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Preface

The traditional internationsl eymposia on the interaction of fas: neutrons
with nuclei are organized every year by the Section of Physics cf the Tech-
nical University in Dresder. the XIVth Symposium was devoted to current pro-
blems of intense fast neutron sources, especially 14 MeV DT-neutron generators,
and their broad spectrum of apnlication in nuclear phyaics, 56 participantis
from 12 countries and the TAEA demonstrate the high interest on this selected
topice. The submitted contributione can be divided into two gener 1l parts. The
tirst one gives a review about the different possibilities of the technical
and technological solution in development,the present stat:s of operation and
also the proLlems connected with the use of intense neutron sources, Various
experimental arrangements for neutron speciroscopy, determiraition ol nuclear
data and theoretical aspects are the content of the secord part, The partici-
pation ir this meeting of designer and operatore on the one hand and users of
neutron sources on the other hafd was a good choice and stimuletesd precductive
discussions during the conference. The editors hope that the punlication of
more tham thirty contributions on the XIVth Gauesig-Symposium is useful for
further works.

The editors
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KOMILIF4C MCTOIHMKOB HEATPOHOB HA OCHOBE IPCTCHHMX [IVYKOB MOCKOBCKOH MESOHHOM
QABPHIH

lpader M.M., Komdurop H.B., KasaproBcrmit M.B., Icdenmer C.T., JoSames B.M.,
CepexamxoB C.B., Cmgoprey C.&., Crapmccrei D.f., WA AH CCCP

Bymxun D.M., Kowos A.K., Mauser A.E., Tpyukms P.U., Xmensmuxore B.B..
XpacroB H.A., HMKNOT

AHHOTALMA

JaeTcA ondcaHye ROMILIEXCA MCTOYHMKOB He[ATPOHOB InA ¢M3MYeCKEX HACCAeNOBaHall ua
GCHCPE OPOTOHHHX NMYy4YKOB MOCKOBCKOH M€ 30HHOR gadpnxf Omunaemad MHTeHCRBHOCTH Hei-
TPOHOB B 4 T B pexume pe3oHaHCHOI'0 ceJsieRTopa~3.10 6HeﬁTp/c (25 Hcek, 400 ru),
nnxos?g CAOTHOCTh,IIOTOKA TEILIOBHX HEATPOHOB Ha CBeTAmell MCBEDXHOCTH IaMelMTeJA
~5.101° HeRttp/cM “c npn LIMTSNBHOCTH MMITyiabca ~ 50 MKC.

Coopymaemana B Wil AH CCCP, B TpomuxoM HaywHch LeyTpe Me3oHHasa fadpaka - CHUJIBHO-
TOYHHE yCKOPATEJ L NPOTCHOB # MOHOB H Ea sHeprsw 0,6 IBB ¢ Tokcs 0,5-I Ma (puc.I).
{HTeHCHBHHE TYIKM IpOTOHOB, F. TOM WACJIe HOJAPU3OBAHHHX, Oyukx JT , B -Me30HOB
A1 He#ATpMHO, MOVIydaesHe TpH B3auMOLeiicTBAM I[OTOHOR ¢ BEmMECTBOM Me3OHHHX Mumenefi
¥ JIOBYUWEK NIPCTOHHHX IYYKOB IMO3BOJAT DA3BUTH WAPOKAA KDYI KCCACHuBaHWi - OT GyHOA-
MEHTaJIbRHX [POCJEM CTpOEHMA Mmarepud I) 10 Takux BaxHeimMX NPWKIANHHX HANDaBJICHMI,.
KAk, HanpuMep M3yueHMe DPalAalyOHHOI'O MOBELEHMA MATEPRAJOE ANA ATOMHOK OHEepTeTHKY
7 YCTAYOBOK TEPMOANEPHOTO CHHTe3a 2). :

3
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Pac.I. MockoBckad Me30HHAs ¢acpara.
I - auseflHufl yCKOpHTEJNP OPOTOHOB.
2 - 3KCHEPEMEHTAJBHHI KoMILIeKC.
3 - HarRONATENP OPOTOHOB.
4 - KOMILIERC HCTOYHHKOP HERTDOHOB,



[IpoToHH CpelHUX 3IHELTAR NOIBOIFET MOJYYATH ¥ MHTEHGUBHHE NOTORM HeHBTDPOHOB.
DelicTraTenr:0, mpR B3amMogedtcTBuE mpoToHa ¢ aHeprmelf 0,6 IsB ¢ BemecTBOM IpoTH-
EeHHO) MPESHE A3 TAREJMX fAfep (poab¢paM, crmaHen) mcmycraerca 10-"2 HeliTpoHOB, H%
HIx Gojee 90%¢ ~ mclapuTeXbHHE, CC cpeiHell sHeprued 2-3 MsB. B ciyusre MMmeHE A3
1238 9uc0 BTODHYHHX HEHTPOHOB OKONC 25, NPMMEPHO MOICAMHZ - HeHTPOHH NeNeHMs.
[IpA DOCTYOHHX HHHE WITEJCHBHOCTAX ITPOTOHHHX IOY4YKOB OT CMJIBHOTOYHHX YCKOpHTeJeit
OPOTOHOB - MEe30HHHX (al)HK Cpernide MATEHCHAHOCTH HeATDOAOB [IOKA ellé HERe 9YeM
JOCTHTHYTHe B COBPEMEHHHX KCOIeXoBaTeJIECRHX DeaKTOpax, ONHAKO BO3MOXHOCTL B3MEhEe-—
HeHAA B WMPOREX OpefesaX BPeMeHHOH CTDPYKTYPH HOPOTOHHOTO iIyiKa, B COOTBETCTBEHHO,
BpeM2HHOH CTPYKTYPH HOTORA HEHTLCHOB OTKPHBAET YAMKAJNbHEE 3SKCNeDUMMEHTaJbHHE BO3-—
MOFHOCTH 3).

$OPMAPOBAHKA RKOPOTREX HMIIYAbCOB OPOTOHOB CPENHMX 9HepIrrZit omApeeTCA HA HMCIONB—
Z0BaHEe NepesapsiHof MHXeKUmu MoHoB H B Hakondresm. [lepesapanHas EHXEKUPA, Npel-
JIOEeHHad B CBOe BpeMd AJIbBApeloM 4) B ocymecTBNeHHas Bnepeue I'.J.Eyoxepom ¢ cor-
CYEHHKAME 5), OTKDHBAeT (YTH HAKOILIEHEA E KOJBUEBHX MATHATHHX CHGTeMaX COJBUAX
UAPKYJMPYDIAX TOKOB JTPOTCHOB (AccATKE amiiep 6)). Hucrpulff BHBOL OPOTOHOB B3 HaKO-
nurens MocKOBCKOA Me30HHO? (ad} KXY Hu BHEIMEK MAWMEH: CO3BOHAT IeHEeDAPOBATE HMMIYJ1b—
CH HeﬁTEOHOB IIHMTENL.J0cTEB 5-200 HCek co cpensell maTeHCHBHOCTHI HelTpoHon B 4 7T
o 6.I0 6i:eta"rp/c.

Ha ©OcHOBE CITYNNYPOBAHHOTO TakyM o0pas3oM I[yYRA TDOTOHOB MOTYT OHTH IOJIy9eHH
EMIIYJBCHHE MOTOKE TEIJIOBHX U PE30HAHCHJX HERTPOHOB LA MccieRoBaHgit mo qusmke
KOHIEHCAPUBAHRHX Cpel (Z43y4eHre YIPYTrCTO ¥ HeyuLyToro pacCedHns XONOMHHX A TeIic-
BHX HefTPOHOP B KOHIEHCHDOBAHHHX CPefaX), YHEKAJBbHHE [0 MHTSHCABHOCTE HMMIYIbCHHE
NOTOKA PEe30HAHCHHX HeATDPOHOB, CHOKTPOME"NH PEe30HAHCHHX HeHTDOHOB HA OCHOBE M-
IyJABCHOIO MCTOUHAKA MOCKOECKO# Me30HHO# $aopmx# ODO3BOosADT PASBATE MUPOX#R KpyT
ACCIeNOBAHMA MapiMalbHHX MPOLECCOB B3AMMOOCHCTBHA HeHTpPOHOB C ANpDaMH B H30JMPO-
BaHHHY pe30HaHCaX M B 00JaCTH MePEeKPHBAMMAXCH YpOEBhel.

IatyabcHult xapakTep HeATDOHHCI'O NOTOKA LPK MAJIOM BHXOXE HEATDOHOB MEeXIy EM-
mysxbcama (B caygae U -238 aror suxom ~ I%,Pb~ 0,717, a mia mamese#f cpemmero Beca,
Hanpumep A3 Mo < 10"5% 3/ ) MO3BOJIET, OpAMEHAA BPEMEHRYD CeJIeKUEm COCHTAft, moay-
vaTh B Xopomux samegmredsx ( D,0 , Be , C ) KeasucTaupoHapHHe NOTOK. Temd-
JOBHX B XOJIODHHX HeiiTDOROB C MANHM BKJANOM HaNTEIJIOBHX E OHCTPHX ('"BpeMeHHan Tel-
JOBAaf KONOHHA")., 3TO OTKPHBAET IOBMOXHOCTH IIOCTAHOBKM TAKAX YHHEKAJIBHHX 3KCIEpH-
MEHTOB Kag OpAMoe KM3ydeHde paccedAnrs HelTpoHa Ha HeftTpoHe, o0HapyXeHHe He#TDOH-
AHTUHeHTPOHHHX ocUmIAIWE 7).

KomiLierc AHTEHCHBHHX AUTOYHEKOP HefiTPOHOB CO3MAETCA HA OCHOBE IByX OYYROB IIpo~
TOHOB (CM.DHC.2), KOTOTHS MOTYT OHTH MCIOJH30BAHH ONHOBpEMeHHO. [lepmHft ITyuOR ~ my-
90K NPOTOHOB ¥3 YCKODHTEJNA CO CPelHMM TOoKOM N0 I Ma, AMemmud BpeMEeHEYD CTDYKTYDY
BBHIE OOCJEeNOBATEr, HOCTH MAKPORMITYJALCOB IJATENBHCOCTED 100 MKC, CJeRYDmAX C 34CTO~
Toff moBTOpEH#a TU0 reptl, 3TOT OY9O0K MomalaeT B HEATDOHHYD MUNEHb KBA3HMCTAUAOHAD-
. OT0 MCTOYHMKA TEILIOBHX ¥ XOJNONEHX He#TposoB (pmc.2,3). Bropo#f mydok, crpynmApo-
BaHHHR B HAKONMHTEJe C nepesapAmdof uHxexuue#f B OMHOOOOPOTHHM BHBOXOM (pAc.I), B
DT GOGAENOBATEBHOCTA MMITYABCOB LIATENBHOCTHD 5-200 He (I00—400 repu) £pr cpen-
HeM Toke mo 500 MKa,nonazaeT B HEATPOHHYR MEWEHDH MMIYJLCHOTO MCTOTHUKA HeATDOHOB
(puc.2,4).
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Prc.2. KomIiexkc ACTOYHUKOB HEATPOHOB.
1 - kBaspcTalMOHADHHE HCTOYHUK. :
TEILIOBHX ¥ XOJOOHHX He’TpOoHOB. ;
2 - MITYAbCHHM KCTOUHMK HEWTDOHOB. ;

A —— A
; LI'&T}; )

Fuc.3. Kpasucraudodap it meT wHpkK
TEILIOBHX ¥ XOJVIHHX Helrnonns,
I-HellTpORHAA MHUWEHB. 2-~TAKE) )=
BOL BaMEWATSib . S~ KAIKOLL P~
TEPKEBNI 3aMEIUTENS.

B MMIIyJibCHOM HCTOYHUKe HERTPOHOB HaDATLy ¢ UMIYJhCamy [[POTOHOB, CTLYINAPOBAH:H-
Ml B HOKOMUTEJNE MORET [ICHCJAb30BATHECA MMKLOCTPYKTYDA NDOTOHHOTC HMyIRa. GoDME pyHIk
AcAd B JEHe#HOM ycKopaATene. MMOYJIBCH MMKPOCTPYKIVDPH MMmewor jngreasHoors 0.2-~0,3 HC
n caemywr ¢ vacroroff 200 MIu B Mpemejax MMITYyJLbCa MAKpPOCTDYRTYypW. Mg BpoMAa--nposleT-
HHX HcCCJeNoBaHH# OHM MOTYT GHTH MCI(OJIB30BaHH LOCJEe CEeJeKUKH, Hpy YacToTe HOBTOpE-
H¥a o 200 Kru, 4TO, €CTeCTBeHHO NPRECHET K COOTBercTBymulei#t morepe cpemHelt MaTeH-
CHBHOCTH,

Ofa #CTOYHAKRA pACNOJATANTCA B LAJMHApPNYeCKEX OOrcaxX pansandoHHOR 3amATH n3
cTa 5 (eTOHa (puc.D) M "mpocmarpmpanTcA" cucTeMoff KARAJOB, CHACKEHHHX MEGEepIM
TUIBOTHHHOTO TYIA.

KsaspcTausoH4pHs#t MCTOYHAK TEIVIOBHX & XOJOIHHX He#TpoHOB (pHc.3) BKINYAET BO-
TouxNaXIaeMyp HeJTpOHHYD MEMEHP BBHIE ILIOTHOff YIAKOBKA CTepXHelf H3 eCcTecTBeHHOI'O
ypaHa B aJMAHMEBHX OCOJOUKAX, TAKEJNOBOIHLNA 3aMenJITeJh 8 AJMOMHHEEBOM CaKe, Xnd-
ronefiTeprenu#t 3amentuTess. KRMKonefTepAeBult 3aMeIuTENh MPOCMATDABAETCA MAPORO—
anuepTYPHHM K4HAJIOM 3KCOepaMeHTa NO oCHApyXeHMD ocuwuiauu#t HeRTpoH-aHTHHEATDPOH,
KajaJloMyl IiA MCCJICNOBIHAR ¢ XOJIONHHMZ ¥ YJBTPaXOJONHHME HefTpoHamm. CxBO3HOH#
TaHTeHUHAMbHES RaHAJA MO3BOJAT TPOBOAMTH MCC/AENOBAHHA B MHTEHCHBHHX MNOJAX TeILIO-
BuX He#TDOHOB B TAXEJOBOAHOM 3aMeIJIATEVIE.
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[ipa Toxe mporoHoB (0,5 ma pacyer—
KOe 3Ha4YeHWE .JMOTHOCTH HOTORA TEIIOBHX
He#TPOHOB Ha_JiHe JKCICPAMEHTAJbHOr0
kaiaa ~ 3, 1010 Heﬁ'rp/cm‘c IWIOTHOCTD
NOTOKA XOJONHHX Hel#iTpOHOB Ha cBeTAuel
NOBETXHOCTA XOJOIHOTO 3aMEIJIATeJis
~10%3 Hetrp/emic P 9dPEeKTHBHONi Tem—
nepatyp: ~ 30K.

Opm 5ToM OJHOE TEIUIOBHIRJIEHNE B
HefiTponHol Mumerr I MBr, B Tsxegol
eofle ~ 40 KBT, B XOJOIHOM 3aMelJInATeJe
~0,5 KBr,

Telwto, BHIENIAEMOE B MNIEHH OTBOIMTCA
I Bogof ¢ BxomHo# Temmeparypol ~30°C,
neperamueil TemIo Bolle sTOPOTO KOHTYEA.
/ MrHOBeHHasa AKTUBHOCI'E BOOH NMEPBOTO
/ KOHTYpa onpeZessieTcs Bl3amMolefcTBAeM
OPOTOHOB # HEeETDOHOB C KMCJC DOLOM M
CHRJIAIHBaETCA H3 AKTNBHOCTn TDUTKA
(12,3 xer) Be’ (53 mua), ¢l¥ (20,5mmn),
8710 ), 015 (126 o) n ¥ L
(7,4 ¢). CymvapHasd HaCHUEHHAA aKTB-
N HOCTh BOLH DM HOMHHAJIEHON MOWHOCTIS
ycTanoBkA ~ 0,85 Kipu/MMT: mia o0bema
Y : I-ro KOHTYpa ~ 2 M°, ODUMEPHO NOJOBA-
3 HY BHOCHT TPHUTMI.
Temnno,BHICJEHHOS B THAREJION Bole OTBG-
IMTCA BO BHEMHEM Temjoo0MeHHuKe., Xoion-
HHit IejiTepueBHii 3aMelUiTEJb oxJakiaeT-
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Puc.4. mmym,ctmn ACTOLIRAK '{?ﬁngHOB' CA 3a cUeT KOHOEeHcaldy Mapop HefiTepus
opka creprHeit ua U - .
( pama, gnaiepxum BaMe IULi- B TelWwlooOMeHHuKe, ofmyBaemuM IbK-Tesu-
TeJb . S-HUXHU] B3aMelInTeNs. €M OT XOJIOLMJNBHOX yCTAHOBKHM, paduram—
g;ggg”“e KOIEKTOPH . S—-3amATHaA meft B pedpuEEepATODHOM pemuMe.

MITyabCHEE MCTOUHMK HeATPOHOB 8) BRIKNYAET MUMEHb-COODPKY H3 ypauoBHXx (BoIbdpa-
MOBHX) cTepEHell B AMKMMHASBHX OOOJIOYKAX, OXJAKIGEMyD BOLOK, M CHCTeMy 3aMeIATe~
Jeii, JIerKOBONHHe 3amelIMTesy MPUMHKAT K "BepxHeit" ¥ "HuxHe#t" moBepXHOCTH Mulle-

n (puc.4). Tonkuft (~ 2 cM) "pepxHufl" 3aMelJIMTEJ: CBETHT B KAHAJH M HeATPOHOBOMM
DE30HAHCHHX M GHCTPHX HefTpoHOB ¢ MakcHMantHoft mpojeTHo#t Saszoli~ 500 M, mHXORAUME
U3 30AHMA SKCHEPAMEHTAJIEHOTO KOMILLZKCA. JTH Hel{TPOHOBOOH CHAGREHH NPOMEXyTOWHHMA
naBusibonaMi, HumHuA 3aMelIBTe b, TOMQUHON 6 cM, mpelmoJaraeTcs HCIOJB30BATE B
9KCOeDHUMEHTAX C TEIUIOBHME X MeLleHasMd He#TpoHaM#. COOTBETCTBYWIIHE KAHANH BHXOLAT
B 3KCHeprMeHTaJbHHI 3aJ.

[IpenycMOTPEHE BOBMOXHOCTE MCHOJB3IOBAHAA XOJORHOTO REIKOBOLOPOIHOTO 38MELAAT2~
JA, JeTKOBONHHX 3aMeluTesel, OTpaBIeHAMX KaiMueM, orpaxaresefl samerrareselt. Ma-
meHp H CHCTEMA 3aMelinTeqefl MMITYALCHOrO ACTOYHMKA HEUTPOHOB pacmoJaraeTCs B Ba-
KyymHom 6aKe B HOJNOCTH 3ammTH (puc.5).
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EARIN - A SEALED HIGH POWER GENERATOR TUBE OF 14 MEV NEUTRONS FOR RADIOTHERAPY ,
ACTIVATION ANALYSIS AND NeUTRONIC APPLICATIONS

K.A. Schmidt
Fernforschungszeatrum Karlsruhe, Institut fir Kernphysik III, FRG,

aAbstract:

A 14 MeV neutron generator tuve baeed upoc the d-t-fusion reaction from a 150 mA mixed
deuterium-tritium ion beam (22 atomic) accelerated onto an iaternal 200 kV Scandium-
tritium~deuterium target has veen developed., The tube .- constructed as a compact,
closed glass-ceramic-metal sealed UHV system. It contains about 500 Ci of Tritium aamd
nas a life-expectancy of several hundred Lours due to sputtering-through of the target
sheath, The source strength is 6.5x1012 neutrons/sec,

The average rlux inside the central hollow target cylinder is nearly isotropic and very
homogeneous in a volume of up to 30 cm3. This irradiation site, naving a saddle point
flux distribution with more than 5x1010 N/cm2 sec is accessible Ly a 1" diameter rabbit
system. At the GKSS Ibstallation "EKORONA" a very tast (120 msec) rabbit-system is in use
(since 1980), which allows repeated activetion and counting of fast decaying samples,

Clinical radiotherapie with fast Neutrons at a kerma dose rate of 20 rad/min is performed
at a distance of 100 cm from the target ceater, 20 cm outside of a 70 cm long collimator.
Optimum collimation is acieved by avoiding self-shielding of the target structure by
using a target shaped into a truac. ted cone with its apex on the collimator axis in the
direction of the neutron beam, the apex angle being chosen according to the maximum size
of the irradiation field to be used. A movable isocentrically mounted radiator head
sbield wita exchangeable collimator inserts is provided at the radiotherspeutic installa-
tions at tne DKFZ Heidelberg (1977), Ziirich (1980) and Miinster (1984).

The Neutron source at the "LOTUS" - Fusion-Figsion Hybrid Test Facility (1984) at thne
ETH Lausaune 1is provided for by an unshielded version of the medical tube KARIN,

Operational experience with the KARIN-Ingtallations 1is presented.



DESIGN OF A 1072 n/s COIP.ACT NEUTHON GENTRATOR

Sun Rlebe
Institcte of Nuclear Research, lLanzhou University People®’s Republic of China

This g-~arator will give a neutron yleld of 1012n/s. It will be used mainly in the
experiments of neutron physics and the applications of tne nuclear techniques. In the de-
sign progrsm of this generator #e have advpted the Duoplasmetron lon source, high cur-
rent sccelerating tube, symmetrical Cockcroft-wWalton type voltage multiplier circuit, io-
termediate frequency power supply with the thyristor inverter, rotary target. Meantiuc,
we plan to use 0illess vacuum pumpiag system and tritium purgation facility, A computer
control system is used for the generator.

Design parameters of the generator are as follows

1 Neutron total yield (2-1)x10"20/6

2 Deuteron beam energy 300 koV

3 Target current (direct) 20 mA (unanalysed)
& TT1 target diameter 200 om

5 Rotating target speed 1100 rpm

It is expected that tiie generator will come into all~-sided operation by the end of
1985.
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THE INTENSE NEUTRON GENERATOR CONCEPT IN DEBRECEN+
T. Sztaricskai
Institate of Experimental Physics, Kossuth University, Debrecen, Hun7a:y

An intensive neutron generator based on a 30 mA duoplasmatron ion source and
a 200 kV high voltage power supply is under construction at the Institute of
Experimental Physics in Debrecen. The neutron generator shall use a single jup
acceleration tube, a quadrupole quartet focusing system, a Wien-filter tyre beam
selector and a rotating disc titanium target. The ion optical system makes it pos-
sible the use of the accelerator as a charged particle low erergy accelerator up
to neon ions. The paper delivers a short survey on the design concepts and the
present state of this accelerator.

Introduction

12 1

The intense (210" “ns_

tron therapy, CTR material program, hybrid reactor studies. Their use in the fast

yield) 14 MeV neutron sources are mostly used in the neu-

neutron activation analysis, 14 MeV neutron cross section measuring laboratories
are not typical, but they have more advantages. These generators as a low enzrgy
high current accelerators can be used for the study of nuclear as*trophysical reac-
tions, charged particle blisier ng and low energy heavy ion reactions too 1>.

The intense neutron generator under construction in D-‘brecen shall be used as
a charged particle accelerator for low energy heavy ion reaction, CTR materials
blistering studies, nuclear astrophysical reaction cross section measurements and
as a neutron source for the measurement of the 14 MeV cross sections and in fast
neutron activation analysis too.

The preliminary studies of the neutron generator project 2,3,4> have been shown,
the economical and labour situation of our small institute allows only well orga-
nised more year design and construction. The constructicn of the generator has been
planned in the next steps:

A/ The duoplasmatron with the einzel lens on the high vacuum system forming an
ion source test stand

B/ As in point A with addition of the acceleration tube, high voltage terminal
and power supply and a target

C/ As in point B with addition of the ion species selector, quadr'pole >auses
and the rotating tritium target assembly resulting an 10-20 mA, 200-220 kV charged
particle accelerator and an intense neutron generator.

The system in state A can be used as a low energy high current accelerator in
the 0-50 keV region for charged particle blistering investigations on CTR const-
ruction materials. The state D makes it possible the testing of the designed target
assembly construction and to use it as a reutron generator e.g. for health physical
measurements on shielding materials and for fast neutron activatlon analysis. The
state C is a complete intensive neutron generator with analysed beam wich can be
used not only as a 14 MeV neutron generator but as a low energy high current
charged particle accelerator for low energy nuclear astrophysical and heavy ion
reactions study too.

*mhis project is supported by the IAEA
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The ion source and the acceleration tube

The ion source used in this design is a commercial DP-30 type duoplasmatron,
manufactured be the High Voltage Engineering Co. The DP-30 delivers up to 20 mA of
ion current, 60 % monoatomic ions 5 >. The DP-30 with the built in einzel lens gives

3 rad Hevo's. The study of the ion optical parameters of the

an emmitance of 6.10°
ion source has been done by a personal computer based measuring set-up 6>, The
original filament, like the one in the OCTAVIAN project 7>, has a too snort life
time, so an alteration 8> was needed. The structure cf the duoplasmatron with

einzel lens is shown in Fig.l.

Fig.l.

The DP-30 duoplasmatron with
the built in einzel lens

According to the emittance date of the DP-30 duoplasmatron, the working area
of the planned accelerator is placed in the vicinity of the border separating the
areas in which the emittance and perveance plays a leading role respectively.
Consequently, the space charge effects can be considered as a slight perturbation.
The designed acceleration tube meets all the basic requirements summarized in 9>.
The tube represents a single gap immersion lens placed in a homogeneous acceleration
tube, like at the pre-injector of the CERN PS-LINAC 10>,

The construction of the accelerator tube follows the arrangement of the Chalk
River generator 11>, The homogeneous field acceleration tube design uses the glass-
metal technology and the mechanical construction of the single gap immersion lens
enables the change of inner electrode configuration in the case of an eventual
trouble which might appear. The inner conical electrodes of the homogeneous tube
are easily replacable without unjointing -he glass-metal bond. The calculatad
conductivity of the complete tube for D, gas amounts to 3100 l.s-l. The accelera-
tion tube, the quadrupole focusing unit and the vacuum connection of them is shown
in Fiqg.2,

Beam handling and transport

For compensating the space charge effects in the beam emitted by the duoplas-
matron and accelerated by the occeleration tub2z2, a quadrupole focusing system has
been designed, The selection of ion species and a mass analysis of the beam is
planned by a Wien~type velocity filter.

The electron optical calculation for various electrostatical quadrupcle arran-
gement. have been described in 9>, The stigmatic focusing and high optical flexibi-
lity the simple power supply (max. 20 kV, twin unit), of the two parameter (symmetr-
ical) guadruplet have been preferred for the construction. The chosen version "is
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shown in Fig.2.

) IC” 3 |P‘ Balds

] !

Fig.2. The acceleration tube and the quadrupole lenses

The Wien-type velocity filter has been designed as a beam analyzer to be used
up to the ion masses of 20 a.m.u. Thcree version have been calculated with various
characteristics. The final version of the configuration shall be chosen on the
basis of experimental determination of ion optical characteristics of the accelera-

ted beam. A schematic representation of the Wien-filter is shown in Fig.3.

Fig.3. A schematics of the Wien filter planned to use as a beam analyser

The space charge effects has been neglected throughout the calculations on ion
optical elements of the accelerator. A rough estimation of beam expension based on

the fcrmulae of Green 12> showes the space.charge expansion will not be caused
serious troubles above energies of 100-150 keV 9>.
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‘'he rotating target

A thick copper disc rotating target, diameter of it about 20 cm, similar to the
Multivolt Limited of Crawley series RTH targets is mnder construction. These targets
have a maximal loadibility of 3-8 kW cm_z and the total tritium activity of them
aie about (11-19)10128q. The half 1ife of the targets are about 300 hours at a
load of S kW cm-z load bombarded by analyzed beam 13>, The rotating magnetic
ferrofluid seal in it allows a speed up to 30 revolution per second 14>, A schematic

view of the planned target is shown in Fig.4.

SCHEMATIC VIEW OF " OFWC COPPER ISC
OISC TARGET ASSEMBLY .

Fig.4. The schematics of the target assembly

The most important problem connected to the target assembly is the lack of the
tritiating company for our Amzirk equivalent oxigenfree target backing.

The HV power supply and the cooling system

The acceleration voltage to the generator will be produced by a Heafely 200 kV
40 mA high voltage power supply. The ripple of this power supply is smaler than 1lkV
at maximum output voltage and current., The high voltage can be requlated hy the
motor driven variac from zero to 220 kV. The power supply is overcurrent and over-
voltage protected and withstands the direct breakdowns and short circuits, The power
consumption of the high voltage power supply is about 17 kW at full load.

The duoplasmatron and the target need two closed circuit cooling system. The
duoplasmatrons power consumption take-, about 1.5 - 2 kW and the target load shall be
about 3.5 -~ 4 kW, The cooling machine is capable for cooling up to 7 kW. The duo-
plasmatron cooli g water should be controlled fcr a 3-5 Mohmcm conductivity. An
ion exchange coucuctivity control system, similar to the one used at the Haafely
sealed tube neutron generators 15> is under design., The separate closed circuit tare
get cooling system will use an adequate on stream detector for r.eutron yield
monitorization,
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Vacuum system

1

The main vacu system of the generator consists of a 2700 l.s™ " diffusion

3 h-l

additional vacuum system is planned at the rotating target because thc conductivity

pump with water and liquid nitrogen traps and a 40 m mechanical pump. An

of the Wien-filter does not allow the appropriate pumping speed. The vacuum system
of the target assembly consists of an titanium ion getter pump, a primary pump with
the additional valves and vacuum guages to connect and to separate teo and from the
generator and the exhaust system.

The generator hall and the health physical aspects

The expected source strength of 1012n s-1 of the generator needs a proper
shilding. The lack of the places in the institute and the minimum 2 m of thickness
of the concrete walls suggested to construct an underground generator hall. The
planned generator hall has an area of 8.8x4.8 m2 and its height of 4.5 m. The floor
has been built at -7 m, thickness of the ceiling is 0.8 m of concrete and 1 m of
soil up to the ground level. The removal cross sections of the all construction
materials has been measured during the construction 13). The horizontal plan of

the generator hall and the controlling room connected to it is shown in Fig.5 16>.

The construction of the building finished in 1984.

? B-B8 SECTION
S AEe S GROUND LEVEL
------- -4 HORIZONTAL PLAN W oo orerrers e B
f‘ A_k/j -15¢ FLOOR
S 4 CIONTROL
MACHINE ROOM
ROOM
e | 22222
27l / / MACHINE ROOM
e 2 Jjc: 7 HE. [ S
A ey
R ,/// /AENTRANCE /
L'i o LANDING 4%
' @382 ’ ' 012365m
CONTROL ROOM ! e
ey NN
| 912 3 ¢S l-,Sm
- 7 B Y .

Fig.5., The plan of the underground generator rooms

The machine room is heated by air, the speed of the air exhange is five times
per hour, The exhaust of the vacuum systems and the target storage are connected
to two ventillated 4" tube. The air outler ard the two 4" tube are led through an
underground ventillator room to a 16 m height exhaust tower., The filtering and the
sample taking (in the ventillation systems as well as in the water wast-pipe) is
possible. The door of the machine room is manufactured of stainless sateel. It is
- .ter filled and pneumatics operated.
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J. rivard, 5. illavdé, ?. CbloZinsky, I. [urzo, V. Hatousek, R. Lorencz and

—e« oostal
-nstitute of rhysics, Electro-rhysical .lesearch Cenire of tine Slovak Academy
oi Scisnces, tdZ 28 Zratislavea, Tzechoslovaikia

n

acstract: An intense neutron source bascd on & 2C mi duoplasmatron ion source
and o 300 kV high voltage pcwer supply is under construciion at the Iastitute
of ¥hysics in sratislava. The veam generated in the ion source is separated cn
o nigh voltage potential level. A 20° maznet as a beam selector, an electiro-
static air insulated accelerztion tube, 2 guadrupole triplet focusing system
wnd a rotating target will pe used in the sgystem. The paper gives a short sur-
vey on the design concept and the present state of the intense section of the

accelerator.

1. Introduction

.fere has been a steadily growing interest in intense neutron sSources in
thi2 hast decade probakly mainly stimuleted by fusion material research, radio-
trherapy and 21so nuclear physics /1/. At the Institute of Jaysics in Bratislava
o lcp=by-step development of o zultipurpose intense 14 12V neuatron source /2/
has teen unde.” way.

’he intense zection of the scurce should te capeble of producing 30GC keV/30
vt of &« ceparated U lon beam. With such a team and a fresh target a neutron
yield of 1O12 n.s'1 for a beam spot of 1 cm2 and a useful target life-time of
ncoud 10 h can be expected. ‘

~
The dc¢ zezction has been designed to produce a neutron yield of up to 1Oh

-1

n.s ' and the fast pulsed section will pe capable to renerate a compressible p*

ion beam ¢f up to 1 n3 on a target sport.

