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Chapter 1 

Introduction 

1.1 Nucleosyntbesis involving unstable nuclei in the early uni­
verse 

Th•• Manda rei Uig- ll anp; mo<k•ls (S~ l s) have S fl crr·~d cd i11 t.ilf• primordial nllclt•o,;yllt h~si., of Ji g, hi 
l' iNIIl'llls . .!11 these 1110dcl s. the prPdirl,•d ahunda11rcs of light l'i('lllcnls up to A1 = T. whicl1 are 
IHI'SIIIlWd to be sy nlhcsiwd in th~ firsl thrc0 millut<·s of hoi llig,-D<>n g, <'Xp<tn,ioll. ;u<' in 1\00d 
agr<'CI11CIIL with llw ohsrrn•<l 011~s in l.hl' old<•sl.-mNal -poor RIMS. if lh<· ha1-_ron d~11si1y nf 1h0 
Ullivrrsc is o.o:l :":: flfJh .1.n::; O.OG [I. 2]. li on•. fla is lh~ nuio of tile prPSC IIt haryon d<'IISily lo I hc 
rritiral d<•nsity. lla = f'H/f'C· h5o is tl1e .llu bblc toiiSiiiJII, / 10 , diridNI hy 50 lon /~'ipr/s<'r and 
its rang;l' is O.R < h,v < 2.0, and,,, , is tl1o rriliral cl<•n . ity2 wl1 ich margi nallv clo.-.•s I ill' u11ivcrsc. 

On II,<• otlwr hotnd. th(• lola! mass clc11 sitv nf 1-h<' u11ivcrsc, wl1i rh is ostimal<•d by observ>ttions 
of the IIIHM- lunJinosity ratio in I he cl11sl<'r o1· SliJH'r clu>tcr of ga.la.xy sntles I~ 20 ~ l pr. t11r.11s 
oul to he flo = 0.3 ~ 1.2 [:l]. ll <•r<'. t it<' subsnipl 0 IIINIIl. Iii<• pr<'S('Ill. va lu~. Th<• dill<•n•IJr<'. 
fiR << H0 . sugg~s t: til<' Pxislrllcc of invisibk mass. which is I liP so-e>J IINI d~rk maltrr [I. 2]. 

H ·("('Ill OUSN\'~IiOIIS [·I] or rich clusiNS of o·alax.ics 11 <1\0 illUicawcl v •ry Jar<>"(> bnrvou frac·tiOII. 

D.H / S!o == (0.2 ~ Q.:J)h.;~l/2_ l n til<' lll>trgiw·dfy
0

ciosed-uuivers(• lllodcl.flo :: 1,711<' b;,-ryon-dellsity 

pil ralllcler iJeCOIIICS D. a= (0.:! ~ o.:l ) h .~;t? _ whirh is lll<lll.Y lilll ('S la.rgcr I""" thr. M> pn•dktion. 
!11 a11o1 her ms UJ ologiralmodel of til" fl11t univ<•rs<• flu+ ,\0 = J with, lor <'Xllnlplc, 1!0 = O.:J and 

.\., = (l.l. whPrc Au is tlw cosmological C<l11Sia111. it b<•comcs fla == (0.06 ~ 0.09)11;;tl_ being 
111 argina lly consist.Pnl wil h tl1 P SMs prcdirtion. It is tOIItrovrrs inl wh0thrr w<· IIPI'd finite :\ 0 or 
not. in order lo mak0 a mod<•! of the realuHivcr,<• . Therpfore, it is stirl im por i<UI I and rritic;d 
to look for I h<• reason that th P obs,rvNI baryon fraction , fla / 0.0 = (0 .:! ~ o.:J Jh;;1; 2

, is likely l.o 
be largrr than the SMs prediction. 0.0:1 ::; !lalz,(0 ::; 0.00. 

Rccclllly, inhomog<'UCOIIS Dig-H<ing lliOdrl ~ ( ! ~ I s) . wlli ch allow l;ngrr na ~ 0.2/, ; 3
/

2 I han lila I 
of the S~ l s predic-tion. h>~ve been proposrd 1111d intcusiwly st11dierl [.1 . (i. 7. ', f). 10]. ,\lt.lwngh , 
if seems that, ev<'ll in tlic IM. tile lllarginHIJy closed unii"NS<• with onl y baryon s, fla = I, is 
ruk·d out. t.hc prcdict<'d Ha ea 11 <'X plain I ilr larg<' ha.ryo n fra.ctio11 as ohsrrvcd in ri ch dust<>J·s in 
fliP tlllh'<'rse monel for flo = I. 

The !Ms assunJC' that tho baryon de11 sity in th • early 11niverse was inhomogeneous . whil 
ll~t• SMs asstllne a llotnogeneou. baryon drnsity. One ca ndiJatr for 1 he origiu of illhOiliOf\<'IJCity 
is batied on the q11ark-hadron pha.s<• lransilioH occurring around 10- 5 sec after tho 13i g Bang 

1 A .is the atoltlic m a~~ lllllllbt"r. 

l Pc ~:~ 11~/l:i .... C:; (lis the E!,ravit,atiou;t l com•ta nL. 
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~~ \1111 tHllt \' 

Ill ~ ,, 

~1 1111 .. .\ ~u J 

'] 1::11.-£ 
... lllt 1 

[ .... ] 

. 
"" 
" Ncwron 

Fi~ure J.l: Hca(' lion-tH' IWork diagra111. TltE' rPa(·t ioll rht~ins con siderPd in tl1 c l l\ ls f:lr(' shown . 
ThC' llorizqntal axis if' tltP lllllllher or 11 ulrow~ and tiH· VPrtical axih if' llw lllltlllwr or prot ons. 
Th•' while box sl1ows lhl' ;J-dccay llucloi a11d tlw gray box s l1 ows 1hc s lah\0 nurl('i. 

<Lrtording t.o !•xpandi11g and cooling til(• unh·<'rse. if il.!, tr;111 Sil ion is of fir" I order. ,\ loca ll _v 
iuhOHIO~Pill'nn~ h<1ryou pla.:mHl is product•d by <l firRI-o rd {' r qua rk-hadron plt as0 tra.Jlsition. l1.1 
additiou. li<•rau s<• fh<• nr•ulrun~ difi\IS<' out from lhf" ba1·yon plas m~ "'or· <'n:ily 1.1"'" do lhc· 
proLon :... which an• i't11 rtlCLt•d b~· Lhe dt•(·trons. high-dt' H t~ i1 y regions '':hicl1 <Hf' pro1on ri c It and I w­
<knsity regions wllirb UP u.rutron rich would h<• p.todnced. In order to reproduce tlw obscn ·cd 
lighl -clcn,rnt ahu11dan f"S . a high b~ryon d<·n sit yof fla ~ 0.2 - 1.0 is required i11 tllf' 1\ 1 nllin'rH'. 
whilt· ;Li lllip;ht hf' ovt1 r-pr·odu('cd. llow<•vcr. rN·cnt astrononlira l obsP rvaliuns of dC'utPrium 
absorplion line in Ly man-n clouds a ion?; 1 h<' line ofi>ight to hi gh rNI-,IIil"l qnas;Jr:-. ha1•P "'~<·:-.lrd 
11('\V iii H'rprotation of lli C' ohse.J'V('d 7 r.i abundanrc. ~anwl,v. tltc obfiCI'rcd jLi ahundatl('{' IP\'('I 
in oldc·sl-llt<'lld-poor ~tarB i, the resul\ of largp d e pletion~ from bi!(hcr primordial v;duP, which 
is ronsisft•nl with 1l1<• ltv!> prl'(lictiOII , 11110 that hoth dcuteri11m and li tilium ahundanc s ar~ 
<'Xpi;Jinrd i11 th<• !M s with fl& ~ 0.2 [I 1] . 

,\ hig; (\ iffrrcnc<· is fou11d for r!Pnlcnts ahOI'<' i\ = l:i; """'ely, th<' ahn11da11<·cs tm•dirl<·d by 
1 h'" l ~h i\ rc lllllth l<~r!(N f han I bo,e of I h<• S,\•1 prrdictio'' by a few ord<•rs of magnilrl<l<•. hcntu•<' 
rtt.'lfl,ron - rirh nutlidc'S plil,\. in1portan1 rol<' 10 Ry nlh<'sizc\ hNWiC>r el~mf1 01.s iu 1h l' 1 ~ 1 u1dv(•n..:t'. 

Figur~· 1.1 sl,ows llw rNrction ll!'lwork arnt111cl A = .12. IIPaviN 0it'lll<'llt' arP f<>l"lll<'d wh .II t il <· 
(<'III!Jcrn.furc uf the univ<•rs~ is nNlr T!J = J ('f \i = 10" 1:\) . 

In partir11\ar. t il ~ ma in pnth in IM nurloo yut.h<-:<is is 

111 ( " ·'i )l ll (n.) )3ll (u.11 )'1"Ji 0( L) )'Li( 11 .1 )" Li( <>.n )11 l1(11.1 )uB(;J11) 12C. 

whc r~ 8Li , whuBc hai r life is tO 1\l~e ... is the k<')" elcnrt'lll. while the thrt"-bod.r reaction :Jo- 12C' 
is t.hc main pal.h in SM lluc l <•os_v ll t h~·sis. 



Otl lit<• olit<•r lt:>nd. lit~ ~ Li( 11 .1 )"Li ""d ~ U( d .11 ) ~' !Jc rrm·l ion s COilliH'I<' wil h 111\'llt illld <·xltiii\Sl 
~ Li , up to 50% [!J]. 

In ordr•r \(J invc•stip;;dc lite ft•<•Rihilil y or lh~ I Is. llw ili)ttttda.nr!'s o r I he <'i<'lllcnts ,JtOttld IH· 
caJnd"lt<·d t~xt(•n s i\ · t·l .v nvPr llr f> c•ntin' rrac tio1l nc•l\vork. ll owPvl'r. il10.,<' ll('tllrun- rirh 1111rli<IPfl 
which takro part .in 1). 1 uufh:•os,\·nliH·sis ar<' n10Htl .v nnst::1hh.' ;l gains t d-d1•ca.y. ancl1hPrP10n• tit<•ir 
r ros!H ... <•r tion data whirh ntn IH' ll ~{·d to nllrulalt' nuri('OS,rtll h<•sb ill'<' liitliH'd. IH•C '<Jllst• it is 

di fArnJ 1 to pcrl'ornt ex pcd ttlt•nt > lo IIH 'i"u r<' t hPm. 

Th j~ tlt< •:-, i.:-. invo[v('(] a 111 (' i1 SliH'II!t' ll1 of the' kt·y I'Partion ror (;\ Is. ~Li{n. 11 ) 11 1L usirtp; <1 IH'W 
l<·rltttirpt<•. which is dP, crihcd in tltr• J'ollowiu ,~;. 

1.2 ~Li((\,n) 11 B reaction 

Sottt<' c•xppt·imenh roltr't'J'IIinp; th e 8 Li (a .n ) 11 ll rt•;>ctiott ha1·<' IH•Ptt pNfnmte<l, in spil t• ()f !I"' 
dilnrultit•' rl11c to lit<' sl10rl. li fel.iul\' of' 8Li. 

Ott<' ~x 1wri nwnt tJ ~ iltfl: "" iuvPr" reat lion. 11 ll (u.t1)6 Li. '""' prrfonned hy T. Paraddlis rl 
ill. [ l~J. wldch pro1·ides illt rxc italiou f'unctirllt for lilt' <'I'Oo' sN' Iinn <lf th e 8 Li (n.ni 11 B(p;routHI 
!-. l a t.t•) rr::.r tjon. OUJ(ll' C'Xp(•rillH'IlfS involvin,g; :.1 di1n ·t-inrlu:•:h·r: 'rnol."1U-rmr·nl with a ~ l ul!iph•~ 
Sa tuplin )\ lolli ?.a.lion Clt<l ltdJrr (~iJl i S JC' ) · t~· p<• dctPclor [J:l] wt•rr JH'ri'ornt<'d by H. llo.vd et 
;d. [1 ·1] '1.1 HJI\ E,N aud X. (:u rl a!. [15] at i.lt<• Nolrr- Datne- ~ l ichigan - Oitio Stat<• radioartivr­
heam f;~tility . whiril pt·ovidr a 11 •x<'italion fnnrlion of l it e rross ser lion of i.h<' gLi(n .n )11 U(a ll 
s(a.I<'S) rP'I.tLiou. F'igur(' 1.2 shnws I he I'('' lilt or I heir tnN\S nremel ti.S. 

