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Meron MOnHtjJHKaUHH IIHKa Ep3rra nnH HeMoH03HepreTK"!ecKHX 

IIpOTOHHWX ny"!KOB 

npenCT8BDeHO ODHCBHHe MeTona MOnHtjJHKBUHH !IHK8 6p3rra nnSI 

HeMOH03HepreTH"'eCKHX !IpOTOHHl>IX ny"!KOB, KOTOpblil OCHOB8H 118 tjJOpMHp0B8HHH 

3HepreTH"!eCKOro cneKTpB npOTOHOB, He06XO.llKMOrO nnH nony"'eHKSI DpOTOH

HOro ny"'KB c KpHnoA 6p3rra 3anaHHoA ¢opMw. 

Pa6ora BblliODHeHa B na6oparopKK Sl.llepHblX npo6neM OlHIH. 
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A Method of the Bragg Peak Modification for 
Nonmonoenergetic Proton Beams 

A method of the Bragg peak modification for nonmonoener
getic proton beams is described. It is based on the formation of 
the proton energetic spectrum necessary for the proton beam 
production with a defined shape of the Bragg curve. 

The investigation has been performed at the Laboratory 

of Nuclear Problems, JINR. 
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1. BBE)l.EHHE 

~opMa ~oJuoro pacnpe~eneuug nyqKa yg~enwx Japg
)l(euuwx qacru~ JaBHCHT oT 3HepreTuqecKoro pacnpe~ene
HHH 'laCTH~ a nyqKe. Ha puc. 1 cnnowHhlMH nHHHHMH 
H306pa)l(eHLI ~03HLie pacnpe~eneHHJI npOTOHHLIX nyqKOB, 
HMeiOlllHX paJnuqu~a~e 3HepreTuqecKue pacnpe~eneuuJI. IIyuK
THpHWMH nHHHJIMH noKa3aHLI pacnpe~eneHHJI npo6eroa npo
rouoa, xapaKTepH3YIOlllHe ux cneKTp. ,ll,o3uoe pacnpe.Zlene
uue, H3o6pa~euuoe ua puc. 1a, nonyqaeTcJI npu 3aMe~ne
HHH nporouoa c 3Heprueu 660 M3B ~o 3Hepruu 150 M3B. 
Ecnu BW.ZlenHTb HJ HMeiOlllerocH cneKTpa yJKHB uurepaan 
JHepruu, nonyqurcH .ll03Hoe pacnpe.Zleneuue, npuae.ZleHuoe 
ua puc. 16. Ecnu ~e c4JopMupoaaTL cneKTp, H3o6pa)l(euuwu 
ua puc. 1e, MO~Ho nonyqurL .llOJuoe pacnpe~eneuue, y~oa
neraopgJOu_.ee rpe6oaauu.HM nyqeaou repanuu: npu6nu3u
renLHO o~uopo~uoe pacnpe~eneuue ~03W a MaKCHMyMe u 
Kpyrou cna~ ~03hl Ja MaKCHMYMOM /raK uaJwaaeMaH Mo
.llBlPH~upoaauuaH KpHBaJI np3rra/. 

B cnyqae MOH03HepreruqecKHX nyqKoa TH~enwx Ja
PH~eHHLIX qacTu~ pa3pa6oTaH pJI~ MeTo~oa nonyqeuuH 
MO.llHlPH~HpoaaHHOB KPHBOB np3rra. Y~e cpaBHHTenbHO ~aa
HO ~nH nony'leHHH O.llHopo~uoro ~oJuoro pacnpe.ZleneHHH 
ny'lKa T H)l(enwx Jap.H~euuwx qacru~ a aemecTae npuMe
HHeTcH rpe6euqa rwu 4JunLTP 1 1.21. IIpu 3TOM MOH03Hepre
TH'leCKHB nyqoK TH~enWX 3apJI~eHHLIX qacTH~ npOXO.llHT 
'lepe 3 4JunL rp c paJnuqnou Tonu_.unou a paJuwx TO'lKax, 
repHH npu 3TOM paJnuqnyiO aenuquny 3uepruu, u .Zlanee, 
CMeWHBaHCb 3a cqey MHOrOKpaTHOrO KynOHOBCKOrO pac
CeHHHJI, o6pa3yeT WHpOKHB 3HepreTH'leCKHB cneKTp, no-
3BOnHIOU,.HH nonyqHTb neo6xo~uMoe ~oJuoe pacnpe.Zleneuue. 
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B ,IJ.pyrOM MeTO,I:{e /S/ HCIIOJib3yeTCJI Bpa~aiO~HCJI JaMe,I:{

JIHTeJIL rrepeMeHHOH TOJI~BHLI, II03BOJIJIIO~BH IlpOH3BO):{BTb 

cxauuposauue MOH03uepreTB'IeCKBM rry'IKOM ua paJuoil rny-

6uue. 