In the present paper the design cuncept of the source, recent developments

znd status are reported.

2e heutron source design

The preliminary staze of the design was discussed in ref. /2/. Wow the fi-
n2l staze of the design has been reached,

2he scheme of the neutron source 15 in Fig.1. Deuterons are extracted from

the plesma of a duoplasmatron ion source., The beam from the duoplasmatron ion
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sgurce passes throusgh & dou-

ble focusing magnet placed
45T PRLLL TECTIOB L, 3 BN & ¢ |

directly on the high voltasze

terminal. The magnet is de~

ol

n
»
3
N ‘!' +
I cigned for the »° separation
B
N -]

(s

frem molecular ions, allo-
wing the acceleration tube

and the beam transport sys-

tem to be o, timized for a

sinzle species. A sufficient
conductznce path is nrovided

2 i From tre i s to the
Zi7.1. Layout of major components of the neu~ from tre ion source to th

tron source. 1=-lor source, Z2=colunn re- acceleration tube and an
sistors, 3-=cgceleration tube, 4-main vac- 50 1.5—1 eir auxiliery pump
uin system, 5- beum corrector, o-gate val-

ve, T-quadruncle lens, 6-moaitor, J~static is used to pump the ion
seam meaitor, 10-target chamber, 11-auxi- source sinulteneously with
lisry vacwuin system, l12~water-cooled tar- tre

get, 13-water cooled slit, 14-beam profi-

2aln vacuwn pump. An

: 4 . . Einze ens is i ei t

le monitor, i5-rotatinz target chamber, Einzel lens 1s includ °

1o=-anz2ly sins-switeninsg maznet, 17-chovper, meet desirakle focal nroper-
, e A 5n0

15-351it - pnras -3C" mars -

16-51it, 10-diapnrasm, 20-2C snet, 21 ties of the accelerstion tu-

tuncinin: syscten, 2:z-pick-un system, TC=-

o . . 5 ‘h ot necessary molecue

tnermocouple gausse, IG-ionization gouge, Je. whe n J

I7 3CC=isolating transformer, HVT-high lar ione, the ecnergetic neu-

voltuge terminal and lVFO-high voltage tral fraction and oither un-

TOWer supnlye

wanted gnses prcduced by the

ion gource should te removed from the hi~h field region of the accelerator co-
Lrne ‘he finnl deinills hnve been finished.

iiter acc2leration the beam will be directed either to the rotating target

cection or to the dc and fast pulse sections.

P

3. .eceat developnents nad status

3ete LIGH VUialh vodui SUPFLY

The major components of the hish voltaje power supply have been supplied
by Ui dresden (LeBeiransformer and Roentsen Plant), The scheme of the sgupply
torether with a cappacitor battery, water resisiors mnd a stonbilizer are shown

in Fi;«2. fhe supuly has been constructed with respect to a lonz operation at
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a¢ mA/ 29° or 30 mA/35°C. The

high voltage is regulated by a

motor-operated regulating transfor-

mer. The ripple factor of the sun-
1 2 3, i sl ply is 2.5 . The capacitor batte-
’ Mwvoc ry consisting of 12 capacitors

(1.5 G'F/BO kV) is addad in order

to ottain better peremeters of

the system. We are atle to reduce

!
e
= the ripple factor tco 15 by use of
0 = such a capacitor bank. loreover,

the whole system will te stabili-

m It 3 e
Fiz.2. Scheme of the high voltage powecr sup~ 2€ds The test of & similar sta

ply. 1-rezulating transformer 3Cgs bilizer /3-4/ showed = long term
16/38C, 2-high voltage transformer
RECI (%) 25/3¢C/C, 3~Se rectifier,
4=-resistor, S5-nultiplier capacitors,
6~-protective resisior, 7T-discharger, the reference voltage system. The
&,9-water resistocrs, 10-Ligh voltage
cable and terminal, 1i1-caepacitor batte-
ry, SPS~stebilized power supply and
HVS-high voltage ~tabilizer, terminael, They are interconnected

statility of 0,15% in 6 n caused

mainly by thermal fluctuztions in

high voltege nower supply is se-

parated from the neutron source

through a water resistor with a high voltage cable. A sultable water resistor
and ceble terminals have been constructed to prevent a breakdown setween the

polyethylene isolatiin and the lead cable covering.

3.2, HIGH VOLTAGE TERMINAL AND ION SOURCE

A high voltege terminal of a 3.4 m2 surface and a 0.90 m height will con-
tain the ion source and the assccieted equipmen’ <, The propoged arrangement of
the ion beam optic elements on the h.gh voltage terminal in configuration with
the duoplasmatron ion source 1s shown in Fig. J. Power will be supplied by the
isolating transformer IT 300 /5/. Its development has been completed and the
tranaformer is at present being operated by the old neutron source configira-
tione.

The ion source selected for operation in the intense saction of the neu-
tron source is a modification of the duoplesmatron source developed at Vakutiro-
nik Dresden (N.E. Vacuum Electronic Plant). The preliminxry ion source tests

have been performed, It has been shown that ome can achieve the expected 20 maA
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beam at an apnroximately 4C kV
extraction voltage. The tests did

not include the 2¢° double focu-

cing magnet,

ke acceleration tube has be-

en supplied by the Institute of
luclear Research, Warsnaw, In ad-
dition,; the production zocumen-

tation concerning the multiple

series of resistor blocks (10 NV
3C kV) built intec an oil-tilled

Fige3s Scheme of the high ve'rtage terminal. insuleting box, has been given to
1-3C0 kV equipment deme, 2-5C «V duo- 4o workshop of our Institute.

plasmatron dome., 3=solenoid valve, 4-

cathode feedthrough, 5-cooler, 0-Pd

velve, T7~holcer, £-ancde, 9=-aluninium Je3. BEAVN IRAGSPCRT

oxide ceramiec, 13-50 kV feedinrough,
11-ecnalysing=-focusing magnet, 12-beam
monitor, 13~acceleration tube, 14- accelerator components have becn

The optical properties of the

15=1 tio et . .
feedthrough, 15-ion sorptiocn pump, calculated taking into account

SP=-sorption pump and IG-ionization

gauge. the effect of trhe beam space char-

ge. The SLAC electron trajectory

program wes used /6/. The celculations are iterative for beams with self-Tields.
Using the finite difference method over & regular square mesh with succesive
overrelaxation, the electric fields are calculated first from the given coanfi-
guration of the electrodes and their potentials. Then the rays representing the
beam are traced through the calculated fields. The space charze distribution

Tfor the next iterstion is calculated from the ray trajectories.

Beams of various intensities within 10-20 mA have been traced. The ray tra-
cing through the Einzel lens system is shown in Fig.4, The current density at
the end of this gystem is not :onstant but depends on the beam radius. An slmost
laminar beam is obtained when the ratio Ufoc/Uext~ 0.8, where Ufoc’Uext are the

focusing ard the extraction voltage, respectively, For the higher U the

foc!
stronger the focusing is the strcnger is the ray crossing. The focusing action
of the entrance part of the constant gradient acceleration tube is shown in
FigeHs The beam emerging from the acceleration tube is nearly parallel., Its
diameter is # 1.5=2 cm. The value depends on the focusing and the extraction

voltage, Our calculations show that the space charge effects of the accelerated
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iZede Ray tracing tinrourh the Jinzel Fiz.5e Focusing action of the ertrance
lens system. 3cam curreant, part of the’ acceleration tube.
energ, of deuterons and focu- Beam current and accelerating
sing voltage are 18 m4,5C keV volta~e are 18 mA and 3.C kV,
and 41 kV, resrectively. Bqui- regpectively. Whole sysvem is
potential lines are superim- axially symmetric around the z
posed on ion trajectories, Thre axls. Description of axes (z,r)
whole system is axially sym- ia given in mesh units, One mesh
nmetric around the beam direc- uniiv is 2.5 mm.
tion (z axis). Deacription of
axes (z,r) is given in resh veon. are already small, Then, one can

unitse cne mesh unit 13 2.C mme  poong guch a beam by a magnetic focu-

3ing system using either a quadrupole multiplet or a sclenoid.

Znvelope calculaticns for the beam transport in the de¢ and the pulse sections

have teen given in a previous paper /2/.

LEY,

Lo

3eb4e ROLATING TARGED SY

|

For the intense section of the accelerator a rotating target 1s being consi-
dered., Its preliminary version should use 16 pieces of P 4.5 cm TiT targets /7/.
A detailed scheme of the rotating target system is shown in Flg.6. The targets
elementis are located on a rotation disk. The ring shaped target contains a total
of 15 IBq tritium. During target cperation, the target is cooled by water let
into the centre of the rotating target assembly to a cavity wherefrom'it is sup~
plied to eight @ C.5 cm channels., Two targets are connected to one channel. Our

design assumes that waler consumption would be lower than 70 1.m1n'1.

The rotor is moved in a vacuum of 10~2=10"% Pa. It 1s separated from the

high vacuum by special "O" rings sealing. Simmerings separate the vacuum chamber
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' from lhe outside environmen
placed tetween the rings and the simmerings

/ is punped by a differential pumping system.

The target chamber is pumped by an ion pump,

The rotor is supported by two high precision

P

7 -

ball bearings which allow only a small free

A vy
o

7s

vibration. Ve expect that the bearings will

be suitable for target .perations at eny

R

gpeed of up to 110C »pm although the neces-

{ ;M;’ & 'V@ sary target revolu.ion rate for the neat
) T s 2
).

dissipation of 1.5 kW.em © is about 35 rom

0 Qaosm
[ /8/ .

4t pressnt the documentation concerning
Fig.5. Oetailed schexme of the rota-

ting target. 1-"V"belt, 2=
»ulley, 3-~beam tube, 4-iso- vered to the workshop of the Institute.
lation supoort, 5-bearings,

the rotating tcrget asserhly has been deli-

6-simuerings, 7-ring, 8-tar- 4 5 1oy scyRcy ZLECIROLICS AND CONTROL
get, 9-support, 10-sealing

3YST
"rings", 11-rotor, 12-water SYSTEM

channels, 13-stator, IP-ion
pump, Df-differentiel pump
and li-electric motor. plies for the duoplasmatron ion source have

Documentation concerning the power sup-

been desizned and delivered to the workshop of the Institute, Ion extraction

ciould be performed by the 50 kV potential., For this reason two transformers

aave been developed, One provides the 50 kV d.c. voltage and the 3.75 kVA power
for the extraoction source, The other the isolating transformer IT S0 for the 5C
kV potential and the 2 kVA power, should transmit the mains for the rest of the
duoplasmatron power supplies. The transformers of about 150 kg and 80 kg weight,
respectively, are put into insulation cylinders made of laminated paper and fil-

led by inhibited transformer oil.

The elestronic control system hes been developed. It should maintain the
accelerator for the required operation regime. At the first stage, however, it

shzuld allow an easy setup of the sources placed on the high voltage ‘terminal.

A block scheme of the system is shown in Fig,7. The hardware was designed
according to CAMAC specification, The main control modul is an intelligent crate
coniroller based on a 8080 mioroprocessor /9/. The syetem is capable of contro

ling about 20 analog and 100 digital quantities. This corresponds to a total
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information flow of about 250 byt.s'1.
This fact allows to use the microproce-

ssor with a throughput of about 50 kbyt.

g in a real time control application.,

Sensors and contrcl elements are pla-

ced on different potential levels (C, 300,

35Q) kV. They are interconnected by fiber

ovrtiz c¢ables, In order to eliminate & ba-

lance of the analog signals 2 pulse-dura-

<ion modulation is used.

Iilie7e« Blocii cchewme of the ion source

. T hardwar ne int i
electronics und control sysiem The hardware of the intelligent crate

ol the intense source section centroller for the system has been com-

pleted and tested ot the J. LR Dubdna. Jhe soitware will be desizned with respect
to initieting, to the control alroritim, to overator-aided resetting and control

in traakdown situ=ticns,.

3e60 VacUdu SY¥S .

T"he system is constructed of stainless sieel., Conflat flances and cooper
~ocket seals are used tnrouchout taoe hish vacuun side. In solenoid valves VITCH
rings and in the terget chamber aluniniuwn wire-rings are used. The high vacuum
part 1s bakeuble,

1 diffu-

Tre main vocuum unit has been completed. It is based on a 2CC0 1.8™
sion pump with water and liquid nitrosen traps, two sorption Zeolite pumps, a
foreline trap and a mechanical pump. The ZGZ 100 and the 1z S0 ion pumps produ-
ced by High Vacuum Dresden and Leybold-i:eraeus, respectively, will he uscd as

suxiliary vacuum unitse.

At present the control uait of central vacuum system has been designed and

delivered to th~ workshop of the Institute.

3¢7e 13U 'RCN SCURCE CELLS

The orizinal floor plan /2/ for the accelerator has not been changed. Sui-
tatle doors for the scparation of the accelerator rooms and the vperating room

have been assembledw.

4, Conclusion
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The next steps in the construction of the accelerator should be es follows:
The complrtion of drawinsc and the assenbling of 2 high voltage power supnly
(19€4); putting into opersztion the main vacuum svstem, the acceleration tuce and
the new high frequency ion source and to obtain the sirength of the source of
1010 n.g~? (1985); to put into operaticn the duoplasmatron ion source on 2 hii:
vacuwn level (1966); forming the intense section cf the accelerator (1387) ans

achieving the fully operating level of the intense neutron source (1922).

The authors wish to thank Inz. L. Luby,Dr3ce the director of the II Zi30 UAS
and Dr.l.Blazek, Dric, for their supnort and kind interest in this work., Loy
wish to thank Ing. K.idlekk, Ing.B.Bajcsy, P.Rovny, E.Cerva, Ing.L.Fekete und J.

Vatiovéd for technical help.
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DESIGN OF A MULTI-PURPOSE INTENSE NEUTRON GENERATOR

P. Bckstein, P, Gleisberg, H., Helfer, R. Krsuse, U. Jahn, E. Paffrath,
D. Schmidt, D. Seeliger
Technische Universitat Dresden, Sektion Physik, DDR-8027 Dresden

A.I. Glotov, V.A, Romanov
Physics and Power Ianstitute Obnibsk, USSR

1. Introduction

There ars several auclear reactioms for neutron production, the mos*ly used ones producing
intease neutron beams are shown in Table 1. Assuming an incident particle current of 1 mA
neutron sourc2 strengths between 10" end 1017s°1 could be obtained. The well known DT-
reaction is not the best candidate in this sense, tut it shows two remarkable advantages:
a very narrow spectral distribution near 14 MeV (™monoenergetic neutrons®™) and the lowest
technical requirements and costs for acceleratcr instrumentation. There are some quite
different possibilities for the desigu of intense DT-neutron sources, The mostly used type
is the pumped small accelerator consisting of the maim components source, acceleration
tube, target, vacuum system. This generator type shows the greatest variability with
rospect to intensity variation and adaption to specific utilization. Table 2 shows the
parameters of some typical pumped intense DI-geuerators which are under operation with
emphasis on high intense machines, The aim of the present work was the counceptual design
of an intense DT-neutron generator (ING) witnin the intensity range (1...5)10123—1

basing on the experience of existing machines of this type (as far as avallable from the
literature), already existing components and techmological equipments in both imstitutes
as well as oo the posibilities of modern electronicsl circuits. In the following the main
components of the resulting concept are characterized in some details. As far as the
project of the Technical University Dresden is concermed the name INGE-~1 is used.

2, The general scheme of the intense neutron generator INGE-1 proposed

The general arrangement proposed for the gemerator INGE~1 is similar to that of the RINS-I
weutron source /1/ and oiber geueraior projecis /2,3/. The wala componeats of the osustron
generator are shown im fig. 1 with respect to their location., The high voltage terminal
(1) is isolated from ground potential by ceramic imsolators (2) up to 350 kV potential
difference, Within the high voltage terminsl the ion source (3), an ion pump (4), and
power supplies (7,10) are located. The main vacuum system (4) is located on ground
potential., The ion beam is accelerated by . he accelerstion tube (5) with anticorona rings
and resistors for potential dividing. Power supplies and lon source within the terminal
are coautrolled by opto-electronical circuits in counection with glass fibres (6). The
ac.elerated heam is focussed by the lens (8) on to the rotsting target (9), where the
neutrons are produced by the DP-reaction. The position ot ths beam axis over grouand

floor is about 1,6 m, the overall dimensions of the generator amount to 1,4 x 2,3 x 4,3 13.
Fig. 2 shows the scheme of the generator components in ronnection with the control ele-
ments and cooling and elesctrical supplies.

The proposed scheme seems to be reasonable for production of a high-quality (mono~energe-
tic) 14 MeV-neutron o:am for & broad field of different applications including also
physical investigaticos with definite beam parameters.

3, Description of the main components

The ionoptical layout of tue inteuse neutron generstor INGE-1 1is shown in fig, 3. The
disphragms at the end of tra acceleration tube and also iao front of the rotating target
are water-cooled, The two valves near the target provide the pcssibility of exchange of
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Schematic view of the
intense neutron genera-
tor INGE-1,

1 - high voltage
terminal,

2 = igsulators,

3 - duoplasmatron ion
source,

4 - vacuum pumps,

5 - acceleration tube,
6 - bulk of glass
fipres,

7 = 50 kV power supply,
8 - quadrupole lense,

9 - ratating target,
10- power supplies

Fig. 2:

General scheme and
location of the
main components of
the genmerator
INGE - 1.
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Fig. 3:
Ionoptical system
of INGE - 1

inn source cexleration tuse target

einzel lenc clcctrostatic triplett

the target.

The iom source ig of the duoplasmatron type with specified extraction geometry, it is able
to provide ion curreuts in the order of some 10 mA, The cathode comsists of a nickel griu
with embedded berium, celcium, and strontium, The source is cooled by 0il from ground
potential /4/.

The einzel lens is directly comnected with the extraction electrode. It is comstructed as
a tuvbe lens witk an inner diameter of 78 ma. The maximum voltage of extraction is 50 kV,
normally 30 kV are used. The zwischen electrode has also a negative potential with respect
to the anode of the ion source, but at maximua 0 kV,

The acceleration tube is a two-acceleration-gap version (see fig. 4).
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The electrodes are performed as tubews in order to screen the tube walls a_ainst particle
striking as well as against soft X-rays., For the ssme reason, the zwischen electrode of
the tube is also connected with a screening ring. The tube wall is built by cersmic
rings, separated by stainless steel enticoropa rings. For a definite linsar poteantial
distribution along the tube a divider is necessary. Despite of the relatively small
current through the resistors of the divider (ntotal = 7 GOhm) no high power resistors
ere needed because of the effective screening mentioned abore,

As shown by ionoptical calculations & focusipg lenp after acceleration was needed. For
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this purpose a magnetic as well as an elecirostatic quadrupole lens zould bes used.

The target is of the rotating type with water cooling, see fig. 5. The active lagyer is
3C mm broad, therefore a water-cooled diaphragm in front of the target is arranged. The
effective power per square centimeter is reduced by circulating with a speed of 300 rpm,
the integral powsr may be up to 5 kW.

100 Fle. 5:

= — _‘1%;5 Schematic

drawing of the
rotating target
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Main components of the vacuuB system are the pumps of three different types /5/:

the getter pump for holding the vacuum without operation, am oil~free pump for ion source
operation only and the oil diffusion pump (togethber with a LNz-tf:p) for beam handling,
The pumping speed during beam oreration must be at least 2000 ls ' or bigher.

The scheme of the high voltage supply is shown ip fig. 6

Flg. 63
terminal acc tube Scheme of the high voltage power
? T supply and the 1solating transformer
300Ky = 150 kY =
Il
12
20V~ 14 0kY~
L ==
7
L.....~ ;—
'aaannnas' L
—T- U,
1
™~
220V~ 380V~ I

It can provide a maxiaum voltage of 300 kV with & curreat up to 50 mA, The given version
allows to use the half of the momentary voltage value at the zwischen electrode of the
acceleration tube, The power flux to the high voltege terminal is realized by an isola-
ting transformer with a marximum power of 12 kVA at 50 Hz freguency. A commercially
availadble power supply GP 50/300 from VEB TuR Dresden is foreseen for this purpoee,

Por operation of the generator INGE-1 a lot of different types of glectric power gupplies
are needed. Supply units with a power below 500 W are realized in a switching mode using
frequencies near 20 kHs /6/., This type is known to have & high efficiency, low mass and
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szell size, Por the supply units with higher power a more conventional solution was found.
All electric supply units should be controlled remotely and are able to provide reference
signals within a standardized level.

The geceral scheme of control and data acquisition is shown in fig. 2. The connection
between the high voltage terminal and ground potential is realized by glass fibres and
ground potential is realized by glass fibres and cpto~electronical units /7/. All
analogue dats are standardized within the range O,..45 V corresponding to the maximum
velue of the controlled/checked magnitude. The vacuum control desk is located near the
generator because no operetion during beaz handling is needed. It contains also safety-~
back loops for vacuum and high voltage. The ion source, high voitage power supply and the
triplet can be controlled remotely by hand. The data acquisition is bandled by a micro-
computer :n connection with a colour display for all electrical magnitudes and additio-~
pally for informetions as temperature, pressure, flow rate of cooling circuits and
others.

4, Conclusions

The project of the intense neutron generator INGE-1 described here seems to be suitable
for a m~chine producing DT-neutron intensities above to 128-1. Some parts of it are
realized already and show convenient propsrties. The concept hopefully allows a compact
design as well as reliable operation of this small intense neutron generator.

Table 1: Some reactions for the production of intense neutron beams

Reaction E;/MeV/ n/z Ei%./GeV/ Nn/s'1/ AE, accelerator
T(d,n)*He 0.2 | 2.0 20 101 0.2MeV | small ace.
X(d,pn) 40 4,1073 10 2.1013 10MeV | Cycl.,LINAC
e™-(v,n) 100 2.1072 5 101 broad | LINAC
1(p,xn) 800 20 0.04 10"7 broad | LINAC,Synch,
Ny = §,(0/2); §; = 1 04/1.6:107%As
E1 - incident energy
n/z - neutrons per incident particles
Eiﬁ - energy deposition in the target per neutron
AE, - oeutron exergy spread
Table 23
generator location wiv/ | I/ma/ | 871012 67/ | rer.
RTNS~11 Livermore/USA 400 150 40 /8/
RTNS~-I Livermore/USA 400 2z 6 /1/
LARCELOT Valduc/France 160 160 () /9/
CHALE RIVER /Canada 300 25 a /10/
OKTAVIAN Osaka/Japan 300 20 3 m/
JAERI Tokio/Japan 400 20 5 712/
DYSAGEN Hesburg/FRG 500 12 3 /13/
INGE~1 Dresden/GDR 300 20 project
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AOHHO-ONTYMEGKME CBORCTBA YCQHOPAIMEA TPYBKW HERTPOHHOTO TEHEPATOPA.

C.B.baxan, B.A,Pomanos.
{u3nko-3Hepreruyeckuit uHeruryr, r.06HuHCK, CCCP.

Ha ocHoBaHWM pacuera orufapmeit nyuxa pacCMOTPeHH WOHHO-ONTHUYECKUE CROIHCTRA
ycropsomel TpyOxM WHTEHCHBHOIO HEWRTDPOHHOI'® r'eHeparopa.

BamuuM 3rTanoM paspaGoTM HEATPOHHOrO reHeparopa ABIAETCA [ACYET OrnCammmx
Nyyxa 3apAKeHHHX YACTHL, XOTOpuil NO3BOJAET, BO-NEPBHX, 3MOKPATL THI, NONCKEHI: ¢
XapaxkTepMCTUKH ajeMeHToB foxycupypdmeft CHCTeMH, #, BO-BTOpHX, cdopMyrdpoBats Tpe-
GoBaHMA K napameTpaM liyyka B MOMEHT WHxeximMu. Crubanoue, cornacHo 1), Moryr Surs
onpeneneHs QUCIeHHYM WHTErpupoBaHueM cucTeMu ubdepeHiManbHuX ypapHeHuf

C/z e I v v 1) —
g7z T — — 7, - X7 _ (/7P /L Coem" )
1o -4 2 ',2;(/-7/‘,(?-’,2;) 2uv T oo X 7 /._"L 6}[‘; + U_Z_Z‘? /
d]l?g I ——— L (I)
- D e - _(_{‘{ > L’I 5 2 _ 7 o ‘5~2 |
AdZ: Cwg[Gpiugzey) 20 ¢ 0 v TEE Gyl Y
b2

roe 7 1, ¢ 2 - DMepeuHHe KOOPOUHATH orpbanmyx, £ =~ NMPONONBHAA KOOpPIOUHATA;

U 'y 4" - pacnpeneneHdn NOTeHLMANa N0 OCH CUCTEMH ¥ €ero npoussomHwe, I - touw
nyuka, L - asymepHuit amuTraHc, <. - pagMyc ilOBOpPoTE B MarHuTe, P - noxasarens
Crnana MArHMTHOTO MNOJA; (- I* G o =~ TPaJMeHTH MarHuTHOR MHOYKLUWM B HBAJPYTNIOABHAN
JWH3e,

B BuwuucanTensHo#t nporpamme 1) npegnonaraeTCAA H3BECTHWM AHANHTAUECK(OE BHDA -
xXeHue A paAcipeleNeHus NOTeHIMaNa Ha onTuueckod ocy cucremu. (aHAko, OnA HelrTpoH-
Horo rexeparopa TexHUYeCKOrc yHUBEPCHCTETA DTO pacrpefeseHue NONYUEeHO UMCIEHHO b
Buie TACIMUN 3HAYeHU! ocesoro noTeHuMssa, YTo O6YCAOBINC HecOXOMAMMOCTbL €ro amnmpor-
cumrouMM W uucaeHHoro muddepeHuupoBatus,

PaccMoTpuM MeTomuKy BHUMCNEHVA NCTEHLMANA ¥ ero NPON3BOJHWX. [lyCTh LGTEeHupMan
W3IBECTEH B TOUKAX X, ,..... X, . BocrionbayeMmcA mid ero onpegesieHuA rapaGonuuecyolt
WHTEpNoNALyel! TPEeTHEro ngpanxa, $opmyna woropoft mmeer Bug 2)

3 [l (1"75) ( )
o) = > Yo 2
y ) <=0 r‘) (X -a)

rae X - KoopaMHaTa TOUKW, B KOTOPOA BHWMCAAMTCA 3HaveruA QyHwimu y(x), XoseoXy =
KOODAMHATH Y3108 MHTEPMONALMHA, Y s.0. Y, - 3HAUEHUSA $yuxiuu 8 yanax. OueHra mak-
CHMATLHON a6CONNTHON MOTrPeWHOCTH NP 3TOM MOXeT OHTb cgenana W3 COOTHOMEHUA 2)

, 3
[R(0] < 22 [T - (3)

/
9! (0

rae My - Bepxsuit npegen /y(")(x)/ B v.HTepsate /: Xor Xg/-

INns OCCTHREHWA NpUEMeMol TOWHOCTY TNOTEHLMAN JONXEH He CAWMKOM GHCTPO MamMe-
HATBCA HA MHTEPBAAE WHTPEPNONALMUA, T.O,, N0 KpaRHEA Mepe, [O07MHO BHIIONHATLCA He-
paseHTCBo

/Xy =%/ < A (4)
rge [ - xapakTepHuit paswep aneprypu (oxycupyomerc 2rcusHTa,
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Buuucrenve NponaboRHNX BHIIGAHAGTSA NC CIERYDue# cxexe.

1. Juddeenipmpobarmen coorHomenus (2) 0. vefendeM Npou3BOJHHE BO BHyTDeHHeHR ‘rouke
X[ MHTEPBANA WHTEDMONALMH.

2. CaBAras mHTepBasn Ha MAT MHTEPNONALUKM h: = X; - X. W MOBTOPAR n.I, o6pasyem
MacCuB MDOMSBOJHHX B TOUKAX Xy,..., X, . .

3. JInA BHUMCNEHWA NMPOK3BOAHWX B TOUKAX Xgs X,
X4 COOTBETCTBYDUMX WHTODBAJIOB.

4. C nomompo wHTepnonAmmMoHHoN GopMyan (2) no HalimeHwam 3HaueH¥aMm npoussogHolt onpe-
JenseM NPOM3RONHNE B NDGCH TOUKE yYAaCTKA WHTErpUPOBAHUA.

, » X, BOCIOIB3YEMCA y3NaMit X, Xo,

OleHKa MOKA3NBAET, UTO UCHONb3OBAHAE BHYTPEHHEH TOUKA NOBHWAET TOYHOCTh BHUUC-
neHuA B y3nax (np¥ paBHOMELiOM mAre WHTEDPNONAIMK) 0 CDABHEHUD C TOUKAMY IDAHWU-
UM MHTepBana A nepsofl npouasogHoli - B 3 pasa, aaA sropoft - B II pa3.
laHHaa cxema BuuWcaenus Gwna npoBepeHa WMCNEHHHMM DACUeTAMH, TNMPOBENEHHWMU INA
pacrnpefiesieHMs ToreHimana, 3aNaHHOI0 COOTHOmEHHEeM

_ e 1, 32 x,
U= ‘5[4*‘%(“‘7‘/] (5)
roe R - pamAyc anepTypH.

Pacuern noxasany, Uro NpU KHHTEPNC IALMY C lepeMeHHWM TarcM, yNOBJIeTBODAnIMUM
COOTHOTEHHD

h< 0,15 (6),

OTHOCHTE).»HAR MCTPENHOCTh BHUMCIEHUA foTeHumana He npeswwaer C,I1%, & ero sropoft
npouasofnoRt - 3%. BGruaw I-oft m 11 - ot Touex HAGMONANOCH HE3HAUMTENBHOE yhers—
YeHWe OTHOCUTENBHG]t MCrpewHOCTH.

Pacuer oruGaxmelt B uoHHO~- onTHUeckOl cHcTeme HEATDOHHOTO FeHEPsTopa Owil AuLGI-
HeH INA CrelyriMx napameTpoB Iyuxa ¥ $O-yCUpPYUMX 31eMeHTOB (3rcrepuMeHTant:le
“cenenoBanye ONTHUeCkUX CBORCTB HeJATPOHHOTrO reHepaTOpa NpeLTCNAraeTcs BHMONHWTb
He MPOTOHHOM MyuKe), CAMIKUX K DeaibHEM. YCKOpMEMHEe YacTUll — NPOTOMH, TOK Myu-
ka - 7 MA, OMMUTPTAHC - 1,2'10'4 M-pag npu aHepruu dacTHy 25 wab. Hauano xoopmumar
COBMEmEHO C &HOROM MOHHOIC HCTOYHMKER, Haxogmyeroca nop noreHumancs IHC KE
(puc.I). lloremmany onexkTpoaoB anexrTpocTarnueckodl MudAsw: 125, 145 u 125 kB, uen--
panbHER 21eKTpOR yckopAomed TpyGuyM HAXOpMTCA lof noreHimarnoMm 75 ¥B, lexopHas Tou-
KA MHTErpMpOBAHMA, B KOTOLUW nompeuHasm kooparHaTa orddawuieft pabHe 4,51'10_3M, a
eée yrojg HawioOHa - 7,77-10'3 pag., CMEWeHa OT Ha'ana KOOpIHHAT & 5-IO'2 M.

Oru6anwas NpoTOHHOrO Myuyka npeicTaBieHa Ha pHUc. .. Bonee nosiyw urdopvaimo o
TPAHCTIOPTHPOBKE TyYK& MUKHO [IOAYWMTH, BWUMCIAA TMpeNeibHyw OoruCamuyn, noj KoTo-
poft momMMaeTcA KpubBas, crpaHuuubantias co6ofl BCe Nyukd ¢ HAYAALHHMA NAPAMETpaMA,
M3MEHAKIHMUCA B NpeanosaraeMux npenenax. YCAOBUMCA, uTo npemenbHoft ornGamuyest B
HaYasbHHAl MOMOHT Ha $a3nBofl MIOCKCLTH COOTBETCTBYeT NDAMOH 3JAHNC, BHYTDH KOTO-
poro HaxogatcA $asobne MHORECTBA HHTEpPECYDEMX HAC IYUKOB.

Ha puc.I6 B xauecrse npumepa npusenesa npegesbHan oruGamuan, KoTOpo# coor~
sercrayer §a30Bull SMUIMNC CO CASAYDUMMA NAPAMETDAMM :
F = 3,6'I0'4 N-pan., 7, = 6103 M, rge E - amurraKc, 7, - HauaneHuit pamryc
nyuxa,
YxasanHAR OPHOADWAA OXBATHPAST MYUKA, HAUANBLHHE NAPAMETPH KOTOPHX WSMEHADTCA B

ROBOALMO MMPOXMX Mpefesax. JTO MOSBOAAGT CASAATH BWBOSL O POM, UTO NPM YCNODOHHM
nporoHHoro fyuxa a0 sHepruu IS0 xeB MoMHO-OnNTUUECKAS CHCPTOMA HEATPONHOrO reHe-
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paropa ofecrieuMBaer LOCTATO\ .o¢ GODMMPOBAHME MyUKA HA MUDEHb, YCTAHOBAGHHYD MpdA-

MepHO 3 1 ¥ 0T ycropswmei TpyGuu. [Ipn sHeprmamx ~ 300 k3B kpoccosep nyuxa 3HauM-
TENbHO CMENLAeTCA B CTOPOHY TpyOiu. B srom ciyvae pia gonoaHurenbHoro dopmuposa-
HWA Nyuxa Uenecoo6pa3HO UCMONb3IOBATH KBALDPYTIONLHYD NHH3Y.

