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KaMaHHH B.B. HAP· 
· · lfccneAoaaHHe xapaKTepHCTHK raMMa-cneKTpOMeTpoa 

Ha ocHOae KpHcTaMoa NaJ (Tl ) H BGO 

13-86-375 : 

npoBeAeHO cpaaHeHHe OCHOBHWX xapaKTepHCTHK CQHHTHllllRQHOHHWX raMMa-cneK 
TpoMeTpOB Ha OCHOBe KPHCTaMOB NaJ(TJ) id 150x100 MM H ~3Y-49-6 c raMMa-cneK 
TPOMeTpOM Ha OCHOBe KpHCTa1111a BGO id75x25 MM H ~y EMl-9856. lfaMepeHW ~YHK­
~HH OTKllHKa AaHHWX AeTeKTOpOB Ha MOH03HepreTH4eCKOe raMMa-H3~Y4eHHe B peaK­
~HRX paAHaQHOHHoro aaxaaTa npOTOHOB Ha nerKHX RApax. OnpeAeneHa 3aBHCHMOCTb 
3~eKTHBHOCTH perHCTpaqHH raMMa-KBaHTOB B AHana30H.e 3Heprni1 Ey = 4t20 M38. 
OnHcwaaeTCR npOCTOi1 cnoco6 napaMeTPH3aQHH H3MepeHHWX ~YHKQHi1 OTKllHKa. npHBO 
ARTCR nPH60pHwe ·cneKTpw faMMcl-KBaHTOB C Ey .. 4t20 M38 B peaKQHRX C 
Til*eJTblMH HOHaMH. YcTaHoaneHO, 4TO CQHHTHMRQHOHHWi1 AeTeKTOP BGO cpaaHHM no 
3~~eKTHBHOCTH perHCTpaqHH BWCOK03HepreTH4HWX raMMa-KBaHTOB.C AeTeKTOPOM 
NaJ(TJ). noKa3aHO, 4TO HCnOllb30BaHHe AeTeKTOpa BGO npHBOAHT K 3aMeTHOMY 
YllY4WeHHIO.COOTHOWeHHR 113~eKT/~OH11

• lf3MepeHa 3~~eKTHBHOCTb perHCTpaQHH Hei1-
TPOHOB OT .Pu(Be)-HCT04HHKa. . 

IlpenpHHT Omuemroro IOICTIIT)'Ta qep!WX HCCJJe.itoalHllii. Jzy&ia 1986 

nepeBOA O.C.BHHOrpaAOBOi1 

Kamanln V.V. et al. 
tnvestlgatlon of Chara~terlstlcs of Ga11111a-Spectrometers 
on the Base of NaJ(TI) and BGO Crystals 

13-86-375 

The main characteristics of scintillation ga11111a-spectrometers on the 
base of NaJ(TJ) crystal id150x100 11111 with photomultlpl ler 49-B are compared 
with those of BGO crystal .S75x25 11111 with EMl-9856 photomultiplier. Response 
functions of both detectors to the monoenergetlc gamma-rays In the proton 
radiative capture reactions with light nuclei are measured. The ga111T1a-ray 
efficiency has been determined for Ey = 4t20 MeV. A simple way of parametri­
zation of measured response functions Is described. The device spectra of 
ga11111a-rays emitted In the heavy Ion reactions are shown •. The scintillation 
detector of BGO ls found to have an efficiency of reglstratlng of high ener­
gy ganma-rays comparable to that of NaJ(TI) detector. It Is shown that using 
of BGO detector lead to a significant Increase in' the ratio "effect/back­
ground". The efficiency of registration of neutrons emitted· by. Pu(Be) source 
has been determined. 

The lnvestlgatlo~ has been performed at the laboratory of Nuclear 
R~actlons, JINR. 

Preprint of the Joint Institute for Nuclear Research.· Dubna 1986 



BBe.neIDie 
B T811'8HH8 ll00Jl8,Jtltl!IX 5 ~8T 3Ha1mTMLHO B03poo HHTepeo K Haytremm 

Z80'1'ROI KOMIIqHeH~ raMMa-HBJiy118HWI, Bosmmannero B pearommc C T.ID!t8-
.m,nm HOHSM:H /1,2/. 

Bl3W KHT8HOlD3HOrO H81TpOHHOro qioua H IIpH HH31(0M Olltl{,lW.8MOM BllXO.D;0 
raMMa-KBaHTOB C Ex~ 15 MaB nopJllU(a I0-4 Ha 0~ aKT BSBJIMO.D;88CTBM 
J3;1{8p BosmmaeT He~dXO.D;KMOOTL HOllOJIL30BaHRR lt8T8KTOpOB, OdJia,Itamua 
BHOOROft .9<PI>8KTHBHOOTLll perxoirpamm: raMMa-KBaHTOB O El > IO MaB IIpH 
HHSKOft -qyBOTBHT8Jll,HOOTH K HeATpOHHOMY qiony. 

B ll00Jle.D;H88 Bp8MJ! 0 ll0~8HH8M BOSMOl!tHOCTH BupammlaTL RpllCTaJIJW 
repMSHaTa BHOMYTa Bt4Gea012 ( BGO) ,11;00TaTo~o dOJILnmx pasMepoB aKone­
pm.feHTaTopu llOJiy1D!Jin BOSMOlltHOCTL y,rrrmmTL xapaKTepHOTmCH raMMa-Cll8K­
TpOM8TpOB. CmmTW1JUIIJ;aOHHU8 .D;8T8KTOpH Ha OCHOB0 BGQ OOJia,ItaDT OOJI80 
BHOOKOft aqxpeKTHBHOCTLll perxcTprunra raMMa-KBaHTOB no opaB,0lpm C 
.D;8T8KTOpaMH Ha OmIHTMJIJITOpax .h'a j (Tf) Tex l!t8 pa8M0POB 31. 