Th P ohscn·ed rrnss ser lion or ilw littler is li vc- l.intrs larp;PI' than tl1al of I liP lilrJtJN at t'l tNg)' 
l'<'l!,iO'IIS wlwre I heir cross s<'<·tions ovNlap. Di s<· J·epan<')' het ween I hrm is attributed 1.0" difl rr<'ttet' 
inti"' liual s(ales of 11 B; I he former includes ()Jti,V th e groJtttd -statc tt· "u ~> ilion. wherNIS 1.111' hlltf'r 
includ <'s I ht• excited stales "' well. ll owrv<•r. the l<>li<• r measu rements '"'"" 111>l direr! h• obSNI'<'< i 
tltC· individnill final state. or the 8 Li(o.n) 11 IJ t'Pact iou. . 

Ou the olher lt ;~nd. S. f\ubouo cl "1. [ IG. 17] and Z. Q. ~ J anel al. [ IH, 19] "' "'" ' "·~d 
lite branch i ug ratio frotn tlw exri lNI st a l•· of 1' II to lit <' va rion s ol.al.cR of 1 1 H I hrottp,h ill<' 
~ UP(n.p) 1 2 il"(n) 1 1 H J'('<l.CLion. These ex pPrilliClll ' olMNVt'd a ciPnty front spcr ifir lt•wls or " w 
'"'"r to an c•xcil<ttion 01lCI'J?;.V of IO.o MPV. wh ich is withi11 lite Ga1nov pPilk or '1;, = I. hnl th<• 
illf,J'<'<'tneul of hotl t PxpNim<·nts is not g,ood. lu add it iou . t lt rir cxp<·ri nwni R may nol popu la lt• ;dl 
of tJw inl1•rtt101Jiat~ staLl'S rclc•vant IO til e 8 Li (fl. t1 )11 Jl I'Citcliou .• \ Sllllltnill'}' of titt'i r lltCil"tn•-
111<' 111. is giveu itt tabl<• 1.1. Th0 lt•\•el srltt'lll0 rcl<'vilut to the• Li (<t.Jt )11 B r<•artion is shown in 
fi gure 1.:1. 

Th<•re is "" cxp li cil evidence lo iud.irale t lt at t it <• tot;! I noss l><>tlion i fiv -ti1n0s largc•r I)"'" 
tl1e grouud-s iaic c1·oss st•clion. llccnuM• tit<• loial noss secli011 i; imporlant for Psti nt ali ng 
ti\C a bund a tH'l'S of the ell'llten ts. we s houl d know the 101"1 cro" st•clion witltouli iJ<• amhig;11ity. 
The refore. in o rtl er to olve t lw prob l<• n1s. a dircd-uclu. i111 1/l((L.'UI mwl s l1011ld be p rfornt ed to 
d<·t Ct' lt1 iII <' !.he rxci '·"'ion fttnrl ion or the CI'OSS Sli'tt iou and lhr branching ratio or Lht• 8 Li ( (l.tl) I I II 
r('action. li enee, we p<·•·formed. for tltl' first timr. a diru·t -r:rt'lll .•·ir'r' m.castM'mr~tl with Ll1 0 
~lultipi<'-Satnpling and Trark iug l'roporliuna l C'ltantber (MS'l' PC' ) [~0], which is d e,;i~n<'d to 
measure rt•a<·Lion> iuvolviJJg ltt"labl<• nurlirl~s in th~ low-cuerg_\' r~gioll. 
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J'igur<' 1.2: I•:xritat ion fund ion~ of t.lt<• rross 
Se'dion lllNl SIII'Nf h,\' lh ~ illVC'I'Sl' l'<?arlion CHid 

t/irccl- indu.r.,·iN nwtl .'-lllt mcnl,s . Tlw ltorizo rl ­

ta l ;,xi~ is I h • t<'nlPr· ol~ ttta.'s <'llt't'g)' ( \Jc.\ ') 
an d tit(• VNtiral •xi s is ilw no"' s~r tio n (mb). 
Tit~• ll'hitP slars s lt ow t ltc• data of tl tt• rl iNf'/­
int/ll.f'irc mcastii 'P tllr ul at H 1"1\ I~N and the 
hlark stars show lit a l ai Nol.r~ D >~ lll!'. Till' 
dots s lto\1' tl11· dill" ft·om the lllr<\snrr•ttl(•tt( b.1· 
li!C' irtV0J'Rl~ l'('tH.' I.iOII . 

(j 

8Li(n,n) l1B 

sof-

J 

~ 
n. ' .. _ 

, .. 
" 

Figtt " ' 1.:1: Lev<• I >rlt~\11<' r•·Je,·>~ nt to IIi!• 
8 f..,i(rLn) 11 1J rf"arLion. TIH' \'f1r1kal <l._">;js is 

ihe reaction ~ t i<'QV of tlw ~ l.i (n . n) 11 H anti 
11 H(n.n) Li re<lrlion ,. nnd 11t0 ••xcil11liou <' tt ­
ergy of 121) in lvl<· \ ·. f h<• ~rouud , lain of ll ll is 
"''' lo I ill' origi.n of iiH• ''IIN)!;.I' snde. Tile p,ra.1· 
IHnH.I indicat.0s tIt ~ C:n1111JV p<>ak of' t;, = I. 



S. 1\nl>ono c•t al. [ IG, I'] 
I n 1',,/ 1' 

l ~ x (~ l ~\ ' ) J ' IIU lit 11 2 I I :~ Total 
IO.!J /2 }_ o.:J 1 0.0 I 0.17 0.1:1 O.li7 

Z. Q. Mao"' ai. / IH. l!l] 
!2 11 I .. / 1' 

J•:x ( \ lr•\ ') .J " "u llt ll:l li .J Tol<il 
IO.HHO ;j+ 0.12±0.02 O.Oi±Cl.OI O.:i:<± O.og 0.1 I:Ul.02 o.xo± o.or. 
10 . .5(J I r 0.1.;±().1)3 0.12±0.0:.1 0.·11±0.0:; O . Jii±O.O~ Cl.~O± o.o;; 

I 0. ·11 ~ < 1- llu+ •• 1 = U. 7X±IUI 11 1+ n~=O .f,R± IU:I 1.2.->±o.r, 
10.1 !)!1 2- 0.1 0± 0.02 0. 15± 0.02 liJ>O± O.Oii O.IH0.01 (1 •• ~.)±0.() .) 

'l'rthiP 1. 1: S111Jl [Jl;.lt'Y of IIH" hranrllillg,- r·atio 111Prt .... IJJ'l'!llt1[[1;.,. Thr· uppt~r tnhiC' j;-; j ht• n·-.ult or 
S. Knhonn ('/ ;JI .. Hll(l !II(• lowc•r tal>lc• is ""' rC'sUII or z. Q. ~ l nll " ' Ill.. 'l'hr ldi- IJ<Uid \WO 
colnnlJI !-i fll'(' I hP t•xdtal ion l•nt•rgy. spin (IJHI pa 1 it ,v of 12 H: n1 lllNlii S tlH.' 11('11(1'011 d' 'l'a_\ to 1 ht• itlt 
Sl<cl<' llf II B. Til<' "IJ "~•tc• of 10 .!j7:.1 \ 1 ~ \ · iJJ llH· •tppor iahl(' oii<>Uid C'OJT('Sj>Olld to'"" ' '""' ur 
IO.iili·l ~· 1 <'\ ' i11 tlw lowN tablc•. Tltt· fonll<'r n.,- bn>llridJJI( nttio is nnt COII <i»H•JJI wit it tl,r· lnit('J' 
(I([('. 

1.3 N ew t echniques and d et ectors for exp eriments with the radioacl 
isotope b eams 

Tit(' 1'{>('('0\ cl('\··clnprnt•Jd i) or ion ~(IUJTC'Ii ;:wd arrcl(•ralor tPdluiqu<•:::. IHI\'(' not. onl,v jlllPI'OVp(] Ill(' 

i 11 I<'JJsi ly of tllt'L<thl<·-11 udcar bN1 ms, llu· so-r" 1\vd r<ulioa.c·t i w -isot "I'" ( Il l) h<·a Ill s , h11 1 hal'<' a )so 
c•,,l<'nrl<·d t.lw HI spr•fi<'' far from Lltt• .J-s tahility litH'. 

In parall<·•l wi l h tl1c in1p1'{H'!' II If.'J1 1 of 1J,•c-tllt 10dllliquC'$. <'X JH'I'illlental Lr•rliuiqiH'S havp also 

""''" d<'V<'IOp<'d. T IJt• //lore ~It<• HI sp<'cil'A arc far fm"' tit<~ d-s tability litw, l it<• ll!OI'<' >~re llie 
mNc,urr ·nwJJto of nurlt•<n reactions involl'iJJI', lltr HI hcams dilnrnlt lo prrform. dJJ<'IO t ll<·liJJl ited 
h 'i:llll inl enf'it~' · Tlt(•rr•fo rl', ~t dcteclor wllicb t all nwasur(• l'('iKtions wit l1 suflld<·•ul (10\P<' tion 

cfOriP 11 r_v. and a L<•cl111iqu(' wldt ll c;:w bt• us<'d 10 JH'rfo rm t•xp<•rifl l('lll $ <•fl(.diw.J,v. art.., r('(plin·d to 
fOJIIJ)Pfl :>t:l {P for tiJp limi tC'd bram intC'n~ily. \l\1hiiC' 1.nauy <•xpPrim!'"nl s to lll Nts urt~ re :-wtion :-; IJ<t\'(' 

h('('ll pl•rforntNI HI I hro iuLC"I'fll(1di:.ll(' (\Jlt'rgr I' g-i'ons, (I r('w 1<'11 MC'V j uurlf'Oil. l'or exam p iC'- t>la stk 
sra.l t<'ri ng. C01domb E'xchatiou :.:1rH I so on. r0art io11 iliNl :-:.tlrE'!IlCHl.s at I he low-f?H(' ri!,,V rq~io11 nea.r 

lu lh<' ('ou lotnb ba rric•r have b~·<'ll fc•w. b'rausc it is di ffi cult to oblail! a low-eut•ry;y HI """ "' 
wj~j, s ufficioHI illl(•lf sity. 

\ \h~ hfi\'E' dt·vdopPd new dC'lrdurs an d PXp0rimel!faltt'ci1Hiqul'S tb lnPa~un· fusion rc•arlious 

nC'ar to I ill' Cottlontl• barrier iiii'Oil'ing the HI bNIIJJS ['ll, 'l'l]. Tlwv ill'(' il d •lt'clnr ".\'>' I Pill or;) 
lltull ipico sl;lcl;ed target wil It ~ I W Pl's'1 or l;trg<'-<ll"''a SSDs5 . As a powc•rful d<'l<'CI or syslc•llt whi clt 
h Hpplic~blc loa widc• r<Hl!';<' of t·~anion typt·s, ti1P ~ llll tiple- Sa nij>l i llg '""! 'l'rarkinp; (') ,<u ub<·r 
( ~ I STP( ' ) was d~signcd al!cl rollRI rncl<'d. 

