970 30 344
3 1972 36 696
‘ 1974 45 2189
5 1977 66 ca, 3000

Selbstverstiandlich ist es im Rahmen dieses Vortrages nicht mdglich, alle Fak-
toren tie.'yrindig zu analysieren, Ziel dieses Ausfluges in die Investitions-
tkonomie war es lediglich

1) verstdndlich zu machen, daB sich Struktur und Inhalt des Begriffes "In-
vestitionskosten" wesentlich verdndert haben und
2) die Hauptursachen und Konsequenzen dieser Entwicklung hier auszuweisen,

Diese sind zusammengefalt

- Auswirkungen der inflationidren Tendenzen und der Preiseskalation auf allen
Geblieten, besonders aber beil kommerziellen Operationen

~ Verldngerung der Gerehmigungs- und Bauzeiten

- Verschdrfung der sicherheitstechnischen und Umweltschutzanforderungen und
der sich daraus ergebenden gqualitativen Verdnderungen und Verzdigerungen.

3. Analyse der Kernbrennstoffkosten

Die Kernbrennstoffkosten stellen die wesentliche, wHhrend Ces Betriebes der
Kernkraftwerke auch in ihrer absoluten Hthe beeinflufibare Kostenkomponente dar,
Sie bestimmen den Uberwiegenden Teill der variablen Betriebskosten im Jahr.

Auoh wenn der Begriff Brennstoffkosten identisoh mit dem konventionellen Kraft-
werk 1at, beinhaltet er nicht das gleiche. Der Hauptunterschied hat seine Ur-
sachen in der hohen Energiekongentration pro Volumeneinheit und seiner langen
Verweilegeit im Reaktor (ca. 3 Jahre bei LWR), Das bringt insbesondere fiir
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Fla- Inbe- spezif. Vergabepreis Bauherrnkosten
nungs- tried- Investi- insg, insg.
Jahr nahme- tionsk, davon davon
Jjahr /8/xn/ Sicherh. indir. Zinsen Preis- sonstiges
+Umwelt- Ausga- wahr, eska- Unvorher-
schutz ben des lation ges.
% Beues
L 2 % % %
1967 1972 105 76 - ) 5 28 5 13 6
1969 1975 187 65 -1 6 36 10 20 6
1971 1978 276 62 - 1) 8 3 8 25 5
1973 1981 448 59 12 9 41 11 26 4
1974 1983 623 48 9 8 52 14 54 4
1975 1984 750 44 9 56 15 37 4
1976 1986 922 44 9 8 56 14 38 4

) nicht gesondert ausgewiesen

Tabelle 6: Struktur der Investitionskosten gegenwirtiger und zukiinft
Kernkraftwerke in den USA

iger

Baubeginn 1967 1569 1972 1374
Dokumentation +
Genehmigung 6 6 12-18 12-18
Prifung und Untersu-
chung der !Unterlagen 9 - 12 12 - 15 15-18 18-21
Bauzeit 42 46 54 60
PrUfung und Kontrolle
der Ergebnisse 6 6 6 6
Summe 63--65 70~-73 87-96 36-105

—,

Tabelle 7: Errichtungszeiten von Kernkraftwerken in Monaten in den USA 2/



kurefristige Aussagen iber die Bewegung dieser Komponente und bei der Abrech-—
nung Probleme, Flr die h-er anzustellenden Betrachtungen soll dieses Problem
Jedoch ausgeklammert werden,

Auch bel den Kernbrennstoffkosten haben sich in den 70er Jahren wesentliche
Verinderungen vollzogen, In der Leitwihrung fUr die Preise der meisten Kompo-
nenten des Kernbrennstoffzyklusses ausgedrlickt, in US-§ also, haben sich die
reinen Kosten ca, verfunffacht, Nimet man eine einfache Aufrechnung der Kosten-
komponenten des Kernbrennstoffs vor, so erhilt man folgendes Bild: (Tabelle 8)

gilltiger Kosten je kg Uran daraus resultierende
Zeitraum (3,2 % Anreicherung) Kernbrennstoffkoaten
/8/xg v7(3,2 %)/ / c/amm /
1970 257 0,16
1974 €67 0,3
1978 1360 0,69
1980 / Mai 1561 0,77

Tabelle 8: Entwicklung der typischen Kernbrennstoffkosten auf der Basis der
Preise flir die Komponenten auf cen Hauptwarenmirkten

Jedoch gibt es in der Regel auf den westlichen Mirkten keine Unternetmen, die
alle Produktionsschritte des Kernbrennstoffzyklusses fllr den Betreiber des KKW
ausfihren. Vielmehr muBl der Betreiber dafiir bei verschiedenen Auftragnehmern
selbst Sorge tragen, Deshald zunichst eine Kurzanalyse der wichtigsten Kompo-
nenten im Kernbrennstoffzyklus,

1. Uranerz

Der Preis fUr Uraierz 1st im Zeitraum 1373 - 1977 etwa auf das 5 .., 7-fache

in US-g angestiegen, Verschiedene politische und wirtschaftliche Erwigungen
sind die Ursache daflir, dad in den Jahren 1974 - 1378 ein typischer Verkdufer-~
markt entstand., Bel einem hohen Bedarf an Uran konnten die Lieferer weitgehendst
die Prelse in die Hiohe trelben, So stiegen diese etwa im Zeitraum 1970 — 78 von
ca, 6 g/1b Ujo8 auf bis zu 45 2/1b U30g.

In der Zwischenzeit sind einige Faktcren, die das A-steigen bewirkts 1, zumin-
destens zeitwellig weggefallen, Dazu gehdren das Sinken der Nachfrage und die
Frreigabe von Uran zu ueuen VertragsabschlUssen auf wichtigen Hauptwarenmirkten,
Diz2se Phase zeint Bild 2, Das Sinken in diesem Jahr bedeutet unter a_ierem, dal
der Uranerzprels in den Lindern, deren Gelentwertung wesentlich langsamer fort-
schreitet als beim US-8, in die Groflenordnungen von Anfang der 70er Jahre kommt,

2., Konversion von U3Qe in UF6

Infolge der geringen Bedeutung dieser Komponente hier nur soviel, dal sJ2 mdg-
licherweise infolge Kapazititsmangels balid ansteigen wird, Der Einflull sollte
abver weiterhin um 5 % der Kernbreanstoffkosten bleibden.



3. Anreicherung

Hier sind folgende Entwicklungen zu berlicksichtigen:

Bis etwa 1975 beherrschten die USA den gesamten westlichen Markt. Gegenwlrtig
bleten verstirkt westeuropiische Firmen zu hohen Preisen 1hre Dienstlelstungen
auf diesem Gebiet an, Die dem Lepartment of Energy (DOE) der USA unterstehenden
Anreicherungsanlagen erhdhen ihre Preise systematisch, wie Bild 3 ausweist.

Der Stand vom August 1980 ist 105,54 $/kg TAE flr Requirements Zontraots urd
98,95 $/kg TAE fir Adjustadle, Fixed Commitment Contracts.

4, Brennelement=2nfertigung

Nachdem bis in dies gweite HHilfte der 70er Jahre diese Kosten relativ konstant
blieben - man sy-ach sogar von der Insel der Stabilitdt im Kernbrennstoffzyklus
- beginnen nunm:ur Einflisse neuer Anforderungen an Qualitit und Quantitdt der
Fertigung, die Jsteigerungsraten Uber die alligemein bekannten Eskalationsraten
anwachsen gu lassen, Ein genaueres Beobachter 1st infolge der Dezentralisierung
der Fertigung schwer miglich.

5., Wiederaufbereitung und Entsorgung

Diese Komponente hat bisher die hichsten Steigerungsraten erfahren, Da jedoch
fur die Wiederaufbereitung von Brennstoff aus Leichtwasserreaktoren noch keine
kommerzielle Anlage in der Welt stabil arbeitet, sind diese Komponenten sehr
spekulativ, Damit entfAllt gegenwdrtig auoch jede echte Moglichkeit, in grdBerem
Umfang einen Erlis fi» das im abgebrannten Brennstoff enthaltene Plutonium und
Urar 235 zu erzielen, Aus diesen Grllnden sollten die 4in den Tabelien ersicht-
lichen Schitzungen dieser Komponente mit griBter Vorsicht betrachtet werden.
Die Tabellen 10 - 12 geben eine Utersicht fiber diese Entwicklung, Gleichgzeitig
wird der Einfluf8 der Komponenten auf die spegifischen Stromerzeugungskosten
deutlich, '

Besonders interessant wird natiirlich der EinfluB von Verinderungen einzelner
Komponenten auf die Brennstoffkosten, Dieser ist in Bild 4 prinzipiell darge-
stellt,

Gestatten sie mir noch einige Worte zum Anteill der Brennstoffkosten an den Ge-
samtkosten der Elektroenergieerzeugung, Er betrug in der Regel bis 1973/74
weniger als 25 %, Er ist infolge der sofortigen Auswirkungen der Verinderungen
auf die Brennstoffkosten und des verzigerten Einflusses vor allem auf die Ab-
schreibungen in der. meisten Landern auf bis zu 50 % gestiegen., Wir dirfen dabei
aber nicht vergessen, dal die Auswirkungen erhshter Investitionskosten auf die
Gesamtikosten eben wesentlich spdter deutlich werden,



spegifische Kosten je % der Brenn- spez, Kosten-
Basiawerte kg U (3,28) stoffkosten komponente
/8/ /o/xWn/

Uran 78/1% 0308 85 33 0,052
Konversion 1,05 3/kgU 15 6 0,009
Anreicherung 26 #E/kg TAE 111 43 0,068
Fertigung 82,5 2/kgl 83 32 0,0%
Wiederauf- -37 #/kgl =37 -14 -0,021
arbeitung
Indirektes 0% - - -
Summe 237 10C 0,158

Tabelle 9: Struktur der Kernbrennstoffkostenkomponente um 1970

spezifiscue Kosten Je % der Brenn- spez, Kosten~-
Basiswerte kg U (3,24) stoffkosten komponente
/3/ /c/xim/

Uran 13 S/lbU308 160 24 0,074
Konversicn 1,5 B/kgl 1,5 2 6,005
Anreicherung 75 Z/kg TAE 320 48 0,151
Fertigung 70 A/kgl 70 11 0,033
Wiederauf- 0 #/xgl 0 0 0
arteitung
Indirekies 15 % 10¢C 15 0, 4"
Summe 667 100 0,30¢

Tabelle 10:; Struktur der ¥erndrennstoffkostenkomponente 1274

spezifische Knsten Je % der Srenn- spez, Kosten
Basiswerte g U (3,2%) stcffxcsten komponente
/8/ /c/kwm/

Uran 42 /1% U 0. 512 26 0,25
¥conversion 4,5 E/xg U 25 1,9 0,01
Anrcicherung B0 g/kg TAE 342 21 0,14
Fertigung 120 Z/kg U 130 7,5 0,05
Wiederauf- 4445 g/kg U 140 8 0,06
arbeitung
Indirektes 18 % 207 26 C.18
sumne 1360 100 0,69

Tabtelle 11: Struktur der rernbrennstoffkostenkcmnonznte 1978



- 91 -

——

spez: fisuae Kosten je % der Brenn- spes, Kosten-
Basiswerte kg U (3,28) stoffkosten komponente
73/ /c/xw/
Uran 31,25 384 24 0,18
#/1b U504
Konversion 2,85 g/kg U 41 3 0,02
Anreickerung 101,6 $/kg TAE 454 29 0,21
Fertigung 185 2/ kg U 185 11 0,08
Wiederauf- 560 g/kg U 260 17 0,14
arbteitung
Indirektes 20 8 260 17 0.14
Summe 1561 100 0,77

Tabelle 12: Struktur der Kernbrernstsffkostenkomponente - Mal 1980

4.

1.

2.

3.

Zusammenfassung und Schiuffolgzerungen

Trote aller Probleme bei der Einschdatzung der Wirtschaftlichkeit kann fest-—
gestellt werden, die Kernkraltwerke haben in den 7Q0er Jahrzn ihrer grolen
wirtschaftlichen Durchhruch erzielt. Die Kostenvorteile gegenliber xonven-
ticnellern Kraftwerken betragen gezsnwirtig zurindeste:.s in den hecbindu-
strialisierten lLindern mit durchki:hrnittlichen Robernergletrigereligenaufkem=
men 20 ... 40 %,

Die weitere Entwicklung der Ckoncmie der Xarnkraftwerke wird v, a, vono

folgenden Faktforen beeinflult:

- Die Preisentw#icklung auf deun imperialistischen Miarkten 123t ein welteres
Ansteigen der Investitionsxcster erwarten. Infoige eines entstandenen
Defizits von Umweltschutzmalnahmen in konventisnellen Kraftwerker dirften
Jedoch deren Investitionskosten stirker betraffen werden,

- Die Verknappung der tilliige.n Uranvorrite und die Kommerzialisierung des
Kernbdrennstoffversorgungsprozesses 1i0t ein weiteres Ansteigen der Prenn-
stoffpreise erwarten, Eine objektive Bremse hierfilr stell! nur der ge=~
schlessene Kernbrennstoffzyxlus dar,

- Die Energiekrise der kapitalistischen Welt mit ihrer Preisentwicklung bei
konventionellen Rohenergiletragern 142t erwarten, dal in stirkerem Male die
Preise im Kernbrennstoffzyklus sich an den hohen Preisen konventioneller
Robenergietriger orientier2n, d, h,, dal sich Aquivalenzpreise verstirkt
herausbilden.,

- Die langfristigen Einschitzingen zur Wirtschaftlichkeit der Kernenergetik
besagen, dald selbst bel unglinstigen Ausgangsbedingungen Kostenvorteile fUr
die Kernkraftwerke auch in den 80er Jahren erhalten bdleiben,

Bei allem Optimismus fUr die Kernenergie muB ich am Schlul noch auf fol-
gendes aufmerksam machen:

Zur Entscheidung Uber den Bau zukinftiger Kernkraftwerke werden in zunehbmen-
den Male, neben denen in Zablen ausdriiokbaren wirtschaftlichen Faktoren,
Einschiétzungen gu



- langfristigen politis.hen Entwicklungstendensten

- lingerfristig suginglichen Ressourcen und

- Industrie- und Baukapagititen

herangesogen.

Das sind letztendlich auch die Griinde, dal die Bestellungen neuer Kernkraft-
werke swar optimistisch einsuschlitzen sind, abdber nicht unbedingt rasant vor-
wiirtsschreiten mlissen,
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Bild 2:

Entwicklung des Uranpreises
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HIGH-ENERGETIC NEUTROK EMISSION IN PISSION

H. Ydrten and D. Seeliger
Technical University Dresden, GDR

Pirst experimental results of our investigations of the high-energetic

part of fission neutron spectra indicate the existence of a spectrum
component with an average energy of about 4 MeV (14.6 MeV neutron

induced fission of 238-U analysed in the spectrum energy range 20 - 30 ieV).
Some possible sources of high-energetic fission neutrons are discussed.

Introduction

Investigations of the high-energetic part of fission neutron spectra are
important f.,r two main reasons:

i) Fisaion neutron spectra have been measured for manv fissioning
systems in the spontaneous as well as in the induc2d fission.
Because of the very low neutron emission cross-sections at high
energies the measured spectra extend tc ebout (10 - 15) eV usually.
Tre experimental errors are reiatively high in this energy range.
Results of different authors are contradicinry (for instance /1/).

ii) The main physical reasons of high-energetic neutron emission in
fission are investigated insufficiently.
idany groups showed the existence of the central component of
fission neutrons /2/. In spite of many further investigations
our knowledge about the mechanism of their emission is slight.
Different theoretical works were published./3/.
Comparing measured spectra at relatively high emission energies
(above 10 lieV) with calculated spectra of "mormal” fission neutrons
(evaporated neutrons from the fully accelerated fragments) we try
to get informaetions about the spectrum of "abnormally™ emitted
neutrons and conseguently about some questions of fission dynamics,
‘oreover, we congider the results of other groups (for instance /4/).

To expand the measurable energy range of fiseion neutron spectra we
developed a high-3engitive snectroneter using the method of the two-
dimensional measurement of neutron time-of-flight and the corresponding
scintillator proton recoil energy /S/.

FORTRAK programs for the calculation of "normal"™ neutron spectra up to
high emission energies have been elaborated /6/.

Theoretical approximations

Pirstiy we make use of the relatively simple model of Madland and Wix /7/,
which describes measured fiscion neutron spectra at high energies ( up to
15 MeV) rather good {code BSSN).

Secondly the code ICiHA was developed to calculate energy spectra of
evaporatei fission neutrons for eligible fragment masses. Assuming the
WeiBkopf formulae /8/ we consider the following aspects:

- initial distribution of excitation energy and nuclear spin of the
fragments /9,10/,

- description of the nuclear level density by the semiempirical
formalism of Ignatjuk et al, /11/, which takes into account the
shell effects depending on excitatioun energy (shell correction
from /12/),

- cascade character of neutron emission,
- determination of neutron hinding energies from /13/,

- transformation into the laboratory system using the average
kinetic energy of the fragment.

Using the code lCHA we can calculate the c.m.s. and l.s., fission neutron
spectra and their average energies, the multiplicity distribution and the
average number of emitted neutro.is,



Pirst results showed a rather good correspondence with experirental data.
The WelBkopf concept holds true only for emission energies which are not
too high., However, the celculated spectrur is in fluenced by the
WelBkopf formulae as well as by the special conritions like excitation
energy distribution and emission from fragmente of a relatively hizh
velocity.

Pirst experimental results

Fig. 1 represents the results of the measurement Nf the high-enerzetic
neutron spectrum part from the 14.6 FeV aeutron induced fission of 238-U,
Tbe experiment has been carried out at a 150 kV deuteron accelerator /147
(pulsed ion beam of SMIIz repetition rate, 1 ns pulse width and 35 mA
current). Locating the uranium sample of 2173 g weight straight béeides
the neutron-rroducing tritium target maverzge fission event rate of
5.107 per second was realized. Eecause of the relatively high path of
flight (5 m) the energy resolution was sufficiently good up to 30 leV
neutron energy. The experimental method (two-dimensiocnal measurement of
neutron time-of-flight and scintillator nrctoan recoil energy, tackground
suppression - especially n/p-discrimination -, on-line coupling of the
spectrometer to a minicompd%er) is described in /5/.

Por high neutron eneryies one has to consider the folding of the noutron
spectrum by the time resolution function of the spectrometer. Fig. 1
illustrates this effect (measured spectrum - dotted line, unfolded
spectrum - dashed-dotted line),

Obviously the measured neutron yield in the energy range 20 - 30 eV

is higher than the expected one. Ve compared the measured spectrum with
the Yatt and Faxwellian spectrum, which describe the flssion neutron
spectrum in the energy region up to 10 ileV, and with the result of our
calculation using the code B33N. Fitting the experimental dzte to a
Yaxwellian distribution we obtained a "temperature” paraneter of

(2.5 * 0.6) eV, i.e. the average anergy of this Ligh-ener_etic spectrum
component amounts to (3.7 ¥ 0.9) VeV,

104 s T I Y T Fig. 1
N(E):Z,m'fE'Q(p(-E/l,SZi) Yeutron emissicn gpectrum

in tre 14.6 eV uneutron
N(E)=1,45-exp(-E/1,043)sinh (165yE) | induced f’lssior\x of 738-1,

x = 18% run (meas. tine 73 h)
o - 202 run (meas. time 10 h).

The scintillator pnroton
recoil ener bies was
(19.5 * 1,0) LeV for the
first spectrum (x) and
(22.2 * 1,0) "eV for the
second one (o),

N(E)(MEV ")
3
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I
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Discussion

The following sources of high-energetic neutron emission in fission are
conceivable:

1) Stetistical equilibrium neutron emission by highly excited
rragments (fragment mass 110 - 120, greater than 155);

ii) Neutron emission caused by the change of strong fragment deformation
{(local heating in the former tail region) /3, Rubtchenja/;

iii) Past neutron emission due to the rapid change of the nuclesr
potential during sciesion /3, Puller, Bonzaﬁ;

iv) About 10 % of the fission alpha-particles are emit:ed as 5-He
originally, which decay in a very short time (T1/2 = 8-.10-22 g).
The average energy of the neutrons from 5-He decay amounts to
(400 t 0.3) M.ev 15/;

v) Hypothetic neutron emiss‘on due to an extremly high energy release
in an abnormal fission process which is characterized by the
simultaneous formation of superdense fragments with a higher
binding energy compared with normal nuclei /16/.

To calculate the spectrum of evaporated neutrons from highly excited
fraguents in the fragment mass number range 110 - 120 we made uge of the
program NCMA (average excitation energy 35 MeV, variance 64 HeV<). The
calculated spectrum, which was weighted by the correspond®ag mass yield,
does not explain the measured one (fig. 1{.

The spectrum of the neutrons from 5-He decay was measured by Cheifetsz
et al. up to 10 keV. Considering the spectrum of alpha-particles from
5-He decay and the relatively low yield of such events one has to
exclude these neutrons as the reasonm of the measured high-enerzetic
component.

It should be of interest to calculate the spectrum of "abnormally"”
emitted neutrons in the framework of the different emission models using
a realistic potential. On the other hand, one can investigate the
statistical equilibrium neutron emission in the fission by variation

of the incident energy more exactly.

Up tp now the theoretical as wel. as the experimental investigations

are insufficient to characterize the full picture of neutron emission
in fission.
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ON-LINE EXPERIMERT FOR THE DETERMIXATION OF NEUTRON EMISSION SPECTRA BY
THE TWO-DIMENSIONAL MEASUREMENT OP THE NEUTRON TIKE-OP-FLIGHT AND THE
SCINTILLATOR PROTON LECOIL ERERGY

W. Grism, H. Marten and L. Seeliger
Technical University Dresden, GDR

Abstract

Coupling a 4096 channel analyser to the minicomputer KRS 4200 via SI 1.2
and CAMAC an on-line experiment with open loop was developed to determine
neutron emission cross-sections in a wide energy range (1-40 MeV) by the
two-dimensional measurement of the neutron tire-of-flight (TOP) and the
corresponding proton recoil energy (PRE).

The suppression of the experiment-specific and the cosmic background

is realized by the use of a heavy shielding and the n/J- resp. the
n/p-discrimination method.

AgORTRAN 4000/4200 program system including CAMAC apnlication (control
and data processing g arranges the data tranasfer as well as the check,
correction, concentration and analysis of the measured spectra.

1. Introduction

Neutron emission spectra from high-energetic nuclear reactions and
nuclear fission extend for a wide energy range. The emission cross-
gsection varies over many orders of magnitude. In particular, it reaches
very small values at high emission energies.

The measurability of the high-energetic parts of such neutron emission
spectra requires the application of a spectrometer with a sufficient
high sensitivity. Therefore, it is necessary to suppress the backzround
of all kinds intensively. The two-dimensional measurement of the neutron
TOF and the PRE makes it possible to select the optimum PRE threshold
for a given neutron TOP channel resp. channel range in the analysis
processe, i.e. to determine neutron emission cross-sections with a
minimum-possible error for each neutron energy from one experiment.

The first time we used the described measuring arrangement in an
experiment which was aimed at the search for high-energetic neutrons in
the 14.6 YeV neutron induced fission of 238-U /1/.

2. The spectrometer, Background suppression

A schematic representation of the spectrometer and the on-line coupling
to the minicomputer is given in fig. 1.

The high-efficient neutron detector (see fig. 1) is located in & heavy
collimating shielding to suppress the experiment-specific background.

The luminescence diode in front of the scintillator enables the
contineous stability check of the time resolution of the neutron TOF
spectrometer /2/.

An electronic system for particle discrimination by the charge comparison
method /3/ is used to suppress the background counts of the detector
caused by J-rays and penetrating comporents of the cosmic rays.
Especially cosmic myons with energies around 1 GeV give rise to a
background part with about 3,5 s event rate and an average pulse height
of about 20 MeV with refererce to the PRE for the useé detector.

The n/u-discrimination method makes it possible to suppress the background
to leég than 0.5 % in the region of the myon hump (fig. 2).

The separability of the particle discrimination unit is restrict ? to an
adjustable dynamic range. One is able to expand it by the use of vo

(or more) of such devices. We present the following example:

1:gxuu1: dynamic ranzge from 1 to 15 VeV (mainly n/J-discrimination)
2  unit: dyramic range from 10 to 45 MeV (mainly nép-discriminations

(data with reference to the PRE),

The both analogous-to-digital converter (ADC), which receive the time-to-
analogous converter (TAC? output resp. the PRE spectroscopic pulse, work
in coincidence with the neutron identifying output signal of the
electronic particle discrimination system %fig. 1). Finally the obtained
sum words are stored in the intermediate memory of 4 K capacity.
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3. On-line counling. Program system

The coupling of the 4096 channel analyser working two-dimensfonally

to the minicomputer is realized via the standard interface 3I 1.2 anc
CAKAC. We apply s 24 bit data input cdevice with a2 3I 1.2 innut unit /4/
and a control module /5/ (fig. 1). In thias way, we can carry out the iata
transfer and the control of the analyser.

The FORTRAN 4000/4200 prosgramming language /6. including ZAUAZ
utilizatiou enables a comfortable working cut and ncéificntion ol the
computer programs. To realize an extensive flexibilit; of the -re sram
srystem application a2 complex was developed, whose narts =may be coiunecte!l
according to the specific aim of the exneriment (for instance c:litration
measurements, mensurements with sam-Jes).

“e worked out computer programs fcr

control,

input/output operations,

data check and correction,

eddition and subtraction operaiions,

calculation »f one-cimensicn~l crectra for wdjustatle chanuel

ranges (for calibration, ree fig. 2},

display representation,

analysls of the cummarized two-dimensicnal rpectra f{rom measurements
with re§p. without sample (i.e. calculation of the neutron emisaion
specira),
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4. inalysis of experimentel data

To calitrate the TOP and the PRE coordinate of the two-dimensicnal
spectrun we measure the scattered? spectrum of 14 'e7 neutrons on cerbon
and a2 3} YeV neviron peak.

e rake use of the relativistic dependence of tre neutron enerygy En on
tke TO? t:

Eg=B ( (1- (gD 2.1

(Eo - rest energy of the neutron, I -~ flight path, ¢ ~ velocity of light).

~e assune a linesr approximation of the dependence of the pulge height
on the proton energy for PRE above (6-8) FeV. This is sufficiently accurate
witk reference to tLe error of calibration in this energy range.
The detector efficiency was calculated by the use of the i‘onte--rlo-code
NEUCEP /7/ accepting the light output data of Verbinskl et ai. /B/,
Te made up a (4G,40) efficiency matrix as a function of neutron energy
and PRE bias. Ia the analysis the topical detector efficiency for a given
TOF channel and the zelected PRE threshold is determined by double-
linear interpolation.
The user has to put in the desired PRE range in the beginning of each
analysia cycle. Obviously the resulting neutron energy spectrum for a
given PRZ threshold is characterized by two ranges with relatively kigh
errors (in the near of the ihreshold energy becanse of the uncertainties
of efficiency determination and at relatively hign neutron erergies for
statigtical reasons) and by a well determined inger-ediate region,
Therefore, the user can get a neutron energy spectrum in a wide enargy
{gng; Yith & minimum of uncertainty by varlatiorn of the PRE b!as and

e following concentration of the results of the analysis cycles.
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32 Representation of a two-dimen-

gd W sionally measured spectrum of a
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= v 3 o ponding one~dimengional spectira.
A ;'5 Y] The allowed spectrum field of neutron
NEUTRON ENERGY (MEV) events is pl:ced below th- curve

which represents the maximum protcn
recoil energy for a given TOP
channel.

2+ Conclusions

The described on-line experiment aimed at the determination of neutron
emipselon spectra in a wide energy range - especially in the high-
energetic part - represents a versatile-applicable sycstem. Tt is easily
enlargable with regard to storage dividing, storage capacity and CAUAC
utilization.

The energy resolution is rather good for relatively high neutron energies,
since we chose a large path of flight (L = 5 m, (2~3) ns time resolution).
The gensitivity of the experiment as a function of neutron energy

depends on the reaction rate in the rample and the specific background
conditions mainly.
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Application of Wigner-transformations in Heavy Ion Reactions

Henning Esbensen
NORDITA, 17 Blegdamsvej, DK-2100 Coperhagen @, Denmark

1. Introduction

One of the main features of inelastis heavy ion reactions is the excitation
of collective surface vibrations. In the following we shall discuss a model,
based on Wigner “ransformations and classical dynamics, that gives a semiclas-
sical description of the excitation of surface vibrations due to the Coulomb
and nuclear interaction in heavy ion collisions.

The treatment will consist of three stages, viz. the preparation of clas-
sical initial conditions compatible with the quantal cround state of surface
vibrations, the dynamical evolutioa of the system goverred by Liouville's equa-
tion (i.e. classical mechanics) and finally the interpretation of final results
after the interaction in terms of excitation probabilities, elastic and inelas-
tic cross sections, etc. The precise meaning of these three stages of the
treatment will become clear in the subsequent section.

The first and the last stage are exact and based on the Wigner transfcrma-
tions while the time evolution described by cl.assical mechanics is an approxima-
tion. We shall later return to the question of the applicability of this ap-
proximation and give some illustrative examples.

2, The Wigner transformation

In quantum theory one cannot ask for the simultanecus probability of coor-
dinate and momentum since this would lead to violation of the uncertainty prin-
ciple. However, one can formally define a distribution a(p,q) that looks
like a phase space distribution using the following transformation of the den-
sity matrix op :

alp,g)= 2—‘%— &' g(g*f/z,g—g/z) (2.1)

If one integrates this expression over all momenta, one just obtains the
quantal coordinate distribution, and similarly if one instead integrates over
all coordinates, one would obtain the quantal momentum distribution. Thus using
eq. (1) the average value of quantities that depend only on either the coor-
dinate or the momentum will be in exact agreement with the quantal results,
while the average of quantities that depend on products of coordinate and momen-
tum will not in general be the same as in a quantal treatment.

One can invert this transformation and for a given classical phase space
distribution define a density matrix as follows:

?(g}g\) =fd}) ezP(f'f)/f' a](}),%_%‘) (2.2)

The transformations in eqs. 1 and 2 are the so-called Wigner transforma-
tions, originaliy introduced by E. Wignerl), and they provide the connection
betwe n classical and quantum mechanics in the semiclassical model described

in the introduction.
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In order to illustrate the application of this transformation, let us con-
sider a one dimensional system characterized by a Hamiltonian that has a com-
plete set of eigenfunctions wn(q) = <«qin> . From these eigenfunctions and eq.
(1) we can construct a set of generalized "phase space” distributions

-18p4 x*
QPP = -/zrt Z(j* #2) Zr(f’ ) (2.3)

They fulfil the relations:
jdf’dﬂ @...{74) = 5,,.,,, (2.4)
-~/
fdf'# L 7.9) 4, {? g) = (274] én;a 2, ot (2.5)

Since we assume that the eigenfunctions wn constitute a complete set of wave
functions, the Wigner transformation provides a complete set anm(p,q)
of functions in the space of phase space distribuations. The diagonal distribu-
tions ann(p,q) are normalized (cf. eq. (4)), but they do not in general have
one of the basic properties of phase space distributions of being non-negative.

Let us now investigate the quantal probabilities that one can ascribe to
a given phase space distribution a(p,q) . From eq. (2) we can determine a
density matrix p and consequently, we can calculate the probability Pn that
the system is in the state [n> \

1 o PV

= <ml 9/07) =fdfd$ ] ’;f"{g)e Q(p )?(5)

Changing variables: q = Q - £/2 and q' = Q + £/2 we obtain using the defini-
tion in eg. (3)

= 27k /dfda mf,a) a.(7a) (2.6)

Taking off-diagonal matrix elements of p one can of course get information
about the guantal phases.

For a harmonic oscillator the distributions a = (p g) depend on p
and q only through the oscillator energy E = 2/(2m) + 1/2 mw’g? and are

given by
1)
(P9) = T2 ef"/ L (2.7)

where Ln(x) are the Laguerre polynomials. 1In particular, the distribution
corresponding to the ground state s a Gaussian

_ muwg’

- vl
“a(f’/ﬁ) = (7T%) eXP[- oo % %/ (2.8)

We can now give a more precise definition of the semiclassical model briefly -e-
scribed in the introduction. Thus consider a one dimensional harmonic oscilla-
tor initially in the ground state and perturbed by a time-dependent external
potential V(gq,t) , i.e. we have the Hamiltonian



2

H= 35+ + mi® + Vag,z) (2.9)
where we assume that the perturbation is constant in space and time for very
early and very late times, sav for |t| > T . From the Wigner transformed
cuantal ground state density one obtains the distribution given in eq. (8),
which is used as initial condition for the classical phase space distribution:
a(p,q, =T} = a,(p,q) . In the second stage one calculates the time evoluticn of
a(p,qa,t) using classical mechanics, i.e. one solves Liouville's eguation:

2¢ _ _ P 94 2, 2a , 2V 22 (2.10)
3¢ " Mg Tt g

and end up with the final distribution a(p,q,T) . From this distribution one
can then calculate the excitation probabilities using eg. (6).

It seems natural in our model, which is based on classical dynamics, to
destinguish between a semiclassical and a semiquantal approximation, where semi-
classical refers to results obtained directly from the final phase distribution,
while semiquantal refers to results obtained after the quantization of the final
phase space distribution has been performed by means of the inverse Wigner
transformation.

3. Dynamical approximation

Again we shall illustrate the procedure by considering a harmonic oscilla-
tor perturbed by an external time-dependent potential. The time evolution of
the wave function is determined by the Schrddinger equation

13 g—:’t = H}L (3.1)

where H 1is given by eq. (2.9). From the density matrix p = |y><p| and
eg. (2.1) we get the generalized phase space distribution

apgt)=f z‘% ¥ g+ %4,2) V*@- £4,4) &P 3.2

The exact equation of motion for a{p,q,t) can be obtained from the Schrddinger
equation (1)

. 9 ~ —fgf,é -~
ik -5%- = % € {?7?-%)//?@"1)-74?40//?@-%).;(3.3)

nce *, ., 7‘ (g+84) N, -2
81 ¥q-%) ’; - Ylq+) 2 g;:i Va)
:
= 2 sy { v 0n) ¢}

we obtain from a partial integration in eq. (3) [i.e. we replace 23/3f by
1ip/f and £ by 1K83/3p), using the explicit form of H 4in eq. (2.9) and the



definition (2)

2238 ek B BVt oo

In the classical limit, i.e. for B + 0 , eq. (4) becomes identical to
Liouville's equation (2.10). Moreover, eq. (4) is identical to Liouville's equa-
tion for all interactions of the form

Vig,t)= i+ gl + $9°Y @) (3.5

so the semiclassical treatment depicted earlier will be in exact agreement with
the quantal treatment for this type of interactionms.

4, Porced linear harmonic oscillators

In order to illustrate some simple features of our model, let us consider
the case of a forced lirear harmonic oscillator, i.e. in section 2 and 3 we
choose the interaction

Vea,t)=-4 Fee) (4.1)

Then the solution to Liouville's equation (2.10), with eq. (2.8) as initial
condition, is

2
-/ (P-BW) o o
alp q,t)= (7%) exf’{‘ peor Svti = (?“ﬂ"’)) (4.2)
where (p,(t) , q,(t)) 4is the solution to the classical Hamiltonian equations

of motion .
gofi‘.’-"—' ﬂ(ﬂ S
(4.3)

é&)= -/»uazg + Ft)

with initial condition p,(-») =0 and g (-~) =0 . Eg, (2) follows simply
from the fact that the general solution to the classical equations of motion is

plE) = R+ P )
9= 44) +3.4) (4.4

where (p,,q,) is the solution just mentioned, while (pi,q1 is the solution
to the homogeneous equations qi(t) = pi(t)/m and pi(t) = - nw qi(t) with
initial condition p(-=) = p,(-=) and q(-=) = q,(~=) .

