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I am g.n:a[l~ i n~kbll.:J to my :J(hisor Dr. S. Tc~\"'h ror his hdp [0 JI.:,: olIlplish this \\orl-... I :lIn 

thallkful to Dr. G. \\ "inter from tht.: Rosscndorf Spcc tros (.;op~ gmup for prO\;ding Ill.: tht.: 

clat:1 used in Ihis \\ ork . I ,vish to lkmk Dr. S. Kotdn.ilo\ j(Ji' ;l"s;slan,t.: he n:nder'.'d in ti lt: 

installa tion or th,,' soft\\ :Ire I lI:-cd for the data :maIY'iis :l1ld lor \Hi [ il1 ~ .1 pl'Ogr::l1nIlK' \\ hieh 

10 11:,iiu \\"olelt' tor g;\ing hi s; lime: [0 n::HI this P:IIKT :mcl lor his \.:lJu:lhk <: lI£,ge<;.f;fl ns . 

I \\"; <:h :11<:(\ to 111:10" the ~ tinistry of J-ducallOn of Flhiopi:l tor gl' 1ng me a ~pon"nr;hlp [(' 

pur<:lIl' my <:Ilhl~ \ Iy II1 :m"" 31<:0 go ((I 'he \ indu:lI t.: ').; ho()1 01 \deli .. \ [1.1h:l { · Ti1\"(:f<.; ;I~· Inr 

f:h. iuli.:s .)1 the depanmen[ :\Ild Inr J1\ ;Hl~' l;.' ncourag<.:ll1cnli \\a~ g.i \ C' Il . 
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II ht':l\) ' ions rC:lel wjlh nuckl. Ihe~o c:m be c_'\c ilcd 10 hig.h "pin "laic" . Thl" ("'.,:(" iI.1 [IOn Ihen 

[h~ n:aclion I:xpelicnc\,.: :l r\;~'oil \\o hid l i" cap.1bk of inl: uning a ",hi ll on Ih l.: li nt'''' ~ro ">Hhi.\ -

Jirt;'dlon h~b b.:cn \Io ll ~. Th..: !;! 1 1\:r~ of the -1.i iOIl be:un u.~cd \\· a~ 35 \11::\00 From th~ 

an:lol~ sis energies :md inll.:nsitics of th.:: g:lI11111:l -lran...,i tion..., :lore oh[aincdo The 90° spcctlum 

\\hidl h.ls no Doppler shiH to tht: li r-;; t order of appro:-.. im.llion is ll,,>eJ .lS .l rcfcrt:ncc [0 lin .\ 

oul Ihe shifted lines. \ J.ln~ lines \\hich h.l \-c ;\ "hili in :111 intena! b..:twt'cn 1 J...~\ .• lnd -1-. 5 

"hin In lil\: [inH..' 1ll\;.' :'Isurcmeni :lncl the dC"'; li plinn of singh: p:u'liclc <;hd! mode! :'I nd ..:oUe<.:li .... e 

model [ (l dc"crihe nllck:!r Ir:m<;ilion proh.lbililies an: included . 
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I. Introduction 

tnne tran<; 101111:l!ion \ecording to thi « th .'ory. the '.'-r:l~« cm i! tr..'d Irom the nucku, of an 

a! PIll '; \l lfel' .1 ciungc o f Ihc In.'qucncy \\'h(:n the nud!.'u« :s in 1ll0llon , rh i .. j« cspt:ci;llly 

<; ignilic:mt \\~wn the velocity o f the nucleus 1<; largt' c:nough in w mpat;<;on \\;th Ihl.: "pcl:d 01 

lig.ht. \\ lIen Ih ~' n .. ,oiiing. Iludeu,> has: :t 10\\ \ dQ\:i l ~', lh ... lllol.\.im ull1 po<:<.:ihk Doppk l' ~hjn 

tht: obscn,cd pl.:a\.. is tl1l:l1 uselc !)~ . In thi« «ituation one , an onl~ m..:a"un.: ol -;hin of Ih~ P*"ol\" 

centroid. n~ ui'ing. he:1vy- ion inducc:d re:1\,; ti ons. hO\\.:\\,1'. the \. do~ilie .. of thl: 1\.:,;oil nud..:i 

:1Il .1 1 ~ ~i.~ k :lds to 1Il0re prc, ise conclus ions illan a .;impie pc::th ci.'nlroid ~hifl. 

~O\\ J.dol~S \\ ilh the development ofh~'a"-y-ion b.;anh Ihi« phcnomt·non. Ihe Doppler d Yec!. 

i ~ \\ idd~ u"cd lo r nudell' lifetime measurement« in the range h\.'f\\ cen 10 ·1 4 .1nd 10 .q s. Thi~ 

lime region i~ <;''\ptriment:l lly co\'<;.'recl hy 1\\'0 me thod" n:l mdy. th e Doppler-shift Jncnu:l lion 

method ( OS \,\ 1: 10'11 'i up 10 10.11 S ) and the [ecoil distm(:e method ( RD\I : lO·I1 S lip 10 

I O'~ ~ ) 

S:1:He .. 01 nucki hcc:lll<;c Ih~' induced rl'cf' il "d oeiti cs in hca, ~' inn re;I" ion<; aI',,' b rgl.: enough 



~II 
I , 

h II 
II If 

II 

2 

to in troduce J d~tcCf:lbh,.' shift . lliis is :m import .:ml rcason why h l.·a \'~ -ion bC:lms Jre widel~ ' 

ust:d in nuclear spCC lroscop~·. \\ 'jlh the acceleration orh ca\.:~-ion bc:mls heg.inning from the 

OS. \). 1 and RIJ~ I tor ii kliml' IlH:asurcments. 

O f course the lime range con:rcd b~ ' the method$; is J sm:1][ pOl1ion oj Ihl' trcrm:ndoU'i r:mgt: 

01 nuc!c;,,. lifcti lll \,;s ( to'!] Ij up 10 I! fJ 'i ) . ObSlTV~.'d $(1 t'.:tr. '\\:\Cflhdc'ls th~' Ji lt: li m>:" <; (l ~ :1 

.:md 11h:if :Ippi iC:llinn in lih:1!1l1L lllC:l~\lrl: tll ~'nb. 

Ih~ lirs t ordl..'f 01 appruxim:lIi .-m. \\ lib thl: ulh":f 011",,> i~ nude l n~h: 1 Ihl:- It ,1111\: \\ ,)/"" 1"1.' \ i.:\\ ... 

n1 nude;u ·· ·ra~ radialion t: llli ~<; ioTl ;lIld th e prim:ipk Jlld apph l.. alion of Doppkr d kd in 

Doppler shiti I;; ill\"crsd~ prop,)nioI1Ji to th.: tr:tn~ ili on pl'ohah lit\ th:tt 1",11\ h~ ..: akubh:~1 b~ 
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u<:mg difTerent nucl ear modd~. I knee C'omp:lIi<;;on hetween tht: theoretic.1! rc <: ult :md the 

:on'cspondi ng. e'\pcnml'llt:l1 me:lsurcmenl 01 liletimc c:m sern' :IS J good .: t:1I1mg pomt 10 

ludg<..' the model ll'Sc:d in the th..:oreti,,;:t1 calcublion. Th o.:: results 01 thi .. thc'its :m.' pn.' 'iL' nl cd in 

~e..:l ion m. 

rh..:: S IK ~tr :l Jr\,' ;m,I!~~t:d u<.,ing :l pr, 'gt :lIllllh. kntl \\ !1 :I " ( i:uIlJll:l. ;-\d!\iIY ilnd \t: IHr0n 

\ >.Ii \ ll ion \n:l ly~ i <; Sy..,I\:1Il ( Ci . \ \ . \ . \ S ). w tm:h \ \;1 :-. pr\;.jl.m.:d h~' Ihe lntl'111Jlion:ll -\I omie 

Lm:rg.\ \g~nc~ ( L\ L \ ). The tlo\\ Ch.l11 of thi ... program i" g) 1. cn in :\ppcndi.'\ .\ . 
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II. Literaturt.' r("vj{,w 

I. S UdCilf y-rildialiun 

\.';UHrna-radialioll is (h I;: spontanc:ous t:ln1-;SlOlI of '/ - (I t!;)l1l :1 h~ Ihe nudt u .... n~ <;: mi lli ng 

'f-quan l: .. th t nUl.:kus got:s over from an e.'\c ill;;d s l;l! 1.: 10 a "tHt' wllh :I Imn:r em:rgy . Th<.:n: 

O\~r 10 [he ground s la l~ ( ~ o,;c lig. l:l ). or c3:-..:adc transitio ns ,,, hen Ih\.' e\o,;i t:lIi .. n i ... I\:m o\o,:d 

h." a succ:c:ssiw t mission of .<:C\ t"ral 'l-quanl:l ( <;ct,; lig . l b ). 