Tit" MST P(' J, ;,s lhc rharad<•ri stics of both t.he Mttl l.ipi<'-S<u1 1pling Ionization ('It anther (t\1 U­
SIC) [23] >lJJil lltP Tillle- ProjrfliOJJ C'llltndwr (T PC). The ~ JL I SH' ll l(•asnrcs !,he sLoppi 11 g powN 
( d l~/dx ) aJong the parlic: l<• tnljectory passing through the cklc•rl.or gases . T it<• T PC nt.n measure 

'
1 Multiplc·- WirC' Propol'tioual < 'hiinth(· r. 
6Si Solid-S iul l' Dr tc<·tor 

!Ill' tlrrl'fl -diiiiPII " ionaJ ll'iljf'('IOI',\ nr 111\ll!ipl<' pan irlt•:-.. ' I he· ~ l li II'( ' f il ii 111 C'ti~ IHI' d l / d '\ ,\ IOU!.!, 

"lrllrk l(>r tJJIIItipiP pMtirlrs 1,~. lwiJJ)\ iJJ -roop••rflll•d \lith tl11• t< ·c lttti cpl!·s of' \ ll' 'i l(" Hlld 11'1 '. 
thu s JH'O \'idi1rg lri rt,h ]H'rfornHlii <' C' i11 !Ill• P\~>111 -1'><' 1r •r1ilJH f'apahilit y. l11 cHicliti o 11 . b) l t l il i; iug; ! It '' 
dc•1t•cltH' g;.p;ps fl !'i ta r,e;4? t r.. ." S(.l-rall c•d ;.H·1ir'\ 1:11",E!,t ' l . tiH· Al "'i' IJ'( ' n ln dc>tc·n n •;H·titJ n:o- \\il lr a ~ u ll i 

r iP ttl I ~ f hick I;H -'C' l wit l1nur lno;;. iu~ <'IH\r:.tr inrnttllal iou: t ltPrPI'on•. 1 I1 P dPt <• t· t io11 P!li d P!l l'.\ n111 hr• 
sufli t' iPull.\' hiy,lt. !'ltf' r il'ruit "i ;~11d d:da-ar q11i :-. iti o u h,\' ~ lt ' tll Hl'rc>s:--;.H y l'or O]H'rtlline, !lt l' ). IS I J>(" 
l,;ll·<· a loo ht•r•n dc•1·<'!np<'d. '!!Jt• cl<•tai), t'OJJf<'l'llill .!\ tl11• CI IST I'l' i•t• • dr·"·riiJI•d i11 ( ' ill1plt •t ;). 

1.4 Brief su mmary of the present w or k 

/'In • " " P"I'iiiH' Itl tn lllt'a "i iii'P t h(• "' Li( i t . 11 }11 B t'(' tH' l inti dir£'rtl ,\ fllld l' X d11 ~ i \'({v ' ' i1 h ti H· ~ IS I fl(' 
'"" r"rriNI '"'' <ll tit<• IUJ\1' ,'1 .\ rr<'INa tor Bc•s('ilrr lt l · >~rilil .l ' (IL\Ill ') . . \ 1 tiJC• " "" '' Tilll< '. ti JC• 
''HP( t•.tt ) 11{' t'Pttc· tion. ,, Jddt Ita .., a :-. ituihtr n•ttrtloJt prnJH·t·t.\ a 11d wlto:-.l' dala an• ;.n ·r,il a hl(• J1 1. 
2:). LH . 21. ~fo.!J. w;.t ~ al so llU'iiSHI'<'d ~~~- t ht• JH'P"Pnt sy!, l.f' llt iu ord <' r to dH•r k t lw rc, li;.tbilit .\ oft ltP 
pn ·~ ''tll Ill(•! IHHI. 

I t hn~ hPf' ll pn.H'Pd I !tat tlw JHC·~< ' Ill IIH' ih >lJrC•tn('n\ "Y~1PJII t111d analy~ i -. JII'OCN!nr<' an • <·fli•r li \' r' 

to n11•;.h lll'P lhr l ( tl.II ).J- t .\' J>!• rP:lrtion a~t < l to t!l•1t' nniii C" it s rNtt tiou propt• r1i(' ~, by ro111parit1g 
lltf' lllt'M>lli' ' III<' HI and tltf' kurmn data of tit<' "'ac'( n .ll)ll(· l'l'ttt' li CHt. ' [ ]1(\ t'x citatiCJII fuu r tion of 
tiH• tro:,S St•ttiou of tltf• ~ Li ( fi.11 ) 11 1J l'f'itC' lion :llnl I liP ilH'r<lp;c•d IH' f:liiCIIill~ r;.llio lu tiH• \ · aricm ~ 
fin ;.d ~ L :l iPs c,f' 11 1 ~ h;t \'<1 lu•<•JI dc•l<•rJttill Pd IJ.r th<· pn·M•nt chnf'l-,;-rlrt .... ·it·r ouc,.;unnHnl u ~inc,tlu· 
\IS I PC' willt IH'tllrun rouult.• r ~o; . Tlr C" pn•:-.t•nt rPs tdt hllu\\'l-'0 that 1I1 c' prod~t c liou rro:.~ M'rliou o f 
11 ll ii" lnrp;-<'1' tit ~111 lhf' <'I'OhS M'rtiou clc•rivf'd frutll 1]1(• itJ\' C.:'I 'S<' r<.•actioll ( ILJ hy '' f:tC"IOI' or :2.0. 
nllltt~ r tint II by a fH t lol' of .1. \\ltir], i::- clrLiLLlPt! ttl lhC' t/inf'l - iucfu.,h•t· 11/Uib' llf'fi/H il i S [ II. 15). 

ll~t• <i<'n' lupllt•'n L of \lt c \IS ' I PI' b tl csrrib NI in Clt"plcr :land otlt •r <tppliralioll > of Ill\· 
~ISTJ'( ' a t'<• dcsrrih<•d in , I ppendix ( '. TJJ<• IJJC•as ttl'rllleJJt oft )I(• 8 Li (n.11 )11 11 rNtct ion i< dc·,nih<•d 
i11 <'ha pl('l' 1. <lltd lit~ •irnulalion mill ii JJiilysi; pror<·dur<' are dPscribNI ill ('haplr•r I JJJd ;;. 
rc ~:t p <'rt i n.J,\'. The rP~nll o!' t h<' ~ !.i( r1 .11 J 11 ll · n.);.KI io11 lll l\~ h llt '{'IIH'Ii t and t Ia' d i ~ cu:o; f-l.ious <t buu t IIJP 

rule• of lit<' "l..i(n.n) 11 Jl l'<'it('lillll in pl'imordiuinllciC'uSyntitl's is ;u·<• d<•scrib('(l in ( ' lt >lpl <' r li 



Chapter 2 

Details of the experiment 

Ill(• ••x pNiJ11<' Jil "'" t·<IITicd o<Jl <J>i<JP, tl "' I(!!, I·,.'< l'rojt•c l ik• frnp;ltl<'Jtl .~•• p;tnllOr ( !liPS) [·d9] 
;1 1 11!0 1111\1 ::1: .\.-n•lnalt<l ll "'"'IITII I';J!·i lil.l ( I!.\ Ill ') [:lO] fro111 ~t·pl<'mil!•r 1 ~th lhro<Jgh 1~111. 
IWJt1. riH• d(•tai) '; of 1l11' PXJH.' ritJH' Iil<\1 "<'I up aud Ill{' pro c{'dun•s an• d1·:-;c ril.wtl iu tlJi s t•b;qltl'r. 

2.1 Overview of t h e experiment 

ThP PXJH•riuwn f \\'(lS dPR- i.u.ru:d f(1r a rlrn t f-1 .rdu .... it•r mcrumrr 1111 11/ ol' ll1 f' ,.. Li ( n .n )11 1l rNlrl iou 
i 11 nrd('r I o clf!l <' nlli 11<' 111<· br;.utr hi~~ ~ ntl io ltJ t1t<' \·;.~ riou ~ PXfi t <.'d ~;; t n If'S as w~>l l as to I IH• ,e. roll nd 
R1~tl (' qf' 11 H. J'ip;llr<• :l..l ::; how~;, sc· !tl11lJilli r vi<·w o f tiH• P\':JII'ritll('!ll<d :-.Pilip. wiJid1 coJJ:-,isl<•d 

or ~ Ill ~lp parn ftJ S for prurlll('ing low f' !lt'l'f!;",\· Hl hPillll :" HIICI d C'I(-•c tor·~ for llt (liiS Uriu~ til £' !'C'fl t tion .<, . 

Th <-· ronnc•r ('()Jisi stNI o r ;) fri1 Aill('III ~{ ' !Hti'<IIOI ' ( 11 1P S) (tltd iliJ (•IJt•rp;,r dq!,l'fl(h•r, illld the• lall<•r 

('Oilhif.lc ·d <Jf<:l limc•~o ('.. 0igld (TO I•') systP IIl f"o r 111(\;:tsHring lh C' lwam f'll<'l'g_v. IH'tllrOil rOII!llf'I'S and 
tht• !l iST!'<· lilbl with lit'!!;"' wltirh "' ''n's '"a taq?;r t <t 11tl ~lsn \\orks "'a dt•trrlm ga,_ 'J It< • 
riC'! ;-lj ] ~ nf tiH• in d i vid 1r;,tl a ppn ra 111 ~ ;lrP dl•-;c rilH'd i11 11u· f(,JJowi 11 g_. 

1'11 (lr<kr to n·riry the• pr· <·~c ·ut t•xpPrinH\HLal prorf'dun•!., t!tf' ulh•(n.n) 12<' rc"arliuu w;t ~-o al:-;o 

lllt'<'l ~ llrPd b,\' tJJ(~ ~"> •llllt' 'i_YS \r•nt . !"It<• 'J H<'(n.lt) 1.2(' rc•:H·tion ha~ ;1 ~.i iJiilttr prr'(WJ'I,\' HS that of th(• 

~ , i( fl , JI )
11 ll n·acl ioll . ' '·'~ hOW II ill fip.ttr(' ~-1 I. ' llw <·xcila\ iCIII fll ll r \ i<Jil . or I"" noss ' ""' ioll "t<C[ 

\II(• it<di vidt<al prnjwttirs nr ,,,. '' flr• (n.u)"( ,, .... ·liou W(•rr w~l! lllf'a .<~tr<'U [:ll. '/.-,_ ~(i. -n. :lRJ. 
Bc•nlu q• J iwi<.o~ buit-llt{'g'c:t~ Wtt!-.llliXNI wjtJI JIP¥,as for :. tahiC'O!H.'l'tdiolt c:,ftlHl ~IST P('. a .1%­

isnhul t•lll ' uli-xc•d ~tiS <111d a 10~-ic;ubu lc-ln<'- lrli XNI ga ~ W{'n\ nsl•d in nrdc•r 10 c\hlilllrtlr• any bitrk ­
!\1"<111 11d <•li(•n dur• IO llliX('d !';'' ' ''~ iII II><• hot !J lll f'H ~ IIr0 11lC' IIl R or iiH• 8 Li(n . <I )It IJ Hill) !! lk( fl ,ll )" ( ' 

l'''<:lrt ion s. 

2.2 Low-energy-HLi <md IJBe beam production 

2.2.1 Primary beam and target 

~l.i itHt 1 11
BP W<'ft' prod11n•d !lu·n11Rli a JHn jC'clilt'- rrrlp.;11l<'J11 tltion J'f'f\Ctiou hy irnldiillinv, 12 (' 011 a 

KS:/in!'./ •·,,2 t,l1irk ~ B<• tar!',<'!. IIH• "C' ""''-' io11 i ~c·tl l•.v !.It<' ~lerlro11 c·yr lott·<llt-r<'son;u!C·<· ( J·:C'Il) 
iou ·""".,.,,and ac·rol••ra1Pd up loll.c• OUNfT' or70 :vi0V / uuel<·o11 wilh "" iut "ll ~ il_v oi'OO pu .\ 1 by 
a four sc·ctnr riug c·_vrlolron ( I< = ~.10) will! 1!11• illjt•rlion AVF r,v.-lotrcm ( I\ = 70). Tlu• ojwril's 
illld ('llt'I'~Y or lit(' prilltar.v lwa.rn W('J'(' tlt>lt'l'lllill<>rl iln·ordiug to Lh(' Hr\HF·s npera liou d;.qn ill 
ordcq· to ll)a lu• lltCt 11 (' lwau1 upt.inJUIIL 