From egs. (2.6) and (2.7) we can now determine the excitation probabilities.
Rowever, since our model is in exact agreement with a quantal treatment in the
example discussed here, cf. the previous section, we already know that the ex-
citation probabilities are given by a Poisson distribution

~n
? -3 ——x— ¥ =
c m! ep e, b /v (4.5)
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2

where E, = 7% + 4 mwzqg . Instead of performing the quantization of the final
energy listribution, one could also determine the classical distribution of
energy transfers. One can show that this distribution is

(4E-E)°
R0 &,

(4.6)

-4
g (4E) = (27hwg,) exp(-

The mean value and spread are given by
Z
CAE> = B, | S(4E)= (%wb)* (8.

which are identical to the quantal results obtained from the Poisson distribu-
tion eq. (5). Moreover, for E, > fiw we have a correspondence between the
semiclassical and the guantal distribution of energy transfer, since the Poisson
distribution (5) tends towards the Gaussian (6) in this limit.

5. Applications in heavy ion reactions

2)

In the coherent surface excitation model the nuclear radius is paramet-

rize” in terms of the amplitudes anlu of collective surface vibrations
*—-
?(@,?) = 7\)0 (/'I' Z otm Y(ﬂ'?)) (5.1)
1 ’

The intrinsic Hamiltonian for these vibrations is assumed to be harmonic

/
A, Z ( Llwsaul + 4D mz/d /) (s.2)

nAp are the momenta conjugate to the amplitudes anlu
meters D, and ;?e frequencies wo,y are extracted from experiments or from
RPA calculations.

Let us shortly describe the application of the semiclassical model devel-
oped in the previous sections to heavy ion reactions. The time evolution of the
relative motion of two nuclei as well as their surface vibrational degrees of
freedom (w

where 7 . The mass para-

} 1is governed by classical dynamics, and all these degrees

niy ’ ®nap
of freedom are coupled through the Coulomb and nuclear interaction. The initial
conditions for the relative motion are purely classical, while the initial con-

ditions for the vibrational degrees of freedom (= } are the gaussian

,.6
phase space distributions obtained from a Wigner t?:gsfor;;tion of the ground
state (cf. eq. (2.8)). 1In stead of solving Liouville's equation for the time
evolution of these phase space distributions one can use the Monte Carlo method
and repeatedly solve the classical Hamiltonian equations, choosing the initial

conditions for (7 } as random numbers distributed according to the
M

nipy ’ nlu

initial gaussian phase space distributions
The fluctuations in the shapes of two colliding nuclei due to the zero-point

motion of surface vibrations (i.e. due to the fluctuations in the amplitudes

LYY in the initial phase =pace distributions) will lead to substantial fluctua-

tions in the scattering angle, the energy loss and angular momentum loss from

the relative motion of the two nuclei (see refs. 2, 3 and 5).
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One can also try to quantize the excitation of collective surface modes and
determine inelastic cross sections (da/dﬁ)nl for the excitation of a definite
mode (nd) . A direct application of the expression for inelastic cross sec-

2) is not feasible in

tions obtained from the Wigner transforuation formalism
practice, since a reasonable statistics demands a very expensive calculation.
However, inelastic cross sections have been calculated4) by assuming that the
excitation of surface modes is governed by Poisson statistics. This assumption
is probably quite reasonable, since the fluctuation in the nuclear radius due
to zero-point motion of a definite mode is usually much smaller than the dif-
fuseness of the nuclear interaction between heavy ions. For more details the

reader should consult the references.
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MODLLS AiD THEORIES FOR HEAVY-ION COLLISIOHS

Georg Wolschin
Institut fiir tneoretische Physik der Universitit Heidelverg

Apstract: Examples for the description of lov—energy heavy-ion collisions in terms of pheno-
menologicael transport models are presented. The basis for a fully microscopic treatment of
these reactions is provided by the time—dependent Hartree-Fock approximation (TDHF). A theory
to extend TDHF in a randommatrix model for the residual force to account for nucleon-nucleon-
collisions is given. The effect of the collision term is investigated numerica)lv in a one-
dimensional model.

1. Introduction: It appears that the most consistent description of the available experimen-
tal data on lov-energy heavy-ion collisions can presently be achieved using phencmenological
transport models. They are based on transport equations such as the master equation and the
Fokher-Planck equation which are well-known from statistical mechanics. Several selected
examples for such models are campared with the data in the next section. It is not intended
to give a review of the available models and theories.

Microscopic theories for such reactions are transport theories, and the time-dependent Hartree-
Foecr treatment (TDHF). The former are based on the assumption that the collective variables
governing tne reaction are known. The coupling to the intrinsic degrees of freedoms is then
trested as random. It causes tne irreversible dissipation of collective energy. Within this
approacn transport equations can be derived ( which may be compared to the ones used in the
pnenomenq%ogical models ) and transport coefficients can bE)calculated. A review is ayailablc
in ref. ' Tne time-dependent Hartree~Fock approximation is a mean-field theory without
stocnastic features. Since the residual force is neglected in TDHF, tvo-body dissipation due
to tne nucleon-nucleon collisions can not be incorporated. As an example for a recent micros-
copic tueory, section # of this talk contains a random-metrix model for the residual force in
order to extand TDHF towards a more realistic yet fully microscopic description of heavy-ion
collisions.

2. Pnenomenological Transport Models Starting point for transport models in the chotee
of collective variables. The most prominent ones are the center-of-mass distance T of the two
fragments, mass ( 95 cnarge ) asymmetry A /A and deformation degrees of freedom &, -

From tne analysis of experimental data one can establish a hierarchy of relaxation times
associated with tuese variables:

T« 0.3.407% L, 2 4407
Pe s 1.6 107 Ty = 520 10"%.
-21

Typical interaction times are of tne order of 1-5+10 s. The radial kinetic energy is dissi-
pated first, followed by the loss of relative angular momentum, the evolution of shape defor-
mations, and tue relaxation of the mass asymmetry. The equilibration of the N/Z ratio occurs
very fast due to the strong driving force towards the pot.emial valley in the N-Z plane, It
may not be describable as a statistical relaxation process '.

To treat energy and angular-momentum dissipation in a momequilibrium-statistical model, the
c.m. distance ® and its con,jugats momentum P are considered as classical collective variables.
Tneir distribution function £ ( ¥, #, t ) obeys a Fokker-Planck equation

3 3 2
2 + B¢ v ue = - I Z 2 (D
*F ~ V» s (up)+ \ D.'f),
st P »F e 3p; (0p) S 3pop AT
Tae cuange of the probavility distribution governed by the conservative force ( -‘J ) and
inertia is written on the left-hand side whereas the r.h.s, with drift coefficients and
diffusion coefficients Ly describe shift and spread of the probability distribution. They are
connected via tne kinstein relations. A solution of the equation requires specification of
potential U, inertia parameter pi(mostly taken as the reduced mass), and the transport coeffi-
cients. In applications the distribution function is aaq’ned to be Gaussian and the equations
for the first and second moments of ¥ and f are solved . 'Me ones for the first moments
correspond to the Newton equations which have been used in early analyses of heavy-ion colli-
sions. Tnose for the second moments allow to account for the statistical fluctuations in the
collective variables, An approximate analytical sclution of the moment equations which is
based on a paragetrization of the deflection function rather than the potential results in the
angular 4istributions of Fig. 1.
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st i k i They reoproduce g?e anisotropic experi-
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1f R - ::'\‘-\ .
s D 5 ] The most pronounced feature of DIG is the
large energy loss. Fragmert kinetic
: . T R . energies extend well below the Coulomb
Fig. 1 Anguiar distridbutions for Jeeply inelastic tarrier for spheres and hence, indicate
reactions { ref. 5 )

a large defo-mation of the composite
system of scission. This can be accounted
for by introducing deformatiorn degrees

of freedom into the descript.iog._r‘;‘reating a quadrupole deformation & of btoth fragments on. the
basis of a transport equation ~° the results of Fig. 2 are cbtained for the energy and
angular-momentum distributions. The consideration of fragment deformations and statistica;)
fluctuations in botn energy and angular-mamentum loss is essentiel to reproduce the data ',
500 Mav/u M. "8 ec These results sre obtained after integrating the solutions of the

LI S AL b trarsport ~quation over impact parameter. The underlying impact-
~er /, — i parameter dependence of tae mean values and variances is shown in
:-:a— L N Fig. 3. Tne mean value for the dissipated angular momentum
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.
. Fig. 3. Mean values and variances for
in dissirated angular momentum, deforma-
g tion and energy loss (ref. T)

Fig. 4. Fragment spin alignment
and transferred mean angular
momentum

Tne mass or ciargs transfer occuring in DIC car be considered as a transport process ”'3).
It nas mostly been analysed on the basis of the equation

P(A,t) 2 2
ot T oA, (0aP) + 5%’: (DyP) (2)

Its solutions are Gaussian for constant transport coefficients, or a linear dependence of “'Z

oL A a8 in case of a parabblic driving force., All other cases require numerical solutions or
apprf;xxmtion schemes. A combination of eqs. (1) and (2) yields the results of Fig, 5 which
show tne broadening of tne mass spread with in:reasing energy loss,
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Fig. 5. Cnarge transport (ref.12)

Fig. 7. Element distributions

Of particular interest is tae influence of nuclear shell structure on the mass diffusion process.

In snows up clearly in the correiation between total kinetic energy loss and variance of the

cuarge distribution for PuePb and UM, Fig. €. It has been proposed to interpret the nroad

. . . N o . . N 1L .
element distributions for U#U by means of the drift towards the closed Ft-shell, ). Cince the
shell minima in the driving potential ere wasned out wnen “hx system is heated up they do not
seem to give rise to a snoulder in the element distributicn st the Pb-region, Fig.

7
i

3.  Microscopic Model: TokLii A fully microszonic model for heavy-icn coicisions which 41

drasticalls in 1%s pnysicial content from transport theories 15 previded 1y the time-dependent
a) .
N

Hartree~-rFock approximation. '. It reduces “he many-undy prouiom to a set of A coupled nonlinear

eguations for tne single-particle vaveTunctlons

. s ) (3)
i l.?“ = ( ’I+um_, )?“E d}{r’?u\ .

Tue many-poc, wavefunction is at all times a =:i.gle slater determinant cf the (ﬁ‘ . The mean

siugle-particle potential Um, is caleularted =ejf:onsistently from the nucleon-nucleorn interaztion

onu tue one—poldy density

Uype ¢ = j‘dzx ’u[‘\'-a’)[g‘ (‘\'Q"ll)ﬂ (xt )_ f‘f (“,“I{)% (x ’f)J
A
§ (xxt)e Z G Ged) g "t ).

In terms of ine one-vody density tue Hartree-toon ejquatino can Le writ

P

l'f: = [HHF (f,), f‘J. (o)

durerical soiations of tne TDHF-ejuations can Le obtainea in three dimensions under certaln

©
w

3
155

gef)n\eLriuui restriztions. ey have Leen used sxtensive:y te simulate @oavy-ian oollisgions
Tne wnderijing pryoleal assumption ls a long mean free pabo of Lhe

Pl 9

mycieond cuen Lnat naeleon-
nucleon coliisions due Lo the residual force cen be neglecited. The cnllective motlon of the
system can te caleulated on a microseopic basis, the colleztive variables need not he upecificd

as 1i 2 tranzport tneorys,
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Tre tnecory contains, newever, nc stocbastic festures, so that the desceription of truly irrever-
sible processes is beyond its scope. For example, it is not possible to treat the formation
of a fully equilibrated compound nucleus. It is therefore desirable to combine the advantages

of TDHF and transport theories. Steps in this direction will be indizated in th- next section.

4, Microscopic Tneory: TDHF plus Coliision Jerm Different from most previous approaches

desigped to extend TDHF ! we use a random—matr model for the residual nucleon-nucleon
17). The total Hemiltonian is written as

H=(T+u)t (O-U )r Hype (4)4 V()

interaction

(6)

where U (t) is the time-dependent mean field and {*the two-body interaction. The residual
interaction V (t) is neglected in TDHF. Here it is assumed to have stetistical properties
wiich cause the loss of phase memory in the system. We start from the Liouville equation for

tne A-body density gh (21...;k;i;...is;t)

L'B.‘ = [Her @]+ [V, 0], (1)

transform to the ipteraction {ngesentation(gh %)and use a time-dependent Gaussian ensemble to
evaluate tne ersemble-average g‘I of the A-body density matrix. By tracing over (A-1) variables
we obtain the equation of motion for the average one-body density which now contains the
effect of tne stochastic actiou of the residual force and is, therefore, time-irreversible.
Tne collision term is still a function of two-and three-body densities. Upon factorizaticn

of §&_and §; tne result is in the weak~coupling limit and for vanishing memory effents

- =t : v v vy e
CPt = [H,,,, [4 "J“, 4 C"JZ_; [ vs’h"" + Vsk:j‘] “'gu(k') g.l'l" M

SW ysom =) B "JJ
1 - ) -0t
[( d:“ ?‘g' ) Y (4 fu' ) 9&3' . (8)
e mean- field term descritves the coherent motion of the system. The collision term 1is

8)

o . . . 1 cas .
reminiscentto the one in the Boltamann equation and accounts for the egquilibration due

to tne nucleon-nucleon collisions.

19)

S. One-Dimensional sumerical Model A one-dimensiounal numerical calculation with a

0)

P o e 2 . , . .
slmpie ansaty for ithe collision term serves to qualitatively 1llustrate 1ts effect on the

time evolution of tiue one-body density and its Wigner transform

o0
v N
. - 4 -d
Plxk; ¢)= (Jlr,)-ld: exp(-iks ) p (xs ds,x-¢s). )
Tue {uUliF equations (5) can be transformed into (xk)-space, and acollision term with equilibra-

tion time Mas a varameter is added to the r.h.s., of the TDHF-equation for f (x,k.t):

Teooe ('?z')-’[)?(‘\',-?i-i;'[}-p/«";'{)J. (10)

It imposes an equilibration in momentum space towards the mean momentum k. The static
hartree-Fock equations are solved to obtain the initial density. Coliisions of one-dimensional
slaus containing [ nucleons are shown in "ig. 8 at Eem = 7.53 MeV / nucleon. The relaxation
time is T = 30 fm/ ¢ so that tne slabs stiil separate, For the short but still reslistic
reiaxation time of T = Y fm/c drastic @ffects of the collision term become apparent in the
exit puase of the reaction, Fig. 9.: the system bounces back and eventually fuses., This is
also illustrated inthe contour plots of Fig. 10 for tne Wigner function in the exit phase;

tne collision term drives tne system towards the equilibrated compound nucleus. It seems

provable tnat the low-1 cut off for gysion observed in 3-dim.
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T~ mes in 10 fm/c (ref.19) tizes T [ref.13)

TsiF calculations 2”, Fig. 11,is reduced or even eliminated wken two-bod; dissipation is

3xccunted for.

v - € W » .,

Fig. 11. Pusion window
as obtained in 3-dim.
TDHF (ref.21).
6. Conclusions Phenomenological transport models provided s simple and copnsistent method to
understand most of the available data on lov-energy heavy-ion collisions. A pramising starting
point for a fully microscopic theory of these reactions is the statistical treatment of residual
pucleon-nucleon ccllisions on the basis of a mean-field approach. It provides the necessary
features which are missing in present TDHF calculations, and allows to extend the theoretical

description to nigher bombarding energies.
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THE ROLL OF DELP INELASTIC TRANSFERS IN PRODUCTION GF “DIZECT™ AMPHA PARTICLES IN WXLEAK
REACTIUNS INDUCED BY HEALY I00S

L.Pomorski, M.Gruszecki, W.Karcz, A.\.Mezeitsev, A.Popescu, D.C.Popescu amf i.i.\olkos
Laboratory of Nuclear React:ions, Joint Institute for Nucle.r Research, Dubna, U5SP

Abstract. The comparison of experimentai data for el particles and deep inelastic transfer reac-
tion producis obtained in inclusive measurements in th: reactions r\at-‘l,c;.""‘)-\r ‘285 Mel ant
!97Au¢h0Ar 7290 Me\} has revealed their great siailarity which 1s consicered to be evidence for a
large contribution from deep 1nelastic transfer reactions 21I1° to the production of “direct”

o -particles in the reactions 1nduced by %0
and the high nuclear stability of aHe on the large vield of e -particles as compared to other pre-

ducts 1s discussed.

Ar ions. The influence of the DNS potential enerqgy

1. INTRODUCTION

Since the work of Britt and Quinton /17, it has been known that Hl iruuzed reactions involwe
the formalion of "direct™ of-particles and protons. Their anguiar distributions are foruvacd peak-
ed, their enerqgy spectra are characterized by higher energies compared ‘¢ the evaporat:ion cones, and
production cross sections amount to several hundrecds of millibarns at tombarzing eneriirs vell
above the Coulomb barrier. Recently, the traditional studies based on simple inclusive experimests
have been e.'ended to correlation ones whidh involve coincidence measurements for e(-particles and
light fragments ‘2-7°, for o -particles, prctons and ¥ -ray; from a conjugat- heavy fragoent
/8-12/, ard for of -particles and fission frageents /13-1%‘.

In papers of our group /16-18/ we propose a new approach to this probiem which s bascd on
the comparison of the angular distributions, energy spectra and prodiction cross sections for
"direct” o -particles vith the analogous characteristics of the tvpical products of deep 1inelas-
tic trapsfers /DIT/. In t regant paper such comparison is made for the twe reactions:
nAEAq :ga-\r 1285 MeV) andhf‘)‘lﬁu}ﬁ:r {290 MeV.. We also suggest to interpret the high yield of
"direct” of -particles as compareg to DIT products, un the basis of the form of the double
nuclear svstem /DNS/ potential energy and the high nuciear stability cf the of -particie.

2. EXPERIMENTAL TECHNIGUE

IThe experiments have been performed using an oxternal hou\r 15n beam “3I00MeV trom the 5-350
heavy ion cyclotron of the JINRE Laboratory of Nuclear Reactions. The products of the reactions in-
vt igated were detected by using both the (A E-£) technigue and a combinration of majnetic anilysis
and the {AF-E) technique /19/. The second method was employed for measurements of the energy spec-
tra and prodyction cross sections For the isotopes of clements ranging from He to Cl,at an eriision
angle of 40 . Ar  ionization chamber served here as a A [ detector.

3. EXPERIMENTAL DATA

A5 well known, DIV products possess three main experimentaily observable ieatures wbich per-
mit their rcliable separation from the products of other nuclear reactions ‘237. These teat.res
are: ‘1) Asymmetric centre-of-mass anqular distributions.

‘11 Almost symmetric enerdgy spectra with a maximum corresponding to the exit Coulomb

barrier for a conjugate nucleus.

“111) The obeyance of isotopic production cross sections to the »’Jqq-syr.t»mahc:;.

3.1. Anqular Distributions.

The c.m. anqu&ﬁr distributions of the o -particles emitted 1n the bombardment of silver and
nold tarqgets with TAr 1ons are shown in fig.l. The solid curves ace drawn through rxperimental
pmints. The dashed curves characterize a contribution from the symmetric part of the angular dis-
tribution at forward angles. The anqular distributions of He and elements ranging from L1 ta €
are presented in fig. 2. It is seen that as one goes from typical DIT products £,8,Re to light
particles, the anquliar distributions change smoothly while the anisotropy decreases.

an 1nteresting resall 15 obtawned 1f ue compare the asvmmetric parts of the angulat distribo-
tion. These parts can be obtained by subleacting from the total angular distoihalion of the ~vme
et ric part which dominates at backward angles. The asvmmetric parts aof the anqgular distribation
of the elements ranging from © to He are compared in fig, 5, Dne can see that th Slapes ot lines
are udentical for all the element s,

5.2, Inerqgy Spectra.

97 . nat a0
The o -particle energy speetra for the react jons ! -\uoan-\r 2M At and Mye (»\r
‘285 Mel'; are presented 1n tig., 4. The ?lﬁrfll",’;,(illl'rv‘fépfl?d)nq to the exat Coglonh barrier. far
. [J @By
nueler congugated with o —-particles Am, fu and Fu - are 1ndicated vith arrovs. I as
seen that the maxima of the enepgy speectra at faruard angles, ubere The aoin cantrihulors are
"dirert” o ~particles, correapand to the exat Coulomb barriers,
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fFig., 3. the asymmetric parts of angular

distributions for He to C produced in the Fig. 4. The energy spectra of ol -particles
reaction natAq+AOAr(285 MeV). produced :n the reactions 197Au+aoAr
{ .
(290 teV} and "'aqa®Oar 285 MoV for

different detection angles.

nat

‘

Irn the reaction 'Aq+QOAr (285 MeV) the qracing collision angle 15 equal to 27° “1ab. Derp
inelastic transfer reactions involving the turning of the DN; to the reqgion uf neqative angles,
and the emission of light fragments at an angle equal to -40 take the principal contribution to
multinucleor transfer reaction cross sections at a measuring angle of 407,

The energy specltra of the isotopes of elements from He to N, measured in this reaction at an
emission angle of 407, are qivgn in fig. 5. As one can ser, the shape of the enerqgy spectra of the
helium isotopes “He, He and "He is identical with that of the DIT products -- the rsotopes of Li
to N,

The ) -systemalics of cross sections for producing the isotopes of Light elements 1o the

reaction Aq+AOAr (285 Mev) at an emission angle of AT presented 1n iy, 6, A simelar pretu-

re of the §  -systematics is observed also for the igotopes of light elements produced in the

. 7 .
reaction 19 u+aUAr (290 M~v). In both reactions the cross sections for producing the isoto-

pes “He, "He and “He obey the same O -systematics ag do the isotopes of the heavier clements
which could be produced only as o reddit of DIT reactions.
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4. DISCUSSION OF THE MECHANISM OF PRODUCTION OF "OIRECT" ALPHA PARTICLTS AS DIT PRODUCTS

ihe cumparisun of the experimental preperties of "dipert” ol -particles and those of typi-
cal DIT products, made in the piesent paper shows that they are very similar. In our view, this
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Fig, 5. The energy spectra of various isotopes
of elements from He to N produced in the

rcactionnatAq+4UAr (285 MeV) measured at an

emission anqle of 40" . The arrows indicate the
exit Coulomb barriers.
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Fig. 7. Differential cross sections for producing
the iéotn&sa ofbﬁlemcnts from He to Al in the
reaction Au+ Ar{290 MeV), as functiona of the
number of neutrons N and protons Z.

similarity cannot be an accidental one. It re-
flects the common mechanism of their produc-
tion. Hovever the strong predominance of the
o —particle emission channel over the rest
of DIT channels is a conspicuous fact. f1g. 7
shows the differential cross sections for
producing the isotopes of elemgg&g rﬂnginq
from He to Al in the reactiun ~~'duys "Ar
(290MeV) at a measuring angle of 40", plotted
as functiony ur the neutron number N and pro-
ton number 7 ip the isotope. lhe cruss section
for producing He is about tuo orders of mag-
nitude as larqe as cross sections for produc-
tion of ather isofopes. This is all the more
surprising since te is the farthest element
in Z and A from the initial nucleus ~“Ar. It
is werth to note another interesting point in
vig. 7. Starting from Z=1” (Al isotopes), the
production rross sections for isotopes with
maximum yields decreases with Z, but after
fluorine the cross sections begin to increase.
The maximum values correspond to nuclq% wi}?
closed srells and subshells, such as ~ 7N, r,
and “He. An espoecially strong &ncrease in
cross section is observed for 'He. A similar
behaviour of differertial cross sections is
ohserved 1n the case of the reaction

natpgatPac285 Mev).
One can try to explain the predominance
of the of -particle emission channel over
other channels as being dize to the features
of the DNS potential enerqgy and to the oxtra-
ordinary nuclear stability of the o -particle.
Fig. B shous the DNS potential energies as
functions of 2 and A cf”%?e ligat fragment,
for the initial system ' Ag + Ar{28% Mel).
The calculations vere performed using the
ground-state nuclear masses,the enerqgy of the
Coulomb interaction for spherical nuclei, and
the rotational enerqy corresponding to the
middle of the range of the anoular momenta con-
tributing to DIT reactions. fhe DNS moment of
inertia was taken to be a rigid-body cne. The
calculated D}§7pntgatial energies for the ini-
tial system Aus Ar (290 MeV) have a similar
behaviour. In both reactions, the DNS potential
energy has a minimum in the reqgion of the
lighter elements. This fact indicates that the
initial LNS evolves in the direction of confi-
qurations wilh the largect mass asymmetry.
The potential energy of the system with the
oA -cluster configuration has a deep minimum.
The second factor which facilitates the
predominance of the o{ -cluster confiqura-
tion in OIT rgactions is the particular nuclear
stability of "He. In order that the DNS -
cluster configuration might evolve further
toward the complete fusion gf the nuclei, it
is necessary to excite the "He nucleus thus
providing the mobility of its nucleons. This
however requires the transfer of
a considerable part of excitation energy to



the AHe nucleus, and this is unlikely toc occur.
As a result, the DNS evolution turns out to be
blocked in the o -cluster confiquration.

The accunilation of the DNS of -cluster con-
figuration and its subsequent decay lead to

a high yield of "direct" of -particles,

In conclusion the authors express their
Jeep gratitude to Academician G.N.Flerov for
his stimulating interest in this work,
A.G.Artukk, G.F.Cridnev and V.l .Mikheev for
participating in the experiments and analysis
of experimental data, and Mrs.t.V.Pashkevich
for her help in preparing an tnglish version

f this paper.

Fig. 8. The patential energy as a function of A
and Z of Ehﬂ Abght fragment for the initial
system Ag+ “Ar 1285 MeV),The calculations
are made for "sticking" spherical nuclei with
the distance of closest approach of Z fermi,
the initial angular momentum of 110 4,and for
ground state nuclear masses. The value of
_(m +m,) - (m -m, ), where m,, m,, and
mjg m, aré the 1n1txal and fln&l misses,
réspectively.The chemical symbols of the
conjugate heavy fraaments are alsa indicated.
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RESONANCE PHENOMENA IN HEAYY ION REACTIONS

I. Rotter
Zentrelinstitut fur Kernfr:schung, Rosssndorf, 8051 Dresden, GDR

Abstract

On the besis of the continuum shell model, it is shown that the shape resoe
nances may have doorway properties. Together with the unitarity of the S-matrix
these properties of the shape resonances mey lead to an l-dependent trens-
parency of the optical potentisl.

1. Introduction

The resonance phenomens in heavy ion reactions are discussed in the literature
for sbout twenty years. Nevertheless, they are not understood up to now. The
meny results obtsined experimentally did not solve the problem but gave con-
tradictory results which can not be interpreted on the basis of the usual
nuclear reaction theories (see e.g. [1-3]). Even reactions induced by protons
reised new problems in that nonststistical effects are observed in cases where
they should not appear [4].

On the basis of the continuun shell model it has been shown (5] that external
mixing of the resonance states via the continuum may cause nonstatistical
effects, Further, it has been suggested [6] that shape resonances may play the
role of doorway stetes.

It ig the eim of this talk to investigate the propertiee of the shape resoneances
in detail on the basis of a theory in which nuclear structure end nuclear reac-
tion aespects are treated in a unified manner (continuum shell model). Shape
resonances are included together with the compound nucleus resonance states of
complicated nuclear structure into the resonance dependent part of the S~-matrix.
The uniterity of the S-matrix is considered and shown to cause an l-dependent
transparency of the systenm.

2, The basic equations of the continuum shell model

In the continuum shell model version formulated by Barz et al. [7] the Schré-
dinger equation

(H E) c(l») =0 (1)
ie solved with
< (#) anéc ¢ é}/w I ¢ <’ (2)
Ye = (<) +c,;4 ’:){E al(6¢) Xe

where the (P sre the basic wavefunctions (eigenfunctions of Hy, = H- V) of the
system with all A nucleons in bound single-particle stetes while the )(E are

the basic wevefunctions with A - a nucleons in bound states and the group of o
nucleons in a ecattering etete. The reaction channel ¢ is cheracterized by the
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set of quantus numbers of the target nucleus, of the particle as well as of
their relstive sotion.

In solving the Schrddinger equation (1), a projection operator formalisa is
used. The following thres functione are defined

(Ez - Haw) @, = O (3)
+ ‘ < (#) \
(E" = Hm) S, = C (4)

—+ +) _
(£ Hpp) cop H?quﬁ (s)

where HQQ stande for QHQ and so on. The operstor | projects onto the subspace
of discrete states while P projects onto the subspace of continuous states
(P+Q=1). The egs. (3) to (5) cen be solved by stendard wethods. Eq. (3) is
the traditionsl shell model probles. The eigenfunctions ¢>R and the real
eigenvalues Eg" of the shell model Hamiltonien HQQ provide the wsevefunctions
and energies of the discrete states which are celled QBSEC (quesi bound steates
esmbedded in the continuum). Egqs. (4) end (5) are solved by the coupled channels
sethod. It 1s P = O end QEE = 0.

The function qlé") can be expressed by means of the three functions CPR. § g

and Qe After diagonalisation of the operator
<tF )
rr _ ! t)
Hoo = HW + qu(vp Hag (6)

sppearing in the expression for 9)2(’) one gets

o

«(+) CF) - +) ~ 1 T - ()
Ve =3 e (q)fg,)*‘%m = <@ [Hepl&, > (7)

£ 'R E-Lprilp

The operstor (6) is an effective operator in the subspace of discrete states,
It consists of the traditional shell model Hemiltonian HQQ end an additionel
term which takes into sccount the coupling to the continuoug_states (Gg’) is
the Grggn operagtor in the P space). The eigenvelues ER - f /" g end eigenfunc-
tions (P g Of Hgéf are complex and energy dependent,

The function 412(*) and the cross section do not depend on tne manner by which
the whole function space is divided into the two subspaces. If however the Q
space contains all wavefunctions with large amplitude inside the nucleus then
the eigenfunctions and eigenvalues of Hgéf depend smoothly on energy (with the
exception of threshold effects [11]) en letermine the wavefunctions, energies
and widths of the resonance states., Such a definition of the Q space is possible
if @ cut-off technique for the single=-particle (shape) resonences is used [7].
The Q space obtained corresponds to the function space used in the traditional
shell model calculations. The P space defined as 1~Q contains wavefunctions
with small ampliiude inside the nucleus and the correct asymptotic behaviour.
The coupling matrix elements between the wavefunctions of the two subspaces
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Yoo = (21 <G Hopl 490 ©

sre slso smoothly energy dependent. According to eq. (7) the so-called reso~
nance paraseters can be obtained un.ambiguously

£, = Ep(E=Eg) (9)

4

I

JRc = X%(E‘Eﬂ> (11)

1f no cut-off technique fcr the single-perticle resonsnces is used and they
belong to the P space then the eqs. (9) to (11) cannot be solved unambiguously
although the cross section can be calculated, This problem fe discussed in
detail by Lemmer and Shakin [8].

It hes been proven [9] that for 8 complete set of resonance states R,

~z s ~<

J‘ = ‘Q’) b’?c (12)
~ — ~2 - =~

r ’-.f_fzﬁ,lé%r: (13)

can be defined as for an isolated resonsnce state.

3, The Semetrix

In the framework of the continuum shell model an expression for the S-matrix
cen be derived (9],

- (1) - (2)
\SC(' = 5 ’ - \S

(44 <’ (14)
where

S < ap(2:8)8,. - 27 XLONVIELS (15)

depends smoothly on energy while

C(' - L\z E_'Ezféfﬂl (16)

\S(z) .Z &(' ;Qc _

conteins the contributions of all the ~ssonance states R.

The S=metrix has the faeiliar form. However, there are some esgential dif=-
ferances to the expression for the S-metrix used ususlly.

(1) Eq. (16) 1s velid for all energiams. The functions ER and T'R depend
smoothly on energy with the exception of threshold effecte [11].
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(11) The so-called resonance parameters Z{Rc' ER and F"R are calculated with-
in the model (eqs. (S) to (11)). They are not parameters.

(1ii) The external mixing [10] of ths resonance stetes \ia the continuum as
well as the configurstional mixing and the channel coupling, which sll
are caused by the residual interaction V, are tsken into account in cal-
culating the Y re* ER and ’”R’ The resonances are therefore correlated
more or less.

(iv) The functions E:Rc are complex. It follows from the unitarity of the
S-matrix that Im ¥re 18 generally a complicated function of all the
(E- E % fﬂ 2. Therefore, the resonance behaviour of 5(22 is deter-
mined by AR/(E- ER * ; R) with energy independent A, only for iso-

lated resonence states R. Generally, it is much more conplicatod.

(v) The sum over R in eq. (16) includes also the main contribution of the
single-particle or shepe resonances due to the cut-off technique used for
them,

Conssquent ly, the concept of e resonence atate R defined in the continuum shell
sodel differs froe that of the Feshbach theory by the different consideration
of the shape resonances. It differs also from that of the shell model approach
to nuclesr reactions formulated by Mahaux and Weidenmiller [12], The resonance
paraneters of the Sb-atrix of the Mahsux-Weidenmiller-theory are not determined
by the functions JR . E and lﬂR sa has been shown by Lemmer snd Shakin [8].
Only the introduction of the QBSEC by Berz et al. [7] instead of the BSEC by
Mehaux snd Weidensiller and the consideretion of the external nixing [10]
instead of the gtatietical assumptions allows the unified description of nuclear
estructure and nuclear reaction aspects and the derivation of eq. (16) for the
S=matrix with the definitions (9), (10) and (11). The concept of a resonance
state R defined in the continuum shell model corresponds however to the concept
forsulated on the basis of the R-metrix theory (Robson and Lene [13]). Thus, it
is in agreement with the numerous calculetions performed successfully for many
years in analysing different nuclesr reactions to get concluaions on nuclear
structure.

4. Doorway states and shepe resonences

A doorway stste is defined in the continuum shell model as e state with a

simple nuclear structure, i.e. & large epectroscopic connection to one of the
channels. Furthermore, its internal or configurational mixing with other reso-~
nance statss in the neighbourhood is small. Therefore, external mixing dom-
instes and leads to the typicsl picture of a grose structure at about the energy
of the resonance state in the croes section, If the internal aixing would not

be small, the "gross structure” would bs smeared over s larger energy region

due to internal mixing and could hardly be identified.

Doorwey stetee are e.g. isobaric enslogue resonance stetes. Another exsemple cf
doorway states are the shape resonances slthough they are essumed ususlly to
belong to the direct reaction psert.

Sheps rssonsnces heve s large width in relation to @ certsin reaction channel
€4+ They ars connected with a certein velue 1s=1,. The extrene case is
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| 272 >
'J?c,l ~la (17)
for the channel ey and
| ‘,)??: | =0 (18)

for all other channels ¢ *Cye In such a cese the S-matrix eslements are

scc = 1 for all ¢ ¢4

s ~ =1 (19)
€46 7

scc' = 0 for all c +c¢*' .

The trensmission coefficient is

=2 ISt =4-151"~0 (20)

cY*c) cc

for all channels ¢ including ¢ = C4+ Since the imaginary part of the optical
potential for the elastic scettering takes into account the contributions of
the chennels ¢’ + ¢ it venishes also in the considered case.