T h(,,'ft· are dilll'r~111 rt';J"Im<: j n r \\hKh ,1 n lh.: k·l l~ m:l\ linT! "111 In t'< 'I' III .'\, II ,'d "'l:lIC ! I f 

all t '\C 1I \:1 1 ""Il l' I ht' TlUl' It"II" I nl'll dt" - ~, II f.-" h\ t'I""'- 'f' .1 . , " I ' I" , ,'on, ' ' ''1' ' "\ ••. , .. 
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The '!-qu:m la c:mitted by (he nucleus during Iran ... i!jon 10 a 100\"(" r energy slat r.: may C,:U'TY 

:1\\ J~ dillercnl angubr mOlllenlJ I. 111(" radiJ lion cJ Il:;ing angubr momenta /= 1 i'i called the 

dipok 1'adi:llion. for 1"" :' if is called the ljuadrupok radia tion . • 1nd so on, Fa.:h of Ihe<.;c 

r:.di:u ion<; is ChJ r.lck,i zed hy a ddinile angular di",rihut ion. ',' "quan ta of diITcrent 

Ill ll1li polaritics arc Ihe result of dilft.Ten! I ~ Pl''i of "05( il1 :11;ons" of thl.: nud :ar Jlu;d, \ ; 7, 

~k.:ll; ': ( E 1 dipole radiation. F2 qll:ldrupolc racii,1tion. ilnd so Oil ) :Inc! magnetic ( \ f i dipoli: 

radi:ll ;on . .\ 12 qU:ldrupole r:1<1i.1\ ioll . .:md " 0 on j, 

T he lirsl type of processc., J rc caused by a r~dl <: l lihilion of Ihe d eelTic ch:l!'gcs in the 

nuck us. \\hile Ih e ~ccond Iype of prlX ::<:.C:':C: :l fe due 10:1 rcdistlibuI ;on 01 the spin :md orhil.,i 

m:lgm·li.:: mom-:nls. 

speci fi c modd s of the nuck us, Tlllli;. in th t! <; ;Il;;k -p:l11ide Illodd, th~ r.:nu~sion of Ihe 

"-muhipoh: i'i ilssoci.II:;: t! \\ ith I hl~ tr:lIlsil iu!l Il l' a mll k on b~IWetn 1\\ 0 sing,k -partick !t:\tb 

dilTt ring in th.:ir :mgul.Jr mom cnlJ ry ~ l I. Ilo\\' t \ t:!'. in many .:a-;l·S Ihe -;ingk -paI1 idt: 

modd b~' itself 1:1ils to explain Ih~ magn iludt:: o! lllany nudear I:kctrom:lgnetic transitions, II 

is vcry sugges ti \.1..' and pbusibk Ihal lor Iran.., ;I;OI\ <: ill \\ hi r.: h man~ nuck on<: ",: ,m lrihuk' in ;\ 

..;ohcrenl \\ ay ( man~ Il ud.:otl, "Julllpmg" ... lI11 ul lan .... nu:' l~ ) Ih.: tran ... ilioll probabili l ~ \\ ill he 

dift crt:nt Ij'Oill Ihos\! Iran"itions \\ here oll l ~ one nucleon ~hangc, its conliguralion 

(singJe-parlich: transilion), In Ihis circumst':lIli.;e Ihe Tl w.:ki c:,.hibi t coilec li\\:' prop~' I1 i es , 
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1. 1 :'\' ucl('a r mod els 

In general the shell model predicts singJc-nllck on e~ci t :lIion~ of the order of ~ In 6 .\IeV 

nhich -:on'csponds 10 the scp:lI'.:l lion 01 the m:!;n <;; h C' II ~. Then: c:m occur sing.lc p:1I1iC!c 

c'\cilatiom bc\\yeen subshdl'i \\ hleh Ill:l\' h.1\'e 10\\ cr nc; t:lIIon eneroy 01 the order of 1 . ~ 

.\!t.\ ', B UI according to the shell mod!"" sitch c,c ital;on<; <;hould occ ur only for :1 le\\! 

neighhoring i')olopcs :md isotones. \;; ';0011 :IS tlw <;uh"hdl j " lilkd up \\j ,h nucleons. tht: 

In ener~"' . 

en ~Tgjl.'s or 0.5 \(1 1\ k \' OC ClIr ,'cry .. ~ .. l e ll1 :ltic :lll ~ in ,,'..<.:n TllJo.:lei in the lleig,htlorh ood of 

I' .; \('s \.'<1 <;hl' lIs. f1ll1hclnlOl'C. if man: :md mort,; prolon" .1n<1 nl: utrons are put into the shell 

Illodd slales. sn Ih :1I both the proton and neu tron numhel's ;11"1: I:,.. from being m:J g,ic. these 

" 2' 51:1I.:s quile 5ystematic:Jlly :Jppe.:l f al energies below 100 J... .; \' . 

In ordL'r to be marc specific. let tiS summ.:ln 7C the c .'\pe limL~ntal ob"crY:J lion in (he following 

way. For cYcn-cvcn nuclei fWO kinds o f low-lying posil iw pari t' · stall:!' :m: ob,,("(ycd. (1n ~' of 

these is ~ :tlh .. d vibr:Jtlon:lI. wit h :l 1~ pi~ al ~'\c it :lIi l1ll ..,p..:ctnllll :1.., ..,ho\\ 11 ill lig. : :1. \\·h..:!"\;" th .. 

(r . 2- . ~. tlip].;;.t has Ile-arty dOllbk (hI; c:\cil.ll ion cnergy 01 the firsl 2" 51.:111.: . Thi~ ~ugge3ls a 

I: pc o f h:lI1llonic os.:i!l:1tion \\ h~rt;:: the- oscilbtor qU.1111.1 ~ac h C:II1;: :m :lngubr momentum or 

2h. rhl;! observc:d \! .'\~ i ted st:I!I..:S are just -'::JtLscc! by t\\ O osdllalor quant:'! coupled to the 101.:11 

spin O' . 2' . or r I 1 I· 
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rht: other type 01 colk ctin: sl:II CS are C:llh:d 1'O[:lIion.:11. There the various energies of the 

lC'\"d!-' follm\ roughly an 1(1 - 1) lJW :15 shm\'!l in fig . l b. Such :1 spin dependence in the 

position of the energy levels suggests i!11m~diatcly th e rol.;1[i on.1\ ch:lr;u,;.lcr of Ihe 51:I1.:s b~ 

Jnalogy 10 molecular physics .. -\ symmetric rOl3101' will h :m~ 1'0I:1I;onal energy 1':.1 =J( 1- \ )h- '" 

when: K is Ihe moment of incnia. 
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1. 2. )'-rdy transition pro ba bilit ies 

tn this suhsec tion eslim:lICl' for !he tr:msition prob.:lbi lilies 01 nuclear le\'c ls l,) prcs.:nwd 

lIsing :l singlc-p:1I1ic1e <;hd l mode:! . The n:Jl nucleus. of course. doe .. not 10110\\ thi .. <; implL' 

prC'~ licti ons, J-tO\H:wr comp'Bing thl.' Illc:\stlfcd qu.lnt ilics. in partIcular their rd :1I1H: \':lllil.!'<;. 

with the com:sponding model prediction" they can quil l' otten serve as a n::lsonahlc stani ng 

poin t for a more relined cakul:uion. ). 1 00' ~'ovcr these model prcdic l ;on~ :l1":.' wry uSI.~rlll lor 

e:-.lim:lling thl: size of an dIce! 10 hI.! cxpl;':Ch:d in a propo~ed ': -ra~ c'\ plTirnl.' nL The 

"/-Ir.lnsit ion fate T is given by 

T = : 8n ( , , I ) 1 f I h , ( ni l )I! J I ( E, f hr I" · , 13 ( ,, '- ! ( 1 ) 

\vh~.;n.· B ( al. ) is the reduced Ir:1I11';lion probability. The ~qu.:t l ion r:.:tn be dl'n\'ed In u<.;ing 