Prtnmr~ -Ucam 

F2-Dcgmtlcr 

~~~-;j 

l'igur0 2.1: Sd1PI IIalir Yi<'W tJf tiJ<' PXprrintt'nlal S(.:' fup. ~ Li and ~ H " IH'itJn S an' (H'OdurNI hy 
a proj~rtilt•- fntf(lllrlllalioll n'anion. sclcciPcl a11d ro llPct rd oy I he llii'S. Tilt• <'Jler!?,i0s of ~ l.i 
and " IJ<• an• dq1;r<idc·d by !he Al -plai<' a11d dPit•rmiucd b.1· 1hc TO!-' '"<' thod. After n '!'OF 
nwasurcJII<'Ill, Ill<' lwnms arc• iujcncd into tlw '\IST I' (' filhl wilh 1;<1$<'< ul' '111c· adt~lixPd with 
IU 'X or :,<y, iso- IJII1att<' al 100 ton· prP,. urt'. The 11<'11\rou rouul<•rs surro11 <1d lit<• ~ ISTI'(' fro111 0 
to 90 d<•gn·0s. 

rh(• 1<-tJ',f!;C'i tltirkll('SS was ~f'l<'d<'d in ordr-r to ntaxirni ~t· Uw production ralt• of tiH• "ti beam 

b,v a rotn puler si m u '" 1 ion. The .vi<•ld of 11t<• Li lwil 111 is n fu <~ c-1 io11 or till' 1 arl'(c l 1 II irknt•ss and l he 
accrpt.cd momcnluiiL . \ltho<~glt a thickC!r I>Hg<•l pl'o'·idcs a largN yield , \.he 1110I11CIIluu' spread 
beCOiliCS Wi der lt l!d ll rra.cliOII of beams within lilt• arcep\.;tnce derrNISC•s. l·'ig UI'C 2.:.1 shows the 
result of a yidd ntlr11lation by a computer code. INT l.;!\'S ITY-:s [31]. which took inlo an·o11n1 
I~~~ production ntl<' of Li a 11d ( he• 111 0n1ell( um a.c-cop l <1nc" of I he HIPS . The target thkkowss was 
dNI'rJlli!lcd to b<' R:l2 m!\/rm2 according to tlli . result. 

For DJh-.\ lwaJll JHO<:lurtion. llw ltlrgot Lhir kuess wa;:; not Oplimi r.(•cl aud lh<' sanH' li.Hp;(lt wc1s 

11 s d. brcausc the yield of 0Ue was 111ll(:h larger tllau $Li. 

2.2.2 Secondary beam 

Fragment separator, RIPS 

Not onl.l' 8 Li ~n<l "IJ••- bnl also oilier uurle<tr speri s . a r1• prodttred through the proj~clile­
f,·agm cutaliou reaclion. and only Li or 9Ue must be s<>lert<•d h,v the fragment sep~rator. The 
HIPS is an appa1·al n;, for selccling and rollerting s ped fie uurlid s, and for pro,·iding" Sl'Ctludary 
bea111 of spedfi<- 11nelidc. The principle oi'scparatiou is bri . fl y dcsrrih••d i11 the~ !lowing. 

The se p~r;llion n1Nhnd i hascd (Ill~- monwnlunt 1u1a ly is or''"' maf(ttelir rigidi1i(•s of the 
rrag·III O.II.ts aud I he their energy los; s pas"inp; lhrough a llllltcrial. Tll\' wllcctio" nwll10d is based 
on the achrom<1.t ir rl!cus; 1 he sep<~rated fragnu•nts a.re to be ron1sed on a s mall spol mgru·d!Pss 
nf their initial ~nc•rp;ics . 

As o 11c of t he best ways Lo contlucl iso1opir sep<Hilliot< aud secourlary-bcacn produc-tion [J:l j, 
the !UPS ronsi ·t ;; ofrwo dipole m<1.gnels ror .trJO.IIIN>lu.m aualysis and an ene J'g_V degrader lwtwcmt 
two dipole magnet.s. U.v the firs! dipole magnet (I) I), the fraguwnl.s arE' epanti~tl by A/ Z. wh0re 
Z is l.h' atomir 1111111ber a,nd A is Lll 0 mass numbt•r , I ~cause illmosl <til projecti le li·agul('lll s have 

lO 
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46110 

4500 650 7011 7511 ~(10 R50 9UO 950 

11i[!, llr'<' :2.:2: ( 'a lrlllal eel ,I it' lei nf 1 Ir e• g Li !warn a ~ " f11nr1 iou nf 1 lw 1 n r·~rl t hid<"''" · l'l w horimu I al 
:1xi~ i!'; tit<' ~~ Bt· I HI'~<' I l hid; llf'~ S (li t ~/ em 2 J l:llld tlrP u rt in.tl a:-\i s i~ 1 [H• hPalll i11 H~11sity of s Li 
(~"psfp n . \ ). 

I he S(llll ~ n .•locity. Tin"' <'HPrgy lo~sf's 2 pas~iug t hrou~h Ill<' eTt<·rg) dPt:;r<id<"r d<'flrnd 011 J\ und Z 
of llrt' fr·>lgnlt'lll<. Tlrno. a "P''<·ifk nru·l id<• i ~ srparai<'d by llrr wrnn< l dipolt• ru al!;llt't ( Dl) . . \ s 
tIt(' Pl tt'rgy d<>gradC'r. natttf•ly r11t ;H·hromatic d<•gn-Hif'r. \Vhirh Ita:-. <1 sp"cird \\'t'tlf.!,C' r. happ HO itS Jl(JI 

to <"hflnp_(' tlw dispc•rsion. i-s usN! iu tlw ~t~panHor. 

'1'111· !til'S ha' thrrt• focal plan<'"' lire fin;l ( I' I) L briW<'t'll J)J '"ul i)l. wh<· r<·lh<• al'lrrouwl ir 
dPgr·adN is i<H'" IC!i: lhr >N·orHI ( F2j i" af!N IJ:! and lir!' third (JCJ) is dO\I'IISil'l'illlruf 1':1. 1\lfl•rr 
lifl•re• is !he• lriplt'i -qnndrupolo- llHigJ rr•l (TQ:l) sys l<' tll lwiw<·<•fl F:! Hlld 11:J. Tit!• nllt!•r lol'tt sitt,:: 
C'IC'II1C'I!I.s, qti<Hirtq)(}lf' ntaf.{JWl s and SC'x lupolr• map;ll<'l ~ <HP ;.1/ 11 iustcdl£'d for adju l" lio~ lli J!; II ('I 
or<l<'t' optics. 

Pa t·L ic le lde nti·fication 

l' igure'' :!.:J and 2.1 s how ''~ p;lt·ficie• idelllirintliolt ( 1'1 ) plot f<>r s<•i<·t·ling "Li. Tl1<' fut'tll<'r is a 
pkt 11 n~ bf..•for(' insert i ug. ttu~ <-lf II routal ir dPgnHif'f antl 1lt1• Ia ltc·r is ou<• aft rr i nsf• rl iug t hf' deAnHit•r. 

Th<' vN ii nt! ;;xis shm''' ''"' Pttergy lv•s. d l~ (~ l p\ ') . ~, \ F:J ttt<•asttrrd hy till• !iOO l'llt -tlrirk attd 
!j() X.-,() ttitl1J·aroa pin lyp~ SSD:t whith !tas it 1.!) flttt dNtd J;tyN. 'l'lr(' <'tt\'1'~.1' ln"'t'S ilmmgh 
il s de<Hi layN W<'n' rorrc!'iod for in it.ll of till' pre>c•ttl :tttal.\''es . I h<• horitont;tl ;Lxis s l1ow, lh~ 
TO!·' (tts<'t) IH•fwer•n I' ;> <tnt! 1·':1. whosr• rlighl-pallr i<•tt g lh is .:>.290 111 . Tltr• TOF WitS tttt•us ure·d 
by n 2 tttttt-l hir·k. 0 x X() ttlttt 1-<rrf'ir-plastir sri nlill<ttor ~I F:l :tnd an a.lroul (i!i Jlttl -lhick. GO 
tttm"- pl.a slir s!'ini,i ll alor- nl P:l. r'igurP 2.:1 hows thai many tlnch•:t r species arriv<·d al 1':! bnfor<' 
ll1' it!'ltrotll~(ir degrad<'r· was insNicU . Jo'i gu r<• 2.-1 shows lit<>! only 8 Li :tnivr•d a\ F:J after lit<' 
arhromatir dC'gmd<•t' WitS ittSNf('d. Tlte speriPs or nuditi<'S WC ('(' dole•rtuitH•d by lir ~ dl: itttd TOF, 

' .:;,(,·.,_ Z1 /A,d. 
)Si ~olic.l~Htat<· Dt:tccto, 
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Figttrl' :1 .:1: Pl plot. ht• f<)t'l' insert in~ 1 hP adrro­
ma I ir dc~rad~· r . 
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Fip,ur<• 2.1: Pl plol 'd'tl•r ill"'rliug lilt• arliro­
tualic ch·gr<~dt't'. Only 8 J, i is s<'i(•ri<'d >tud olh­
ers are &wo p!. ()UI. 

\dtr·ntn ;t.lit· 1 ~ 11\' 1'~\ 
lh·grad.;r l)c>gt•nr \f•t• 

tllldid<· l) t f)l Hp wc·ds t· <utgl1.· (mnul) 1 hit-k1w"" (mg/ nn- ) tltk kw·:,.."i (nlp,/ ntr - ) 
' I.; 2.R84 l.Gtl O.im ±l I. Hl Sift 19:, ; 
He 2. 105 2.227 n.mg• ± I 2.21 ltll 11 :-to 

T>thle 2.1: P<>ranwlN s~ts or I !te H II'S for f li P prew ut ('Xp<'l'imont. Tl r ~ tWtlerial of t:he dPgr<llkt'~ 
is al umjuum. ~' It(' adtronn.llit degra.d0r is t~t r, l and th<' <'nergy d()g:ra.dpr is aL li2. C"Thb was 
ttri sed lu ><' t. ihott~!t the cntT<'l'l ,-a.lue is O.G. -!Tttt.) 

rur d arc iJlCiil'atrd o tt t !11' P I plnl . T !te rl eusi t.v pi of, shows tltt• reh11ive iutonsity of r>ld\ undt•ar 
spocios, ;tud llw radju, of iJw c it·cl~ shown on t he PI pin! nw<Lns flit' r<•lalive inLensil_v es litttalt•d 
by JNT.Jo:NSITY-3. 

To hlr 2. 1 ;, !tows I ho l u u i ng pa nlttt(•l crs of tho It IPS to prod nee till• 8 Li and 9 1J e h~il Jti S. 

2.2.3 Low-enel'gy beams 

The• 8 i.i <>nd (>·lk wet·t• S<· parakd front miter nurlirles hy the RIPS and rollcrlc•d on I he. cconu 
fora I pi an<' ( 1·'2) of llw I( II'S. wh(' rl' a 7 111 m-thir-k A I pia Lt• fot· Li a 11d a ·I 111 tTl · I Irick ,\I pia 1 

lor " Ue wc r·<· pl ated to degrade• tit energit•s of' 8Li a nd " Be dv11·u lo ~ ~ 1 ~ l eV/n nci•·ou from 
~ 15 Mt•V / nndcoJt. The 1 hicknc" of the AI pia I.e was adjusta ble hy rotal.illf!; it. Tht• l'll<'rgy­
degradcd 8 i, i a nd · BP wer<• se l<'ned aud roller Led 011 t lw third focal plane ( F:J) wi l h I, he s twl'illt•d 
rigidif y by 'L' Q:J. Tab le 2. 1 also gives l it<• llti rktwss of i lt e ene·rgy dq(radN and I he• magnetic 
rigid ili<•s nfTQ3. Fina.lly, tit ~ low-energy 8 Li ancl 0 Be beams wil.l'r a u iulcnsii,Y of a bon! I. ~ 1 ktps 
wen• in.i t't'led inl.o the MSTJ'C. 

l''igun·s 2.5 <t nd 2.6 show I he TOF-c nergy plot;, of lh<' low-euerg_y 8 Li <rnd H13\' bNllns. The 
1' 01" wa~ measurer! by 11!0 F2- a.nd 1':3- jJias ti<' sri ttliLi a\.ot· aliCI the enNgy wa$ cak ttl"t0d. The 
horizoni<LI a.x is is t he TOF' and t,he verl.ical ax is is t he ene•rgy ntPasur€·d by tit~· Jo':J ,'SD which 
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1-'ignr<' 2 .. '): TOF-<'IlNJ!;.Y pial of II!~ 8 Li b~a111 
al Jl:). Tile• clc•n,ily plol, sltow LIIC mNisurNI 
data and tl1~ :;olid CUlT~ shows thP ralrnlatC'd 
dat:L Th<' t'll<'rgy loss Llnongh I lie l':J-plas1ir 
sci ntill>~lor is rorrettcd fur . 
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l•' igurc :!.0: TOF·NJNl!,.Y plot of II"· " JJ c il!'am 
at 1-'3. Tlir· dc•noity pint >IJOII"S th<• I"IINlSIIr~d 

data"'"' I hi' solid rul'l"t• s hows I l11• cr,Jrulntcd 
<lal;,. The <'IINI;.\' loss ihrongh thl' F:)- pl>~.s li<" 