In the case of resonance states the widths of which are distributed statisti-
cally the values Iscc‘ 2 show fluctuations with energy. The energy averaged
velue differs from unity and the corresponding transmission coefficient es
well as the imaginery part of the potential differ from zero.

In the realistic cese of 1 shape resonance corresponding to a certain value

l = 11 and N resonance states of a more complicated nucleasr structure with the
same spin and parity, the S-matrix elements are similar to those of an igolated
gient resonance with resonance parameters determined by the shape resonancekﬁfvﬂ-
Consequently, a shape resonance in a certain channel ¢y becomes apparent not
only in the excitation function but also, due to its doorwey properties, in

8 minimum in the imaginary part of the potential at 1 = l1 according to eq.

(20).

Recently, Frawley et al, [14] have presented @ comparison of elsstic scattering
and total reaction cross section dets in the region of the 9~, 14,7 MeV res-
onance in 60 . 12C. The comparison provided evidence that the data can be
reconciled only if the background absorption for 1 = 9 is quite small in
comparison with the absorption for smaller as well as higher l-values. It would
be interesting to compare the experimental results of the resonance phenomena
more quantitatively with the conclusion on shape resonances and their doorway

properties as discussed here in the framework of the continuum shell model.

Brink et al, [15] showed that the strength of the imaginary part of the optical
potential can explein much of the enomalous back angle scattering of alphe
particles from different elements. Such a result agrees with the results ob.ain=
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ed on the basis of the continuum shell model: The dominsnce of e certain value
1 = i, induced by the shsps resonance leads to a sore sysmetric enguler dis-
tributior than in the csse with sany interfering l-values. Thus, large back
sngle scettering together with small absorption for e certain 1 value suggests
8 doorway mechsnisa via shape resonances.

S. Conclusions

In this talk, the properties of shspe resonances sre investigated. Their sixing
with the well known resonences of complicated nuclear structure i teken into
account in the resonant pert of the S-amstrix sgiz « Due to the unitarity of the
S-matrix, the imaginary pert of the optical potentisl may show some strong 1l
dependence. Further, back angle scattering may be lerge at the energy of shape
resonances which show doorway properties.

Shape resonsncees play surely an importent role in heavy ion reactions and have
doorway properties due tc their strong clustering and, consequently, small
internal mixing with the resonance stetes of complicated nuclear structure.
While the resonance behaviour of the excitation function is determined by the
ratio [ /D, i.e. by the concrete nuclesr structure, the shepe resonences depend
more weakly on the nuclear structure of the interacting nuclei. The strong 1
dependence of the imsginery part of the optical potential together with the
large back angle scattering should therefore be similar for neighbouring nuclei
in contrast to the resonsnce behaviour.
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DYNAMICAL POTENTIALS AND CHARGE EQUILIBRATION IN DEEP-INRLASTIC HI-COLLISIONS
E.F. Hefter§ and K.A, Gridnev‘

§ Institut fir Theoretische Physik, Universitdt Hannover, 3 Hannover, F.R.G.
& NIIF, Leningrad State University, Le.aingrad, USSR

Abstract: In the search for a unified approach to nuclear physics and for dynam-
ical equations for the nuclear potential we step back to consider one-
dimensional relations. We discuss the applicability of the soliton con-
cept to nuclear physics. Quantitative and even more preliminary quali-
tative results support the notion to view the Korteweg - de Vries e-
quation (KdVE) with its extensions as the phenomenologicz2l counterpart
to the equation of the mass operator, thus providing us with a tracta-
ble model for the dynamical nuclear potential.

1. Motivation

Our interest in a dynamical nuclear potential is largely stimulated by its
importance and the impact which a better knowledge of this quantity is going to
have on the various problems dealt with in nuclear physics; it is certainly of
special concern to the physics of heavy ion reactions ‘-7,

In nuclear physics we have nowadays a terrific range of models all of which
explain only part of the phenomena observed: Classical and quantal, microscopic
and macrosccpic approaches compete with each other and sometimes even act in
peaceful cooperation to yield useful interpretations of the experimertal data.
But we do not yet have a truiy unified approacih to nuclear physics. lIn a crude
way the present state of the art could be summarized by saying that the simple
models are too simple and that the sophisticated ones are toc hard for us to
provide us with reasonable chances for a speedy progress towards such a unified
approach to nuclear physics. - In here we go a few steps back to cne-dimensional
relations to consider the application of methods hitherto not yet applied to nu-
clear physics, i.e. the soliton concept.

But before indulging into more detailed discussions we would like te draw
attention to the strong disparity in our knowledge and experience relatni to the
wavefunction v (or the density c='u'”) and the potential U. Various approaches

to nuclear and elementary particle physics treat . and U on a symmetric footiny
as solutions of coupled nonlinear differential equations *=5) Hence, one would
expect each equation for the | to have its counterpart for U. The obvious dis-
crepancy noted in practice is possibly due to the fact that the wavefunction v
and the (probability) density o lend themselves more easily to our perception
than the more abstract potential or field concepts.

To give some examples for the equations for ¢ we name the Dyson, Dirac,
(time dependent) Hartree-Fock (TDHF), and linear Schrddinger equations (LISE) .
The most primitive tire independent one-dimensicnal forms of the last two equa-
tions may be written as

- - -, ;:,"2 .l = H ¢ =3 }2 ‘/2 .y 1
% x (E + Vnn‘ . Q; % yx $/3.%, etc.; (1)
and
’6'}xx - (E~-U)ey = O (2)
where the factor 4 depends as usual on the reduced mass u of the system,
= < s . 1 =Tr -
A /(Zpi(Ai)), by imi/?mi' (3)

The more sophisticated TDHF equations provide us even with dynamical evolution e~
quations that allow us to follow the time development of ¢ or ¢='#]?,

But what abcit the potential? - Within the theory of Fermi systems a promi-
nent equation for the nuclear potential (meson field) is given by the nonlinear
equation for the mass operator (MOE), which is coupled with the Dyson equation ”.
Under the appropriate assumptions the latter may be reduced to the HF equation,
which we know to be the self-consistent equivalent of the linear Schrédinger e~
quation (cf. e.g. Eqs.{(1),(2) and make the substitution U =: -V__[#|? in Eq.(1)).
In the case of the MOE a similar reduction is in principle poss?gle, however, at-
tempts to this nonlinear equation are in general restricted to the use of the
otherwise very successful perturbation method, which does not allow for a satis-
factory exploration of the properties of the mass operator. This is not really
surprising since the experience gathered in the last two decades in the fields of
nonlinear mathematics and physics, shows that such methods are not gquite adequate
for nonlinear evolution equations (NLE). E.g. they do not yield the famous
soliton solutions that are characteristic for a large number of NLE's. Hence, we
infer that it might be more appropriate to attack the potential problem, i.e. e-
quations like the MOE, by aid of nonlinear methods. Indeed, further considerationc
even indicate that it is scn~ibl~ to view solitons as representatives for stable
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aucliear particles and their potential bags. - It is possibly useful to recall that
solitons are stationary wave sclutions of NLE's that behave very much like parti-
cles; they are stable objects that do not change amplitude, shape or velocity in
iheir time develooment and that energe completely unchanged from collisions with
each otner, but for a phase~shift.

Taking the MOE as the specific example of interest we start from the follow-
ing assumptions iwhich couid be justified in a more detailed discussion;:

A.1 The sclution of the equation for the mass operator corresponding to stable
systems should he given in tzrms of solitons.

A.2 If A.1 is trzue then the s:tudy of the simplest soliton supperting NLE should
already provide us with come bits of useful information.

Below we start with tphe¢ casier part and concentrate on A.2. The necessary
requirements fcr realisiic soiutions of the respvective test equation are seen
in the conditions:

C.1 The {one) soliton solution of the test equaticn should allow for a realistic
parametrization of the siatic shell model potential, V__, (which is equiva-

lent to the corresponding Eartree-Fock potential, V SMUcE. Egs.{1}/2})).

v

.2 The test equation shoulid yield a consistent descripggon of the potential for
elastic scattering events, e.g. the optical model potentiai, V_ .

C.3 In analogy to the dynamical eguations for the wavefunctior o< the dersity,
e.g. TDHF, the test eguaticn should facilitate a dynamical description of
scattering events, reactionz, etc. involving the potential bags, e.g. Vsm’

C.4 Pessibly vie extension. . the original. NLE there shculd also be a
chance to catar for dissipative phenomena which are very important for the
treatment «f deep inclastic collisions of heavy ions (DIC).

2. The soliton solutions of the nonlinear Korteweqg - de Vries equation (KdVE)
The one-dinensional KAVE as the simplest NLE may be written in the form

U, iy - 6-u- + deu = . {

U L t) 6-u u Gl ¢} (4)

Historically, it ocould nct be solved compietely until it was discovered that it

is via the inverza2 scattering problem related to the linear Schrddinger equation,
Eq.(2); i.e. formally its sclution u(x,t) appears as the potential of a related
Schirddinger prob.em with U = u{x,t). This 1s by chance (7?)} thc kind of interre-
iation that facilitates very mucth the intended use of the KAVE as a test cguation
or d4s5 a pussibie :honomenologicosl counterpart to the equation of the mass opera-
ter. The choice ¢ the dispersion constent & in the KAVE is rather arbitrary and

)

depends enly on tre medium considered. In the present c¢nntext it is suggestive to

use the connectics LISE-KGVE -o cefine 4 via Eq.(3). This notion finds additional

suppert by a furrnier accidentsi (27) interreclation between the one-soliton  solu-

tion; u, (x,t=0}, +f the KdvE and the bound-state (soliton) solution ¢b = yqu .

sech{V'V /27-x] ot the Hartree-Fock equation, Eg.{1), o

U, (%,0) = =V _.secu ¥V /75 x E—— g7 wi v =g 27207 . 5
; (%,0) o sect” YV /28 x] Voarlell with v 272V (5)

In the framework of this stnudy the time dependenre ¢f the sclutions of the KdVE
doos net provide us with any addaitional information so that we follow Eg.(5) in
suppressing it.

The knowledge of u, allows us to study the staiic properties of the soliton
solutions of the XK4VE. 'Tc get a feel for the dynamics of such systems we have to
consider more-soliton expressions, e.g._&he two-soliton solution uz(x,t),

. 2
2, .2 . - 2 2 1\, 2.2 2 2
aie meitye2tymap P e (R adel ey nade ed)
u,(x,t) = - - 2 1 Wi, L@ (6)
2 te 2 2
(02-a1)2 2
(1+f1+f2+ E;TE: f1f2)

with
£, 0= exp[-ai(x-xéi)-ait)//h272m] and af = 2'Véi). (7)
The x(i denote the displacements of the two asymptoti?1§olitons u(1) and u(Z)

from the origin. Below we center one of them, say u , at the “origin, i.e.
xé1)=0. If we now suppress(i?ain the explicit time depéndence by using t=0, then
wé are only left with x =x,°’ to describe the relative separation between the two
solitons and to simulat® the time development of the system, Its history for
all x and t is completely determined by Eq71(6) ?Td (7)1

For not too large differences AV = |V ) ovl | between the amplitudes of
the two solitons fig.1 illustrates how the® dyngmics evolve with x_ (or t). In
contrast to our experience from linear physics, there is no direct (linear) su-
perposition 5f the two solitons at the moment of interaction. We rather observe
that the smaller soliton apparently "swallows up” the surplus which was initially
contained in the larger one. In such a manner the two seemingly simply inter-
change their places and the incident projectile continues it voyage. The re-
sulting phase-shifts experienced by soliton 1 and 2, resp., are given by
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¢y = OB/a)-1nl(ayra,)/laymap]2. (8)

Returning to_,the one-soliton solution of the KdVE it is seen that the K4dVE-
conservation law_fu(x,t)+dx = const yields the following relationship for(adia-
batic) transfers of #he soliton uj(x,t) from a medium with the dispersion con-
stant §' to another one with §:

= = Ter = 9/ v = VR
c —.Juﬂxm)dx— WWET = 2T — v vi8r/s. (9)

In the original applications of the KAVE to water waves the dispersion constant
§ contained also the depth h of the sea-bed, i.e. §vh’. Assuming an adiabatic
transfer of uj(x,t;h') from the depth h' to h, Eq.(9) yields

_ . . 3 _ 3 _ L2
Vothy = Voo (h'/h) = Vo/(1+0h) = vV, gg(h) (10}

witha= Ah/hz. But in the present context such a functional iorm of the dispersion
constant is certainly undesirable, cf. e.g. Egs.(1) to (3). Hence, it is very
fortunate to find out that the forced Korteweg -~ de Vries equation (FKA4VE},
ut(x,t) - G-u-ux + G'uxxx = f(h)-u, (11)
with the Jdriving” term f (h)-u describes such a situation even more accurate.
Ignoring higher order effects, which would introduce albeit small deviations, Eq.
(10) is confirmed by solving Eq.(11) explicitly. However, a significant diffemnce
is that Eq.(11) does no longer require ujq (9) ané.uigé’) to contain an explicit

dependence on the depth, i.e. we have § = §' = ¢/h and u1(§) and u{(é;ﬂ). The
conservation law given above yields now
c = qju1(x,t;6;h')-dx = dju1(x,t;6;h)-dx + djuph!x,t:é;h)-dx (12)

implying that the original soliton u1(h') is now reduced in its amplitude tc

lead to the soliton u,(h) and additional phonor contributions u_. (h). In some
applications of the KAVE the phonons or oscillatory waves have been identified
with damping and the like.

3. Application of the KdVE-solitons to nuclear physics

According to A.2 we would now like to test the applicability of the KdVE and
its soliton solutions to nuclear physics; the 3.i below correspond to the C.i.
3.1 Square-well, harmonic oscillator and Saxon-Woods potential formfactors in the
LISE are known to yield an appropriate shell model description for nuclei which is
confirmed by self-consistent Hartree-Fock calculations. Putting these geometries
in relation to the functional form of u,(x,0), cf. Eq.(5), we see without explicit
calculations that u,(x,0) fulfills at least qualitatively condition C.1,
In the conventlonal notation the elastic scattering interaction is given in
terms of the optical model potential,

\Y + VvV + i(wv+ws) + vs + V.. (13)

om = Ve1 o 1

At least for A <<A§ and smaller projectile energies,E_, the real central part of
the nuclear ifter ction, V, is to a good apptoximatien represented by the static

potentials V__=V . Besides its x-(or r~) dependence, V is known to be a function
m _HF
of A, A, anf™ g, e.q.
P° T p 6
2 )
V = =~53:A . ~0.,0066.E =: =53.A . E . 14
o exp ( p) p 9om p) (14)

We added the coefficient A to account roughly for the predictions of the simple
(deep) folding model. Rest¥icting ourselver to the interaction of two particles,
i.e. i=2 in Eq.(3), and exploiting Egs.(5), (9) and (10) we obtain

. ) _ 2 28 2
Vo= u (x,0iAy Ay E ) = -V gech (/W 728x] with vo—vo[A1A2/(A1+A2)]gs(ep) (15)

and with gg(E )=: (1+a'E_) "3, cf. Eq.(1Q). In Eq.(15) we normalized the soliton
amplitude vik VO=V6A;A§/(A;+A5) °=53 MeV to nucleon-nucleus scattering.
The constant o', 'is for an arbitrary value of Ep, e.g. E_=0, ad-

justed to the 92 (E.) of Eq.(14). The u, of Eq.(15) compares surprigihgly well
om' p 1
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:itr.relation (13) , which is bas2d on numericei material and formal consicderations
’ -

At this point 1t appears apgreopriate to stress that Vo and a' are the only con-
stants taken from nuclear physics, but for A_ and !

The conservation law (12} tells us that®we can not neglect the phonon - part

h which arises for >0. Attridbuting for simplicity a sech!-fomfacter to u k
(vhich in reality is closer to a Saxon-Woods shap=) Egs. (3), {10} and (12) leall tc
“v = uph = -Hosech VHO/ZI:(] with Ho(Ep) = VO(Ep=O)-(I-gi(Ep))2 {16)
where g (E ) = g_ = g _, cf. Egqs.{14) and 113), contains the explici* energy de-
pendencé Pof Hv§ Agagﬂ, a surprisingly close correspondence to the W, as based
on nuclear physics is noted V.

The potentials u, and u_, mav be referred *c as "dressed” effective nuclecm
nucleon interactions depictYHg the interaction of the Agth fracticn of the
projectile with the h part of the targe:. The consequent extension o compos-—
ite nuclei requires the transition from one-soliton solutions to N-soliton ex-
pressions (N=A,+Ac). In a phencmerclogical manner we may try to simulate the re-
sults of such “a hard work by aid of the substitution
x — x/R with R=r (A3 28
in Egs. (15) and (16} . However, in that case we hgve to treat the amplitude Vo as
an adjustable parameter iand to exchange the sech® in Eg. {16) by a Saxon-Woods
formfactor) 1.

The missing surface term W_ is to be assnciated with shell effects, reso-
nances and the like which wili “only be accounted for in a more complete treat-
ment with N-solitzon expressions. It is claimed that spin-orbit and centrifugal
potentials may - at least qualitatively - also be catered for within the soliton
approach (but requiring t#0 and the transition to generalized versions of the
KAavE, resp.) L

Before finishing this sub-section it should be mentioned that it is quite
comforting - but not yet understood why that happens - to ncte that in spite of
A =A., application of the u, of Eq. (15) Xields guite an encouraging correspcn-
dénce to the measured a-o phase-shifts '°J,

Summarizing, we may state that the KdVE {in liaison with its gencralized
versions) does apparently fulfill condition C.2.

3. As mentioned in section 2., the two-soliton solution of the KAVE contains
with no free parameters the complete time evolution of the interaction of the
two solitons. To get a feel of the applicability of ujp to nuclear physics we
proceed in a similar way as in the TDHF: We first prepare the two a-particles
which we are going to consider (R=1.91 fr; u_ _ =1/4; V =4.0 =212 MeV) sepa-
rately and insert them then into the relevant ‘dynamicgl quation; i.e. in the
present case we have to apply Egs.(6),{7) with the respective parameters. Be-
cause of the energy dependence of uy, cf. Eq.(15), the amplitude of the inci-
dent projectile is o be multiplied by exp(-0.0066-E ). Fig.1 corresponds to
20 MeV and resembles very much one-dimensional TDHF ~calculations with solitons
Y1) | Insertion of the respective parameters into Eq.(8) yvields phase-shifts
that are surprisingly close to the experimental ones

Such nice results and the similarity of fig.! with TDHF calculations sug-
gest strongly to exploit these features, e.g. in two-center shell model calcu-
lations.-In the case of low energy collisions of identical particles (e.g. a+
4) the two potential bags remain even at the distance of closest approach still
"closed", but with increasing projectile energy they "open" more and more. For
nbjects with a microstructure the "opening" of thepotential bags corresponds to
an increased probability for inelastic transitions and exchange processes 9,112
Such a behaviour and the given interpretation are fully in line with the single-
particle model employed for the explicit evaluation of the transport coefficients
in DIC of heavy ions, cf. e.q§. fig.10 of ref.'?’,

We conclude that the cuestion posed by C.3 may be answered affirmative.

3.4 A consistent extension of the original KJAVE that accounts for dissipative
processes is given by the Korteweqg - de Vries - Burgers equation (KdVBE),

U fet) = Geusul 4 feu T Deu (18)
where D is the diffusion coefficient. Two arguments which are not directly re-
lated to the preceeding, but which do advocate such an extension of the KdVE, are

(1) The Burgers equation (BE), i.e. Eq.(18) with #=0, has the same dispersion
relation as the Fokker-Planck equation (FPE) which is usually applied to the dif-
fusion phase” of DIC. According to the theory of dispersive media this insinuates
that the nonlinear version of the FPE, i.e. the BE, should be applicable to the
same problem.

(ii) Treating DIC in a gas kinetic model in a fashion corresponding to the damp-
ing nof sound in a gas (accounting for recombinations, ctc. of the molecules) one
arrives also of the KdVBE of Eq. (18).
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To save time and space further suggestivT arguments i favour o the use of g£g.
(18) in nuclear physics are suppressed *

The following discussinn of the FAVRE ie urnfortunarely coirng o Le & rather
gualitative one. Yet, hefore going over to the phvsicy 0f the K4VBi, we would
like to draw attention tc the prominent features or its soiutions.
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The amplitude V_=P _ giwves the “height” of the
“ramp” nrocduced by the tanh; for *he sake of
simplicity we usad uge{-#)=G, the extensicn to
arbitrary ugg(-=) being straightforward. In fig.
2 the response of ca; to different paramexriza-
tions (V./2,x ,2) 1is 1llustrated.

In the case cf the KAVBE there are no
znown analyticai solut:ions, however, in various
contexts this ecuation has been solved numerical-
iy. For D>>‘ its solutions resembie very much the
analytical soluticns of the BE, cf. fig.2. But
at a certain critical value

IN ARBITRARY UNITS o0l

Fig.2: The magnitude of uix,t)
= uxgvse (denoted by 33 -) is
plotted as a function ' of
x=AE. The parameters (P _/2,x,,

B)=(V,/2,x45,0i for the tted,

broxen, full and iower broken D __.. = /2-%.(ul~=)-ul+=)) (20;
curves are {1.25,5,1}, (1.23, crit

5.13), ¢1.25, 20,73 anc the behaviour of the ugaypg Changes gualitatively
{1.25, 50,13), resp.. The from a monotonous shock-wave, cf. fig.2, to a
points and the scaling are s5hock-wave with some oscillatory structure on top
discussed in the text. oi it. Fig.3 cuntains a qualitative representation

of such a soiution of Eq.{18).

Fig.3: The same as fig.2
but with the full curve
depicting the qualitative
behaviour of the solution

of Eq.(18) for D<Dcrit'
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3.4.2 As far as the physical interpretation of the constants § and D is con-
cerned, they describe the effects of dispersion and dissipation, respectively.
Taking it for granted that we have to apply Eq.(18) to dissipative processes in
nuclear physics, e.g. to inelastic scattering processes and to DIC of heavy ions,
the predictions of the KAVBE are as follows:

(1) For (high energy) collisions in which a lot of energy is dissipated in a
very short time 8§ <<D holds, cf. fig.2. In reactions that involve -nly a few de-
grees of freedom, e.g. inelastic nucleon-nucleus scattering, the dotted curve in
fig.2 with a relatively small dissipation tonstant, D-:1, should bLe adequate. In-
deed, such an interpretation is consistent with the (microscopic) treatment of
inelastic nucleon scattering, where the optical potentials in the entrance and
exit channels are usually chosen to correspond to the kinetirc energy of the inci-
dent projectile, , ang to Eﬁ = -Q (Q - Q-value, energy loss), resp..

In DIC of heavy ions at highe: projectile enercies we note a rapid dissipa-
tion of energy in the initial phase which is very soon followed by a decay of the
di-nuclear system into the exit channel. The KAVBE suggests for this case a time
development of the potential (=23/P_ ) similar to the full curve in fig.2.

(i1i) Low energy processes proceed ofl a larger time scale, insinuating that the
dissipation in the last part of the diffusion phase is relatively small, hence,
we are very likely to encounter situations with O < Dc.pje. As {llustrated in fig.
3, we are to get an additional oscillatory structure on the plateau of the solu-
tion of the uxqyvsg (AE)

But how do these predictions compare to other models and/or experiment?

Considering Eg, (18) as it stands, i.e. as a dynamical evolution egquation for
the nuclear potential, it Qfl to be recalled that the discussions of Minchow et
al. and of Fedotov .t al. lead to similar predictions. But if we want to go
over to quantities that are directly measured then we have to recollect that mass
and potential are intimately connected with each other: together with more de-
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tailed considerations this confirms the notion that the KAdVBE should also be ap-
plied to the discussicn of the mass distributions. Since the mass is a positive
quantity, this necegsitates the transition from Eq.(18) to its counterpart with
a positive sign for the nonlinearity and hence also for its solution Eq.(19) (cf.
also Eq.(5) with p={¢|?}. The final reaction products in DIC of heavy ions may be
discussed in terms of the measured variances ci,z of the mass and charge distri-
butions as functions of the energy loss AE. The experimental goints displayed in
figs.2 and 3 were copied from ref.!* and correspond to °®Kr+®?Moc at EjL,=430 MeV.
Obviously there are no problems in parametriring these data by aid of the solu-
tions of the BE and/or the K4VBE. - The overshooting in the data is observed in
different reactions, but what abcu* the oscillations? With a wishful eye they too
may be discovered in the data of ref.‘s’, however, to establish their existence
firmly further precision measurements would be required.

Recently Schmidt and Wolschin'®' and Grossmann and Krappe''! discussed the
significance of anharmonic potentials and of inertia effects, resp., for the
treatment of the mass transport in DIC of heavy ions. In its spirit and in terms
of pure parametrizations the former is relatively close to the present interpre-
tation. Seemingly the latter may also be explained by aid of the
stationary wave solutions of the KdVBE: Such an interpretation would have to ex-
ploit the funny property of the solutions of the (KdV)BE that the smaller soli-
tary wave is swallowed up by the larger one when the two "collide". However, the
time is not yet ripe for discussions of the details of such processes, since the
gualitative correspondence of our results with other models and experiment does
only give the impression of quantitative agreements because we simply parametri-
zed the solutions of the (K4V)BE to obtain the correspondences shown above, 1In
spite of the preliminary positive findings a final verdict on the physical con-
tent of the KAVBE will have to await the results of more elaborate investigations.

Nevertheless, we may conclude that the soliton approach fulfills at least
gualitatively also the last condition, C.4.

4. Summary and outlook

We regret very much that the 'boundary conditions' did not allow us to
provide you with a more detailed picture. As far as DIC of heavy ions are con-
cerned the other contributions to this Symposium contain certainly more useful
and elaborate material than we could have provided; but as far as nonlinear evo-
lution equations and solitons are concerned we feel that more detailed discus-
sions would certainly have been very helpful.

However, we hope that we manaced to convince vou that - with an input from
nuclear physics consisting of only two numbers - the KAV(B)E yields with com-
parative ease an amazingly large amount of information and that the KA4V(B)E con-
stitutes the basis for a highly interesting one-dimensional approach to nuclear
physics. Only further qualitative and esp. guantitative investigations can tell
us whether we may proceed on such a basis towards three-dimensions and possibly
even towards a truly unified theory of the atomic nucleus.

5. Acknowledgements: We are grateful to §. Krewald for helpful discussions
related to the nature of the mass operator.
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ANGULAR MOMENTUM DiSSIPATION IN LEEP-INKIASTIC HEAVY IUN COLLISIONS

G. Saupe
Technische Universitit Lresden, Sektion Physik, DDR - 8027 Dresden

Deep—inelastic heavy ion reactions with a bombarding enmergy of 5 ... 10 MeV per
nucleon in the centre mass system have been described in a simple classical mo-
del, which takes into account the following collective degrees of freedom:

the distance R between the centres of the nuclei, the rotation angle @ of the
composite system about its centre of gravity and the rotvation angles 01 andO2
of both ions. The corresponding momenta are the radial momentum PR of the rela-
tive motion, the relative angular momentum L and the nuclear spins I, and 12/11
The interaction between the ions contains the conservative Coulomb and nuclear
potential (proximity /2/) and a dissipative part, which consists of the radial
and tangential component of s friction force according to the two components of
the relative velocity. In addition the transfer of kimnetic energy into deforms-
tion energy of the system has been simulated by a simple modification of the
interaction potential in the exit channel /3/.

The tangential component of the friction force has been constructed from consi-
dering the extension of the overlapping region during the reaction process,
Then a so called effective radius o2 gyration /3/

& = 1—’1{—? s, B (1 - B1g22)?) Q)

can be introduced, where 8, is the surface diffuseness parameter, R.l and R2 are
the sharp nuclear radii, In this way one gets two terms of the tangential fric-

tion Ft(;:.z{ "(;:.x)z’ + Ft(;::)x“' 2
The first ¢ i) ®
e first tern Fi(ig.l)l = ft(R) (RO ~ R']"] - ‘ﬁﬁ) (3

with B, = 0.5 (R + R; = R,) and &, = 0.5 (R = R + R,) vanishes if the roliing
condition Re = 1191 - §2°2 = O is valid, The second part

(i)l 1] _ ﬁ _
Fran = T5(R) & 03 -1)) (4)
i
goes to zero if the classical sticking limit®= h‘),l =102 is reached, So the dif-
ferential equations for t. . mean values of tne fragment spins take the form
. - 2 -fori=1
Ly = 2 8) (R (r0-Ro, - N0, 7 (W] -0,)) with or (5)
+ fori=2.

The formfactor ft(R) ha. been used in the form given by Gross and Kalinowski/4/
These equations <nsure the validity of the angular momentum conservation law

L=w (L) +1y) =~ 2,(8) R (Reo = X0, - %42, (6

‘The statistical fluctuations and correlations in the distribution function for
the macroscopic degrees of freedom and their conjugate momenta are treated
according to vhe iinear response theory given by Hotfmann and Siemens /5/. On
the base of this formalism the mean value of the dissipated kinetic energy

AE =aE. .4 ""Eta.n +8E; o = Eoy = Ef (7)
and the z-component of the transfered angular momentum

aj, =L ~-I;e=1,,+1, (8)

have peen calculatea and compared with experiment,
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the square mean values of the nuclear spins are computed under the assumptions
(1> = (0,0,1,,) and(.'uz) = (.'1’2) = (q,z) /6/. ''hen one gets the relation

2
The alignment of the spin of tne fragment i 18 given by

2 2 2
P, = 15 guz-;_ 0.5 = 1.5 ((_11222._*'_@1,_22; ) = 0.5 (10)
i

(1,,0° +3¢0,,

The calculatea quantities .IZ(LO),G'zz(Lo), ¢IXQ) ana P,,-(Q) have veen com-

pared with results of a model, which contains only the variables R and @/7/,

as well as with experimental data on the reaction abx.r + 238!] with an incident
energy of ELab = 750 Mev /8/.

1%

o), 28,
80 /“~ Elgp® THOMK
\\ 10 \ ‘\‘

-
.
-
-

[_‘ o !
100 200 300 L L"'“W 200 300 L
Figure 1: The transfered angular momen- Rigure 2: Statistical variance G’az(Lo).
tunm LIZ(LO). Solid line: four- 50lid line: four-dimensional
dimensional model, Lashed line: model, bLashed line: two-ai-~
two-ainensional model., mensional model,

One can state that only the rolling limit is reached, if the spins of the frag-
ments are taken into account. In this case the assumption of the sticking limit
leads to an overestimating of the transfered angular momentum for small values
of the initial angular monentum Lo..Lt is interesting that the statistical va-
riance c.ﬂz for rotating fragments increases permanently for decreasing values
of Lo, whereas the curve C’az(Lo) in the two~dimensional model remains constant
after reaching the equilibrium.

’n'mu
gu.mm
80 %, 18, ""
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40 ] [ } [+ ¥ ]
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‘ o |
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yizure 3: Mean value of the angular mo- Figure 4: Alignment of the spin of the
mentum, transfered to the fragment 2 on the Q-value,
heavier ion, on the Q-value, 8olid line: four-aimensimal
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Solid line: four-dimensional model. Lashed lipe: two-di-
model, Dashea line: two-di- mensional model.

mensional mocel, Dashed~-aotved

line: One-body-dissipation /8/.

ror the mean value of the angular momentvum, transtered to the heavier ion, the
result of a one-body dissipation model /8/ can be compared with Tthose of thne
models mentioned above. Lt 1s seen taat all theoretical approaches considerea
lead to data, which are in a good qualitative agreement with the uxperiment,
out the absolute values are tuvo small or too large. vhe alignment of this spin
can be reproduced in the bI-region, but it is more and more difricult to de-
scribe the experimental data for approaching thne QB-region.

From these comparisior.s one can conclude that further studies should treat tae
time aevelopment of the aouble nuclear system more carefully. 5o, the dynamical
transition from two spherical nuciei to the detormed dcuble nuclear systen and
turther degrees of freeaom oi the internal rotations of the tragments should be
taken into account in order 1o achieve a quantitative agreement betweeu measu-
red and calcuiated data on oriemtation efrects in DIC.
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SHELL EFFECTS IN THE ELRMENT DISTRIBUTION OF THR

238y , 23%; pactioN

P. Middler, R. 3Schaidt, J. Teichert
Technische Universitit Dresden, Sektion Physik, DDR - 8027 Dresden

For the investigation of the U+U element distribution a Fokker-P'anck
equation has been used where the mass drift coetficient is calculated
from a shell-corrected liquid crop potential. The discussion leads to
the result that the experimental element distribution iay be influenced
by the shell structure of the nuclei.

Recently, experimental data of bombardments of thick 236U targets with
23bU at three beam energies (E = 8.3, 7.5 and 6.5 MeV/u) have been
reported by Kratz et al. /1/. Thereby an unexpected decrease of the
production cross secticn d‘:'i"/dz,l for elements thibj for the lowest bean
energy of 6.5 HeV/u compared to that of higher incident energies has been
found (cf, fig.1). Within the diffusion wodel of Riedel and Norenberg /2,
this large decrease of the cross section d('f/dZ1 at the lowes: incident
energy cannot be understood., However, it has been stressed by many
authors /3,4,5,6/ that the nuclear shell structure may influence the mass
transport. Therefore it seeis possible that this discrepancy between ®he
experimental data and the diitfusion model) results is caused by shell
effects. Accorcing to that suggestion an analysis has been performed whexre¢
the shell structure is taken into account for the cescription of the mass

transport.,

In accordance with ref.2 the mass transport is determined by a Fokker-
Planck equation, The mass diffusion coefficient Dl used is taken to be
proportional to the nuclear temperature ’1‘1 of the system (D1 = 75’1‘1/’1‘° in
amu2102's-l; To = 1.364 MeV) and the mass drift coefficient v, is
calculated according to the Einstein relation /6/ but using a shell-
corrected liquid drop potential /7/. The interaction times and nuclear
temperatures being functions of the initial angular wmomentum and of the

incident energy are taken from classical trajectory calculations /8/.

In order to demonstrate the shell effects qualitatively and toc avoid
a rather cumbersame treatment of the thick target we have performed
calculations for the initial incident energies. If some influence of the
shell effects is observed it should be appear at the smaller effective
incident energies too, Furthermore, we only compare the probability

distributions P(Z,,'TT) of the mean initial angular momentum Ta 2/3 lgr



- 138 -

exhibiting a si@ilar shape as the element diatribution. The resulte of our
calculations are pregsentaed on the right hand side of fig.1. Due to the
deep potential minimus at Z‘- 82 {(Pb-shell) there is a strong mass drift
towards this direction and finally we shall find a maximum in the
distribution at this poin" in the case of the two higher energies. At the

lowest incident energy, however, this is not the case.

The probability distribution is determined by the incident energy via the
different interaction ti-c.‘Ti and the diffusion coefficients defined by
the temperature Ti on the one hand and the driving potential used /7/
entering the drift coefficient according to the Einstein relation on the
other hand. A measure of the broadening of the distribution is the

quantity ‘Ei D1 which is shown for the three considered energies in fig.2
(The points correspond to the mean 1 in each case.). The dashed line denotes
that value of the product 11 D1 for which a clear maximum is formed in the
corresponding element distribution after the reaction tire '3&. From

fig.2 we can see that such a saximum cannot be produced in the case of the
lowest incicent energy (lowest point) but well can be established in the

other cases {(upper points).