Iht' ptincipks of qU.1nnHn dcctrodyn.:mlic", III . The singlc·panicle ... h.:ll mod~> 1 r:oll .. ick r" the 

• rnon:rncnt uf ;1 ~in g.1c proton or nl'lllron in .1 ... pht:lical pOlt:ll li.:t1. I ht: n:duct: d lr;l1l"iIlOIl 

proh:,";1;!;e ... tor eieclnc !r:msn;ons B ... (I:;'. \ and magnetic Ifatl'li!ions 13,,(\ 1; \ according 10 Iht' 

(2) 

\\ IH.' rt' I , is Ihe order of mull ipol.:n; IY . .-\ is !ht' mass of .:l nudcu'i. c is !IlL' elec tron ch.1rg(', .II ... 

is nuclear m':lgneton. L'sing th;;: ... (' ('qu:lI ion ... !he " · 11".1115;1;011 r:lI C'l T :lccon\ing to \\'ei<;~"npr 

~qi1ll:lIt'" .;.:tll be e\pressed as indicated in !:I"II.: 1 t :,~ I· 
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ro.l u!t: I Tf'dIblUOn (.tIes ill" for the lo .... .!,,' dt!clllC .. nd tn.l.gnt!uc mwupoi,::o. E~. b m ~kV 

Ei . T ( EI. II s' I ~Ii. T( W. ' I s' I 

EI ~ II 1. 76 .X 10 lJ e , . , 

18",.( !'vII ) 

I , 

\12 

,-3 

1.69 , 10" E' " 1l ,.( E ~ ) \.87 X I O.{i [ 'I .0 13\\1(\ I-l ) 

1.3 G amllIa lmllsilio ns and nuch'ar llIod('ls for mt'diulII and 111.':1\")' Iluclt' j 

._\ . EJcc!t;c_ dipolc transitions . . \ ~1:\li \; li c al ~\':lIl1ill :lIion vi thl: \,";:Inous 1r :lIlsi lion~ IS 

pJl1icuiarly ,;oll\cnicnl. sin.:!.' it itnlllcdia ld~ shO\\~ thl' gro!>:'> propcl1i.:s or c1c': lIi .. Ir.1n:.iliun ... 

in nuclei. In Jig.] is plol1~d th..: li~qut:n(.~ or o.:..: urn:lh. ;! of \J.lio ll!> [\ Ir:ubilion r3h..' :'>. 

g,oing dO\\> 1I to the order of J 0'(' . Thi~ i l1dic:lIc~ Ihal l1l:m~ of !he <: [:11":-5 haw ;l much more 



ec $! 

111 

dipolc IllfliiO Ii \'.hlT": :111 prolons J\I0~": in onl' Jir,:":lil)l\ .111 d :1 11 llu!lron<; ill lit e (lppo.., it~ 

dil" .. :(.I il1 l1 . Thi-; ],jnd 01 rn otion produ':L:' tit ..: br~l' ~ 1 dipo!..: 1I1 0 11 1L:ll t ' pO'i,ihk in t!\l' m lC~Uh 

n:;o;{) llaTl Cl's . 

, 
= El TrQ1>$itiOfl S 

.2 ( 
, ~ 
"L. ___ "i I_,.--_"c • .--JJL,-,--:w".;--cw~-''--'=':-'c-c,:,~.--="~:-,", 

T.~ I T." 

• 

.::.tilllJh: of lJf:':li!n::. for El transitions Ul mt:djulII ,lIld b':,I\ ~ !Iud:: I .' 1 

ml.:diulll .1nd ht":t\-\· nude i . 1n con l ra~ 1 to IhL: dipole Iran<; itioll 'i l h '~ F 2 Ir:lIlsiliull ;o; Jrl' in Illo 'l 

CJ!-'e!-' l'nitJIl Ccd hv :l faclor or 10 10 tOl 0\"1.:1' the \\ 'cissko]lJ" units. This ..: nhan": C' Ill L:1lI 
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2. O\'('n'iC'w ofTl'chniqu('s fo r Lif('tinH' l\1l'8SUn'nH' nl" 

Consider a g.lmma ra\' c.1scade ( Fig.6 ) passmg through :m inlcmlcdi:ale SI:HC h:l\ing a 

lil~ t inll" t . In Olit t:' f words emission of 'f! follows Ih e emission '( I after J ..:t'r1.Jin Jap,;c vf time.: 

gov!,,'l11cd by f. In nuclear spectroscopy. the techniques 01 lifc.: time InI .. ' :I'i tll"CIlWnr allo\\ th\.' 

dc lcm1inJI;On of the shOT1lifetirnc t of !hl.; Ill ld e;rf c.'\t.: ilcd ' Ia[c. By ~h0l1 lifetime H e.: refer 

10 1if~,:limes in the r:mge of 10 .. II S • 10 ' (; S. \\ hkh l.. .ml1ol bl..' dct('rmim:d b~ din:\.. t [i mill~ 

rm:lhod. 

E ... 

, -

"I , 

~ . 

• II!I ' 1 

~: 0 

1 
~ 

Fig () Gamnl.1-ray cascade passmg through :m mh:nn::-ru:lIc Il lickar k \'el of li lewlle T 

There are many methods employed 10 measure this sh0!1 nuclear lifetime. The most common 

ones being electronic melhQ(l'i and rel.:oil mClhods. JS slinunJnsL'd in Jable 2 161· 
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Table 2 Compan;;on of cOlllmon bee tune measurement I«hmqllcs , ho\\1ng their f"Jnge ofapplJl;'Jblhr~ 

~ kthod 

r • , ' , .. ' ~ ,pi . 
( 1ll:lInh I.:mn~ld": lh .. \,:! 

:--': u\.~kar 1\ .: ... ·.111 
, ( Rml ) .. \ 1\) 

.-\n~ 

\11 

\ kdium :tnd 111.::\\"\ 
1Hh. .. kl 

I t lt:1 1Im : I " t'C 1 

Ie f, _ 10 " 

\\'hk h \\ ~ ~' :lll Iht' "pul ~c" Illt'lhod. [he e'\~ it :l! ion ,".,; cur.; .:I I fi.:gul~r dt:I(,Olnnt'd lnnt' HllerY:lI, 
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~ 

I . 

, , 
.. 
• 

I~ 

:lccckrl iior so th:tl the- inSI:ml 31 which th e c:-:ci lcd Slate is produced. within limit s. is kno\\ n 

c"':lc tl~' . These two Iypes of ITlC.JSUfcmcniS h:l\ 'C mudl in common as I:lf .JS t ec hniqll~' j<; 

':OIKcml..'d . In both case<; the ·/· rldi:llion from the ~ t:l.I C being e;:x:l1nmcd is ddcClcli. nonll.JlI ~ 

by Gc-dclt.:clors . .:md th l.' prOCCo;g rcgi .. \cred J <; :l Illc:l,\ur:lbh: ckc tlicJI c;;ig,ml before th~' liming 

mC:l\;UrCIll t'nt IS rn':l<k . In til t' coincidence tc..: hniqUt' thl' in<; I3nl :11 \" hic h the rJdi:lIing " 1 .' ! ~ i .. 

proclu..:cd jl; 'i ubjccI 10 r:mdl"m tl uc!U:11 inn. :md it I" dl'lc nll llH: d b~ dClt'C \111£, the pr..: .:: ..:ctipg 

.1 redu..: ti on of the r:U1 c1om t:1Tor<: Js"ol.l al cd \\ jlh :l ~ing!l: mC.:J"un.'menL In th e tno.:J-.uren1cnt 

the pu\<;c <: ig1131 and one nuclear c\"(:nl ). the nuck' .:l r f:ldi':lIion is cotl\'Cr1cd into J mC3~lIr:lht (' 

put~e on.ly aller J 'iUCC CS"TCln 01 procc<:<:es \\ hlCh imroduce lime dd :l\ " :md : ...... "Ci:l ICd 

lInC ~11 ainlle'i . .:md it is Ihe<:c Im\c dcta~' ~ \\ luch gO\ 0;;111 th,,' tuml" :md pn:ci<:ic'1l 01 Ih ~' 

1111:3SUrcI1lCnl . 