C U8Jll,ll ~emm BOSMOlltHWC IIp8HMYm0CTB HCllOJILSOBaHWI rBMMa-cneK­
TpOM8TpOB Ha OOHOB8 Iq)HOT8Jt7IOB BG0 B 8KCll8PHM8HT8X no HSMepemm l!t8CT­
KOft ROMIIOH8HTH raMMa-~emm B pea.KU;lffiX C TSlllteJlllMH HOHaMlI B ltaHHOtt 
padoTe IIpOB8.D;8HH opaBH8HWJ raMMa-cneKTpOMeTpa Ha OCHOB8 Iq)HCT8JI.7.la 
h'a' (Te) ¢ l50xIOO MM H ~aY-49-Ii c raMMa-cneKTpOM8TpOM Ha OCHOB8 
KpHOTaJIJla BGO ¢ 75x25 MM c ~SY EMI-9856. H3M0p8HH aqxlieKTRBHOCTH pe­
rHC~ H8ftTpOHOB C Eif:0,3+6 MaB H raMMa-RBaHTOB C 9H0PI'WJMll E ~ = 
=4+20 MaB MIi odoHX .D;8T8RTOPOB. 0tmcHBa0TCR M0TO.D;HKa HSM8P0HHR 4.iYHR­
uaft OTKJD!Ka lt8T8RTOpOB II IIpOOTOft cnocod roe napaM8TpHS8.ItllH. IIpHBO.D;HT­
O"JI 0Ill(Cmtl!8 yoTSHOBKII MIi H8Mepemm cneRTpOB raMMa~KBaHTOB dOJILnmx 
9H8prHI B pea.mnimc O Tm!eJIHMH HOJl8Mll H cpa.BH8HH8 n~eHHHX pesym,­
TaTOB .lt,7lR odou raMMa-cneRTpOM8TpOB. 

PerzcwaIDUJ HettTpoHoB 

HsB80THO, 1l'TO ~ OTltlntRa CUIDITlL7IJIJIUllOHHHX raMMa-CJI8KTpOM8T­
pOB Ha H8ftTpOHH08 H8~8HH8 C E11 >- 0,5 MaB HM88T qJOPMY 6HCTpO 
Ona,tt8llll8ro Oll8RTpa, KOTopHI TRH8TCR BMOTL .D;O aMMHTylt, COOTB8TOT­
BYDitHX P8rHOTpaUJm raMMa-KBaHTOB O aHeprnett,paBHOft aHepnm OBRSH 
H8ftTpOHa, OKOJlO 8 MsB. B padoTe / 4/ lIORa8aHO, 1l'TO aMI1JIHTy.D;H08 pac­
Ilp8.D;8JI8HB!.f OTHOpMJlp0BaHH08 Ha "mOJlO HettTpOHOB, llOIIa,It8Jllli'IX B .D;0T8R­

. TOp _H~J (re)¢ I50xl00 MM, OJiadO 3aBHOHT OT roe aHepI'lm IIpH ~=0,5+ 
IO MsB. no 8TOft IIplrnme O U8Jll,ll OIIp0ltM0llHR aqxlleRTRBHOOTH perzoTpa­
UHll H8ftTpOHOB HOOJl8.D;y8MHX HBMH rSMMa-CJI0RTpOM8TpOB B pa60T8 HCllOJIL­
SOBMOSJ Pl( (Be)-He!Tpomnrlt HCTOtnnm. B 8TOM HCTO"IJHHR8 aaxBaT (X -,rac-



THUU JUU)OM 9Be npIDlO~T K o6pa30BaJIHJ). smep 13c. Heit'l'pOHHllil pacna.n 

3TOro SUIJ)a npHMepHo B nOJIOBUHO C~1'{aeB ~eT Ha nepBHil B036YJ!,ll:8Hl1Hil 

ypoBOHb SUIJ)a 12c. 3TOT ypOBBHb pa3p.RllU18TCSJ nocpe,nCTBOM.SMRCCmt I'aM­

Ma-KBaHTa c E0=4,43 MaB. Ha puc.I npe,ncT8BJl'.8Ha cxeMa sxcnepHMeHTa. 

B6~:iu Pu (Be)-ucTotJinma noMemaJicSJ cTapTOBH:11 ,neTeKTop Na..'j {'T'l) 