~ri util!a.tor is rnJT(•rtt\d fur. 

waB placed aft~r I he r:) - pla~tit sci ntillator. Tl1e dcnsily plol aud 1 he solitl rurv<' i11dira.(p the 
mcMun•d dat;, and I he• ril.lrulatecl value corrected for ""·'· energy loss through 1 hc 1'3-plaslir 

loriJJtillalor. rt•sp(•ciivcly. 1°or raltulali11g il1e ent'rgy loss t.hroup:l1 thP F:J-plas tic srilll.ill alor. til(• 
llikkul'S5 or tl1c J-':J -pl<t!<t ic sci ntilla lor was drtcnniued toLe fO !l ·isl,cut with t l1 e <'nrrp;y d<'t •cl<'d 
by tht' P3 SSD. Tht• cst.ill!al.cd a\'erag<' 1 hick ness was dNcnllinNI lo be (j;J.:) filii. while ill<-' 
IIH'~l ~ UI'Ni VC1li.IC' WHfi (i8f.Hil near lo liw rentPr of til (• active J'egion. 

Fip;tll"(' "2.7 s.hows it TOF-CII<'I"!',.\" plot of til!' ~Li hrams iujt•rlcd into li1P 1\.JS'J"I'(' . ThP F:l 
SS D "''" iu s!<dl!'d in th0 MSTI'(" wit hout I he gas(•S, ~ncl t lw N1Ngirs after <J. l.h in ka.pt.on-fil nJ 
window (50 llllll ~ ) of""' ~· I STP(' IVN~ also 111ea~urcd a' "ru1lCiion of Lilt' TOP. 1 h cnNg.v 
lussc•s I h rough t h~ ka pt on fi ln1 were a I so rOJ"r<'("\1'<1 for hy en('rp.y- loso ndrul;, 1 ions. T lw t•stilna ted 
thirkiiC'SS or f he film wa' 15.5 IIIII by aSS II Ill i ng a ka p(.uu !"0111 posed of ("22 1i tuN 20 1 wi !.II a dPu . i I)' 
of J .. J2 gjnn '1• while Lilt' JIIC:ISUrl'd thickues · W>IS J:i.5 IIIli and tht• nnifOITJiity WAS i;ll f[i (" i<'lll iy 
good within 1.0 11111. Oera us0 I]H' ingredient s of kaplon WNt' not providrd loy 1he snppli<•r, 
the difrer<•ntt• b lwce11 t he stinmtcd ami measured thickn<·ss was dn<· J.o unrNtaiuly or Lilt• 
i11grl'<licnts. 

!\II hough IIIPS(' plot s .<how good >lgrl'!'li1CJ1 1. or lht• ('IH'rgy lllt'asnred l>.v lilt' 1>':) SSD "'"' t he 
<'ll~rgy drriv~d from lilt' TOF aud ellcrgy-lo~s takulation; tilt• '1'01' -<' JH'rgy rcsoltJtion was nul 
r.ood because the bca111 Cllt• rgy was wi d ~I.Y spre<tdecl by ll.Je F:J~ pla stic scinlillait)r. Tlw di sper;;ion 
wab almost due lo !he non·unifor111ily in t l1 ' thicku<'SS of the F'3-plastir sri11tillator. The IIOJJ­
tl1liformi ly was up l.o ±LO ~ 15Jtnt and the 01W rg.v di spersion resulted iu "1.:1 MeV (FW II M), 
while till• unifonnity was desi red to he• withi n ±0 111n. 'l'IJc re o]ulion of the ' I' OF was wi1 hin 
I nscc again:;t. i l1e lypical TO F, 1.50 nscc , and Lhe unr rtainl.y or lhe flight-p<tlh lengt.IJ was wil hin 
10 tllln aga.in sL the night pal h. 5.290 111. The 1' 3 SSD a11d rt•ad-o nt t• lectron ics were calibrated 
by a.tl 

211 Am n source (E._= 5·1R6 keV) and its PnNg_y resolu tion resulted in 2.~ % ( I>' WI.IM ). 
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Figure 2.7: TOF-<> nergy plot of l.ht• J.i h<>an1 injcct.ed into th<• :.-ISTP('. TJ,t• ene rgy loss through 
I he window film of l11e ~ I STPC i, a.lso corrected for. The dashed rll.l"l"l·' shows till• ' Li hc•am if it 
bas t lw :-o<HIIC' ''l'locit,Y as Li. 

Thr• linearity of ih.<' amplifiers and PII -.\D ' 1 were a.Jso exam in <>d by a J"esc<lJTh pulsN. resu lting 
in 0.0% ( I' W II j\ J ). Till' total di spersion due to t.he res lui ions of the TOF. Ute flighl - pa1.l1 l<>ngtl1 
and 1 he Fa SS D was withiu Q.;:; ll lcV ( F\VI-Ji\1 ). 

2.2.4 Contamination in the beams 

Although nuc·Jidcs othN 1 hiln 8 Li or 9U wN~ complelrly rejerted by the isotopic epara.liO!t 
at F2 , rontantillHiion rou lrf he mixE'tl aft(lr F'2 duC' to a rt'f\('lion in sudt thick rna.terials tts a 
pla.s iir sc inlilla.lor and an .II d(•gradt'r. Oecau~e I he neutron s~ paratio11 en~rgy of 8Li is small. 
2.02 MP\". it - ~~111$ I hal a brl'oknp r~arlio11 is probable. The t•xperled TOF-<'II<'rl:>;y J' JJrl"l' for 
t h(• 7 Li. whir h i> dis.o<"i<tted from I liP 8 Li by tl!(' F"2 AI d~gra.der or plastic srinl.illalor . is s!Jown 
in fi gtJrt• 2.7 as a rbtshed curve. lly compilring t he data, lh es\i.matNI mixing rntio of 7 Li is 
below 0.25%. ln <~ddil.iou, thl· Q vain~ of the 7 Li (n.11) 10B readion is -2.R ~ ~ ~v, a11 onclotberntic 
J'C.action, t1nd thcn:.forc 7 Li , if any. rould not ha.vP (lfi_Y d lf?t·t at Ll1c loW-PIIE'rgy region. 

Oth"r J"Onlami11al.ions cmdtl be rejected by the TO!'. dE and Lratki11g i11fonna1ion. which 
wa, 111 a.surcd by I lit• MSTPC'. TJw analysi s met!Jod is dcscrilwd iu ChapiN fl 

2.3 D etector system 

The MSTP(' aud neutron rounl.crs wt•re used for tlelerl..ing reactions aud Ult·asu ri11g parlicles. 
Tlte MSTP(' delcrmined I he reanioJJ point and ~nNgy, <tnd the u~ulron rouuters dPL<'l"mined 
t,he n<'utrou mll' rgy a nd angular distribution. 

The cktails of I he MS'J'PC' and il.s t•lertron ics "'"~desc rib e<! in Ch;cpt.cr :). 
4 PH-A DC = P<"ak- Uold Aualoguf'--lo-Digiutl ('onvcrl(•r. 



/ 
~ . ../ 

~ 

JOcm 

-(lei" N 
0 

\~~\') " - 3 
40cm 

I ...._ 

Figure 2.R: lllu st ra I ion ol' tlw 110ttlr<Jt1 wttlll <>r. 

2.3.1 e u t ron counters 

g· 
·~0 .. \S k v 
E 
"' ,. k "" 0.3 

ti.tiJ• 

' ' 
0.25 ! 0' ... 

0.2 

(1.15 ;·rr·· ·· .. ..__ 
0.1 :. r~:.:;:-: .... 

I ~ 1).05 ,., • --
0 5 10 15 20 25 30 

Ncutrun entrg:~ (file\') 

l'igurv 2.9: R<'Rt dt s of an eflici~nry n dcula ­
tion. 'I he l1 o ri ;.onlal Hxis i~ I]H' lll'Htron ~'llf'l'g_V 

(~k\') and thr wrtiral axib i; the cfliril'nry. 
Six ca:-,C:-i of liH:" thn•shold C'lH'rgy ::ln.~ flbowu. 
The t itt'<'s hold ''""rg_,. is in tht· unit of .. J~ctron 
<'quivalenl eJH'r~y. 

The tt<•utrotl rou11t~r ron1prised lweh·c· se t of tl1e plastic sri 11tillatm, 111CRO N I! C 10~. rach of 
which ha-> lht' 120 em lo11g by -10 c111 widr "ctiv<' an·a aud are 2 rm (h irk. 11 has a harrel Rl1apc 
and a curvaturP tPllL(•r l'(;lcfius of 1.50 CJL1. [i'j~ure :l.K shows H .shape or lht• neutron counte-r. 

Tile solid a.ngle rovvred hy one ~cintillato t' wa; 1.5'7. uf 4rr ancl tl> ' avcrag•'u in I riu sir dfieienry 
for a ncut.rou a.t a.tl energy r~giou of 1.0 ~ l!) MeV was aboul 10%, 1\' lti r h "'''" e"liluat<•d hy 
Montc-l'itrlo ~ irni!IAt ions codt•d by n. A. Cecil ct <tl. [33]. This simul;tt io11 C'Ode was opt imiz<'d for 
th~ prcs~ t\t ncnlron eonntcr l.>y M. Sitsaki ct. al. [:3'1]. wlti lo· romidt•ring ll.tc shape of lll (' nf•nlron 
cou nter and I he IIWHSnrPd light aLIPJlUat.ion propagalin~; lltrot1gh lht• pl<ts tir scintillator. The 
results of I he simul;;(ioll wc r • fully ex<tm in ed by ot hcr <'Xpcri lll !' rt t.s [:35. :lli]. nwa . uring {:1-dolayed 
neutrons from 17 N. 

l"igut·c· 2.9 shows the caku lal<•d dfiriency of I he uc•u tron !'OUtll<'r as a. fundion of t.h1• "''"I JOn 
energy for l'itrious threshold enNgies. 1'l1 Un~shold e11 Nii.Y is show11 in t.hc u11il of <'i<·<·troll 
equivale11l e11erg_v (keVcc). 

An enPrg)' ca.librat.ion of the n~utron cou11Lcr. w~ts pt•rforn>cd h_v m asuriug llw Cn111plon 
cdg<' of tlw 7 rays of 1·17 C& (E;, = 6GI ke ) a nd IJ:J il a ( I\= :l!)O kcV). Tht• pui.P higld. of 
PMT'' meas ttri11g \.he• gamma sources was nearly ronstanl with ±-'iO rm region from rcttt.N of 
lh ~ nculro11 toutlt<•r. ltr order ~ocsfi 1n at.c the a b olu(<' ~ ffiri<'nrv. measurenwnl.s witltlhc li .sion 
source oi' 252Cf were also performed. Tho threshold lt'vel was det~rmitrcd by meas uring l.ht• li . sion 
so>.IITP. and was se( to be about 20 ke ee, wh ich corn•sponds to a 1wulron cnerg.v of 0.5 . leV. 
The del.a.ils concoruing the fi ssion-source tnc<1Sttre111('11l au·e desrribed in ApJwndix A. 

!. Photo-rvluliiplicr Tub<:> 

15 

3.5 

, 3 ·.· 11
1imt.IJT!i. ll I " ill 

2.5 

1.5 

ll.S 

0 
II 20 41) (>0 80 100 120 I~Oi60 

~lcr 1'--t, i• Q'"' 

Fii\urr 2.10: Sol id -anf!,it•-lntnsfonna.l.iotl fac tor 
l'rw 1 he variou s fut~l st;•l~s of 11 IJ. Tlu' hori­
ZO!Il.~ l a.xi' is 1 hr ;mgl•• in tho l~borator.v frallt<' 
a ud tl1r vPrl ira I axis i~ the fart or of tiiC• >olirl · 
angl" lrt\ nsfo1·mation. Th(• rNwt ion is as~um0d 
to orrur at Ecn1 = 2 ~'!<-\ '. 
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Fi~nrP 2.11: Nf'nlron t•ur• rfd<'b as ilw func tiou 
of tlw lalooratllr.v angle l'nr various liual "tat<'' 
of 11 !J. ThP rt•arl ion is a;~ttll.t<'d to octur ;lL 
Ecnt = 2 ~kV. 

Tlw nt•utrou cou11ters StlrrOIUJd d lit e J\ !STPC. s_vmm et ri a.l ly rovNing from 0 to 90 degrN's . 
as showu iu fip,ur<' 2.1. Tllf' solid-augl t'- lntu sfornt>1liou fanor from tl10 rt'Htt•r-of-ml! ss system tv 
tit(' laboratory s.vstPill is shown in figun:• 2.10. \VhC'n <-1 reactio11 occurs at <I cPnt<~r-of- ttH\.s (l'tWrgy 