limed OTlI~ .:Ilt .:r the \\huk .. llIHpli .. .:IH:d pro-.;o;;s:.c, 01 dClc .. tion. rhc imp01i.:m.:.: 01 !lH: .,C 
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modc:st impro\ 'CmCll ls in lime resolution for such h: ... hniqm.· .. is tlH.:rcforc of ;\ gTt':lI v:lluc. II 

sec:ms n'ry unlikely 1h;11 the limits can llc c: ... ,,:nded h~ much more 1h:1O :10 order of 

lll:lgmlu(1c or ~O . For liming of laslf: r [r:m<: 111011" \\ c tum 10 me thods In \\ I1I, h the liming i~ 

done csscnl1 :l ll~ hdon:: the l;omplic ~lICd pJ'Occ"sc~ in [he dL'\Cc tor slan s. :mc\ is not. therelore 

direc tly limilt:d by the 1;1111.: 1". Together. ho'\ C\\'T . Ih::y oller the po.,o;i bllil~ tor m C;J'\Ulin g 

'{-Iran;;il ions ovt:r :1 fairly ,\ ide rangL' , 

2.2 I<t'coil \lctIHJd .. (Tim C' of Flight) 

T here arc [\\0 rc..:oi1 Int: lho<b . n;l1nd~ Ihe Doppkr ... hilt ;111cnll:tll0n mcthl·d ( DS. \.\ I ) ;tlld 

Iht! I'...:coil di<; l.:m..:c me thod \ Iu)~ I ). ;h imh ... llcd in [;IH: 2. Bdlh l)S \\1 ,lIld RD\! ( or \\ Ilh 

• I" 

'" 
I 2.3 Olht'l' \lNhod .. 

:r. • 
, 

, 
I 
~ 

IHh::kar lift.'lim.:". For ,::\:;ullpk if \\c Ita\.;' ~r;ldj :lIion follo\\ing K \:aplun: ( or a prc\ioll<': 

" -lr:lI1\ilion \\j lh.3 hig,h inlCm.31 ,:on\·"""ion .:ocflidl.!nl ). tht.:n the "laiC oflhl.! alomi\: t'kclr.)fl<': 

and in p:u1i.:ular II1\;: K ~shcll dt:'lron .... 31 t h~' timt: (·1 t'lru ..... ipll of tht.: ( .. r,:o.;C'nd )·, _radialiC'1l 

11I:l~ bt: q lLi l ~ ~Ii lferellt from Ihe noml:ll ~ I a l ~. Th:" j<.:. a K-ek clfon Ie\cl may be untilkd 
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abnOml.11 situ.1rion in the eleclronic sille . The efTt:c l depends on the relative limes required 

for '1.cmission by the nUc1Cll'i lod for the electronic Ifansilion from th t: ourn shdls of the 

:'11001 10 rhe vJcancy in the K-shcll . These laner times :Ire in rhe r:mgc 10.16 s- 10" - s and can 

be (k:duccd from line widths in X-fl Y spec rra . Th is Illclho<i is lpplicabk on l~ lor hCl VY 

\;: lcnH:I1IS ( \"'hcre 1.11'ge inh:mal cOfl\ 'ersion is most lil-cty ). 
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3. DC'<i;rriplio n or Ill(' 1~(,CII il ~ 1 ('lhO(J.. 

J he: l1np l l l"l:1II1 c m n pOnCl11 <: 1)1 Ihe :lppal';1[ll '; u<:I.:\\ III I{J)\ I !l1 ~':l'';I'rt'm~'nl '" I" th e <.; l l lppcr 

the largcl lo recoil inlo Ihl.:' \ .'I,.UlIlll , I"or th .. : <\ lIl1ph l;I.'d "111I.llion Jc:pi":h.:d in fjg. 7 Inc numb!.:r 

I hI.: nu mh.:r o j nlll. lt- j Ih.1I :lre ..; Iopped hdl)rc h,'\ 'ing 1.:1ll1u..:d ;1 . -r:l~ 011 lilt'if l1igh t P;\l!l ... ,11\; 

lif .. :limc: t . th~ intcn<.ilies Ir Jnd L, :m' rcl.lI c:d 10 the PJlh k nglh,J In 

\ 5 

:lIld 1 ~ ld) = I ~ (' :qH -d \t ) 

\\ h\.'\\.' to 1<, J F \', I hl;' tOla! llumbl.! r o j -I.I ~ ~ 
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~Of(' hO\\ cvcr lh':l1 :t lifl",imt: of t 3ppro~in1:lr cJy I P" i ~ in IhL' ordl:r of the .;:Iowing-down t im~' 

iJl the.: "IOPPtT Thu~ [he ': -pc:a)" ,'\ ill he Dopplt.:r hroadencd. 111 \,'xtrt'mt: ~ i lU;lIions th e ~lOppt'd 

peal.. might he <;0 hroadenl.'d th:1I il canl\OI be rc 'iab l ~ sep:lrJl<.'d from the hadground. In thi o; 

the "pl.'c !ruTll thaI i ~ nOI Doppler bro.1(knl.!d hut \\h ieh ol;gin:III." from [he n.':Jcr ion. ,\ ..; thL"" 

n:quir C l1lcn l ~ al'l..' o fTen h.ml to mee!. the all clll arivc \\ :1\' ;0; to u,c a thill foil 3S stoppel'. The 

pa<';I;,,:d through the foil :Ire <; u n i cien l l ~ di lTt: rcTl t to :lllo\\ fOT':J ck:m ';;CpM.1 ,ion of the 1\\ i' 

PC:l J..s. In th it ": .l <;C Itll' illlenc;il~ I,> in cq 6 jo; gin:1l hy the inlcn ... it~ of the Ic<;.s Dopplt.:r-<;hillcd 

pl.'a" The l1ujor c'Xpeo mcnr:ll prohkm in RD i>. I rnCJsun:mcnls is the consllllclioll of :m 

am:ngC'mt'nl Ih:1I allo\\ Ii the t:trg<:1 and Ihe <;IOPi1.:r Ie b: n:on'd ir: :: dc!ine1 wd .:onlroll :lhle 
. . . 

\ \:1\ do\\ n [0 n:r~ IilTlalJ di:-tancc'i, T hl,." h;l'qc n,'qlU :- ':m~n '~ Me lr..11 [ I' ~' l ,trg<:1 ;u,rj [k ,[0ppCr 

,,' 
\ , [0141.'1 Ill'r \\ Ilhm ,I dj"[,lIll t: of app' ' ) \H l1Jk' l ~ 1 \ till \\ Illlt ' ll l [hem [POl hing r::h; h o lhl.T . 

\:lIl.:' !) a~ l J d )o th t: plol Oflht: mi ... rom c lt'r fl.':lJing \ 'CT"\iU" tht' imerse cap:h..it:m..; e should 

gi\C a '1 l1 :lighl lim: . °ntis pro..::edur..:: i~ Illorl." aCC UfalC Ih:m Illt':Nlring Ihe disl:m..; r: br:f\\I.·cn 

:'>Iopper :lIld ['oil dlr".;[I ~ . 



3 £ 2L! & 

21 

The piU:l l1 01 RD:'>.! mC:lsuremt'nl lies in liS lailuf(, 10 be lI"t:O in the d l'!CmHn:lI1n11 of ril e 

!lIm' I:;hoT1 cr Ihan 10·Lli s. The s lo\\ ing dO\\ n 01 the rccoiltll!! nllcki in the "Inpp!!!' doc" nol - -
occur <.:ucldcnly bUI dunng :1 lime pcnod 01 5 \ 1 O· I ~ ~ 10 0; \ 10 ,IJ 1.. Tn Ihh period the rc;\.011 

phenomenon h,\ Ihc\1 I. ,1n h~' usccl ro deH:rmmc Jill-lllll\:., 01 rhe orckr fi t I () ' ~ I u 10 ' ",l11d 

plc.:isio n lll o:.1~UlcmCIllS \\hcre the dTcl. li\c li fe time ollhe h.: \ d 10 be ~lUd io.:d i~ ... m:tlkr th:m 

, ., . 
..:ompon~·nr . 