Summarizing one can conclude that the calculated probability distribu-
tions reproduce the qualitative behaviour of the experimental data. The
performed investigation has shown that for incident energies smaller than
a given value the shape of the probability distribution is aifferent to
that for higher incident energies due to the potential minioum at i, = g2.
This result leads to the suggestion that the refered experimental

behaviour may by caused by shell effects.

It shonla ve emphasized that in a more involved consideration the
damping of the shel.! effects cue to the temperature has to be taken into
account. 'he results probably turn out in a more suooth behaviour of the
probability distributions leading to & behaviour somewhat similar to the
liquid drop calculations for the higher incident energies. However, at the
smellest energy a smoothing out wue to the {rather small) temperature
cannot enhance the probabilities as well as the corresponding cross
sections in the Pb~region, because the same value of 7} Dl has to be used
and the reaction time is not enough for reaching this region with a large
probability., Therefore the qualitative result established in this paper

should b2 conserved.

Such investigations are in progress and will be published together with
a more detailed study ot the problem discussed above.
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left side: BExperimental element distribution ds'/dl‘ within the thick

target reaction

238

U + 2380 for three different beam energies

7.65 MeV/u £E €8.30 BeV/u (1), 6.06 Mev/u SB& 7.50 MeV/u (2) and

6.v6 MeV/uSE<6.49 MeV/u {3). The theoretical curves are calculations

based on the wodel presented in ref.2.

right side:s Calculated distribution function pi(z‘. 'Si) for the mean

value of the participating initial angular momenta I at given incident

energies of b.3 MeV/u (1), 7.5 Mev/u (2) and 6.49 MeV/u (3).

Fig. 2

The product of the aiffusion coefficient D1 and the interaction time T

as function of

reaction and the corresponding incident energies of fig.1.

see text,

the initial orbital angular momentum 1 for the sawe

For details
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CONTRIBUTIONS OF VARIOUS RBACIION MECHANISMNS IN THE HBAVY-ION
MASS DISTRIBUTION

R. Schmiadt and J. Teichert

Technische Universitat Dresden, Sektion Physik, DDR - 8027 Dresden

A two-dimensional friction model has been extended to the mass asyametry
degree of freedoam introducing a dynamical coupling between mass transport
and relative motion. As an example the 515 MeV Kr + kr reaction is
analyzed. Consequences for the interpretation of the experimental element
digtribution are discussed.

The mass transport between two nuclei curing a deep inelastic heavy-ion
colligion {DIC) has been succesfully described in terms of Fokker-Planck
equations /l/ or Master equations /2/. Thereby the assumption was made
that after a short approach phase the two nuclei become highly excited
and a relatively long lived (10~ 2'- 10720
formed. The nucleon exchange between projectile and target happens during

s) double nuclear system is

the contact time of the double nuclear system and has been treated

independently from the relative motion of the two nuclei.

In the present work we introduce a dynamical coupling between the

relative motion cecribed by means of a classical friction model /3/

2 U LR
MR =-——-#y (1)

and the mass transport described by the Fokker-Planck equation /1/

-—'p( 1£)--—(VAP)+ ,.,j’a" (2)

for the probability density P(A',t) as function of time t and the mass
asymmetry A', measured by the mass number of the projectile -like
fragment. The gquantities v, and DA are the mass drift and the mass
diffusion coefficient, respectively.

Ve consider the coupling between the relative motion and the mass
transfer via the time dependence of the mean value of the mass asysmetry
(A > (¢), which induces an additional time dependence of cho moments of
inertia, the interaction potential and the friction tensor x in eq.(1).
The sase transport according to eg.{2) is infliuenced by the relative
motion via the time variable and the calculated critical angular somentus,

b6 166

Kr(515 Mev) o Br reaction the dynamical
coupling incresses the interaction times up to 15 for ssall l-values,
whereas the deflection angles are decreased., This behaviour shouid be

In the case of the
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tSypically for syateme where the drift is directed to the symmetric
cmfiguration and thus induces a stronger attraction between the fragments
during the collision. The longer contact time due to the dynamical
coupling increases the msean values of the transferred mass towards the
»ass symmetry and gives larger variances 61. At the same time the critical

A
angular msomentum is decreased by 5 .

In fig. ) we compare the experimental element distribution with the
calculated one within our dynamical approach. Good sgreement is obtained
for elements with charge numbers less than Z‘shj. The reason for the
discrepancy for 2‘ > &) in d6 /dZ, is that in our dynamical approach
partial waves with 11< &S are trapped 1::.i5 a potentiai pocket of the
sudden interaction potential and thus are not scattered. It seems to be
reasonable to assume that these trapped partial waves have available time
to reach the sass equilibrium. If we further assume that this symmetric
configuration decays through an adiabatic change of the interaction
potential into two equal fragments rather than formes a compound nucleus
an excellent agreement between the experimental and the theoretical

element distribution

ds_ (JG‘) . dé‘) 03)
oz, A2y /e \d21 ] eq

is adcieved. The upper assumption is supported by the fact that for this

relatively heavy system the symmetric fragmentation is energetically
prefered to that of the compound nucleus. Thus the second part in eq.{3)
is practically identical with the equilibrium distribution for the whole
phase space P.q Aacxp(-Ul/T) with the driving potential Ul and the
nuclear tesperature T of the system and a transiticn from the symmetric
configuration to the compound nucleus became unlikely. The equilibrium
contribution (dt?/dzl).q looks like a "fast fission” process /4, which
have been assumed to appear if the fission barrier of the compound nucleus
vanishes due to the high angular momenta transferred. Our analysis of the
86lr\5|5 HeV)+‘663r data indicate that a long lived component in the
element distribution may occur even for non-vanishing fission barrier due
to energetical reasons. in any case the dynamical coupling between
relative motion and mass transfer suggests such a interpretation of the

oL, 166

element distribution for the Er system although a more detailed

investigation of this question is needed.
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Fig. 1

Elewent distribution dG"/dzl in the 8

6Kr(515 HCV)+166Er reaction.

The experimental points are the data of Olmi et al. /5/. The
solid curve corresponds to the (non-equilibrium; distribution for
the deep inelastic fragments calculated within the dynamical
model. The dotted line represents the equilibrium distribution
for the trapped waves and the dash~dotted line is the sum of the
solid and dotted curves.
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MODEL CALCULATIONS OF FAST-NEUTRON INDUCED REACTION CROSS SECTIONS

M.Herman, An Jong Do, A.farcinkowski
Institute of Nuclear Research, 00-681 Warsaw, Hoia 69

Abstract

Statistical model of multistep nuclear reactions with the inclusion of
compound nucleus and preequilibrium emission is presented. Pull gamma cascade
and angular momentum conservation are incorporated in both mechanisma. The
results are compared with some experimental cross sections for ( n,xn) reactions
Sugesticns on spin distribution of intermediate atatees are drawn.

1. Introduction

It is well known that a major part of the neutrcn absorption cross sec-
tion is governed by the decay of compound nucleus. This was investigated for a
long time with Hauser-Feshbach theory with a considerable success. However 1in
last years a significance of preequilibrium emiassion has been undoubtfuly
vointed out. Thuas it turns out necessary to include both mechanisms in theore-
tical calculations. Furthermore a detailed reaction analysis /e.g. isomeric
cross sections interpretation/ requires theoretical estimates for the popula-
tions of diacreete levels with defined spin and parity. This can be achieved
solely if full gamma cascade is taken into sccount and angular momentum conser-
vation is incorporated in both mechanisms. Unfortunately noc theoretically
founded preequilibrium model involving angular momentum efects exists, Some ap-
proximations were made in the frame of exciton model by Uhl et a1.1) and Fu 2}.
Hereafter we propose a different approach toc meet requirements mentioned above.

2, Formulation of the model

The preequilibrium emission in supposed to compete with compound nucleus
decay only at firast stage of the reaction while subsequent narticles are emit-
ted from the nucleus which has already equilibrated. It is further assumed that
both mechanism contributions add up incoherently.

The compound nucleus decay is followed according to Hofmann, Richert,
Tepel and Weidenmtiller theory 3'“accounting for the width fluctuation correc-
tion, The theory was recently iﬂ;oved 5) with the new formula for elastic en-
hancement factor which allows for more accurate treatment of the radiation
channels., In the present model E1, E2 and M1 transitions are considered. They
form a full gamma cascade within unt->und as well as bound states and provide
an occupation for the residual nuclei discreet levels. The radiative strength
function is evaluated on the basis of Brink-Axel model with allowance for
Weisskopf estimate admixture. Highly excited states are approximated by the
continuum calculated according to Tilbert~Cameron 7 or parameter free super-
conductivity model 8).

The preequilibrium emismion is followed in the frame of geometry dependent
hybrid model 9). In this model the emission probability 1s dependent on the
incoming particle impact psrameter through approximated reaction geometry con-
siderations., This feature allows to treat each partial wave separately and to
perform an angular momentum coupling of incozing particle epin S. snd orbital
momentum 1‘ through target spin ST and composite nucleus spin I to total angular
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momentum of outgoing particle Jp and residual nucleus Ib’ This can be written

in the following form
2.2 T uulU,L)

dolE.1)
—_——a = T (E )‘
ae -~ dE=TR ;é;% w L SEED ZZZT"..J(UU

Ib-ﬁy Jb

where SI(E,n) is usual emismion probability of hybrid model and 81 is statisti-
cal spin factor. All the sums satisfy the selection rules. The first term in
this expression provides the energy devendence of the population of the resi-
dual nucleus levels while the second one describes the spin distribution of

the preequilibrium component. The latter one is assumed to be proportional to
the transmission coeficients Tf ard n-exciton states densities u)n(U,Ib). At
the moment the spin distribution of these states is an open problem. However
the assumption of the spin dependsnce factorization is very likely to be valid
.= can be written in the form:

) 1+1 (1'/)
WU :wtl) 2L e ]

TRl T
It is assumed that energy behaviour of the spin cut-off parameter J, for the
exciton states is the same as the one for compound nucleus providing a simple
relation

Gp* A Ocomp
where 'a’ is a free parameter. It is taken to be independent of the exciton
number to keep the calculation time within a reasonable 1limit. Thie eimplifi-
cation seeme to be justified because the dominant part of the preeguilibrium
emission comes from the very early stages of equilibration process. Thue "a"
perameter can be treated as an average weighted with the contribution of a
given exciton configuration.

). Results

All the calculations were performed with the FMPIRE code 10) on CYBER 73
computer. Brink-Axel model was used to evaluats the strength of E1 transitions
while E2 and M1 ¢‘ransitions were calculated according to Weisskopf estimates
rettarded by the factor of 10, The level density parsmeters were those of
Reffo 21 and were tested against capture cross sections in the previous pa-~
per 11).

The preequilibrium emission modifies the population of the first residusal
nucleus continuum as compared to pure compound nucleus predictione. In Pig.1
this comparison is shown for the 1 10d(n.n') reaction. The influence of the
exciton states cut-off parameter on the calculations ie also indicated with full
and dashed lines which correspond to as! and a=0.3, respectively. It is evident
from FPig.1 that the decrease of the spin cut-off parameter results in the cone
centration of the preequilibrium contribution at low spin states.

In Fig.2 the predictions of the model are compared with the experimental
cross sections for inelastic scattering. The pure compound nucleus predictions
are aleo presented in ths figure /dashed line/ tn indicate the relative contri-
bution of both mechanisms. For Cd and Ag isotopes "a" parameter was taken equal
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)
Pig.1

one in order to reprcduce the data, while for heavy '900a micleus a value of

0.4 seemed to be more suitable. These results suggest that spin cut-off pars-
meters for exciton states and compound nucleus states are rather close each
other.

Once "a" values have been extracted from the analysis of inelastic scat-
tering an atteapt was mede to interpret the multistep reaction excitatior
functions. No parameter adjustment was employed in these calzulations. Their
results are shown together with the experimental data in Pig.). It shoild de
naoticed that most of them concerne the novulation of a discreete level with
defined spin and varity thus sensitive to the samma cascade and angular momern-
tum coupling effects. The overall agreement is remarkable . Some devietions
for Ir and Os isomeric cross sectione ca: “e probably ascribed to a insuf-
fieient inforsation on the level scheme.
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OMPENENEHHE CEYEHRA (M ,a)-PEAKIMA HA AIPAX CPENHEI'O BECA B OBXACTH SHEPTUHK
HEATPOHOB 3 M3B METONIOM AKTABALMOHHOTO AHAJM3A

. Tensdep, Y. An
Technische Universitdt Dresden, Sektion Physik; DDR - 8027 Dresden

M. O¢aopex, . OpaBen, H. Capxa
Comenius University, Department of Nuclear Physics; C3SR - 81631 Bratislava

AHHOTaUMA

MeTOZOM BXTMBALUMOHHOTO &HAJM3a NPOBEZEHW M3MEpeHWA cedeHMd peakmuid (m,d), Bu-
3HBaeMHX HelTpoHaMu c 3Hepriedd ~ 3 M3B B o0znacru sAzep cpeaHero Beca. LJIA M3Me-
pPEeHusA HaBeNE€HHOA AKTUBHOCTH MCIOAB30BANCA BHCOKOWYBCTBHTENBHHI, AETEKTOp, palo-
rapuuid B pexuue -y -coBnafenui. Onpezeamts & (m,d) LIA AApa Ssun npy B, ~
3 M3B yZanoCkp BRepBHe.

I. BBegeHve

Bcaeacreue (m,a)-peakiuuit ofpasyeTcA TeAuM# U BIIHMKAET IHEPreTHYECKMHA CNEKTp
fifep OTAayM, YTO MOXET BH3HBATH W3MEHEHWA Ka4yeCTB OCGJIyYEHHOrOo HEeHTpOHAMW Be-
mecTBa. [J03TOMY BO3MOMHOCTD BO3HKKHOBEHMA ZeQeKTOB B KOHCTDYKLMOHHNX MaTepuanax
BHYTPM ONCTPHX PE&KTOPOB MMEeT Bamioe 3HayeHue AXA BONpOCOB 0e30MacHOCTH, X
3HaHue 06 3TOM B3auUMOLEACTBMM TNpencTaBaaeT CONBEOA MHTEpec.

B o6nactu nzep cpexserc Beca (A = 20...90) riaBHEM MEXaHM3MOM NpOTeKAHMA (M,d)-
peaxuuil ABAAETCA 0Cpa30BaHMe KOMNAYHI~-AZApPa. MHOTOYUCIEHHHE MCCIELOBAEMA MPOBO-
IuJuch HeliTtpoHaum C 3Heprued I4 Mas, [Ipm 3Hepruy nazavmux HEHTDOHOB OKOZO

3 Map ceyeHus (m,d)-peakiuui CpaBHATENBHO HM3Kkne (MO BeNKuKHe m0apH), TaK Kak
o\ ~YaCTULUH KONXHH NMpEOAONeBaTh KYJOHOBCKMi Oapbep COCTABHOTO ALpA TYHHEAbHNM
mepexonoM. B HacTosuee BpeMA CYWeCTBYDT Jumb HEMHOTOUYXCIIEHHHC LalHHe O (M ol)-
peakuMAX B YHAa3aHHO. o6JacTu 3Heprai Heitrponos [1, 2]. 3TO CBA33KO ¥ C TeNM,

4YTO NJOTHOCTH MOTOKA HEHTPOHOB, MONYYaEeMHX B HEWTDOHHNX IE€HepaTopax Ha OCHOBE
peakuuu D(d, n)3He NMPUMEPHO H& ABa MOPAZKA HUEE NIAOTHOCTH MOTOKA HEATPOHOB M3
peakuun T(d, n) He, ABNADWEACA MCTOYHAKOM HEMTDOHOB C sHeprued I4 - IS Mas.

II. 3KcnepuMEHTaJbHaR TEXHMHA

B ZaHHOW DPaGOTe M3MepEHH BKCIEPUMEHTANbHO CedeHud (1 ol )-peakumit mpn Iy =
(2,96 t G,2) M3z zna sAgep 69Ga, 555:1’1 f 5 v aKTWBauMOHIHHM MeToZnoM. UCTOUHMKOM
HeWTpOHOB cayxun 5C0 KB-kacKaZHui reHepaTop TexHuyeckoro YHuBepcurera [pesfeHa,
Cexuva ¢uarku, ¢ O0LMM BHIXOZAOM HEUTDOHOB NODAIKA S'IOBx:/ceu na 4x crep. (cpen-
HUil TOX AedTorOB - 250,uA, ycxopAomee HampAXeHue - 400 kB, "TOJCTHE" D-Ti-uu-
meHn) . [lpu OGAYYEHMM KCCAenyeMmbie OOpAasSUH HAXOZMJKCE MOL YIJIOM 0° orH. Hanpas-
JIeHuA NeiTOHOB, HA pacCTOAHMM I CM OT MumeHM., YCDEIHEHHyD NMO BCed niaomaznm 06-
pa3sla SHeprun Fp HEATPOHOB NMDHM BHGPAHHOK HAM¥ TEOMETPHUM IKCTIEPUMEHTA MOXHO

ObJI0 OMpeleNnTh TOJNBKO U3 pacuéra,



- 151 -

[II0THOCTH NMOTOKA HEiiTPOHOB W3MEDHAW 3 HE3ABHCHMMHMM SKCMEPUMEHTANBHHMM METOZaMu:

- aKTuBanuei nnzum HS In(n, ‘)IISth]

~ SKTMBanKeA cep S(n p)32

- perucrpanMeid NPOTOHOB M3 comyTcTBypmed peaxuuu D(d, p)T Npw NOMOmM TOXYRpo-
Bozumxonoro nerextopa MOA yrnow 165° k HampaBieHUD XEWTOHOB B TeNeCHOM YIie
4-107> crep. [4].

CUMHTHINAOMOKHHA CYETHMMK M BCEBOIHOBHA CYETYMK CHYRMIX KAK KOHTPOJbHHE MOHH-
TOpH. B mpepesax ommGox BCce 3 MeTOZ3 ZAABaNK COTAACYDHIKECH BEIWYVHN IJA NIACT-
HOCTM NOTOHA He4ATDPOHOB.

Mcrnonp3oBaHHHE Ga-, kin~ W V-00pa3un uMeldn GopMy

~ KpDYrAOro Zicka @ S CM TCAZMHY [ MM CBEpXYHCTOIO rajiiMA MPHPOLHOTO M30TOMHOIO
cocTasa,
55
~ KYCOUKOB OZMHAKOBO. TONDMHW Mapranua (I00 % ““Mn), HOAyYEHHHX METONOM 3NEK-
TpOJHK3a, .
- nopoukoofpasxoro Baxazma (99,75 % 2 V).

CnexTpoMeTp AnA M3MEPEHMHA HABENEHHOW AKTABHOCTH, ABNADOIMACA BHCOKOUYBCTBKTENb-
HOK ¥ HM3KO-GOHOBOJ AETEKTUDYOMEsn ANNAapaTypod C TENSCHKEM YTJOM MEEny 06pasnoM
! cuETYMKaMy GIM3KMM K 4 CcTep. [2], CKOHCTDY¥DOBaAH HA Ka,chpe ALEDHO. LUINKHM
YuuBepcuTera uM. HomeHCKOrO, bpaTyciaBa. ZTOT CNEKTPOMETD patoraeT B DeriMe
P-x-coananenm’a M COCTOMT M3 IBYX CHMHTWIIALYOHHHNX CUETYUKOB (75 x 75 mM Nad

¢ ¢3Y - 82), MexZy KCTODHMI HaxOLATCA LBAa NMDOTOUYHMX CYETYrKA (99 7 Ar + I %
nponan/6yTak ra3)., 3 ONOK-CXeMe 3HXEKTDOHHO. CMCTEMH €CTh OLMH JVHE.HH. CYyMMA~
T0D B “x—qac'ru" CNeKTpOMETP2 M OLiH IMCKDIMVHATOD B "P -yacTi", a TAKEEe CXeMa
TIpONY CKAHUA MEPE] MHOFOKAHANSHNM AHATU3ATOPOM, PETHCTDAPYDUMM J~ ~CHEKTTH.

lipoBepka BCed W3MEPMTENBHO. CACTEMH, BKIDYAR ORPEfenieHis CaMONOTAOMEHUa y —it3~
nydyenus u P-vacTun B 06paciiX, 3PUEKTMBHOrO TENECHOTO yria perucTpamuy u Ka-
YeCTB3 CUETYMKOB M CXEMH COBMEREHWUR rpononmacs npk nomowm M3BECTHHX HEHTDOHO-
MHAYUXPOBAHHHX peaKIuil 7A1 {r, p)27Mg i Al(n J A1 npu By ~ 3 42B. STH
peakuun NPMBORAT K YAOCHNM BpeMeHau nOoXypacnaza IOYEpHHX fALep, B ChexTpax

BUAHN TOJIBKO M30JMPOBAHHNE §~ ~JMHVM. Brmoyenne cxer.quﬂ-df-cosnaneﬁu.; CYLECTBEH -
HO YJAyYmANO (OHOBHE yCHOBUA.

IIIl. Pe3yXRTaTH

B rmaHHOi pafoTe mMONy4YeHH cieAyoliye pe3yNbTATH MNpH ONpelefAeHUy CEYEHRA DeaKLny
(M) npu En ~ 3 Mas [5]:

69a(n, & )Cu : 6 < (17 T 13) ucaps.

un(n,a )V :6= (10,4 t 2,8)/ucaps.

5IV (n,d )I‘BSc 16~ I/udapu.

HecMOTPR Ha NMOMWTKW CAEJATE YCHAOBHA NpPU OGAYYECHMM W M3MEPEHUM AKTMBHOCTH ONTH—
MaNbHHMM, B Cayyae Agpa 636a YyZanoch NOAYYUTH TOJBKO BEPXHO® TPAHMLY cedeHHs
6{n,e). MpuuvHoit ABAAETCA COMYTCTBYLmME (n‘a')-peaxuun Ha O0GOMX M30TOMNAax Ga.
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Benuynna ~ {pOaph ceuentn 6(m,ol) 1A Axpa

§:ntecat Iy he asanercn BepxHeidl rpasmueid, a paer

'1 TOABKO NOPAAOK BEXWYHHH 3TOPO CEYEHHA.
ettt JAy<SERe pe3yXbTATH IOXYUMTE HAM He YNanochk

] B CBA3M C TeM, YTro o0pa3lel BAKAJMA OXa3a-

J0Ch Yy HAC TOABKO ZB& JHA.

4 CcoGo chexyeT NORYEPHHYTH, YTO ONPENERMUTH
ceyeHne G (n,d ) npu By ~ 3 MaB zna axpa

Mn yZanoch BhepBHe B 3Toif padore (puc. I).
Pe3ynpTaTH ADYTMX aBTOPOB a Takke Te0peTn-
YecK#e OUEHKM He OMyONMKOBAHH.

IV. 3axnoyexue

[IpOBOAIMAOCE THATEABHOE IKCMEPEMEHTANBHOE

¥CCReI0BaHKE MCTOYHMKOB ONWMOOK M LDYTHX

gggéﬂiﬂsggggmuegg 3 3aBKCHMOCTS  MDENATCTBYDERMX QEKTOPOB. B KavecTBe NpHMEp3

X - JaRHaR pagc')'-r‘a (Eg~3 Y2B) yKA3NBAEM HAa TO, YTO BANAHNE OGpa30BAHMA

e - JIAaHHHE M3 JMTEpaTypH I4 Hap neiTpoBod B peaxumm T(d, n)"l-le Ha
(En~ 14 M38) agpax T #3 comyrcTRymme# peakmuu D(d, p)T

He ZaeT 3aMeTHOrO BKJAaZa B Pe3ynbTaT, XOTA cevyenue 6 (n,a) mpu Ep ~I4 Mas

uHOro Goasme cevyeHna & (o) npu Ey~3 HaB (puc. I). Bamanwem wmezrnesnux HedTpo-

HOB TaK®e MOXHO Owjo npeHelperaTh, YTO [IPOBEDANOCE TAKUM 00pasoM, 4To ofpazen

OHN 00epHYT CHOeM KaIMufi.

~ H ¢ = a - “ 7. -

JxrepaTypa
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GAMNA - RAY MULTIPLICITIES FROM “®Fe{n,xny) REACTIONS AT 14.6 MeV
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Institute of Physics, Slcvak Academy cof Sciences

899 30 Bratislava, Czechoslovakia

vy multiplicities following emitted neutrons with energies 1 - 11 HMeV
as well as y multiplicities of cascades pathing through 3 specific transi
tions were measured. Special attention was paid to the effect of angular
correlations. The data provide insight into decay modes of ®¢Fe in a rather
broad region of excitation energies. The discrepancies with the results
of the advanced statistical model should be resolved in a specific experi-
ment. The total y spectrum measured in the continuous region up to 19 MeV
provides an evidence about nonstatistical character of fast neutron capture.

1. Introduction

The presenl study is a continuation of our previous woxksl,acnadecay
modes of highlv excited levels poputated in 5%°Fe(n,xny!, x=20,1,2 reacticns
with 14.6 MeV neutrons. Here we Jeal mainly with the y multiplicities obtai-
ned for various decay pati:s in the {n,ny) channel.

Decay path can be specified hy a chouice of gating condition. First, we
choose the strongest y-ray transitions which deterinined final steps of a cas-
cade. Another chcice was represented by the energy of scattered neutron thus
locating a starting »noirt of a cascade. A§specific task for this type of mea-
surement we deal 1in an approximate wav with the problem of angular correla-
tion.

Coincidence experiments, often reguiring a great deal of patierce, hring
other rare fruits in a form of information about weak processes. We demonstra-
te it on (n,y! swectra in the gamma energy region practicaly not studied so

far.

2. Ixverimental arrangement and procedure

The arrangement is shcwn in fig.l. It essentialy benefits Zrom the idea
ol timing by means of associated o particles. Cylindricaly shawed sample con-
sisted of 400 g of pure natural Fe (91.7% °fFe]. Pulse shape discrimination
was applied for the NE 213 neutron time-of-flight spectrometer, The following
spectra were recorded simultaneously. The Ge(Li) y spectra ‘- the mode sin-
gles and in the mode coincidences with the NaI(Tl) as well as the neutron
spectra in both modes. The pulse height spectra from NaI(Tl) were stored in
two-parametric pattern, time unccrrelated background was subtracted. The re-
sulting spectrum was unfolded using the response functions.

The average multiplicities M wvere obtained from the relation

ZQ /(F'—"’) QE when gated with vy rays, 0
2 E 1
Ng % B\ M QE when gated with scattered neutrons,

Here, "c and Ns stand for the coincidence and single counts observed in the
gating detector, The total detection efficiency for the NaI(T1l) was determi-
ned experimentaly and it was found to be nearly independent on the y ray ener-
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gy E. The average of the 1atter'E'was extracted from the experimentaly obser-
ved spectrum.

Eq. (1) should be modified to account for the angular correlation between
any of the y rays emitted and the gating event. The general formalism for trip-
le correlations%’ can, in principle, be applied here. In practice, however,
the full formalism become extremly tedious to handle when several y rays are
emitted in a cascade and various decay paths are possible. Rather, we use phy-
sicaly transparent straightforward prescription where necessary simplifica-
tions are easier to apply.

Eq. {1} with anqgular correlation included can be written in the form

L.rola Z, )P L)d @

where Zku 15 intensity of the Poynting vector of the radiation field and
P(;o,;i) is the normalized probability to find a spin of the state i orien-
ted in the direction 5j provided that the gating transition was emitted in
the direction ?o.As the first approximation, the integral was evaluated under
somevhat crude assumptions (i} the cascade is stretched and (ii} the orien-
tation of spins in a course of a decay changes weakly. The explicit relations
can be found in ref.%).

To get feeling about the approximation made, we show in the lower part
of fig. 2 the angular distributions of y rays emitted in the (n,ny} channel.
Calculated distribution for & O*, 847 keV, transition is compared with the
experim?nta} da§a5); The sum of the stretched cascade along the spin trajec-
tory 5 » 4§ » 3 > 2 - 0 is compared with the exact result of ref.ﬁ). The triple
angular correlations demonstrated in the upper part cf fig, 2 suggest that
our geometry {note the heavy triangle) is rather advantageous for the y ga-
ting, the correction to be applied is a few percent only. The multiplicities
gated with neutrons should be increased by more than 10%. Additional measure-
mant with the NaI(Tl) detector in the gecmetrv "bellow” the plane (»Nafl900)
is proposed to find the eal amount of the effect discussed. For the time heing

we report the average vy multiplicities obtained from eq. (1} only.

3. Discussion

Theoretical analysis was performed in a frame of the advanced statistical
model. The code STAPRE”) modified to calculate y multiplicities was used. The
code incorporates preeqguilibrium emission of the first nucleon and realistic
decay schemes when available. Statisticaly emitted y supposed the strength fun-
ction of the giant dipole type. The rY width was normalised to 2 eV at the
neutron binding energy B m 11.2 MeV. For more details see refs.!1?) .

The averaqge y multiplicities gated with one of 3 strongest low lying
transitions in 5°Fe are summarised in tab. 1. Accord with theoretical values
is rather good. We note that contribution from direct particle feeding of low
lying levels should decrease theoretical values. The experimental vaJ.es of "
combined with the observed feedings of djiscrete levels reported earlier!) can
be used to estimate the direct feedings. For 2? level it gives 120+70 mb,

The experimental average y ray transition energy in (n,ry) channel was
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Tab. 1.
Gate M found to be 2.8 MeV, More than 90%
transition keV exper. theor. of the intensity of the inelastic
< . ¥ Tay <ascades has its termination
21 0 847 3.71.3) 4.1 at the 847 kev level® . This means

4:* 2y 1238 4.5(.5] 4.5 that the effective excitation ener-
gy where from the &decay starts

]
is E'MNig10.41.9) Mev.

exc

YR H 1303 5.7(1.2) 5.4

The average y nultiplicities gated with scattered neutrons are shown in
fig.3. At the neutron energies below 3.5 MeV the multiplicities are influen-
ced by the {n,2ny]) channel. The thecretical curve refers to the 56Fe target
nucleus only. It 1s systematicaly above the experimental values in the pure
{n,ry] region. As we have already shown, the angular correlations may well in-
crease the data by more than 10%. The actual amount of this effect, however,
remains to be solved.

The multiplicities related to the low neutron energies bring information
on the region above the neutron binding energy. Preliminary analysis shows
that at E, =B _+1 MeV it is (H”to:) a 0.5 giving thus more y competition
than reported earliezeo.

The total y ray spectrum is shown in fig. 4. Rather broad region of y ray
energies from 11 to 15 MeV was not studied so far. The result show that the
statistical description of y emission fails here rather completly. Multistep
direct processes in fast neutron capture should partly account for the obser-
ved discrepancies.

The authors are indebted to Prof. M. BlaXek for his support of this work.
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Fig. 1. The cxperimental setup and the simplified block diagram of

electironics.

riz., 2. ‘The anzular distributions calculated for various experimental
situations. Simple distributions are shown for oYeu* transition
and for the sum of all transitions. The upper curves include
gating detector. The heavy triangles mark our experimental

situation.

Pig. 3. The average multiplicity versus the energy of emitted
neutron. The tnecretical curves refer to the 56Fe target nucleus
only,.

rig., 4, The -ray production cross sections. the tueoretical curves

refer to the 56Fe target nucleus only.
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INVESTIGATION OF 25i(n,e)° Mg TN TSRMS OF STATISTICAL AND DIRBCT REACTION
MSCHANISMS

D, Hermsdorf

Technische Universitit Dresden, Sektion Physik
8027 Dresden, DDR

A reasonable and consistent interpretation of the experimental data available

for neutron-induced e-particle~emission can only be achieved by taking into
account direct reaction contributione, Using a direct ‘He-pick-up mode, spectros-~
copic factors for the lowest lying discrete levels of ZDMg could be deduced.

1. Introduction

As has been shown formerly /1/ evaluated data for 2831(n,c0 available at pregent
exibits essential deviations. Furthermore, the data files are restricted to

total excitation function mainly. Only the file WAT 11294 of the E.DF/B-general
purpose library contains informations on partial excitation functions and angular
distributions,

In contrast to this requests for angular and energy differential elparticle-emis-
sion data has been compiled in WRINDA for radiation damage calculations in fusion
reactor design studies and for solid astate physics applications,

The present work has been devoted to darify discrepancies in experimental and
evaluated data by use of a critical review of measurements and a congigtent in-
terpretation of the data in terms of nuclear reaction model calculations. T2

results will be incorporated in the file 2035 of the 30VZATO? library maintained
by the CJD Obninsk.

2, Review of the experimental data hase

Considering all measurements for 28Si(n,cL) compiled in ZXFJR and CINDA and the

most recently puhlished works the data base may be charactsrized as follows

(1) a fairly good knowledge of excitation functions (n,cﬁ) (i=C, 1, 2, 3, &)
for the population of the lowest 5 discrete states in ~“ig from threshold
to about 20 VeV (see figs, 1 and 2);

(11) rare informations on total (n,ef) =xcitation function abave 7 .'eV hecause
of unknown contributions from d-transitiosis to highly =2xcited states in
25Mg (see fig., 3);

(iii) scarce and contradictory measursments of anzular distributions »f the first
few au~particle zroups at 14 and 21 leV /2, 3, 4, 3/ (see fizs., 7, 8 and 2);

(iv) no reliable «-particle~spectrum with an sxception of an experimant at 14
MeV /6/ (see fig. 4).

Summarizing the situation the need for =ore precias angular distrihution and to-
tal «-particle-emigsion gpectra measarements should he emphasized,

2° . . . . . .
Up to now qSi(n,aﬁ) cross sections including angular distributions, spectra and
excitation functions nave not been subject of a systematical analysis in tarms of

IIIII

work was aimed to do this,
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3. Reaction model calculations
3.1, Hauser-Feshbach-model

Preliminary results of the use of the Hauser-Feshbach-formalism to predict (n.f)
-cross gsections have been reported already /1/. Purther imp-ovements could be
achieved by proper sdjustment of level density paraneters resulting in a reason-
able description of the excitation functions from threshosld up to about 10 XeV
as can be seen from figs, 1, 2 and 3, Remaining differences hetween these re-
sults and the experimental material conceraing zmainly high encrgy tails of exci-
tation functionas and the asymmetry of angular Jistributions should bz thought

of due to other :eaction mechanisms,

3,2, 3xciton-model

—_

The Zxciton-model implemented in the code STAZ2Z /7/ was us2d %5 calcuilate con-
tributions from pre-2guilibrium emission of @d-particles %o excitatisn Z:unctions
and spectra.

In order to compensate the reduction of compound-nucleus formation provadility
the strenath of pre-equilibrium fraction parameterized in terms Jf the well-
known relation for the matrix =lesent I.‘J’.I2 = Pwer 3z yields a value T =

1 000 .'.ieV3 in accordance to a gystematics foind by Tidansk§ /3/. Troz fiz. 4 it
can be s2en that pre-equilibrium el-particle e=misgsion ds2s51't influence the exci-
tation fuirctions of the first e-groups hut only contridutes $o the nore goft
part of the oarticle gpectrum to a2 vary s=wall extent.