» 3aKIOverMe aBTOpH BHpaxanT ray6okyn CanarogapHocts L.Dary u ¥Y.fuy 3a
NpenoCTABNEHHH® JAHHHE O NapaMeTpax Myuka, DACNpenejeHHH [0TeHIMana B TpyGke K
3a muogorsoprue ofcyxneHus, a raxme A./.Tnorosy - 3a yqactue B o6CysneHvusx u no-
Ne3HNe 3aMeuaHUA.

CTHMCOK JMTEPATYPH

I. Komapos G.l., Kyaweuoe B.C., Tugenscxasa P.Il, [lporpamma nns pacyera npoxoxpe~
HASl NHTGHCUBHHX MOHHHX NyuXoB Yyepe3 (oxycupyomyue CHCTOMH yCKODHTENeR MpAMOro
neficreun. [penpuur HAMSRA II-K-0512, JI, 198I.

2. Anro A, MatemMamira naa anexTpo- ¥ panuouimenepos. M., Hayka, 1965,
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i DUOPLASMATRON SOURCE FOR TH: PRODUCTION OF INTENSE DC ION CURRENTS

Sun Biehe, Wang Mulin, Chen Qin
Institute of Nuclear Research, Lanzhou University, Lanzhou, China

Abstract. A Duoplasmairon source for the production of intense DC lca currents has been
inveatigated. Consat.nt hydrogen ioo currents up to 100mA have been cbtained with extrac-
tirg voltage of 20 kV. The muss ratios of hydrogen ions have beeu analyzed by 90° jeflec-
tion magnetic analyzer tor curreants up to SUmA, In this range, up to 4 per cent of total
currents is H1+. The emittance of ion source Las been deteruined by tte methods both
multislits-probe and photocopying paper as w211, A typically normalized ezittance {phase
space area X By/x) of 0.48 am . mrad and the brightness of 4.4:106A/cm2 . rad2 have been
obtained for 50mA teums at 16 kV accelerating voltage, The operaiilng characteristics of
the source were investigated. In this paper, the experimsntal results for the production
of a variety of heavy iorn team, such as helium, nitrogen, oxyger, mixed neon-helium

(78 % Ke + 22 % He) and argoun are glven as well,

1. Introduction

The ion source developed originally by M, von Ardenne and coworkers1), called & "Duoplas-
matron®, has been furthermore investigated by many other authorsz'B). This Duoplasmatron
is used as iom source of the intense neutron generator (This neutron generator has total
uneutron yield of (2-1) x 1012n/s.) , which is belng setup ino Lanzhou University. It is
necessary to have high gas efficiency because of the limited pumping spevd; and in addi-
tion, it would be desirable to have a high ratio of atomic ion to molecular iom ip order
to increase the specif y.sld of the meutronms., For a high efficiency of the beam trans~
miscion, it is expectsd .» have a small emittarce of the best lsaving the source., The
Duoplaswatron source seems to fit the requirements of high curreat and high efficiency
ead hus been adopted a3 a practicel and satisfactory ion source for use in neutron gene-
rator of iotemse flux '5).

2, Description of Source

A crose-sectional view of the construction and the component arrangement of the Duoplas-
matron source is shown in Fig, 1 and an insert snows an expanded view of the ancde
region., The intermediate electrode is made of unild steel and cooled by the transformer
oll from the bottom tc the top, For a better effect of cooling the outer surface of the
intermediate electrode is made of cooling frocks. In order to preveant the leakage of
cooling oil the f~ock and irtermediate electrode are Jjoined at the end by arc welding.
The cocling oil is pressed into the frock by using an oil pump of 15 1/min flow rate,

10 atl/cm2 pr.s.iire aod the oil flows circularly along the outer edge of intermediate
electrode as .how..

The intermediate electrode sud the anode are lnsulated by employing ceramic ring and give
an electrode spacing of 5 mm, The entire assembly is aligned mechanically with a plug.
Silicium rubber washer 1s used to make the vacuum seal. The molybdenum anode button with
1 om aperture is pressed into the anode which is made of mild steel as well, and the
anode is cooled by o0il as above. This type of comstruction permits continuous operation
with discharge curreats up to 10 Amperes.

The magnetic field is produced by a coil wound with approximately 1000 turns. The coil
case s8lips loosely over the intermediate electrode asseably and is fixed entirely
outside the vacuum system., The magnetic field produced betwsen intermediate aod anode
with ~5000 Amp-turns is about 5 kilogauss.
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Fig. 1 Cross-sectional view of the construction and the component
arrangenent of iJuoplasmatron ion source, Insert shows an
expanded view of the anode region,

The gas inlet is in the cathode assembly as show:, although this position is a matter of

convenlience. The palladium leaker has been used to insure purity of the incor ing bhydrogen
gas.

For prolongation of lifetime of the cathode a lanthanum hexaboride emitter was adopted.
The construction of the cathode is shown in Fig. 2., The emitter is shaped into a disk of
12 mo in diam, 2 mm in thickness and heated indirectly by the tungsten heater. In order
to obtain adequate ion beam optics and to increase ion emission area over which the ion
is extracted, thus, h* -her total beam currents can be extracted, a plasma expaansion cup
has added after the anode asperture. The cup was electrically isolated from the anode by
small ceramic imsulators, S0 the expansion cup was asiumed at a floating potential during
the courseof the operation. In order to obtain adequate initial beam diameter and to
prevent the effects of disperion field for ion emission surface, a shielding electrode at
anode potential has bsen edded to exit hole of the expansion cup.

. Centmic insulation fape Fle. 2
Ehclrical conntctret . Tuagiten heater The construction of the LaBg
[ obepermtte] cathode

T _oufrr may fude
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oo, Moly support d - 1107 Moly tade




35

The shielding elecirode and extracting electrode are shaped as the guasi-Plerce type
goometry. According to Plerce theory, €’) it is possible to maintain a parallel beam. The
besm intensity Ii(A), under these condition is given by7)

/2

-8
n.i'ﬁﬂ"_-.g.—?ﬁt “)

whers vextr is the applied potential difference in Volts. M is the ionic mass number. A
is the iom emission area and Z is the effective spacing between electrodes.

ot t and Method

The arrangement of the test-stand is shown schematically in Fig. 3.
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Flg. 3
Schematic drawing of experimental apparatus of Duoplasamatron ion source.

The ion beam extracted from the source was focused by means of theekzel lens, The
focused beam flying about 500 mm goes through a 90° deflection magnetic analyzer.
Analysed beam was received by Faraday cup with the water cooling. The evacuation system
consists of a maln pumping system fitted before the analyzer and an auxiliary pumping
system fitted behind the analyzer, When gas consumption of the ion source is zero

(i.e. palladium leaker hasn’t been heated) the vacuum of the vacuum chamber is measured
better than 4 x ‘10‘6 Torr. During the operation the vacuum has a variation range of
(1~1.5) x 16™2 Torr according to difference of gas consumption of the source,

Unanalysed beams were determined by the use of a Faraday cup loceted after the einzel
lens (this cup isn'’t dramn in rig: 3 a8 an adjunct, may in or taken out). A diaphragm
was equipped at the entrence of the Faraday cup. And it was tiased at 350 Volts negativa
potential with respect to cup (grounded).

Both multislits-probs method and photocopylng paper method were used to determination of
emittance of the ion beams from the source. A schematic drawing of the apparatus for the
determination of emittance 1s shown in Fig., 4. A Faraday cup wich a thin~plate metal
disphraga in the bottom was located at the path of ion beam. The diaphregm with seven
slits is made of tentalum plate of 0.2 mm in thickness end the slit width is 0,12 am,
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Pig., 4

Schematic drs..ing of apparatus for the determination
of the emittance diagram of ion beams.

the slit distance from one slit center to another is 3 am. The elementary parts of the
ion beam singled out from incident beam by the diaphragm slits were determined by using
rotating needle-like electrode or the ZnS coated plate at 170 mm from the diaphragm. The
normalized emittance of the ion beam is given by 8)

BEn=1/n« A8 .7 in mm . mrad. (2)
and brightness 8
Ba = %%g%%z io ma/em® . rad? : (3)

where A is the phase space area in mm . mrad, 8 is the ratio of the ilomn welocity to light
velocity, y is relativistic factor, I is the intensity of beam current in ma.

4, Fxperimental Regults

Unanalysed output currents were determined as the fuuctions of the various source para-
meters. Some results of these experiments are shown in Pig. 5. The data were taken with

a cousiant gae flow through the source., The pres-ure in the cathode region was measured
by a *'.ermocouple gauge before the discharge started. The pressure values are uncorrected
thermocouple gauge reading for hydrogen gas., In order to know the gas flow rate of the
source the measurements of gas flow rate were made using a gasflowmeter.

It may pe noticed that the beam intensity extracted from the source increases rapidly es
the arc curreat increasses, and maximum output current is correspond to adegquate magnetic
field values, At high magnetic field, the output does not increase,

The experimental results in Fig, 5 show that the output beam intensities are dependent
on V24Er as given in eq (1), Dus to the limitation of the output power of the extracting
supply, all data were taken at lower arc current and the extracting voltage below 22 KV,

The mass spectrum of beam have been determined for curreuts up to SOmA undsr various
operating parameter. Some results are shown in Fig. 6 and Fig. 7. The maes resolving
power of the anslyzer was sufficient that the three mass species could be clearly
separated on the mass spectrum figure. The percentage of B:, as shown in Pig., 7 can
reach 64 per cent for 6 Ampere arc current eod 1,3 x 10”7 Torr source pressure, It 1is
worth noting that the mass components sre mainly dependent on the source pressure and arc
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Pig, 5

Dependence of hydrogen ion currents from the
source on the extracting voltage.

Parameter: exciting currqnt : Ime3,54(~3700Gs).
source pressure: 2.4x10 'Torr.

Fig. 6

Dependence of mass spectrum of ion beams from the
source on the source pressure, Parameter: larc=3A.
Im=24(~~ 2130G2). Vextr=16kV, source pressure:

1) 1.9010 orr. 2) 2.7x10 Morr 3) 3.9x10° .orr

I 4 12z 74 0
+ 1
Hi rem rod)
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]
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v
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Mg. 7 Fig. 8

Mass spectrum of ion beams

from the source. Parameters Iarcsti
In-ZA('\.iZ‘I 30Gs). Source pressures

1.4x10 'torr,

Emittance diazram of ion
beans from the source.
Ii=50mA, Vextr=1€:V,

current under the constant iistance between the intermediate electrode and anode. When
source pressure was increased, as shown in Pig. 6. B; component was rapidly inocrease.

The emittance diagrams of the beam current were made by using the photocopying paper
method, the ZnS coated plate was used. The result is shown io Pig. 8. The phase space

srea is 83,2 mm . mrad for 50 mA beam currents, at 16 kV extracting voltage, Therefore, a
normalised emittance and the normalized brightness of 0,48 mm . srad and 4.1&1106 A/cm® .
ndz, respectively, are given,

When the velus of arc current is 5 A and the value of extracting voltage 1s 20 kV, 59 mA
helium, 48 mA nitrogen, 35 mA oxygen, 41 mA mixed neon-helium and 22 mA argon ion
currents extracted from the soarce have been obtained, The results of some experiments

are shown in FMig. 9 - Fig, 13.
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Fig. 9

Dependencs of helium lor currents froz the sourcs on
the extracting Voltage. Parasmeter: Source pressure:
1.2x10~1torr, Gas consumption of the source:

64.5. ml - atw/hr.

Fig. 10

Dependence of argon
ion currents from the
source ou the extrac-
ting voltage. Para-
meter: Urce pressure:
1.2x10"Torr. Gas
consunption of the
source: 20,5, ml .

ate/hr.
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Dependence of the mixed neon~heliuam iloo Pig. 12
curreav: from the source on the sxtracting Dependence of nitrogen ion currents from
voltass Farameter: Source pressures the source on the extracting voltog‘.
1.2x1 “mrr. Gas counsumption of the Parameters Source pressures 1,2x10~ 'Torr,
source: 31.8, ml . atam/hr, Gas consumption of the sources

36.?0 al . ‘t-/hr-
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R Fig, 13

Depeundence of oxygen lon currents {rom the source on
the extracting voltage. Parsmeter: Source pressure:
1,2x10~1Torr. Gua coasumption of the Bource:
33.5. ml . ata/hbr,
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The experimental results show that the operation of indirectly heated lanthanum hexaboride
cathode is of good repeatability and stability. The lifetime of a cathode could be 300h
spproximately. PFinally, the cathode was destroied due to tungsten heater become thin and
brittle under the environment of high temperature and hydrogen gas, thus, tungsten
filameat break off, '
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A 300 KBV COMPACT NEUTRON GENERATCR

Su Tongling, Sun Biehe et al.
Department of Modern Physics, Lanzhou University, Lanzbou, Cnina

This paper describes a neutron generator. Because & neutron yield of (1-2):1011n/s is
required, the accelerator is rated at 300 kV, 1.5 mA, The experiments have given a
maximun neutron yield of 5.1r1011n/s by bombarding the tritium-titanium target with a
deuteron beam of 3,1 mA at 300 keV, The generator worked steadily within the limits of
yields (2-3)x1011n/s. For a fresh target with better quality with a 36 mm effective
diameter; & neutron yield of 1x1011n/s can be kept constant Icr ten hours.

For ion source we selected high frequeacy type. An assembly-type acceleration tube with
the quartz-epoxide resian insulation rings is adopted, The high voltage DC power supply is
a turee-section type Cockcroft-walton voltage aultiplier circuit, each sectioa counsists
of two stages. The HV supply and the power supplies of the whole ior source are fed by
two 2.5 kHz frequency thyristor inverters resoeciively. Beslides, a vacuum cold trep with
gemicorductor thermoelectric cooling, two sets of electrostatic deflectiocn beam scanners
and a prograice controller for beam impulse modulating are used.

This uneutron generator ig characterized by its compactness, small dimension, light weight,
steady work, easy operation and maintenance.

For certain special applications of this neutron source, the requirement., such as a
total yieii of (1-2)x1011n/5, an irtensity variation less than § % within five minutes,
an outsisie dismeter of the target holder and drift tube less tban 90 mx uand =0 om are
nceded. For this reason, io order to produze a neutvon yield of (1—2)11011n/s and to
prolong tarzet lifetime, the accelerator 13 rated at 1.5 mA sad 300 keV and the beam ig
scanned over all the effective target area,

2. accelerator description

fig. 1 shows a general view of the neutrou geaerator, The distence, from the axis of the
beam to ground, is 1480 om; the lengtn, from the bigh voltage terminal tc the fromt of
the scanners, is 2210 mm; the meximum L-ight and width are 1830 mm and 900 mm respecti-
vely; the total weight is about one ton, Pour smell wheels fitted under a bottom plate
can make the generator move about in the room,

2,1, Ion source

A high frequency iom source was adopted because it has high atomic lon fraction in the
beam and can eesily produce 2 demuteron beam of a few milliampere1'2'3). Fig, 2 shows the
general view of the ion source,

We expect that an icn source not only can give a stabilized beam mors than 3 mA, but also
has a longer useful lifetime,

stability of the bean ‘s principally dependent on stability of the power supplies of the
ion source, therefore, besides the stabilized 2,5 kHz source, for screen grid blas of the
oscillator and the heating power supply of the palladium tube, the stabilised DC power
gupply has also been used.

Lifetime of a high frequency ion source is maialy dependent on that of extraction
electrode, B,A., Dyachkov indicated that for a source of top~extracting type, the lifetime
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of an extraction electrode is laversely proportional to sxtracted beam. 1 the extracted
carrent is 2,1-0,5 mA, it can reach a few hundred hours; but when current is 5-10 mA,
oaly 20-30 hours®).

For this reason, the best geometries and electric peramasters of the extraction system have
been determined through a g.eat deal of experiments. Two types of the beam aperture of the
extraction electrode, neck type and cylinder type, have been tested. Both can give a
maximum extracted beam of 8 mA oo a test stand, But the gas consumption of the former is
less than that of the latter, while the beam of the latter is more stable. At 3 mA the
maximun variation of top-extracted beam is less than 1.3 % in 8 hours, furthermore, the
beam drops to 90 % of its initial value in 120 hours. The atomic ion fraction in the beam
is over 80 %.

2.2, Acceleration tube

The acceleration tube adopts the assembly-type which 1s divided into nine stages by nine
iasulation rings. It is shown in Pig. 3. Between the rings are inserted the alloy alumi-
oium plates. Several 72Mf) resistors are installed between each plate gradimg the potential
along the whole tube. The accelerating and focusicg fields are formed in the gaps of three
cylindrical electrodes with equal diameters, the prefocusing electrode, the middle elec-
trode and the ground electrode, The total length of the acceleration tube is about 830 mm,

™5 insulation ripgs are cast with 30 % epoxide resin and 70 % quartz-powder in vacuum
because this material has better machinability, and therefore is sulted for assembly.

It is kuown that the predischarge current density and breekdown voltage on the surface of
dielectrics in vacuum are very much dependent oo the angle € between the surface of the
insulator and the cathode, when 9-31.5°, the surface current density is zeros). The
experiments for epoxide resion indicated that its surface breakdown strength io vacuum
varies from 20 kV/cm to 300 kV/cm with angle ©; when 0=50%, it is a max:l.nums). We selected
©=45°, The insulation rings are shielded from the stray ions or secondary electrons by the
metal rings fitted on each plate.

The experiments found that some of the secondary electrons prodrced by the stray iouns
fallen on a water-cooling aperture stop in front of the electrostatic deflection scanner
were accelerated in opposite direction of the beam and fell on sone of the electrodes and
the plates, therefore, caused an upeven distribution of the potential along the whole tube,
temperature rise and gas desorption of some components, and comsequently led to the break-
down of the acceleration tygbe.

The secondary electrons were effectively screened by means of a magnetic electron trap
ritted on the ground electrode and a metal tube prolonged the ground electrode to the
adjacent water-cooled aperture stop.

2222 HV supply

The high voltage power supply is a Cockcroft-waltoo type voltage multiplier circuit which
is rated at 300 kV - 6 mA,

A three-section type circuit with two stages per section as shown in PFig. 4 1s adopted, in
which the voltage drop due to the descharge of the column condensers is 1/8 of that of a
6 stage circult,

For ¢« small voltage drop, a high operating frequency is desired., However, high-power,
higr-voltage tranaformer is limited in frequency; & reference indicated that 2 kHz sesas
to be reasonable choice., At this frequency, the transformer core can still be built with
a normal thickness of iron shest metal and losses will still be low’), We adopted 2.3 ki3,
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Fig. &
Three-section type voltage multiplier circuit

with two stages per section
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In practice, besides the voltage drop due to the
discharge of the column coudensers, the voltage
drops due to the transformers and the forwarad
resistance of the rectifiers can not be negligible
elther.
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The voltage drop due to the forward resistance of the rectifiers was calculated utilizing
the measured forward resistance of the rectifiers varied with the direc* load current by
Baldinger fornula9).

The calculated curves of the total voltage drop with respect to the direct loed current
is in agreement with messurements in general. Results show, under small load curreant, the
total average vultage drop is larger and decreases with the load curreat more quickly
than that under large load current mainly because of the non-linear forward resistance of
the rectifiers. For example, an input voltage of 100V of the driving traosformers being
kept constant, for a load cu reat of the first 4mA the average woltage drop of the output
voltage is about 3,.3kV/mA, »hile that for a load current from 4mih to Z2mA is aboui ikV/ma.

The rectifier rack, protective resistor, driving transformers, insulation transformers
providing power for the ion source and so on are assembled in an epoxide resin-glass
cloth cylinder with a 500 mm inside diameter and a 950 mm height. In the cylinder 1s
filled transformer oil for improviog insulation and dissipation.

egu enerato ith the thyristor inverter

The HV supply and ion source are fed by two 2,5 kHz-3kW generators of thyristor inoverter,
respectively. The output voltage of that for the HV supply can be comtinuously adjusted
from gero t 300 V and 1s stabilized within range of 200-300 V, The output voltage of that
for ion source is 300 V and is stabilized at ome point. '

Our measurements gavei

- frequency stability better than + 1 %,
- stability of the output voltage better than + 1 %,
(when the variation of the input voltage is + 15 %,)

- efiiciency more than 90 %.

A routine operation over a period of more than four years bas shown that these generators
are characterized by its continuous adjustment of the output voltege, steady work,
reliability of the protection against overcurrent, easy operation and maintecaace.
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2.5. Vacuum system

The high vacuum in acceleratioo tube i3 maintained by san oil diffusion pump with a rasted
speed of 1200 l/s for air, A semiconductor thermoelectric cooling vacuum cold trap cap-
turing pump oil is fitted ou the top of the oil diffusion pump, After thermal equilidriunm,
the measured temperature at a centre shield sheet of the cold trap is about -13 9%,

Result and performanc

3.1, Accelerator

Experizents have given a maximum beam of about 3 mA at 300 keV, Under 2 mA at 300 keV,

the accalerator can be coatlouously aod steadily operated, For a beam of 1,5 mA at 300 keV,
the vaiation of the beam current is less than 4 % in one hour. The minimum beam Jdjameter
on the target is about 1 cm.

3,2, Neutron yield

The cooling etructure of tritium-titanium target is a narrow glit of 0.5 mm., A reference
evaluated that under a velocity of 5 m/s of water in the slit this structure can with-
stand a power of 1000 W (beam diameter 30 mm), 500 W (beam diameter 20 mm) and 200 W
(beam diameter 12 m)1o).

We used high pressure water with a velocity of 10 m/s to cool the back surface of the
target directly and made the beam to scan over area of the target, For a deuteron beam
of 3.1 mA st 300 keV, the (d, T) reaction gave a neutron yield of 5.1 x 1011n/n. Por a
fresh target of better guality with a 36 mm effective diameter, the nsutron yield
decreased trom 2.4 x 10'1n/s to 1,2 x 10''a/s in 4.8 hours for & beam of “.5 mA at

300 kev, and a neutron yleld of 1 x 1011n/s could be kept constant for 1" hours by means
of gradual increasing the target current.

3.3, . Bean impulge modulation '

In some applications an impulse neutrom yield is required,

First convert the electric pulses produced by a programme controller into the light pulses
through a light emitting dlode fitted on the botiom plate, then transmit them into the
high voltage terminal. Through & light sensitive transistor and a control circuit coanvert
the light pulses back into the electric pulses, whose amplitudes are from -150 V to

+ 300 V, and finally use them to modulate the screen grids of the oscillator of the ion
source, and then we can get an impulse umeutron yield.

Our experiments gaves

= impulse width 10 ms - 10 s,
- rise time of the neutron pulses less than 1 me,
- fall time of the neutron pulses less than 2 nms,

switching ratio of oeutron impulse is greater than 106.

A routine operation over a period of more than three years have shown that this neutron
generator has realized all desired characteristics.
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IOROPTICAL CALCULATIONS OF THE INTENSE NEUTRON GENERATOR INGE~1

U. Jahn
®echnical Upivereity Dresdecn, Secticr of Physics, GDR

J. Dletrich
Central Inatitute of Ruclear Research Rossecdorf, GDR

1. Introduction -

A main component for accelerator designing 1s how to solve the icnoptical arrangement in
order to get Sptimal ion beam parameters at the target position, In the last years the
development of an intemse neutron generator has been started for nuclear research at the
Technical University Dresden.

For this purpose the deuterons must be accelerated up to several hundred kV with a beam
current in the region of 30 mA. This report gives an oveiview about the ionoptical cal-
culations connected with this project, denoted as INGE-1 /1/.

2. Geperal coansiderations

At first it must be made a remark concerning the influeance of space charge on the ion
beam transport and the degree of neutralization under realisti:c vacuum conditions. An
order of magnitude of the beam expansion cam be obtained using the formula given by
Hutter /2/ for the case of zero emittance im a drift region and in an absolute vacuum.
In fig. 1 the expanded radii r of deuteron beams with given erergles (irnitial radius

r, = 5 om arl current 20 mA) are shown versus axial distanoce.

Pig. 1:

Space chargns expansion of a parsllel
deuteron beam in field-free space for
difterent ion kinetic energies between
20 keV and 350 keV

The rough model includes the real vacuum conditions, and so the space charge neutreliza-
tion by rest gas molecules is considered, Tha* weans this effect depends on the in-
flueace of real gas pressure on relation to the ion besm diameter. Fig. 2 represents
this, Proam the figures one has to derive the fullowing conclusions:

= in the region of low ion ensrgy the space charge expansion can not be neglected for
ionoptical caliculations,

- for real beam transport two tendencies are important: low pressure gives good high
voltage resistance, but minimum spsce charge neutralization and opposite.

The basic requirements for the design of iomoptical components can be summerized in the
following points:
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$eho Fig. 2:

Influence of real vacuum conditions on
ion beam space charge expansion

50 ke¥ D% -—-- 350 kev D*

- ghielding of all insulating surfaces against particle impacts,

- wide apertures for all individual ionoptical componeunts to provide hig pumping speed,

-~ minimum drift length to decrease space charge effects especially in low ion energy
region,

~ high flexibility of the mechanical comstruction, for providing the possibility of
changing parameters during test runs

It is 0ot 80 easy to fulfil all these regquirements simultereously, b.t in practice it is
possible to obtain a good compromise.

3., Iomoptical calculations

As shown, the iomoptical calculations fo. intense ion beams must include space charge
exparsion espe:ially io the low energy region. For tha reason it was used the ccmputer
code ELENS wr.tten by Horusby /3/. This program solves the Laplace-equation ip case of

rotational-symmetry for a given electrostatic arrangement and calculates the ion patnes,
The cousideration of space charge expansion will be calculaved witkh the assumptions of
quasi-laminar flight pathes of the ions and a constant iom current density over the :eam
cross section. After passing thr .-celeration tube tne beam eavelope was det- .ilned with
the programm SYSF1T /4/, It solves ion beam transport problers by meane of the matrix
theory and neglects the influence of space cnarge expaasior, The determination of the
initial conditions of the ion beam is a general difficulty for calculations of this type,
therefore we assumed two differerntly shaped plasma emittes surfaces /5/ (plane aud curved).
Severel beam transport calculations were car..ed out with veriatiop of th¢ electrode
potentials and positions, Here are presented two cases with meximum parti.le energy of
350 keV., At INGE~1 the beam line goces from the duoplasmatron ion s .,urce expaasion cup
through the einzel lens, acceleration tube and quadrupole triplet to the target.

In figures 3 and 4 the shapes of the different electrodes from the ionoptical components
are schematically repregented, The upper part shows the deuteron beam envelopas up to the
end of the acceleratior tube, where trom left to right are composed the anode of the ion
source, the extraction electrode in conmection with the einzel lens (3 electrodes) and
the three electrodea of +« s acceleratiom tube, with the middle electrode lying on the
half prtential from the left ome (300 kV) and the right electrode being connected with
ground potential, The base line represents the axis of rotational symmetry and also the
ptical axis. The lower psrt demonstrates the action of the quadrupole triple! in the

.wo rectangular planes on the ion beam up to the target position. Fig. 3 shows th: Toaam
envelopes with plane plasma emitter for different iou currents, The case of cur-ed

slasma surface is illustrated in fig. 4. The extraction electrode has a -50 kV and the
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i.. 33 Deuteron beam envelopes for a plane plasma emitter surface and for different
values 5 ion current up to 100 wA
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Fig. 4: Deuteron beam envelopes for a curved plasma emitter surface for different
values of ion current up to 100 mA
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middle electrode from the einzel lens has a -5 kV potential with respect to the anode.

At first, it can be seen that the use of the guadrupole lens after acceleracion is
necessary. For ion currents up to 30 mA only small beam losses occur and the desired beam
dismeter at the target can be obtained. An opposite situation represeats the ion current
at 100 mA, already after the einzel lens the beam strikes the first electrode of the
acceleration tube, The difference between the two genersl cases are visible at 0 mA
(identical with total space charge neutralization).