3.2 'I'll(' Dopplt' I"-,h in at tr lllla{irHl nH'l llOcI 

• 
" 

:'\uck:Jr Jil l'limes 01 the order 01 10,1. s up 10 In,l l s C::111 ,,~ • • klcnnim'd In m~';lII <; 01 the 

J)oppkr-<:hi Jl .1IIcnU:1I 1(m method ( DS. \.\I ) '] hc method h3 '1C:J 1I~ .. 'on,,; .. ! \; 01 comp:ning 

thl;.' nucJe:tf lil climt: \\ lIh the lime 111 \\ Im:h J nu~ h:u'i i'i "lOppt:d in solid m,llCli:l1 ( "l't' lig. 9 ) 

or ~P"~l)u<; m:lIc-rial. The "· ray" Ihal tin.' I:l1linL'd during IhL: I:: lfl\\·ing·do\\.n pr(l(r:<;". 1 t' al 

( c.:on~ idclillg oll l ~ li"'l order lerms in \ ~) On [he olhel h:md :111 nuclei (b .. :I~jng al [lIl1e , 
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"nlC c :-.kubtion of F ( t ) requires k.no\\ kdg~' I) f the slowlng-dro\\ '11 pr('l\. .. '\.' :11 <; 01.111 \-~Iocilic' 

,\hich j .. lit)! 100 \1 ell km,\\n :md hard 10 Ire:11 COITCCl I, II i<; (ln l..·llf lh~~ OJ:!;n J c!,':m l:l0c .. of 
-' -

u"ing hl.':1" -ion induced [(',lc l;on5 in DS.-\. \I c,\p<: .. rimcnl<; 111 :11 th" ~ 1c:Jd 10 !:lrg\..' in il .:!1 recoil 

\'(' Iocil\ \ , " he-n: [he lJoppkr <:hilt "i :In: I:rrgc :tnd C :l "~ 10 m.':l"UlC: :111<1 Ihi .. Ilh::m<; til. 

I'" :1rI: "' [Ollpcd In [iml.'~ :.horr \".omp:ln.:d to the Ilighl liml.: J. In Ihl.;' DS.\..\ 1 th ... nuckJr lifdim ... j. 

· " ., 1ll.1I .: !;;11. In both klhniqU\:s Ihl.' ~'\"'J1!'" or ', -.mi"..,i,Hl Ih.1I ')Cl. ur I\hik (he lIu..: k u" j ... q iJ1 in 

~k .. :l~ Ih:m th~ J)S \ \1. Thi ~ i, so b..:C:lU'l' the lime ... ..: :lk 01 [hI.' RD\I \.:m 11..:: .. hangl'd In 

incn::. ,i ng or de.::n::]')ing [he di <; I:1I1ce d ( di'-l:lI1 ':c hl"I,cen t;rrgcl :lOd .. ll'ppa 1 \\ h\.'re:l" in Ih\.' 
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gil~('<'; as J slowing d O\\,11 n1(.'rl iunl is not frequent ly used. Ci as!.'s CJ IISt.' c" penmenl:!1 problems 

bt.:CJ USC the slowing-down luncliol1 or ions in g.1ses is not VC~ well "'no~\'n . ()nl.: "C.lson lor 

[hi li ullceI1 ;lil1 l ~' might he. for l~ .'\J mple. local pn:ssure v:lri:lIions d ue [0 loe.:l l hC:lIing 01 th l' 

gJ .~ hy Ihe beam. To il\oid this prohkm the: prac tical o,;Jowing elO\\n m:II CIl<,I <; :m: solid ... 

Thl..' all;ll ~'sis of IU)\ 13nd DSA,,\ J nH:a~ lI rC I1l !,; n l s is \;a s ic~ 1 :md I h~ rt.:'I uIL .. :In: most rdiJhk i l 

magnit ude :Iud dirt,;clion. II I~ one 01 Ihl' oUht:mding I c :llun:~ 01 the hca\~·ion in~llIl.. ..:d 

Iu..:.ion rC.:l ...tions Ih:1I the reaction lillll'm.1tics ib\,!U' k.1d<; to \\ cll ddilH:d iniliJI recoil n:loci lic<; 

o r Ihe: nucle:l" residues. 

In ..: aSl' \ i<; not lIn iqud~ dcfim.'d. if the din-':n.'ll li :l1 ... 1"0-;<: 'ie~ l ion 1:.1Il be rcl iah l~ 1o'::llclll:ttcd 

lor Ihe reaclion, Ihen one ( :Ill C:llcul:t ll; Ihe dio; llihllliol1 o f n:coil IclociliL'o; and pcrlol1ll Ihe 

:m:lly<: is orRf)~ 1 and DS,\...\I mC:lsurcmcnls .11lhough thio; :l11 :lly.., i.., ;o; more complica led Ih.111 

!II th l' ' :lSt: \\'h ~' re ' " is u niqucl~ delill l:d, 

J.J Jdl'nlifk:ll io ll o r Dup pler ~ h in l'd l i n e~ 

The idcl11ific:l linn of Doppkr nro:ldcncd line.., h:l" b~ cn dC)!1l' b~ ' 1' 11 :11 ill .. pe~ lion ,) f the: 

l..'b~~ne:J s lru.:lur .. ' ,- oJl1pJtibk Ililh thL' ~xpedt"d ' · r J ~ Iin.: .., lup.: 110. 11[. Fig. II ~ho\\., Ih'" 

a Do ppler "hill. 
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i~; r I ~;l ' ll l l ;lhk ,r .... ' ltlllpliOIl in i l1 -hl.:;l111 , - I.t,' ' p : .II'I"""'II,' "rllll ; ..... , I h~ I ,,;/, ' r,: Ill>.: " l l ':~II .1 1,, 111 

(J lh ..... ;lI1~k~ . In lil t: idclllifiC:Hion of J)oppk r·"hiri nlll~ Ihn .. ;.: lin\. '- \\ illl :1 ";::I1;:i.,; : t! .t ,'1 ',.: 

---
""h 

<0. Hili • • IiI<" ' 0. " •. 1>\ ... . 

"." I .- '<#Cot . ""0 ~G 

""'" " ", ' 'I' ., 
I " , .... , 01 

' O' ''>II _IU" ... I ' 0."" '_" 

• ... ·"'iA,.OI "'Ut .Il?! · • 
" 0 

""' • 
I"~ • 

" ~ ," 0 .... 
"'" 
,." 

,~. 

J~O '00 I,~C "" ". ~ .~ ~ ,~ ., 
''' .... ~ ~l " ' '' f) lA 

i'l,.! II :- r<Jy 'p~lIr., from " r ... nd .-() 1I11;.,'W.:.j ,It I~ ,lI r,1 tlnn,. 1,,1, .1 \'. ,, 1,1:. , 1, r',! I 

t'lL .. CI'pjl.:r Ixsd:lI1g nl~ IIlLd~1 I lud 'I) ".i _ ~L:.L I _ 1'10 Ih.: "u.I." f.' ,l ltJ'll l . T 

"I 135~ l;:\' \\llh I h~ c:'(J1 chanll .. l r· 11 .Inc! 0 j'. f. :' .. 11\ :; '., I.: ['"r:.:lI!.l!ly t;.~ 

d l lr:r.;'n ~·\! of the ,h:'lp":, ofrh:: ro 'iR- L Y In .. 11.,I1< l',;J 11. 1:: HI.,; J -((' .• :..:\' 1" 'k 10 !",!: .. ;\' 

Is.::] of 'F /I! J 

E:-'pl: riIlH:nlal1y it is found Ih:ll E.,. i!) din,:clly propulltrlll.d 1\) l: (hU :.; I, ,\n I,:\ . )mpl~ h 

~hO\\ n in fin , 12, Hence E - Fn,o~O , \\ h1.' 1'1! r \" c, o , 
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III. 0" 10, . \1I"1~'s is alld R" sults 

I. O ri gi n or th£' data 

rcbtiw 10 11\1,; hC:l1II direc tion. The l:lrg.:t 1l1:l lcri :1 L cmichcd in S!Sc 10 92 0", \ \:1 .., bOl1lb.:lrd..:J 

b~ ' Lj iOIl!'> Irom thl.: Rossendorl C~ dOl ron ( <;OC t. r Ig. \ 1 ). T il t:' mC:1 .. un.:nll..'n l .. \H'I~ tIl .1lk h~ 

bC:l111 of 35 \ Ie\ ' \\-'.15 fOC llsscd hy J <, Iil CH :1 "~ ~h:m or 'llit:-. .:md hOlub;lf(h:d the l;lrgCl 

n1:1 il..' liJL I he pO!1- iliom:d Gt: delec tor :11 th e pn:~ ..: rihcd ,1flglc~ i" Ih!.' 1l u<;t:d I,) dclCLt th\.' 

f.ldi :1 i iOll . 