However, ihe discrepancies =men

cr

icned akbove rexain unexplained Yy tnis model,

3.3, Direct reaction model

Previois stuiies 3f direct reaction contributionsg to (n,«) &tart fram wnocx-3n
ng /6€/ to =xpia
e

i
gular distributions at 1. eV /2, 3/ (se

orocess2s /2/ or heavy-particie-striop the Sackwar? o22aged an-

Tn contradiction to those messirements more recent ex
strong evidence for foreward peaked angular distributions /24, 5/ {3528
3 2nd 9),

Following 2 syatenatics reviewed by Turkiewicz /1C, 13/ the ~eljiuam weisht nucleus
31 should exhibit direct reactisn modes explicahle by direct pick-up 5¢ ?He—
clusters. 70 investi-ate such 3 direct reaction meckanism z2lzulationa Rave heen
done using the coupled~channel-caie CHICY.TT /12/,

The a9st oroblematic point in application 2f this cade is the choice of 5
potantials ir the entrance (neutron) and exit (ef'3) channel ia?liencing atrouz
the gtriucture and nor=malization 2f anpular distrisationg, %ell e3*a%lished poten-~
tials, which reprodice neatron and e-2article alastic 3cattering renpectively,
have been used /13, 14/, The hound state wave functions were calcilaied as
functions of a Woo3la-Saxon potential mith a well Aepth adiusted to it the jepara-
tion-energy of a 3He-parucle wherea3 the interaction strenzth was assumed to be
487.2 MeV in a zero-range-spproximation /12/,



In tnis victure excitation functions and ang.lar distriosutizas ¢ tme Zirst ¢
A~-2roups zave Heen shtained,

4, Diascyacion of resuylts

To compare the zalzulated 2ata with experimental ones results -0 sintistical
and direct reaction as3ei calculatiosns have heen s:uperposed incoterantly 3fter
a nermalization of the rect contribution, This »rocedure tas kren parlormed

The 3ttempdt *0 intergret the expari-e-atal izta Ta32 in an migie =Zammor yialis

remar«s an t7e reliatility af expari-aats, ~»valaation: 1nd —etrod: ax 25l aws

(i} the experizmantal Yata by lerzux /z/ 3m2:1% ha exsliaded fry= saversl ige
o rF 4 .

fararard mzatioring of gf-tarticles snen

i
4 7aV —ay not he ~xzlicadle (see 7ips, 7 arnd B);

21

“orzenstara's data /4/ 2t

(v} the eoval:ation 3f Z.UF/3-77V library =ay he impraved it anzular Aiastribu-
tiong =aisly and shnuld he 2xtexde? tr gf-tarticle spectra;

(vi) the success of this methods oresa-ted hare shauld be triet to transfer to
reactions like 2981(n.¢0 a11 2QSi(n.fi for wich alss only sparse inforas-
tions can »e found. Such work is in prosress.
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Table 1: Spectroscoric data relevant to and deduced from 29Si(n,¢)25Mg rezction

Level Ex/ fr Transf, cpectroscoplic ’
no. | MeV L factor 8
o ‘o.0 |5/2* 2 0,040 + 0.010
1 o.5951|1/2% 0 0,007 + 0,003
2 0.0748,3/2" 2 0.005 + 0,002
3 1,511 17/2% 4 0.007 + 0.003
Lo 1,959 lg/2% 2 0.010 + 0,003 B
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Fig. S

Angular distribution of thed0+d,1-
groups at 14 MeV.

The experimental data can be explained
by a superposition of statistical and
direct mechanism contributions.
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EXCITATION OF THE GROUND STATE BAND AND THE 3* NON-NORMAL PARITY STATE IN

28-ST BY NEUTRON INELASTIC SCATTERING AT INCIDENT ENERGIES BETWEEN 6.8 AND
14.8 MEV

D. Schmidt, D. Seeliger and T. Streil
Technische Universitdt Dresden, Sektion Physik, [resden, GDR

Angular distributions to the 21. 4: and 3! levels in the 28Si(n,n') reaction
ne

had been measured at incident rgies 6.8, 7, 8, 9, 10, 11, 12 and 14.8 MeV
and have been analyzed. The best description of the ground state band in the
frame of the collective model is obtained usind a prolate gquadrupole de{orma-
tion with a negative hexadecapole component. The cgupling between the 2, and
4. level can be neglected, The excitation of the 3  state can be unders%ood
as a spin-flip process by coupling to the ground state band.

1. Introduction

The direct excitatior i3 known to give an essential contrivution to the re-
action mechanism in 1¢:t'on scattering on low-lying states in the target
nucleus., Especially tar 1light nuclei the convenient mrdel is the incoherent
superposition of contributions calculated in the Hauser-Fegshbach formalism

and the coliective model, respectively,

The toric of the present paper is resiricted to the measurement and theore-
tical interpretation of excitation mechanism of the ground state band as well
as the 3% state with non-normal parity coupled with this band in 28-5i, In

the energy range from 6.8 to 14,8 MeV, different excitation modes are compared,

2, Experimental Procedure

The differential cross sections were measured with the tandem facility in the
ZfK Rossendorf. A deuterium gas target using the D(d,n) reaction was employed.
The measurements were carried out with a computer-coupled multi-angle TOF-de-
tector system consisting of eight detectors. The complete system and the mo-
nitoring method to obtain absolute cross sections are described in detail in
ref, /3/.

At energies above 9 MeV the deuteron break-up will be remarkable and its neu-
tron continuum is scattered also elastically, Therefore, the background in-
creases for the neutron groups corresponding to higher excited levels,

3., Analysis of the r£xperimental Data
The aim of the theoretical interpretation is to show, that the incoherent
superposition of compound and direct reaction contributions including multi-

3tep processes describes sufficiently well the experimental diata in the ener-
gy range called above,

For cailculation of the compound -eaction contribution in the Hauser-Feshbach
model the computer codes LLIESE and STAFKE /9,6/ were used including proton
and aipha channels, respectively, and the level continuum,

Two parameter sets were tested, firstly the spherical optical model parameters
of OBST and coworker /7/. As pointed out in ref, /11/ and seen in fig.3, this
potential gives too high Hauser-Feshbach contributions, Secondly, the potential
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Fig.1 : Angular distributicns to the 2: level,
The experimental cross sections ( * ’ * ) are shown with their abao-
lute errors ( - - - Hauser-Feshbach contribution, parameter set HFZ2;
esese COllective model in the coupled channels representation, para-
meter set CC2; X X X as Curve ....., but only coupling 2:—0+sand 3+—O;s
sum of - = - and ..,...; for paremeters see table 1)

Fig.2 : Angular distributions to the 4: level,
(for notation see fig,1; the analysis of the 0" state will be repor-
ted later)

used in the coupled channels method with reduced imaginary part is chosen

also for the Hauser-Feshbach calculation, The coupled channels method includes
explicitly the inelastic channels, therefore the imaginary part of the optical
model must be reduced. This energy-dependent potential was extractea by vari-
ation of the direct contribution to the first 2% state angular distributions,
As seen, this reduction of the imaginary part gives a sufficiently good de-
scription /11/ (see figs. 1 and 4),

The direct reaction contributions were calculated with the coupled channels
method using the code CHUCK /8/. For excitation of the ground state rotatio-
nal band different deformation modes of the ground state have been taken into
account,

Starting from the deformation parameters proposed by REIF /9/ the results in
ref, /10/ show at 10 MeV incident energy a no sufficient description of the
27 and 47 level excitation,

An essentially better description gives a prolate (positive) quadrupole de-
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formation with negativz hexadecapole component, as shown in fig.l. The sum
curve from Hauser-Feshoach part and coupled channels calculation including
coupling of the 2: and 4: states, don't describe the experimental data suf-
ticiently well in the backward-angle region. A quite better description can
be obtained without coupling between the 2: and 4: states. Additionally, by
using the energy-dependent imaginary part of the optical potential in the
Hauser-Feshbach calculations the interpretation also at 7 and 8 MeV bombar-
ding energy is sufficiently good.
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Fig.3 : Angular distributions to the 3* level,
(- - - Hauser-Feshbach contritation, parameter set HF1; o 0 o collec=-
tive model in the coupled channels representation, parameter set CC1;
sum of curves - - - and

seese 43 CUrVe 0 0 O , but VLS = 0,0;
esess ; for parameters gee table 1)

Fig.4 : Angular distributions to the~ 3*level,
{for notation see fig.1)

Fig.2 shows the analysis cf the 4: state excitation using the parameter set
CC2, Shape and magnitude of the angular dis‘ributions are caused mainly by

the hexadecapole component., The best description is obtained also as for the
?: state without coupling between 2: and 4; states, The value of the hexadeca-
pole component hcove been chosen with B4 = -0,30 for the best description at

10 MeV bombarding energy, if the 2:-4: coupling is included, the angular dis-
tribution is more smootned and the description will be wrong, Furthermore, the
energy-dependent potential gives the right order of magnitude in tne Hauser-
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Peshbach part.

Tatle 1 : Optical Parameters

Vv/HeV/ rv/fm/ av/fm/ ws/MeV/ rs/fm/ as/fm/ VSO/Hev/
son/?{} 52.0 |1.15 |o0.78 12.1 1.25 |o0.47 4.9
HP
cc1 52,0 {1.15 |o0.78 |0.67°2-0.8 |1.25 |0.47 |4.9(0.0)
HF2 } 52.0 }1.15 0.78 |0.57°E + 0.26 | 1.25 0.47 4.9
ce2

The 3* state can be understood as quadrupole vibrational one excited from the
ground state by a spin-flip process, Fig.3 shows the calculation with the para-
meter set CC1, But it can be seen that the angular distribution calculated at
14,8 MeV is no in good agreement with the experimental points, The influence
of the spin-orbit coupling is very small.

An essentially better deacription is obtained using the CC2 parameter set for
14,8 MeV bombarding energy as shown in fig.4, The exclusion of the 2:-4:, 2:-3+
and 4:—3+ coupling, respectively, influences weakly on magnitude and shape of
the angular distributions, The main contribution of the spin-flip process

cores in from the 1=2 transition.

Using an energy-dependent imaginary part in the optical potential the descrip~
tion of the Hauser-Feshbach contribution will be better in a wide energy region,
seen by comparison of figures 3 and 4,

1= 2422
8y, vipr = 03 8 vivy = 02
RER] 3*(6.276)
as sos. as_EOst
¥ 4*(4.614)
as g,8, . i, as g,s,
2*(1.,779)
BZ s «0,48 BZ = +0,48
B4 = =0,15 84 = =0,3
00(809-)
parameter set CC1 parameter set CC2

Fig.5 : Coupling Scheme



4. Conclusions
The analysis of the experimental data from the 28-3i(n,n') Teaction in the
energy range from 6.8 to 14.8 MeV shows the possibility to describe the ground

state deformation in the frame of the collective model using coupled channels
method with a prolate quadrupole deformation BZ = +0.48 and 2 negative nexade-
capole component 84 = =0.30. Por coupling of the ground staie rotational band
dominates the coupling to the ground state. The 3* non-normal parity state ex-
citation can be understood as spin-flip process with the main contribution
1=2,

An incoherent superposition of Hauser-Feshbach and direct reaction contribu-
tions can De applied using an energy-dependent imaginary part in a wide energy
region,
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EVALUATION OF’— PRODUCTION CROSS SECTIONS OP NEUTRON - INDUCED REAEKTIONS IN
Si

D Hermsdorf, E. Paffrath

Technical University Dresden, Deparinent of Physics
8027 Dresden, GDR

The paper reports on the calculation of #~ray eanissioc spectra and production
cross sections resulting from neutron-induced reactions cn all stable isotopes
of Si by use of different theoretical methods of theg”-de—excitation of highly-
excited nuclei. The intercomparison of theoretical and experimental data con-
firmms the reliability of the pecascade—formalism included in the czode STAPRE
to predict unknown cross sectlions.

1. Introduction

At recent times requests for 7ery spacira and’-production cross sections re—
sulting from neutron-induced nuclear reactions in 35i nas been strengthend and
confirmed, The data need arise mainly from the radiation shielding aspects in
fast breeder and thermonuclear reactor concepts /i/.

In contrast to the requirements the user will find scarce acd inaccurate ex~
perimental data or strongly deviating sets of evaluated data included in ENDI=2
(MAT 7820) and ENDF/B-IV (MAT 1194).,

Therefore, this work was aimed at a scanning of latasst experimental resuits and
an interpretation of the total data ra-ec in terms cof iheoretical models of nuc-
lear reaction mechanisms including tt;ef-de-excitation mode ¢f highly excited
nuclei. For this,f-ray specira, excitation functions for discretef-transitions
and g~producticn cross sections fer (n,f), (n,n%™, (n,df), (n,p, (n,2ry'7 and
other one have been calculated for all stable isotopes of Si usieg rel~gant
computer codes.

2e Thenretical methods

Recently a systematical investigation was carried out to prove the reliability
of ther-cascad_a.-formalism inclused ii: the Statistical-liodel code GTAPRE /2/
for the prediction ofrproduction croc3 sections. An excellent agreement bei-
ween experimental data and the calculated one could be achieved by a proper
adjustment of parameters necessary for description of particle transitions
(transmission coefficients and nuclesr level densities) and therde-excita—
tion (multipole~strength functions and rf'w':Ldths)/B/.

Starting from a well-established parameter set, which fits the particle channels
gimultaneously /4/ radiation widths and the E1-strength have been varied to
yield a reasonable interpretation of the experimental data base. Using these
parmnetersr-ray spectra and cross sections for (nw, (n,ny"), (ng{f), (n,v)
and (n,2nf) have been calculated in the neutron incidence energy range from

1 UeV to 20 MeV.

Difficulties arise only in description of the neutron capture channel at low
energies (below 100 keV) and above 10 MeV. The capture mechanism is known to


http://ra.se

proceed via more direct processes above 10 MeV neutron energy.

To complete the calculations the code FISPRO /5/ hac been applied to obtain
contributions from the Direct-Semidirect-Model to the capture cross section.
Furthermore, the direct contribution to the spectra of capture1ftrays have been
estimated in the frame of an Excliton Model forarkray emission developed by Pro-
kopets /6/.

3. Results and Conclusions

Al) calculated data have been confronted with experimental one either in the
natural abundance or in the natural composition in dependence on the experi-
mental comnditions,.

Pig. 1 shows the neutron capture cross section for nmatural Si. Because of the
poor experimental material any conclusions cannot be drawn concerning the relia-
bility of the theoretical approach.

On the other hand the p~transitions between low-lying levels in 2881 excited

by neutron inelastic scattering are reasonable well studied. Therefore the com-
parison between model predictions and experimental results yield in informa-
tion oo the gquality of parameters inherent in the theory used., An example is
given in fig. 2.

‘No measurements exist on the continuousir~ray spectra emitted by (n‘ﬁrj, (“'379
and (n,2ng) reactions. Scarce data can be found for the effective (n,ﬁ;ﬂ reac=
tion only, but this may be due to (n,nzpa and (n,aeya reactions mainly., For
this, differential as well as integral data are avesilable at different neutron
incidence energies from 2 to 20 MeV,

A typical spectrum forg“rays emitted after nuclear reactions in natural 5i in-
duced by 13.8 MeV neutrons is shown in fig. 3 together with a calculation done

by STAPRE. Finally fig. 4 presents the excitation function of the totalarhpro-

duction cross section in Si.

Of course, the situation camnot be reviewed totally because of unknown or strong-
ly discrepant data. But in the cases shown here the agreement between experi-
mental and theoretical data is surprisingly good and confirms the reliability

of the theorstical methods applied in the code STAFRE.

All data obtained in the present work will be part of the file 2015 of the so-
viet nuclear data library SOKRATOR,
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CEYEHAE PE3OHAHCHOI'0 MOTACTEHMS HEATCCHOB I PASOOSPASHOPO‘UF; s
CZBAT HEATPOHHHX PE30OHAHCOB

K. 3Jadnenr, A. Majicrep

Texuuveckri Yumpepcurer Lpe3zeH, TP
I. nager, I.B. NuxensHep, B. [amy
OuAn Zyocua, CCCP

1. Xuumyeckud CEBAI HEATPCHHEX DEIOHAaHCOB

lccaezoBaH#e XUMWYECKMX CIBAPOB HEATPOHMMX [€30HAHCOB OWMO BllepBHe NLOBEZEHD
B OfiAl /I - 4/ Ha Arpax 238 L] dnavyetine CEBATA ‘A.. ONMCEBAETCR NMDUOAVEEHHO
BulpaXeHAeM

2E,- 2€. A0 A(8) )

Tie 11&%’0) - PEI4CCTH INOHTDOHHNX ANOTHOCTE. HA MeCTe AAPA LAA NAaDk XAMMYEeC-
KUX cocn HENMi,
) - ®awecHedne CPeRHENBAZPATHYHOIO paadyca 3apaia ﬁnpa2ﬁ= nou nepexore

oT ocnoahoro X BOJSYXZECHHOMY COCTGHAHME #Apa.
B peaznHOx n3uepediu BEANURHE ;ﬂn MACHADYETCR 3GDEKTOM WIMEHEHHS LODMH pe3c-
HAECA NDi Nepex0ie OT OFHOID xw-hqeuga 2 COeLKHEH#A K APyToMy, UTC CBA3AHO
PHABHEM 00Pa3C¥ C padnuiied B CAEHTDe KONeSadi. KI¥CTAIAVYECKHX De&eTox, YoxHo

3KCTEPUMEETLABHOE 3HAYEHZAS CASHIA 3ANMXCaTh B B4je

2 AE, +AE Y (2)
TZe zﬂ“ fosE NORL25KA, OTMAUSHS3A BHEE. EC BMYLCASH®E OHNO LOZDOCHD [acCMo-
TpeHun 3 gadore /27 ¥ OC4D3uBAROCH Ha NOExoze Izewcoua v Jwwsa /5/. A4 TIYHOrO
OrviativA $ODWH DPe3CHAHCG O8iNfa UCNONBAOBAHA MOIeXnb 2PRra-IyulewaNHa., KOTODAR
CHaNOTLHYKA MOJEay 3.H@TE.HA, HO DACREOCTNAHSHA Ha EBA szouos U 1 X . 3sBemesntu.:
H4CTOTHHG CMEKTp, T.€. Cr“%;n neCad4i, CBA3AHHNX C ATOMAME yDGHa, »ueeT B

q(hv)-a, (hv-hv») +0y4 (hv—hva) tytly=1
hV4 /th ={ My /mll (3)

T NCYH0UBH TaKO,. MOILe:HY YAWJIOCH XIPOWG 0IiICaTh LA3JAYYS B JOUNME CPUEeRTnCB LIA H2—~
CHOMABKMX NMap XUAIYEeCKUX COCIiiieHHAS yUaHa. 0.H8KO Tt 2720 0CTABafioCE HEACHHNM,
He ABNAGTCA AY MOLEAD CAviHCM PLyCuil Aan TOUHOPS opicaidsf pEIoHaca, & E p33-
HOCTHOM CNEKT0C NPOMCXOAKT HOMIACHCAUME CYCTRMATZUYSCHYX Omitd ¥ MOIedu. 3% {; St elet
BepK# CJo TLELADVEATO 3u2erelye, © WOTOLOM CPAaB:PakliCh CISHTDN TROMyCRIHKS
HE.TPOHGB ANA KprCTaMT 4eCcKOTs oCnazia 3 £ MOseryYAADPHOIC T3ad ‘.

2. CKCIeTHMEHT

{3MepeHiie CREHTPOB NNNTy tiiiiA Nt BpReMeHyY NpONeTa ANA HOIMKuJC*aﬂ“nq&CHOPOlJD3
v raaaocpaanwrolJFl npy teuneparype T = 272 K nporOnunoch Ha fAYUKe ¥MAYIIBUHOIO
praktopa «»bP-2C, padorasuerc B 6YCTECHOM DeXitMe € AvVHEHHWM ANEKTDOHHHM YCHODV-
TeaeM AY¥3-40. Y7o0H 0CecreysTh OZIFHAMOBHE DHCNCTHMENTaNbL ' YCHNOBWR, vIMErekve
BEROCH C ABYMA MALEHAMZ, BBOAAMEMK B TIYUOK MOOYPDSAHC #38 S MUHYT. YaXANK MATHMY -
HYTHW. CTEKTD KOHTRNJAKPOBAMICA RO {IOKARZHMAM MYyYKOBLIO u0LUTNPA C CYETY¥KA CTap-
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TOBHX KMTYABCOB M PR BWNTOXKEH¥¥ 3aJaKHMX YCAOBHMA NOCTORNCTAa AVCABAAXCH K
xpaHsmerycR B namnru 3BM TPA-i crnexrpy ZauHoro o€pa3ga. ilocke 3TOro B mMyuoK

SBTINRTYUSSUN BEOXpENcT CEoXyrpmEi ofnazen. 3acr ThanT ser:*tpaqz" ugATDOHOE
0CECTTeTNEAN BCIMORMCCTD DGJOTS NPM MPHOBEHHMX 3arpysxax ac 2- Id° ,-/Q,q:o
OHAO HeOCXOXAMO AAR NMOXVYCHMA ZOCTATCYAO BHCOKOZ CT2THCTRYECKOZ TOUHOCTM CHEK-
rpoB. Cnexre Axa 238\]-1 B 0CA2CTK 6,57 3B-pe30HAHC IpeACTaBReH B BepxHed YacTk
puc. I.

we Pec. I

a0} BBepxy: 2HCREPENEHTAXbHK. CNENTE Npo-
ryciaauMA RO 3501‘*“». nco.nera ‘Lna 57 2B-

pe30HaKca B (zo9Km) ceayzsrar

pacyeTa (crrouuaﬁ‘xpunaﬂ)

B3y : 3 CTh 3K§ 'HlerTalhiﬂx CreK-

] ] TpoB Mn NoCie MOATOHKM
(romm ¥ pe3y Lra-r ,,a era (cniac.'E=an
____________ lmunaa
oo
) ) =0 P

3. Ceuerye peDHAHCHOIO NOrADEEH#A HEHTDOHGB AMA MOKEXYLADHIIG raaa

LA EXURCAEHVA CEUCHUA pEe3CHAHCHOrO IMOrADUCHUA HEATDOHOEZ B MOAEXYAADHOM rale
Heo0XO0ZIMMO YUMTHBATH ABAKCHXE MONEKYJN P HENOM # BHEVIDSHHE: BO3CYMASHKS. 2TO
ce4yeHre B JABKCHMOCTE OT 3HEPIHH Ey MO0XHO NPELCTABATH B BKAE

G101 W Ll 6 £ (4

{"iu'ﬂ COBOKYMHOCTK KBAHTOBMX YACENA MOMEKYAH 10 M NOCAe B3avMOLEHCTBUSA,

man- BCDOATHOCTD COCTORHUA ilf}
"

- BEpCATHOCTH Nepexoia {n‘)-—b {n"} No# 2axBaTe HEHTTOHA.
{ ) osueuaer ycpemseHie MO OPMEHTALWAM MONEKYTN,

G‘(E.H-ceqeﬂue LNA NONEKyR, HOTOPWE MOTACEArT KJM MCLYyCKaRT 3H{eprar

DE y~Egiy-Ep)

~NA CHMMETTHYHNX MONEKY.d Turam (n=2,2,4,5,6), ¥ KOTOPHX ﬁ}luox noraoLaer
HesTPOHM ¥ HAXOZMTCA B LEHTPE Macc, OKA3WBEETCA BOIMOXKHHM DP2CCMOTDEHME TOJMBKO
KoneGaTeAbHNX NEepexoloB MOJEKY A ¥ npeHeSpexeHMe BpamaTeXbHMMA NMepexoramu /6/.
Te HOpPManbHHE KONEGAHUR § MOJEKYJH, KOTOpHE CBR3aHM C JABKEEHMEM ALpa X , onucu-
BarLTCA C MOMGEBO COBOKYMHOCTM KBRHTOBKX YKcCes {n.]. BeposaTHOCTH NMepexona
{n.“}-pin;] Mp# aaxBaTe HEATpoHa AApuM X MOXHO BHYKCHMTH N0 ¢opMyAam /6/:



P;S}-i; K, (0u)iexplikbon Qi1 Ensla)l
Kl (0o explicba, Qo g (0D
220 et ofp) A, ok

7 En_my 1
heg ey

(6)

& ~ HODMANBHAR KOODAMHAra ef-cocteBnsvEed $-TC HODMAKELHOI'C XOXESRHWA,
. M ~ DONMOBNE JYHKUTX NAHCAHOrD TALMOHZUECKOrD OCIAAIETODA,
&- HODMRDO3AHEOE CHEReHMe upax N3 NOXOECGHER TaBHEOBeCEd,

k. ~ BOAHOBO. BEKTOP HEATUOHA,

L: ~ MDICOSAKHEHHMe MOAWNOMN Jareopa,

P“ ~ yrOR MEEZY HanraBREHMeM Magarzero He.TDCHA v HANTasdeHyeM CMemeHyd
AIPa 3a cuer «-CoCTaBAAvUEs $-TO HODMANSHOTO KOXECAHEA,

h§ - 2HEPr¥A XBAHTA $-T'0 HCSMARBIIIS KONSCAHEA.

:.{0418!(}'.’[3 UF‘ AMEST Z€CTHh HODMANABHHX ¥oaesan a. CAHAXO B CMeECHAE fAsa yrtaHa
LawT BENAI TOJBHO TDAXAN BNOONKEHHNE KCTYAILExe ¥OIeSak4d "3 ' * C IHEPT AMK
KBaETOB hv_,' = {0776 23 & h\; = {,0231 38 /8/.

_T_'—_lr__’ T ¥a :ifC. ¢ TmoeLCTaBl]eHN paCCUnTanixe cedexad
DE3DHAHCHOIO SOTADTEHHA Ke.Ti0XOB LA

£,87 a3~pe3oHarca B ‘EUF‘ C yYeTOM ¥ Oeld

yueTa REyTpeHHero BOICYXIeHMA MOAeKyA. Ca-

¥oe 3arEle MperMyxecTBS i czyqaeu& cocTo-

¥T B 10, YTS [ACYET HE 7CIZerEdT CBICIIHEX

MECEYeTTNB i UTC YGCTHTs KOReSaH#. A0DOED

#3IBLCTHN,

IonsGitie pacueTs AJA UF‘ BYMONHMAY ECyMaH
¥ Cpox /7/. il WX gene. CHID I0CTETIUMO

STHOCKTENBYO Ipysoe NTudisFoilve, & IMSHHC

cyTecTaeHdOe OrnaHNyedse 4iCils (OHMOHOB B

H3HaABNON COCTOAHUY ¥ nneHelremesse Mpo-

neccays’, X2ISTHE CBM3aHy ¢ MNOTNOUEHNeM He-
” pepr = Ty erge smcef e Y I}

“426’? 5,57 23 peao- CHOJAMKVX ,O0HOHOB. 12RUX TIT0a4XeHA, HeT B

H ¢ 5t & DY TeMfenatype HawuXx pacyerax.

T-= { ¢ yderou {cnaomuan

KnvBad) ¥ Gel y4yera (MyHKTAp-

HAA HKPWHBAA) BO3GYANE:MA UOJEKYN.

¢ TcYeHye DeINHANCHOTD



- 175 -

4, Pe3ynpTATH

CoBMElUlEHKE 3KCMEPUMEHTANBHUX HEUTDOHHNX CHEKTPOB AJNA msm UE no MeTeny Hau-
MEHBUMX KBaZpaToB /I/ Zamno AE:""‘: (118 * 66) uxoB. Inn onpenenenus AEg

OHM paccuyuTaHH TEOPETHYECKME CIEKTPH NPONYCKAHMA AJIA KPUCTALNKYECKO. ¥ Ta30BOu
MULEHE,.,, KOTOPHE XOPOWO OMUCHBAKT 3IKCMEPUMEHTANBHHE cnewTp (puc. I). CoBMeume-
Hie TEOpPEeTHYECHUX CIEKTDOB TEM e CIOCO0GOM, UTO M 3IKCNEPUMESHTANBHHYX ZaJ0
gﬂE:”“P = 139 uxaB. Pa3HOCTH TeOpeTHYECKMX CMEKTPOB XOPOUO COTNACYeTCH C pas-
HOCTBK 3IKCIEDMMEHTANBHHX (Te M Apyrue Nocje MOATOHKA), KaKk 3TO0 BUAHO n3 puc. I.
OxoHyaTenbHHIl pe3yNBTaT AN XMMIUECKOTO CIBUTAE E‘,: (21 % 2II) uk3B. Ouubka
BHJIKYEET CTATUCTUYECKYD OWMOKYy 3KCnepuMesdra, a Takxe BCe OunGKKM pacyera, CBfi-
3aHHYE C HETOYHOCTEHIO CUJNOBHX MOCTOAHHHX ¥ YACTCT MonexynuljFi M OWKOOK NapaMer-
pPOB KOJeGaHMi . LaA mepexona xA(T‘) cornacko (I) HY=HO 3HaATh Age(O) 1A
paccMaTpMBaEMHX Fin CHP Ceiiyac TaKMX LAHHHX HeT, HO U3 OJMHAKOBO{ BANEHT-
HOCTA 3TVX COCAMHEHWH MOKHC OXMZATH, YTO IVIOTHOCTM 3JAEKTDOHOB Mano OTAMYanTCA,
a CIeROBATENBHO M AEo ONM3KO K HYJO, YTO COrJIacyeTCH C MOJYUEHHHM peayibTaToM,

Bonee cyumeCTBEHHHM ZJIA HAC ABAAETCA TOT QAKT, YTO IOJYyYEHO NOATBEPXAEHME OCTa-
TOYHOM TOYHOCTH OMMCAHMA CEYEHNA B OGNACTH PE3OHAHCA C NMOMOWBK KPMCTAJINYECKOA
pereTKi, NpuMeHdieMdid B HAUMX pacyeTax.
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ROTATING TARGET INTENSE NEUTRON CENERATORS
T, Sztaricskei
Institute of Experimental Physics, Kossuth University
H-4001 Debrecen, P, 0.Box 105, Hungary

Intense 14 MeV neutron generators with g yield of 1012 n/s are required
not only in the fast neutron physics but by the CTR material progrsm, neutron
therapy, neutron radiography etc, The constructions of intense neutron genera-
tors were studied on the bssis of published data. The paper gives a short
survey on the technical problems and soluticns of intense neutron generators
are suited for the use in fast neutron physics,

1, Introduction

There is a growing interest over the world on 1012 n/s or higher yield
fast neutron sources, These sources are mostly used in the applied nuclear
physics, CTR material research and in the radiotherapy. There were published
several reviews on this subject [1,2] excluding or including the plasma devi-
ces as 14 MeV neutron sources, The papers, describing the Cockroft-walton
type accelerators based 14 MeV neutron scurce are in [3,4] and their technicel
solutions in [5]. The neutron sources needed in the CTR surface and material
program are well described in [6]., A sumnmary or the facilities used in the
radiotherapy are in reference [7]. The technical evelution of intense sealed
tube neutron generators is shown in [8]. Typical applications of intense 14
MeV neutron generators are shown on Fig, 1.

INTENSE 14 MeV NEUTRON GENERATORS IN

CTR MATERIAL RADICTHERAPY ACTIVATION ANALYSIS
PROGRAM RADIOGRA&PHY
l NUCLEAR PHYSICH
REQ.: 14 MeV peaked REQ, : En 10 Mev REQ, : En=l4 MevX
E . 1014n/s flux ;
n - 15 rad/min
| /SSD of lm/
1
Rotating solid Sealed tubes Solid tritium
targets, gas jet isocentric Rotating targets,
targets facilities d* or t Fandled beam
| i
Users: LLL, CEA., LASL Users : UK, USA, Users: LLL, AWRE, JAERI
Chalk Rivar Germany, Saude NRPB, Chalk River

arabia,Switzerlsand

Fig.l. Typical applications for intense 14 MeY neutron generatcrs

A neutron source is celled intense neutron source [3] if its neutron
yield is about of higher than lO12 1 s, These monoenergetic, 14 MeV neutron
sources are required by the neutron fhysical laboratories working on the

nuclear data measurements needed for the fusion and fast reactor technology [9].

2, The setting up of intense neutron generators

The block diagram representation of an intense neutron generator showes
in Fig, 2, not too mucn difference compared to an usual one, It involves d*
ion source, an accelerating tube, beam handling facilities, tritium target and
as serving facilities high voltage power sup>lies,vacuum snd cooling systems
85 well as shielding end health physics facilities,
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MY TERMMAL BEAM HANIRING TARGET ASSEMBLY
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Fig., 2. Typical set-up of & 14 MeV neutron generator

The main technical problem related to the intense neutron generators is
the tritium target. To get an intense 14 MeV neutron source, the target should
be dissipate on the some millimeter diameter cspot several kW beam power as itis
required on the basis of specific neutron yield vs dissipation function in the
Fig, 3. [d). The figure showes the best efficiency for d* beam. The demands on
monoenergetic 14 MeV neutron source should be reduced vecause the solid occlu-
dated tritium targets are strongly decaying with increasing temperature. The
equilibrium hidrogen pressure vs temperature for Ti, Sc and Er hydrids are
shown in Fig. 3, [10}. The use of thick tritium target with water cooling and
thick target backing makes it evident, that every intensive neutron generator
gives more broad 14 MeV energy line thar~ a small thin ones with air cooiing.
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Fig, 3, The specific neutron yield Fig.4, The equilibrium hidrogen
vg dissipation for solid target pressure vs temperature for Ti,S5c,Er

3, Ion sources and accelerating tubes

The typicaly applied ion source in an intense neutron generators is the duo-~
piasmatron, The duoplasmatron and the some times used duopigatron [11] are
giving suitable high ion current with proper beam shapes after extraction., The
monoatomic ion ratio is a bit lower at the duoplasmatron, but a8 necessary ion
species selection uses to be used on the beem line to the target, The duoplas-
matron [12)} hes 8 good gas ef ficiency, gives sbout 78 % monoatomic ions and
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there are many commercially available types. These commercial types are very
similar in construction, there are beakable and domountable types too, The most
significant difference is in their cooling,there are forced sir, freon, water
and oil cooled versions, A typical 30~100 mA beam current duoplasmatron dissi-
pates 2-3 kW power and its cooling is technically problem on the high voltage
terminal, A good cooling method is the closed circuit, heat exchanging, deion-
ized water cooling with permanent pH monitoring and regulating. The duopigat-
rons deliver more monostomic ions and their epplicetion is optimal over 100 mA
beam current, The RTNS-II generator uses a modified version plasma source [13].
The large volume plasme source gives excellent uniformity [14] for large surface
neutron sources for the CTR material program,

A small beam spoi is available only by suitable focusing and beam handling
facilities., The most commonly used focus system is the einzel-lens after the
extraction of ions from the source. There are magnetic, ststic quadrupole
lenses, magnetic long lenses etc, to get the available smallest beam profile
at the target, The main problem is that the used 15-200 mA, 10-50 mm diameter
beems are in the intermediste region of both space charge and space charge free
ion optics., The most of calculations are made by non-space cherge optical
methods and the technical solutions are reflecting the space charge optics solu-
tions, The reason for such designs is the insufficient knowledge of space
charges and their effects on the accelerated beams.

ION SOURCE .