Ecnu ~e HMeeTcs ue MouoxpoMaTB'Iecxuil rryqox Ja

PJI~euuLix qacTHU, a crrexTp c wupoxHM pacrrpe):{eneuueM, 
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Puc. 1. PacnpeoeAeHUJI npo6ezoa npoJIOH06 /nyHKJIUpHr.ae 
KpU6ble/ U COOJI6e111CJI6YK>II#Ue UM 003Hble pacnpeOeAeHUJI 
/cnAoruHr.ae Kpuar.ae/. 
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TO B03HHKaeT He06XO):{HMOCTb rrpe):{BapHTeJILHO BLI,I:{eJIHTb 

H3 3Toro crrexTpa qacTHULI, ne~a~ue B yJKOM HHTepsane 

3Hepruu, a JaTeM rrporrycTHTL ux qepe3 rpe6euqaTLIB 

~HJibTp. llpH 3TOM HCIIOJib3yeTCR Manas 'laCTb HHTeHCHB

HOCTH rrepBH'IHOrO rryqxa, 3Ha'IHTeJibHO CHH~aeTCR MO~

HOCTb ):{03LI H yBeJIH'IHBaeTCR pacceRHHe B 3arpJI3HeHBe 

rryqxa IlpOTOHOB. 

lJ.eJiblO HaCTOJI~eH pa60Tbl RBBJiaCb pa3pa60TKa MeTO,I:{a 

rronyqeuus MO):{H~HUHposauuoil xpusoil 6p3rra, cso6o):{

uoro OT yKa3aHHblX He,I:{OCTaTKOB B IlpHrO):{HOrO IlpH HC

IIOJib30BaHHH HeMOH03HepreTH'IeCKBX IIY'IKOB TJI~eJibiX Ja

ps~eHHbiX 'laCTHU. 

2. OIIHCAHHE MET0,4A 

MeTO,IJ. OCHOBaH ua ~OpMBpOBaHHB 3HepreTB'IeCKOro 

CIIeKTpa IIpOTOHOB C IIOMO~biO axpoMaTB'IeCKOH MarHBT

HOH CHCTeMLI B paCIIOJIO~eHHOrO B o6naCTH YaKCHYaJibHOH 

):{BcrrepcuB xonnBMa Topa, uacTpoeuuoro ua rrporrycxauBe 

qacTHU Tpe6yeMoro crrexTpa. 

YcTpoHCTBO ):{JIJI $opMHposauHJI ):{03Horo pacrrpe):{ene

HHJI TJI~eJibiX 3apJI~eHHLIX 'laCTHU B Be~eCTBe, OCHOBaH

HOe ua 3TOM MeTo):{e H cxeMaTB'IecxB H3o6pa~euuoe ua 

puc. 2a, Mo~uo ycnosuo paJ):{eJIBTL ua TPH qacTB. 

1. MarHHT HJIB cBcTeua uarHBTOB, auanB3BpyiO~e 

qacTHUhl IIY'IKa IIO HMIIyJILCY. 

2. CacTeua 3JieMeHTOB uarHBTHOH orrTBKB /no so poT

Hble MarHHTLI B KBa):{pyDOJibHLie JIBH3hl/, KOMDeHCHpyiO~JI 
):{HCDepCHIO. 

3. KonnBMaTop, $opMBPYIO~H cnexTp. 

)J;eHCTBHe ycTpOHCTBa YO~HO npe):{CTaBHTb ce6e CJie

):{YIO~HM o6pa30M. ECJIB B ycTpOHCTBO B):{OJib OCB Z BXO):{BT 

YJKBH /no ocB X I nyqox 'laCTBU, BYeiOIUIIB WBpoxoe 

3HepreTaqecxoe pacnpe):{eneuBe, TO nocne npoxo~eHBJI 

CBCTeYbl 1 OH npuo6peTaeT ABCDepCBOHHLie CBOHCTBa, T.e. 
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Puc. 2. IlpuHijUnua/I&Ha.R cxeMa ycmpoucmea O/I.R IJopMupoea
HU.R 003H020 pacnpeOe/leHU.R /a/ U KOHC111PYKijU.R IJopMupyK>
fJie20 KO/I/IUMU1110pa /6/. 