, 
~!JI d .:I<:~·14" 

I ~ 

• " / ' 

• ~ , 
lvn Ul!;un ICvl\) • '" j . -- • ~ yd .. ,tr,,-'n 

I H 1.ll 1!~t 

The .. l.1 l l in lhis \\ ork. . spe.:tr:t from the rCldion.~ <I!51.' (-I i. \l1 ) :lI 35° )-. 9(j . \ ·Ll" :111(\ 

1-1 5'1 h.1\ c.: been ohrJul\: \1 from ,111 c'\ jX'rimcnl cond ll ~ lI:d rt' ~ c!llly in the H (l .;<:('ndorf RI: ... e ;l r~ h 
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I II ... n .... nUI'I II\. .. Itll ,III.,h "II" ;), ,nll\" \"".",. " .,\ . _, ", '1_ I" " . " ... " " .. , ,I. "" 'I' , 
~ - - "..... ~ . .. '" \.\ .j-

e n !!.'n :1 Inr re.>rnL'l1i/lllg Onpplt:r br(':-Ide-fled ·: ·r;l ~ pC;I~" :md lor rhe dc1t:nnln :1l jon (11 Ih ,' 

Ill.'!i,!.' U~t.' of Ihl' enl'rgy Jnd fuU \\ iJrh al h:llf I1l.1\illllllll ( r\\ ll~ I ) .. Jlihr:lIioll" lo r ..,l!l!lt1g 

~. 

E'- F:l~GY = (i . 9",S + ~ . J9J \" 101cl1 # 1.906 ,10 8 (' h#/ I, 9 ) 
• 

F\\"I L\ 1 = 2.98.4 x 1fI-' + 1.8-11 X 10.1 E y ( I" ) 

Thil1 .. 't' ll line.., \\en: selec ted 10 perfOlnl the p:lr.1 l1lCICr ~ClUp prexedure fmm cn"'r~ 

~:1lih r:lIion ")OTllC 01 [he lin.:' IroTll rhe 90" <; p("ctnllll <;cJeclcd lor Ihl 'i purpo .. e .11'C 5ho\\ 11 in 

Fig. I 5 .. '\ ~Oll1 plel l! ti ~ t of the linct sd cc led lor the OI her spectra is ShO\\ll in :lppcncij, B. 
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For Ihe F\\ ' )-(1\ f calibration thc line'i used JfC lrom anolher spcc lnlln \\ hich is prepared bv 

U -\\: ·\ .-\ S manufacturer. A. diJlercni spectrum is chosen bec.luse the lines of Ihe in-~J.m 

mCl"un:mCni :Ire not SCp.1ralC singles lines with good <;1:lli <; lic'l, lS 11 i'i req uired in G'-\ \"A.\ S. 

(Jn J ~' .1 It' \\ . \\'eJl isolated 'I-tines. Therefore the F\\ ') L\ I c:ll iol":111on ~ lIrn: ( 'iCC fig. I 7 

hclong'i 10 :mothcr d l!ICCIOr wit h -;imil:ir properties :1 .1: u<.:cd in Ihl' in-be.1m c \fll'nmcnl 

. \flt,!, the .;:liibr:lIiol1 <; ;m: perfi,)m1l'd th 1.1 'i1.. done j.; to i(kr ll i l ~ Ih.: (>1..' :1" '" G \~ . \ . \ <) 

':'~'l1lpUlcr 1" J'iJ..cd 10 st'J fch for 'iuch p:lIIcm~. In order In JPply tlu'l Illdhod 10 J "peelmm 

I II· 

()n~l' Ihe Pl':lt..s ;1 1'1..' found Ih(.; olhlT I:lS\...') p l.Tf0l111t:d Me 10 dctcnninc t ll l.' l f C'GlCt pO';ltiOIl 'i 

lCl' lH roici cnt:rgit: ~) :md areas ( Ifl tt'nSilit: 'i ), J hI;.' lo\\ -t:m:r&.\ l:1 il s 01 (hI.' ',I- r:l~ lint:" :Ire nN 

c:q)lk lily ta).,cn into account blu rcg:lrded :IS contributio n" to the had-ground , ,\ pol~ IllJlniai 

fUlldion i:-. ti ll l:J (0 hoth ~id t:..; 01 the pea)., in ordt: r to de';cribt: Iht: tOlal h:lL ).,grounJ 

und~ l1h. alh Ih..: I>\'a]." -[11..: propl'rli~'i oflh\' pea)., an; then ~klt:nninc~1 b~ lining Ih.: line'! using 

,I Cj, llh~ i:lJl run.:tlon, \\h.i.:h 1:-' somelinl!'i 1ll0Jifil'd (0 :t .. ..:~lUnt l or Ih ~' "Tn:l11 J :-'~ T1lml't~ 01 Ih~' 

pcak. In this \\3\ the .;entroid cnl'rgi.:s Jnd Ihe inl enl; itie'i of tilt: pca].,s in Ihl.' spec lra .:m: 

ddl.'l1n in ~J . 
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Tab!:! 33 Doppler sruftcd lines found I1llhe 35' spectrum 

E., I keV I E, ( .l5' ) I keV I 
151. 2 .. ---__ -'-'=-'--~ _____ 153, 12 
.156.84 

51·1.21 

614.61 r-- --
616.68 

619.68 

622.2 1 --
643,02 

644.47 

-, 

35896 

516.92 

6 17.1 

6 19,44 

622.57 

646. 19 

625.17 

644.70 

0"7.22 

648. 7 
--------~--~--------~ 

662.44 

724.16 

733.09 - -- --. 
H 8.75 

666.62 

72N 59 

736.53 

75 2. " 
1.043.35 1.044.35 ---

__ -"1.-"0'-'55"'.2::.:9,-'-____ --:'1 ,-:-:058.49 

1. 162.16 1.163.65 ----
1,18.1.64 1.1 87.97 ----
\.234.2 I. 239.Q7 

1. 88 

2 12 

2.71 

2 . .19 

2.76 

2. 89 

2.96 

1.68 

2.75 

2.38 

4.18 

4.43 

3.44 

3.65 

.1 .2 

U9 

4.3.1 

U7 
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T .. hle 3b Doppler ~h i ned lines found m !hI! 1 ~j>I.'Ctrum 

E. I keY 1 E,e 3-'1 11.c\' 1 \E . 1 ~,\ ' 1 
i 

1-19.98 151.3.1 1.26 
51·t2J 51 .55 I. :? .t 
61-1 .61 616.58 1. 85 
616681 618.58 1.69 
619.68 621.71 2.05 
622.2 1 62", 9 2.6J 
6-1U7 6-1 U5 1. 79 
662.-1-1 666.02 .l .S8 
72-1 ,16 727.68 3..15 
733.09 735.72 2.63 - - - :r -

1.1 83.6-1 1.1 85.0-1 U 

1. 288 .. 1 1.290.0-1 1.75 

" 

• 
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I':lble 3c D0ppler stuft~d lmes found m the 1-l,J 5 nun 

E., [k,V I .!;. I 143' 11 keY I ~ . I k \ I -
149.98 ' 147.04 2.79 -151.24 14 1.(14 4.05 • 

I 193.9 
-~----

192. 77 113 

631.62 
~-~ 

630.0. I <R 

61.1.02
1 640.76 2.26 - " 6H H 64.1.37 I 

~ 

777A7 77Ll8 2. 15 

78257 1 781.21 1.37 

1.014.62 1.013.34 
, 

10 2M 
-~~~-

1.031.3 11 
-,-

IA6
1 

1. 029. 85 

1,043.351 ~ 'r 
IA3

1 
1.041.92 

! -~~+ 
1.064.69 1.063 .28 1.41 

1.07 U 41 1.069.93 1.51 

1.078 1.076.6 1 U9 

1.096.17 1.094.7 1 . 7 - - ---
1.099881 1.l198.3 1 1.58 , 
1. 115.95 1.11 4.49 1.57 

1.1 74.04 I. I 72.0Sl 1.96 

1.1 77. 11 1.1 75.59 I. 52 

1. 183.64 1. 182.08 1. 5& 

1.21·4.05 1.2L!.33 1. 7 ~ 
- ~--
1.218.28 1.216.9: 1..16 

~--

l.23-!.:! 1.232.55 1.65 

1.:61.06 1.259.01 2.05 
L , 

1. 274,36 1. 273.03 1 .l.l 

1284.36 1.282.53 1.8) 