LENS
LENS
MAGNET™
ACCELERATING
€ LECTRODES
TURBOMOL., . CORONA RINGS
PUMP ./ VALVE

Fig.5. The ion species selection on the high voltage terminal of
RTNS-II

The after extraction ion species selection on the HV terminal reduces the
load of accelerating tube, but increases the power needed on the terminal,
Ion selection is used before acceleratior. in the RTNS-II generator [16] and it
is planned in Bratielsve [17]. A magnetic, ion selsction after accelerstion
is in use at the commercislly available, SAMES produced intense neutron gene~
rator in Harwell at NRPB (18], A megnetic-electrostatic sepr ~tor Mien-filter/
is designed in Debrecen [19). The lay-out of a part of RTNS-II beam line at the
end of ion source is shown on Fig,5,

There sre four compsnies producing intense pumped neutron gensrstors. All
of them; the SAMES, the HIGH VOLTAGE ENG,, the GENERAL IONEX and the RADIATION
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DYNAMICS are selling 1012 n/s yield generators with 10-40 mA target currents,
All of these manufacturers adopted their homogenous field, multigep eccelere-
ting tubes from other own generators. All of in research institutes developed
tubes are single gap accelerating tubes with field dividing, the isolator rings
shielding electrodes., The typical field in the accelerating gap is between

15-25 kv/cm, These structures are usad at the LANCELOT [20] , in CHALK RIVER
{21}, at the INTTF in the SANDIA Lab, and is under construction in Debrecen
{5,19] . Designed a strong focusing, space charge effects regarding one gap
accelerating tube at Debrecen is shown on Fig. 6 on the basis of [19]. A Pierce-
geometry accelerating tube is in use at a differentielly pumped tritium gas tar-
get neutron generator in Madison [22].
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Fig.6. A typical single gep accelerating tube
for intens¢ neutron generator

4. Beam handling
the accelerated 10-200 mA d° beams show some space charge effects, so the

enlargement of them shouid be prevented, The simplest solution is the use of

2 long solenoid lense along the beam as it is at the LANCELOT [20]. 1In the case
of longer beam lines there are applied several magnetic or static quadrupoles.
The RTNS-II generator has threequadrupole tripletts on a several meter long
beam line as it is shown on Fig.7 by the artists representation of the gene-
rator,

The Debrecen generator shall use electrostatic quadrupole quartet [19]
after acceleration, The NRPB's SAMES manufactured generator has two magnetic
quadrupole duoblets on a six meter long beam line [18]. Although the water
cooled diaphragmas are reducing the target current, they are utilized in every
case if a small diameter bheam spot is needed.

5. The rotating targets

Rotating disc target assemblies are manufactured for interse neutron ge-
nerators by MULTIVOLT LTD of Crawley [23] or bI NUKEM GmbH [24]. A NUKEM target
assembly consists of several ususl 1.1012-2.10 2 Bq activity 30-50 mm diameter
TiT targets, the MULTIVOLT targets are 200 mm outer diameter ].1013 Bg annular
TiT targets on a thick oxigen free copper target backing, The NUKEM targets
are directly cooled by water, the MULTIVOLT targets are cooled indirectly
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through the target backing. The direction of hest *ransfers is radial at the
TH series MULTIVOLT targets. The hslf life of MULTIVOLT targets are about
200 h at 3,8 kw_/cn2 target load [25]. These targers ere utilized in Hamburg,
and each target car. be used for a week in cancer trestmants {28], The target
disc is rotating by 700~1100 rpm speed.

Fig.7. The artists representation of RTNS-II reutron generator

Large surface rotating 7iT targets are on the beam at the LANCELOT, the RTNS-1

[27), and in the RTNe-11 [28] neutron generatars, Trese targets are shaped on
a part of a sphere and their thickness are about one millimeter, They are di-
rectly water cocled from the back side of the target. A special sir bearing
has beer developed for the RTNS-II target assembly [29] for use at 5000 rpm
speed, A MULTIVOLT rotating disc target assembly is c¢hown cn Fig.8, The thin,

S5C TABGET ASSEMBLY NFHC COPPER DISC

O RING STALS
T r COATING

REWO'E DRVVE

J
i
z'-.- PLAZE FOR SAMPLE S

Fig,8. A rotating dise targeol acsembly wiih
magretic tluid vazuum seals

part of a sphere tarjer arcembly of the RifN,-01 s sitown on Fag.<, i targe:

vacking of haio one TLL oz sandwich ctructure thar contasnzd cocuoloterd chane

BE3



- 181 -

to prcdice 8 turbulent cooling water flow,
backing at a rate of 10 1/min,

The targets in an intensive DT neutron
time, The neutron output drops to half its
with 16 rA/400 kv d*beam within a 50 hours

The water flows trough the target

generator have usuelly short life
initial value in rhe RTNS-1 [30]
time intervall, The RTNS-II gene-

rators terget life time has been reported [3] 70 hours at 40 mA/350 kV beam.
The MULTIVOLT targets - tritiated in Saclay - drop to half of their initial
yield or an unanalyzed beam of 12 mA/500 kv in sbout 10 hours continuous ope-
ration, but at 8 mA/600 kV analyzed beam with 1100 rpm speed showes about 200

12

hours time delivering more than lO12 n/s. The original yield was 2,7-10 n/s.

These measurements were made at the NRPB in Harwell {Sﬂ.

6. HV terminals

The type of high voltare power supply used in @n intense neutron generator

Power supp.ies,

depends on the actual needs and the structure of the generetor. The usual meins
frequency operated power supplies are capable deliver up to 50-60 mA currents
at 200-300 kv [32,33 . A good review on the properties of high voltage, high
current power supplies is given in [34]. The insulated Core Transformer genera-
tors are available with voltages up to 500 kV and 200 mA currents. The Dynamit-
ron type of power supplies are available for intense neutron generator purposes
with ratings of 300 kV and 100 mA. A motor generator

Turblne
air eupply -

Difte- Beering

rentiel pumping groove
Stetor blo:l&
Cooled collimator

Bulkhesd- interfece

/.T'urbmo wheel

7-1 nsule!or

’_’_f"\\/).ct lleti0on rzone

Neutron source
locet fon

Interaslly cooted
targe!

Targer cooling
weler ti(iing
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Fig.9. The internally cooled sandwich formed on a part of
a sphere target with its air bearing in the RTNS-II
neutron generator

converts the line frequancy to 2 kHz in the HAEFELY Co. manufactured air insu-
lated cascade rectifier of RTNS-II [16]. This power supply can be requlated
with a coefficient of D,1 % and delivers lese than 0.5 / ripple, Gpecial care
nas to be taken to protect the silicon rectifier diodes to avoid their radia-
tion demage,

The HV terminals of intense neutron generators are powered usually by 150-
the HV leW,

focusing or arnalysing systems and the

lating transforner, terminal 15 between 2-8

Ty«

The power needed on

power is needed by the ion szource,

1o source control, Gome care has to be taken at the cooling of the iron source
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if the cooling media is water. The deionized cooling water has to be maintai-
ned to keep its original pH value,

7. Cooling and vacuum systems

The target with a dissipation of several kW and the ion source with similar
one need a closed circuit heat exchanger cooling system, where the wgste heat
are removed by ordinary tap water. The cooling water resistivity should be
per manently controoled and meintained above 1 Mohmcm by an ion exchanger
used for targe® cooling can be simple deionized water circulated in the closed
circuit to decrease the radiation hazard connected to the cooling water., Indus-
SBE!lng machines are used in the 250 kV/30MAMARCONI-ELLIOTT neutron therpy
system and will be applied in Debrecen as well.

In the vacuum systems of these generators are practically every types
of usual noc ultre high vacuum components. The vacuum pumps are mostly mecha-
nical and diffusion pumps but the one of the most sophisticates system, the
RINS-1X uses more turbomolecular pumps and one of them is placeo on the HV
terminal. The application of cryo and getter pumps is very usefull because
they are decreasing the tritim hazard., The 20-100 c#/h gas consumption 1ion
sources need 3000-500C 1/min pumping speed oil diffusion pums: these pumps are
available commercial goods,

The several 10 mA charged particle beams passed thorugh the ion optical
system may have a shape far from a good uniformity circular one. There are in
use water cooled collimators and diaphragmas on the beam line but beam profile
monitors have not been reported in use ar intense neutron generator, An os-
cillating wire beam monitor would intercept too much power in a several
10 mA beam, The target currert monitors mostly are calibrated by calorymeter

method because the rotating targets are far from an idea’ “arady cup.

8., Radiation protection

The activity of the tritium targets used in an intense neutron gererator

12_4 10'38q/ 100-1000 Ci /. The first radiation hazard

is connected to the tritium target handling and use, A 1013Bq activity target

is in the range of 32,10

used in an intenese neutron generator could polliie the vacuum system and
exhausting in the air, the environment. Most cf the generators have tritium
traps in the exhousting system of the vacuum pumps, The primary radiation
hazard of a working neutron generator is the 101231013 n/s source strength
neutron field. A carefull measurement was for the lo 12 yield MARCONI-ELLIOTT
sealec tube generator shieldirg for usual slicone and lime-stone concrete as
well as for plaster [35] . The lime-stone concrete showes lower residual gamma
activity after use of the neutron source, An ordinary shilding thickness of

2 m can be used for a 1012
area of 6x6 .

A radiation problem is related to the target assembly activated by the

n/s yield neutron generator if the targetroom é&n

fast neutrons, The application of a pneumatic rabbit system is fundamental 1ir
the use of intense neutron generators, There are special target assembly
changing trucks for fasttarget and sample changing at the LANCELOT and the
RTNS~II, The artists drawing of the RTNG-I1 gererators showes his truck on
Fig. 7. A "cooling time" of 50 hours is enough before the changing of the

neutronQ type tube in the Hillertron theropy units steel collimator nead [36].
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A not well known radistion problem is that every charged particle

sccelerators are producing X rays due to the bremsstrahlung of charge par-

ticles in the target and due to the secondary electrons, Similerly there is not

calculable exactly the effects of the prompt gammes induced in the target hall

by the neutrons. The influance of gammas induced by the slow neutrons gives

These give photons,s high photon background around the

similar effects,
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intense neutron genrators,

9, Summer

neutron ganerstor is s technicelly

solusble but not too simple problem. The most co-pltcotod,exponltv' perts in o

The conetruction of en intense



generator are the ion source, accelerating tube, target assembly, HV power
supply and the radiation shielding. An institute with an appropriate technical
background and economical basis can develop an intensive 14 MeV nutron generator
for their needs. A short survey on the existing @nd planned solid target intense
neutron genrators and their main parameters are given in Table 1. The referen-
ces gre in ref, [5]. The past two generators are under construction in TU
DOresden and in KLTE Debrecen.
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RCTATING TARGET FPOR A 300 xeV REUTRON S)/URCE: CESIGN

J. Pivar&, T, Xrdl

Inetitute of Phys.:2, Slovak Academy of Sciences,
899 30 Bratislava, Czechoslovakia

Abstract : A rotating target whose disk will be able to rotate up to
1100 rpm has been desigr-d, The target consists of the MoTiT subtargets of s
4.5 cm dismeter. A peutron yield of 1012 n, s~} end a useful target lifetime
of around 100mA h.em™° are expected. The rotating target is proposed with res-
pect to heat dissipation and the removal of 3 kl.cm.z in continuous operatica.
One stage of the differential numping is useé between the air ené the target
chamber so that the leak rate into the vacuum is legs tharn 1077 Pa m3.s-1. The
target will be used for the production of 14 MeV neutromse in a 300 keV air-
isolated electrcatatic accelerator,

1. Introduction

Por the develooment cf a high current neutron source it ie very important to
find the most suitable target. Urrotating solid tritium targets are extensively
reported in the oapers /1-2/., In many casee these targets are not suitsble as
monoenercetic neutroen sources, particularly with increasing source strength.
The reason is & high heat icad wkich corresoonde to a high tritium degerstion
rate /3/. In such cases rototing targets become important. Various types of
such targets h=ve been constructed /3-7/, Their technical performance i3 *iffe-
rent, Many of them heve an ~nnular section a gmall part of which only is bom-
barded by DYor (DT)* ions. The target hest load must not exceed a fixed sa»
1imit. It ie about 192 °C for the TiT target, ZrT-313 °c, ScT-325 °c, ErT-405°cC
and YT-426°C.

In the present oaper the rotating target ie reported. It has beemn ceveloped for
an intense section of a multiournose 14 MeV neutron source /3-10/. Because of

- the health hazar? connected with radloactive tritium grs, the whole target eys-
tem 1s closed. Srecial sttention has been Haié to the gafety aspects of the tar-
get and heat dipeipation and removsl of 3 kW, cam 2. Possibilities are =lao
shown of increaaing the terget iifetime.

2. Rotating tarzet design

The scheme of the rotating target 1s shown in Pig.l. The subtargets are located
on a ratation disk, It has been designed to use the 16 MoTiT subtargets manu-~
factered in the USSR /11/. These targets are standardly most available. The
diameter of the subtargets is 4.5 cm Aand the effective dismeter is 4 cm. The
atomic ratio ie 1.5. The thicikness of the subtarget backing and the TiT layer
is 0.03 cm and 2-5 @m, rescectively. The concentration of the tritium is 60
GBq.cm™2, The "ring" shaped target /Dy .= 19 cm, D, 4= 28an/ contains totaly
15 T8q tritium, The layout of the subtargets on the disk periphery is seen in
Pig.2.

Turing the operation the target is cooled by water which ie driven through the
centre of the rotating target assembly to a cavity from where it Js further
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delivered to eight 0.5 cm diameter channsls. Two subtargets are connected to ome
channel. To cool the target to a suitable temperature with respect to the tritimm
desorption rate it is necessary to supoly the channels by a sufficient amount

of cooling water. Our design assumss that water consumption would not be higher
than 70 1.-{13'1. which corresponds to the ninimum water velocity in channels

of 1.5 m.8™ .

e [ 1]
| W
[ ] L
Pig.l, The schems of the rotating t-rget Pig.2. The layout of the 4.5 cm

system., 1-V belt, 2-pulley, 3-beam subtergets through the rota-
tube, 4-isolation sunbort, S5-bee- tion disk verishery, l-sub-
rings, 6-oimmerings, 7-ring, 3-tar- tzrpet, 2-water outlet, 3-
?t. 9-guooort, l0-sealing "ringe®, water inlet and 4-clamping
l-rotor, l2-water channels, 13-sta- ring.

tor, IP-ion oump, DP-cifferential

nump and M-electrie motor,
The rotor of the rotating target is move’ in s vacuum of 1073-10"% Pa. It 1e
sevarated from the high vacuum by three apecial O ringes seeling which are fixed
by a sunmort. Two simmerinsg genarate the vacuum chamber from the outsice envi-
romment., The cavity plz2ced between the rings an’ the simmerings is pumped by a
differential numring svstem, It involves a mechanical rotary pump gnd a foreline
trap, The target chamber ies numped by the EGZ 100 ion pump. The pumping speed
of the oump is 100 l.l'1 for air at a oressure of 10’3 Pa. The rotor is further
carrie¢ in two high orecision bzll bearings which allow ouly a emall free vibra-
tion, We expect that the bearings will bLe suitable for targst overations at any
speed un to 1100 rom, although the necesesary target revolution rate for the heat
d1asipation of 1.5 XW.ca™2 is about 35 rps /12/.

The detsziled schems of layout of the neutron source targst chamber with the ro-
tating target is shown in Pig.3. The main data of the rotating target device
are summarized in Tab.l.



3. Target lifetime

T™he lifetime T of the rotating target i3 a function of the besm intensity I,
the half-lifetime 2] /2 and the bombarced target surface S. There holds

T-I(m)?1y,,(n) /s (=) ni.
The hizlf-lifetime 1'1 J2 ¢m be calculated by the formmla

Y2 - “B("l/z) e Tg Uy S/TUS,

where & snd B are factors which determine the increase of T)/p Oue to the use
of the ssvareted ion beam and the rotation of the target, (21/2). is the half-
lifetims of the sabdtarget, I.. U.. Se and I, U, S are the bsaa currents, acce~
lersting volteges, target soot sizes given in paper /14/ ard Teb.l,respectively,

The neutron yield drooved to half its initial velue in about(!'l 2)' = SO min ata
beam current of about O.4 mA of a 400 2V ion besm on a 1.27 em“soot size /14/.
These values were used in our c=lculations.

The lifetime of the rotating target increases about the factor 2 /15/, through
the use of the ssparated ion beam. We can also assume that the lifetime increa-
ses about 75 (0.5/6.7x107>) times if the action time of the ion beam during
the revolution and the revolution time are 6.7x10 s and 0.5 s (100 rpm), res-
vectively. Then, the rotating target half-lifétime is about 10 h. For the besm
intensits I = 10 mA, the half-lifetime !1 /2" 10 h and the subtarget spot size
S = 2 cm® the 1ifetime i sbout T = 100 mA h/cm2.

The lifetime of the rotating tar-

1 ‘! n B get can glso be increased by:
Y _ 2 1. the vapour of a 0.2 wm thin
[ A B protective Al layer on the sub-
,E target surface about the factor
%\ M 2-3 /16/ and

/ 2. the increase of the target disk
1 / diameter.

The calculated rate T determines
f only the estimated mirimum value

1
>
U

- of the lifetime.
2 N 1 4. Conclusions
. U N\ In the production of neutrons by
- + : means of a high power neutron

source it is necessary to use a
large surface rotating target.

M Such a target has been designed
in ocur lab, We realize that the
Pig.3. The detailed schems of the layout technical performance of the ro-

of the neutron source target chamber

with the rotating terget., l-holder, tating target is not easy. But we
’;‘-rgta{yiptmp; B-legnoiiivalze, expect that there will not be pro-
=¢lectric motor, 5-foreline trap -
6-water out, 7_';“, in, B-flanu'in. blems with its production and tes
9~beam tube, 10-bearings, ll-feed- ting in our simulated conditions,

through,12~-stator, 1l3-sample,lé~sole-
noid valve and 15110., ,:;, ’ Vo cannot eliminate, of course,
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that certain difficultiee can arise in the subtargets and disk vacuum sealingn
and the water inlet and outlet channel productionm,

Table 1, The main data of the rotating target device

Neutron source strength (n.s™l) 5x1111 - 331012
Naximm flux (n.cx”2 .e71) 471010 - 2x011
Beam energy (keV) 300

Beam source strength before

acceleration (W) 0.25 - 1,5
Target current (ma) 5 - 30

Spot size (cm?) 1

Target diameter (cm) 28

Target heat diesipation {kW.cm™2) 1.5 ~ 9

Target speed (rpm) 35 - 1100
Semple-target distance (cm) 2.7

Target 1ifetime (mA h.cm™2) 100

The authors wish to theank Dr. M. BlaZfek, DrSc. the directas of the IPSAS for
hie support and kind interest in this work and Dr. P, ObloZineky for helpful
discuesions.
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0 _HEHOTOPHX BUOMEAMLAHCKHX MCCIIEAUBAHUNMX B OMriM C HOMOIBC MOOHHHX ATGMOB.

Catupor B.M.
O6reauneHmnit HHcTuTyT fnepHux uccaesoBaHuit, Jladoparopus foepHwx npoGaem.

BBEJIEHME .

OgHMM M3 &CHEeKTOB UCNONbLIOBAHUA JZOCTMREHUR ARepHO-QUINUECKUX MEeTOLOB INEeMeH-
THOP'O AHAJM3a ABNAETCA MCIOJNbaGBaHMe MX B OMOJIOTHM M MeguuuHe. MccreporaHue Xumu-
YecKOro COCTaBa MYBOI'O OpraHu3Ma 0e3 HapywleHUA ero MM3HELEATEeNRbHOCTH OUeHb BEXHO
IJf HAYYHOR ¥ MPAKTHMYECKOR GHOJNOTAMA ¥ MeNULMHH. LJIA 3BJEMEHTHOTO (n vitro ynu in
U(UOo aHamM3a NPUMEHANTCH PA3NUYHHE METONH: METOI, D&AMOaKTHRHHX U30TOMOB, METOL
AEHCUTOMETpMM peHTreHorpamm/4/, meton ¢oroHHoh adcopumomeTpun/5,26/, MeTon aKTH-
BaIMoHHOro aHaausa/I,3,15/ u dumyopecueHrHoro axanuaa/2,I5/. HauGonee pacrmpocTpa-
HEHHHM ¥ XOPOMO W3yUeHHHEM METOLOM AABAAETCHA HeATPOHOAKTMBALMOHHHA. B HEKOTOpHX
CIyyaAX HeATPOHOAKTHMBAUMOHHHEM METOLCM CofepXaHWe KaKUX-JUO0 3JIEMEHTOB oNpelesid-
Jocbh C TouHocTbR GO 1.5-2.0%. Ho 2TOT MeTog nMeeT cBO¥M HeLocTaTky: [o3a ofayue-
HUA COCTABJANA HECKOJbKO LECATKOB, & YHOTAA M COTEH M Haxe ThcAu papn/3/. loatomy
TaKMe KHCCAEAOBAHUA, T HyMHH XOpOWME TOYHOCTH, MPOBOLAT MAM in Uitro, wiu Ha Jo-
IBAX, KOTOpHE JOJMHH OHTb NOABEPrHYTH Jyuesodl Tepanvu. i BCeX BUIOB aKTHBALMOH-
HHX ¥ (UIyODEeCUEHTHHX (m VU0 yCcCAenobAaHuit C NpUMEHEHMEM THXEJWX UacTHl Xapakre-
pHO# TPYAOHOCTBIO ABAAETCA HEGO3MOMHOCTD JOKANM3AUMK XX B MCCIELyeMOM yuacTke Tela.

HoBuit MeToq NpUmM3HEHHOr0 Hepaapymapyero 3JeMEeHTHOIO aHaiv3a POLUJICE Ha CTh-
ke QM3MKM QJNIEeMEHTApHHX YACTHL M ATOMHOM PU3MKM NMOCNe OTKPHTMA CTPHUETENBHOTC Mo-
ME30HA ¥ NOCJe MHOPOUMCNEHHNMX DKCIEePUMEHTANBHHX M TEOPeTUUECKHY #cclefOBaHWA npo-
1lecca MX aTOMHOTO 3axBaTa [Ipu OCTaHOBKe B Benecrse/6/. B ccHoBe Meroma nexaT cno-
COGHOCTbH MIOH&, 38MEeJIAACh B BEGSCTBE L0 MajHX CKOPOCTelt, NepexciuTb B CBA3AHHOE
cocTofllie aTroma, 3aMeHAd Ha OuHO# M3 aTOMHHX OpOGMT 3JEKTLOH ¥ 00pasyd npy ITOM
BC3OYKuSHHHE MesoarcM. [ipy feBoafywieHuM Me3oaToM M3JyuaeT NpYCyilee eMy XapaKTE-
PYCTHUECKOE SJIEKTPCMANHMTHOE W3JyyeHue, dHeprua KOTOpOro NpuMepHo B ZUU pas Oonb-
e PHEPI¥¥ OGHUHOTO JJEKTPOHHOI'O PEHTIEeLuBCKOI'0 M3NYUEHHR ITOro e anemeHra/7/.
CymmapHad MHTEHCUMBHOCTb JuHUI H-cepuu Kakoro-au6o ajneMeHTa TrONOPLUMOHANLHA BEepo-
ATHOCTY aTOMHOI'O 3aXBaT& MOOHa BCeMH aToMaM¥ JAHHOTO 2JeMEHTAa.

SKCIEPUMEHTH C KMBOTHHMM.

BriepBwe ufe MCrnonb30BaHMA MOOHOB LJf DJIEMEHTHOTO aHaJI¥38 XWBOTO ODAHW3MA Bbli-
LBMHYNM He3aBUCHMO Lpyr OoT Apyra X.Lawuusan(¢Pl')/8/ u rpynna coseTcxux M3MKOB
(3unoB B.T. ,Honun A. L. Myxun A.U.)/9/. Bckope Guau clienaHn pacuyéTH Ha faHTOMe ye-
JOBEKA M I0JIyUeH CHHTeTUYeCKMi CIEeKTD Me3OpeHTIeHOBCKOTo Manyuenud/I0/. 3areM Gu-
A nposefeHt (n vilro u3MEpeHHs] Me3OPEeHTIEHOBCKUX CTEKTPOB HA OT[EJbHHX OpraHax
¥ yacTAX Teaa xUBOTHHX M Jioge#/11-14/. Bo mcex paGorax/8-14/ Gy IPoLEMOHCTPUPO-
BaHH YHVWKaJlbHHE ¥ WIHPOKME BO3MOXHOCTH HOBOI'O MeToga, IOAYUMBUWErO Ha3BaHMe METOLa
MIOOHHO} AuarHocTuxu. Ho raapHuit war He GuJa clefaH - He GRJIO TIOCTaBJAEHO HM OJHOrO
BKCIIEPUMEHTA C XMBWM OPPaHM3aMoM in ¥ive .

[lepsue Takue skcrnepumeHTH ObJIM HauaTH B JaGopaTopuu fuepHsix npobaem O6veny-
HEHHOro Mueruryra flnepHHx uccrefosaHuit B 1973r. B paMkax cCHeLUMaibHOro GuOJOCHYeC-
KOPO 3KCIepuMeHTa cOoBMeCTHO ¢ MHcTuTyTOoM Meiuko-Buosornueckux npo6aeM Ha Gessix
kpucax nunnu Wistar /20/. Bee kaxuo#t kpscs 6w I80-200 rp.

Meronqga “3MepeHUA CMEeKTPOB MEe30PEeHTI'EeHOBCKOTO M3JIyuyeHMA IOBOJBHO XOPOWO OT-
padoTaHa:OpUUATENbHHE MOOHH BHCOKOW BHEpruu, Mojyuaempie OT CHHXPOLMKIOTPOHA HA
680 MaB, ocraHaBnvBanMCh B OpraHuaMe XMBOTHOTO. MOMEH, OCTAHOBKM MIOOHA BHLENAJICH
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CHCTEMOR CLIMHTMANAUMOHHNX cueTuuxoB (pWc.[). Brok-cxewma anexrTporHoid armaparypu
nonpo6Ho onucaHa B /17/. Hpsica nomeiianach B CNeuManbHO MIrOTOBAEHHWA NeHan M3
NEeHONOJUCTHPOAA C OTEPEPCTHAMM IJA AOCTYna BO3JyXxa. Paswepw nyuha Me30HOB ofecre-
UKMBANM DABHOMEpHOE O6JNyueHMe BCEro TeNia MMBOTHOrO. HBaHTH m-ueaupem'reﬂoacxor'o
C G M3NyueHHsa U3 menu peruc'rpupoaanucb Ge(li)
N AN G O nerextopok 41 cu”. dnexTpo GAOKM IR
' BPEMEHHOTO KaHana ReTeKTo oasommu nony-
— {oonucTPon | 1L K yurn ppemenHoe paspememme (M) GucTpux
cosnafeHud Typ-Tp-stap~I2-ISHcek, uTo Aano Bo-

L_-_._, 3MOMHOCTDH HAJSMHO BHASNATH ME3IOPEHTTEHOBC-
@ Pye. - Koe H3amyueHWe Ha fOHe pacCeAHHOr0 H3MyyeHus
GefLi} Cev or YCKOPHTENA B MECTEe PACTONOXEHUA IKCIIEDH-

MeHTanbHOR ycraHoBkM. CurHan X,,. COPTHPHBAAMCL B 3ABMCHMOCTH OT BPEMEHW HX IpK-—
X0fa B ramMa-feTexTop ¢ nomoxsp Manoi IBM HP-2II6C 8 pexume "on-Cime” u Haxarum-
B&JIMCh HA MAIHUTHHX OUCKax W neHtax. [Ipy 3ToM Gura BO3MOMHOCTL MOCTOAHHO BECTH
BU3yaJbHHA KOHTPOJb 38 XOMOM 2KClepHMeHTa Ha rpaduueckom pucriee. OauH U3 mepsux
paGouux Xp. cnexrpoe, nonyueHHuﬁ npu o6aydeHHUU Kpucu, nokasaH Ha puc.2. Buumcne-
0 - R TT""71 HHOE UMCJ0 UM~
| L Sue.n. MyALCOB MOJ Ha-
e e o o RS THKOK CO-
N| 0TBETCTBOBANIO
! OTHOCHTEJNbHOMY
BIJIAAY [aHHOrO
ajeMeHTa B MCC-
Jejyemuin OGBEKT
Bsogunace mnon-
paBKa Ha 3aBM-
cuMoctd 3dpex-
THBHOCTH feTeK-

' ¥ |
-

i

T e
E(xst) - TOpa OT 3Hepruu

¥ Ha BKJan Oonee BHCOKMX mepexonoB B H-cepuu Kam@oro ajneMeHTa.

3aKOHOMEPHOCTH aTOMHOTO 3a8XBATA MOOHUB B PA3JNMUHHX XMMHUECKHX COeIUHEeHHAX
ené ToAbKO ycTaHaBauBawTca/18,19/ # H2AB3A yTBEpRGATH, YTO MHTEHCHMBHOCTD X’. on-
HO3HAUHO ¥ HOCTATOUHU MPOCTO CBA3AHA C KOJMYECTBOM ATOMOB pa3Hore copra, coaep-
xauyMxcA B ucclrefyemoM obtexTe. B xauecTse nepBOro NPUGIMMEHWA, KOTOPOE BMAWUMO
Gonee cnpaselIMBC LA MeXaHWUecKoi# cmecu aToMOB (MU OJA 6uonoruqecnux 06LeKToB)
MOXHO MCIOJB30BATH C TOYHOCTbLI HECKOABKO IPOLIEHTOB BHpameHue = " zr yT.€. OTHO-
cmenbaaﬂ MHTEHCHBHOCTb ME30DEHTTeHOBCKOrO CMeKTpa i-ro 23jeMeHTa B Mexauuuecxon
CMECK gy PABHA OTHOCHUTEJbLHOMY BECOBOMY COMAEPXAHWD MAHHOTO IJeMEHTA Zp: " . 3TO Npo-
CTOe COOTHOlleYMe NOANeXUT 3KCNEePUMEHTANbHON IpoBepKe AJA DA3NMuYHNX TkadeRt opra-
HU3Ma. B vacTHoCT#, MyHepalbHad ¥ OpPraHWYecKasd KOMIOHEHTH KOCTH MPEACTaBAART CO-
60/ B HEKOTOPOM CMHCJE MEeXaHAuecKy® CMEeCb KPUCTANIOB TMAPOOKCMANNATHTA M KoA/a-
reHa/21/. B cBA3M C 0CBOEHMEM YENOBEKOM KOCMAUECKOTO MpPOCTPAHCTBA MCCAefOBaHUe
MUHEDaIbHO/t HACHEHHOCTH KOCTM MpHOGpeso ocobym akTyanbHocTs/5,22/.

[loaToMy caenywuym warom OwA0 MCCleROBaHWe BIMAHUA PAKTOPA KOCMUUECKOrO MoJs-
T8 (TUNOKMHE3UN) Ha 3NEeMEHTHOoe COfePXaHHe RMBOTO OPraHM3Ma M B OCOGEHHOCTH HA
coliepxaHue KaJlblLuA B CKeJeTe XUBOTHOro. V1A aToro GHAM MIMEPEHH CMeKTPH Xr. Ha 3
kprcax auruu Wistar, ucnurapuwux TpéxHemenbHu#t OpOMTAILHNI NOJET Ha MCKYCCTBEHHHX
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cryrhnrax Jesnm "Kocmoc-605" u "Hocmoc-690". Kpucw skcnonuposanuch He myuxe m -
Me30HOP [0 nonéra, Cpasy MOcie MONSTA M CNYCTA MECAU noche npusemnexna/20/, ua-
MEpeHHA X’. cnexTpos npoBcAuauck ¢ nomonsw Ge(li) merexropa 55 o, PeaynbraTun
uaMepeHud nmpuseneHd b TaGn.l. B nocnenHeR KonOHKe B KAUECTEE WINOCTDALMM NpHBE-
HH OTHOCHTENbHHe BIAAmH (B %) 3NeMEeHTOB B OPraH¥3M KPCH.

Tu6nnua 1.
OTHOWeHMe COZEpXAHMA 3NEMEHTOB IOche nonéra1 OrHocuTeNbHOE CofepraHue
% K COJNEPMaHV® MX LD MOXETA. anemeHToB (B %) B Kpuce
§ "Hocuoc-605" "Kocmoc-690" ¥ uyepes mecAau nocne nosera
® Kpuca ¥I xpuca R xpuca & ]
C |I.26*0.05 | I.II 0.03 | I.I3 % 0.03 19.7 £ 0.5
N |I.ITI*0.29 | I.03 20.02 | 1.02%0.02 3.0 £ 0.6
0 ]0.9 %0.03 | 0.98%0.03 | 0.98 % 0.02 75.0% 1.8
Na [0.70 2 0.07 | 1.06 20.08 | I.10 £0.35 0.123 ¥ 0.0II
Mg [0.90 Z0.52 | 1.2 *0.6 - 0.032 * 0.0I4
P |I1.022%0.4 1.02 £ 0.05 | 0.98 £ 0.08 0.492 I 0.0I5
8 [0.97%0.05 | I.I4 £0.09 | I.18%0.14 0.03I £ 0.013
ce |0.6920.17 | 0.94 20.I3 | 1.0 0.3 0.1I0 ¥ 0.012
K 10.86 £0.10 | 0.97 £ 0.12 | 1.07 £0.17 0.250 I 0.014
Ca |0.8920.06 | I.082%0.10 | 0.95 X 0.07 0.954 T 0.028

[lonyueHtHe paHHHEe MOKA3WBAKT, YTO B pe3yAbTare JeicTBUA (BKTOPOB KOCMMUECHO-
PO MOJETA He NMPOUCXOAMT 3IAMETHOr'O BHHOCE TAMENWX IAEMEHTOB W3 OpraHuaMa mUMBOTHNX,
a HacTynaeT BEpOATHO NepepacnpefiefieHde WX MEMLY THaHAMM wiau opraHamy Tena. [loa-
TOMY U3MEHEHWe MUHEpPAJIbHO# HACHIIeHHOCTY KOCTHOA THAHW ClelyeT HabimIaTh Ha OTje-
JBHNX YacTAXx crefera. Hpose sToro, B CBA3W ¢ nanbHefl¥M yBeJMueH)’eM CPOKOB Npe-
GupaHuA yesoBeKa B OPOHTANbHOM MOJETe ¥ oGHApDy®eHWeM NPY ITOM CynecTBEHHHX OTKJIO-
HeHMAA B XMIHENeATENbHOCTH BCErO OPraHM3Ma ¥ OTHENbHHX ero opraxos/2z,25/ Tpe6yer-
cfi BHpafoTaTb Hauboslee peaNUCTHUECKYD OUEHKY Mep Mo npodwiakTiike U Tepanvy Hepy-
meHHR BoOAHO-cosleBoro ofMeha.

MCCJELOBAHMA C JIOAbMM.