TpaeKTOpHH "laCTHU, o6na,LJ;aJOIUHX paJnH"'HbiMH HMnynbca
MH, DpOCTpaHCTBeHHO paJ,LJ;en.IIJOTCJI H KOOp.LJ;HHaTa X "lac
THUbl B nnocxocTH, r.ne pacnono>Keu xonnuMaTop K, o.nuo-
3Ha"'HO JaBHCHT OT ee HMnynLca P. )l.anee xonnHMaTop K 
H3MeH.IIeT HHTeHCHBHOCTb OT,LJ;enbHbiX HMnynLCHbiX rapMO" 
HHK nyqxa T .II>Kenwx Jap.II>KeHHbiX qacTHU, Ja TeM c no
MOI.I.(bJO CHCTeMbl 2 npOHCXO,LJ;HT KOMneucaUHJI ,!J;HCOepCHH 
H B peJynLTaTe CMeWHBaHHJI B03HHKaeT DY"'OK C HOBbiM 
cnei<TpanbHbiM COCTaBOM H COOTBeTCTBeHHO ,LI;03HbiM pac
npe.neneuHeM. 

KonnuMaTop, 4JopMHPYJOIUHB cnexTp, npe.ncTaBn.lleT co-
6o8 ua6opHyJO CHCTeMy nO.LJ;BH>KHbiX nnaCTHH, BHyTpeHHHe 
CTeHKH KOTOpbiX o6pa3yJOT perynupyeMhiH CTyneuqaTbiH 
npo$Hnb, nepeKpbiBaJOIUHH "laCTH"'HO HnH nonHOCTbJO anep
Typy oT.nenLuwx yqacTKOB HMnynLcuoro pacnpe.neneuu.11 
"laCTHU. KonH"leCTBO H WHpHHa nnacTHH Bb16HpaJO"ICJI HCXO,LJ;JI 
H3 Tpe6oaauil8, npe.LJ;'b.IIBn.lleMwx K 4JopMe .noJuoro pacnpe
.neneHHJI, S napaMeTpOB auanH3HpyJOIUeH MarHHTHOH CHCTe
Mbl. 
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Ilpuuuun pa6oTbl xonnHMaTopa unmocTpupyeT puc. 26. 
HJMeH.II.II anepTypy Ka>K.noB: i -8 nnacTHHbl hi . MO>Kuo pe
rynupoBaTb KOnH"leCTBO qacTHU B HHTepaane HMDynLCOB 

,\P • .£.;\ x I P - cpe.nuuB: HMnynLc qacTHU, D - nuueB:ua.11 
I D 

.nucnepcu.11 u \ x - wupuua nnacTHHbl xonnuMaTopa/, npo
nycKaeMblX KonnuMaTopoM. Ilo.n6upa.11 npo4JunL xonnuMaTo
pa, MO>KHO Bbi,LJ;enHTb HJ HMeJOI.I.(erOCJI WHpOKOrO 3HepreTH" 
qecxoro pacnpe.neneHH.II nyqxa qacTHU yqacToK cneKTpa, 
ueo6xo,LJ;HMbiH .nn.11 4JopMHpoaauHJI Ja.nauuoro .noJuoro pac
npe.neneuu.ll. 

3. 3KCIIEPHMEHT 

3KcnepHMeHT npOBO,LJ;HnCJI Ha BbiBe,LJ;eHHOM npOTOHHOM 
ny"'Ke cuuxpouuKnoTpoua Ba6opaTopuu .II.LJ;epuwx npo6neM 
OHRH. CxeMa 4JopMupoaaHH.II ny"'Ka npe.ncTaaneua ua puc.3. 

BbiBe,LJ;eHHbiH H3 KaMepbl CHHXPOUHKnoTpoua ny"'OK npo
TOHOB C 3Hepruea 640 M3B OTKnOHJieTCJI C DOMOI.I.(bJO Mar· 
HHTHbiX uaca,LJ;OK H DOBOpOTHOrO MarHHTa OM -1 H 4JoxycH· 
pyeTc.ll c noMOIULJO .ny6neTa xaa.npynonLHbiX nHH3 MB- 3 ua 

amoMHHHeBbiH TOPM03HTenL, JaMe.LJ;n.IIJOIUHH npoTOHbl .no 
cpe.nueii 3Hepruu 180-200 M3B. 3aTopMo>Keuuwe npoTouw 
HMeJOT wupoxoe 3uepreTH"lecxoe pacnpe.neneuue c a .,. 