~ 3d Doppler shifted lines found m the lol~' spectrum 

--". 1 keV I E>( 1~ 5° 1I ~c\' I ~'. 1 ~c\ ' I 
175.69 In ~ 2 3.17 
217.15 215.78 1.37 
619.68 6 1 7 . ~ 5 2.23 
63 1.62 630.57 1.05 --- - -
643.02 6~ O . 63 2.39 
6~4 . 17 6~ 1.89 2.58 , 
662.1.1 65') 66 :! .7g 

708.23 706 ~ l I 8 

733.091 n9.51 3.58 

768.97 ' , 766. 12 , 2.85 

77 U~ 768. 18 ) .26 

777.B 775.78 l. 75 

1.0 l H 2 l. 0 11.~ 7 3.1 ; 

1.017.B l.01U8 2.57 .-
l. 08l.9 l.078. 1 3.8 -l.08H.l 1.082. 15 2A8 , -1. 261.06 1 1. 257.01 ·U15 

From Ihi! many dClc~lcd tines those lines \\ hose Doppler shul is identified 3rc listed til 1 lbles 

3 ( a d), ,·\ s indicated in the 13blcs only :1 small ponion of the \0 131 of some 300 linc., 

exhibit J Doppler shifl bY:1 \Jlue from 1 10 .. L5 I.e\', The rcason fo r \\h~ the mJjoril~ ollhe 

lines do nol exhibit shift may be the longer lifetime of the sllies. BCCJu~c . if the lifeti.me 01 

Ihe st:l le io; laroe nuclei ~'ould de-excite onl\' lOcr the\ m : 31 re,' or ahoul 10 n.· ~1 The fld . .' 

Ih :lI "orne of Ihe nuclei may nol JI13in th e required recoil speed in order 111:11 the ... hil l appc.:ll' 

domin:uuly I.: Jn .:llso Jllribule 10 the .:lbsence ofthc shiH. Also. the "hilt 01 cJo"ch "p.:l, cd hn c:<; 



-
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could be hidden from beino ide lif d d · . . 
~ n Ie 3n In so domg conlnbule 10 Ihe decrease of Ihe 10lal 

number of shifted lines. 

Ill .... Ilid;;;.' pl,; ...... ,lw ... : .. ;" ... ;1 .... 11. "" .. . . ',. ,. " " _ - " -'" ." " .... ~ n" ... ,"" ..... , .,,"" ... , ... ... , ..... "U", 

., -..•.. ~ ., ,:.". r.- ." , , 
" " 'e-"C"" •••• -

. .. , 
. -. 

• 

The id('nlt lic:llion of the re.1clion product nllck i i~ done Iw ";C'lllp:l11ng Ilw In:ll~~cd -:n~' I~ 

, . 
• 

1.1hle -I. Th::ir len:1 t,'ncrgics. "pin ~ 1:lIcs :tnd lifclimc of ' • .'."\c ile<l <: Ial(' <; 3re JI<;o in ... luJ:d 10 \.: 

1ll 0r~' intclln:lIion :-thou! Ihl! lihiftcd lim.·s. C:l/cuJ:lIcd \':lluc<: 01 the \\'~' I S SkOrl C"lIm:lle 01 1111..' 

";lI;om: shifted fr:msiliolls. Jre gi\'cn in the 1.1r.lc. The calcul.1lion is onh mJde for lh~ 

rr:lll"itions who!'e li lellm(.' ml·J.~urcmenl is pub~shcd mlhe Jbo\c menllonl'd put>h~:ltlnm 
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Table oJ ~\lcI<!i who$e ',-transinon expcnenc;;: Doppler ~ tuft together wnh th': lf h! \ d ¢nel"ID- . the corre'\pondmg 
g:i.lll lllLl tran~1 110n energy. lfUtJaJ and fmal SJllll ~ l<il e). expenmenta! .lIld theoreuc"l hti:tune \,Llue~ "nc! tlldcr or 
mull1pobnty Tw IS t:alculaled 115m!! WC15SJ...opf esnmalc 

"\"IK ki El•v E., I, I. 
(MeV) (~-kV ) 

T" T. r,i. 

~ : Sr ~. 1 -l 2 616.68 8' 7 , 
- 3::;-: -, 

708.23 T 5 .) ~ ) I 
--------, 

5.569 1. 2 1 ~ . 2 8 12 , 10' F'l 
-

~JLr 356.8. 
- - -~ - -
2.360 768.97 

-+ 
1.91-l 1.096. 17 21 2- • 172" F') 

----
5,6H 1. '2 1.t .05 29 2" - .., . ..,. ., . L2 

6. 07. l. 2.1n J 1 2" - 27 2" 1:2 

SJ 8 r 1.1 77. 11 

1.28U6 
~ ~ 

8J y 1.078 

8'Rb 151.2 I 51. 2.t ) 2 5 2-
~ 

51-l SI-l. 21 92 5 2" 
- -----

• . 757 622.21 " , ., . 23: 0.) n. 1.1 , I I 
------- , . 0. 1 0.11 ~d l -L U5 6.t·U i :3 2' - 21 . 

J.7 17 662 ... 
---

6.335 7nl 6 .l l:t · 29:t 0.2 0.08 , I I 
~ 

77 U. J3 'T - 312- 0.06 om , I I 7, 106 - -
). 191 1.0 l H2 21 2' - 17 2' i 11 1 1 EI --
2.-416 1. 183 .6. 172' -1 32 1.1 16 1:.2 

----
g'Kr 1.261.06 

~6Rb 2 .. 16 733.09 9' 8' 0. 35 OOS , I I 
r--

777Ai 7' T I. 558 

35.78 1.1 62. 16 10' 9' , I I 
-

619.68 •• 5' .---- .-1.. .... -u Sr -------
6' 5' "'IV . .. 30 6 1H I --

8:8\ 10 7.322 1.1 15.95 16' - Ir 
~--
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of the \ ':1rious re:"!l' tion product nUdei d ' . " 
unnS the ('ml"~lfJn (I f th l.' . ·Iin .:\ ~ lk ul:lleLl 

Ir('1n the .. lope of lhe .;urYe is <;hown in tab!:: 5. 

1 "pie .:, ( \' \. I \" l l lle ~ !ef \'<inou~ nud'(:\ dUnn!! Ih~ eml"'''n " ,' . 'n " I I _______________ . .,-. ~~ .ill1''''1']' ~1 'lilt ! lu' 

:-<u:h:i 

~ 'R h 
----

'~"/ r 

f ' Kr 

~!S ! 

~Rb 

E. I \ lc") ----- _. 
1.18'.6~ 

I. 23-l 2 

619.6' 

I. 26 I.Uc\ 

616.68 

i 33.09 

.~ 

; , ~ 

ditl crenl Irr' nl 1 jl: dll.:' 10 the' f:l..:t til:lIlim::;lr rcblion nClwcm em:rgy :Iml ~ h :lOnd num~cr to 

of lh~ :unpli fi l.. r .1Il .1J~ z...: r ..,\ ::> !~In. Thes.: un":l.!t1:linti ... s l r.: IgJlOr.::J in Ihl.' :lllal\ , \,. l~ II b 

u.~ uJ. !J~ J,m .. , h, ~impJ~ thi.' lini.ng pro.::e ~s. 

T11 \,7 tid Ih.lI E \~r"'lb "; 0..,0 pl," i ~ J ~lrJ i~hl Iinc. 10 J good Jppro.'Jm:l1ion i~ :II1 ' ~X"nlnl 

(' , . k's the t.:alc ublion of Doppkr ~hif1 
o:.,Il,rc \ J Doppk'r ., hift h,,·..::IU!o, t" Iht:: .. J('IP': of thl' !;Uf\ t' rna e . 