of 2.0 ~ l c· \ ' . The illt gular di>t.ri hul ion of the ueu t rons ll'i>S forward pPakNI because of fast retll.el·­
of-utass V<'lorily of llte rol lidi11 g sys1e111. Figur<' 2.11 ·hnws ll1e nt'ufron energies as a. funclion 
nf lilt• la.hora.tory augle when the rc;u-t.ion orrurs aLa crtHer-of-lttass enNgy of 2.0 ~ l eV . Tl te 
n<·ulron r uergi s in t llf• fon <~rd direction, ralht•r thau 90 degre<'s, <tluwst exr cd the 1hreshold of 
t hr ueu1,ro11 couuter. Then' fort•. t.he prest•nl co11figuralion of I he neutron coun(cr w<•s r<'asou~bly 
t'mcic·ut. 

Tilt· PMTs wer~ mounted 011 t•arh side of I he lout>;ilt11li 11HI dir~cl io11 of lite plastic cinl ill~ tor, 
ancl I he posi lion i11fonmttion of tlw l1it along th e lonp;it.ndina l tiirection was d~t· ived fmm tlw 
time· diffel'('l\('0 hct.W!'l'n l.wo P~ l r .. Tile lraii SVNS~ po. itioll was drtrnnill ed b.v a srinlillalor 
whir lr drtrctrd I he 11e11(rons. Th<' posit io11 resol11iion of I lie· lo11gitudinal dirc'clioll resulted ill 
l.!i nn (FW HM) ;t nclth posilion re&olutirm of th~ trawverse posi1io11 was bet.wectl :lQ em and 
10 rm whirl! was dettJ I'tllined by th~ widt h of tho trcutron cOUHl~r. Position calibraliOIIS were 
also pNfornl<•d by the 1' sources. 

' l'he flight path of t lw 11<'111 ron was dNi,·cd [rolll I he reaction poi11L dl'te rnti11 ed h_y tht• Jvl:-l'I'P(' 
<lJ1d thr 11culron positio11 delt•rmined by tho• twutroll barrel. The IIIICCrl.aint,v ol' I he> fli ght pat.h 
"'"' eslim;tled within 5.0 t tn (PWI! M) bast•cl 011 ill<• posilio11 re"ol111ion of the nrt1lron ronuteJ' 
a 11d t.h<• ~ I STP ' . Tl1e posit.ion resolnlion of the MSTPC' is desnihNI i11 ('J,a.pl er a. 

lleca.use !.he origi11 of the IICII I ron TOF was the bNtrn limi11g of til~ F:J-plastic scint illator. the 
111ca. ured TCH' (7d) w<ts a stltlltnation of t.h<• lime (70 ) l)eL\wen tl1e beant-pass i11 g Iilii<' through 
F:j a nd U1e reaction-occurring lim<' in the MSTPC, a.nd tlw ne111.ron -fl_vin g linw (7;,). '/ ;, is . of 
courRr. <t true ueut.rou TOF. In ord c•r lo dctennitw T., t . h~ ofl'set lime (To) was d<'rhTd from 
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Fip;u1·e 2.12: ~'letl1od of 1 he Heutroti-TO F dctrrlllinatiou. Tl1c ll tC<tSured tinw: 7~1 = :r0 t 7;, . 
lh!"ll T,. = 7;,-:/l,. The !ICUHOII -fli g lit pHI h: L=J(.\"2 - X I )2 + ( l ' ~- l -1 J' t (Z2- z I )2. Tlw 
ll(., lllrou vP!ocit y: ,1 = /,j'/'". 

lhl" rcarliu11 lime. wlJirh was ~&linwted by t he reilrliou positiu.JJ dct.cnninNI by tl1e ~!STP(' . 
Figure 2.12 shows how f.o dolerrniuc till• ll<'ut rou TOF. Tl"' r<•so!JJtion of th<• JJ CJJII'oll TOF w"-' 
estimated to be with ill 5.0 n~cc ( FW II M) hy tl1e - fl ash 1wak width sloown iu fi gure . . ~.6 ilnd 5.11. 

2.3.2 MSTPC 

The MST J'(' wa> d vel oped for ex perinwnt s wil h low-cncrp;_y "'"tahle-lltJdear be<tJJ ts. The 
MST PC wa~ designed i>ased 011 the MllS IC-I.ypc [1:3. ;!:J] detectors , whirlt nut JJH'asurc the 
energy loss <>ioug I he partie! • trajectories. Tl1e 111aiJt adv<LJJt ;tg(• of the MLJSIC'-typ<• delt'<' t<) l' is 
t hat II"' ga.s in the cliambt•r workS" as both" dctcrtioJJ "'ediu111 ;wei a gas targt·l. a SC1-ndled 
ac tivt• ta rget, r~sulting ill a liigl1 dNPcLion effici ency a nd a ,, uflici<•nt l.argPl t llid<m's". Owinp; 
lo llwse feal.nrcs or lh<· MLJSH '-t.V p!' dN~dor, ti.ll' reactions iJJduccd ily nn;,tilhl e- nurlcno, bNLiliS 
with limit d int<•nsilies ca n lw oh•~nred. !11 addition. th (• MSTP(' has a11 adva Jlt <~g<l, which i• the 
ra:pahility of the TP(' (Tilll<1-l'rojertion Chamber) employing a nash !I DC t.o id nLil~v nndtipk­
(rark <'vents. Till• V<>rtical posiLion is dct.erutilll'd by tl1 c drift tin1 0 of the ck•ctrons ill IIJC• ~'"''S, 
and the hori zOJ ii <Ji posit.io11 is detP JTnin ed by Plllplo,viug 1!1 r barkg<lll llii Oll-IYJ!e cal hodr• p;ul. 

8 Li beams were iJJj<•cl<•d into t hel\JSTP(' filled wilh gas<•s of 111<' adn1ixc,d with 5'.)(, (10%)­
isobulaJJe gas aL <tbo ul lOO Lon pressure. AJtlwugh th ' iso- butan e gas must b<' 111i x<•d for stahl c 
operation. t lwy ,·au coJJI.amiJJai.e thP IMget. l 11 ordm to est imate the background events by 
1nixtures of 12

(' <end 111 , 5% and I 0% mixing rati os of the iso- hut ane gas were used. 
I' r a h •am passing t hrough t.hc l(aS<'o and tho occurrPil ce of a nuclear reaclion.the E!IINg,r Joss 

(d l~/dx) changes rapi,lly according lo I he change in it Z numbl!r; !IIU&, t h~· eliNgy and posi ti o11 
whcr~ the reu.clion occurs <i re dcl er rniJWd by detect ing the dl~/dx change with tlu• MSTPC. 

The dd.ruls concerning ll1e design. ronstr11rt. ion <Uld performance sl.udy and applicat ions of 
I he MSTPC a1·e dcsnib d in C'hapler :3. 
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Fip;urc 2.13: Di <•,i!;nllll of i ll(• rirn lil . 0111y th~ main flow of 1i1e logic i ~ illnslrnted. All of the 
a.nalnJ.\UC <ul(ltiming ~ignals ft he drl.crlnrs arc recorcd by QD<'s .. \DCs a nd TJlC's. rcspN·t i,·,.J.v. 

2.3.3 C ircui ts 

Figur~ 2.1~ ' hows a rircnit di;tgnuu of Li10 prcso11t CX IWrinu·•n t. Till' ('V('IIt t1·igger is prodllrr·cl 
by a heam trigger >tnrl a neulron I rigger. 

The h<'all'l lriggt•r is p;en<'rat.P<I w il ('ll the following rondit.ion:< ill'<' sal isficd: coinridence of 
the signal. of t he· F2-plast.ir sci ntill ator a.nd the F:!-plaslic sci11Lill ator ll'ithin 1·10 ~ 250 11sor of 
lh1• f2 -F:J TOr'. and an ti-coinciden ce with" pil<>-up sigm1l. !JaYing a fH'riod of 200 IIRN' for thP 
ti.ming sig11a l of tl1o 1~ 2- pla;tir scintil lator aut! the F:l-p laslir scint ill ator. ll ere. pile-u p r~jerli.on 
is illlpOrLiLJJ( for a ltigh l'O JJntiug-rate con dition ; if a particle pas.0s a li OLlier pal'ficlo a.h<>ad. 
th~ TOF mca.surt'llll'llt will b~ COllfllst•d. Th r acre!Pra.tiOJJ ryclc of tlw RJl(' for lhe IHos~nl 
rxperillll'lll was 12.:3!) Mll r. <nld a. particle was produced every 81 ns<'c. Bt•nt us thi s wa slwrtcr 
!.han tho TOF l>ct wecn F2 a nd F3. typ iudly 200 nscr . pile-ups conld orcJIJ', Any pile-up bt•ams 
could be '*'' r<'.icct<•d by tlw JI.I STPC'. si ure tlw li·IST PC' reco rd ed any mulliple-b<'am -lrark 
('V('Ul. 

T lw ueulron I riggl.' r "'''" gencrat<'d wh<•JJ I he following conditions were satis fi NI: r<Jintideur<> 
with till• signals of th o beam trigger a11 d a 11 y ll<' tllron COUIIlt•rs within 300 ll.t'r of the timiug 
sig11;tl of tlw F~l-plas1ir scintillator. wJ,i ciJ cowrs the es tim a ted maxi mum Td. 

All iliHliog11e "'"' limiug siguals from PMTs of the IH'am TOF counters aud thP 11culron 
co unl<•rs WN<' J'<'rorJ cd hy QDCs6 • ,\J)( 's7 <tnd TDCs8 . resp rtively. 

In the present cx perinl('lll. I he I rigger rate w<>s about 30 c_ps whi ch in!'lu<lt•d thr• true ''"<'Ill 
aud acrideutal-coincid<•nt·t• ev nt. Th 0 b<•a.m i.nl ~ns it.v was about I krps and l ite I"OUllt ing rate of 

6 ()hft.rgc- lo-Digita.l Couvc.•rt<>r. 
7 Analogue- to- Digita l C'<l HVta l t·r. 
11 T iu1c--fo-DigitaJ Converter. 



StilL<' Em•rgy P· l ~\' ) r~ (<'VJ 1\ (t>\1) 
II t h 0.21\ I X 10" 1.15 ± 0.1() 
IOLh 9.\ftj Ui~ :~ o. 1 1!g:g~: 
91h 1\.fJ:.!O O.OO:iO ± 0.0009 ·1.:36S ± 0.0~ I 

Tabl1· :l.:L: 'l'a.hlt• of \he rleray width [:37]. It '"""'" tlwl 1\ is neg;ligibl.'· small compared tor., 
or otltt• r I"' rt ic·[p.drc;ly widths a hove the I Ot h "Xri I ed sla tt•. 

II1P m·Ht ron rount(~r wa.s ;-lbotJL :3 krps ppr· orre srinlillator. TllPrf'fon•. L!lC' rtrtidrnta l-<"oiurid(' ll tC' 
nd<' was C'slinuttc'd to IH· t'lb011f 2() ....... :30 rps. whilr tit<-' rf'artinn-f'\'C IIL raLe WiiR (•:.. ti tltct!NI to be• 
ahonl 0.001 CJ"· .\It hough the triggN wa~ mostly fired hy tho accid<'lllal-roinri<l<•nn• {'VPnts. 
tlu•y conld h<• r<•jerled by off-li11c '"">lysis. 

2.4 ~Li(n,n) 1 1 B- and uBe (n ,u) 1' C -r eaction properties 

Then lle(n.n)ll(' I'Ntdion has a oimiiRr pmperty as tl1a1 ofii1<• 8 Li(o.n) 11 1l r(•iit'lion iu 1rrntsof 

tlw Q value (Q'Li( •. >,nol"B(g>J = G.ii3 ;\.le \'. Q' H•(·'·"oi',C(&SI = '>.7 MeV) and tho l<·w l slrurllll'(', 
a$ slwwn in fil!; ll l't' 2.11. 

.,\ lthou)!, lt 111 n-c·mission rhauncl opens alwvc• 91h <-•xcitcd slaw of 11 JJ. the d<•r<Ly witllh of 
t l ~<• !ILI1 eX<·iiNI st<~.lt• i, 110gligibl0 Sll1<ill. 1',. << ~'~ ·as gi\'Ni in tahl ·• :2.~ [:!/]. Th<·n,for<• I he 
:;ota.l.f's of 11 U frorli I hr P/O II nd !=> tau:. Lo 9t h \'Xc-itPd !-.L<tll' ar<' cou:sid<'rC'd in tiH• prPs0nl l'Xpel'ilne?rll , 