a 
1200 ~ 63x63 MM (,neT8KTop C), 38lllilm8H-

6 

~

Pu(BeJ 
r -

NallTll 01sox100 ii 
UAU 

Pb UI\U 

CnHm!BJ 

BGO lil75M25 Nal(Tll063x63 

KAMAKt 

' HH!t CJI08M nap~mta TOJllltHH0:11 IO CM, 

KOTOpHil peruC'l'p:BpOBSJI B OCHOBHOM 

raMMa-KBaHTH BHllle ycTaHOM8HHOro 

nopora (E ~ ~ 4 MsB). HoCJie,eyeMHe 

,neTeKTOPH :,.Vq 1 ( Tr) H BGO, A H B 

COOTB8TOTB8HHO, HaXO,nwIHCb Ha pao-

OTOSIHmt I,2 M8'l'pa OT H8ft'l'pOHHoro 

HCTOtJimKa. IIOJiyqeHHHe BpewmpOJieT­

HH8 cneKTPH H8!t'l'pOHOB npe,nOTaBJI8-

HH Ha pzc.2,n,e. llbq>oKoe pacnpe,ne­

~eHHe ~8BOI ~aom oneK'l'pOB OOOTB8T­

OTBY8T p8I'HO'l'pru:gtll raMMa-KBaHTa B 

,neT8KTOpe CB H8l'l'p0Ha B ,neT8KTOP8 

A (B). Ero llll!PHHa odyOJIOM8Ha llllil­

peol pacnpe,nMemm H8ITPOHOB no 

Kmt8'.l'H'l80KOI 3H8pl'D. 0THOCHT~HO 

ysrodt lDIK 8. JipSBOI ~acTH BP8M8H­

HHX Cn8K'l'pOB 1 COOTB8TOTBYJlltHI perH­

C'l'panHB raMMa-KBSHTa .neT8KTOPOM A 

Plto.I. CxeMa 3KCll8pHM8HTa no 

H8M8pemm ~8KTBBHOOTH peruc~ 

H8ft'l'pOHOB H raMMa-KBaHTOB 

cneKTPOMSTpSMH NaJ (Te)H EGO. 

(B) H HBITPOHa ,neTeKTOPOM C, 

CHJil,HO llO,naBJI8H KS-aa H8.lilAIIUI 

OJIOJI llapa@DU1, ~8JltiJIJUU11tl'II'O 

,neT8KTOP COT no~ HSITPO­

HOB OT Pu (Be) ~OTO'IHHKa. 

.AMwnlTY.nm,18 cneK'l'pH 'A8T8KTOpOB AH B, COOTB8TCTBYJlllll8 IIIKPOKOMJ 

pacnpe,nMemm B ~8BOI ~acTH BP8M8HHOI'O Cll8K'l'pa,npe,ncTaBJI8HH Ha 

pzo.2B,r. ,IJ.amme cneK'l'pH OTHOPM:BpOBaHH Ha inIOJIO raMMa-KBaHTOB 0 

Et~ 4 MaB, saperuc'l'p:BpOBaHHHX ,neT8KTOPOM c, a Ta.Kll8 K_ e,nmnme 

TM80HOro yr~. IlOJIHrut ~8KTIDlHOOTl, perHC'l'panHB HelTpOHOB OT Pu(Be)­

ltCTO'IHHKa, OTH808}1HWJ Ha e.nmraey. TeJI8CHOI'O yr~, paBHa I6% ,n.lISI 

Nc:t J (T€)B B% ,n.lISI BGO. 

Perncwamm rapa-RBaHTQB 
llDIU(J OTCYTOTBM no,nxo,ll;!IIJIIDC pa,nUOaKTHBHHX HCTOtJimKOB MOHOSHep­

reTJAeCKOI'O raMMa-HSJIY'ISHM · c ::mepruelt E0> 6 MaB, JilSMepeHM raMMa-
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Pllc.2. Pesy~bTBTH KaJill:6pOBKll ,nayx 

,neTOKTOpOB C llOMOl!ll>Jl Pu (Be)-llCTO'i­

JmKa: 
a,6 - aMITJiliTY.nHHB cneKTPH peruc'l'pa­
IllIB raMMa-I<BailTOD B ,neTeI<TOpax }/qJ(ll) 

· ll BGO; 
B, r - 8111IIJillTJ,nIW8 CII8K'l'pll pOl'llC 'l'pa­

lJ,IDi HOfiTPOllOB ra.MMa-cneit'l'pOMO'l'paMll 

..Ve1.~CH)n BGO; 
11:, e - BpOMSinpOJI8TIW8 CIIOI<TPU, COOT­

B8TCTBYllll1ll0 peI'ltC'l'pauRll raMMa-KB8JtTa 

c· Et ~ 4 MsB n ,neTOKTOpe C ("cTOII"­

CltrHaJI) H pel'UC'l'p!l.Ulill H8il.TPOH8 Will 

raMr11a-unrutTa n ,neTOI<Topax )/11.::J ITe) n 
BGO, 

cneR'l'pOB 6wm npo,e,eHH B peso!lal!CHHX perum;nmc Ha ~e npoTonon o 
3H8prHett I,5 MaB 5 • 0cHOBHll8 xapaKTBPllCTliKll STIDC peaRUHI!. npHDe,ne­

HH B Ta<1mme I. 

Ta6,mua I 
Bwto.ns raMMa-lU38HTOB 11a owm IIP,OTO!l c ~=I, 5 MsD 
,n.7IJl TOJICTOfi Mm118Hlt ( Y P, )' )/91/ H pesyJibTaTil lt9Mepemm 

e(pf>eKTHBHOC TH peI'ltc 'l'p8lllill raMMa-c lleit 'l'pO!AO 'l'pOB 

I 
Bwto.n raMMa- . SuepruSJ 

Pe~ RBaHTOB Ha rru-™a-
O,nHH npOTOII KBallTOB Na~- (TC) BOO 

YP,i E0(MsB) 

B(p,y).1.c:~ 6,7xIO-----s 4,43 3s±2 57±3 
I9F(p ,'1 ¥) I6(jl r,2x10-6 6,13 36±3 46±4 
27 Al (p,j)28Si * I,3xI0-9 10,8 3o±3 37±4 
IIB(p,i)I2c3E 8,3xro-9 17,2 26±4 29±5 