For the curved plasma emitter the beam diameter at the target is larger than for plane
plasma surface, for equal potential distributions oun tha electrodes,

4, Couclusions

The calculations show the results, that a deuteron beam at 350 keV up to 30 mA for the
described ionoptical arraniemeat can be transported with small beam losses. In this case
the ion beam diameter has also the desired value, approximately 20 mm, on the target
position. The performed calculations have not taken into consideration the partial space
charge neutralization by rest gas molecules which generally should improve the situation.
Secondary electron suppression needed for operation also was not investigated. Therefore,
the calculated results represent the approximate iov-optical bebhaviour of the sccelerator
only, Nevertheless, the authors trust, that this calculations are very successful for l
the understanding and optimization of the ion tramsport in the INGE-1 accelerator.
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EXTRACTION~PROCESS CALCULATION FOR A DUOPLASMATRON 10N SGURCE

J. 1etrich

Zentralinstitut fOr Kernforschung, Roseendorf
u. Jshn

Technieche Universitdt Oreeden

Ion-beem optics for » two-electrode extrection ayetem of a duopliematron ion source is
studied by two spproeches: (1) s linear optice snalytic solution ind (11) numerical eolu-
tion uveing the computer progrea ELENS,

The extraction-procees calculstion of e duoplaematron ion source 1a perforsed by meene of
s lineer optice model [1] end ueing the computer progrem ELENS [2],

The linesr optics model is baeed on the paraxiel equetion which accounts for lens effecte,
beam space charge and finite source ion tempersture, We seeume (het the tesperature con-
tribution adde vectorielly to the sum of the lens and space-charge contributione, The
varistion of bess divergence © with relative pervesnce P/P_ for a deuterius besm in » two-
slectrode extraction syetes is shown in fig, 1, P is the Child-Langmuir pervesnce for s
plane diode, The celculetion with ths linear model eug-
geots an optimum perveance, i,e, pervasnce for ainisum
beam divergence POPT » 0,18 Po. with sn sspect ratio

S = 0,4 and an extraction voltege of 35 kv we obtain

x 3.1077 A/vs/z, 1,e, 8n ton current of 19 mA,

oPT
The mein problem for numerical calculation of the extrac-
tion procees is the deteraination of the initial condi-
tions (radial poeition and divergence) for the ione, It
is known thet by axtraction of ions from s pleenms @
curved emitting aurfece is formsed, The curvsture of thie
surface ie detsramined by the relstive pervesnce of the
extraction eyetenm,

We obtain for s given ion currsnt end extraction voltage

from lineer optice solution the curvature of the plasas
emitting eurfece and following the initisl divergence
for the ione, In order to obtain en emittance area we

F1g. 1

Been divoraenco angle 8 ae &
function of relative perveence

P/Pys Parametere: do=1 ma, dafine an initial angle spread, For comperison we use

dy, =3 89, duebS 8a, rqy=2 as,

rlc3 ma. L=32 am, 1on tes- plene and curved plaene emitting eurfecee, The calcula-
pgroture Ty=2 eV, anargy tion 1e based on the aseusption of a fixed emitting

35 kev surfece,

The computer progras ELENS includes space charga effects in quasihydrodynssicel epproxime-
tion, Lepleca‘'e equetion is eolved by a finite difference method on e mesh and the method
of eucceseive overrelexation,

The ion trejectoriee ere celculeted by integration of the orbit equation for rotationally
symmatrical eystemeo:

dr.2
ﬁ.&i[m-ﬂéﬂw.; wa T "
dz2 2 P (r,2) or dz Jd=z 2 TE€, Vaq gz i]$(r,z)i

where I, ie the total current in the bool,¢)(r,z) the electric potentisl, » the ion ssas,

Q tne ion charge, ¢ therediue of beas envelope snd Eo the dielectric constant of free
spece,

£ig. 2 shows the & priori initiel emittance diegrea, The eaittance of a deuteriusr ion bess
ofter the two~electrode extraction eystem ie diepluyed in fig, 3 for plane and curved
pleeme eaitting eurfecee,
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XPZRIMINTAL INVISTIGATIONS OF CUOPLASMATRON ION SOURCE

(]

A, Tunia, U, .Jahn, E. Paffrath
Technical University Dresden, Section of Physies, GDR

1 Introduction

There are requirements, imposed nowadays on ion sources, to provide the power-
. ful accelerators with a stable ion beam up to several hundred mA, with conve-
nient optical properties. The duoplasmatron ion source /1/ seems to be one of
the most uséful devices for such a purpose. Its advantage is not only the ob-
tainable intensity of output ion current but also the ability to generate
multiple-charged ions as well /2/. Ia this report some duoplasmatron ion source
investigations are presented.
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Pig, 1: Electric power supplieg for the duoplasmatron lon source

2, The experimental arrangement and program of measurements

A test stand was developed and built to realize the experimental invesgtigations.
The main components are the vacuum system, the high voltage supply, the high
voltage terminal and the measuring system, A 2000 1/s oil diffusion pump with a
trap cooled by machine in ccrnection with the rotational pump produce the needed
vacuum in order of 10'6 Torr. The high voltage transformer with a Greatz-recti-
fication gencrates the ,0 kV/50 mA dc high voltage. The high voltage terminal,
supplied by an insulating transformer, contains the electronic and sontrol cirou-
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itg far the ton source operation, as shown in fig. 1. The measuring arrangement
is presented in fig. 2 in principle, It concists of the duoplasmatron ion
source, the extraction system and the arrangements for emittance and iom cur-

rent meagurements,

Fig., 2:

Bxperimental arrangement

ji for emittance measurement

—
] v
10 ky 'l
on extraction diaphragm
Source slectrode lens ’nﬁ'ﬂ'\m
shis
anode
paper o0 current
aperture screen detector

Three items of research program has been realized:

a) the investigation of dependence of ion current om various ion source para-
meters, as arc current, magnet current, gas pressure, extraction and lens
voltage, to obtain a set of optimal operation conditions;

b) the investigation of the influence of the foregoing set of parameters on the
emittance, because it is an important quantity for ionoptical computations
and for the ion source quality;

c) the mass gpectrum analysis of the ion beam is planed,

'

3., Results

This section deals with the:realization of the program mentioned above, It is
not nyssible to present the final results, because the investigations are in
orogregs just now, At first'i. will be illustrated the different iomn source
operation conditions. As thé operating gas, hydrogen has been uged. Fig., 3 re-
presenta the »ntput ion cur#ent versus arc current i(IA)' The curve shows a
linear behaviour on the left, than a maximum and a sharp decreasing on the
right, The experimental errors are mainly caused by instabilities during opera-
tion. As an example of other conditions, we can take following set of pare-
metera: Uagtpr™ 20 kv, IA' 6:A, Imagnet‘ 4 A, Ulens“ 5 kV and the resulted ion
current Itarget‘ 17 mA, The fig, 4 showe the influence of the lens. There are
four curves for different values of arc current, which represent the dependence
of lens voltage on ton current, They show a certain maximum point fqr Ulens'

5 kV,

An intention now is the presentation and illustration of a method used for
emittance measurement. It i@ well known, that the emittance is a magnitude
which characterizes the phase space area, occupied with the beam particles. One
cen determine its experimental value as follows:



54

-1
P5=,0 Torr th 20 kv

I ImA

14
135

ns

1 U U N B 8

1
[+ J

Fig., 2: Fig., 4:
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- by means of measurement one f‘nde the maximum and mirimum slones of trajec-
tories origina-ing in the same ooint Ior several, arbitrarily choosed points,
located on ‘he diameter of any beam cross section;

- next one consiructs a diagram, which reoresents the dependence of maximum and
minimum slopes on position of origin point;

- the surface closed with the so obtained curves gives the information about
the emittance,

To obtain the values of slopes, the methid with parallel slits and copy-paper
is used /3/. The thin slits represent the origin points for elementary beams
and the copy-paper screen registrates the shape of their cross sections as
dark stripes. The position of upper and lower edges of each stripe determine
the slopes, Fig, 5 gives an example of an emittance diagram and shows the
corregponding screen with stripes,

The emittance area wag determined to 15 c¢m.mrad, This value corregponds to a
normalized emittance of 3-10"2 c¢cm.mrad, The use of paper screen for emlttance
measurement has the disadvantage that the heated screen leads to gas produc-
tion. In this way breakdowns occur. Other .easuring methods avoid this dis-
advantage:

- application of a quartz plate instead of the copy-paper;
- use of s movable electrical probe,

The aim of further investigsations should be the ion beam analysis as cited
above as well gg the production of dc ion beams up to 100 mA.
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BEAM MONITOR ODEVELOPMENTS AT THE ROSSENDORF CYCLOTRON

H. BOttig
Zentrelinstitu: flr Kernforschung, Roseendorf, GOR

Beas sonitore, baeed on three different opersting principles, were developed sand tested by
using the Roseendorf cyclotron beaa,

1, Been monitor besed on the spplicetion of infrered thersogrephy

The operasting principle of the beam profile monitor besed on the epplicetion of infrered
thermography is 8 contectlese videofrequency scanning of the infrersd radiation emitted by
the surface of & target, In view of the epplication, the terget mey be designed thick
(beemstopper), thin (sbsorbing a part of the cinetic beem energy) or es e harp, It is
isegineble to use » gae jet for observing high density beasse, The theracgram obteined pro-
videe s vieusl representetion of the particle density distribution over the bess crose
section, Fig, 1 shows e block diagrea of the monitor, Th» videosnalyzer digitslizee the
signel to six chennels repreeented by eix coloure (fig, 2)}. The monitor wes teeted with
the Roesesndorf cyclotron besm at e power deneity of = 20 W cl'z L1]. Mewsiremente of an
isplanter beenr were csrriasd out st s power density of = 3 W c.'z 12]. The monitor hes
been ueed euccesfully for optimizing the ion besm of the intenss neutron gensretor *INGE-1"
of ths Technicel University,

! 2
Z
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4
s
[
Fig, 1 Fig. 2
Block disgras of the bees profile Beass spot, d,utoron., E » 13,8 Mev, P = 20 Wen 2,
sonitor sres v 4 ca

bess, (4 infrered casere,

bees line, (2) t.rgot,
z 2 vtdooono yzer, (6) monitor



Technical dats:

Detection lieit: Surface temperature = 550 K
{vidicon: F 2,5 M3UR, VEB Werk fir Fernsehelektronik Berlin, GOR}

Videosnalyzer: “THEFMOTRON" (2fK Rossendorf)
Input: 1 V/50 Ohs, videosignsl
Output: 1 V/50 Ohm, 3 chennele
Mode : gray velues
six isotherme
six colours

.2, Herp monitor |3)

The herp mon tor displeys the inteneity dietribution of e besm in the two trensverse direc-
tione (x,y). A harp (fi1g. 3) corsiets of two orthogonsl plenes of 15 tungsten wires etop-
ping e pert of the particles (heavy ions) or decressirg their cinetic ensrgy (light ione).
' After converting into voltages the slong the wires
collected charges represent the besm profile, A
sultiplexer, driven by a computer fitted control
unit, connects the herp wires cyclicsily to an
oszilloscope (fig. 4). In order to suppress eecon=-
dary electrone e disphragma (potentisl -100vV)

ie pleced in front of the harp, Depending on the
beem line design ths herp mey be turned or driven
by 8 linesr vscuua-fsedthrough into the measuring
position, The block disgram of the harp eleCtronics
showe fig, 5.

Techniceal dats:

Wires: 2 x 15, W or Te,
Diameter: 0.1 mm (0,05 am)
Wire spece: 2.5 mn

Lenght: 50 as (100 mm)
Insulstion: epoxy glees

Detsction limit: 10°7 A per wire
Beam interception: 8 - 12 §

Fig, 3 ' x My
Herp for beas dismeter of 40 nma P T v
—t

clock

clock oazilioscope

: .
o] [ 2l
1o e

— v H - (Gumaamme{} CONTROL - UNI T
cobdle

RELAIS-MUX

Fig, 4 Fig., 6

Beam profile display on en cezilloecope Block disgram of harp electronice
(upper pert: x, lower pert: y) (Mux: Multiplexer, Q/V: Charge to
voltage gonverter)



3, Besa traneforser
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The bess tresneforser described here teke advantage of the micro=-puleing of the beam in the
repetition time of the cyclotron redio frequency, Fig, 6 ehows e block diagres, The beam

Fig. €

Block disgrem of beam transforser
electonice

(AMP: Amplifier, ATT: Atteriator,
MIX: Mixer, DET: Phase-detector,
CO: Cristsloezilletor, VCO: Voltage
controlled oezilletor)

References
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repreeente one winding of the broedbend rf-trene-
former, The rf-voltage (output of the trsneforeser)
is smplified and messured selectively on the
cyclotron frequency, The spplicstion of the beam
freneformer at several frequencies requiree o
retuning, To avoid this we ere going to eubstitute
the eelective microvoltmeter by 3 cyclotron fre-
quency controlled device, ueing a PLL-oscillator,

Technicel deta (preliminary):

Ferrite core: "HManifer 160"

eize 80 ¥ 60 x 20 1-3

1 windinsg, for calibrat on
S windin je for mesasuresent

Detectible ion beem: = 300 nA

(2] H. Bittig snd K, wollechléger, Bild und Ton 3 (1982) 69
[3] w, Adaa end H, Blittig, ZfK-443 (1981) 155



THE VACUUM SYSTEM OF THE INTENSE NEUTRON GENERATOR INGE-1

E. Paffrath, I, Jahn, D, Schmidt
Technicel University Dresden, Section of Physics, GIR

1, Introduction

Basic requirements for successful accelerator use are stable conditions duriug operation,
long live time and high safety of all units. BEspecially during operation with an intense
ion beam it is important to get sufficient high vacuum to realize the high voltage
reliability of the accelerator components, Some special solutions connected with the
intense neutron generator INGE-1 /1/ are represented in this report.

2. Vacuum System

Main requirements at the vacuum system during ion beam operstion are to obtain pressures
lower than 10'3Pa and a minimum rate of nigh molecular hydrogen carton compounds., Then

it is possible to extract and accelerate an intense lon beam by electrostatic fields of
nigh gradients (more than 40 kVca 7; in the case of INGE-1 the gradients are

30,..60 chn'1). These high gradient regions are located at the beam extractioun, at the
first focusing lens and within the acceleration tube, The effective pumpiog speed needez,
should be higher thamn 1000 1s~7, The values of the gas conductivity amount

300...1000 15'1, determined by the system of the ion beam transport. In order, to realize
a micimur loss of pumping speed, the accelerator ti e had to be evacuated at both high
voltage and ground potential side, For this purpose at the high voltege terminal a
special developed ionisation-sublimation pump (so-called orbitron pump, /2/) was applied.
Most of the gas production in the region of the accelerator located at high voltage is
caused by electron stimulated desorption and by the thermal desorption /3/. These gas
rates can exceed the normal wall desorption in some orders of dimensions. For that reason
both vacuum system and ion beam transport system were optimized to improve the supression
of secondary electrons and to reduce the ion beam losses. The necessary pumping speed is
attaioced by using an oil diffusion pump in convection with a liguid nitrogen trep, an
orbitron pump and a furth-r getter pump, Their parameters are shown in table 1. The
arrangement of the vacuum system, shown in £ig. 1, allows some different operation rodes
under consideration of the outgassing rate. Possible regimes are evacuation of the
accelaration recipient or parts of the recipient, maintaining the bigh vacuum, start or
initial regimes, ion beam operation and preparation for opening the vacuus system.
Recause of the dependence of the use of the maln vecuum pumps from the ga: consumption,

3 operation modes can be distinguished (fig. 2):

1, Up to a maximum gas rate of 0.4 Pals ' (corresponding to a pressure of 10">Pa) the
getter pump only is sufficient for maintaining a permsneant high vacuunm,

2, Up to a maximum gas rata of 4.0 Pals”) (corresponding to & pressure of 10"%Pa) the
orbitron pump must be aided, that is in the case of low beam power ope: tion and
evacuation of higher decorption amounts after opening the vacuum systenm.

3, At higher gas rates, thet means at nigh beam power operation, the orbitron and the
diffusion pump give the vacuum conditions needed.

In order to evaluaste the expected pressures it were carried out some calculatipas under
consideration of the gaes production, gas conductivity of the vacuum chamber snd applica-
tion of the high vacuum pumps (sev fig.3; curves are calculated using /4/, /5/; points
are measured values). A more detailled description of the operation principle of the
orbitron pump is g.ven im /2/. The advantages of this type of high vacuum pumpe are the
low weight and small dimensions, but stable operation especially at bhigh gas rates. The
scheme of this pump and its supply units can be seen in fig, 4, The operation time per
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sub)imator is about 300...500 hours, The other main pumps are commercialiy available /6/
and used om ground potectiml, An oveqvie' of the cooling system of the vacuum components
1s given in fig. 5. The devices within the high voltage terminal (ion gource, orbitron
pump and Pd-valve) are cooled by an oil circulation, where the heat exchenger, the
refrigerator and the oil pump are located on ground potential, A first water circulation
is used for cooling the diffusion pumps, a second one is used for cooling the target and
all disphrsgms. The controlunits of the vacuum system and the cooling system are
logically combined. Main paremeters of both systems and the targetv supply are controlled
by a monitor. The construction of the target chamber was selected with respect of a
frequent target exchange. In order to reduce the hazard of contamination by tritium it is
possible to transport the target chamber together with the Lirst valve as a closed
container. The second valve closes the accelerator recipisnt against air, Thus it is
possible to evacuate the target chambe. separatly up to a high var:vm and also to prepare
the target chamber opening.

3. Conclusions

In order to realize a stable beam operation we have outlined the necessary conditioms for
the beam handling in the accelerator recipient. The main conditicn is the suffi:ient higk
vacuum, especially in the regions of high field gradients, Because of the interaciivn
ocetween the ion beam and the vacuum conditions a solution of this problem is only
possible by consideration of further factors as for instant a complete supressiom of
secondary electrons, extensive cooling and the uce of methods of the UHV-techmology. The
vacuum system »f the intense neutron generator INGE~1 was optimized and can guarantee

the higa beam power operation,
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Table 13 Parameters of the Lhigh vacuum pumps

— - —_
pumpiog type S pRin phex  ghax n Alicnsion
1877 Pa Pa Pals™ ! kg o
- ~3
getter pump 300 109 10 0.4 80 330 x 410 x 420
orbitron pusp 400 1077 10~ 4 20 P 240 x 500
diffusion puamp 8oo* 1074 10 10 30 $ 400 x 700

*with liquid nitrogez trap
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COMPUTER CONTROL OPF THE NEUTRON GENERATOR INGE~1

P. RBckstein, P. Gleisberg, R. Krause, R. Schwierz, D, Schmidt, D, Seeliger
Technical Uaiversity Dresden, Section of Physics, GDR

Introduction

The widespread application of microcomputer techniques prc..oted the development of control
systems for processes or equipment in nucleer physics. An up to date computer control
system for such purposes represents an on-line closed loop system cousisting of one
central computer and additional microcomputers for specisl tasks. With such a system it
is possible to reduce the operating expense necessary for starting aud checking the
fuwuctioning of automation processes. The development of such an automation system focr the
intense neutron generator INGE-I requires the solution of problems, which are directly
connected with the working regimes and ihe construction of a cascade accelerator.

The first step in developing such a system is based ou the open loop system itself,
because that can be done in pnrallel with the “evelopment of the intense meutron
generator, In order to improve the system while further developing the compoments of the
generator, a modular expandable hard- and software system was designed and developed.

Hardware

The main part of the hardware sy:.tem of the neutron generator consists of three ricro-
computers, & CAMAC-microcomputer AMCA 80 /1/ and two microcomputers in K1520 gstandard /2/.
It allows the on~line closed loop control and on-line open loop control of the generator.
Manual control of all or selected parameters during simultaneous on-lipme process data
acquisition in special situations is also possible. During the development of the
generator, these two operating modes were used, They ere also being used for process
jdentification, the analysis of the behaviour of the generatcr under various test
conditions.

The CAMAC~aicrocomputer AMCA-80, which together with the Awa.liary Cratecoamiroller
Adapter works as an Autonomus Cratecontroller, represents the master in the multimicro-
computer system, The two others operate &s a graphic computer terminal /3/ and as & com~
puter for communication with the operater and for I/0 standard peripherals, as shown in
figure 1

display
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iF
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[,

gupl’lc
ermind (K1520)

—>
[
> L3
)

for
electronics for communication
matehing and (K1520)
transfer

NEUTRON GENERATOR

Mg. 131 multi~-nicrocomputer configuration
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Because the open loop process data aguisition and process control in the first step of
the development of the generator was not so critical with respect to the reaction tine,
the master computer organized the communication too, as shown in the block diagram in
figure 2,

anslogue tlnary
ogwe binary
.::l cloments primery elesests final costrol ftosl control
prisary vlesants elesensa
)
analogee bisary malegee binsry
sranafer aystes transfor systas transfor systue tracefer jystem

analogse e 8I 1.2 [ =misiple 51 T.;
! lulilpl.x.rJ . Anput l bac output

Y L]
& < I I S
C camac DATAVAY >
140 device , wotkiag cevw 1Ca I 1/0 device specific
L aewory ANCA 80 iaterface
| 0
. - grephic
o computer
L el

periphersls
Fig. 2t block diegram of the hardwars system for control of
the neutron gecerstor

The lower part of this disgram shows unce more the computer coofiguration, The input of
angasured valiass ond the output of coatrol values taka place tLrough ths CAMAC-datawsy
for any ausber of binery values by means of parallel registers, Tue iaput of aralogue
pegsured valuesy takos plate by multiplexing by means of an Analog-Digital-~Coumverter,
The output <f analogue coutrol vslues is realized by a sygtem of Digital-Apalog-
Ceavorters.

Trensmissivn techoiques and technigies of primary elemenvs avd fimal contrml elements
were designed and developed teking into coms:deration noise imunity and safety againyt
sparkiog-over and curona discharges.

It is ovecessary to distioguish petween to, Liids of primary informations.

The first type comes from electrical val .es such as ion besm current at the Adiaparagms
cr on the targe* but alse current and vt .tage of power supply units, whereas the second
vPe 18 connected with ponelectrical values iu cocnection with pertinent electronic
tnits for temperature aud retes of circulstion in the cooling system of the ion sowce
and the target as well as inspection of the vacuum valve functioning, The electronic
units of primary; elevents cootoin limit comparators, So it is possible to use both out-
put signels, the analogue and tha oinary, as igput 2ata for the computer or a hardeare
conirol loop.

Operating at the high vnltage terminal of the neutron generator, the vower suppiy units
must be small and highiy elticlient. These properties hav been reached using tne
swvitching princi;le /4/, which allows built-in primary siemeats and final comtrol
elements to be reallized easily.

The maiy parameter of thr -jevelopei power supply inits are shown in + “le 1.

Tne iosulatiou °f the himh voltege terminal forced the development of ga optical
traceuuission line system for measured values end conivol valuss fllustrated io t1e
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figures 3 and 4,
type Ve Tge | Btadilisy |Rpple | Rer. Bine/m’ Remaris

2o 10720 { 0.0 | 0..20m (5.0 | <20 |>~asl1202215 2220 { 5, positive or
Nt nepative

= 5710 a] 0...8 07 | 0...100 m| <10 [«5.1073 | >80 %] 160 x 215 x 220 | f10ating cutput
additiomal owtput:
300 V: 10 md

mewss |o.e0v | 0...2580| <10 |<5.102 [ 08| 802215 2220

2V /%0 0...5v | 0...504 |«5.1073 - >75 %120 x 215 » 220 | f1oating output
lﬂt - ainuaoidal
curreat (20 kir)

om0/ 0.7 | o...104 [<5.1073 - >75% | 80 x 215 x 220 | f1oating output
X“‘ - sinusoidal
current (20 Mis)

Table 1: voltage-coatrclled switching power supplies
input voltage AC 220 v } 1‘5’ g (50 Hz)
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The very high noise imunity wznd the security esgainst influences caused by sparking-over
is caused by the pulse distance modulated transmission of analogue and binary values.
Analog-Prequency~Converters (AFC) and Prequency-:aalog-Converters (FAC) operate as
modulators and dexodulators Digital-Prequeuncy-Coaverters (DPC) and gated scalers are
applied for binary values.

Bapecially at the neutron geunerator itself the optical signals must be transmitted over
a distance of about thirty meters, however the power of optical drivers and sensibility
of the receivers allow a transmission distance of about one kilometer.

Asymmetric drivers, twisted pair linec and differential input receivers for the trans-
mission of analogue value and push-pull drivers and recelvers for the tramsmission of
binary values glve the noise imunity necessary also for ground potential transmission.

Software

Tha software syatem of the computer control is based on a modular expandable system of
subroutiaes called by a handliog prozram.

The commurication between the components makes use of standardized ioput/output vectors.
In this form the system allows to control any parameter of the intense neutron generator
by demands over the keyboard., The oc-line process data acquisition demands the cyclic
request of all registers and of the analogue messuremeut complex multiplexer-ADC.

One subroutine control the data transfer to the graphic computer terminal, where are
implemented for diagrams with conceantrated iaformatiom of several parts of the generator
and one table, showing a complete view, For example, the first diagram, shown in

figure 5, contains the most important parameters,

S SN ULONS SN S S ST
ESECECD) EXACELT) M) CRTE LT ELA LT S XY B S

Pig. 51 information on the graphic display;
the main diagraa



These are also placed in a table in the upper part of the diagram. The right field of
this table sigpais alars iaformatica, that is to 2ay, the number of the parameter an?
the number of the diagram, showing that perameter. The other diagrsms show the syste of
ion optics, the vacuum system and the cooling system, completed by the same table, 11
the first diagram.

With the help of the keyboard and the alpha numeric display the maximum value, lower and
upper limit of the parsmeters may be givea.
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RADIATION PROTECTION PROBLEMS WITH TRITIUM IN HIGH FLUX NEUTRON GENERATORS (HNG)
B. Lorenz, SAAS

Besides snielding against exterual rediation and protection egainet inducud radio-
activity handling of tritium .s one of the major radiation protection problems witt HNGs,
Even with conventional NGs it uas been difficult to strike a dalance of the tritium
inventory, tc cope with contamination and to determine enviroonmental release. The pro-
blems aggravate due to the 1-2 orders of magnitude higher quantity of tritium in the
targets of HNGs.

An evaluation of tritium health hazard was made on the basis of own experience with
conventional NGs, literature analysis and calculatious according to the ICRP gemeral
dosimetric model of incorporation.

To evaluate the associated health hazard it 1s necessary to determine how much of the
tritium target activity can be released, io which form the tritium may occur and during
what processes tritium will be released. These data have to be considered in relation to
the dosimetric incorporation model and the corresponding protection limits,

1. Tritium release and contamination levels

Tritium can be released during manufacture, transport, storage, target change, operation
of the generator, maintenance and repair, diasmantling and waste disposal.

Targes will be manufactured in a special isctope laboratory, which handles tritium for
other purposes too, So protection requirements in this case are not necessarily the same
as for HNG operation. It is advisable to trapsfer as much work with tritium targets as
possible to the manufacturer, because adequate tritium handling technology .s already
established tanere.

Por the release rate of tritium during storage _nd transport an average value of

10 Bq/h per MBq target activity was determined from literature data., The reported values
ditrfer due to the dependence on target preparation conditions, age and use, Very clean
conditions during maoufacture (ultra high vaccum, inert atmosphere during transport)
diminish the release rate as well as incresse the target lifetime and decrease the
contamination by sputtering. The demauds for careful target preparation, imnert storage
and transport to achieve long targetlife time and high neutron output /1/ completely
coincide with radiation protection demands, .

Adequate measures against fire during transport, although not imcluded in current trans-
port regulations for sources smaller than 37 TBq, are advisable due to the tritide
compound break-off at higher temperatures /2/.

The most significant quantity of tritium will be released during operation, This is to

a certein degree due to the thermal burdean the ion beam converts on the target (dissipa-
tion energy of some kW), The major process, however, is the displacement of tritium by
impinging deuterons. As a rough approximation one triton is replaced by a deuteron

per 10 impinging deuterons. The release rate from the target is about 6 GBq/h mA after
measurement of Booth a&.d Barschsll /3/. Kany accelerators work with a closed vacuum
system, so the released activity remains within the accelerator at first. Therefore, as
long as the vacuum is maintaiped, there is no immediate health hazard. However, all inner
surfaces of the vacuum system will be covered with tritium, Any procedure that requires
an opeaing of the vacuum system will cause a release of tritium, which is much higher
than a release from the target during storage, because th3 tritium is bound only super-
ticially. Inadequately stored contaminated accelerator parts can cause enhanced tritium
air concentration and unnecessary exposure /4/,

A significant quantity of tritium is released via fore pump during reevacuation, An upper
limit of gaseous release can be calculated, using the above-mentioned release rate value,
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If getter pumps are used, it is obvious tuat sigonificant activity is trapped in the
gsttser slaments. Thsy should bhe hendled in the same way as targets.
Whereas the getter elements are loaded by gaseous tritium, the inner surtfaces of the
accelerator get contaminated also by tritide particles.
Data about contamination levels around NGs accordin; to our own inspection results and
literature are summarized in Table 1.
As regards the form of tritium it can be
- elemental tritium gas released directly from the target,
- tritiated water o water vapor, i.e, transformed gas, decontamination

fluid or cooling water esp, when breaking into the vacuum system, and
~ metal tritide aerosols or particles sputtered from the target.
Information sbout tae form of tritium release is important, because there are difrerences
in the rediological effects.

2, Dosimetric data

Nosimetric data about tritium water or water vapor (HTQ) and gas can be obtained from
ICRP Publicatiou 30 /5/. The ALI corresponiing to a dose of 50 mSv/a is 3 GBq tor HTu.
(The term "dose" stamnds for meffective dose equivalent™.,)

The equivalent air concentration of working places DAC is 0,8 HBq/mB(HTO) and ZOGBq/m3(T—5as)
This difference betwesn HTO and T-gas, which is due to the different mode of intake, is
substantial., Normally, this difference is not taken into account and conservatively any
released tritium is thought to be in the form of HT0. However, this is not the case with
respec to tritium targets /6/ and radiation protection measures could be revised, taking
advantage of the difference im limits.

The third possible radiation exposure is connected with incorporation of tritide
aerosoles, ICRP 30 does not refer to this special form and therefore we have adapted tue
ICRP dosimetric model for the lung and the gastrointestinal tract to calculate the corre-
sponding dose. The calculated lung dose depends strongly on the aerosol diameter. With an
AMAD of 1/um the lurg dose per Bq intake is 10—83v, whereas an AMAD of 20,um results in

9 x 10'1osv/3q. The AVAD was determined to be larger than 20/um /?7/. The corr sponding
DAC-value for 20 Jus AMAD would be 0.1 MBq/m3 further increasing with growing aorosol
diameter. The major dose results from small particles, which reack the inner part of the
lung. With growing particle diameter aerosols will go directly fros the nasopharyngal
tract into the gastrointestinal tract, causing only small djoses.

530 inhalation of particles does not present a significant hazard, The sam ‘s tr- for
the ingestion of particles. Only trifling doses can be calculated lue to t.e suort time
of passage, the small rate of release of tritium into the organpism acd the substantial
absorption by the intestine contents and selfabsorption,

With respect to surface contamination limits (ls) we checked the validity of current

limits,
Derivation in case of tritium takes into account only inhalation and ingestion, For in-

halatlon the resuspension factor r was taken to be 4 x 107527, Then 1= DAC/r is

20 GBq/m . Por ipgestion it was asaumad that daily the activity of an area of 10 cm2 is
ingested, It follows 1 = 10 GBq/n « Therefore current limits could be relaxed by several
orders of magnitude trom 50 kBq/m2 to 10 GBq/m . It particle contamination and only
gaseous release is assumed, even higher relaxation factors would result. For several rea-
sons such a tremendous change will not be introduced, but a relaxation factor of 100, as
already proposed by ICRP /8/ would be Jjustified.

Despite the deficiencies of the model, it seems that rsdiation hazard from surface c ra-
tamination has been overestimated somewhat up to now, and operational contamination
levels can be kept well below the relaxed limits (table 1),

The evaluation of tritium release ioto the enviromment is important with respect to co-t-
effectiveness, Without any doubt tritium absorption facilities reduce tritium release



substantially, The question is, whether the corresponding dose reduction is substantial
a8 woll. W intend to investigate tkis prodlem in the near future.

2s _Incorvoration snalysis

According to the metabolic data /9/ tritium uptake can easily be detected by urine
snalysis. This method is very sensitive and detects activity coacentrations which corre-
spond to doses leas than 1/10 % of the limit, So the effect of radiation protection
msasures and working behaviour cen be demonstrated by urine analysis, The derived limit
is 1 GBq/l’. Our resulta of monitoring NG persomnel give an aversge of 1 IBq/m3. ir
ssmples are taken routinely, and 10 lnq/-3 in case of event related sampling.

A similar value was reported about HNG personnel /10/,

In any case the corresponding dose is low, which is an indication that measures taken are
sppropriate, although not necesearily an optimum.

Conclusiol

HNG operational tritium health hazard is amaller than expected from the quantity of
tritium inventory.

Bvaluation of the dosimetric data on the basis of ICRP 30 and monitoring results reveal

a possible general relaxation in protection measures to achieve better cost-effectiveness.
liore &tailed investijations in this direction are planned.
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Table_1: Contaminations around NG

working areass 50-500 kBq/ll2
target vicinity 500 MBg/m°
transport package (inside) more than 500 IBq/n2
fore pump oil
low target activity 5 GBg/m’
normsl target astivity 50-500 BGg/m’
bigh target sotivity (HNG) 50 TBg/n’
cooling water
normal target activit) 50  MBq/m’

high target setivity (ENG) 50 Gbg/n’
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AN EVALUATION OF NEUTRON YIELDS FROM THICK TITANIUM-TRITIUM-TARG:TS UNDER
DEUTERON BOMBARDMENT

H. Helfer, B. Hildebrandt, A. Seifert
Technica® University Dresden, Section of Physics, GDR

Intention of the present paper is the calculation of differential neutron yields
dQn(bn)/dJIfrom thick titanium~tritium-targets under deuteron bombardment with simplified
assumptions about the structure of the target and about the deuteron trajec tories in tue
target. New data taken from literature are used in the numerical calculations.

A layer of thickness dx located at a depth x of the target with a concentration of NT(x)
tritium atoms per cm’ uoder bombardment with a current Id(x)-Nd(x)/sec of deuterons
yields the follcwing quantity of neutrows per unit of time and solid angle:

3
d-N N _ d0(s ,E
d:(x a) = Id(x)-ﬂm(x) . do(8, d(x)) . ax. 1)

The target surface turned towards the incident current of deuterons corresponds to x=0;
the thickness of the target is appropriately set to xtargetz-Rd(Rd" range of deutefons
in the target material), i.e. in a thick target the accelerated particles cai be_ slowed
down to zero energy. Using dx=dE:(dE/dx) and, if the curreat of deuterons and the number
of tritium atoms per volume along the deuteron trajectory aru assumed to be coanstant,
Id(x)=Id and NT(x)sﬂT, hy integration one gets the total quantity of neutroms per unit of
time and solid angle, i.e., the differential neutron yield:

dga(én) = d2Nn(én) = Iy-Npe e do(én’md)(ffl_dﬁ. (2)
dtadl -ae/dx
Ed=0

The simplifying assumptions mentioned above about tar;et structure and deuterou trajsc~
tories in tnhe target material refer to the following facts:

- all tritium atoms are bound ia the same kind of titan-hydride-moleculs; their
distribution is uniform in the whole target;

- the angular spread of the deuteron beam caused by Coulonb-scattering; on the target
auclei bas no esseatial influence on the value of the dirferestizl n.utrom yield /1;2/.

For the numerical calculations of the neutron yields cross sections do(én,wd)/dll oi the
reaction T(d,n)qﬂe ia the laboratory system from /3/ are used; values of dEd/dx arc taken
from /4/. kuerygy loss per length unit of the deuterons is assumed to follow the Bragg law
of additivity; it is the sum of the energy losses of deutercns in titanium Ti and in the
target material:

dE dE dis
d = d d '
(E'—x ) T4 (E‘) T, ' (ax‘) Ty )

where B‘NT/NTi is called "atomic ratio™ - the average number of tritium nuclei per one
titanium oucleus, This consideration is based on the experimental fact that the ioniza-
tion enmergy losses of ione per atom/cn2 are equal in isotopes:

(- 8)um(t-£)s=(3-£) - @



with NTBn-N!i and

a8 aE, \ ( g v
a = N o . . 1 +f3 . a (5
(ax— M Ti{ (i o F b n} :
the differential neutron yield related to Id = 1 =i cuimront of deutervos is givea by

2 a
aNy(4n) w n.6,24.101%. do(4y,89)/40 ax.
Tt -aEa) +]7-
d By0 T[*{¥ax /n ¥ ™
—————— e e e e

(6)

Numerical calculations according tv (6) were carried out in the emergy range from
0 to 350 keV and for atomic ratios n=0,5...2,0. Following /5/ titanium-hydride layers
with 1 > 2 are instable.