!>imulalion a11d analysis. In the raR<' of"Br(n.n) 12C l'<'<lrtiou. lh~ 2nd extitPCI sia l<' or 12(' drca.ys 
to 3n with c .. rn lia ll y lOO% p robabi lity. 'f'hN<'fore o11I,Y i.he grou11<l stat<• and lsl t•xrited sla te 
of 12 (' are considered . 

UentU oe 12 (' bas tl1c simpiPr kvel slrurtllr<· I han 11 1J. it is ui>e ful lo slud.v Lhe sy i.<'IIHilirs of 
t ile prest•nl ex pcrillll'tl"" prOC!'dlll'('. The ('Xrita t.ion fundions or I he ('!'()SS >Crt ion for ea.rh Sl>IL<' 

of 11C and Lhc a ngul"" disl!'i hulions of 1 he uU<c'{n,n) 12 ( ' r<•acliou wt•re w<·ll nwasun·d [2·1. 25, 2G, 
27, <!8]. Jknrc, t l1e 9 Bc(o .n) 12C reanio 11 shou ld"""'' given us a. good raJilmll ion of t. he JH<'scnt 
~xperinlt•n t. aJ procedure . 
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l'ig1Jre 2.1 ·1: Level sc lwm<>s and propPr ties of Lite 8 Li{o,n )11 ll an d 9 1·le(n.n) 12(' rca<·tions. The 
VC'rl ira ! a.x: is shoV·,ifi I he rea.ct. iOII C'IIC' I'f,;_\' of LJ1 ) Clll J' RJ\Cf> thanuel <Wd iJ H..' t:•xcitat ion CllC'r~)cs of tltc 

inlernwdiat • t'O IIl pound . tale vr <•xil channels in till it of fi k \'. Th~ ground siaL<' of inl.ermediaiP 
con1p1) 11 nd J'lllr lei is &Pl to ht' 0 ~·l eV. 
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Chapter 3 

Design and Construction of Multiple 
Sampling and Tracking Proportional 
Chamber -MSTPC-

The MSTPC' "'"·' cksig.1 r ~d lor tile purpos~ of l ow-eH~rg) Ill I)('" '" ex peri nJ!•nts. Th <> nrain 
ft>~ture of Llw MSTPC' arc tlr r<'c-dimC'n:;ional-lra.rk ing rap<tbilit,v and dl·:jdx multiple s.lln pling 
of multiple parlirlrs . The del>tilo arc desnib~d in this r !JaplN . 

3.1 Design of the MSTPC 

The MST P(' was desi ' Hed in OI'Cier to obtai u a Lill·ec•-ditncusional-1 rarking capabili ty of rnult iplc 
parlirl(•s fur the clear idenlilieltlion of the ewnl lype. and also lo obtai n finc•- pitch sam pling ot 
t lw slop piug power (dE/<Ix) for an accuralc dt•tt•rnlin ation of Lhe r~;J<· tiou point. 

Fig tll't' 3 . .1 shows a photograph of tbe .\liST PC'. FigtJ rt' 3.2 shows a croso·S<'rtiomll view of the 
MSTP( ' . Th M8TPC consists of " fi el d rage au I G·l harkg<tntrn otH ypc cal hode-patl cell s with 
>LnnM ami grid wirvs . The MSTPC is in staJ ied iu a varu u111 cha1nber nr adc of ,Juutinnm ;uHI 
opcnt.Led al a. pr·es;nre of a few lrundrcd torr or less. 

lcigurc 3.J shows Lhe principl~ of tlw MSTPC. The clcnmns ioni zt•d from Lh ~ gas 111ol •rult•s 
by incident parfirlcs pilsoi ng through th~ ga~e.< drift lo grid wires due lo a. U11iforrn ~ l rnric 
fi<•lil supp.liPd by lhr fi eld cagt• . The eleclrous pasFing llirongh llr ~ grid wire'< are arnplifi<•cl lry 
the anode wire and t,ll e indured clrargo?s a r" deleclell by t lr P rat l10dc pads. Tlw rat lrodt•-p<Ld 
rt>lls with t.ht•ir anod <• wirPs are aligned perpPudi cul a r to the beam dir<'r liou oo as l.o a ll ow 
mul lipl ~ sampling of dE/cl.x of l ir e pa rti IP along tl1 •' track. Tt , ~ v rtiC<il po it ion is dt'i<' rnlincd 
by the dri fl tirnc, and lhP hori1-or rtal tJOsitioll io obtained by measuring lh<• indnn:d charges 
ou I)(ILh sitiPs of I he backga.IIJillOll · lype pRds. The sig11 al from !.he r·a tlrod r pad is n•ad oul by 
a charge-sen sit i v~ pr 'a rnplili r ( Pr<•-AM P). a.shall<'r am plifier (S- MP) a 11rl a ll as h-ADC ( J!. 
AD('). Sampling the signa.Js by t ir e P-ADC as lilii<'·S'(J II t'nli<ll d>~l <l . t lr <' MS'I P(' ca rr p •rform 
lh.r!'~·dim e n si ou a l Lrac kirr g for mullipl t• pmticles, like tir e t.im<·-project.ion r:hanrlw r (T I'C'). 

3.1.1 F ield cage 

The fie ld cagt• has a 70 em long, 15 em big lr , ant.l 20 em widt> active area. The w rticaJ po. it.ion of 
I he trajeclory i. dekrrrrined b,v t h!' electron-drift li lli e in1lw fio ld cage. 'l' he electric fi •ld wit h a 
siruplc configuration of the field wires 111 ay not b<• uniform. wlri clr is undesirable for dcLcnnining 
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Figur!' 3.1: Photognr ph of tire MSTPC. A 50 em scale is <Li so di sp l <~ycd. 
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l'igw·e :). ~: Cross-sect iona l \'iew of 1 he MSTPC'. Tit<' MS I' PC has lhrcP cornponBnl.: a field 
cap,r J(Jr providing a uniform ve rti cal eit-r tri c fie ld . an a node wire for mu ltip lying 1 he cltitrg<•s 
a11d cathode-pad cell s fot· detecting a.11 y induced d targo. 
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Figur<' :!,:): lllu . lration of how lo tneastll'e three-dimensional traj<'clOril•!- <Uld cnerg_v loss aJo ng 
wit h thes<.' tntjedories for readions i11\'olvi 11g multiple part.iclcs. For " lwltN vit•w . tl.te gt·i d 
wires <HC not drav.rn. 
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Pigun• :J .. J: l'i('ltl nd<" nbtions for the drif"l spa<"e . Tho x-axis and z-axis arP ddinNI in figu re :J.:l. 
T it<.' solid lill t'S sl tow tl w c•quipotcnlia l surfan·s. Th '-' right (doubly wouncl) has he liN uuifonnit_,. 
I han t.ltc left (singly II'Ol iiHI ). The wall of the ,·aru um chantht•r is x = 1.'\ rm and gwun dcd. 

tit~· vNiica l position, lwranS<' tht• walls of the n1ruum cl"" 'nhrr arc very rlosc ln t.hc li -ltl cav,<•. 
Thus. I he field wit' '· wh irlt an' ~0 111n''' Cn -De wires. are wou nd don hl,v 'paced hy .'\ 111111 10 obtain 
a better uniformity of tho drift field. Fi!!,u re :) . I shows il~<• cak ul a.INI eq·uipoJ(•utial sttrfa.ct•s 111' 

the r.cld rage. compari11g ilt<• two cases f r.cld wi re <"on fi)!;ur atioll. The ld't side shows tJw 
singly- wonn J ca-'C and the right side shows the doubl.v-wound case. \lnifor11tit_v of the latll'l' is 
hPttN tha n th at of th e former. 

T lt e position resolution of the Vt'rticnl (d rift) rlirt'clion depends on t ht' dri ft veloci ty of tlw 
ga-'Oo: a typ ica l valu<• is arouJHJ J 111111 ( I' \ li M). 

3.1.2 Cathode pads, anode and gt·id wit·es 

In I h(• case of n loW-t' ner!';y nucl<•ar reartiolt. t.he multiplirit.v of charged part idPs iu 1 ht• lin a I 
stalt' is a t nlosl two or three. T hus. t it (' highly segmented rall10de pa.d used iu a11 Mdirt;tr_v TP(' 
J(,· hig lt-(' ll crgy cx poriu tct\ts is uot n<'cdcd. The cat hode pad of lit<' MST I' (' is scgntt'Ut<•d onl.1· 
iu lilt• tntnsvers<• dirf'ftio u agai 11 s i the b(•am direction. 

,\ t firs!. a. rrsislivc-rt• ramic cathode J>a d was insta lled for JrorizoutaJ position tracking i11 the 
prolotvpe :- JSTP C [3 , :J9] , and W<ts tested. Alt hough th position rc•solutiou atHI line<ll'it y 
Wt' r<· a good as lht' hackgallliiiOJH_ypc ca thode-pad, the time rlifferenct•. whi r h dt'JWnds on he 
hori zont<ll positio n lwtwe<•n boLIJ id es of the catbode pad, was not sntall (llla.x I /ISt'c). Tlti. 
time differt' ll tC. whi ch may be due 10 l. ht' diffusion linw of t he charges in the rcsis fil' ceramic. 
is c·ornp>Hable to the drift lime in llll• ga. a.nd it iR ' '<'r_v confusing to dPt·<'nlline each drift time 
lor multipiP lrarking. 

In orciN to avoid Lh.is problem the bac kga m111o11 -type cat hode-pad , which can be ma.dQ of a 
good tonduclor an d can be usNI for a posiLio.n dl'lermination. i> PrnpJoycd. 

Figu re 3.5 shows a sclwm <tLi <" vit•w of l he b<tc kgamnton- l,I'P<' [~O J mthodr-pad n•ll. 1' he 
MSTPC' has G·l cathode-pad cell s. and eaclt ca.thod<'-pa.d cdl is 1 ern long, I cn1 high. and :20 em 
wi d<•. T lw cathodt'- J!il.d n• JJ has au a node wire (30 ttm° Cu- lle) and 2.Fi mm s paced grid wires 



Grouna layer 

Grid Wire 

Backgammon-type 
cathode pad 

Fignr" 3.5: Srht' rnnlir vjpw of tlr~ harkgammon-typ~ cathode-pad relJ. The cat hade p<td s. ur­
ronrrcl the nrrodc• wirt•. Tlif• ground layN is placed bCLIH't'II lire catho<lc-p;rd la.v rs 10 pre1·0rrt 
eros> talk . 

(RO fllll ~ Cn- IJc· ). 
Tht• hackg<LII.llliOn-lype rnllrod<' pad lra.s n. pc·rifk gcOrrl!'l.r.Y pall <'I'll so as to di ide lh<·' rlr<rrgPs 

ror c•nco1 ling the posiliorr inforrnatio11. T he chargrs irrdurl'd on the c-athode pa.rl arc rt•ad out 

li·om the lt'ft arrd righl ides of l lt P cathode pad and t lw hmizorrl;tJ position of lire traj<>rlrrry is 
dclcrrnincd by tlw r·ot io of the charges frorn both sides. The• gco rrwtrir pa.ll<•ru of lit<· ca.llrod<• 
f)>HJ wa$ dt•signcd on a PC' board. For protcclion against ,.orrosio11. the surfacE' of the caUrodc 
pad wa ~lenro-pl;rted with gold. In order 10 pr<'vPnl cross talk bctwe<>n adjarenl anode• wires, 
1l1rcr• pliurcs of cn Urode pads sr.rrTorrnd Lh <wode wire. a11d tire grorrrrd la.\'N is prrl bPlween ti re 