B pamxax corpyanwuectsa Mexny OWAM u UMEI M3 CCCP 6mn ocyuecTBnEH axcnepuM-
eHT N0 aHAAW3Y MMHEepPajdbHOrO COCTaBa KOCTHOP TKAHM yesoBexa nocje MpefHBaHUA ero
B KCTpeManbHHX ycnosuaAx/24/. MccrenosaHne mpoBeseHo ¢ 18 340poBHMM MymuyHamy B
soapacre 32-37 mer. Bce oHM B Teuenne 182 cyTok HaxomuaAMCh B YCNOBMAX CTPOroro
NOCTENbHOTO pemuMa (aHTHOPTOCTATHYECKO! TI'UNOKUHE3WH). LA NONHOR MMMUTALMM YCJHO~
BHt HeBecoMocTH coamapasica HeSoapwod (~-4°) HawioH xpopaTH B CTOPOHY rOJOBH.Bce
KenuTyesmte OWaW pasfiefieHl Ha TPM IDYNNKN: NepsBas Guja KOHTPOJNbHOR; BTOpad BHMOMA-
Faa KoMrutexc npodunaxtuveckux meponpuarTiit(duasnueckas TPEHUPOBKA, MHODIEKTPOCTH-
MYRALMA ,IPHAONEHHE OTPULIATEALHONO LABMCHMA HA HMXHOD YACTb TeAa, BORHO-COJLEBHE
BOGABKM K PAUMOHY) ¥ TpeTns ucruTmBana 35% or ¢uanueckoh Harpysku BTOPON Ipynmu,
Hameperma xr,cneurpoa TPOBOAMANCH HA MATOYHOR KOCTM 3a 4 CyTOK [0 Hauajla pemuMma
PHNIOKHHE3UM ¥ CIYCTR 4 CyTOK NOCAE ero OKOHYAMMA B CTIeUMaNbHUM MeTALINYECKOM J0-
MuKe. QOH OT YCKODHTENA B MECTEe DACMOAONEHWR MCIINTYEMOTO MO oreHkaM  AO3HMETDU-
yecKoR cAymOu 3a 3 yaca M3IMepeHus ccTasuia ~7.0 m6ap,r.e. ~0,03 or npenenpHo go-
fycTHMOA KBapTaabHOft S03H HA BeCbh Opraxnau gAs HenpodeccuoHanos. CneuyasbHuR my-
yox MpOHOB/23/ ¢ eHepruefi 30 MaB uepea orBepcTHe B CTeMe GOKCA NOCTYNAN HA yCT-
poficTso aan ofecneyeHHa OCTAHOBOK MOOHOS B UEHTPaTHHOR yacTH naTouHo# xocru.Oue-



HKa NOPAOUEHHOW JO3K B NATOUHON KOCTH, OCYCROBNEHHOR CyMMADHHM KOJHYECTBOM OCTA-
HOBABIMXCA A -M230HOB MM CKOPOCTH PEANBHHX OCT&1CBOK ~ il ceKk , 3a 3 yaca uaxe-
peHui owasanach He Goxee U.20 63p, uro cocrasafier ~0.07 cT mpefenbHO oIy CTHMOR
KBAPTANbHOR NOKANnHOR NO3W Ha MATOUHYD KOCTb Jia HempodeccuoHance. Ha puc.d moka-
38H TUMNWYHHA CIIEKTP ME30PEHTIeHOBCKONC W3JAYUYeHMA M3 MATOYHON KOCTH YELJNOBEKS [1pH
3-yacoBoft IKCMO3MLMK HA MIDOHHOM MNydKe. KA OTPAGOTKM METOAMKM MPOBOLMIIUCL HM3Mepe-
HUA X).-CMEXTPOB U3 NMATOYHO! KOCTH YETHPEX IKCIEPHMEHTATOPOB, KOTODWE [OXalalu Ha
OTCYTCTBME CHCTEMATAUECKNX OUMGOX, MNMPeBHMANIMX CTATOMMOKY .

B peayabTaTe nokasaHo, UTO BeNWUYMHA OTHOCATENBLHOrO copepmanua aToms C,N u O
uMeeT pa3fpoc OTHOCHTENbHO CPeHMX 3HAUeHMA HeHaMHOro npeaumanmuﬁ:§Tamomxcxy.01—
HCeHMe COfepXaHus kadbuua u Gochopa RAA KaAMAOro MHIMBULYYMA OCTASCH NOCTOAHHHM,
a pacnpefeneHue [LiA CyMmmapHoro Bknaga dochopa ¥ kanbuMA(M Kamgoro U3¥B OTIENbHOC-
TH) NpPUMEPHO H& NOPARICK DUPe CTILTUCTHYECKOHA MOIPEemHOCTH M OTpamaeT MHLMBMAyasib-
HHE pas3iMuMA B CTeleHM MMHEpaNbHOL HACHiEHHOCTH I'y6uaTo# KOCTHM. ..3MEHEeHue CymMap-
o ' ! [ | HOro cogepmanus dochopa M KafbUMA B pe3ylo-
Tare TUIOKWHe3uM nocTuraetr daxropa 2 png I
rpymim. CpegHie 3Hauyerusa uameHeHuit (P+Ca)
r0 TpéM rpymnam(cooTBeTcTBeHHO : -12%,0% 4
-12%) BeMOHCTPHDYNT HEKOTODYD TEHLEHLMD ¥
peaxuuu Ha mpofuianTUYecKUe MeponpyATHA.he
MCKIOUEHO ,uTO M3MeHeHus BLOLepmaHVM MHepa-
anoﬂEoumoueHTu GoJiblle 3aBUCAT OT MHIMBUAY-
anpHOR peakuur OpraHM3Ma Ha COCTOAHXE [AMO-
kuHeaun. Takce npeanonomeHue MOATBEDIHIAET-
CA HalWYyMeM KOppeNAlryd Memiy CTEneHbD uaMe-
HEHHA MUHEpaIbHOR HACHLEHHOCTH ¥ e8 MCXOh-

Puc.3. HHM YPOBHEM(DHC.4) . MAKCHMANIbHOE yMEHbeHHe
(P+Ca) HaGnpgaeTca NLA MCIHTYEMHX C MAaKCHMajibHORt  _(P*Ca)1977(™
HayaJIbHOY MMHEpasbHOW Maccolt kocTu, ¥ HaolopoT. B (P+Ca) 1578 Pue. 4.
10f06HO! paboTe aMepUKaHCKUX YUEHWX/R6/ ,TPOBESESHHON Me- 12f
TogoM DOTOHHOK aGcopliuoMeTpuy, ofHapymeHa cnabas, HO
MPOTHMBOMONOXKHAA TEHOEeHUMA:Y JHL C BHCOKOH MUHEpanbHOM
Maccoil HAGIOLAeTCA MEHblaA NoTeps ed. [IpuuuMHa BUIMMO
KpPOeTCA B pasjvMu¥¥ METOMOB:BO BTOPOM MTOje MCCleiyeTcs

08

04

cocTaB BCell KOCTH, BKJIOUAA KODTUKaJIbHHWH ClOil U yacTHu- 0 L Aj
HO MArKYl TKaHb. [loaToMy 06a 3THX MeToja clefyeT pac- 2 ¢ L P
975

CMaTpMBATH KaK B3aMMHO [AOMNOJIHAKIlME Ipyr Ipyra.

ABCOJIOTHAA HAJMBPOBKA METOA MOOHHOWM LMATHOCTHKH.

Yro6H 3HATH O PAKTHUECKOM BKAALe KAKOrO-JMGO 3JEMeHTa B cojepmaHue obbekra,
OHNO NpoBeREeHO HceneloBaHHe ofpasua ry6uatoit KOCTH RByMA MEeTOLAMH :MIOOHHON JUArHO-
cTvky u Puanko-xummueckumu merozamn/27/. Bec o6paaua 6un okomo 150 rp. B ¢uamko-
XMMUUECKOM 8HaM3e, KOT. NpOBOAMACA Ha kadenpe marosoruyeckoft guavosorun Mockos-
cKoro Menuuuﬂcxgég CTOMAaTOJIOTHYecKoro wHeTuTyra uM.H.A.Cemauxo, onpefiensnocp ru-
coBoe cojepxaHueYanemexros Ha 100 rp cupo#t Tkamu,AAA KOT. MOJYYyeHH NaHHWE Me30-
peHTreHoBcKoli MeTomMkol. KoaduumeHT o« ecTb MONPABOUHNI KOBWALMEHT, Ha KOT. Halo
YMHOX&TbH OTHOCHTENbHYD WHTEHCHBHOCTb X CMIEKTPA JAHHONO QJIEMEHT&, YTOOH ONYUHTH
ero BecoBoe coiepxadse. [laHHHe INA KOCTHOM TKaMy, TAK me,KAK M QI JETYUX JJeMeH-
108/14/, CBUAETEABCTBYT O TOM, HTO C TOYHOCTHI ~7% MUHEPANLHYD M OPIaHAYCCKYD
KOMIIOHEHTH KOCTH, & TaKMe OKPYXALYD €€ MATKYD TKaHb MOXHO C TOUKM 3PEHHI ATOMHO-
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ro 3axpaTa MOOHOB PACCMATPHBATDL X&K KOMIICHEHTH MEeXaHWUYECKCH CMeCH.
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METOAMYECKME ACIEKTH MBMEPEHMSI MO-ME3OPEHITEHOBCHOIC MBJLYUEHMST HA CHHXPOLM-

JOTPOHE JiAll OMsiA (OB30P).
Catupop b.M., Orxurefin [I. - JaGoparop.a flnepHux mpoSaem OWM, [iyGHa.
Opraemn X.-I'. - Texuwueckuit YHupepcs Ter r.lipeaseHa.

Beegenye.

B nanHOM 0G3aope ONMCHBANTCA HEKOTOPHE OCOGEHHOCTH MPUMEHEHHA TPaLHUMOHHEX
fAfepHo-puanueckux MeTomoB/l,2/ B 3IKCNEPAMEhTaX C ME30HaMA, B YACTHOCTH C OCTa-
HOBHBUIMMMCA MO-Me30HaMK. (COGEHHOCTH 3TM OGYyCROBIeHH creundrHKof OCTBHOBKA Me-
30Ha B BeiyecTBe W (MaNKOA 3AXBATA OTPHLATEABHOI'O MIOOHA ATOMON ¥ FALpPOM. Me3oHu
[ONyvanT H& yCHODUTENAX ¢ aHeprue#t nporoHoB E_ <& [ I'ap ¥ TpaHCnOPTHPYDT K 3Kche-
PHMEHTAIbHOR yCTAHOBKE, NMPYUEM BpeMd XM3HH CBOGOLHOIO MD-ME30Ha i; paBHO 2.2°
[0™ cex. 3aTem me30HH 3aMefJiIAOTCA B Cloe BeulecTBA A0 TEIUIOBHX DHEPr¥it # 3axBa -
THBADTCA ATOMOM M ALDPOM. 3TOT MPOLECC MOMHO pPas’felIMTh Ha CJeLypii#e 3TamH:

[. 3amennenne or aHepruft ~ (00 MaB o E’,ri + 10 MoB 3a Bpems Yropu"' 9.
1070¢ek. ( B rasax B [0° pas Goxsme).

2. MesoH jmocTuraer 9Heprus, MpM KOTOPO# CKOPOCTH MIDOHA CT8BHOBHUTCS CPABHUMO
CO CKOPOCTBO BHEWHMX 3MEKTPOHOB ATOMHWX OCONOuUeK,¥~elC, & BHEPrua onpelensercs
ycroBHeM: L'/2ﬂ‘,.a(2c2;E’_=-2 K3B, 38 BpeMA ~IO'13+10°14cex/3/.

3. Ilocne gocTumenus Heprum ~2 KIB ME30H, Macca Koroporo Gosnee yem B 200 paz
MPEeBHIAET MACCY JJIEKTPOHA, 3AMEHAeT OMH U3 INEKTPOHOB aTOMA M 06pasyer BO3CyX-
IEHHHIK Me3oaToM. Bpems aToro nepexojga cocraBifeT 10751071 %cex.

4. Jlocne 3axpaTa aTOMOM MIOHA HA YPOBHM C BHCOKMMY 3HAUEHMAMW [NABHOTO KBaH-
TOBOI'O UHCJIA N HAUMHEETCHA KacKaiHul Mpoluecc MepexonoB HA YPOBHH C 6oJjiee HU3KOR
3Heprue#t (MIM C MEHbIVUMM 3HAUSHUAMK N ) GNArofapf 3/MEKTPOMACHATHOMY B3auMOLefhcT-
BUD 34 CUET ABYX MexaHM3MoB:a) Ome-npouecca; €) panuau#OHHHX NepeXogoB, MPUUEM
3HEpruA Me30PEeHTIEHOBCKOTO M3fyueHus npAMepHo B 200 pad CoAbCe IHEPruM OCHYHOTO
9JIEKTPOHHOIO DEHTreHOBCHOro ManyueHHs. B nerkux anemeHTax sgeuﬁ, TpeGyeMoe nas

JOCTHREHHS MOHOM OCHOBHOPO COCTOSHMS He MpeBHuaeT 10-12410” 3cex, a B TAMEAHX -
OKa3WBaeTCA eweé MeHbme/4/.

5. MmoH, mocTurHys K-opGuTH aroma, ¢ HEKOTOpO# BepOATHOCTLD Vve- pacnasaerca
no cxeme ,I'- e'+i%+ e ¥ C BEpOATHOCTHD 1-vve- 3aXBATHBAETCA AAPOM, DU ITOM
ARpPO BO3CYXIAETCA M MCMYCKAeT C PA3NUYHOR BEPOATHOCTHD J~KBAHTH, HEATPOHH, MPOTO
HH ¥ Op. BJOTH 0O AfepHWX ockonkos/5,6/. 06a 3Tux mpouecca WMEDT XapaXTepucTu-
yeckoe BpeMs, OOyCAOBAEHHOe BpeMEHEM MM3HM MOOHA B BJEKTPOMATNHHTHOM Nojie Anpa C
3apALOM 2!, M KOTOpOoe yMmeHbmaercs OT ‘Eo INA CaMX JIEPKUX 3JieMeHTOB f0 70-8B0Hcek
AIA ypaHa ¥ TODHA.

OHepreTHyecKu#i CrEeKTp Me30PeHTIeHOBCKOrO M3AYUEeHHSA, HAXORAUMACA B 06AaCTH
YYBCTBUTEAbHOCTH Ge(Li) feTexropos, mpoctupaercaA oT E =18.64 wop (Ky ana gLJl
zo Ex Gonee ueM [0 Map s TAmEANX onemeHTOB/7/. JHepreTHUeCKuR CNeKTP 3NeKTpo-
HOB (TO3MTPOHOB) MpH pacmage ’r(/u+) onpejensdercsa ABYXKOMIIOHEHTHOR Teopuell HeAT-
pr¥HO ¥ mpocTupaerca or 0 mo ~60 Mss /7/.

duanveckan ocHosa ¥ HUA 30PEHTI'QHOBCKOTO M3 HU

Ina ncenepopaHna PU3MKO-XHMMYECKHX CBOHCTB BeeCTBA C MOMOLD OTPHUATENALHNX
MD-ME30HOB H3YUAeTCR WX MOBeNeHHWe NMpPU MpoXode uMH 3-ro ¥ 4-r'0 ITANOB, HIMEPAA
NpH 3TOM WHTEHCHBHOCTbH ME30PEHTI@HOBCKOr'O HANYUEHHA 2/EMEHTOB, BXOSAUMX B XHMK-
yeckue COeAMHOHHA. JTal D xapaxTepuayerca HCMyCKAHHEM WM dAEXTPOHA nocAe pacna-
aa f‘- MAK [POAYKTOS ANEPHOI'O 3AXBATA MOOHA. Ke3OHN MOMALADT B MHIENb NOAAPH3IO-
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PAHHENM BIOAL WMOyAbca. [ipy npoxoxgexwy sranop [,2,3 ¥ mescaTowHorc xacxaiza 4
MDOH [EMOXAPH3YETCA 38 CYET CTOAKHOBEHUA C 3JAEKTpOHaMM, (a3n ATOMHOr'O 3axXBaTa
CAMH-OPONTANLHEX B3auMOfeficTBHA DX PA3AWUHLX ATOMOB W COEIMHEHHWH C Pa3AHYHOR
creneHsn/9/. Havuewzz CTENeHH OCTATOYHOR MOAAPHIALMK (P ) Ha K-opGure naér un-
dopMallMD O KacKafie MDOHA B ME30ATOME, MONEKYAAPHOR CTPYKType BeuleCTBA, KMHETHKe
XHMMYecKHX peakuuii. HccrenosaHue K-KBAHTOR, BHAGTADUMX W3 AAPA MOCKE 38XBATA
Ne30Ha, JAET cpefeHMA 06 O0Co6eHHOCTAX BO3CYEAeHWA ARpA NMpH MO-38xBaTe, JOMONHM-
TeAbHHE CBEfieHUS O CTPyKTYype ANpa.

bonee mpopmaruBHrne, XOTA M 6OXNee CAONHEMM, ABAADTCA COBMNALATENbHNE 3KCNepH
MEHTH. WamepeHmue oCTATOWHON MOAAPUIBLMM P,. B COBMAJICHHM C PA3ANUHLMY XHHUAMM H-
cepmun X'. AaeT WHDOpMAIMD O JEeTAaRAX ME30ATOMHOTO KACKAMA, MeXaHuaMe NeNoNfpH3a-
uK/8/. Perucrpaims ARepHHX y-KBAHTCB B COBNANEHUH C IAEKTPOHOM pAclaia MOXeT
JaTh YHHRANLHYD MRDODMALIMD O MOHOMOJLHOM 3JIEKTDHYECKOM BO30ymOeHWH Afpa& NpH pac-
nane me3aoHa Ha K-opGure. MHOro ceemeHMil gaeT TOuHOe H3MEpEHMe IHEpPrUH X/. . M
PacCMOTDHM BOMPOCH CNEKTPOMETPHHM ME30DEHTIeHOBCKOTO M3NYUYEHHA NpM ATOMHOM M -
KBAHTOB MDY ANEPHOM 38XBATAX MIDOHOB, M3MEPEHMA P;.+X,, K 06palboTKKM CIEeKXTpOMeTpHue~

ckoR unpopMaunH .

Perucrpaiys 0cTAHOBOK ME30HOB B MMWEHH,

JKCNEepUMMeHTH MPOBOAMAMCH HA ME3OHHOM KaH&le CHMHXPOLMIUIOTPOoHa Ha 680 MaB B
JlaGoparopuu flneprux npoGaem OUSM. Ucnoabaosaicsa cenapupoBaHHH MUROHHHA MyuoK C
uamyabcoM uvacTuul 158 Map/c(83 Map)/10/. UHTeHcuBHOCTL ME30HOB B Myuxe 55+'7'104
ceK ", MOOHHNX OCTAHOBOK B MAKCHMyME COCTABNANO ~[0+13°[0 cex™! B smenu TOMUA-
HoM a-.'ir'p/cl{2 1 naomagsn 80X80 mg, MPUYEM NMpHMeck AHMOHOB Gusa 0.002, nosymupuHa
HMITYILCHOTO pacrpefenenus ap/p=25.7%. [ipu BuBofie Myuka "C pacTARKOR" UYACTMLE OT-
HOCHTEAbHO DABHOMEDHO paclpefiejeHd B WHTepBaje OMCeK IpH YacTOTe CJEeNOBAHMA LM-
KJIOB ycKopeHua cuHxpoummaorpoHa [[Ocex™ . Ha pue.l noxasaHa cxema pacnoJomeHus
TeNeCKONa M3 CLMMTHMIIAUMOHHNX CUETUMKOB KA MDOHHOM NyuKe.

Ce
Lc{ C2 G
|
! Carbon u
_— - _r. -
|

Puc.2. YNpouwEHHAR GNOK-CXeMA Bh-~
JeXeHus OCTAHOBOK N1234'
Puc.l.Pacnosoxemne Tesecxona Ha myuxe
meaonos . Paauepu:Cl u C2 - [0XIOX cua;
C3 - BOXBOXIm3; C4 - BOXIIOXEeer.

NlonGopos ToMUMME yT7epoAA MeA0HM 3aMELAADTCA N0 TAKOH SHEPruM, yToOH GOABWMH
CTBO M3 MHX OCTAHABAMBAANCL B MymeH¥ (asa [58Mas/c - I13cm mam 3Orp/cn12). Ynpouwg
HHAA CROK-CXeMB JOPMXM BHOEXSMMA OCTAMOBOK M3oOpameHa HA puc.2. Cyar “123 o6ny-
Ho cocrasxser 60-70% or N12. Uncxo ocTAMOBOK B MMmEHW PEIHCTPUPYOTCA CHETOM
Nxzaa- NpM 3TOM BAXHO, UTOOH UNCAO "MyCTMX" OCTAHOBOK, 7.6, WMCAO CPAGATHBAHKMA
cueTunxoy 1231 Gea romexn, OMAO MYMMMAXDHMM, T.K, 970 OCYCAABAMBAST NADAZHTHMA
$or. Kax npaskao sro wwcao e npemmaro 0.5-0,7% or N, uan ~1% or Nj,,.



JleTeKTOpHE # CNEKTDOME TDRYECKAR INEKTDCHUKA.

B HamEX IKCOEDHMEHTAX OPEMEHANMCEH pasiuyute de (Li) - ZeTeKTOpk: MIOCKO-
napaJieNbHHR ¢ YYBCTBHTEAbLHHM 00reMoM 2.4 CM” M C 3HeDreTHYeCKHM pa3LelleHAeM
660 3B npm E »=I00 R3B n KoaxCRaJIbHEE C HYBCTBATENBHEMU OOBEMEMH 27 om”, 41
oM m 55 M uc IHEPreTHYECKHUM pa3pemeHseM OxOJNo 2.5 K3B npu E’JJ,E M3B,
ZeTEKTODH pacloNaratuch moX yriaoM 200 K myuyky MDOHOB % SHJIA OKPYMEHH DA3HHME
JQATATAME L9 yMeHbmeHus foHa.

Ha puc.3 #3odpameHa OJNOK-cXeMa 2JeKTPOHRKHM LJiA PEeTUCTDAlAM Me30opeHTre-

HOBCKOI'O MAJNyueHws. Bce dnoku marotomiens B 04, BepxHas 4acTh BHpadaTHBAaeT
CUTHAMN "MOHMTODP", "OcTaHOBKa MwoHa” (cTapr), "T r" (cron) nE T

AETEKTOP
GelLi) |—od PLayCHAKTEND
r———-- - -3 —X 2
BaicTrin JAMCKPUNIHAT OP CnexyeoneTe
E!NCM_; YCHANTEAD Dorawosar AAWIEASNOCTH VCHANTEAD
-—P-C-T"T ) - L= Cron
—e e T ——5 KAMAK ~
Curramx | (Fenceator |— BoccTan Puc.3. BNok-cxema
MatPuya
oLl 3N SKTPOHIKM
I pervcrpa-
Cron l_]c:nn € . 13 pi'
[ £ o || [ o eaoper
CueTums CuE T UNTEFRANC MUTEPRANCD mlall T@HOBCKOrO H3-
I i 1 JNV4eHus
MeAATHNNE
sun COBNAAENMR AU
1
9 BY@IPNAn CuETUMK By@rpnan
Cemre c 38M AMATE famate

v v v

Haxe NyHKTUDHOM JMHUMM BHIeJeHA 4YACTH, BHIOJHSEHAA B cTadmapre FAMAK, B
KOTOpYW BXOHEAT: aMmiLIUTYIHO-1MEpoBo# npeodpasosarels (AHH), UMEPER! 4ACTO Kaxa~
JOB, M3MeHAeMoe KomaHmamy u3 JBM v mnpemesax N=255 & 810°; BOCCTAHORATENB HY-
Jesoit xueun ( BHI), npenoTspauanmmit yXyINeHZe DA3IDPSLEHXs ¢ NOBHLEHWeM 3arpy3xd
¥ cnyxaumf SyfepHHM GJOKOM MEXLY CIIEKTPCMETDUYACKAM ycuauTegerm # ATll, BpeMms-~
mufponoit npeospasosarens ( B'[1); mpe Syfepuwe nawarm (FT), pacciuTatHHe Ha Nbv-

R 3 4 av 74 I6-pa3pEUHKX CJIOB ¥ UMe-
r ] mMe MepTBoe Bpema 00 HCeK; cxe-
Ma MeifeHHHX coBnamenuyr (CMC) ;
MATDUIA; CEJEKTOD BPEMEHHNX KH-
TEepBAaACH (CBH); und po-aHaa0T0BH Y
1peoipa30BaTedb (HAH): CYETYUKY ¥
KoHTpoNep /IT/,

Tuc.4. BpemeHHoe pacupemenedne
KBaHTOB NIDU OCTAHORKE MQO-
HOR B CHPCL Se

v L T - —————

CHANNELS
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Kokfuarvpauus cacremu KAMAK - oRHoxapkacHas M JBYXCTOPOHHSA CBA3b ¢ CHRM
THIA l1p 27150 ocymecTBASETCH ClEelMaNbHEM KOHTpoJepoM. I8 OTTaHM3alMM ¥ vCTa-
HOEKM pem#M0B paldoTH SMckOP KAMAK m rnanbHeftmero Haxonnep7ﬁ 7 COTTAPOBKA IBYX-
MeDHHX CIIeKTPOB OMJM COCTaBlews Tporpamvu §ITKA » §TOKA OcHoBHO# HSJBD
mporpamvy § STKA ABJIAETCHA ONTHMU3AUNA pexuMa DAJOTH CXeMH MeLJIeHHWX COBLane-
HR¥ T.e. 3arLerxeR W paspewanlerc BreMeHM. KpoMme TOT0 Ha0MPAKTCA BpeMeHHHe
CNeKTPH M 3HepreTHYecCKie CIeKTDx C COBIAeHUAMA ¥ Je3, 4YTO NOZROJAAET OUSHHTH
yMmeubimeHne 3§TEKTABHOCTH DETUCTDPALUY HAIKOIHEDTeTH4ECKHX KBAHTCH PANU3R OQO-
Ta CHCTeMH BpeMeHHOfl NPWPRA3KHA.

B kauscTBe IIDMMEDA Ha THC.: NDABCAWTCS RpeMEKHOe paciipeleseHAe KBAHTOR
[P OCTAHOBKE MHOOHOB B MMUCHY CHQZQP OcHOBHAR 23annia nporpamvy §$TCKA cocTo-
AT B D230MEHAM BPSMEHHOTO CHNEKTDA HA DAL OTIHEeNBHHX y4HacTKOB — "oKou" # B COp-
TAPOBKe KONOB 0T AJl COOTBETCTE2HHO 3THM OKHaM 7 [ocienvomed 3aTACBEG Ha Mar-
HUTHHY LMCK B BULE IHEPreTAYECKUX CNeKTpoB LAHOF# B 4076 maraysoB. THHY | HA
p#c.4 COOTBSTCTRYST COSNTHSM, 32DETACTLAPOBAHHHM IETEKTOLOM R "OoTpaAraTelbHCS
BpeMd” OTHOCHTENBH) MO-CTONA, T.e. 3TO FCHOBHY CHeKTp. tho 2 COOTBETCTEVET
MTHOBEHHHM COOHTMAM, T.e, ME30TeHTIeHOBCKOMY UZJVieHM, CKH) 3 COOTRETCTRVET
"3aleDRAHHNM" KBAHTZM, T.e. KBAHTAM, BHJIETAKNI/M {3 AND2 T0CTS 2aXBaTa MWOH
OrHC 4 ¥CIOIB3IORAJNCCE MR DATHUCTDAUMM CAVIRRHC CORTATAVIAX KRRAHTOR #3 paave-

WOl DS0IM3M DR TEKTODA KANVADOBOYHHX UCTOIHUFOEB,

sepedoc IaHHHX Ha "BV TIT-"50C ¢ 04pasoTHaz CUeRITCE

Odpadorka NOJVIeHHEX COe¥TDOB [POM3IBOLUMNACD C [IOMSIB: ILoITavMy $177

/12/, MONIYYeHHOH Hamu u3 TIUA ¥ ananTApoBasHO# Ha TR T70- ?n?C. [AsEE caoa

BM HP-2TIARC umeeT 1A Taspinon. [03TOMY 4vJa HAlUCaH2 MpOITavva IIE iTeHZs
JeHTN ¢ vwarsuToioHa HP-"774 ua waruutofoHe CIC # BrIwideHa B ATC B KauecTee
TMOINpOIpaMMki, UCHOBHHE TYHKUAM 3TOF NDOITAMMH 3aKT01ad4Cy 8 "pacnawcnke” 17-
PR3DAOHNX CNOB ¥ 3amuck ¥X P pule SO-Da3PAIHKX CJOR, MOHCKS T?ef}BVHX AZRHTA-
tukatopos cnexTps w 3aHeceHue CONETFAHUS eT0 B CTBEIEHKNZ Maccup, T4pascTra
CNEKTPOB MOIpossc ommcaHa B /[2/.

Puec.5. Cxema paclionymenud an-
IApaTvVPH B CORNAZATRIL-
HOM 3KCIeDUMEHTe

Pt g s
rr




#3mepeHRe OCTATOYHO! NOrNDE3ANdM B COBIANEHNN C JANHNAMN Me30DeHTI¢HOBCKOIO

RIAVICHRA.

Lenonspeaalms #3MepARaCh METONOM IpeecCNE CONH8 MPOH3 B CAa6oM fnoneped-
HOM MATHRTHCM NoXe H=5Crc, KOTOpoe CO3NaBaNOCh KaTywxammw lemsmroasza (pme.5).
SNeKTPOHN pacnala per'BCTPENPOBAANCH COBIANECHNAME ABYX CYETWKCE 5 ¥ & C 4-M.
Lns perncrpamim Y . npamersica Ge (Lj) - nerexrop 27 cx°, Mccaenyercs Bpemensoe
pacnpeneseHne CHMHAJIOB OT 3XEKTPOHHHX TeXEeCKONOB OTHOCATEALHO MI-CTONZ, CONMpo-
BOoxzakmeecs perncrpamed KBaRTa X, . LeTeXTOp MO3BONAX BHIENNTS B CHeXTpe
Y4acTKH, COOTBETCTBYNmMe Nepexonam: 2p-elg , 3p=is , 4p=ig m S} —= IS .

Jrreparypa:
Amnda-, Oera- W ramMa-CNeKTDOCKONEA MOX Per. K.SErdama  ATOMR3ZAT,
M. 1969,

Adpamor A./A. n np. OCHOBH JKCMepw™, METOIOB AN. IW3mxu, Arommagar, M.127C,
Fermi E., Teller E., Phys. Rev. 72, 399, 1947

Kapaatop-Yrpomor B.T. 7 Kp. ATOMH R me30Hs Arommanar, M.I28C.
Mudhopadhyay H. C., Phys. Rep. 3OC, n. 1, 1977

bajnawos B.B. m Zp. llorsomeHne Me30HOB ATOMHLME AXpamW, ATommazaT, .78,
BattcenSepr A.C. Mo-me3on, Haywa, M.1064.

ApaeT P. n ap. 047, FIS-7207, Iyowa, 197G,

Akylas V. R., Vogel P., Hyperfine Inter. 3 77, 1977

Forawor B.C,, O JIFTTT, BI-9-4707, IydHa, 1960,

Axumon P.K. ® mp. OVAM, I3-I12021, 13-12022, [ydua, 1978,

Routti J. T., UCRL-19452, 1969; Routti J. T., Prussin 8. G.,
Kucl, Instr. a. Meth, 72, 125, 1969
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IGWEPEME XAPAKTEPHCTWMECKOIO PEHITEHOBCHCIO IGKVUEHMA JNEKTPOHHO-
Ot KONE] HA KOAREXTHBAOM YCQCOPMTEAE TSNERHX MODB OHM

+4

I.ijppax®, I'.sdoanep’, I'.oysmoms
* O0semmierit MHCTRYYT spEpPHMX nccEepommink, JdyGea CCCP
** Texisraecanh Yunpepenrer, [lpeamen AP

ARA AMArHOCTMEN NMyUNa HR KOANCXTHNBHOM YCROpNTEREe THEEIMX wotion OvFfM
pa3 JNArHOCTHYECKNR METOR AAN SHRAN3R IXCKTPOHHO-NOMIGX NXORel|
H& OCHOBE KIMEPeHAA XADAKTEPHCTNUECEONO PeHTT'CHOBCKOMN NAIXYUCHNA ITHX
xozey. [lpeacramiesti nepse DEIYALTRTH NIMEPEHNR XADAXTEDHCTNUECROIO
PEHTTSHOBCKONO R3XYWEHNA WOHOB KCCHOHA, HANOAHEHHOTO B IXCKTPOHHIM
xoXble.

B pesEax CO3ASIHHS YHRESALHOR CHCTEMM ANATHOCTHEM NyWNA HA WOXNGRTHBHOM YC-
xopurene ramemx sowoB (KVTH) Of{ crowr sansua - mccmegoBarh NMPOUECC MOHNIALNN
ATOMOB, HAXOAMIMXCH B 38exTpoHHoX Kuasie VTH m onpegeawrs wx umcxo. [ipm arom
RERATENABHO OPNSHTNDOBRTLCA HA TaKOe pemexe NpoGAessi, KOTOPOE NO3BOAWT NOXYWNTDH
HymHyD sbopMaIpn 0e3 BMeSATEeXbLCTB& B npoiecce pafoTe YCNODNTERf.

ATOMM, HAXORMENECA B 3AEXTPOHHOM KOAbUE, MCAYCKADT KSAHTH XapaxTepHCTHJe-
CXOr0 PEeHTTeHOBCKOrC NIAYWEHWA NPH 3ANOAHEHMK BAKAHCHR ¥3 BHYTDPEHHNX ATOMHEX
OGOROUKRAX. JTH BAXSHCMN BOHMKADT BCPEACTBNC HOHM3IAIPIMN IREXTDOHHLM YEADOM W B
COOTBETCTBYNEMX MPOLECCAX NepecTpoRXM aTOMIOR OGONOUNM OPN IANCKHEHMN [TepPBUTHUX
paxascHfl. DosHMKANEe PEHTTEHORCKOE MAAYUECHRE HECeT IHQOPMAIPID N CTENeHN HOHNIA-
I ATOMOB M O NX UNCAEe B IASKTPOHHOM KOAbLE, TAK KAK JHEDIMA PEHTIEeHOBCKMX AM—
HUR XapexTepHidt OGPR30M MIMEHNETCA NPH NOBMNEHMY CTENeHM KOHM3ALDIH BT aA 2/ ,
a u3 vvcaa pevm‘gyoncm COOMTMR MONHO CAEAATbL BMBOSM O "MCEE JOHOD B SAENTPOH-
HOM KOABLE mu/ .

C ueabd MaMEpEHNA XAPAKTEPHCTHUECKOrO PEHTTEeHOBCKOTO HiAYWeMNA NOCTDPOEH
CIEXTPOMETPUVECKHE KoMmiAexc, paSorammuii Ha axHum ¢ JBM. Bacx—cxema pana Ha

puc.l.

wH P R~ -

D&

SERBISEU |

Sl

[ KAMAK MATICTPAML ]

Puc. I Cxema u2epurTessHOro XOMIAERCS AAN
¢ KON PRCTHIECKOPy

g-ml HOBCROTO la.lymlu REXTPOHHO-
MDY XOASLL.
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IAs v3MepeHUA MCnoab3yeTca cpepXuMcTHit G@ - JeTeKTop B CBA3M C NpERyCHIU-
TejleM, HAXOAAM MCA B IY/AbLCHpYNwWeM pexiMe HOTOOMTHUECKOR OGpaTHOR cBA3K. [eTek-
TOP HAXOBYMTCA B CBUHLOBOM 3KPAHUPOBAHWM, KOTOpOE 3aNMI|AET €ro OT UMIYAbCOB TOP~
MO3HOI'0 M3NAyJYeHWA, BOSHMKANMMX BO BpeMA paGotw HYTH.

PaGoTa oTnesbHHX y3n0B QJEKTPOHHKM CNEKTPOMETPUUECKOrO KOMILIEKCE NORPOGHC
onucaHa .

IlposefieHl nepeHe IKCNEPUMEHTH C LIEJBD WU3MEPUTb XAPAKTELHCTHUECKOE DeHTre-
HOBCKO€ M3JyueHHE M3 3JIEKTPOHHO-HOHHHX Koaey, JyCHeuckoro HYTW ™/ .