The results are shown in fig. 1. Clearly the rise of the differential yield of 14 MeV
peutrons with the accele-rating voltage ire the range of 100,,.250 kV can be seen. In
thls raoge the calculation of the total yield gives values of about Qn-n—5-1011 oeutroas/
sec for every 1 kW of beam power,

Designing the target thickness ‘TZL Rd one can assume that the raoge Rd of deuterons in
purs titanium in every case is an upper limit for the range in the target material, be-
cause the stopping power of 1mg/cm2 of T1 is much smaller than that of T. Fig. 2 shows
this fact (R' in mg/cm2 i8 tho calculated range of deuterons in the target material).

At deuteron emergies of 200...350 keV and at n=0,5 (1,03 1,5; 2,0 respectively) the mass
part of 3 % tritium (5,9 %; 8,5 %; 11 %) causes a possible reduction of the titanium
layer tnickness to 87 % (77 %; 68 %; 62 %) of the thickness at n=0O; on the cther hand,
thick targets nave the advantage, that tratium can diffuse from desper layers during the
irradiation.

Together with the inevitable sputtering of the surface this process increases the target
life time.
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ISOLATING TRANSFORMER IT 300 FOR 300 kV AND 10 kVA

J. Pivar&, K. Malek*, B. Bajcsy® an¢ P. Rovny™
Institute of Physics, Electro-Physical Research Centre of the Slovak Academy of

Sciences, 842 28 Bratislava, Czechoslovakia

Abstract: Ve describe an 1solating transformer developed to supply a high vol-
tage terminal of a 30U keVv eclectrostatic air insulated accelerator with the a.c.
voltage 220 V and the power 10 kVA. The transformer of an about 1000 kg weight
is built into an oil-filled incsulating cylinder ¢ 0.B3 m x 1.5 m., The structure
of the transformer is simple,

1. Introduction

One usually considers two kinds of power supply for equipments placed on
a high voltage potential. One is based on a mctor genzrator and the other uses
an 1eolating transformer, This latter solution is preferred in the majority of

emall accelerators due to lack of undesirable noise and vibrations.

In the paper presented the isolating transformer IT 300 developed for the
300 kv potential and th power 10 kVA is discussed. The design of the transfor-
mer was stimulated by the structure of an intense 14 MeV neutron source /1/.
A pertinent aquipment was not available in the COMECON countries market at that

time.,

2, Descript._on and technical specif.cations

The isolating transformar IT 300 should feed systems placed on the 300 kv
d.c. potential with the a.c. viltage 220 v, Its scheme is shown in Fig. 1.
The transformer is put into an insulating cylinder of laminated paper fiiled by
inhibited transformer oil, Primary and secondary windings are a3pecially protec-
ted against overvoltages between the windings. The insulation is designed for
the d.c. voltage 330 kV, The ratio of transformation is 1. The parameters are

summarized in Tab, 1.

+ Permanent adress: CKD T.C,, uLlectrical Engineer.ng Prant,
150 00 Prague. Czechoslovakia,

x Parmanent adrese: BEZ C.C., Electrical Technology Plant,
831 07 Bratisluva, Czechoslovakia
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Isolating d.c. voltage

300 kv

Primary voltage

220 V/50 Hz

Secondary voltage 220 V/50 Hz
Rated power 10 kVA
Short circuit vnltage 10 %

Gross weight

aprox. 1000 kg

Dimensions

P 6.83m x 1,5 m

Tab.1., Technical parameters of the isolatinj transformer IT 300,

3. Magnetic circuit and windings

The scheme of the magnetic circuit is shown in Fig.2. The circuit con-

sists of transformer-core laminations continuously tightend by insulating tape.

)

- 2.8 [

220VAC.

Q__ g2m

<
-1

Fig.1. isolating transformer IT 300,
l-primary winding, 2-frame of
the transformer, 3-vessel, 4-
vquipotential rings, S-air deei- special joints and countarshafts.

¢cator, 6-secondary .winding

and 7-0il gauge.

Put
2

Fig.2. Magnetic circuit of the
transformer, l1-transfor=-
mer-core lamination and
2~-insulating tape,

No furher clamping structural
elements are placed between the
tape and the magnetic circuit.

The circuit is tightend without

This simplicity is the main ad=-

vantage of the circuit setup,

The actual setup nf the magnetic circuit is patent pending /2/.

The magnetic circuit is palced and fixed into the insultating cylinder by

» stand, The stand is aleo simple and dnexpeneive, ses Fig, 3,

The primsry winding is coiled on a cylinder and fixed by a dovided ennular

rirg /4/. The seoconuary winding is fitted with another annular ring of a drop'’s
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form with a cut faor the location of the winding and the conducting surfacs.
Insulating cr ‘ering cylinders and insulating cups are used to increase the

spark-over distance. The scheme of the windings is shown in Fag. 4.

ANNNMRX

swRaLRRL, - "
fiZssssssssss: D1 il flsl
~ NN RN

o S A AAAMN AR LN NN
e e

123458078

Fig.3. Scheme of the transformer Fig.4. Layout of the primary and
stand, 1-fixing wedges, secondary windings, 1-pin,
2-screw and 3,4,5-walls of 2,18-annular rings, 3-cylin-
the stand. der, 4-primary winding, 5,13,

21-coverings, 6~-insulated cy~

The transformer has four inside and linders, 7,20-slats, B-distan~

ce plate, 9-cups, 10,15-cove~

four outeide insulating cylinders. ring cylinders, 11,16-cuts,

The distance between cylinders is 12-tube, l4-output of the se-

1.5 cm and the distance between pri- condary winding, 17-secondary

winding and 19-foots.
mary and secondary windings is 9 cm,
The structure of the windings is pa-

tent pending as well /3/.

The whole structure of the isolating transformer IT 300 is simple compared
with others, For exemple, its windings are joined by a relatively simple
structure without a complicated eystem of joints, the insulating cups are glued
not pressed and the annular rings are fixed at the end of the front face of the
windings, They are not components of the coils, Further, the isolating cylin-
ders have symmetric slots and the outlet conductor is covered by insulating

material and an equipotential tube.

4, Conclusion

The isclating transformer of the above parameters has been made in Czecho=-
slovakia for the first time. I¢® insulating properties and ionization were tes-
ted in the state test utand instslled in the Institute of Heavy-Current Engi-

neering (1HCE) and the Institute of Power “ngineering (IPE), Bechovice near
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Prague . The test confirmed all designed valuaze /4~5/,

The authors witch to thank Ing. $. tuby, ErSc. the directc: of the IP EPRC
SAS and Ur. . Blazek, CrSc. tor the.r support and kind interest in this work.
They are gratefuwl to L, Dos.al for iechnical telp. Useful discussions with Or,
P, Oblozinsky ond Dr. S, v'lavd® are acknowledged,
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THE CURRENT STABILIZER FTOR ANALYZINT MACNETS IN SMALL ACCELBRATORS.

A.Bisnkowski
Institute for Fuclear Studies, “arsaw, FolanC.

Atatract

The design, construction aand performance of the current stabitizer for analy-
zing mazneta of small accelarators iw deacribed. The etabilizer ig .31 ned tc
provide a w©tabilized U7 current output in the range cf O - 30 amps at 3 volta-e,
varying fror C to 200 volts. The lonc-ierm current stability is better than 107°
ir the 1:nge 07 1 - 30 amps. This relstively simple and inexrensive device is
designed on :he vaeis of th: typical integrated circuits.
1. Introduction

The separation of accelerated ions by mass a1d enerry <“s usually me~de by mne-
ane of the analvzing magnets. In the typical case mtability of manetic field
should be at least 10'4. Tariatioria in ma netic field st-enqsth are caused hy
fluctuations of the exciting current and chanzes of a ma:net teaperature. Since
magnets have a large heat capucity tlie field variations due to temperature chan-
ses are very slow, Besides they sre very small. Therefore tlie above require~snt
of the magnetic field stability can Lte :btai.is4 by the stabilization of the ex..
citing currert,

2. The current atsbtilizer

The asimrlified block Aiagram of the current atabilizer is shown in ¥i.;.7.

Fiy.1. Simplified block diagram of the current stabilizer.
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1 poner g :pply is compoged of a transformer [r and a conventvicnal 3-phase
rectifie~ made of 3 diodes /D1, D2, ®3/ and 3 shyristors /Ty1, Tyo, Ty3d/. 4 fi-
lter is connected t5 the rectifier ousput for reducing the output rippnle.

As can be seen 1n Fi<,1 the atabilizer is provided with two feedback loopa:
a ~air 1l-op and an additioral loop. In the main lour ,for fine regulator/ the
v2ltare drop acros. 2 senging resistor R /0.11/ in series with the macnet M is
compared with s recerence voltase from the ten-twrn potentiometer I .y a diffe-
rential ampli©éi=r A1. The Aifference voltage ia then amplified and fed into a
geries coatrorller T /a bank of twelve vnarallel crnnected nover transisters
2713355/. Ia order to 7btain high atability or tne resisior R it was made of a
water-cocling mangmain wire. The vultase for the poteutiometer P is wupplied
‘rom an & velto Zener disde. Coolins-water tubes are b-azad on to the two thick
crpner plates. n the firmt plate the dioden a:d power transistors were mourited,
an the asecond cn~ the thyristcore. An additional feadback loop /or coarse recu-
lator/ includin,: w1plifisis AZ and AJ controlls the vnltace drop across the se-
ries cor roller T. The nutput voltaze of the amplifier A2 is proportional to
the volta-e hetween emitters and coliectors nf the tranaistors T. This volta:e
igs ecompared to the frection of the gupn'’y voltace. The voltarse difference is
minimized by means of rerulatora 341, RA2 and RA3 which controll the cut-off
ar=le of thyristcers Tyi, Tyv2, Ty3 ana therefore the outout voltase of the rec-
tifier, The responee cf the cosrse loor is very slow as compared to the respon-
s ~f the fine reculator.

The followin: protective devices have been provided: i
1. ¥ain suprly cut-off which becomes active if the transistors T exceeds the

rreaet nominal temperature /amplifier A4/. This can occur when the pressure

2 eoolins wiater 18 too low.

2. Vain suprly cut-off which becomes active if the ripple voltane of the fil-
ters conienger exceeds the nreset nominal riprle, for¢«example when the one
o€ phase valta-es is lackin- /amplifier A5/.

3, The fast actins fuses in gseries with each of dAiodes D1, D2, L3 ani thyristo-
rs y1, "y2, Ty3.

4, The voltae limiter located ingide of the amplifier A1 which limits the emi-
tter-cnllector voltaze of transistors T. This vcltape cannot exceeds the
preset nominal value of 12 volts.

5. The diode D4 provides some protection for the output circult against volta-
zes induced in the magnetic coils by rapid changes of the magnetic field.

3. Conclusions

The precission of the regulator was even hetter than expected. During a 24
hours tests using a oroton resonance field meter at a different field strensth
the rrecision of the field proved to be better than 1 part in 104. During three
years vicrk the current stabilizer have shown a full efficiency, high reliabili-
ty mrd asonvenience of operation.
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O.Pentchev, J.Jordanova, K.Ilieva, G. Voykov, 3. Antonov

Institute for suclear hesearch and Hucl 1 Energy, Bulgarian Academy of
sciences, Sofia 1184, Bulgaria

The trunsmission of collimated 14 MeV neutrous through 1-3 mfp iro:,
copper and leul slab shielding is experimentally and numerically inves-
tisated.

The exsperiiicatal set-up is showa irn Figure 1, Heutrons of 14,39 HeV
encrgy of about 1010 n/s iztewnsgity ( 1,5 ma deuteron ioms cuxrept ) are
producc? from the T(d,n)4He reaction using « SANES type D150 KV accele-
rator. A cylinarical iro: collimator fomss the collimated reutrom beam.
The different shielding slubs whose neutron attenuation hus been measu-
red are locatea just behina the collimmtor. The cylindrically shaped
lonr counter ( 37,5 cim diameter a.d 42 cm length ) is placed at 82 cm
Jictance from tuc collimator edge.

.. caleulatio.s nave bee. carried out by means of the onedimentional
iiserete ordinnte code ANISN /1/ taking into account that the neutrons
#re comiing to the detector only in augles up to 14°,

por estimating the attenu-tic. through lead sleabs ( Table 2 ) the

calculat® ~us have been performed in geonctiry corresponding to the expe-
rimental conditions /3/.

all caloulations have been done o the basis of our multigroup con-
stant librury L20¥2534 /4/.

mhe rewults o the culculations aund the experimert are given ixn
Tasbles 1,2 The comparision of the data shows that the calculations are
in fairly well agreement with measuremerts.

moreover, considaring the results in Tables 1, 2 it could be realized
thet the oune-dimentionsl code ANISN gives satisfactory o=timations of
the tranomisoion of 14 meV ueutrons, passed forward throu,n the 1-3
mfp barrier shielding slabg.

8 '
st | |
430 ¥ o l
d’ T
$2 b%!
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Table 1
Attenuation of 14 Me¥ neutron flux by shielding slabs
Copper Iron
3 /cm/| Experiment ANISN Experiment ANISN
4 0,478+40,008 0,45 0,509+0,007 0,494
6 0,372+0,007 0,303 0,362+0,006 0,342
8 0,204+0,005 0,203 0,281+0,005 0,238
10 0,123+0,003 0,137 0,162+0,003 0,167
12 —_— —_— 0,123+0,003 0,118
Table 2
Attenuation of 14 lLieV neutron flux by shielding lead slabg
d /em/ Experinent LOKSD ALTS
2,5 0,765+0,009 0,700+0,011 0,726
5,0 0,684+0,004 0,542+0,021 0,536
7,5 0,447+0,007 0,394+0,020 0,404
10,0 0,340+0,006 0,367+0,023 0,316
12,5 0,20440,004 0,211+0,024 0,256
References
1¢ ANISN = Code. One-bDimentional Discrete Ordinate Transport Techniquee.
2, Emmet M.B.,, The LIORSE Monte - Carlo Transport Code System, ORNL, 4972,
Feb, 19750
3. S.Antonov, G.Voykov, K.Ilieva, J.Jordanova, Integral benchmark on the
attenuation of 14 MeV neutrons by lead clabs, Yadrena Energia, Bulg,
Acad. sci,, Sofia, 24, 1984 (in print, in Russian),
4, Voykov G., VeGadjokov, S.linchev, L26P3534, INDC (BUL)-007/Gv, Vienna,

larch, 1952,




P

TPAHCIIOPT HE#TPOHOB HMKENEM CPABHEHUE SKCMEPKMEHTAABHOTO ¥ PACYETHOTO PELEHMA

M. Bypmas, NHCTHTYT ALEPHHX MCCACAOBAHUR P¥ex, Yexocmomakrs

AgHoTauna

OnucuBaeTCA PACYETHOE M IKCNEeDUMEHTANBHOE DEmeHWe JJA TPAHCNOPTA HEUTDOHOB UNCTHM HUKENeM,
CnexTp HEATDOHOB BHXOAANKX M3 TNOBEDXHOCTH HHKeAEBOH cdepdw ZmaMeTpOM SU CM C HEATDOHHHM
HCTOYHKKOM KaduGopBEMA 252 OhA M3IMEPEH CUMHTHANALNOHHWM CIEKTPOMETPOM W HPOMOPUNOHANDHHM
BOAODNAHNM CUETYHKOM, JUIA PACUETOF MCMOJNB3OBAHA NpOrpauMa ANISN ¥ OHGNMOTEKM LAHHHT
EURLIB-4 ¥ VITAMIN C. CpaBHeHu€ JaeT pexkOMeHA3uMu HNA BHOODA IAHHHX TPH Demed#¥ KOKKDeT-
HRX TInNGJIeM TpaHCcrnopra HeWTPOHOB. .

Beezeune

PemeHne KOHKPETHWX NDOCJAEM AZEPHHX DEakTopob (pazMauyoHHOE NMOBpeXLeHMe, TENNOBHIENeHMS,
aKTWBAUMA, A03a) BHINBADT TPeGOBaHWA HA YTOYHEHHE NPOCTPAHCTBEHHO-3HEPreTHYECHOT'O pacrpe-
I1Jedns NMOTOKA HelTDPOHOB B MCCAEAYENHX CpeZax.

Korza ouav B LAl nposezend TecTOBHE pacyeTH CNEKTPOB NpY NDPOXORAEHMM HEedTDOHOB BApMAHTAMU
XeJIE33 M CTal®, ANA OCBACHEHWR BIMAHAS DACUETHHX METOZMK ¥ Da3HHX CHCTEM AAHHHX, AManadoH
NONyYEeHHHX DE3YNBTATOB ONA OYEHb wLWDPOKMA. [IpH 3TOM OHAM WCNONB3OBAHH DA3HHE METOAH pele-
HUA TPAHCMOPTHOrO YPAaBHEHMA ¥ PA3HHE OUCTAUTEKM NAHHHX. V{3 3TOrO0 OYEeBMZHO, YTO LJA pa3Bu-~
THA W NPOBEDKY TOYHOCTM pPACYETHHX METOZOB HeOOXOAMMO NPOBEIEHHE D2NEPHHX IKCMEPUMEHTANb—
HHX nccnenoBaluyi, Takue 3KCIMEDHMEHTH, KOTOPHE ZAZYyT LUDOKYD KHEOpManUe O XapakTepUCTHKAX
U3nyJYeHu, BXOZALEIO B Cpely ¥ BHXOAALEr0 M3 HEesx MOT'YT CTATh ONODHLMM M B CPEBHEHHMM C ¥X
pe3yaAnTaTaM# MOKHO MPOBECTH NMUCBEDHy KABK CAMNX [DACYETHHX METOAWK, ~a° U fALEPHHX [aHHHX
MCNOJNE3yeMuX B pacuere. POJb TakMX DenMefLHNX JKCMNEepUMEeHTOB MOTYT CHIpaTh 3KCTIELUMEHTH B
cteprueckoi TEOMETPUM C TOYEUHNM MCTOYHMKOM B LEHTDE - HA NPAKTUKE C MANOraCapUTHHM DaZno-
HY KIMZAHHM MCTOYHUKOM HEUTPOHOB HA NCHOBE KAINQODHMA 252 WAM € 14 M3B HEWTpPOHHHM reHeparo-
oM.,

CaMuMy BaXHHMH COCTE&BHHMA CTajA¥ RBAAKTCA KeAe30, HAKEAb M XpOM. UMCTHM mele3oN MH 3aHH-
wanuch B Npermnymax oranax (wamp. /I/, /2/). Aamepenua IAs xpowa Guau ocyuecTaieHd B (06-
HUHCKe ¥ OYLYT nyOnrxoBaHd B ortyere ¢OW. PesyapTartd MepBOro erana AJA YACTOrO HYKeAR NpH~
BeneH B HAcTOAueM IoKJyazne.

JKCNEPUMEHTANIbHHE DaGoTH

dccnenoBaHUA AKA YKCTOFO HKKeAR OWJM NMpOBeleRN C mapoM ZuaueTpoM S50 cu, xoHdurypamuma sKC-
nepMMeHTa noxkaszasa Ha puc. 1. C mo-

MOLBD 3ALUTHOTD KOHYyca OWJa cLenaHa

nonpaBka Ha $OH pACCEAHHHX HEUTPOHOB. I L. 1. N

InA p3mepesnit cneKTpoB MCMOAL30BAH [_

HA060p CNeKTPOMeTpOB, WMMEHHO!

I. OZHOKPNCTARLHNHE CLMHTUIIALMOHHLY
cnexrpowerp (obnacte U,2 - IS MaB)
2. CnexTpoMeTp ¢ NMPONOPLNOHAABHHM
BOAOPOZHHM cyeTyHKkoM (00AacTh nererrop soar. vomyc
10 xaB - 0,7 MaB)
3. CnexTpomerp seiTpoHoB Tuna bounepa
(oGnacts 0T TEnAOBHX ZO MaB).

\nGn

777, Ll
Puc. 1. Kosdrrypauua OAROMEDPHHX i g

JKCITEPUMEHTOB



33

CACYSTHHE DEACOTH

CInOMEDHYE DaCYETH CNEKTPOB EeATDOHOB, YTEKALMMX ¢ NOBELXHOCTM WADOB, OHJAM MPOBEAEHH Me-
U3ICM AMCKDETHHX ODANHAT WPOrpaMMoil ANISN /3/ (wozudmxamna sa EC I040). Teomerpus merou-
HrKa -~ map pajnmyca 8 MM, CIEKTD &NNPOKCHMMDOBAE pacnpelenexnew MakcBeana. WaMeperumi
MEKTH CAMOT'0 KCTOUHMEA HAXOZWTCA B NOJHOM COOTBETCTBUM C DTMM DachpeneNeHEueM. lIperBapH-
TCIBHWE DPACYETH NOXAIATM, YTO Sq2 ABAAETCA NOAXOAAMMM NPHGAFEELHMEM AXA DACYETOB TAKOID
TANa, &HUCOTDOMMA DPACCEAHNA AOCTATOYHO ONMCAHE NPACEKNEEHHEM P3. Hoamvecrso nurepsanos no
~aiuycy - go 85, MOTOKE DACCYMTAEN IO MECT& M3MEDEeHHA, MeXny AeTexTopoM M cdepQid mpeano-
N&raeTcA BaKyYM.

LN pac4erop GuiM MCRONB30BAHN CAeAyvmMe CHOAMOTEKR ZaHuk>: 100 ~ rpymnosas EURLIB~4 /4/,
m 171 - rpynnosas VITAMIN ¢ /5/.

floayuexHHEe DE3YABTATH, BHBOIM

Ha pWc. 2 MOKa3auy pe3yJsTaTH PaACYETOB

zf i '47"Y7? AR I"n1 NPOBeZEHHNX OCeMMr OMCAMOTEKAMM KBHHMX.
2 ‘ VITAMIN C no3BOJReT TOYHee ONpenenauTs
g ] CMEKTp He{TPOHOB O0COGEHHD B 06HACTH

‘El“ 1 % pe30HAKCOB, Fonrmue oTkJIOHEHWA npexjie
- ‘ scero B odnacru 20 k3B - I00 xaB. 3To

————————— BHTEXaeT YX€ W3 X018 LAA WIJIOCT PROEM
b NpMBEREHHNX Epot » B 06XacTh 4 MeB -

] 7 MaB y BURLIB-4 T0Xe Heé NOABHANCE HA-
: KaKHe pe3oHaHCH.

3

i
|
i
i

— VITAMIN
—_——— EUNIB

Ha pmc. 3 cpaBHeH#e DEeBYABTATOB JKC-
NEepUMEHTSE C PacyeToOM C AAHHHMK
EURLIB-4 B ooaacrm I50 xaB - 350 xaB
pacqer HWEE SKCMepAMexTa A0 (faxTOopa
zBa, Huxe 100 k3B nraoGopor. Juddepen-
ouME ToXe B oGnacrtu Bume '+ MaB.

Prc, 4 cpaBHMBAEe1 DKCNEDUMEHT € pacyer-
HHMM pesyasTaTaMy NMOAYYeHHHMH GUCIHO-
TeKoil VITAMIN C,[lo fopue n BeaMuuHe
pe3yabrTaTi COBMAJANT KpOMe OGAaCTH
BuRe 4 M2B, I'Ze sKCNEDMMEHT HEAOOUERK-—
BAeT NOTOKM HedTpoHOB., B odaacrv I50 -

|

{ N bl N ER S BT .

b i S ey TR 350 3B aKCMEepHMEETANBEHE Pe3yABTaTH
3aBHIeHN.

H M
Puc. 2. CpaBrexne CNeKTpoB HefTPOROB AHA Ha npmBezexuoro purekaer: HpH CAeAyoEeN
HWKels DACYATAEEHX C NPRBEACHENME grane mawepeimii COCPETOTOURTH BHANAHHE

Omoanorexamn. K8 o0xac?s Bume & MsB. Jta aroro ynoo-
Hee NcrnoAbp3oBaTh 14 MaB HeMTPOHENH
resepatop. Jlansme npoBepATh OCHACTH
150 ~ 350 k9B, pacmMpATh PE3yALTATH
a0 I0 xeB.
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MicASUNSMENT OF NEUTRON LEAEAGE SPECTRA FROM A LEAD SPHERE FED WITH 14 MEV NEUTRONS

U. hlbert, W. Hansen, Ch, Reiche, W, Vogel
Zentralinstitut fir Eernfcrschung, Rossendorf, DDR-8051 Dresden

T. Llfruth, D, Seeliger, K. Seidel, G. Streubel, S, Unholzer
Tecnonische Universitédt, Bektion Physlik, DDR-8027 Dresden

In blanket conceptions for D-T-fusion reactors, neutron multipliers are used for enlar-
tiog the tritium-breeding ccafficients, Multiplier materials must have large {u,xn)

cross sections, small neutron-absorption cross sections and appropriate technologicai
properties. ’

At present Pb 1s the prefered candidate [1]. It is located direct behind the wall of

the nlasma torus. Therefore secondary usutron spectra from Pb bombarded with 14 MeV
neutrons are of immediate interest, and evaluated differential cross sections are tested
with one-dimensional iategral arrangements fed with 14 MeV neutrons and measuring neutron
leakgge spectra and reaction rates (tab., 1)

Table 13 Benchmarks with Pb spheres

Group Shell thickness Measured quantity
[cm] and method
Lawrence Livermore 9 neutron spectrunm
Laboratory [2_} time-of-f1light
IAE Moscow [3] 2.5, 55 7.5 reactioa rates

activation probes

Osdaka Uoiversity [4] 3, 6, 9, 12 peutron spectrum
time-of-flight

In these benchmarks, the measured spectra sre found to be remarkably harder than the
calculated.

We use in our experiment a thicker sphere to have more sensitivity for discrepancies
of the evaluated differential emission cross sections im the high-energy region, Thre
outer radius of 25 cm and the immer of 2.5 cm correspond to a shell thickrrss of 4,1
mean-free-paths for 14 MeV neutrons, Several independent methods are used for measuring
energy distributious as well as flux-integrated reaction rates from the same sample for
improving the experimental reliability.

\ Bia, 11
NN i = Geocmetrical relations of the
- <s— arrangeneat (horizontal cut
L2420 =3 showing the equator of the

’ Emn 3 EIN CO0, sphere)



- The oeutron current is measured »t detector position U (rfig. 1) with time-or-rlignt
spectroscopy and with recoil-protom spectroscopy.

- The neutron flux is determined on the unorth pole of the sphere witn recoil-proton
spectroscopy, and reaction rates are taken at the indicated positions of the mezsuring
channel (fig. 1) inclusively at the surface with activation- and fission-thr=cshold

detectors. «

The D-T-neutron generator produces a few of 1010 o/s. The source strength is mornitored
by counting the a~particles using a Si-SB detector [51; two additiogal neutron ‘jetectors
act merely as relative monitors because they are influenced by the sample,

Time-of-flight spectroscopy

The peutron generator working in the pulsed mode[:G] has pulse widtos of about 2 ns and
repetition rates of 5 MHz and 2,5 MHz respectively, The overall time resolution is about
2,5 us corresponding to energy resolutions of 6 % at 14 MeV and 1.6 % at 1 MeV. The
detector scintillator is Nv-713 (36 wm in diameter); a neutron-gamma discrimination is
used E? ]. The detector efficiency is calculated with MoateCarlo methodi:sl as well as
experimentally deterained by measuring time-ot-flight spectra of neutrons from a Cf-252
chanber [9] and from the generator without sample. Tne time spectra are traustormed to
the energy scale taking iato account the auisotropy cf the neutron source aod thick
triti. targets [10] .

fig. 2 shcvs the result compared with the current calculated with the ANISN-code and
KNDF-B/1II data. The most apparent discrepancies are at medium and high neutron eucrgies
where interaction mechanisms are dominating which are faster than compound-nucleus
evaporations,

[’fl | S B S S SN B B S M M S B Fig, 2:
0" - . Neutron current density per
- 4 gource neutron and lethargy
unit (measurement: eesee;
6| P5316-ANISN calculation:J—L)

&N/ INg-dF-du) 11/ (e -leth )]

ggcoil-groton spectroscopy

The pulse-height spectroscopy used with hydrogen-filled spherical proportional chambers
(diameters: 3...4 cm, pressures: 100 kPa,..1MPa) [11] and with stilbene scintillators
(diameter/length: 10/10 and 30/25 mm) [ 12] covers neutron-energy regions from 5 keV to

1 MeV &nd from 0,75 MeV to 14 MeV respectively, The spectral distributions are differen~
tiated in both cases, The chamber spectra are corrected tor down-scattering of high-
energy recoils and for wall effects [13] .
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Alpba events in tne stilbene spectira created by interactions of 14 MeV neutrons with.
carbon auclei as well as end effects are taken into account by a measurement with the
source~neutron current.

Tne uncertainties of both the spectral distribution and the energy resolution aro

5.,.70 %, with exception of the energy region 0.75...2 MeV, where uncertainties of the
scintillaticn-light efficiency enlarge the uncertaioties to + 20 %, and of the energy
rexion near the 14 MeV neutron pe&k, where the uncertalnty of the spectrum is about

+ 30 % determined by the subtraction procedure with the 14 MeV neutron spectrum mentioned
above,

The neutron-flux spect~um measured on tue north pole of the sphere is showr in fig. 3,

Fi H

Neutron scalar flux per source

neutron and let\hargy unit,
Measurements with hydrogen chamber (A)
and stilbene scintillator 10/10 (x)
compared with a ANISN-P5S16
calculation with ENDF-B/III data (%)

2
d81IN, dF duilt/icm’ tatnil

The part determined with hydrogen chaabers is normalized to the part from stilbene ln
the energy rogion from 800 to 950 keV,

The measurement shows in the energy region from 5 to 14 MeV rema~kably more neu%rons
than the calculation, Also in the low-energy region fror 1 to 5 MeV slightly more
neutrons are observed in the measuremeat, & questior ai prrsent discussed in some
papers [4, 14].

Activation and fission rates

The threshold reaction used are shown in table 2,

The activation probes [15] have a dlameter of 20 mm aud a thickness of 5 us. The induced
activities are measured with a Ge (Li)-detector. Since %t 1s not a low-background
arrangement the uncertainties of the saturation activities determined are abcut 5 %,
The ¢ission probes [jG] cousist of a thin layer (2C...100/ug) of the figssile material
prepared by electrndeposition on a stainleas-steel backing, and of polyester folls as
track detectors, After etching, the number of holes is determined in a spark ~ounter,
The statistical uncertsinties of the counts are about 3...5 % caused by liaitations of
the acceptable hole density.

Calculations of reaction retes are carried out with the ANISN-code using activation
cross sections of the Riga dosimetry file [17] and fission crise sections of the
ENDL-78 1Jbrary,

The measured radial distributions porm 1ized with the counts in the surface position
agree with calculated within 10...20 %,
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Iable 2

Fuclide Reaction Threshold [Mev]
Bh--103 (,n') 0.7
In-115 (a,n') 1.2
Ki- 58 (n,p) 2.3
Zn-64 {n,p) 3.0
P-31 (a,p) 3.5
Mg-24 (n,p) 7.0
Al-27 (n,a) 7.2
T1-203 (n,2n) 7.9
Cu-65 (n,2n) 12.4
U-235 (n,1) -
bkp-237 (n,t) 0.6
Th-232 (n,t) 1.4
U-238 (o,t) 1.5

If relations of resction rates are formed for comparisous with ‘he calculation, the
uncertainties are smaller because systematical errors are eliminated to some degree.
Table 3 shows results where rates frouw probes with threshold around 1 MeV are used as
nominator. They are compared with the rates from the Mg-probe (threshold 7 MeV) as well
as from the U-235 probe (no threshold). The calculated roulations are 10...20 % lower
then the measurad. This could de undersivud as uuderestimate of the meutrou flux ic the
energy region from about the threshold of the nouinator material to w7 MeV,

T, : (K ulated N measured at the surface of the
lead sphere with probes A/B

In / Mg [ / Mg Zn / Mg U-8 4.5 To-2 /4.5

0.8240,06 0,89+0,06 0.8140.06 0.8520.06 0.7910.6

In principle, the discrepancies observed in the presented work show similar tendencies
as reported from the benchmarks memntioned above., As the next step we shall repeat the
calculations using a new file of evaluated Pb data [18] where collective ex:itatioms,
pre-eguilibrium emissions, their influence on multiple neutron emissions as well as
anisotropic angular distributions are taken into account.
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LEAD SLOWING DOWN NEUTRON SPECTROMETER
A.Gorski,H.Malecki, Yu.P.Popov' ,M.Praytula and M.Stepireki.
Institute of Physics,Lodz University,lLoda, Poland

*Joint Institute for Nuclear Research,Dubna

ristics of the spectrometer and the time-apace distribution of neutron
density in the lead pile have been determined expsrimentally and are
discussed.

1:Introductien

Several slow neutron spectometers based on the measurement of the slowing-down
time of neutrons in lead [1] have been built by variocus groups during the past
thirty years.In general,they have been used in measurements of neutron capture
cross-sections,determination of some characteristios of fission,and acquisitic:

o1 some data important for reactor physics [1-6] .

Although the energy resolution of those spectrometers has been rather poor
(about 30-60 percent) and far from that obtained in the time-of-flight method, they
do nevertheless nave some advantageous features,such as their relatively high la-~
minosity and ability to cover a wide enregy range (from 1 eV to about 30 keV).
Moreover, they are fairly inexpensive.