. . '1' I pJrJT11cter in D~ \..\ ! m..:Nlwn..:nh 
alt -.:nu:1lion b elor F ( T ) in solids po:,;;ible. :In Ul1pOl ,In . , 
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Conclusion 

and on th e 1I11(i:11 n:colJ speed. LincsilJpt: .:tnal~s i s 01 the ohsCl'\ ~d ' llc:d f J u,ulg \HUll 

in;') t-><:'Iion t'1I3blt! the identilicJlion of the Doppler shined lines. \lan~ hn.:, h;\\c ' hmll1 Ihl' 

dl~"; 1 \\ill1 a ~ hil't ranging fi'om I ~t:\' up to ~ .5 keY. [\cn though there i ~ nn I\ell JdiO<'J 

and SII':l igh l lorw3rd techniquc for identifying Doppler ~hincd lincii :I .:omhin-:\! COClfl "I 

person;!1 j udgment and the u~e of a complIler prn\ ided the r('\~<:ihili" !Il li" 1 "111 III 

'
""I' r ,", . I I····~ Ir, .... ·~' !hi;; ~ ~ !":"' I·Jd,. ! !(, II :\'..;!" 111 '.? n n l, " ~'" ' _ .... - " .. ..,. -

""" ., , .• j. 
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Appendix A 

I. G'InIllJ .·l cliv;ly and >;eulron .-\clivation An,lv,i, S) Slcm ( G. I>;. \. IS ) ,or"~t., of ",, ") 

moduks ( see tig. 21 ). From aU these Ih" rdl.:\;lIll ones in Ihc aJl:ll~ s is of Ihe d:1l:t l i e 

P:lJ".1me tc'"S SeTUp and Analysis ROutines. 

P:mlllleter<; setup roulines include ditferent c:1libr:llion proccdtl rl.: ~. :md re<;uJt in :In IIlpUl til e: 

\\ hk h specifies .111 the parameTers required lor all.1 lysis of a Slx·clrulll . The an.1 IY'lis pf .1m 

on th'" olh~r h.1nd penniTs the selection of Ihc appropTi:tlC input lik . and The '1PCClf:l To be 

;m:ll~ ·<;ed . perfonns Ihe g:lmma r.1y speclnlm analy<;i~. and displa~''l Ih l" ft'~tl lh I hl' result ') 01 

;m:llysis an~ sfored in a lik so lh;1[ il (ould be referc:ed 10 al an~ time. 
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MCAcard- MCA card 
External MCA EXlernal Mc~1 

Spectrum reformatl ing r-----j Spectrum transfer 

crrS~P·~E"· ' .' . ., . 
'::: "; ".-;:. '. ~'." 

. RESULTS 

User's input Parameters setup Spectrum analysis 

---. cG~0 

Concentration calculations Act ivity calculations 

User's input Utilities (libraries) Efficiency calibration 



., ,-

, .\ progl':lI11In\! tlsl.:d 10 Ir.lnslC r the Slh:c lra 11110 a 1'01111 [\':tdahh: hy G.\ :-';, \.\S. r h..: 
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A ppendix B 

I 

:: 1 Channel :: 
I Entered Encrg" Fined ent:rgy 

I I 
· ~9~ . 85 

(keY) (leI ' ) 
-~--":":':'-'-'-125:62i'-

, 25.-19 

---2-- --~~~----~~-----
79q5 1 97. ~ In~8 

5 

_ _ -:-:9_:_09:-. _:_58:-,-~ __ .22H 7' " __ ·un 
J .~-~J_.'_- J ____ }50.0~ J50.2fi 

_~ ___ ~2_. _� �c:5-'-.�c:3 ___ -'~ 7__ 5 [J..J~ 
6 2.292.7' 555.56 ' 5"5. 9 ~ 

:'\uclci 

~'Rh 

~' Rb 

-~------~ ---_._----
7 3.1".?6A7 779.51 779~" ~! Kb 

~ . ':-'-'---":": .-:-' -::'----"-'--
8 3.65;.8 1 882 . 1~ 1 882.2 

9 ~.9 1 6. ~5 1. 183.8J 1. 183 . X~ 

___ I:-:O _____ -:-6.:.:0.:c89:..:..=->J.~--__ :..:.1 A.:.:6:..:~:..:.1:::6 ____ --.:U6~ . 38 _____ _ 

1.~I---_:_i ._:_70:-:3:-:. 5::8 __ --.:1-". 8,,5:.:0.-::,. _=-' __ ---"-I. 850 .•• 
12 8.0-U.37 , 1.93 1.76 1.93 1. 6X ---- ---'-. 

Tab!>: .. I it).'': ~ ~I~l'T<!d ri't'm th;! ';I':!,'!r~ ,11 ,r In \~mr l': r!,;: :1h!l ef<. \I ~ Ul.'! th o! .:n?~- i>'lhl'f"llI(ln ! -':.:" "'h('~: 
r\t:~:"1 r·!.;:,I;Jbl.:J . ildi~.lr<! d 

- ----- -- -- Ch:lIU1d ~ Enfc rt:d ~n~rgy Filled t:1l1.'r,g.\ \"u\.!l:i 
( l eI' I ( kel' ) 

. 95.97 115.61 125.7 
I 

191.99 t 'Rb > 777.05 19.1.09 -
3 910.29 215.15 22 -1 .89 ---• lA33.3 3. 9.8 350.1 

5 2.117.27 513.93 ; 13.83 s'Rb 

6 3.113.3 1 i78.5 ~ 7iS .55 ~'Rb 
.- - ---- --------- ------ --

7 3.6 51.16 880.95 880.93 

8 ~.15 3.S 5 1.001. 05 1.001.22 

9 ~.909 . 5 8 1.181.69 J.I nOJ OIl ~ lo 



Table 8 Lines sdecled from the s{)<!C!ra al OQJ !o setup paralll~ I\"'I'S ttSlllg Ih..: eneJ"g} cahbrJllOn ~ ..... h~ /lud':l idenlltied are indkaled. 

= Channel :: 

.-

2 
, ., 
-I 

5 

G' 

7 
~--

8 

9 

10 

I I 

12 

, 
3 

5 

, 
-I9U 

909.35 

Entered energy 
(keV) 

115.38 -- 22-1.67 
1.432.9 350.0-1 

2.118.25 514.17 
2.292.88 , -- 555.8 

Filled cncl"g\ 
( kel' ) 

125.·U 

22-4 .66 
-~ 

.1-19.98 

51Hl2 

555.S2 

~ 

" Rb 

" Rb - ---
1,66.106 : ~-

~ly --
R'Rb 644..12 64-1.41 

779.26 779.22 d' Rb 
3.n6.3 -4 

3.6:-5.87 881.9 881.01 
4. 916.43 1.183.6 1.183.63 *'Rh 
5.680.1 1.36(,.4 1.366.36 

6.089.15 1.-46-4 .25 1,4(i-4 .21 
7.703. 73 1.850.-11 1.85(1.43 

-1 95.66 125.62 
~-- ---- 125.6-4 

192. 54 775.05 
~I-

9 10. 1_-1 __ 

1..t32.96 

192.S5 " Rb 

22-4 .9 1 J 22-4 .89 
- --350.Q7- " Rb 3-19.79 -,,-__ 

" Rb 513.9 2.117.28 513.69 l s'Rb 
77878 ___ ~7~7~8.;6~;-~:=~ 3.223.24 . _ ---.-6,-----':.::::~~7~---· 880.95 880.98 

7 3.650.9 1.0<lJ .. 
·-'------:4. 154.53 1. 0<)] 5.1 

~ 1.lg1.t18 "19 ,- I.IKI. 9.1 
9 -I . ,( .. ::)'----~-;:~;z- 1.461.58 

I() 

II 

11 

'·.(1 ', ".7)" 1.-461. 85 
_ v - .--- LH-I7 .... 5'-_------

7.6~ U-l 1.8-17.3 1 _ 

8.029.68 1. 928.-11 _ 1.928.3-1 
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\'u~ ki EnlCrt;d c:m-rg,y I Fitt \:J cnl'rg.\ 
-' (keV) I ( keY) 

------~IT·-------.~9~.~.i=i--~~~1 2~5~.6~2TI--~ 

--- 0 795.38 197.39 

Chalmel :: 

125A 

197. 37 
) 909.79 22<.66 22-l .7i -U 32.93 350.0. 3; 0.01 ~'Rb ----------- ---
5 2. 11 8.8: 513 .92 , ;1 • . 19 s'Rb --- ----- - -

3.21li. 81 779. 51 : 6 
-------~-~----

779.37 ~ ' Rb 

7 3.656.1. 88 1.9 882.11 

8 .. 916.8 5 1.1 83.6 1.1 8., .7. s'Rb 

9 5.337.93 1. 28<.561 1.28 • .• 7 s'Rb 

10 6.089.96 1. . 6<.721 U 6U 5 -
7.70-l .211 1,850.421 

8.0<3.32 1.931.281 --- --

1.850.38 

1.93 U 6 
1 11~-~~~---.-:~::.:7---~_;_;_; 
12':-__ -'-__ _ 
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