HsMepeHl!SI npOBO.ItlJJIROl, Ha 8JI8K'l'p0CT8Tll'l:8CKOM reuepaTope sr-a 
lllfim MI'Y • 06JryqMJilCJ, TOJIOTHO Mmll8llll IIB, Ca F'2 , 28Af • .UOTOKTOpll 

pacIIOJiaI'MJilOl, Ha paocTomnm II CM OT MUillOim. HanpSillteIIHO na ~3Y 

cocTaBJUIJIO 1200 H 900 B cooTBeTcTDem10 .ll,7IJ1 .neTOKTopon Na~ fW)n EGO, 
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PRc. 3. .AMiumory,ume cnettrrpH 
peI'l!CTpa.lijlll MOH08Hepr8Tlr'l8CRHX 
raMMa-RBaHTOB C pasJnitmm.m 
aHepI'RRMII ;,:r,,m cnettrrpoMe~oB BGO 
(JI8B8JI lJaCTI,) :r,t' .Jla. ~ (Te J (npa.BaH 
lJaCT:r.). CneK'l'pH n0Jly'l8HH B 
pe~ Ha !Iyl{R8 npOTOHOB ~= 
=I,5 MaB. . 

lJTO o6ecnemaJIO JIHH8ttliOCT1> 38.BHCHMOCTZ 8MIIJIHTY,ll;HOrO CHI'llaJia ~'aY OT 
aHepI'lm raMMa-KBaHTOB BMOT1> .n:o EX ;.,, 25 MaB. 

B nOJIYlJBHlmX cneKrnax lJSTRO Ha6~8.JlTCH raMMa-nepexo.n;y CE= 
=6,!3 MaB B peaRUW! I F(p,~J)16o; E0=I0,8 MaB B pe~ 27Ae?p,t) 
28 St. l! E =4,43 MaB, !2,8 MaB, !7,23 MaB B pea.RIJ,ml IIB(p,l)12c 
(cM.pl!c.aY. Yxy,ItD1emi:e a6cOJmTHott BeJmlJl!HH aHepreTZ"lecttoro paapemeHHH 
.n;eTeKTOpOB (XOTH OTHOC,T8JII,HWJ BeJIHlJHHa 8HepreTZ"J8CKOro paspemeHHH 
A Et /E l :i,: YJIYlfmaSTCH 3/) npHBo.n;RT K o6paao:aamm nmpottoro nHKa · 
BMBCTO cynepnosl!UID'[ oT.n;eJII,HHX nHKOB nOJIHoro norJIO!llBHRH, o.n;RHolJHoro 
BWI8Ta l! .n;BOttlioro BWieTa 8.HHHl'HJIJJUHOHHHX rSMMa-RBa.HTOB. no 8TOtt npK­
traH8 8qXp8KTl!BHOCTl> perHcrrpawm raMMa-RBa.HTOB C Eo>4 MaB npl!HHTO 
xapaKTepHaoBa Tl> Bemmi:Hott E ( E o) = 5 /! ( E o) , r.n:e ~ - ~:r, 

no.n: nl!KOM, COOTB8TCTBYJlllM HHT8PBaJIY 8H8pI'l!K (Eo - I,5 MaB, Eo + 
0,5 MaB),!(fo} - KOJIH'J8CTBO raMMa-KB8.HTOB C aHepr:i,:e:l,t Eo; HCnyDl8H­

HHX HCTOlfHl!KOM 5/. liHTeHCHBHOCTl> KCTO'IHHI<a I ( f O) onpe.n;eJIHeTCH no 

qiopMyJie: . I { E ) - J/ • V 
. . 0 - /'fp I P,i , 

r.n;e )Ip - lJKCJIO npOTOHOB, 06JIYlJKBmHX MHIIl8HI, 3a .n;aHHoe Bp8MSI 8KCn03l!­
inm; YP,i - BHXo.n; raMMa-KBaHTOB Ha o.n;KH npoTOH (cM.Ta6JI.I). ,llJm 
cpa.BH8Hl!H .n;Byx Cll8K'l'pOM8'l'pOB Ta.KJKe Heo6xo.n;m110 Ylf8CT1> T8JI8CHHtt yrOJI 
~ 8Tll'.X .n;eT8KTOpOB OTHOCHTSJil>HO raMMa-l!CTOlJHHKa. C 8TOtt ~8JII,D MH 

-i 

npOBeJil! KSM8p8Hl!8 BeJil!lJKHH 
€1,.( 4,l/3) = € {'l,'f3)/.st- ,,2 ~ 

;,:r,,m :meprHtt Eo=4,3 MsB, l!CnOJII,syH Pu (Be)-HettrrpoHHHtt llOTOlJHHK, ne­
T8KTOpH )/a 'j (rt) l! BGO HaxO,ItHJmCI, Ha paocTOHHl!l! I. 2 M8'l'pa OT HCTOlJHH­
Ka, lJTO o6ecnelJHBaJIO HB06XO.n;HMyl) TOlJHOOTl> onpe.n;SJieHl!H T8JI80HOro yrJia. 
'aKcnepm.ieHT npOBO,nwlOH no Bl,lJll80nHC8.HHOtt OX8M8 H3M8p8HllH 8qXp8KTl!BHOC-
TH p8I'HO'l'p8UHH H8ll'l'pOHOB, 0 T8M l!3M8H81m8M, lJTO .n;eTeKTOp C 38llt11Ul8JI03 
CJI08M OBHHUa TOJIIIII,IHOtt IOO MM l! Ha H8M yoT8.HaBJIHB8JICH nopor per:i,:orrpa­
J.J;KH,paBHHtt IOO RsB. ITOJIYlleHHHe raMMa-oneKrrpH, OTHOPMHPOBB.Hlnie Ha 
"!ffl'.CJIO 3aIJYOKOB .n;eT8KTOpa Cl! 8,Itmlliey T8JI8CHOro yr.na,npHB8.D;8HH Ha 
pHo.2a,6. 3Ha~emi:e BeJIHtraHH eK ;,:r,,m aHeprmt Eo=6,I3 MaB, I0,8 MsB, 
!7,2 MaB onpe.n;8JI&7IHCI, 0 llOMO!I\LD ~PMYJI: 

F1c. (Ee) - E (~a) . R 
R = 8 ,d '1, 4 3) / c { If, '13), 

r.n:e 8 {fo)- aqxpeRTl!BHOCTl> per:i,:orrpawm, l!SMepe1man B pea.rommc {p, 'K ). 
IlOJIY'l8HHH8 pesynTaTH npl!B0,!1;8HH B Ta6.mme I H Ha pKc.4. 