The theory of thn spsctrometer has been presented in ref, [ 1] .We did not find
any other theoretical formulation which enables the time and space distribution
of the neutron density in a finite leacd pile of the spectrometer to be calculated
along reasonably simple lines,

The principal aim of this contribution is to present the experimentally derived
characteris.ics of the lead slowing down neutron spectrometer which has been built
at l.odz University,and to point out that the time-space distribution of neutron
density in a lead pile is not quite consistent with the prediction of standart
spectrometer theory.
E.Fncilizz

- - - .

The spectrometer is based on a pulsed fast neutron generator utilizing the
T(d,n)buo reaction induced by 180-keV deuterons.The source of fast neutrons is
displaced somevhat from the center of the lead pile having ths dimensions:
1,2m"1.8m*1,.4m. The pile is covered by a 0.5 mm thick sheet of cadaium to prevent
any slow neutrons,back-socattered from floor and walls,firom re-~entering the assem-
bly.In the lead pile three channels for detectors,targets and monitor have been
introduced.Their dimesnsions are:0,1m*0.%is and 0,05*0.0%s, In addition,one verti-
cal hole (0.158*0.15m) extending up to half the height of the pile has been made
for the accelerazior target tube.

The half-width of the periodically gensrated neutron bursts (with frequency
200-400 uz) was 2.5{y-.Start1n¢ signals .0 the ion source at high voltage were
traniuitted optically by a light-pipe.

For the measurements of neutron donlity,BF3 and ife=] neutron counters have been
used.The ensrgy distribution of slowed-down neutrons has been measured by registe-
ring the resonance ocapture gasma~rays in a C.F2 sointillation counter.For measure~
ments of time distributions of counts & 1024-channel time analyzer with 11u-
channel width has been used.



3.Results of msasurerents

The gamsa-ray intensity from radiative capture of neutrons in a selenium targ t
versus time arter the neutron burst is shown in Fig.1. The energy resolution de-
termined from the measurements with selenium and
silver (5.22-eV rescnince) amounts to about 60% .

The commonly used calibration forwula for the
average nsutron energy,E,as a function of the slo-
wing-down time,t,is: E=C(t rt°)°2,whero constant C
and to ara characteristic for the spectromet .r,Our
measusements determined these to be respectisely
C=(164214) kevius? and t =(0.3520.3) ps.
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Fig.1.Irtensity of gammm-rays from radiative capture of neutrons in a selenium
target versus rlowing-down time .Results have been obtained from a Cleiscin-
tillation counter and reduced to unit neutroo flux,

For a thin !/v neutron counter the number of counts per
time chnnn.l,ln,il proportional to the instantaneous neu-
tron density at the location of the countor(avorngod over
the region of the - iter length).The Fig.2 illustrates
the dependence of neutron density on the slowing-~down time
for various positions in the channel.In Pig.3 the space
distributions of neutron density along the chamnnel for va-
rious times is shown.wWhen the cadmium cover of the lead
pile was removed,a rise of the nsutron density at the side
of the pile was clearly discernible,especially for t>100us.

Fig.2.Curves of neutron counts intensity from 1/v neutron
o detector,proportional to the neutron densi’ tes,pla-

10 —

ced at various position in the lead pile channel as

a function of slowing-down time,

10° w0t 10 (a8}

4 .Discussion and conclusions

The energy resolution of the spectrometer is inferior !
to those of others in the literature,where it achieved

30%.1t is presumably'caused by the quality of the lead
used therein (an industrial type without any special
purification).In spite of the cadmium cover,the floor
and near-by walls probably additionally have some in-

fluence on the worsening of the resolution.

The obtained oconstant C ir se to the values given
by other authors,That calculated from the heory,taking
into account the sffective density of lead andll.=0.0281,
is Cth.or=176 k.V-usz. The value of t obtained from
fitting is not highly acourate,as it is not very sens.- ,

tive to the energy of low-lying resonances.

(i arbitzary amits)

04 ) [ o8 s3(m)

Fig.3.Spatial distribution of neutron density in the lead pile shaanel at various
instants after the neutron burst.

From our results it appesrs that the conventional tneory of the speotrometer
(1) is not altogether accurate,especially for t 10§u.,whioh can be important for
energiss exceeding 1 keV.Acoording to the above mentioned theory, the dependence
of peutron density on time is given by formula:



n(t)~(% + 1)'d?exp(- %) where tne leakage factor,d,is constant for any given
o

spectrometer und doec not depend on the position in the pile.llence the form of
the space distritution is the same at all tustants.ln other words,the space and
time coordinates in the solution for n(x,y,z,t) should be separated.

in our ocase d& 2 0.81 but dbxp,taken from the time interval 60—100‘pn,chanses

from 0.3 for Lhea;:riphery,to about 1.2 for the central zone.ln this connection,
the form of space distrilbution of neutron density changes with time,tending to be
more flei.lt seems that this conclusion hoids even if one takes into account the
neutrons partly transmitted through the cadmium cover which can re-enter the pile.
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MPUMEHENAE WHTEHCHBHNX OHALTPCBAHHNX [MYYKCB HEATPOHOB LA OV3NYECKEX WCCAENOBAH#R

BepreCan#t B.1.,
VacruryT aAaepHkx uccienoBanmi AE YCCP, HKues, CCCP

,.8H 0630p npuMereHAM! QUIBTDOBAHHHX MYY:OB ANA (M3INYECKMX MCCHEJOBAHMA W oOnpeleneHms AXEL-
ENX KOHCTAHT HA ATOMHHX DEaKTOpax M YCKXODUTENAX.

Lame cpedHdd MO NCTOKY aTOoMHWE DEAKTOD HA TEMJIOBHX HeATpOHAX ABAAETCT NOTFAM WCTOUHMKOM
He TONBKO TRNEORNX, HO M NMDOMPKYTOUMNY ¥ GHCOTPHX HeATPOHOB, K comanedw::, NOHOXDOMATRIANMS
ATUX HEeATDOHOB WAM TNpUMEHEHME TeXHMKM BDEMEHM MpONeTa K PEeaKTODHHM HellTpoHaM 3JaTpyZHeuu.
HoBue BO2wOXHOCTI BO3HMKIM C BOIHMKHOBEHHEM TEXHUKH QUABTPOBAHHHX MYYKOB MPOMEKYTOUHLD
He#rgoros /1/. B CIA, CCCP, YCCP » OPT, AHDPAMM ¥ ADPYTMX CTpaHaX OHNY CHENAHN DASNMYLHE
NpeAivAEHrA N0 MCNONB30BaHvr (MABTPOBAHHHNX MyYKOoB B ABSpHOY fuauxwe. B ofszcpax /2/ npuse-
IEHH CCHJIKM %3 OpUIMHANBHHE DACOTH. HarGoNb@ee NpUNCHEHME NONY MIM $MABTDH W3 CHAHANS
{3HepruA HeiTnOHOB 2 K3B), mene3da (24,5 kabk), MouOnpMCTAANIB xpeMuua ([44 k3B, 55 wab w
TEMJIOEKE HeATDOHN). B ofsTax MCMONB30BANK DL XODOWD CKOJUIMMKDOB&HHHE KBAa3UMGHOXDOMATHYEC-
KME MY4YKY NDOMEXyTOYHHX HeATPOHOB C MOTHKOM 1U™ - I08 u/cuzcex, ¥MeDlMe HeCOABEOA $OH
GuHCcTphX HelrpoHOB M ramma-xyydeR. CCHOBHEE NpHWMEHEHMA CBA33ik « ONDELSJIEHNEM CpelHAX De-
SOHAHCHHX MapaMeTpoB, YCPEeLIeHHNX M0 SONBWOMY KOJNMUECTBY HENTDOHHNX DednrancoB, B /77
MOXHO H&liTH NDPYMEDH 3ITHX NDUNEHEHWH.

OTMeyy ZOTOMHMTEABHO HEKOTODHE HOBHe nuaMereH#d. I'uxpak H.JA:, {aBnewko E.A. w ap. /3/
MOCTABRJM OMHTH MO WMCCAEAOBAKMD DE30HAHCHOTO CEMO3KDAHIIPOBAHMA C MDMMEHEHWEM CAMOWHIN-
KeUnn Ha TOKKKX o6pa3ilax TanTaka /3/. B 3Tux onuWTax ONpefedchs He TOABKO CPEEHWE NCJiHNE
¥ napuManbHue CeyeHws, HO ¥ T.H. OCOCLeHHHE sucnepeuy /4/:

€940, > = (5 2 <052, Copay > =~ (o ><a >

Y.CNONb3YA CBi3b 3TUX BEL. YMH CO CPERHWMKM DE3IOHAHCHHNMM NapaMeTpaMy 4/, yRamoch Orpele-
AMTB B HEDA3DEWEHHO! 06JaCT¥ BCE CPRAHUE DEIOHAHCHWE MapaMerTps - 3., R',(’:,) CIVIgH
Pasory /S, 6/ MpeLCTaBAANT MNp¥MED YCNEmHOTO WCCNELOBaHKA DPaMMa-CIEKTDPOB Ipi TALRAGHROHH Y
3axBaTe MpOMEXYTOUHWX HEJATPCHOB ¢ NOMOEBD JnAbBTPOB. CymeCTBEHH: JTOYHEHK CX_ Mk pacnana

1 , ofHapy®keHa aHOManAbHafA 3aBACAMOCTH OT IHEPTiK iicATPOHOD MHTEHCMBHOC™ M XECTHHMX iitpe-—
X008 B J , BW3BaHHNX S - He§rpoHamu. PadoTa /7/ npercraBiser coGObD M .OJQN¥eHUE UMKAA
~OBMECTHNX pagor OUAM u UAY AH YCCP no uccrnenor.dwd ( o,x) peakuwit H2 1N )OMEXYTOUHHX Helt-
TpoHax. f 3Tux pa6oTax ynaBaloch ONpPefleNATL CPeNHHe a« — WMPHHN, KOTOpue cocTaBiaaaM I07° -
1077 or [ AZMAUKOHHOR WHDWHEN, CIeRY8T OTMETHTDH, YTO BO3MOXHO NPUMEncHU€ ¥ APYTMX IMABTDOB.
Tak B_pasoTe /B/ NMPHBOZATCA ZLaHHNE, CBY1ETENBCTBYNEME O BO3MOEHOCTH U(iI0NB3IOBAHMA 4.:0TO-
noB r"“'i. i1, %%a y 134 IAA CO3JaHWA QWALTPOBAHHHX MYyYKOB jiedTPOHOB B MHTepBane (1,05 -
5000 2B, Pa3znumyrne npuMmeneHus (HABTPOB PACCMOTpEHN B padoTe /8/ rie npeziaaraercA jpaxe
C0JNaTh CMEUUBRU3APOBAHHE! peaKTop, OMABTPOBAHHHE MYYKM YCNEEMHC MCNCABBOBANUCH M HA YCK)I~
puTenax. PMABTDH ofecnmeqxBany wamuft fow /O, IT/.
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ALIOUA: HUE SHAMJGIT WONZTCB JHEPL Y AIEP, NOKVUARLE IPK AHAIISE CUOEKIPOB HENT-
PCUCB M3 Pallluia (P, n)u (ﬂ.!’\).

0.A. CasesrrkoB, I'.d. Jiokwwxora, C.ll. CrMaxop, A.il. TpyfaHos

W7 LEIO-3HepreTrYeckuil uHcruryr, OGumick, CCCP

AHHOTGIMA
B rpaGoTe nokasaio, YTO IaliHHE [0 MOMeHTam mifepuuil, foJydaemEe NPH AHAJM3E CI3K-

TPOB ii€iTDOHOE ¥3 peakumii (p,n ) u (m,n') LKA HEKOTOPHX fIED KMMEWT AHOMASBHO
iM3Me 3HAYCHIE, HAXOLAMECH B POTHBOPEWL! C TEOPETHUECKAM OpENCTABNEHU M.

#OLCHT BHEPLIL 7Ipa XapPaxkTepu3yeT paclOpefereHne MACCH fEpa ¥ arperarioe CGCTo-
AHue Siepiiosi MATepHMH, T.e. ABSAETCA BEJMUMHOL, HIMemuleil ¢ YHRAMEHTANbHOE 3HaAYEe~

HIl€ ONA XapaKTEePHCTHKI ATepHEX CHJ.

TeopeTiyecroe NPeiCKi3aliie MOEENCHUS MOMEHTa LhepLLM fIpa E 22BICHMOCTE OT 2Hep-
T DO3CYANEHII] OCHO:LEAeTCH Ha MOHENBbHUX NpPEenCTABSEHUsX. Tak, B NOGeJH JepMi-

rs23 — 3TO [OCTOMLHRAI DBeriiwiHa, Lapliad TEEPAOTCIBHCMY MOL: HTY iHEpLid, [0 Loif-
J3I CEEDXNICLOIMMOCTH L ONEIT ilHEDIE ! J0 KDITLYECKOW 5ileDIHy EO30Y.UCHLS [acTyuas

CYVKLWEIA DLeDTin BOBGYXI,II.GIIHH’;IOC’PIII‘amaH TBEPACTEJBIOTO 3HaYesa ODK o, ePTin

rosdynzein U2 Upur,

THrr AN TreTE

re Lot B 1My ~— ~———
Lieron COpSIeelll MCM.LTS HICLL.EHI uu-;upun da £I'0 Conshi

Jafaiawt pUM CuliiOBUR

=2

32BUCHICC 4 [IOTLOCTH SUEPHHX YpOELeit é (mcrnepcuy IpoexiL:: yTJCEOTO LOLEHTA

sipa). Haopumep, B (OLEMM ¢ eprii-Tasa:

2 2 [ f t -
S =<m >372 7% (1),
r:ie<mz> - CpCRHZAL ¥EAnpaT [pOoeKfH yIJOBOT'0 MOMEHTa HYKNGHA E OZHOYACTHUUHOM
L
CCCTOSHIM DOJH3H OLEPXKOCTYH “eph, ? -~ IIJOTHOCTH TAKMX COCTOMHUI, f_=’/£7 / -
-

TeproslHaliueckad Teumeparypa ansa, [/ ={/-A ., The [/ - aueprus po3CyAmeHna
npa, 8 - mapameTp, yMTHRARWL YETLO-HeYeiHue 37 eKTH B [JOTHOCTH yperHeh, QA -
T2pareT) 2HePPEeTHUYECKOM 3aRICHMOCTH IJOTIIOCTH SINEDHHX YpOBHEii, F - vouenr HHep-

Uik AOpa, 6 — N4paneTD CAOMHORO. 34BLCHMOCTHM NLOTUOCTH ANEPHHX YpORiiei.

= ONpLJiENAETCA MOATOHKOL PACC'MTHRAEMOTO C MOMOWB MOAENBHLX NpeACTaBe: i
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YITJIOBOTC TACHLSLEeJeHHA MHCHYLEHKOIC A7LCM YEOTHL LK 3KCHENI.eNTy, NpIuer noAronka
A

OCYL{eCTBIHEETCA U3MEHEHIEM @Jg,zc- COTIL 2illd TEODETIYECEOT0 L 3HKCLEDILEHTATBIOIC

KO3 CAUMEATa AHM3CTPOMML (CTHOLCH! S / / /o » TLE /o uﬂz KO? ¢ULMCHTH . X

OonmHONMEX JleX2HIpa COOTBETCTEYWMJLX C[INKCB B [&%JOKERNI JIVIOBHX pachpeserenini).

llpr TEOPETHYECKUX pxCIETAX CTO.Ib:OLLILCH KAX MOLEJD ¢ erin-Ta3a, Tak I Crlelb

CBEPXIPOEOII1HOCT

B Hacrofiiee BpPEMA HMEWTCA JPC IpYINE SKCHCLIL HT.B, JAKLEE CHUECTLEIHO [aBJilCLic
pe3yabTaTH. OfiEa 113 .lX - ONpEUG.€ilie MOM KTOE UHEPL jeMLUINC, RLED 0O YIVOEG-
My D&CHOPEIENIeHUD OCKOJIKOE HEACH:IA }'I + Vj o OTH palsTi GOLASHLAMT {(CH.DRC.I
I:I-j ) Xopomee COTJuCLE C MPEACKA3AEKAMI VOLEJI CBEDXNDOEOMOCTE: LG KDETM-
YeCKOHl TeMnepaTypH (KDUTXYECKOE BKEDILll BOBGYATSIILT) MOLI IT i pidill ];pgo JACTy -
as o YHKIYIA JHEpIuM Bo3Cy<sernud, 2 i TNU ) 2 -._)D'?; O UrEKTIRHEY L0MIHT Uigh-
TLD CTAIOBUTCA DAa3dUNl T3EpIOoTeNbHOMY - ZA o 457 WLLOCTRALLIM 3TOrO warra Bud-
r_\a.'za padora lﬂ » T.K. B Heil UCNONB30OEAMUCH LEUTPOHH B TOM i€ JHANA3O0HE DHEEPTN.

(C,05 % 7,2 lisB), uTO M LKA M3YYEHNA DCAKLTi; (F yn) 1 (n,n) [4 ¥ ’/[ .

Fzc.I. Oriornenne
I“OMEHTa MHCDIUA
apa %Py x
TEEPIOT eNBLC,,
J2YEHED S b
33EICHMOCTI OT
ACPHO,. Terepa-

pu T i)

D 02 04 g6 08 10 12 14 15 T/T

Lpyrcd rpynua siicimepii: KTOB — 8T0 #BBACYE:HE 3HAYLnMA LONCHTOER LEEPLLM MoK ana-—
JM3€ YrAOBUX pacCrpenesierily :eiT[oi:0E, LCMyieHHMX B pearimax (p ,N) ¥ (n, n).
SIECH e3YLBTATE HEOMHOBHAUZL! LA OUHUX ey, T4kAX kuK, LANpHMep, LMHK~.5, ..HKo-
Ouii-94, pe3yAbTATL OPAKTMYECKM COBAALANT C OPEUCHA2AHUMM MOUEN: CEEDXNL OBOIMNGCTH

(c.. PUC.%), LA IpyIuX Xe - uHmi-1i3, onoBo~i]5, cypwua-117,i19,i.0,12:, BOJB-
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L LN=lli=BUBICILOCTD 3ua¥Slutd By eKTHIHOTC 1 NTa KHEPIMK OT OH DI BO3CY.IEH A,

CL2IYSl 10 - CUME MOEEM CBeDXIDOBOLLNMOCTH (M370M E obmacte U = U“P )4 CTIiMYAETCA
1 oCoacti U=(]
i
_4CLeTa BT. Pe3yJ.bTSTH HEeNb3sg H3MeHKTD.

B 2-7 pasa (cM. puce 3 + 4 7 T26A,1), ¥ HMKAKAMA YTOYHEHIAMH

'Q”L Prn. <. OTHOMSHHE MOMEHTA NiepUUK
)_ N S
T,’j YR 5 Y s 5 7 8 9 Alpa 94!\'6 K ero TBEepIOTHLBHOMY
- ™ )
J Zr(p,n Np 3HAVSHNL £ B 33BMCUMOCTH OT HHEp-
15—
" Uy £030y#NeHEA. P<3)AbTATH OpHEBe-
! | IeHH OJA TpeX 3Hauerk) SHepTHil Ha-
- :
B ‘ ﬁ? e J€TAX ODPOTOHOB: 7,8 ¥ $ [{zB; —
- N v-9M8 -
s H Y 4 pasyueT mo CBepXIpOBOAANel MOIENH
o Anpa [4] .
B + T OTTUTTYTC vt 'T'—L LA G —
0 1+ 2 3 5 6 7 8 9UMB
: 115] 115
i n(p.n) n
15— (p)
10 i O-6MaB
pu 0 -8
- A 8MB
] v -9MsB
05
i ! %
&9 ®
N
” T I ¥ J ) 1} ) ¥
« 1 2 3 % 5 %6 7 8 9UMb

Prc. 3. Oruowe:e womexra KHEPIME Anpa HSS,, K ero TBepIoTeJbHOMY
3HAYEHED B 3aBLCUMOCTH OT SHepruu ro36yxmenua (J .
Peay.,Lrwulu OpHBENEHH LAA 4-X HAYATBHHX 3HEPTHii TPOTOHOB,

Crowsad Kpvpad - pacyeT MO CBEPXOpOBOLAmE: MOLEJH AIpa [4] .
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Prc. 4. OrHomenue MONEHTOB

1., . MEEPIEN ARED IBIW u 1195 6
- Tﬂ(P,") W K X TBEDAOTEJbHHM 3HaueHUAM,
1 a-7m0 Crnorkas KprBAs — pacyeT o
OJ—J a-ins + ) p
) ;j;"ﬂ: CEEDXITOLOJLALEl. MOLEJH fpa
02— 4],
a1J : /P% $ # Y
=R
N BRI
E: 7 119 "9
- Safpn) b
05— v
7 . ’_,,/'
y I S
0% 235 %W 55 7 8 9ums
Tadsmua I.
Uimin+ Umax. MOZEJDH (epMi-Tada MOZEJB czaepxupoevomd—' -
dreMenT 2 MOCTH (Ui
’ 4 ' ~
Mab aisB | AlBl  Qer toMeB| UpNB e w
65z, | 1,7 + 5,7 10,7 0,4 |I,00 0,4 12Va| 7,4 !1.00 0,25 11,02
%ng | 1,2+ 5,2 11,39:-0,7 10,77 to, e * 4,1 (,78 1,15 |0,
) P 1,5 +5,5 1I,75|-0,9 10,55 £0,08 @ " 5,4 }o,a4 1,13 (0,%
%1, |0,5+5,0 II,9 |-0,75/0,46 10,05 ! " 4,1 '0,5< ¥ (0,05 |1,08
109d |1,9+7,0 151 |0,2(0,48 £0.08 ; | ¢,5 [(,£3%0,II I,
137, | 1,4+ 74 18,25 |+0,7 |C,47 £0,09 | 1,38 | 4,0 16,59 T C,i2{i,04
1156,, | 1,6 +6,6 14,0 |+0,470,42 0,05 1,18 | 4,9 0,45 % C,%6 |0,98
17,6 1,3+ 5,4 20,0 (+,5 (0,30 £¢@,I2 | 1,39 | 10,6 [0,4< % C,C6 |1,03
I19¢y |1,5+86,6 186 |[+0,3]0,<I *0,02 | I,31 | 8,8 |C,<% = C,08 (1,00
10¢p | 1,5+ 4,5 16,8 |-0,5 |0,6I = 0,05 | I,I8 | 5,02 19,32 0,03
I2egp |1.5+6,5 16,3 |-0,54|0,<I 20,02 | 1,19 ; 4,9 |0,:.4 %03 1,08
18w | 1,0+8,01 20,3 |-0,25(0,10 £¢,02 | I2AA| 5,2 10,43 0,03 0,84
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punedankA: L. Horpemdocrs onpe;enenns (X L 5%. 2. Szavenns ng OpEBENIEEH C yue-
- ~s
TOM TONLABKE HA YSTHO-HeHeTHHE 3((eXTH. (X - acHOTOTAYECKOE 3HaYeHHE HapamveTpa

IL'OTHOCTE SIEDHHX /penied NpM BHCOKOH SHEPTME BO3CYRLEHE.

Dina HeOZHOKDATHO NpPCBEPeHAa IpolpaMua pacueTa, C ee HNe“NubP [ONYYEeHH BcCe IOpe-—
LCToHHE CIydaM. llcCrenOBaHO BIMAHME NapamMeTpos ONTHYECTOTO MOT HIFANA BXOIHOTO

I BHXOJHOTO HAHANOM peariyyl Ha [oJydYyaemue 3HAYeHHs MOMEHTA HMHEpOMH. B BHXCIHOM
KaHaJe [MupaieTpH HelT_ O0HAOTC AUTEeHLMAsa B MLOTHOCTY YpPoBHeR onpelessiucCh: Lig
“ARLOT0 HCCLEAYEMOT'C sApa (10 HAmWMydweMy OMACAHMK HHTETrDaiBEHX CIIEKTPOB HEeXTDOEOB
BO BCEM pacCMAT HBAENOM Luana3oHe JHEPILM. IlpH pacueTax yTiobuoX pacHperneseHKil
K¢, TDPOHOB K3 pearlwll (p , N ) UCCHELOBaZoCh BIIIAHYE 34L2BAEMOil ONTHKM BXOIHOTO
tayare Ha IeJMuENy amusoTpomu: (Ap /Ao ) H, (NeNOBaTeJbHO HA HoJiyyaeMoe 34adeHue
MONHTA LHEePLZL: \/‘Jqu’. CKazanoch, UPO MAKCUMANBRNI pal33poc 3HAYEHI: 1= Lo
ODE KCRO.B30B& M pa3sny4iHY HAGopOB ONTHYECKOL'O NCTCHIMANA KAK Iu,oda.u,ﬂbﬁ(/,7 PeKo-
weijioramix beavrru-Tpimicow  [8]  w lispeem  |9] , Tak ¥ mummuzyanbmix,

He mperwaer 107, Boabliee TamsdtMe Ha yIJ.0BHE pacClpeneseHus OKA3HBAIT OpLHATUE
3oyl cOuHa fAnep-alicliel ¥ CTDPYKTypa HE3IOACIAWRX COCTOMIEL, HO OHM JLiA M3ydeH-

HiX Aa€p XOpOWO U3LeCT

lLoBeNed TUATE.LILL. yUsT cCONOYeUltX ovf eITOE, YiedABuall™iX [iOTHOCTh OMHOYACTIY-
HUX COCTGSHML. g M ECJMWHY CpelHero Keampara MPOCKILK OMHOYACTIUEOTO YIVOBOIO
LOMCHTA <MY, JITEHO EJMSHUE MapHIX KOppeJsimii CDepXNpOROLAWEro THNA B LOJEsM
CBEDATEK YCro fAmpa. Bce NpHBENGHHLE :CCIEKOLEH I MOk 37, UYTO HEPeUMCIeHHHe
GAITOTL l€ ODUBCIAAT K 3uMETHHM LZMEieLlsAM MONELTOB MHEPIMi JiCCLEIOBALL'X ALEp U,

CJ.GJIOEATELBIO e MOIYT OCBACAUTE IA:lille SKCHEPHMEHTOB.

Oppni 13 o6pACHEHU.. HaGJHIAEMOTO HECOOTBETCTBHA DKCHEPHMEHTa ¥ Teopuy MoxeT OHTH
NpilCYTCTBEE B AHAMMBUPVEMHX CIEKTDax HEHTpPOHOB, OCYCJIORJIEHHHX OpeIpaBHOBECHHM
JMCHAPEIEM K3 COCT&Li.0I0 sANpa. TaKie HEHTDOHH MMENT CUMMSTPHUHOE OTHOCUTENBHO
yrza @ = W° pacupemenesue M ey MX IOJA HEReJWKA, TO MY NPUCYTCTBHE HE MCKASUT
23M_TiU0 2HEprF . LYEeCKEil CHEKTP, M Ol MOTYT OHTH NpUIATH 32 HelTpOHH, NCKMHYBIME
AIDO B COCTOSUiMK CTaATMCTUYECKOTO paBHOBeCHsd, HO TaK Kak YTACBOE pacHpeLeseHue
NpeipaB: i OBECHHX HEUTpPOHOB MMEer 6énpumix KOB(MIKENT aKU3O0T poIMH ['IO] + 4 TO 3TO
4 MOREeT NMOCHAY:MTEH NpUuMioll HaGiomaemoil aHoMANME, ECJE OPRHATEH 3TO OPEANOJNOKEHHE,
TO [NOfABJAETCA UHCTPYMEHT IV OUEHKI 3TOr0 BKIALA: CDABHEHKEe HACLwWIAeMOL aHUH30TpPO-
MLl & DACYEsHOM, MCMOLB3YNLel TeopermdecKle 3HAYEHMS MOMEHTA HHEPLUTY, OO3BOJAT

JCTakOBLTH JTOT BiJale B HACTOAllee BpeMA 9TOT 2GfeRT Ha mpenesie TOUHOCTH B3Mepe—
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HE,., [aXe CCJAN OTHECTH BCH HallilieNyR QHM3CTDOMIE K [DeHpaBHCBECHEL [1LOLECoal

(c'HTAs PABHOBECHYW YacTh CHEKTTA HBOTPOMHO..), TO [IC OLCAKE OT@ XCiil0iieHTL = 5.

C4aKo iMERNTCA CePBEe3HUE AUTYMEHTE NPCTiL TARCTO OpeRicicierlid. :alinIaeTcs cor-
HaZeHye MOMEHTOB LHEDINK, OLDELE ACLUA LLA OLHO. I TOI. lié DH.DIU TO3Cyiiclkd,

Y0 ODY PABHHX HaYALBLAX JUEPTHSK ESUTROUOB Wil LPOTOICE, & BIUICH MPERPUB.OECCIHX
OpOLECCOE 32BMCUT OT HAY&LDLHOL 9IELIUI [Ia/eTAilX YACTHI. LOWHIY HJGpLiM, OHLe=
IeseHHHE A OJHMX U TeX A8 M3CTCICE I PASMIMIEX PUARIUIAX (p o) (n, n)
COBEIQJAKT, 2 BKA4I HECTaTHCTIYOCHKEX i1LCLECCOE 30JiieH OHTH JITA DTHUX Dooinil. 17 2-
JHYEH,

Heaoiarao, DoueMy IS FACYy £ PeClie IHERFREOCHL §e3 ECRITX ineli/O0maHi, Silaten::.
\7”,‘2, :’.«Jq;é , XOTA JIVIOBHE [aCHpEeLC. <N L HUX AHNB0TLOIHL (Tlle DIC. Oy €, o
LA DOSBLpAME JAKE E rpem:omomewz:: TRORTHYECK UBO0TLCELODG [TVOLCIC DACTDL &l Ll

MOMEHT [IiepLIi mzer f g ~ 45 f g -

€5 65 Fuc. ©. Jroomce VL CITT,
Cu (pyn)Zn Ep=7MeB e

HHG 1C.T OUOE C Dhpivili

© En=(4-5)M3b BOEDOIYONC 4¥0 LBL UT [o-
- -

u AL 90y (D ) LRZu
09 N

’ i. . ‘g LT DLUCPINUD MPOTCHOL 7 widb.
8 - * ® i [ g

1 I\

{ 05 C -05 ]
CosB

65 65 Puc. 6. Jrronoe pacCipenes.e-
Cu(p,1Zn Ep=8M>b e

e HelTpCilOE C 3LepInanll

En"’@“‘)M?b B uuTeppade 334 LeB U3 pe-

£5 »
arapn “3Cu (p , )52,
d_2'5 = 1 g o - OF & ilsB
q i- .i ILA LEpTii IPOTOHOR € ilsB.
= [ ]
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gepoaTine BCEIO OTEH DE3YNLTATH ABIAAWTCA CJASICTBIEM HesOBEDLEHCTHA UMEHIMXCH Te-
OpETMYCCHNX NDEACTABNEHMH O MCMEHTAX UHEepUuu BO3SYANEHFJX AREP, HEROCTATOYSOCTH
yieTa KX HEGMEEIYANbHHX CBOICTB.

L5 peuciiifA 9TOL DpoGJieMi HYRHU yCH/MA KAK TEOPEeTHKOB, TAK K IKCHEPIMEHTATODOB,

T.Ee. TOYLOCTP OLZHYM BO3MCE.IOTO EWIAa ODEeIDABHOBECHMHX MOpOLECTOB HA TpaHnie
Y/ECTEUTESBLOCTI MCOOLB3yeMHX METOIMKe
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:MTHOBEHH {5 HEATPOHI HM3KOSHEPTETHYECKOIO IENEHUA ATOMIIX AIEP.
b.Db. I'epacurenxo, B.A. PyGueHda
PameBw! uHCTATYT wd. B.T. hjaomHa, JeHHHIpAL

B padoTe NPUBOIMTCA ARGM3 MEXESHMSMA SMECCHH MIHO-
BEHHHX HeJATDOHOB HU3KOJHEPIeTUYECKOI'o NeJerAT aTOM-
HHX Agep. PacyeTH mpoBOIMIMCH HA OCHOBé MeToza Xay-
3epa-delidaxa B IPENONORSHAM 3MUCCHM HEJTDOHOB #3
MOJHOCTHN JCKODOHHHX OCKOJKOB H YIVIOBO! M30TpONHMHA
HeilTDOHHHX CIeKTPOBR B C.I.M. B pacyerax yIMTHBAJCA
RACKANHHA XapaKTep MUCIyCKAHAA HeATDOHOB, YIRTHBAIMCH
pacipeiejleHnsI OCKOJKOB II0 DHEPIME BO3CYXIeHRA U CIM-
Hy, 0 KMHeTHYeCKI?s SHEprusM, "0 3apALaM M MaccaM.
[IJIA DJIOTHOCTH YyPOBHO! KCIHOJL30BAIOCH BHpAXEHWe, ydIM-
THBawmee 0C0JOYSTHYD CTPYKTYDY Axep. [IpuBelend pe3y-
JbTATH PacUeTa CNEeKTPOB M pACHpeNSJeHAA MHOXEeCTBEeH-
HOCTA MPHOBEHEHX HeATDPOHOB IIA COOHTAHHOT'O NeJIeHHA
Kaxmﬁogﬂna—zsz ¥ geJeHHA ypana-235 TeroBuMA HelTpo-
Ham., OO0cyRmaeTcsa TyBCTBHTOJBHOCTH DACYETOB K BApH.i-
IAAM 11apaMeTPoB MoneJm.