Ha pic.2 norassHo CneKTp XapaxTepUCTHUECKOrO PEHTPeHOBCKOTO W3JNyUEHWA HOHOB
KCEHOHA, HAKOIUIEHHHE B 3JEKTPOHHOM Kojblie. [UIA CpaBHeHHA Ha HUXHE! 4acTu puc..
n3o0paxeH KarMGpOBOUHHI CMEKTP K- NWHMM 2J1eMEHTOS Tellypa M JakTaHa U L - rpyn-
MH cBMHUA. PeHTreHoBckoe L - manyueHWe CBHHLA TORE MOXHO HAGNNOATH BO BpEMA W3-
Mepedus Ha yckopuTesie, NOTOMY UTO KBAHTH TOPMO3HOTO HU3IYUEHHA 3JEKTPOHOB BO3-—
GyROaiT B CBMHUE ODKDPaHMPOBAHMA XAPAKTEPUCTKUECKOE DEHTTeHOBCKOE K3JyueHue. OTO
TC K€ MPOUCXONMT B Marepuaje TUTAHOBO NEPEXOJHOTO OKHA, T.e, MOABIAETCA NAK PEHT-
Pe€.’"0OBCKOTO0 M3JyUEHUA THTaHA H& BEPXHEM CNEeKTpe B puc.2. L - JMHMM OT KCEHOHa He
ObIA M3MEPEHH, [O0TOMy UTO NEpexXOAHOe THTEHOBOE OKHO M BO3AYX MERLY MEepEeXOHHM
OKHOM ¥ NeTEeKTOPOM OCAalNAlT UX UHTEHC’:BHOCTH HA HECKONLKO NOpAAXoB. HacTosmee
bpeMa Hameperua cocTapasno 0,84 cek., T.e. 700 UMKIOB YCKODEHHA C BpEMEHEM U3Me-
peHuss 1,2 Mcex. B OZHOM UMKAE,

NE ey Puc. 2. PenrreHoBcknil cnexTp
i 7 aTOMOB KCEHOH3, HaKOILIeHHHe B
N 3NeKTPOHHOM KONMble. Ha HumHeM
bl 3 - = yyacTke noxasaH KauyOpOBOUHKM
=™ " IR CNeKTp, NOJyYeHHH) (IyOpUCLEHT~
E HEM BO30Y®NEHHEM aTOMCB TeJType
s U naHraxa, M3 xanuGposke
ol : : caenyer 47 3B _B kaHane, uro
-, P : coorsercreyeT 170 3B Ha nomysu-
2T K o COoTe NuKa K- JWHUM TiATaHa.,
[1 y I A 'y S 'y A A '
3 -
; C Lo
3 ~ . l wy .
e R , R
* : i .
B : o
P T . ~ c
< "'*.-.,_M P - ) ; ' :
L . ! 2 / .
- T g ‘
Y -P“‘” [}
"ﬂ'-1hr-1*r—-1tr_—1*r_—?u-—‘1&r_‘—ﬁ54a‘%ﬁr?

Ha OCHOBE :lOMyuaeMHX CNEKTPOB MM DACCUATATH NPOMIBEISHME M3 UHCIA IJEKTpPo-
HOB M HOHOB (210,8)-102 YacTHL B OOHOM KOJbLE.

Bo Bpema asxcrnepumenra B agresarope KVTU uaMepeHHOe JAaBJEHWE OCTATOUHOrO ra-
38 coCTaBaAnoCh (265+8)-IO TOPP ¥ MAKCHMEUILHOE MapupanibHOe RaBieHue B MMIyJbce
KceHOoHa Otwto 3°107" Topp. OgHaxo Hago 3aMeTuTh, UTO MEpBUYHAR UENb HAMX KCCiae-
LOBAHHA GO U3MepeHWe XAPAKTEPUCTHUECKOTO PEHTTEHOBCKONO HU3NYyUEHHS HAKOILIeH-
HOro B 3JEKTPOHHOM KOJABbLE KCEHOHA, HO He NOJYUMTH KOJNUECTBEHHHE faHHHE O uucle
yacTHy B Kojabue. YToOH MONYUMTH TOUHHE KOAUUECTBEHHHE Pe3yAbTaTh, HeoSXOLMMO
Hafl0 MPOBePHTH COBNANEHHe MEeXLy BPeMEeHeM MHXeKLMH UMMYJAbCA ATOMOB KCEHOHA M
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SNeKTPOHHHM KOABLOM, XOTOPHI NOMXEH B 3TC BpeMs NEPecEeRaThcA TPAEKTOPMA I'as3OBO-
ro uMMIyabca.

lipobepeHHe 3KCNEepMMEHTH NOKA3AAK BO3MOKHOCTb NPOBENEHNS PEHTIGHOBCKUX H3-
meperuit Ha HYTU. Bonee Toro, noayuaemoe xopomee 3HepreTHyeCKoe paspemeHMe M Mo-
JesHoe oTHomeHue 3GPeRT-HoH NMOKTBEPAMAM, UTO HAPARY C M3IMEPEHMEM XAPAXTEpPUCTH-
YECKOr0 PEHTreHOBCKOI'O0 M3AYYEHAA C LeAbD MCCAEJOBa&HHA XAPAKTEPHCTHK 3AEXTPOHHO-
MOHHHX KOREI] BO3HMKAET BO3MOXKHOCTb NPOBEfleHHA PARE (H3MUECKMX IXCNEpHMEHTOB M0
KCCJAENOBAHMD CTPYKTYDH ATOMHHX OGOAOUEX BHCOKOMOHMSOBAHMHX 8TOMOB M B3amMopel-
CTBMZ B HUX.

JurepaTypa
1. 3ubepr X.<¥. u ap. OWM, P9-9657, fytua, 1976.
2, liopuax I'. w pp. OMAM, P7-11876, [Lyoua, 1978.
3. Hopuax I'. u ap. OWM, PI3-12540, lly6ua, 1979.
4. zechorneck 6. et sl. JINR, 29-12539, Dubna 1979



- 202 =

TEOMETPHYECKUE O@@EXTH B PEHTTEHOBCHMX KPACTAJUI-AARPAKLAOHHHX CIEXTPO-
METPAX C M3OTHYTHMA KPHCTAILTAMA

[.lppuax®, I.Moanep?, I.Mysuoas*t

+ OGrepuveHiuN MHCTHTYT SUepHHX uccaegopaHufi, Jly6Ha CCCP
++ Texumyecku#t Yuupepcurer, lLpesgex I'IP

lipencTapreHN AHANATHYECKHE U WUCIEHHHE HUCCJIGNOBAHKA BIMAHHMA KOHEUHHX
PA3MepOB HCTOUHUKA M KPUCTALNA Ha GOPMY M NMOJUIMM AMGPAKLMOHHEIX JMHMI

B PEHTIEeHOBCKUX KpUCTALI-AM(PaKLMOHHEX CMEKTPOMETpAX C H3OTHYTHMM
KPHCTAILIAMH,

1. Beepenne.

Texnuyeckut ¥ MeTOAMUYECKUN MPOrpecC B PA3NMUHHX OONACTAX HAYKH ABIAETCA
OCHOBA/l NMOBHEHHA TOUHOCTH KpUCTALA-IMpaN UMOHHKX CIEeKTPOMETPOB X HCHADYAET TH-
NMYHEEe PAA paGoTH TaXUX CnexkTpoMeTpoB omubiu. (gHaKo, HEOOXOAMMC 3HATH THI
OmMMOOK, KOTOPHE MOr'YT BOSHWKHYTb K MX OTHOCHTEJbHHE BeJIMUMHH, Hexoropue addexrTn
NPUMBOARAT K capBuraM audpaxtMoHHux peduiexcoB, & ApyrHe — K M3MeHEHMAM TOJBKO B
dopme nudpaxiporHo#t aunuu. CaBurd peduieKCOB MOryT NpUBECTH K CHCTEMATHUYECKMM
omMGKaM NpY M3MEpPeHMH BJMH BOJH MAX IHEpPrufl.

B Hacrosmen paforTe MH McciuenyeM CABMIM M uaMeHeHMA fopm AMPPaKIMOHHHX JU-
HU oTparxamuMX CNEKTPOMETPOB M3-~38 KOHEUHHX pa3MepoB MCTOUHMKA M KDUCTAJIA, T.€.
H3-3a reoue}&) UECKHUX NPHUMH. B%naypaﬂcuuccuomm CINeKTpOMEeTpOB BTa npolieMa pas-
pabotasa B H #300paxeHa e

HceneposaHue BAMAHMA MeoMeTpUM HAa audpaxlpoHHHE JAMHAM npoBoguTcs Ge3 yueTa
CTPYKTYPH KpHCTaMLIa, MOTJOMEHHA W CHUKEHUS 3HepruM M3anyueHuAa ¥ 5deKToB CBA3AH-
HHX C M3ruboM KpucTaina.

2. I'eomerpua mamepeHus ¥ a¢PeKTUBHHN yron AMdpaKLmu.

Ha puc.l nokasaxa cxema uamepeHua. [lpuHumaercsa, uro gudpaxuya Ha BCex pe-
WEeTKaX OMpeAeJEeHHO! MIOCKOCTH MPOMCXOAMT C paBHOMEPHOHt BEpOATHOCTHN. YTOOH pac-
CMOTPETb Te Cayuau, e NOBEPXHOCTHL KpHUCTAIAa He COBnajaeT ¢ Kpyros PoynaHaa,
MH B LaUibHefleM NPUHUMAEM IR TOMLMHH KPACTALIA ONpegeieHHHe NpedenH ¥ CUMTAEeM,
YTO OTPaseHye KBAHTOB IMPOMCXOQMT OT KAXNO# TUIOCKOCTH PemeTKM C PABHOMEpHOfl Be-
POSITHOCTbY., KOOpAMHATH MpO¥3BONBHO/ TOUKM BHITYCKA PEHTTEHOBCKHX KBAHTOB
0 (x, y+2) paguaiMoHHOro UCTOUHMKA onpefeneHH or Touku T xpyra Poynanpa. Asa-
JOPUUHO onpefeneHH KOOPAMHATH Kaxnoit mudpaximonnol rouxu B(r, t ,h) kpucramna or
TOYKA S TOro ®e Kpyra.

Ha puc.l momHo BuBecTH chaegyomue GopMyIH:

asR- sinY (I
bsR-cosv (2)
vee-sind (3)
wee-cosd (4)
ret/R (5)
sin s #l{b-y) sin(¥-7)~xcos (¥-7)] (6)
cos &= $L(b-y) cos(-7)* x sin (¥-7)] "

Henoabaya opmyan (6) u (7) B (3) u (4) nmoayuum )
vo(b-y)ain (W o¥) =xcos (¢#+T)  (€)  we{b-y)cos(WeT) exain (¥+T) (9)
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' Sl T Prc.I Cxema reomerpus KpUCTal-
DA N IMPPAKIMOHHOT'O CIIEKTPO-
Y S~ t MeTDa
’ S “~\h T - npoMcXOXZEeHHe KOOPHMHAT
/ Rre-W ~ ! 8 MCTOYHHKA ;
{’ H W‘ S ~ IOPOMCXOAMIEHNE KOOPIMHAT
w 7 T S TeTeKTopa;
R >~ Q - IpOM3BOJNBHAH TOYKA NCIYCKA-
“. - 5 p
1

i r HUA KBAHTOB MCTOYHUKOM,;
\ v/ 5 B - npousBonnHad Touka mdpakr-
| v u IMAM KBaHTOB KPHCTAIOM;
3

R~ .Imame'rﬁ Kpyra PoynaHna;

e R - PaBHO R B cjyYae CHEKTPO-
a MeTpa THna MoraHHa;
b paBHO R-cOs T B cJly4ae
/ CIleKTpomeTpa THna loraHHce-
3 Q , Ha
X+

AP R
2l

[lpocTpaHCTBEHHOE DPACCTOSHUE MEWIY NPOX3BOJBHHMM TOYKAMU IMUCCHM U IMPpaK-

UMM KBaHTOB MMeeT BUI y) 2 21172
u:[(Rﬂ-w) +voa+(h-2z) ] (19)
0CpaTHB BHMMaHue Ha TPeyToJNbHUK QB H ,sinY:  MOKHO ONpEie/dThb X
T - Rer-w _ Rer-w (I1)

sin J; U (Rerw)Z-vZe(p-z)2)72
YpaBHerue (II) ABARETCA OCHOBO IJA 2HAMMTUYECKOTO MCCAENOBAHUA 3aBUCHMOCTH
HO3MUMY OMPPAKUMOHHHX JMHMI OT IeoMeTpHYEcKMX pasMepoB KpUcTaina,
MlonyueHHHe pe3y/bTaTH NOKasanw B Tadmaue I,
Taoamua I, BiMsAHWE KOHEYHHX Da3MEePOB KPUCTannNa ¥ WCTOYHNKA HA NO3MIMM
IuGpaKiMOHHO JMHMM LA CcreKTpoMeTpa THna HoraHHa ( aA/A -
CHBUT IJIMHH BOJHH M3-3a U3MEHeHUA IMGPaKUMOHHOHR JuiHMK)

KpUCTaAN aA/A MCTOUHUK AN/ A
BHCOTA A, :’1‘_ W‘:T"ré?? BHCOTA 2, }’T - :’.n ‘
UMDHHE f | _ _2_7‘_ _‘ﬁ%?“‘z’ pHHA », 7‘ s s);'.nz 5
TOJIMHA f, .%. _%; cotly TOMUMHA X, 0

YroOH H3YUMTH BAMAHKE TeoMETPUM Ha GopMy M NO3MUMK IUPDaKLUNOHHHX JIMMHUH,
paccuMTHBAeM npy nomouy MoHTe-Kapno ~ nporpamms BEOMC ¢yHKumio paclpefiefeHus
D(%-%) , rue J -npou3BONBHHY IMPPAKIMOKHEY yTOA 3; -yron bparra. Ora

fyHKuma umeeT QOPY:  p( Y, - ). & S I [5in (5,3 -sin §] dv (12)
v

q i
Toe x 6 —pa3MepHHit 00BeM KpUCTA/I-UCTOUHUK,
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Onpenesensnt madparamonHs#t pednexc MoxHo NOMYWTH depe3
FIg)=§0(5-91F(7)dY (13)
¥
f(9) o3HauaeT HeMCKAMEHHHi TayCCOBCKuY Npoduap IMPpaKIMOHHON JMHMM.
Ha puc.2 noxkasaHH peayAbTETH pacyeTa QYHKIME O ( Iy-)

TOYHHKa ¥, = IC MM. Bce oCTaabHHe pa3MepH NpPRHAMADTCS PaBHHME HyJD.
O |

ANA BHCOTH MHC-
1

x10'( | e %-80° Puc. 2 dymwuma 0(% -3) ma
. e %:70° Pa3/MYHEX yTA0B AudpaKIMK
H . J=50° X [pr KoHewHom pasmepe
1 L meaee BHCOTH 2. WCTOUHWKH.
10+ z,= 10mm
‘R =648mm

lipencraBrensst cnoco6 pacyera
ZaeT BG3MOXHOCTH MCCHENOBATH BiM-
fHEE DA3NMIHHX T'eoMeTPHYECKEX
KoHQUrypaipsit Ha ImppaKuMoONHHe JH-
HUM ¥ MONYYHTH NpefCcTaBleHHA O
KOppensdlne Mexmy reoMeTpaeft KpHc-

Talja M HCTOYHMMKA, NHAMETPOM Kpy-—
re Poynanma ¥ yrioM M3aMepeHuA.

Jutepatypa

/Y Leschuitz ct. 21, Lucle.lnsire. 0uos
/2/

5 124 (1378) 165
Lc,Jc'llllt. Z'l";u‘ 15; (1:6'\.) 444
/3/ JedeRleidy, in "ihe sleetroii netic Interiction in Iuclear

wpectrozcopy’, Loxrth Tlolland, ..gterden 1975, pe 839
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0 [OPABRNAX CYMM ARI HEYIIFYIOI'0 PACCEAHMA 3XEXTPOHOB M HYKIOHOB

AJM.Bxaxxr, A.B.Hrarmx, B.Il.Xyme»
SmsEL. -- 9meprerxvueckmii mHCTRTYY, OCHmBCK, CCCP

ABBOTOINA

[IpoaHaumswpoBaHE pasxxEs Hopspaxropor NpmGIX NEpexOXoB B PeAKIMAX HOYNPYTOro pac-
CefHES 3J6KTPOHOB X HYREZOHOB, N ONpElENEHM COOTBETCTEYDNNE OSTEM DeaxijiaM RHTEI-
paXbHEEG NHTEHCNBHOCTE MyXLTRIOALHEMX Bo3dyxnemmll suep.

[Ipn anaxEse SXCHOpMMEHTANLEHX NAHHMX [0 BOSCYRHACGHED I'NTAHTCKEX MyABTRHONBHHX pe30-
HAHCOB B DEAKIEAX HEYHDYIOorO DACCESHNS SJEKTDOHOB MNDPOKO ECHOXAE3YEeTCH BHEprerEde-
CXN BSBeSGHHOe IPABRNO CYMM [I]

(9" zw B.(EA;0-0) = A(2k+1)8,,,, A (1)

rEe (J; - SHePrEK n B ;(E/0-)) - npWBeNeHHAA BEPOATHOCTD SMNEKTIMYECKNX MYMNHTH-
NONBHEX BO3CYymne il suep, BRASK B NPABAJO CYMM CAYXET OCHYHO Of[HEM X3 I'ZABHHX KpH-
TepNeB KOMIEKTEBHOCTE BO3CYXHNeHEE, a Takxe EX JOEKAMMSOBAHHOCTE B I'ETARTCKAX De30-
Bancax. Ecam mas mpeBelieHHOR BepDOSTHOCTE HePeXONOB BOCHONB303aThcA dopMysamm o606~
mepHOR Moflexm Axpa, TO cooTHomeHHe (I) MOXKEO MPEJCTABETH B BENE OPABRIA CYMM LIA
napamMetpoB AEHaMEueckofl medopMarsm ﬁ&(wx) COOTBETCTEYDIMX My/IBLTEIONGHHX BOS-
OyaneHuR
4e BB

2
= ;w"ﬁ)t(“’i): A(2A+1) A DmA2 (2)

lloxygeHnad TaKEM COOCOCOM OIleHEA RRTEIPANBHOR EHTEHCHBHOCTE MYJBTHIOMBHHX BOSCyX~
ReHER BechMA YACTO NPEMEHAETCA He TONBKO PR AHANM3E DRCCEAHHA 3JEKTPOHOB, HO X
pacnpocTpaHAeTcs BA ANEAMEYeCKHe NapaMerpH MyJAbTHOHOMBHHX BO3CYXNCHHE Alep B peaR-
IEAX HEYNPYTOro PACCEeSHEs OPOTOHOB, O{- YACTHEN H fake TAKEJHX HKOHOB [2] .
Xopoio E3BECTHO, ORHAKO, YTO XIS DeaKIEE ¢ HyKrnoHamE dopujarrToph mpaMix mepexoxoB
CYMECTBEHEO OTEuapTcA 0T dopMpaxTopoB SJEXTPOHHOTO DACCEAHEA, ¥ B 9TEX YCJOBRAX
JHEBEPCAISHNE HNJ NPABRAA CYMM VI DAsSRYHHX YACTEI BDAR JE MOXeT OHTL ONpaniaH.

B peMxax MEKDOCKOMEUECKOTO HOAXOZA HOPMPERTODH IPAGIX HEePeXofoB B PeAKIAAX HEYO-
PyTOTO PACCEANAA HYRAOHOB MOXHO 3AIECATH KAK

Fr) = SV (r) O () PR @

me \/ (r,r') - wymrmomeas xamonenra shperruporo paammonefcTaan Ha-
Zeranmef SACTEIN ¢ ZXpOM X Pt{( Y , W ) - nepexonEas GACTHOCTH PACCMBTMBAC-
MOT'O BOSOYXNeHES fupa. Jlad odmero muna 9dfeXTENBHMX ONX AHANNS EHTOTpPAXLHOR WHTEH-
CEBHOCTE MyZLTENONBHMX BOSCYRUSHNR, COOTBOTCTEYREEX NAHEOMY Qfopmbaxropy (3), AB-
anerca pechMa CXOXHOR x TpyRoemxol sanaveff, B To Xe BpeMa DemerNe 3aNAY CymecT-
BEHHO JUDOMARETCH, 6CAN BOCIOAB30BATECS CONADACEIbHMM NpeNcTARIOHNeM offexTHBHIX
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Viter) = %, §r00 §0m @

EOTOpOe YCIENHO NpMMEHSeTCSH MEKPOCKODEYECEOM OIMCAHEE HESKONCEAIMY ROJLIEK-
THBHHX BOSCYRCHER smep [I o JUia TaxoR napameTIEsamER S{EKTEBHMX CRI (opM-
darTopy EHTEpDECYNEEX HAC IEepexofioB CYLZYT AMETh EHX

EA
F,\(Y‘) = Vol 'S‘A(") (5)
a napaMerpi JEHAMEYECKOR neg)gpuam OYZYyT OHpENeNATHCA COOTHOWEHME MK

?A(Wi\ =yl M &’1(") {"(r,w;) r2dy (6)
0

B COOTBETCTENN C TAKAM ONpefejeHEeM IAPEMETPOB AR METErPAILHOf RATEHCHBHOCTH
MyABTHIOJHHHX BO3CYXNEGHEfi B DeaKIEAX HEYNpPyroro paccesHEs HYRIOHOB HOXYUEM ITpa-

o 8 KA & 2
SA = gm ﬂz{l(hﬂ(( _1‘;(_."_))) + < (da“.&ﬂ )} @)

THe JTMIOBHME CKOCKaME 0003HAYEHO YCpeNHEeHAe OO BOJHOBEHM (yHri{dAM OCHOBHOTO CO-
CTOSHEA Anpa. ECJE OpEBJIeds K NoCcTpoeHAD adfexTHBHHX cua (4) YCJIOBEA cCorJaacosa-
HEA [I, 3] , To nna gopmbaxropa &-(r) IOJIYMEM COOTHOEHHE

- Vo(r)
8'7\(") ‘iﬁ_ﬁ (8)

rIe v (Y ) - noTeHIMan MOLEJE OGOJMOYeK. C TOIHOCTHD KO PA3IMUEE ONTHYECKOrO
B odo.uoqeqnoro noremmanos Gopmpaxropu Fk (Y ) opE cornacopaHHoM BHOOpDEe 5§-
QeKTEBHHX CRJ HMeDT TOT Xe BAJ, YTO E OpE (EHOMEHOJOIHYECKOM ONECAHME IpAMHX Oe~
PEeXonoB B KOWICKTHBHOR Momesm I] . lpenpmoJiarad, 9To pacumpeneseHEe IWIOTHOCTH
L1 OCHOBHOTO COCTOMHEMA SUpA onpenenderca TeM xe opmbakropoM, ¥TO E o6oJ0Yed-
HHf DOTeHIEAN, ® MCHOMB3YA MIA BHUMCJIEEMS COOTBETCTBYNEEX 3TOMy pacHpefesieHED
BHTETPANOB METOX Iepesala, LOJYYMM KBa3BKJIACCHYECKYRD OLEHKY mpamana cymM (7)

d
g% W‘::*é)u403(,)°|/;—;{1+1-\12 )slsgf} (9)

rme A - mePdysHOCTE OCOJOYeyHOro MOTeHiMana, Ha puc, I moKasaHo CpaBHEHHE
DaHHO} OleHKH C NMpAaBAAOM cyMM (2) LA 5JSKTPHYECKEX NepexoxoB, & TAKEe C pe3yib-
TaTAME WMCJIEEHHX pacdeToB mpaBmiaa cyMd (7) s BojHOBHX (yHrmER moremmana Byz-
ca-Cakcona., MoxHO BENETH, ¥TO OTJAYHA OPABEA CYMM IJIA 3JIEKTPHYECROI'0 B sAREpHO-
T0 $opMPARTODOB OKAIHBANTCS BeChMA 3HAUMTEJbHHME IPH BCEX MYJBTENONBHOCTAX KaK
B CPABHHTEJIbHO JIeIKOM sAIpe 48Ca, TaKk X B TAREJOM SKpe 2 . Caexyer OTMETETS,
9Yr0 NpM HCOOJIL3OBAHEE Gojee cJoxiof, yem (4), napameTpHsamge SPHEKTHBHHX CHI,

B YaCTHOCTHM, ODH BHIEJEHHME B TAKUX CHJISX M3O0CKAIADHOR M H3aoBEKTOPHOR KOMIOKEHT,
B pamxax copMy/HpOBAHAOTO BHIIE HORXONE MH MOXEM HCCJOZOBATH He TOJBKO pa3/m-
wa fopmpaxTopoR ANEPHHX ¥ 2JEKTPHUECKHX OepPexonoB, HO ¥ OTJEIME NapaMeTpoB
IHaME4ecKoR KefopMAIE B peaKifiAX PAcCesHHA MPOTOHOB, HefiTPOHOB B OK ~9aoTHY
[4 ] . MsTerpampHofl xapaxTepHCTEKOR OXEJaeMHX B 9TOM cjaydae OTMEYAR B HHTEH-
CHBHOCTH MYJBTHENOJNLHMX BO3CYXHeHMS MOIYT CHYXHTH NpeficTABIeHHNe HA pEC, I mpa-
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Pxc.]. BeamyaEa JHEPreTEYECKN BSBEMEHHOTO NPABEAA CYMM LA SJOKTDOMRI'ANTHOTO
(urpEx-IMYEKTED) R AREpHOTO (CINOUAHE KpHEBHE) ONEPATOPA MyALTENOXBHHX IepeXoNoB.
IlyiTEpOM NOKASAHR KBRSHKIACCHYECKAA OLEHKA Ipamkja cywM (9).

BAIA CYMM VIS DApaMeTpoB NedopMali, COOTBETCTBYyDUmX paccesmmpn o -uactEn (T =0)
B syxuonos ( T =% 1/2). B cBAzE ¢ o6CYXIAeMME OTIEUEAME B NPABBJAX CYMM JyiA
Pas/EUHEX ANEPHHX peaxim}t BO3HMKAST eCTECTBEHHHE BONpoC O CNOKTPAJNbHOM pacupeie-
Jierun TexEx pesymvEf, Ha ocHOBE HDOBONMBUMXCA PACUETOB CHNEKTPAIHHOR MHTEHCHBHOC-
TH MyZBTENOJLHMX BO3ICYXHEHMA grep B OPAMHX SIePHHX pPeaKL@EAX [5] MOXHO cRexarb
BHBOX, YTO OTMHIAA B NPAEAJNAX CYMM BIA SIEPHOTO ¥ dJeKTETZecKoro opmbarTopoB
BO3HNKADT TIABHHM OOPA3OM 38 CYeT BHCOKOSHEPreTHYCeCKEX NepexXolioB, PACHpPeNeNEeHHHX
CPABHHTENBHO PABHOMEPHO B IEPOKOf OGVRCTE 9HeprEE Bo3dyxuemmft or 20 4+ 30 MeB 10
Dopora DOXIEHHA MeSOHOB., TaKHe NMepeXOmH EIpEnT, HO~BHIEMOMY, ONpeNEJSHIyD POb B
dopuEpoBaHEE XeCTROR KOMIOHOHTH CHEXTPOB HEYNpPYyTor'o paccesHms HYRIOHOB [5] , 8
PO3MOXHO ¥ EeCTROR KOMIOEEHTH CHEKTPOB PeaKIm} HYRJOHHOT'O OCMEHA.

Hureparype

1. Bop 0., Crpyxkrypa arommoro ampa., Mezp, M., 1977, 1.2,
2. Satchler G. Phys. Rep., 14C, 97, 1974
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3¢ Rowe D.J. Phys. Rev., 162, 66, 1967,
Oerop H.M. OMAM, P4-8208, P4-8380, Kyona, 1974;
dynes B.Il. HaB. AH CCCP, cep. {ms., 4], 199, I977,
4, Broxun A.H., Hrsarox A.B., lyses B.II. Hefirpomnas {manxa. [[Hiaromsudopm,
M., 1980, 1. I.
S. Broxmu A.M., Nlponses B,T. A%, 30, 1258, 1979,
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ONEHKA CEYEHHU PRARINR (n,2n), (n,3n) HA JERANEXCR AZPAX

B.M . hwaxos, B.U.[lagcxan
Onemxo - sseprermusckxit mEcTmryr, OOmmuck, CCCP

Paxes 3 paae pador, eanpmep [I1,2] , OuNo noOxAsaE0, YTO CHOXTDM HONTDOEOB N C6Y0-
ERg peaxums (n,2n ) AR HOZOXANMXCA AXGDP C XOPOROH TOYHOCTHD ONNCHBADTON B DAMKAX
CTATNCTEYOCKOH TeODEN sEepAMX peaxnail ¥ SxCNTONNOR MOAGNN NMPOXDABHOBOCEOIO pacma-
A8. BRANYOHNG B DPACOMOTDOHRO ZGNOHNS NpRBOZNT K YCAORHONND DACYeTOR X K ZDYAEOC-
THM, CBSSAHNNM C BNOODOM NADAMOTDOR ZAS ONNCAHEA EEDKEM AOANTOILHOIO KAHANA.D?Y
88784y MOXHO CYMOCTROHNO YNpOCTHTSE, CAGAAB NOKOTODHO NpNOAREOHNS. Ha TARGAMX Af-
pax, I'Ae BOPOATHOOTED KONYCKANER SAPAKONEMNX T4CTEN MOXNO NpemeGpous, ZOMNEEpYD-
ANNN EAHAZAMN PaCIBAS COCTABHOI'O fApPA ARAADTOS NCHYCKAHN® HONTDONOD K RGUGENG.
[NoaroMy, 3 pacyerax IO CTATHCTNUIOCKOME TOOPEN JAXTEYOCKN XZOCTATOYMO OHNDPOACANTH
poamuRHy I'a/T'j - orHONenNé HellT?POHHO# H ACANTOILHOR ENDEH DACHAZA COCTABHOIO FX-
pa. B zanmofi padore ais onpezencHNs I'~ /s WCOOAB3OBANA CECTOMATREA 5TO# BOANYH-
HH N3 SKONOPWMOHTOB MO AGIHEHRD AAOpP. CoucHNe peakyms (n,2n ) 38NNCHBACTCH, KAK
OYMMA DABHOBOCHO{ R MPGXDPEBEOBOCHON XOLNOROHZT:

&4 <
Gnin (Eu) = Gn:n KE"] + 6.5\;: (e ) (I)
[IpexpaBHOBOCHASR mr)lmoumu'at gu&umeroa CHOAYDEMM OCDA3OM
B (En) = BalEn) § PP Fude (2)
3n0ChH: 6a(E.) - cOuGHUO NOrZOMGHER Heltrpoma ¢ oHeprueit E
@24 - aHoprxA peaxmmil (nh,2n);
"™ £)d€ ~ BEpOATHOOTD NPEZPABHOBOCHOH SMECCHN HO#?PONE C 0aCPIEAME O
Eno B+ dBE;
Fy ~ Koadfummenye, m;namn BOPOSTHOCTH ZI6ACGHWA OCTATOYHOIO
fn A): Fi= = - = I
pa (4): F, 5 B (‘_’)‘

PaBHOBOCHAA KOMITOHSHTA COYGHNS BHUMCAROTCA B PAMKAX MCHApMPOABHON MOAeAR Baflokon-
$a ¢ yueroM 5DQOKTHBEOIO YMEHLEOHWA BEDOATHOCTN 00pasOBaMMA KOMNAyBR-AZxpa W3-3a

npelm!lo’ocuon 2MUMCCHEE:
Eut O e

- E/r,
Gun n)= (Sa(82)- 6" el Bus (e0)) s JE €7 it

(3)
8200b: Tp-TOPMONMHAMEYOOKAR TOMNEPaTypa, OBS3AENAA C [8pAMOTPOM MIOTHOCTH
yroBtoll 3 MoaAN QepMu-TBSA COOTHOMOHHOM:
TI *E - 2Ty
F; - miee? TOT X0 CMuCE, 4?0 N B fopuyze (2).

B oOnac?x mayanBENX sHEpIEH mefizpona Buse nopora peaxmuit (n,3n),(n,2nd, Gopuy~
Ja (I) sanKcuBae?of, KAK

Guta (E0) = Gt (Ea] + Gt () - Butay (£o) = Gnan (€ )

PaBHOBOOHAs N NPeAPABHOBECEAR KOMIONGHTM COUOKNA DOAKIUN (»,3n ) 3aNNCHBADTOR
CAOZYDRIM 00pas3ON
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.Y () = [Ga (8) -6 (6} -G g(En) ~Grmy (61)] #

i—’ﬂu. /T

Eat@sn e "V UF dE

-&/T, P 1 4

x '_'_f.‘ S E. € X r—— dE, %)
‘ 0 I E‘e ‘del

I'ne: @sa - sHeprEs peaxmmm (n,3 n),

451. . =T m
Fl 44#1 ’ p‘ f",)ﬂll 'r ‘V *

En+@3n j.;he‘ "/7'}' dE
G (Ex) = Ga(Ee) ] ") FidE g )
- €3/ 'y
J E, 2 dE.

¢opuyaa (4,5) onpasoAANBH NpPX SHOPI'NN IRAANREr'0 HOHTpOEA ENXe Nopora peaxruuit
{(nyn ) ® (ny3nf ). PacwerH couennit peaxusft (n,2n ) m (B, 3n ) No NpPRBEAOHHEM
BHNO COOTHONOHNAM BMNONHOHM Zfa smep v23® | m239 | §p237 |, Jam sroro Gumo
HOOGXOZHMO 3HAHK® P0X5EO0 PPOX NAPAMOTPOB: COYOHNF NOTNOmSHER Ol(E,) , fapamer-
pa OLAIOTHOCTE ypoBBelf 4 & orHOmeEms I'n /I'r . CeuelNe NmOraomeHEs B3RTO M3 pa-
CY6TOB NO ONTNYGCKOH MOZGAR CO0 CHOPHWMOCKNM MOTEHUWANOM, [lapaMeTp MIOTHOCTE YPOB-
Helt BuOpaH YCAOBEA BANAYYEEro onucaEMi QyHXIMH BO3OysAeHMs POakUAd (n,2n )B
(n,3n ) B EMDOXOM ZMBNA30HG MACCOBHX uMoead saaep I00< A <200 m ompeaensncs xs
COOTHOMOHRA @ = A/I2. 3uavyenns Ih/I'f , KAK yKA3HBANOCH BHEE, B3ATH N3 sKOme-
PEMGHTOB 0O AGNGHUD sA6pP. Pe3yabTaTd pacyeTa NPHBEAGHH B TalANue.

Tadamua
Couenns peaxnmii (n,2n) K (n,3n ) Ba MAPAX Kp2-', m23Y , 238

! 237 : 239 T 238
E " { Np Pu ; U!
M8 ! Gntn M6 Gu3n MO Guw Gusn MO | Guzn_!o ! Susn " (s}
6 - - 50 - - -
7 25 - 24 - 500 -
8 2 - 30?7 - 1070 -
9 442 - 341 - 305 -
10 500 - 356 - 1405 -
II 531 - 355 - 1420 -
I2 549 - 349 - 1390 40
3 S41 9 2684 - 1240 240
14 490 50 212 27 920 460
I5 366 103 143 71 620 660
16 a79 158 117 102 460 800
I8 197 230 95 163 290 935
20 165 261 76 180 210
Jdureparypa
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