Ek 

60¾ 

40¾ 

20¾ Nal 
~ 1sox100- 0 

~75X75 -a 

2 

+·BGO ~75x25 

4 6 8 10
1 

E1,H38 

PRo.4. aM/8RTBBHOOTJl pe:rzorrp&D;D ra,,ua-traaHTOB O BMIIJmTyJtOI 
D o6JiacTll 8MDJlllTy.D;,OOOTB8'l'OTBYIIIUIX llOJIHOMY norJIO!ll8HJDl aHep­
l'D raJolMa-KBaHTa (OMOTpJI T8KCT),OTHOJUHPOB8HHH8 Ha 8JtJIJDIJJY 
T8JI8CHOro yrJia MR Jt8T8KTOpOB BGQ /6 75x25 MM {Iq>&OTBK) • 
)/cl~ (Tt)/6 I50lCIOO WI (KPJSOK) ,JIBll&p8HHH8 B HaOT0111!l81 pa60:. 
Te, B :o/st8T8KTopa J/4 j(Tr) /6 75x75 *• np.me.n;eHllll8 B .. 
pa60T8 S • 

rnw, · 2D:P1fl 

,IJ,lis BOOCTaHOBJI8HIISI •cxo.n;ma: oneKTpOa aeoTRoro raMMa-ll8JIY1{8mui aa 
8KOll8PlDl8HT&nHO ll8M8peHBU 8IIIIJIJITJJtHB paonpe.n;eJiemdt H80dXQJODIO 
sHaT» 0HKIUiJ) OTIUDDCa Jt8T8KTOpoB Ha MOK08H8preTB'J8CK08 1'8111&-JII.IJ'{t-

I \ 5 ';,., 



HB8 B D!HpOKOM ,znianasoHe aHeprntt Eo. EHJm H3M8P8HH ~ OTKmma 
,It8T0KTOPOB .,¼:J{Tf) n: BG0 ,JµUI aHeprntt Eo=4,43 MaB; 6,!3 MaB; IO,BMaB; 
!7,2 MaB • .I{JIH ~ OIWC8.HIDI ll:CIIOJII,SOBMaC:b MO~OBaHHaJI Hm.m qiop­
r.fYJIS. KS padom 61, KOTOPM KM88T BK.It 

JI( E: Eo)= J/o · f ~F J(El+AS ·3'(€+ .su)+ A] ·~(E ➔ 1.0:2)+ 
+Aif.1(t+ff,:l); (I) 

c=E'-Fo; ...Vo=l(Eo)/I{1"f,~). 
IlapaMe'rpli AF,A$, Al) onpe,ttemmT BZ.It IWKOB IIOJIHoro norJI0111emur, O.InI­
HO'llHoro BHJieTa n: ,ItBottHoro BHJieTa 8.HHHI'litJI.flOHHHX ra,.,wa-KBaHTOB. MH 
BB8JIK Itap8M8Tp AE, onpe,tteJIJm!IKil BK.lIEl,It B raMMa-c~~Tp OCT8Jll>HHX 
npon;eccoB, OCHOBHRM ll:8 KOTOpwc, KaK IIOKaSaHO B '· JIBJIH8TCJI yTe,ma 
TOJ)MOSHOro KSJiy1J8HM. iflym<IntJI f { € ) onpe,tt8JUJJiaC:b IIO ~ OTKJill:Ka 
,JµUI E0=I7,2 MaB, r,tte ee BKJia.It Han:dOJiee saMeTeH._AmlpoicIDv'l8D;WJ anna­
paTYl)Horo CII8KTpa IIPOBO,Itl!JlaQL ,lµUI pasHHX ero ytJaCTKOB O IIOMOmLD 

qiopMyJI: /(E)""cexp(a~·E.+~lf); E<..15,1 [J.l~B] (
2

) 

f(E)= c'f, C'f=exp(a1·1S,1+ 6'f); J5,1~t<H-,t (3) 

/(E)=(!'f•J(f); i(E)=expf-E_i{U,ZJ!; €~ fl,2, (4) 

r,tt8 Q'f H ~'f - IIO,nI'OH01JHH8 IIapBM8TpH (CM.Ta6JI.2), b - ,Itl!CII8pCHJI 
paonpe,tt8JI8HM raycoa, KOTOpHM OIIKOHBaJiaOL ipo:pMa IWKOB IIOJIHOro ll: 
H8IIOJIHOI'O norJI01118HHR (qiopMyJIS. (I)). 