/apaKTepUCTAKA MCHOBERHHX HedTpoHOB nejeHmA (MHI) (CMeXTpH, CpSmHee WMCJo
HEeATPOHOB, DACHpeneJIeRNA MHORSCTBEHHOCTH) EMENT BamHOe 3HAYeHWs MDH pacyerax Ane-
PHEX DEaKTOPOB M IPYyTHX NDAKTHYecKux NpasoxeHnd. [Ipm aToM HeolXo4irMO 3HAHWMe xapa-
xrepucTuk VHI M4 pA3MUHHX HYKIMIOB ¥ SHepIrw# BO3CYyXIEeHMsa, II1 KOTODHX A3Mepe-
RIS CHJBHO 3ATpyIHEHH. iMerupecd K HACTOAeMy BpPEMeHZ 3KCHeprMEHTAJEHHE TAHHUE
TOBOJBHO OTPAHMYEHH ¥ HeIOCTATOUHH LJIA IPaKTHIEeCKUX NMOTPeSHOCTe!. 3 CBA3M & 2TEM
MPeNCTABIAETCHA BaRHHM DPA3PAGOTKA TEOpPeTAUSCKAX METOOB pacyeTa yaparrepucTux ",
C OMOU[BK KOTOPHYX MOFXHO MOJYYUTh HEJOCTAOIME IAHAHEe MM MOBHCHATEL EANSRHOCTH oue-
HOK ¥ 3KeTpanomwiumi. C Ipyroil CTOpoHH, A3y4eHme (Il mpencTamideT BO3MOXHOCTH UC-
CJIeJOBaHMA IIpollecca JNeJIeHUsA ATOMHHX ANeD M MeXarnsia paspAnfd EHCOVOBO3CYRIEHK Y
COCTOAHMA OCKOJIOYHHX HEITPOHOMBOHTOUHHX ALEp.

Pesyanrary NMPOBSASHHWK K HACTOAMEM) BPEMENH UCCHeI0BaHMii IOKA3LEBAOT, 4TO Hil
ACIYCKANTCA OCKOMOYHHMM ANPALD, 2 BWIAT HeATPoHOR, OCPA3yWMUXCA B Dpoilecce Dpazje-—
JeHid OYeHb MaJ ¥ HAXONWUTCA, MO-BUIMOMY, HA YDOBHE BEDOATHOCTA HHICCHA JETKUX
3ADAXEHHHYX YacTull mpu TpoitHoM Iejiexuu. OcHoBHaa dacTh .M ucilycraeTcs CHJIBHO HA-
OPeTIREI OCKOJIKEMI! 110 BAKOHAM DABHOBECHOR cTarucTuru. OOHApyREeHHAS B padore <) rax
23BAEMAd IB0TPONHAA B JadopaTopHol crereMe noja MHIl Mo®eT OHTL OBA3aHA ¢ HEramR-
HOBECHHM MeXAHU3MOM dMUCCHM 4YacTul. COOTHONEeHUe MeXRIY BKMIAIOM DABHOBECHOT'O M He-
DABIOBECHOI'D MEXAHM3MOB OlpefleJaeTcd CKOPOCThK DepeKAdKH SHepTHH IepopMammy oC-
XOJKOB, B KOTODOX COCpeIOTOYeHAa IJIaBHAA d9acTh SHEpIMM BO3CYRIEHHUA OCKOJKOB DR
HM3KOJHEPTeTHISCKOM NeJIeHUM, B TeILIOBYK 3JHepImw. Ha oCHOBaNMM mpelIoxeHHOH# B pa-
gdoTe 7’ MOJeJM HepaBHOBECHOr'O MexaHu3Ma aMuccu HI B pesyaprare HeaInataTAIeCcKO-
10 u3veHeHua HOpMII OCKOJKOB HONOCDENCTBEHHO II0CJe D23neJieHHd MOXHO CHeJaTh BHBOT,
4TO BKJAAL TAKAX HEHNTPOHOB COCTABIAST He Goaee 10% IpM DA3yMHHMX IDEeINIONOXeHHAAX O
pacnpenesexuu nebopmarit ockosxos m rosphmmente BA3KocTH. XapaxTepHHe Bpemena
aMMCCHA HeflTPOHOB ¢ NMOMOITBK TAKOI'0 HEePABHOBOCHOTO MeXAaHM3MAa MeHbile BpeMeHE yCKope-
I A ANEP-OCKOJIKOE, NMOATOMy yTJOBOe pachpelesieHne 9THX HeWTDOHOB He HCKaxaeTcA INe-
JBHOCHOA CKODOCTBO OCKOJKOB. [ BHIENEHMA [1ePABHOBECHHX MEXAHRM3MOB MCHycKAHEA MHIL
HeOOXOIMMH MOJPOCHHe pacdeTH DABHOBecHOR cocramiaomell MHI, 4TO6H ®3 CpamHeREA C

I
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IKCHEDUMEHTANBHHMA JaHHHMH CIEJATh HaJeXHHEe SAINYEHHA ¢ CBO.ICTBAX HepaBHOBeCHO-
ro rommoHeHTa MHI. KpoMe y4eTa BO3MOXHHX MEXAHK3MOB DA3DALNIK! AL3P—OCKOJKOB, DX
TEOPETHYECEOM aHAM3e HeolXOIMMO JDABMJBLHO JIATHBATH DacHpele.leHud Arep Mo dHep-
I7AM BO3CYRISHHA, 10 KAHETHYECHHM OHepr#aM, [0 3apsAnaM ® Maccam. TPYIHOCTH pac-
4eTOB TaRX€ CBA34HH C HENOCTATOYHHM 3HAKUEM CBOACTB OCKOJIOYHHX Hjlep, LJIA KOTOD:¥
3KCIepAMEATAIEHEX NAHHHX MAKTHYECKN HeT.

TeopeTHdecKk®e DACYETH XADAKTeDUCTUK .HI B CTATHCTHYECKOM TPUCILIReRIH npoao-
JUUACH BO MHOTEX padoTax, HO He Gl Mpou3BeJieH y9eT BCEX JCCIeHracrer,
C XapaKTePACTHWKAME OCHOJKOB IeldeHnd. AHam3 B padoTe 4 MOR&3&1, 4TO A1 Colva-
COBAHMA DACIETOB C SKCISDEMEHTAJBbHHMY [AHHHMM HeoOXOmMo yTOUHeHHE OMUCTHIA IIc-
THOCTZ YDPOBHE! OCKOJOUHMX ANeD i ceveHua OGpPATHOTO CIIAKUA L1 HEATPCHOB. 3 12—
JoTe UCIOJB3033H MPCCTO BapMaHT MCTApATeNBHOY Mome.nf, B KOTopod yenerxerire
70 paciupelleSeHAAM NApAMETPOB OCKOJKOB 3AEHEHO VCPEe HEeHMeM Mo TDe, TNJBHOM/ Dac-
IpejeJIeHN T eMIepaTypH A AByX OCKOJKOB, ABAAMMMXCA NPeNCTABUTSNTL! Jer=oi i
TReJo} TPymI. [[ocIeNoBATeNbHHE DACYETH B DAMKAYX KaCcKATHO-ICIADUTEIBHOT MOTe n!
TpOBedeHd B padoTe 6 . HanGoJjiee OCOCHOBAaHHWM NOOXOLOM ABJIAETCH ICIOJL30BAliMEe CTA-
THCTAYECKOA TeopEm Xays3epa—reudaxa % pacdeT, vaparTepycriy "IiT 7". 3 racrodme”
padoTe TaKRe HUCMIOJB30BaH METON ay3epa-rewdaxa C HEKOTODHII! U3MeHEHILT! 11D CDAB-
HEeHNO ¢ 2aloTol 7), HACANPIXCA CoJtee TOYHODO VYR a HACKANHOLO YADAKTe)A 3MMICCHD
HeATPOHO 3, MCHOJBSOBAHNA MHOTO CHOCOGZ OTpeseNieHiT cpemie’ JHepridil 3030y IHeHA
ACKOJIXOB, :{cnomsosgﬂm I IIOTHOCTH YPOBHE' BUDAREHUA, JYiT'BAXMETO NGoJoYed-
HYD CTDyKTypy ALep ° ). [IpnBeneHd De3yJbTATH pacdeTa CIEKTPOB i paclpefe e 1o~
.eCTBeHHOC’I‘H VHIL mia HamGoslee B2XHHY CJyuaeB, a UMEHHO, CIOHTAKHOTO MeJeHirT “J“Cf
1 JesleEna 239y TEeIUIOBHMA HedTpoHaMH.

HHTEerpaJbHHY CHeKTD MI'HOBEHHHX HEITDOHOB JeJIeHIUA COCTABHOIO ATPS C MACCOBLINA
ygcaoM Ac, sapanom Ze m sHeprue.l BO3CYXHSI NC HopMUDyeTCes U3 OTAEIBHH{ OCKOI-

NCE A2 D= YA Z, A, 2, EDN(EAD),

Wk

rie Y(A, Z, Ac, Zc, Ec ) - Héaasncmme BHYOMH OCKOJKOB C ACCOBEI! YMCJOM A 11 33~
pAmoM Z, HOPMADOBZHHMe Ha eIMHML . JHepreTmdeckst: cmexrp II5 13 OTAEIBINY OCKOJI~-
XKOB N (E, A, Z) 10 mMelupMCA IPEICTABISHIIM COCTOMT M3 NPYY KOMIOHEHTOB:

/r)

N(E,A,2)=TN(EA D)+, N, (E,A,2),

RIeCh NS(E. A,Z) - crexrp M, MUCIOycKAaeMiX CTATHUCTHUYECKM U3 IOJNHOCYHD 7CKODEHIIIY
OCKOJIKOB, Nd" enerrp [HI, ncoyckaeMux JMO0 A3 HENOJHOCTBE JCKOPRHHHX OCKO.IKOB
cTATHCTMYeCIU!, JMGO C HmOMOUWbL HEePABHOBECHNYK MEXAHA3MOE, Vs 1 V- cperee WICJO pa-
BHOBECHHX ¥_HepaBHoBecHux VHI u3 oTmempHux ocroikos. (V(A,Z)= vs+ -\& . 1 nep-
BOil padoTe 2‘, odnap;wmBIe#t HEPABHOBECHHI KOMICHEHT Nj , aBTOpY OUEHWI ero JI0-
a0 10 207 B IHTerpaJibHOM CIleKTpe. ONHAKO IO HACTOANErO BPEMEHM XOJMYeCYBEHHO Be-
O ?i He ofnpeleseda, HO MOCAEINHME M3MeDeHUA 8 IOKA3HBANT, YTO J/D MEHBUS,
YyeM OUEHeHO k padoTe <) g HacroAme# padoTe MH Me paccMaTpMBaeM HepaBhoBeCcH::l
KOMIIOHEHT Nd' LJA PaBHOBECHOI'O KOMIIOHEHTa npemmnogaraercsa, 49ro LI ncnycraorcs
M30TPOMHO B3 MOJHOCTED YCKOPEHHHX OCKOJIKOB. B 3TOM CJydae CHEKTP B JadopaTopHo#
crcreMe xoopmeHAT (J.C.) mpocTHM 00pa3oM CBA3aH CO CNEKTPOM B CHUCTEMe HeHTpa MHe-
pmar (CIM) mpm manHo#t xmHeTHYeCKOH allepmm OCKOJIKA LK:

VE+
N (E,AZ EK)-VV Elgv%%&’z ) ge (3)
(VE-VEP? f
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.

roe .= ax/A. Sa3ch Q 6,4,2,72) ~ crexrp TILL B CTU dpi AoMHOY DX, IIODIGIROBOIHIN
ua -\7 . Ipx pacyere A}{Terpa.n:bdoro CTeKTPa HEOSXOMMN FCPe/HHUTE IO DACHDENEeJeH I .-

N,CE,AZ)= S P(AZ,EINCE, A, Z,ENJE, . &
Emm
7 lIpomecce IMBICCIlnt He.;TDO 1B 2 De3y IpTaTe OTAAYM NEepBOHAIANLHOE DACHpeleJeHue I
¥ wcramaeTcd, HO B DACCMATDUBAEMOM MPUOMIREHAHN ITILA MORIO lipeHelpeys.
Cnexrp B8 Cl}! fopMupyeTcA B pe3yMbTaTe KAcKaTHOl amicciul mellTpoHOB 13 BO3T w-
TeHHHX coc'roqzrv OCKOJKOB C HAYAJILHIM raycnogczf.m pacnperneserieM 10 SHeDIIITI BO3—
dyx1euus Po(E ,A,'Z.uxz (E -t )

~2c2 A,%Z,E
R(EA, 7, E0= e & TE RN )
E

. =
ollech L~ =~ CpelHAA JHeprdAd BO3CYRISHMA OCKOJKA DI JMAHHCM 3HAJYemN DK, a6é.- IHe-
»*
nepcud DpachpeneseHds o E . [[ps yCDemH2HUM 716 Dacmperernexno (5) i#eodxomeio orpa-
%
HMYATHCSA MAKCHMAUTLHHM 3HAUYCHUEM Emu, #OTODOE IPIHMMANOCE DaBEIM

Er.= ?*(A,Z,EK)+36E,(A,Z,EK) . ‘6

* u
3eqmaunHa & onpelenaerT MAKCUMAJIBbHO BO3MOXHOE UIICJIO HE.ITPOHOB Vmu, HACITIMeIHY

max
JaHHHM OCKOJIKOM, COIIACHO HEpaB2HCTBY
max
* —_ - ‘ry
EZ(AFE0 =Y B(Aish, ) S By (A-Vanr B), <
=1

rne B,(\,%) - PHEDTHA CBA3M HEITDOHG. [Ipi MCHOJB3OBAH:LI COOTHOUEHMA (6) BepoAT-

HOCTh MHCCHA W ,—HeITDOHa LeHble . LeJm pacHnpeneJeHie fIOTeCTBEHHOCTI Hel-
r - - v

~pokioB W (VY ) HopMiIpoBaro Ha I TO CI emp JHL B Cl ompereJsiercd BupaxeHume:!

D, A 2E)= Z [1- Zwm] nger, )
vai {=0
rae N v(&) - JHPPreTHYECKI: CHEeKTD Y-HeidTpoHa, HOPMIPOBAHHHY Ha 1.
JHepreTHYecKdAil CIeKTp NepBOTO HeiTDoHa ompefefideTcd BHpaXeHUEM

e
C.u1

n, (&)= S" P(EVA,Z,E)Y(E,E, A, Z)dE, (

Bate
rne Y(E,E5A,7) - BEpOSITHOCTH amccvm HeATpoHa ¢ HuHeTdeckoi sHeprueil & uz co-
CTOAHMA C 2Heprue# Bo3C,w®neHAA B*.
Tocsre aMuccyM MMEPBOT'0 HOUTPOHA HOBOE DAacCUpefleseHue 3HeDIMI Bo3CyRIeHMA HAXOMTCI
M3 COOTHOUeHHA *

NS

Emax
* _
p(E, A1, ,E0 | RELADVENER, €A, (1
Bt E
ARaJIOTHIHO, CHORTD v-ﬂeﬁr a OompefieAeTcA BHPAKEHMEM
b (A4,7)

nv@)"g p (e A-vd 7 ) (e, E A-v+l, 2)d EF -

B, (A-v+1,Z)+E
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has T BaA-L,D)
pvcie‘,*A-m,z): Sp (EY, A-v2, ) P(ELE™ B (A-whe, D), E), A-via, Dl (12)

E}+B . (A-wd, 2)
Pacmopeneenie moxec'raem{oc'rz MU opr G/ r<<I ONpeneJIANTCA COOTHOMEHAAMA

B, Z)
*
W(o)= § P(ESA2)dE, -
Ba(A4,7)
W(D=0-WO)| RS A, D)d e,
' (14)
E’n( -’!’Z)
v
W)= (1= L W) S PE, A, E)dE”,
=0 0o (I5)

JepOATHOCTD IMUCCUM HeTpOHA ¢ YYeTOM pacHpeleJIeHud COCTOAHW! COCTABHOTO AXNpa IO
cIuHy I IpencTanAeTCcA B BULE
*
mCE,A,Z,E1)

2) = L,e% A,7)
+ eHEA Zw( Ft(AZEI)»,rt(AZE*)’

Lae no r ABIAKTCA no.m{o}i ¥ paIManvMoNHO} IfpUHaMA COOTBeTCTBeHHO w (I, ol AT -
“MKIAA pacrrpe,uene}mn no cmmHy. [lapoyantHad HefTpOHHAsA UNDHHA ONpeleJisleTCA BHpame-—
HIeM

(I6)

rr'l(f,,A,'Z,EtI)=Z?(EtBn(A,'Z)-6,A-i y1 )ZTQ e, (17)
I' 13
Hech _9 INIOTROCTS pOBHe#l cocTasHOro Azxpa, ‘5)- koopPuImeHTH UPWIMNAHIA LA

veitrpoHoB. [losmasa pa,zmam{omaﬂ 114951385 mmcmnrén o JfopMy e
e*

- taz,et )= Sdu ;Tx(?—U, "p(UAZ,1"), (18)

rie TT - wroadbPmmment rrpwmn%}mz 1A ¥ -kBanTOB. [loMHad HeATPOHKHAA MMPHHA MOJyYaeTCA
C TIOMOUE*™ MHTETPXPOBAHUA NapmuanbHol} wipmHy (I7) 1O dHEPrEM BO3GYRIGHMA NOIEPHEIO
anpa. M4 LJIOTHOCTH yPOBHe f MCIOIB30BANACEh (popMyJ1a M3 padoTH 9 » B KoTopolt y4Yre-
HO BUMAHME HYKJIOHHHY 060J049ek ¥ HAPEHX Koppejammit. Pacipenesenme 1o cruwy B fopMmy+#
Je (I6) IpHHMMATOCH TaKMM X, Kak ¥ paclpeliejeHHe MO CIMHY WA MJIOTHOCTA ypoBHe#l B
pagoTe ? {oafypmewru Tq PACCUKTHBAMCEH 110 ONTHYeCKOR Mome/m ¢ mapameTpammy mo-
TCHIMAIA U3 padoTu , a xoabhimmenTd Tl BHUMCAAICH B IPEIIIOJORSHUHE mmo.rmnoro
y-uanyieHud, kak u B padore II).

CpemHee 3HayerHe JHEPIMY BOICYRISHEA OCKOJKA B BHDAXeHWE (5) NMDUHMMAIOCH PO~
TOPUHOHAJIBHIM Ccpeaxaft MHORecTBeHHOCTH MHII

BHAZED = VAZED (B+E+E) + 12D, . (19)
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Zzecs ¥ u § - cpemWme 3HAvEHMA THCJA H XuHeTHIecKo#d oxeprmm I, KoTopue B pacye-
TaT OpAMChH U3 IKCIEPMMEHTANLHHX T2HHHX, '.o 1 5 - CpemHMe N0 KACKALY 3HAJeHES
JHEPruA CBA3R HGMTPOHa M MOUPABKA HA YeTHOCTh B HOJy3MmEpuIeckodi dopmyrne mace. Ta-
KOe OmpelleJieHHe E* IaeT COrNACOBARHNE 3HAYCHWS PACCUATAHHHX BEJBALIH Ve 3KCIepA-
MedTANLHEMA B NPENesiax 3RCTEPAMEHTAGHHY OMMOOK. B TeX CAYIaAX, KOrza II3BecTiH
JKCMeDAMEHTAIDHEE 3HAYCHUI IMCHEePCHM SHEPruy BO3CyXAeHUA 6E¢, OHX MCIOJIL30BAMICH
B pacyeTax. 3 MPOTHBHOM CJHydae IUCIIEPCHH 3Heprmyl BO3CYARIEHAA NApHIX OCKOMKOB OHpE-
TeJAMNICE U3 CQOTHOUIRHMA

6= 62’(-AH’ZH1§: )+ GQ(AL,Z ,E:)
CY (Ay,2 m‘_‘—-:)/é (AL,ZL,EL)=F*/E (20)

one 6 JDICHepCHd ¥HHETAYeCKO® 9HEDIIn: NMapH OCKOJHKOB, "5:
HIA WIHETHYeCKOA 3HepIuH OCKOJKOB.

PacmnpeneJierie MHORECTBEJHOCTH HEI'TDOHOB LA HADH OCKOJKOB LACCYNTHBAIICH B
IPeZNOJOREHIH CTATHCTHYECKOT HE3ABUCHMOCTH SMICCHU HelTPOHOB M3 NEDHHY OCKOJKOB,
TOCKOILKY IOJyYSHIT e B pedc"‘e 16 KO9DHMIDIGHTH KODPEJIAINT! MaJH:

E(\’)=Z WL(\’JW“(V-V,). (2T)
VY,

Tosmoe pacimmenesente :.mo:’:ecqq'BeHHcc'm Ha aKT JeJeHud HNOKyYeHOo ¢ IO.0NEN JCPeIHeHIT
2 (V) 10 MaccoBoir paclpereseHun anajgorwgHo (I).

7’3 M3JCiKEHHOTO CJIEL/eT, YTO De3yJbTaTH pacyYeis 3aBICAT OT Budopa HEOOXOMLMLI”
12D7UIETPOB MONEL!, MOJTOMy HAM OrJM. MPOBEKEHH DPAcieTH C TIRJbY BHACHEHIA BIIIHA
ICTOB3YeLHK 1ApAMETPOB Ha nAaadimidHie xapaxrtepicTirym (L. 3 patoTe 2] [IPOBESISHO
cpoBteHie paceunTart elexrpor LIT B Cl1 ¢ SXCHRDMIGHTABIIMM aHHIMM LIS Buuese-—
HHHY MACC il KMHEeTHMTMeCKIX JHEePTHt OCKOJKOB, KOTODOe MOKA3AJ0, YTO DACCIOTDEHHAR iid-
7)1k B NPSHeI2X JHCIEDIIMeHT UILHAK 0:lifoK omeqBaeT cmexrp:i 07 dez xepaminoBecHOD
roiilonenTa. PacueTd o) noxa3am, YT0 UMEeTCA CWIBHAA YyBCTBITEJBHOCTE BEPOATHOC~
TH 9MIICCIM HEITPOHOB ¢ I>[0 18 K Bapnauym napaneTpoB HAYAIBHOTO DACTDEIeNeHAA
%comm BO3G;%IEH!IS OCHOMKOB (D).

C HeJb COMPAeHNTA MAILTHHJITO BDeMeHH, pacdeTH MHTerpalbHoro crexrpa 'HE mpo-
BOJULGICHE TAKMA 00pa3olt, UTO yCpejHeHKe MO PacHpe/eIeHN0 KUHeTH4ecro: DHepTUH OC—
*UJAKOB 32MEHANOCH BHOODPOM MADAMETPOB HAYAILHOrO DachpefielleHud MO 3HepIt BO3C7XR-—
TeHUA, COOTBETCTBYMIMM CDENHMM 3HAYeHNAM KuHeTmdecKoff dHEpr¥ ockoJmoB. Ha puc. 1
1p:IBeJIeHH Pe3yIBTaTH DACISTA HHTETDAIBHOTO CreKTpa JHI mna CIoHTAHHOTO IeJeHUA
&9 f‘f B bopre OTHOMEHMA X MAKRCBEJLIOBCKOMY CNEKTPy ¢ mapameTpow T= 1,42 a3 B cpa-
BHEHM ¢ IAHHEMY DadoTil [4 . CpermHie 3HaUeHMsT KMETWIECKOH SHEPTMII OCKOJIXOB E—K '
CPETHEro TMcJIa HeATPOHOB f CpeiHe! BHePTMM HeATPoHOB B CIM € B3ATH U3 DACGOTH LS),
4 MICTIeDCIM KMHeTHYECKO! IHepPTME MapH OCKOJKOB G'u 3HepI'MM BO3GyXRAESHWA JeI'KOI'o
OCKOJIKA 13 PasoTH ! . JICTepcusa BHEPI”H BO3JYMIEHAA TAREJIOTO OCKOJKA OHpesetd~ St
JACh ¥3 1MepBoTo paseHcTBa (20). i3 pmec. I BUOHO, 4TO TEOPETHUECKMt CHEKTD MAST HU-—
@ MaRCBeJUIOBCKODO cnexTpa npu I<0,5 MeB u mpu E>4 113B, Ho B npelefax 3xCUepuMeH-
TAJABHHX TIOTPEeuHocTef XOpomo ONMCHBAST JKClIEepUMEHTANbHHE Pe3yAbTATH. AHAJOTHYHHE
De3yApTaTH IJ1 Caydad IeJeHuA 235U remwnontam HeiifTpoHaM# IIDHBeNGHN HA DPHC. 2. 31ecs
ZAHHNE MPeNCTABVIeHH MO OTHOWEHMI K MAKCBEJUIOBCKOMY CMEKTDY C MapaMeTpoM T= 1,31
13B. 3KCHEeDUMEHTANBHHE NAHHHe B3ATH 43 padorT 17,1 . [lapameTpu DK & p3ATH A3
pavOTH 19), V%2 ua paBord <0), iucnepcy® JHepruM BO3GYENEHMA OCKOJKOB onpene-
TTIch 3 cooTHowex:tt (20)., C Temu Xe MCYONHHWMY, TapaMeTpary OHJIM pacCduTaHy pac-

=L
i L - cpempue 3Hade-
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MRASUREKENT AND INTERPRETATION OF DOUBLE-DIFFERENTIAL NEUTRON EMISSION CROSS SECTIONS
FROM LEAD AT 14 MEV

T. Elfruth, D. Hermsdorf, H. Kalka, D. Seeliger, K. Se’lel, S, Uctotzer
Techniache Universitat Dresden, Sektion Physik, DDR-8027 Dresden

Double~differential cross sections of the usutron emissinn from nuclei bombarded with
14 MeV neutrons are of increasing importance in conmecticn with fusion reactor develop-
ments. The Pb-data have priority 1 in the World Pequest List /1/.

Bmissioo spectra from Pp wore measured with the pulsed-beanm time-of-flijht spectroscopy
at the TUD DT-generator using a flight-path c¢f abzsut % m. The scattering arraugement
spectrometer and date analysis were described in detail elsewhere /2, 3/. A typical
feature of the scattering geometry chosen is the comparatively weak dependeace of the
incident neutron energy on the scattering angle (Eo = 14,.07...14.14 MeV), Cross sections
were Jetermived in the emissiou enmergy racge from 2 to 14.8 MeV for scatiering angles from
15? to 165° in steps of 15°, The data were corrected for geometrical uncertainties, non-
linearity, detector efficlency and neu*ron absorption within the scatterer. Multiple
scattering corrections are in progress. The later are expected to be small due-to the
ccmparatively small thickness (1 cm) of the ring scatterer. In Fig, 1 the derived preli-
einary DDCS are presented in a 3-dimensional plo: with their statistical error bars.

This presentation clearly shows the strong dependence of the angular distributions on thne
emission energy.

The DDCS at 3.1 MeV, 7,0 MeV and 11.1 MeV are compared with the recent measurement at the
Osaka University /4/ as well as with tke previous TU. experiment /5/ in Pigs. 2, 3 ani 4,
respectively The figures show a Zeneral consistency between these three experiments at
high emission energies, whereas remarkable difteremces occur at lower eumergies. Except the
data point at 15°, the new TUD-data show an almost symmetric angular distribution around
90°, as it Js expected from the dominating reactioo mechanism,whereas the Osaka data show
a foreward-peaking, as it is usually expected for hlgher emlssion energies only.

In parallel to the experiments, theoretical calculations were carried out with the code
AMAPRE , 6/ taking into~account preequilibrium and equilibrium statistical reaction con-
tributions and with a DWBA code /7/ to calculate direct collective contributions.

. The code AMAFRE 1s based on the master equations of the exciton model and, therefore,

both preequilibrium and equilibrium particle emission is obtained within the same concept.
For preequlibrium angular distributions, the leading particle concept used. Till now the
code AMAPRE allows the calculation of emission probabilities for the first nucleon only.
Therefore, the spectra of secondary neutrons from (n,2n) processes had to be added. They
were calculated with the Hauser-Feshbach code STAPR% /8/. The results of the calculations
are inserted in Figs 2 - 4, At low emission energiea the calculation reproduces the right
order of magnitude of the experimental data as well as the uligit adsymetry of the angular
distribution (Pig. 2). In the ivtermediate region the experirents are very well repro-
duced (FPig. 3). At high emission energy, the strong collective eaha=cement 0of the 3~ octu-
pole vibration state in 2°8Pb is evident.

Pinally, the angle-integrated data are compared with calculations in Fig. 5. Aguin, the
dominating influence of collective excitations at emission energies above 8 MeV is
evident.

The reasonable description of the whole emission spectrum shows that the most essential
reaction contributions are taken into account.
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COMPLEXITY OF ANGULAR DEPENDENCE OF SCATTEHED FAST N:IUTRONS - CONSEQUENCES AND
RECOMMENDATIONS FOR MEASUREMENT AND APPLICATION OF DATA

D, Hermsdorf
Technizal University Dresder, Section of Physics, GDR

Abstiract

A state-of-art review is given on dirfferential cross sections for fast neutron elastic
and imelastic scattering.

Comparing the experimental accuracy achieved at present with data requests further
improvemeuts have to be mecessarily enviseged in

i) carefully planaing of experimeats anid more accurate raw data processiag to
reduce systematical errors and correlatiouns;

ii) customers’ processing codes to avold aay loss of ionformation or accuracy by
use of inappropriate oumerical approximations and

iii) the computer-alded data storage furmal ENDF/B for a convenient representation
of all verified factographical iuformatioas.

1. Introduction

Stimulated by the design and operation of very high intense sources cf fast neutroms and
their important applicatioms for guite different purposes in technology, medicin,
geophysics, biology etc. uew demands for more accurate data of fast meutron elastic and
inelastic s-attering nave been ottained. According to this 12.5 % of all data requests
compiled in WRzNDA 83/84 /1/ concera with angle differential and energy-angle-double-
differential cross secticus for a correct treatment of neutron transport in extended
media including energy degradation ani deposition by secondary charged-particles and
y-rays and radiatioa damage effects.

The experimental certiinty achieved at present in very advanced measurements doesu’t meet
the required accuracy ian geaeral., Therefore it seems to be necessary to improve both the
experimental techuique and the processing of raw data to extract mere reliable cross
gections,

2, Considerscions on the experimental accuracy

2.1. Uncertainties in measuring tzchniques and raw data processing for differential
. neutron scattering cross sections

Neutron scattering experiments have been carried out for nearly all nucleil aal elements.
However, the measuring technique has oeen impr¢.-~d and refined to a largy extend,
Nevertheless, if the data accumulated are compared to the demands for practical applica~
tions the ipadecuacy in accuracy for mevcron inelastic scattering cross sections bhave to
be pointed out, This is summarized in table 1

More iliustrative than given numbers are axamples for the experimental accurucy obtained
gt present shown in fige, 1, 2 and 3 taking dats for elastic apnd inelastic scattering on
"08pp from refs, /2-6/.
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Table 1: Comparison of requested and achieved accuracy for differcntial and iantegrated
croas sections of fast neutron elastic and inelastic scattering.

accuracy (averaged)
Quantity requested schieved
(cccordgng to /1/) ] (in esdvanced exp.,
Opp(Bs ™) 5-10% l 5-15%
OBP(E) j-5% ' 3-10%
9g,0+ (BB}, P) 0-15% | 15-508%
9,00 (BE}) 5-15 % 10 - 20 %
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Pig. 11 Elastic scattering cross sectiouns an’n(x,‘ﬁ) at different iancidence
energies X for 208, (taken from /2,3/).

Obviously, more accurate messurements can be performed by improvements of individual
paraseters of an experimental set-up like following

- optimiszed effect / background ratio;

- mipimizing the o>verall time resolution;

- counting statistics;

- absolute monitoring;

- use of multi~detector arrangeasuis;

- u8e of high-precision nuclear standards cross section f¢r normalization or comparative
measurements.