0 '20 M3B. 3a TOPM03HTeneM pacnonaraeTCJI IUeneBOH KJn
nHMaTop K wupuuoB: 1 eM. 06'beKTHBOM cny>KHT .ny6neT 
KBa.npynonLHbiX nHH3 MBM -1, coJ.naJOIUHH B ropHJOHTanL
uoB: nnocxocTH HJo6pa>Keuue IUenu B MecTe pacnono>KeHH.II 
KonnHMaTopa, 4JopMHPYJOIUero cnei<Tp npOTOHOB <I>K. 

IloaopoTHblii MarHHT CII- 37 oTxnou.lleT ny"'OK ua yron 
30". <l>opMHPYJOIUHH KonnHMaTOp, COCTOJIIUHH H3 ,LJ;BeHa,LJ;
uaTH nap nnacTHH wupuuoB: 9 MM, pacnonaraeTc.ll ua pac
CTO.IIHHH 2 M OT UeHTpa MarHHTa, DpH 3TOM paCCTOJIHHe 
Me>K.LJ;Y TpaeKTOpH.IIMH npOTOHOB, OTnH"laJOIUHXCJI no HMnynL
cy Ha L\ p / p = 1 fl/o, B nnOCKOCTH KOnnHMa Topa paBHO - 1 CM. 

Kaa.npynonLuwii .ny6neT MBM- 2 cny>KHT .LJ;n.ll KOMneu
cauuu .nucnepcuu B o6nacTH pacnono>KeHH.II $auToMa Han
napaTypw .LJ;n.ll H3MepeHHJI ,LJ;03HbiX xapaKTepHCTHK. 
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llpOTJDKeHHOCTL nnOCKOB 'laCTB ~03HOrO MaKCBMyMa 
3aBBCBT OT WBpBHLI BHTepaana BMnynLCOB 'laCTBU, BCnonL
JyeMLIX ~nJI <PopMBpoaaHHJI ~03Horo pacnpe,IleneHHJI. TaK, 
.IlllJI nonyqeuuJI KPBBOii 6p3rra c nnocKoii aepwuuoii npo
TJI)KeHHOCTLIO 5 Z/CM 2 Heo6XO~HM BHTepaan HMnynLCOB 
!\p/p = 70/o. 

KpyToii cna,Il ~03LI 3a nnocKoii aepwuuoii onpe,IlenJieTCJI 
HHTepaanoM BMnynLCOB npOTOHOB, npOXO,IlJIII.{HX qepe3 OT
~enLHLie OTKpLITLie napLI nnacTBH. ,AnJI nony'leHHJI KpyToro 
cna~a 3a nnocKoii aepwuuoii /t 30% -t 80% =0,5 z/cM2/ 
He06XO~BMO DOllY'IBTL pa3peweHBe npB O.IlHOB nape OTKpLI
TLIX nnaCTBH cllopMBpyJOll.{ero KOllllHMaTopa t\p /p = 10/o. 

4. PE3YJI.bTATbl 

Ha puc. 4 npHBe~eua KPHBaJI 6p3rra, H3MepeuHaJI npH 
O.IlHOii OTKPLITOii nape nnacTHH. OTHoweHHe .Il03Ll B nHKe 
K BXO,IlHOB ,Il03e paBHO 2,6, 3HeprHJI npOTOHOB COCTaBnJieT 
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Puc. 4. KpuaaJI lip3zza, U3MepeHHaJI npu OOHoil OIIIKpbz•oil 
nape nAUCIIIUH f/JopMUPYKJUiezo KOAAUMUIIIOpa. 
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ToAl.ILU~a 
Puc. 5. CeMeuc111eo oKoHe'lHI>IX y'laCIIIKOe KpuebtX Jip3zza 
OA.R ny'lKOe npollloHoe, nponycKaeMblX o1110eAbHblMU napaMU 
n/IUCIIIUH rflOpMUPYIOfl#eZO K0/1/IUMUIIIOpa. l.(urfipaMU Ha pucyHKe 
yKa3aHbl HOMepa 0111Kpbl111blX nap n/IUCIIIUH. 