Ta6.lnma 2 
Ilo,nroH01JHHe ItaPaMeTPH 

,.Va:) ITf) BGO 

alf 0,3295 0,!5!7 
/;1p 0,909 4,724 

~ &Hepl'Jd!: Eo=4,43 MaB; 6,!3 MaB; I0,8 MaB; !7,2 MaB M8TO,ItOM HaK­
M8HLIIIKX KB8,IlJ)aToB IIOJiytJeHH :rna-qeHKJI B8Jm1raH AF, A%, A.n, AE, 2,. 
3Ha'IJ8HKJI yitasaHHHX napaM8TpOB IIPHB8,It8HH Ha pzo.5. CpaBH8HB8 IIOJiyti8H­
ma: q>yHKUH:ft OTKJmKa C 3KCII8PKM8HT8JILHRMK ,ItaHHRMK npe,ItCTaBJieHO Ha 

p:a:o.6. 
Q JteJILD l!3yti8HKJI BJmSnmJJ q>yHI(D;Ktt OTRJmKa Ha amtapaTYl)HHil CII0KTp 

,tt8T8KTopoB MH npoBeJill: npeodpasoBaHKe cneKTpa n ( E ~), IIOJiytJeHHoro Ha 
OOHOB8 OTaTKCTH'IJ80KOtt MO~~ pac~a COOTaBHoro JI,Itpa B pe~ 
22 Ke (!78 MaB) + 150.h'c( 18 , B annapaTYl)HHtt cneRTp .tteTeKTopoB 

;Va~l'fl'):a: ~o no qiopM.vJie: 

. f<E')= j;:i138
h(Er):%(E:E")·dEi 

6 

H 

l 

I 'l I 

BGD 
'iii' 

ffl 
~ 
\!) ~ ~ 

Ni 

4 
10 

3 
10 

NaJ (Tl l BGO 

-1 4,43 M38 /\ 1a2' 1c2 
1oof t I AE 

z l I t 
1c°f AE 1--

10
41~-. AF 

Z ~ AD- ~AS 

,o3-J \ 
\ 

• 5 20 

E1 M3B 

P:a:o.5. 3Ha'IJ8HM Itap8M8TpOB 
~ OTKJIKKa ,JµUI ,It8T0KTOpOB 

.,\'q J m ) -JI8BaJI 'lfaCT:&, l'I BGO -
npaBM -qacTL, IlOJiy'lf8HHHX 
M8TO,ItOM Hamv'l8HL!lmX KB~aTOB. 
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10 

22Ne(178 M38) +
150 Nd 

101 
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• 100 s 
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HOMEP KAHAAA 

Pllo.6. ~JHKD;ll:K OTI<Jim<a raMMa­
oneKTpOM8TpOB, IIOJiyti8HHH8 no 
q>OpMj'Jie (I) - HenpepHBHM JimraJI; 
TO'IJKaMH npn:Be,IteHH 3KCII8pm.!8HT8Jll>­
HH8 ~aHHHe, OTHOpMl!pOBaHHH8 
Ha ll:HT8HOHBHOOTL raMMa-nepexo,tta 
c Eo=I7,2 MaB. 

Pn:c.?. Teop8TH'IJ8CKKtt CII8KTp raMMa­
KBaHTOB B pe~ 22He (!78 MaB) + 
+ I50J/d (HenpepHBHM JmHWi) H anna­
paTYJ)HHe cneKTpH ~8T8KTOPOB BGO 
(mTpwrnymm1p) H J/a. ~ (TP) (mTpmc), 
no.nytreHHHe Ha OCHOB8 onpe,tteJI8HHHX 
B pa6oTe <PYHKJ.U'lil oTKJill:Ka. 

7. 



PesyJibTa'l'l,I, np:ime.nemme Ha puc.7, noRaSHBaJl'r 38M8TH08 OTRJIOH8HK8 
qiopMU a!Il1apaTypl!llX cneitTPOB OT qiopMU T80p8TlN8CKOro oneRTPa ,nJUI 

E ~ < 4 MaB :a B o6JiaOTH RMoMa TeopeTINecRoro cneRTPa (E~~ I2 MaB). 

ttcn@sonamte crmH:rwmmommx neTeRTQPQB 
Ha nmax TlJ1!18.llHX ijOHOB 

Kalt yRa3aHO BliIIIB, B :rncnepHM8HT8X no H3y,18inm lt80TRO:lt ROMIIOH8HTl,I 
r~a-H3JIY'tf8HWI B perumwnc Ha nY'{ltax TSDlteJIWC BOHOB OOHOBHp:lt M8TO,Il;ll:­
~ec1ton TPY~OOTbD.SlBJlll8TCfl no,naBJieHHe IDIT8HCKBHoro H8:ltTPOHHOro qlOHa, 
oonpoB~aJJl\8ro 60JibllIHHCTDO J(aHaJIOD peaR~. 8TOT qJOH BosmmaeT no­
MHMO B38.HMO,It8llCTBWI ~a C Imllru,m Mml!8HH, T8.ltllt8 R npH B38ltMO,IteltoT­
BRR ero o ,neTaJmMu RaMep11 paccemnm, ~OM ~apa,nea, ROJDmMaTopoM 
~a 11 T.,It. B ,naJibUethileM STY COCTaBJIJJJll{yl) qlOHa dy,neM lUUllJBaT!i 
"qion a1tcnepm.1eHTaJil>~ott 1ta6mm". 