Such requirements are self-evident and need no further explainations,
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More crucial prodlems have to be solved to avoid systematical errors producing correla-
tions as well as in angle and emission energy. Strong correlations between different
angles of an angular distribution for a discreie level or between same angles of angular
distributions of neighbouring levels can arise from

- incorrect definition of the angle relative to the beam axis;
ap accuracy of about 0.1 to 0.2° in dependence on the complexity of the angular shape
is requiryd for elastic scattering ///;

- ipcorrect numerical procedures for peak area subtraction especially for complex
(partially overlapping non-resolved) structures /8/;

- finite sample size corrections for discrete levels (generally for elastic scattering),
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Strong correlations showlog long range effects in neutron emission energy E' for
inelastic scattering should be expected from

-~ inaccurete energy dependeuces of the detection efficiency &(E') resulting from either
experimental problems in neutron detection (inclusively bias settings and stabiliza-
tion, particle-y-discrimination methods, light collection in big detectors etc.) or any
calculational model (Monte-Carlo-method usualiy). At present, an accuracy in the order
of 2 - 3 % can be obtained with reasonable effort, Any improvement requires tremendous
expenses in both experimental arrangements or calculational models /9/;

- finite geometry corrections lncluding down-scattering of neutrons within the sample.
Several more or less sophisticated semi-empirical methods 75,10/ and Morte-Carlo-ccdes
/11/ are in use at present.

The uncertainty of such procedures cam be estimated to be in the order of 3 % or more
iu dependence on the magnitude of the absolute correction factor.

In contrast to very-well documented and intercusmared ~fficiency codes there is up to
now no comparison of the results of different fimite-size~correction codes apprlied on a
typically experimental set-up, This should be recommeunded to get more reliability for a
very important correction, All experimental problems should be mentioned here only., Most
of them need further iore deepened investigations. However, this is not the subjeci of
the paper.

2,2, Uncertainties in determination of angle-integrated scattering cross sections

Generally, integral cross sections for elastic and inelastic neutron scattering are
obtained by i.tegrating the angular distributions over the solid angle.

The results can be checked partially within nearly the same order of accuracy by integral
measuremnents performed to determine total cross sections Onps non-elastic cross sections
Ony 88 well as neutron emission cross sections %, /12/.

However, the required accuracy of integrated cross sections is higher than for the
differential quantities (see table 1), To obtain precise data from more uncertain
differential measurements reliable numerical methods for the integration procedure have
to be applied., Two main methods are wldely in uses

i) tit of experimental data in terms of an Legendre-polynomial series and
ii) adjustment of paramsters of nuclear reaction mechanism models by use of experimental
data (no necessarily angular distributions only!),

ion of an ular distribution in terms of Legendre polymomigls.

The dependence on the scattering angle % can be represented by a series of Legeandre-
polynomials P, with coefficients b; according to

, Loax
BRI o o(gm ) = I by(HE) Pyleond) . (13

The integration over solid angle ylelds
o(E,B*) = 4x bo(l.B') (2)

using the orthogonality of the Pl’s.



All coefficieants bl(O £1Z Lhax) have to be extractei irom the set of § experimental
data OEXP and their uncertainties Ao:xP applying tne xe-method usually

2

2
x %= 1<o§"P<E,E',ﬁ)-o(E.E-,ﬁ))?/Mf‘P. (3

Lok

This methed is equivalent to a multi-parameter search including all problems of
instability (or at least bad convergence counditious) and ambiguities in all parameiers
(at least stroug correlations between b, and all other oaes).

The set of Lmax+1 parameters b; defined by ninimizing the functional equ. (3) have to
fulfil sone additional conditions which are very helpful to exclude noa-physical solu-
tions. Such sensitive constraints are

- 0(0%); for elastic scattering this is equivalent to wick's limit;

bo should be independent on inciease in Lmax:

- b, should be at a minimsl value; ’

Loax 12 egu. (1) should have a reasonable value from quantum~mechanical viewpoint;

as reliable values may appear for elastic snd inelastic scattering to discrete levels:

5 £ Ty €25 for 2 £ E £ 20 MeV

and for inelastic scattering to tie continuum:

3<4L <5 for 2< E' & 20 MeV.

max
This procedure had been applied successfully for a great amount of differeantial data.
Problems arise in such cases where
i) the angular raunge is ipsufficient to extrapolate as well as to very foreward and
backward angles.
Geuerally, an investigated range

20° <{r< 160°

can be considered to be sufficient /7/. Iu other cases any expansion according
to equ, (1) diverges with increasing Lg ..

i1) The number of experimeantal data points N is smaller than the necessary maximum
degree Ihax (N “Lhax) for convergency of the polynomial series.

11i) The number N is larger than the optimal value L .. (K > L,.g)+ / turtbher increase
in Lmax will also reduce)(2 usually but noo-physicaliy (or reaundant and inter-
correlated) higher-order coefficients b, are determined according to randomly
fluctuating structures in the experimental data set. This is a direct comsequence
of an over-determination of the gsystem of linear equations in equ. (3).

2,2,2, Theoretically based models to integrate differential data

Depending on . . mechanism assumed to describe the neutron scattering there exist at
least four models

i) the optical model (OM) for shape elastic scattering;

i1) the Hauser-Feshbach~fuisalism (HF) for compound-elastic and compound-inelastic
scattering (to discrete levels and level-continuum also);

111) the direct resction models (DI) for inelastic ncattering to discrete levels;

iv) the models for multi-step-cosmpound- (MSCR) and multi-gtep~direct reactions (MSDR) to
describe ineiasstic scattering to both overlapping and discrete states.
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2,2,1, Neu 4 tteri

Already simple spherical OM potentials with seven parameters only have been successfully
applied to describe experimental data sets in all details (see fig. 1).

For this purpose, several approved computer codes are available /13/. The codes ABACUS-2,
BLIESE~2, ELIESE-3, CRAPONE and ECIS stand for several other. More recent OM parameter
search codes have been developed but, unfortunatly most of them are unpublished and
unavailable (RAROMP, GENOA, OPSTAT).

The application of suc. qualified models using verified computer codes (which have been
checked by international computer code comparisons) provides for automatically correct
constraints as u(0°) Wick®’s limit) and I‘nu

Unfortunatly, there is no direct way for

- determination of th: uncertainty of the integrated cross sectiou;
~ determination of tle uncertainties and correlations of all other Legendre
coefficients by (1»0).

2,2,2.2, Neutron inelagtic scattering to digcrete levels

Some models io use are distinguished according to different approaches for reaction
mechanism anc -.upiexity of the excited state (collective, microscopic, direct,
contribution from statistical modes etc.).

Generally, only a few parameters (Asformetions, strength of interactive forces) and the
optical potential defined by iniependent data are necessary to obtain a very reasonable
agreement in reproduction of the experimental data base,

At iocidence energies below 7 - 8 MeV, contributions from compound-reaction mechanism
estimated in terms of HF have to be added incoherently to improve the comsistency with
experimental angular distributionms.

The achievable accuracy is fairly well (see fig. 2) but differences really appear caused

by

~ statistical and systematical errors in the experimencal data obtained by different
authors (see fig. 2 at 11.5 MeV);

- unexpected from theory promounced foreward-directed inelastic scattering at higher
incidence energies (see fig. 2 at 20 and 26 MeV) /3/.

N 0 lagti tter 0_lev ntinguum

Prom experiments /5, 6, 14/ clearly asymmetric angular distributions have been verified
for low emission energies already (see fig. 3 for E’' = 3 MeV!).

This can’t be understood in terms of the H-F-formalism and more advanced MSCR models
existing now by different modifications of the Exciton models (EM), which predict
isotropic angular distributions of particle emission cross sectioms only.

On the other hand, there are only a few attempts for a practicable formulation of the
MSDR /15, 16/. Some models and computer codes (ORION - TRISTAR-1 /17/ have been applied
for nucleon~inducsd reactions around 50 MeV, At lower energies only a quite simple
gemi-empirical wcdel, the "leading-particle-model” proposed by Agassi, Weidenmiller,
Mantzouranis /18/ is able to predict with encouraging agreement the experimental well-
establisl. higher-order coefficients b, (1> 0) (see fig, 4), Some computer codes exist
(PRANG, PREM, AMArn£ /19/) for calculation of angular distributions of 4nelastic
scatiering to the level continuum.

Pirst results of an application of this model around 14 MeV have been published formerly
/20/, One fact is of special far-reaching practical importance. The general structure of
inelasti: scattering cross sections to level continuum is relatively simple and can,
therefore, be dsscribed with only very few low-order Legendre polynominals,
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The first order coefficient (1 = 1) is the dominant one which is responsible for the
foreward peaking of peutron inelastic scattering cross sections also observed in aogular
distributions for excitation of low-lyiog levels (see fig. 2).

Fig, 4:

Coefficieants of an expansion of tue
weutron emission cross section from Pb
at 14 MeV in terms of Legendre poly-
nomials. Experimental data nas been
taken from /5/ and /14/. Solid lines
represent the calculated coefficiects
from code AMAPRE /19/.

From systematics of such averaged features Kalbach and Maonn /21/ have derived a simple
seni-empirical formalism to predict the coefficients b; by

b,(E,E*) = 1 4o (E,E') i
1 2x 4B’ 1+exp(d (B -E")) Jﬂ 1 =2,4,6
for l. a)
b,(E,E") = 1+r _1  do(E,.2') 1 1 =1,3,5
1 r 2= dEg’ 1+e8p(A; (By-E"))

and with

Ay = 0.036 + 0,0039 [ 1(1+1) ] / Mev
1oy 12> 0 )

B = 92.0 - 90.0 [ 1(1s1) ] /2 nev.

Using experimental data for r (the ratio of direct to total emission reaction mechanism)
and the integral emission spectrum, the angular distribution can be estimated with a
reasonable accuracy in comparison to mos'. recent experimentsl data.

3, Recommendatjonsg for gtor d licaticn of angular differentja]l data

3.3, Rules ocedures for stor. in EN fornat

The procedures aod rules defined in ENDF/B-format manual /?2/ are an intermationally
accepted and succesafully used method for compact storage of neutron nuclear data.

By convenience in ENDF/B an angular distribution is defined in terms of Legendre poly-
nomials P, also

NL
WLED = LB L, &) 1(5,8) Py(corh) (6

a0 2% 1=0

with a normalised sero-order coefficient

£ (E,B) &1 ' (7)
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Any upwards compatible development necessarily originated by use of data for other pur-
poses ttan fission reactor calculations have to pay attention also for fast neutron
physics data. Several proposals are in discussion /23/.

Having regarl to those extensions also, following facts should be pointed out to be
restrictive, unmotivated or at least inconvenien® for a reasonable representation of fast
neutron nuclear data in ENDF/B:

i) the number of Legecdre polynomials NL (corresponds to L , io chapter 2) is
restricted to NL £ 20

This is quite too low for elastic and inelastic scattering to discrete levels at
energies E > 14 MeV and medium or heavy mass nuclei,

ii) the rule that NL should be an even number is of no physics justificationm.

iii) angular distributions to discrete levels should be given in a Pl-representation in
the C-M-system. Considering such a lot of ccefficients (NL> 20) to reproduce
correctly an angular shape for elastic scattering, it may be more convenient and
more exact to store highly structurized distribu*ions in the /u-representation
(probability distribution) provided for data in I~S-system.

iv) for storage of energy-angle-differential data file MF6 is ihe ouly acceptable
structure. According to a re-activation of MF6 proposed by Mac Farlane et al. /24/
several experiences have been obtained in using this rules. In author's opinion

- problems my arise from truncation of the polynomial series
at NL = 5 for inelastic scattering to discrete levels and

~ it is in contradiction to very fundamental rule of an arrangement of any
variable in ascending order that iu MPF6 discrete level data have to coded first
followed by inelastic scattering data to continuum (discontinuity in emission
energy E'.).

- including discrete levels in MFP6 as well as the Q-value and the interpolation
law (JNT) is questionable.

v) the imtroduction of a lumped reaction cross section type MMC /23/ is advantageous
but may be changed to a higher condensed type

MTMO = MT4 + MDIO3 +.,.+ MTMO7 -~ discrete levels of MT700-series

from reason of further simplification of data processing by customer’s computer
codes.

vi) proposals to introduce also covariance matrices for apgular distributions i MP34
/23/ seems useful but have to be checked carefully in the next time.

2, Recommendations for use of angular differential dat customer

However, from customer’s viewpoint the complexity of angular distributicus is more or
less restricted by that type of approximation applied in data processing codes for treat-
ment of a definite problem,

So, neutron transport calculations will be carried out in 516 - P3 approximation
generally, Comparing this with the investigations pointed out in chapter 2,2 it is really
insufficient for any correct simulatioo of 14 MeV neutron transport.

Therefore, it has to be kept in mind:

i) any truncation of a polynomial series at 1 < qmax result ioevitably io falsified
cross sections (i.,e. partially negative values) and should be avoided carefully.
i1i) sometimes not only the angular shape is in question but also their accuracy at

any angle point,
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Then necessarily the correlation between coefficients which can be determined from
experimental data have to be taken into comsideration. Because of the rapidly
fluctuating Legendre polynoxials Pl rapidly destructive or comnatructive error
components will appear from covariances. The total uncertainty is given by

——y

T :
LoD = L, ") F+ I cov(dyby,) By Py, (8)

(1)

The application of equ. (8) preassumes the storage of covariance matrices for angular
distributions also,

4, Summery

This paper is devoted to demonstrate the necessity of both the accurate evaluation of *
angular distributions of elastic and inelastic scattering of fast neutrons, their correct
and convenient representation in a computer-readable data format and last but not least
the very important fact of processing these data without any lcss of accuracy and a
reasonable effort by customer's computer codes.

Most of the considerations given here are relatively new for standard reactor physics
applications., Therefore, having had some intense discussions aew aspects should be
investigated carefully to substantiate a generalization,
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ANALYSIS BY RADIQACTIVATION USING 14.8 MEV MEUTRONS
APPLIED TO EXPLORATION OF MTiERAL RESOURCES

Chr.Miron-Gariea, I.Garlea, N.H.Rosu, O.Carutasu
Central Institute of Physics
76900 Bucharest, P.D.B. YMG-6, Romania

ABSTRACT

This paper presents a relative method of determination contents Nb, Ir and
Ti in the geological samples, by 14.8 MeV neutron radicactivation. The quantities
about 10 g have been irradiated at the TEXAS-9900 neutron generator of the Institcte
for Wuclear Physics and Engineering (INPE), Romania. They have been exposed with an
absolutely calibrated fissiot chamber containing Z238y. There were made -eference de-
tectors of materials as geological samples. The measurements have been performed bty
high resolution spectrometry, the both samples and reference detectors .eing measured
in plane-contact. The method supplies the following possibility of acizction: minimum
content for: Ti up to 0.1%; Zr up to 0.05%: Nb up to 0.02% for an intensity of 1010
neutrons/s in b4,

I.1T 3 TRODUCTTITOWN

The determination of the content Zr, Nb and Ti in the geological samples
rises the following problems:

e the natural complex of sample gives at exposure a complicate gamma spec-
trum, which has numerous gamma lines interfering;

e the samples contain very little amounts of the interesting elements
(compared with the geological material);

e the reaction cross sections with thermal neutrons of these are small.

These reasons dictated the utilization of a fast neutron source b for

irradiations.
2. METHOD DESCRIPTION

The interesting elements Zr, Nb and Ti have reactions of tynme (n,2n) and
(n, p) with relative important cross sections 2) at 14 MeV. They lead to radicactive
isotopes with life-tim2 convenient for measuring and with well-known decay schemes,
which permit gamma measurements. For these determinations of content has been chosen
the following reaction:

902r(n, 2n)892r

with the cross section 0.786 b 1 and T1/2 = 78.4 hours. The decay scheme is one
3)

given in reference and the energy of used gamma line is 309.1 keV.

For Nb has been chosen the following reaction:

93Nb(n, 2n)%2Np

with the cross section 0.512 b 1) and T1/2 = 10.2 days. The measured gamma line is

that of 934 keV. For these elements have been obtained reasonable activities at the
intensities available at the INPE neutron generator. ‘

At the examination of the samples appeared the possibility of Ti determina-
tion by the reactions:
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47Ti(n. p)47SC (cross section 0.116 b, gamma line 159 kel)
81 0. p)38sc (cross section = 0.053 b, zamma lines 983 keV)
1037 keV}
_ 1311 keV)

They have T1/2 = 3.4 days and respectively 43.7 hours.

In this relative method the both samples and a sealed fission chamber con-

taining 238y, Saclay type 4). have been exposed. Th:s fission chamber was used as

neutron flux monitor. Our refereace cetectors, containing pure elements, have been

exposed in the same conditions. Taking into account the well-known formula for acti-

vity calculation at the exposure in a neutron flux ) and that there were the samo

conditions of measuring for the reference detectors and samples one can write:

m_ = f§3£—§ X EEE X m (1)
S Asat r RRS r
where:
mg - the exposed sample mass
m. - the reference detector mass
Asat s ~ the saturation activity for sample
sat r - the saturation activity for reference detector
RRS - the reaction rate of fission chamber for sample exposure
RRr - the reaction rate of fission chamber for reference detector

exposure .

The samples have been irradiated in the plastic capsules, with 30 mm dia-
meter, 15 mm hight and 0.5 m» wall thickness. All capsules have been filled with
powder, containing about 10 g. The irradiations have been performed with these
capsules put on the window screen of the neutron generator and the fission chamber
was placed on the sample. The spectrometry measurements 6) have been made by wmeans
of a Ge-Li 100 cm3 crystal, in plane contact.

The reference detectors have been prepared in pure materials, with certi-
fied content. They have been exposed in the same conditions as the tested samples.
After the exposure, the well-known ammounts of ihe reference materials have been
homogeneously mixed with nonexposed geological material in order to obtain the iden-
tical conditions of me 'suring. This ovpcration permitted to avoid the gamma self-

absorption-in-sample correction 7).

3.RESULTS

The results are presented in Table 1. There are given the used reactions
the activities 2t the saturation for all formed isotones, the sample and reference
detector mass. The reference detectors are identified as NBY, ZR and TI. There are
also given the reaction rates of the fission chamber-monitor for each exposure.

The geological samples which have been tested contained Al and Fe. These
elements impeded us to perform the .'2asurements in the first three days after the
exposure , by the reactions:

56Fe(n, p)seun

T = 2,6 hours
1/2
27Al(n, a)24Na

T1/2 = 15 hours.

Their gamma lines haa high intensity and produced an important background.



In the Table I there are also given the assoclated errors lor gamma acti-

vities. They are given by:

the error in background substraction for gamma peak areas.:

the statistics and instrumental errors;

the .weighting error

the error in determination of fission rates by means of fission
chamber.

In Table Il there are presented the concentrations in percents for tested

geological samples aand their associated errors. The incertitudes are principally

generated by gamma line interference produced by the elements from the geclogical

matrix.

TABLE II. Sample concentration

Sample Concentration (%)
identification Zr Nb Ti
ZR0O2 0.321 (+ 2.573) 3.152 (*+ 1.9.%)
ZRO5 0.187 (+ 3.5%) 2.093 (* 2.10)
ZRO6 0.119 (+ 5 235)
ZRO9 0.021 (*+ 5.0
ZRO12 0.031 (+ 5.4%) 0.309 (* 4.1%5)
ZRO13 0.047 (*+ 4.77) 0.503 (+ 3.8.)
NB1 0.430 (*+ 1.8%) 1.543 (+ 1.779) 0.447 (* 2.35)
NB2 0.424 (+ 1.6 1.400 (+ 3.0%) 0.461 (+ 2.75)

The intensities available in this moment at INPE neutron generator permit

4 minimum content determination up to

0.027% for Zr
0.05% for Nb
0.10. for Ti.
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Table 1.

Thae saturation activities

Identifi- Vass Activities Bt ion
cation (g) 30L:(n.Zn) 93.\Ib(n,..'n) 18Ti(n.p) rutc.
909 keV 234 keV 933 eV 1327 ke/ 1312 keV
ZERD2 10.163226 2.401E2(+2.15) 5.033E2(+1.3) 4.711E1{x1.4%) 3.821E1(+1.5%) 20.647+1.34°
ZROS5 11.478805 7.131E1(_~_:3.5fu) 2.287E2(+1.6,) 2.154E2(*1.20) 1.758E2(*1.5%) 12.579x1. 4,
ZRO6 9.740030 1.067E1(+5.47) 2.159E1(+3.4,)) 2.064E1(+*2.4%) 1.758E1(+3.45) 3.489+2 1%
ZR0OJ 9.673473 9.238E0(+3.6%) 17.367-1.3.;
zRO12 7.852491 9.555E0(+5.2¢) 2.055E1(+3.5.,5) 1.849E1(+3.6') 1.490E21(+3.8,) 10.836+1. 0/
ZRO13 9.5202585 1.486:1( =4, 4% 3.324E1(*3.30.) 3.125E1(-3.3,) 2.522E1(+*3.30) 9.195+1.85
NB1 9.229075 4.081E2(+1.2.; 6.347E2(r1.4:) 9.126E1(+1.9,5) 8.373b1 (+1.9)) 6.323E1(+2.1%) 28.884-1 0%
NB2 9.691500 2.775E2(*1.1%) 2.281E1(*+2.8.,} 6.490E1(*2.3%) 6.010E1(+2.4%) 4.861LE1(+2.20) 18.930-r1. =,
NBY 0.135710 3.963E2(+0.0.) 18.930+1. 2.
T1 2.895250 3.348E3(+0.7%) 3.208E2(*0.3.) 2.64453(#0.4%) 15.011+1.4%
ZR 0.373063 2.748E2(+0.87) 20.637+1. 00
NOTE: The masses of reference detectors (NbY, ZR., TI) is given in grames of pure element.

tel
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NEUTRON CROSS SECTIONS MEASURED AT 14.8 MEV

Dr.l1.Garlea, C.Miron-Girlea, H.N Rogu, M.Ion, V.Raducu
Central Institute o. Physics, R76900, P.0.Box MG-6, Bucharest,
ROMANIA

Abstract

The integral cross sections for some reactions induced by 4.8 MeV neutron
have been measured at the TEXAS 9900 neutron generator in _the lnstltute 86 Huclear
Physncg and Enolneerlng (é%PE). The tested reactions are °°Nb({n,2)3 Zrin,2n)

and Zn(n, p) g Some “efore studied reactions have been
aiso tested us:ng the same targets: Nb(n,Zn)92Nb and 59Co(n Zn)5 Co. The cross
section of >6Fe(n,p)56Mn reaction has been measured in order to verify the used
method of measurement. The used reference cross section is that of the 238y(n,f)
reaction and it is 1.23 b. The flux monitoring has been performed by means of the
fission chambers. A Ge-Li crystal and the associated electronics have been used for
the absolute reaction rate determination.

1. Introduction

The needs of the nuclear data related to the technology of the fast reac-
tors and fusion systems have given a strong impulse at the researches for the ob-
taining of the rcaction cross sections in the range of high energy neutrons. In the
frame of the international work sponsored by Nuclear Data Section of the Internatio-
nal Atomic Energy Agency, the measurements at 14 MeV are performed under TC/INT
Project and Coordinated Qe search Programme (CRP). This article presents the measu-
rements performed under CRP (Research Contract No. 3818/RB).

2. The cross Section Deteamination

The exposures of the Nb, Z2r, Zn, Co and Fe act.vation foils have been made

1)

at the INPE TEXAS-9900 neutron generator There were irradiated both the activa-

tion foil and a plate sealed fission chamber, Saclay type. The fission chamber depo-
s1t contalns ZJSU and it is absolutcly calibrated 2). the calibration incertitude

peing 2.4%. The run to run monitor level system h.s three plate fission chambers
1). These chambers have been
%)

(@ 12 mm), placed at 129° arround the generator tube

also calibrated in the same spectra: L - ITN 3)

238

and Thermal Standard Spectrum
The monitor deposits contain

is given in the reference 5). For the neutron flux monitoring has been used the

1)

U. The measuring procedure using fission chambers

method proposed in the paper

The main operation characteristics of the neutrun generator are:

e high voltage: 120 kV

® current: about 800 uA

¢ intensity: in the range 3.5 xlO9 - 1.5 x1010 neutrons/s.

Thritium targets have Mo backings of 0.4 mm thickness. Ti deposits have
about 1 mg/cmz thickness. The incident neutron energy was 14.8 MeV.

The absolute rerction rates have been measured by means of Ge(Li) crystal
(100 cm3) calibrated in the absolute efficiency 6). The crystal resolution is
2.98 keV. The sample-crystal distance is 5 cm, for these measurements. Tie proces-

sing of the gamma peaks was made by means of SAYMPO code 7), mounted on the onp-15

computer. The used nuclear constanis are given in the references 8'9).
The results are given in Table 1. The cross sections measured at the INPE

neutron generator are presented together the eirors. The associzated errors include:
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e statistics and instrumental errors;
e uncertainties 1n the 1tission chamber depusit calibration;
e weighting error;

e error in background subsraction at gamma peak processing.

In the same table are also given some values indicated in the references

8y, for comparison.

I.
AL
I

1

—
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Table 1.

The cross sections obtuained

at 11.8 eV

Reaction Half live of E Cross scctions (mh)

product (keV) ) This work Previous works

9 - .8

93Nb.(n .oy ?OMy 3.13 h 202.5 96 5.8 + 0.3 35+ 0.5 )
492.5 90.0

23Nb(n, 2n)%%Nb 10.16 d 934.5 95.5 517 + 37 S12 0+ 4o )

,

902y (n,2n)%02r 74.4 h 909. 1 99.0 725 + 44 768 + 78 ")

5co(n,2n)%8co 70.8 d 810.7 99.15 748 + 52 720 + 50

. ]

¥ ¢co(n,r)%%Fe 44.¢ d 1099.3 55.5 50.3 + 3 73 + 10 ¥

1291.6 44.1 46,5« 2ot

%42n(n.p)%cu 12.8 h 511 37.0 167 + 13 160 + 12 M)

6 re(n,p)>Cun 2.6 h 846.6 99.0 111 + 7 gy + 7 B

111 + :3,.")10)




FAST NEUTRON SOURCES FOR THERAPY

J. Vincour and P, Bém
Nuclear Physics Institute, Czechoslovak Academy of Sciences,
250 6% Re:z u Prahy, Czechoslovakia

The fact neutron beams and their sources for the therapy facilities shoulq
have the following properties:

1. Mean energy higher than 10 MeV in order to achieve a penetration equi-
valent to that of 60(0 gamma range, low attenuation and scattering in the body.
On the contrary, from the viewpoint of RBE it is desirable that the neutron
energy lower than 10 MeV.

2. Intensity greater than 2.1011n.sr'1.s'1 which corresponds to the dose
rate at least 0.1 ;y.min'1 at patients position /~80 cm from the target/ for the
treatment time per fracticy not to exceed 10 minutes,

3. Adequate energy Sspectrum.

4, Small target spot /<2.5 cm/.

S. Suitable angular distribution of the neutrons emitted from the sourc-.
An anisotropic angutar distribution is preferable.

Neutrons with such proparties are produced only in the nuclear reactions 1
tight ruclei with Light ions accelerated on electrostatic Llinear accelerarors
fthe Cockroft-Walton or Van de Graaff typés with maximum accelerating voltage of
ACC keV/ or on cyclotrons 1/.

Nearly monoenergetic neutrons in a wide energy range from 0.1 MeV to 25 MeV

2Hlt,nl‘ﬂe. The

. 1 3
can be obtained by the react.ons 3Hld,nll’ﬂe, H/t,n/"He, and
3uld,nl‘ﬁe reaction is most frequently used on the low energy accelerators, Tha
neutron yield from the d-sﬂ reaction is limited by the power dissipation and by

*he tritium target Life time. The reactions of tri

tium ions with hydrogen jsotopes seen very promie

sing., for example the 1h’/t,nl3Me reaction 2/ ha; a
high cross section /650 mb for 6 MeV tritium Labo-~
ratory energy/, it gives monoenergetic neutrons in
wide energy range /up to 25 MeV/ and has a pronoun-

(0 E,>03MeV) (MeV)

ced forward angular distribution which is very con-

vient from the viewpoint of neutron s.ielding. At

the same time t':e power dissipated in the target is

70-times lower as compared to d-3H reaction for the

same neutron yield,

The neutron beams of continuous energy spect-
rum are produced in the reactions znld,n/3ne,
7ti1d,n/%8e, "8erd,n/'%, "Lisp,n/"Be and
9Belp,nl B. The reactions of protons and deuterons
with 980-nucloi are those most commonly used for
producing therapy neutrons on cyclotrons owing to
the properties of Be-target /high melting point and Fig.1. Averasge energies and
heat conduction, chemnfical indolance and mechnical L::::s:::::.:f.:h;.g:::ron
stability/. Generally speaking, the regctions in- the thick target in diffe~
duced by protons sre more adventagencus than those rent reactions.
by deuterons at the same cyclotron, it §s due to

10(0) (10%n.s7 5" wA)

bombarding icas energy (MeV)
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the fact that the proton as well as the neutron energies is roungy tuwice as
high and also because the infiuence of the three-body break-up on the neutron
energy is lower.

The average energies and the intensities of the neutron beams emitted at
zero reaction angle from the thick target in different reactions as functions
of bosbarding ions energies are shown in fig.1. The dashed Lines correspond to
monoenergetic neutron sources. A surway of the paraseters of neutron generators
which have been used for therapy as well as those of the intensive neutron in-
stallations that are under construction is given in tab.1., The parameters of
the facilities producing neutrons for therapy on the cyclotrons are given in
tab.2. The intensive fast neutron sources in Czechoslovakia, Listed also in
tab.1 and 2., are used for nuclear physics and radiobiological studies rather
than for radiotherapy.

Tab.1 Parameters of the d-sl neutron sources for therapy

- o LT T L YT L 4 TP Y P T Y T Y 2L L T Y ) LTI YT L PR P Y L L L L L o g conneew

Type Laboratory U/ kV/ /3 /mAl Fnln.s-1l 6/6y.lin'1l Beanm
RTINS =1 Lawrence Liver. Lab. 400/20 6.102  0.08/125¢a
RTNS=-11 Lawrence Liver. Lab. 400/150 6.1013
INS TTF Los Alamos 180/200 1015
INS Los Alamos 300/1000 L5 10,0 2 -1
Las. selen.Washington 10 -101zn.c- s
Chalk River 300725 6.1012 isocentr
DYNAGEN NASA Lew, R. C. 300/30 1013 0.10/80¢cm
Sandia N,L. 200/200 1015
& Sandi* N.L, 200/4000 10
Oak Ridge N.L, 300/15 12 0.02/125¢ca
Univ. Wisconsin 200/14 1.3.!012
LBL Berkeley 200/450 8.104,4 isocentr
HILETRON 150 6.10 0.01/125cw
DYNAGEN  Hamburg 500/8:5 2.3.1013 0.15/80cm  isocentr
Julich 200/1500 6.1012
KARIN Karlsruhe 2007150 5.10 0.20/85cm {socentr
Heidelberg
Lancelot  Valduc 160/200  6.10'2
PHILIPS Amsterdam 280/8 12 0.02/125¢cwm
DNO Rijswijk 270/6 0.6,10 0.01/125¢cm
Manchester
Glasgow
Grenoble
11
SAMES 150 1Inst. Dozimetry,Prague 150/2.5 10
Inst. Physics,a;atislava 300710 1012 under ?on:truction

Tab.2. Parameters of the facilities /cyclotrons,linacs/ for neutron therapy

- R G G e D e - LA F XY R L E LY DX P L XX XXX XX X 2d -----------------'-------:T---. -----
Type Laboratory Roact.Ei’"'v,/xi’"A’E/nev,°/s"'1" ! Besn
Lin. aeccel, Fermilab. Batavia, p-Be 66 25
TARVEC Housgton d=-Be 50 19,3
NRL/HANTA Washington D,.C. d=-Be 35 14,3
NASA/CLANTA Cleveland d=B¢ 25 10
Berkeley p-84 42 isocentr

Univ, Washington d=8e 12 8



E./HeVIII"uA!

Type Laboratory React. i E/neVI Bean
Univ. Chicago d-zu 8.3/18¢0 6 0.30
Lin, accel., FAIT Brookhaven N.L. 7 16 -1 -1
HEDL*LASL, Los Alamos d=- Li 35/200mA 15 2.10 “n.sr .8
H.6.Hospital, Detroit d-Be 50/10 .7C/183cm isocen.
MRC Hammersmith, London d-Be 16 ?
MRC Edinburg d=-Be 157100 6 0.43/125cm isocen.
Orléans p-Be 34
CGR Buc d-’e 35 isocen.
C.Ant.Lacissaque, Nice d- Li 30 0.067uA
Heidelberg d-zu 11/40
Essen d-Be 14.5
CYCLONE Louvian d-Be 50 isocen.
Car Toun p~-Be 66
NIRS Chiba d-Be 30 12 0.45
InS Tokyo d-Re 15 é 0.20
U-120 Nucl.Phys.Inst.Dresdend-Be 12.5 6.2
U-120 Inst.Physics, Krakow d-Be 12,5 6,2
U-120 Inst. Physics, Kiev d-Be 13,6730 é 0.2¢4
d-2u 1.5 0.09
u-120m Nucl. Phys. Inst, Re: d-6=  20/10 7 0.09/125cm
AN 2500 Univ. Karlova, Praha p-,0- 3.5/200
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