207 M3B. llo cna.n.y KpaaoB. JipJrra MO)I(HO onpe.D.enHTL 
HMnynLcnoe pa3peweuae npoTonuoro ny'IKa. Ouo oKaJhl

aaeTCH paBHhiM A p /p = 1 ,2<1o. 
CeMeilcTBO oKoHe'IHhiX yqacTKOB KpHBhiX JipJrra .D.nH 

ny'IKOB npOTOHOB, nponycKaeMhiX OT.D.enbHhiMH napaMH nnac
THH, npuae.D.eno a 111a611uije a ua puc. 5. HaqanLnhle yqacTKH 
acex 6pJrroacKHX KPHBhiX ua .n.nuue 16,5 z/cM2nneKcHrna
ca aMeiOT o.n.uuaKOBhiH xapaKTep. Cpe.n.uue HMnynLCbl nyq
KOB npOTOHOB, nponycKaeMbiX COCe.D.HHMH ~enJIMH, OTnH
'IaiOTCH Ha 0,85~. llonHLIH HHTepaan HMnynLCOB npOTOHOB, 
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nponycKaeMbiX KOnnHMa TOpOM, COCTaBnHeT 7, 7<1o, H npo6erH 
v v 5 I 2 npOTOHOB OT KpaHHHX ~eneH OTnH'IalOTCH Ha 2 CM , 'ITO 

no3BOnHeT ci)JopMapoaaTL KPHBYIO JipJrra c nnocKoB. aepwu
HOB npoTH:>KeHHOCTLIO .IJ.O 5 z/cM 2 . 

113 nonyqeaaoro ceMeBCTBa KPHBhiX JipJrra nyTeM 
H3MeHeHHH H DO.IJ.60pa anepTyp OT.D.enbHhiX ~eneBbiX KOn
nHMaTOpOB 6blna ci)JopMapoaaua MO.D.HI)Jau.upoaauaaH KpHBaH 
JipJrra C nnOCKOB BepWHHOB npOTH:>KeHHOCTblO 5 2/CM 2 H 
KPYThiM cna.IJ.OM Ja nnocKoii aepwauoii I puc. 6/. Cna.D. 
.D.03bl OT 90~ ,IJ,O 10~ UpOHCXO.IJ.HT Ha TOnliJ.HHe 1,0 2/CM 2. 
0THOWeHHe .IJ.03bl Ha nnOCKOH 'laCTH K BXO,IJ,HOB ,!J,03e COCTaB
nHeT 1 ,45. Heo.n.uopo.n.aocTL .D.03hl ua nnocKoii qacTH MO.D.H
I)Jau.upoaauuoB. KPHBOB JipJrra ue npeBhlwaeT ±2,5~. 

5. BhiBOAhl 

Pa3pa6oTaH :MeTO.D. nony'leHHJI Mo.n.ui)Juu.upoaauuoii Kpa
aoii JipJrra B ycnOBHJIX HeMOHOJHepreTH'IHbiX npOTOHHbiX 
ny'IKOB. llpoae.n.eua JKcnepaMeHTanLHaJI npoaepKa uoaoro 

1,0 

., 

I I to tl 
TOAIIlUHl 101111, Y-· 

Puc. 6. MoourfiuijupoeaHHa.R Kpuea.R 
eepUWHOU. 

~:t2,5% 

Jip322a C n/IOCKOU 
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MeTo.n.a Ha 3aTopMo:>KeHHOM .n.o 3HeprHB 200 M3B DY'IKe 
DpOTOHOB CBHXPOUBKnOTpOHa na6opaTOpHB ~.IJ.epH~X npo6-
neM OHRH. 

llony'leHa MO.IJ.HcilBUBPOBaHHa~ KPBBa~ .6p3rra C nnoCKOH 
BepUIBHoii npoT~:>KeHHOCTLIO .n.o 5 z/c..w 2s KPYT~M cna.n.oM 
/oKono 1 z/c..w 2/ 3a nnocKoii BepUIHHoii . 

Pa3pa6oTaHH~H MeTO.IJ. 6y.n.eT BCDOnb30BaTbC~ DpH cilop
MHpOBaHBB Ha peKOHCTPYBPOBaHHOM YCKOpBTene na6opa
TOPHH ~.n.epH~X npo6neM jycTaHOBKa "cf>"j Me,lJ,HUHHCKOrO 
DpOTOHHOro DY'IKa, npe,lJ,Ha3Ha'leHHOrO .n.n~ CKaHBPYIO~ero 

poTaUHOHHoro o6ny'leHH~ rny6oKo pacnono:>KeHH~x onyxo
neii 14 /. 
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