CxeMa o~oro HS 8ItcnepHM8llTOB no :asy11emm lt8CTRO:lt ROMIIOH8HTl,I 
rru.t.ia-H3JIY'tf8HRJJ np:ime,neua Ha puc.8. SRonepHMeHT npoBO.ItWIOSI Hamme­
.nemtoM ny~e ycROpRTMJ'I TSDlteJlliX ROHOB Y-300 JUIP OHJm. IlyqOK litOHOB 
22 .Ne o a11eprnett I78 MaB na.n8Jl Ha MmII8Hli eoT.$1'\ - M8T8.JIJllNecRYJ) 
~1,ry TOJlll\ID{Ott I5 Mrp/c-Jl-. Ha paccTomnm 20 MIi OT Ja:1118HllIIOM8Dt8JICJ'I 
/tq 'j ( T.p )-.It8'1'8KTOP ~ 63x63 MM, pacnOJIOJt8mml IIO,It yrJIOM 90° K Ha­

npaBJiemm JIYlll(8 HOHOB. 3TOT .IX8T8RTOP HM8JI OTH001it'l'8Jl1,HO dom,my1> 

s@eRTKBHOO'l'l, perHOTPaumt xapa.KT8pHO'l'H1180KOro raMMa-JI3Jly1J8HKJ'I (Ej"' 
I MaB), conpoB~ero npouecc paona.na cooTaBHoro sm,a, z OJIYDJl 
B Ka~8CTB8 OTapTOBoro ,It8T8RTOpa. 3Hepre'l'l!118CKH8 oneK!(>H rm.wa.-KBaH­
TOB c E 1 > 5 MaB zs11epSIJIHc1, .ItByMSI .1teTeRTOp8Mlll )/a J (Tf J ¢ I60XIOO MM 

H 000 ~ 75x25 MM B COBila,n8HHH co CTapTOBHM ,It8T8RTOpOM. Jr,amme ,It8T8K-

Nol 
tl150X1QQ 

nopo41u1-1 

BGO ti75X25 ~ 

r==~1 f ,~~~~Hap , __ , ,, ,,,. ct>opodeA 

() 

~~ Nol 
MUWel-lb 'V f63X63 

!'Ko.a. CXeMa 8Ki:mepJDi18HTa no RSMepeHJlll aeoTKOI KOMIIOH8B'l'ii 
raJ.11a-HSJJy1J8JDIJI B pe~ C 'l'Slllt0JilDIII KOJWII:. 

8 

N r • 22 124 1 I N 
Ne+ Sn 

51 , \ Nal(H) '1l150x100 J I , 1 , 
10 f-- '· 10 t-\ 

I , r '1 

104 104 

1~ 103 

';11" 
2 :c I 2 

10 tt ;; I 10 

+ I i . 
10' •• h ft . 1i 10' 

298 372 KAHAll,OTH.E.ti.. 45 

22 Ne+ 124S n 

BGO '1>75x25 

"' .. 
J: 

N 

+ . I 

115 KAHAll,OTH.E.ti.. 

P:ac. 9-IO. raMMa-cneRTPH .nJUI RpRCTMJia J/a. '.J lTt)n 000, ( •) - .munme, 
nOJIY'tfeHHHe B pea.Rinra 5,.. +Ne , ( +) - q>OH aRcnepm.,eHTaJil,HOit Ra6mm 
(CM,T8KCT), (A) - qlOH B OTCYTCTBR8 ~a T.fIJKeJW.X ROHOB, 

TOPH p8.3M8lll8JIKOl, Ha paCCTOJJHRH COOTB8TCTB8HHO 190 MM lI I20 MM OT 
MlIIII8HH. C ll;8Jll,10 YM8Hl>fil8HHSI q>OHa OT HettTPOHOB, lICflYUlemmx RS MBllllHH, 
.I(8T8KTopu S8JllHillaJmc1, Wia.CTHHBMR napa<I>mta c 3% co.I(el)lK8.HHeM I~. TOJI­
UllIHa IIJraCTHH cooTa.B.JmJia IOO MM .nJUI Jlo. J ITP):a 5ci MM Mfl BGO. 

J];ISI np0B8PKR OTa6KJll,HOCTH pa6om raMMa-cne1tTPOM8TPOB nepe,n Ha~a­
JIOM lI B KOHUS KSllU{Oro 088HOa OdJiy'leHWJ npOBO.IXHJill~l, ItaJIH6poBIGL no 
.ItBYM raMMa--.nmmJl:M: Eo=4,43 MaB - rSMMa-KBaHTl,I OT Pu(Be)-RCTO'IIHm<a H 
Eo=2,22 MaB - r8MMa-RBaHT1,1, COOTB8TCTBYJiltH8 npoueccy SaxBaTa '1'8MO­

BllX HettTPOHOB Jm!)aMK BO,IXOpo.na,BXO.wmtJill,4li B COCTaB 38.lllHTH Pu(Be)-zo­
TO~a. 3HepreTRtrec1tue cneKTpH r8MMa-KBaHTOB, conpoB~amtme pea.R­
IJ;l!BJ CJIHJ'IHIDJ, nOJiy'l'eHHHe sa Blf(J8TOM CJ1y,1attHux conna.n;eHHtt, npe,ttcTaBJie­
HH Ha plic. 9 :a IO. Ha PliCYHRax npRBe,neHH CllSKTpu raMMa-ItBaHTOB T8.Rllt8 
RCTRHHHX COBna.n:eHHtt, HO OdyCJIOBJI8HHll8 q>OHOM SKCIIepm.,eHTMDllOtt Ka6mm. 
lls pHcyHROB CJlB,IXyeT, ~TO HCnOJlbsonrume BOO-,IteTeKTOpa .I(aeT Jiytml88 
COOTHOfil8Hli8 8qxp8RT/q>OH ;rI,7IiI 8Heprztt · Ej < !5 MaB, 3TO 06'I>flCHfl8TCJ'I• B 

OCHOBHOM, M8Hl>IIIHM OCl'I>eMOM BS0-,1teT8KTOpa li ero MSH!imett -gyBCTBlJ'l'eJlI,­
HOCTliJ) K ·nefiTPOHaM no cpruinemm c M1 J(Tt)-,I(eTeKTopoM. Bwco.n raMMa-

9 
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KB8HTOB C 8H8prHett E.r.,,?- I8 MaB, Rrut BlWIO BS pHc.9 H IO, CpaBIDIM C 
BHOOK08H8preTKIJ8CKIDA <pOHOM. 3TOT ~H HSM8PMOH B OTCYTCTBH8 nytraa 

BOHOB, HOH COOTB8TCTBY8T codHTWDII P8I'BC'l'panmt K0Ci.mtl8CIDDC JWBHen/2/. 
Ero BKJIM B HadJixmaeMHe raMMa-cneRTpH Ha Jlyl{R8 HOHOB MOlltHO CYJ!t8CTB8H­
HO yM8HI,llllITb, oprrumsyn OTdop codHTHtt no aueprHH rSMMa-KBaHTOB C 
EX < 3 MaB, perncTJ)HpyeMHX B oTapTOBOM 'ABTBKTope .('A8T8RTOP C), cM. 
pzo.II. 

N, 

'POH 
£1:15•20 M11B ~•'5•10N•B; 

,ooJ BG_O 

rNel176 Ma8) + Sn 

BGO 

t=64ac. t:14ac. 

4 300 

~ n ~, 
50 

o ~4 Cq , • ii?"1 
1 2 3 4 5 1 2 3 4 5 

£1 M38 

!'He.II. AMlumTy~e cneKTJ)H CTapTOBoro 
'A8T8KTOpa . .¼ J ( 7'P) B COBIIa,D;8InrH C raMMa-RBaHTBMH 
WISI .1manaa0Ha E;I =I5+ 20 MaB, saperlicTpHpOBaHHUMH B 
'ABTeKTopax BGO (cM.TBKOT). !eBM qacTb - <pOH B 

OTCYTOTBR8 ny,ma BOHOB, npaBM tlaCTb - Cil8RTP B 

aKonepIDl!eHTe 5 i, + )le '; samornwtoBB.H BRJia.n q>ona ,, .,,, 
KOCMHti80KOro npoROXmi.n8HHH, 

38KJmtrem,;e 
llplitB8'A8Hlm8 Blllll8 pesyJn,TaTH RSMepemnt noKa3HBaDT, tlTO CUIDITWIJIJl­

tn{OHlilltt BG0-'AOT8RTOP c OTIIOCRTeJII,HO nedOJII,mmm: pasMepru.m ~5X25 MM 

cpe.BHBM no a@leKT:IIBHOOTlI perHCTpanmt.raMMa-KBaHTOB C aueprnett Ea'= 
=4+20 MaB co cumtTl1JLIDIUHOIDWM 'AGTBKTopoM Na'J (Tt ), IDl!BllllHM paaMopu 
¢ I50.XIOO MM. B TO xe BpeMSI npOB8'A8llHH8 enonepHM8IITH Ha ny,me TRl!t8-
JlllX l!OHOB noKasamx, tlTO ero M8Hl>m8H -qyBCTBi!T8Jil,ll00Tb K uettTpOllaM H 
148HJ,llmi\ od'LeM npHBO~T K 98M8THOMY YJIY111ll81Ulll COOTHOmeHWI Bqql8RT/qiou 
npB }'CJIOBmt, KOr'Aa o6a 'A8T8KTOpa 98XB!lTUBatlT np:e:6Jmsll:T8Jll,HO O'A!IR!lRO­

BHfi T8JI8Cl!,Hfi yrOJI OTHOCRT8JlbHO MlilllOHll, 

IO 

Ha OCHOB8 llOJij"i8HHWC 'ABHHlDC BUpadOTaHa np0CTM.<pOpMYJia amipOKCB­
Mamm ipymanm oTKJIHKa cnmiTll'JL71JmHomna: 'ABTBKTopoB r8MMa-RBJJr{eHWJ, 
tlTO llOSBOJIJJ8T llHTbll nap8J48Tp&m C Y'AOBJI8TBOpllT8Jll,HOfi TOtlHOCTbll OllR­
caTb cpyHl(URH OTKlIKKS. W1SI 'AaHHUX 'A8T8RTOpOB B lIIRPOKOtt o6Jiacn·aHeprRtt 
raMMa-lI9JIY1ieHWJ Et =4+20 MaB. . 

IIOR83aHO, tlTO amrapa'l7PH118 Cll8KTpH W1SI BHlll8yKasammx 'A8T8RTOpOB 
CJiadO OTJIB'iallTCH OT RCTRmtoro auepreTHtl8CKoro Cll8KTJ)a raMMa-KBaHTOB, 
eOJIH Omt RM81lT BR'A MOHOTOHHO Cna.ztallllett tfJyHKtnm. 06padoTKa annapa'l7P­
HHX Oll8KTpOB C nOMOIIII>ll rpyHRiijm OTKJIHKa ~8JI8C006pasHa .mmn, B OJiy11ae 
Ha6JIIU(8HRH B HlDC CTPYKTYPHHX ocodeHHOCTett. 

B 38RJIITIJ8mt8 aBTOpH npmwcHT 6Jiaro'AapHOCTb D.8.IIemtOHlltR8BJ4t!Y 
sa llOM8plltl(y padom, r.M.Tep-AI<oIII,HHy sa IlP8'AOCTaBJI8mt8 BS0-'A8T8K­
TOPOB, H.B.EpeMlJHy sa nOMOlllJ:, B npoB8'A8Hlll! RSMepeHUtt Ha 8r-8 B HHHJlli 
MI'Y, A.E.COKOJIY sa llOJI83Hll8 COB8TU no padOT8 C BS0-'A8T8KTOp8M14. 
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