ratho<lr.•-pad patterns. In <tddit.ion, hy covering t.lrc olid angl<' of a.borrl 3/4 around the anod<' 
wire. l lrP r!•a.d-orrL ei,;Hges >11'0 i rr tl'(•a eel. and lrcnc-e l ire position roBolrr lioll nray he improved. Hy 
in crc~:&sing ~he read-out cllargP. t.hc acrepLa,bl<:• beam i11Lcn si f.v iur rca_sf•s. hcta.ll SC ih<:' operat-ing 
g<>s rr11rltiplication c;,.n be dcrrca.~cd. Figur~ 3.6 shows the posiliun rcsolrrlion of<> )HOI< typ<• 
ot thr backgarn111orr- typ cathode• pad , rneasr.m•d willr a col lirnal d n sor.rrc<' (2" 1 Arrr). T lrr.· 
llrrt•<•-plam' data slrow Lh<d i1: improves llrr posilionre,olutiOJt. and rn<tke. the rcsolrrliorr n ar ly 
runsla rr t ;rlnng the anode wire. as opposed lo I he one-phure or I wo-plarre data. l"igrrr<• :).7 ~how, 

tho pdnt pal tcnr of tlrr.• present IJatkgamrnon cathodr pa.d. 

3 .2 Electronics and data-acquisition system 

l' il',un• :J . ' !rows a. dia<>'rarn of I. he MSTPC readout i.)'StPm . The induced char·ges 011 th(' cal hodP 
p;rd ;ue inlcg,ra(NI Rnd convcrt<•d to a voltagp b.v a factor of about I. V f pC by t.h(' Pre-AM P. 

ThP output signa l from lire Pr·e-AM P is divided irrto i.lrJW parts. T he first signal is di&rrirni ­
rrat.ed and use<l as oJre of llrP triggPr signals. The s0cond sigua.l is shaped t.o a scr ni-C:aus ia n by 
tlw •. -AMP and sampled IJ_v Lll(• F-A ll(;. T l1• tlrird sign;J is &hapcd to a crni-C:aussian by l ire 
S-AMP a.u d digitized by a peak~ hold ADC' (P II-ADC). 

The data proces,Pd by t lw AD(' are collerted by a Tl.\0 [41] <wd ( 'i\MAC sy Lcm . T he 
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Figure :u;: Position rcsol rrLiorr of Ill<-' protut.yp<•-barkgamJnon- ty)l<' nlllrodc pad. Thr.• positiorr 
rc•s<l)ulions were rrwa.,ured IJ,I' one plarre. two plarres fllring cadr ollrl'r llrrd t l11·ce plan<'S. 

J"igurc• :).7: IJatkgarUriiOII p;riiNII for lJ1e prCSP IIt cat.Jrod<• pad. 
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Fignn' :J.x: l) iagnu n of t lw MST P(' r~.HI<>ul sysl<'lll. Thr • ign;, l;, frn111 til!' ~ I ST P C ' a rr r<•Hd nul 
h.v l lw l 't·r-.'\ 11 11'• <tud div id<'d. 'l'!tP divid<·d oign;,b a re p rorc~srd by Ill!• S- . \ ~ ll' s ;, ud .\ D( 's. 
T l <~ disnit nina.tcd siJ!; nills ilrr used fo r a t.riggrt· . T he 1!01- 10 tll!lillb tltt' >il',nab fr0111 I hl' right­
side of lltr n<lhudr- pad 11111n hC'r fro111 I to 16 and l h<• LOl- l(; lliNtns lht• si na ls fn,nl t ill' lrft 
side of I hos<·'. 

'11\0 and ('J\~ 1.'\ ( ' inlcrfac<•s art• it~:; ta l k•d i11 t ill' \'.\ I I~ na te. 1\ dalncacquisil ion ( D.i\Q)-fronl­
rnd compute r is also ins ta ll ed i11 t ill' .·a m ~ \111 11 ~ <T•lle ilnd ro nn('i'INI to a n on -lint• lt<OIIilor 
rom puiN hy Lil<' Et hernet. 

3.2.1 C harge sens it ive preamplifier 

Tht' ~ I STP (' haR 6·1 o d hod ·· pad rt'l .l s to h~ read out fro 111 hat h si<!,., ofNtr h cat hode pad; tl n!S . 
12X l'i~<HI U !'I P re-AMPs mt· rrq nirPd. For lmndli 11p, lht• P rc•-"\ M Ps ca.~i l y. a I (i. r hen ll <' l Pt•t•-AM I' 
board WiiS dc·sigurd . 1;;al' h Prc-A.!d P has a I pi' lcPdhal'k ca pafilor il! lll a I ft sc·r ti111 e ron~ t a 11l 
to • l10r 1 ~11 the ta il of the s igrlill so a. l.o 111i11 itnize " " ·"pile-up o f th e signa l. l~ight l' rt• -:\ 1\IP 
hoa rds wrrt• 111 01111 lcd uls id r of I h!' ,-;"· " urn cham lwr aud sl.tieldcd by an ;ll n11 ti nuu1 chassis. Th (• 
011l put sigmtls ;trc d i,·id<•d in to 3 parts a ud fl'd to a d i ~ni mi nHior. l i< f' S - A~ I.P for t he F-A Dr 
a11 d S-.\ HP forth<' I'II -A DC. re J! ('rt ivcJy. 

3.2.2 Di scriminato1· 

l11 oniL•r to rn'atl. .. a n•afl ion trigger. a di sr riwit1 alor wn. iu rorpor(lf.P<L Fot· C'Xa.rnpl <.•. wlu' tt 
" 1\l'ion -likt• rr;tct ion ocrurs. lhe 11u cl •ar rliit.rgP p,rea t.ly inc rea es "'HI dB/dx r ha 11 geo ra pidly. 
Th<-n, a fu sion-li kc event I rigger ra 11 b~ J!;C nera I <·d hy S('" i ng t he discri Ill i 11 a l.or l<'vt• l >tbove 
dl:: / dx for the i.ncide11L ht'a tll . Thc' d iscrim inato r cirru il h a~ :12-r i,;M111 r l inp<d.s; th e !(; cha nu <' ls 
an' fo r the left s id" of t lt l' ntt.lwde pads and l hc olhcr 16 chan uels a re for th e l'ighl sid t· o f U ~t• 
r<l t i~<><i<• pads. wi th a com mon threshold lor 31 cha u11 e.ls. The o11 lpu 1 signa ls of 1 h(' di srrimill <tiOr 
ar<' 1he fa.s l -" ' ~ l- l eve l logic signa l. havi ng a tlO II · np <laL ing '200 usee wid l h. lo r :32 ch<liiM is, 
a 11 d 16 coinr idt•nce signals of both sides of 0110 ca. t.l1 odt• pad. In ~,dd i t i o 11. t ir e multipJi r- it _v 
signals. lht• mullipli r it.v or t he 16 lcft.-sid<' cha nn e.ls, LhP 16 righ t-s.ide r h<uJ nels aml l. lw 10 cha nnd 
roinciden<·<'s of ho th sidt•s a.re nvai lab lr . T ht• nJu! Li pJi r iL_v oul pnl of Lire other di Hrrimin aLor 

rnodnl<'s caJI h(l nm tiN'lNI by a dai :-.~·-rltain n)nfignndioll. 

In tll t• l llNI~LII'<'I/l{' ll l or tl fu siou J'('(trtion . ti!C' ri~hl -sidt· ~i~ JU·ll and tla· ll'rt -~idP ~i~nttl ar(' 
dbni.ut illf-l(('(j M'pa t'rtl<' f,\' <-l!td tll"l t'\'('Jl{ lrig~PI' is rtH•d by lhP rqinrid('IICC' or ~hO..,(•. in ordPr to 

S<'lt'cl, not on ly I he cl l ~/ clx chang<•. '" " ;dso Lh<' n·ar t ion point. whici, ,hould lora lit<' itronud 
llt(• fPJI I (' L h<'Crl.llhfl tlH' fusion n•arli011 C'<\.I! St'S Ja.rgt• df :jdx ci1CI/l~l~ aud tit C' fn :-.ion [H"Ofillc..' l 1'1/IL"t 

JlP~H I ,V fo rward. a" oppm.;pd tu other :>nd !Pr ill ~ I"P(IC I ious wltirh hriug:-. rl hout cl E/ dx rhallJ.!,('-. with 
il :-. I rajf'('t,or.'· rhi·JHg:<-• . 

On til(• IJI Iwr lt<11 td. th~ anod c•- w i r~ s i ~;na l s ill'(' di srrim inatPd insll·ad of tlw ' llllllltl'd sign~ls 
of t hP righ t '"" ' l<·ft -side si~nill, of tJ1~ mt hode pad. wlwu tho rvc 11 1 11·i~<'l' i' rPqllit•t•d to 
lw fin'd dnr· to t il<' d l':/dx cl1ang~s ind~ p cnd~nl of t ill' posit iou infon u:ttiiJII. TI,e '"'"" ~'- "·iw 
s i ~Jtcll disrri111i11ali u ~ ~.\' S I<'Ill is avfli l<tblf:' rH~ rt•qnirf•d. alt iJO U,;h i l was !Jut 11!-.<'cl in tilt• ()J'['~t·ut 
<'XJI •rimeui. 

3.2.3 Shap er amplifie t· a nd Aas h ADC 

Tl"· MST I'( ' cnt plo_v s ;, F'-A !)( ' 1nodu le wltirlt "'"' d<'vt' lnp"d lor till• T l' (' "t 1\ I·: I\ iiud inlj >I'O\'<•d 
fnr r!,, pr<'Senl li S ('. ThP pn•o<'lll F-A D(' 111nduiP has X-rlrallne l S-!\M I's to shap<' t he ,i.!!,llill inlu 
i.l Sl'rni -C: aussian fonn "ilh a 2.)0 user F'vVIl :l f. F'-.\D C's whic h SillliJliea l 10 :I<IIJ 1. aud CO JI\'<' rl '"' 
analo~ll(' in pnt to 8·hit di~it.l-ll clcll.rL and I khy tc h ufl(• r IlH'TllCJri ~. #"l"'h r :;a111p li ng ntlf• in va riabl(• 
11p to 10 Mll z. T l"' 'IH'cifir enrrg_v I'<'Solulion of ·l ite ciPf'll'il' rirc ui l wa.s lli~''~"'"NI hy ft•edinp; a 
tc•st ., ignal in to tho P rP-AMP lll!d S<1111ph·d by t ire F'-,\D(' tnndt dt•: il was fo un d to ht· withi11 I he 
lowes t 2 bits ( I 'W II ~ J ) [ 12]. 

3.2.4 S hapet· amp lifier aJ1d peak hold AD C 

In sour<' cases. i lw d.\'nilmir rilnge or tlte ~-b i t F-A DC is 1101 whit• t•uo ugh to m~<lSlll'l' llw large 
d 1;;/dx chang<' o f a fu siou-likt• even I; how<'wr. I he• wide d.Vllillllir-nHrp,c F'-A !)( ' i' vNy t•xpensi\'t'. 
In Ol'dt•r to solH· til<' mst problem, a 12- hil 1'11 -i\ !)(' modu le. which is a popul<ll' l'A~J Al' 
mocl u l ~, ;.111 d a S-.\!I!P modult•. wlt ich is a popu lar J\ lM mod ul<•, ran he t•m ploy d in paralle l to 
t ho 1-'-.\IJ(' rNtd out, <<s show n i11 ligur<' :Lil. 

3.2.5 Data-acq uis it ion system 

1-'ignrc· :1.9 ~ h ows a sd11•matir vi~w o f t hr DAQ sy, le nt. Th is oyslt' nt ro n si~ts of F-AD 'module> 
0 11 a T f\0 bus, l'i\ :VIAC ' mod u! Ps . iucerfacc modu l~s helwc~·n I hE• Lh e T l\ 0 and (' ,\ ~·l AC' to tlw 
VME, >~nd an II P~JOOO boa r<! rorn puLc.l' on I he VM r-; hus. The itlle rface urodn lr of l lw TKO side 
is a. ( ' II (S uper Cont rol ll ead ), whic h ha.s some seq uc> IH'<' prog rams. T he iniPrr;u·c, mod11le of 
t.ht• VM I~ s id e is a SMP (Supt'l' Memory l';u iJt<•r), whi ch has I he fuu rtion of Z!'ro supp t•t•ssioll 
and I i\.lby1e do ub k• buffe rs. T he J6 mod ul es of the F-AD (' a rE> ~p;mrn i Pd into I blorks. aurl 
I s~ l s of t h<• :-lC II a nd S~ IP pairs are usc•d Lo iake data in p;rmll cl. Ju Llri s systrm. lrausferr<'d 
d;l'l a from th e 1<-i\ Dl's aJ<' lll<Lxim lll ll a l, 121< kb)'i<'s/cvent. By utili zing the SM P, dillil from 
l he SM 1> Lo t lte froul-t\nd tO IIljHIIN a rc rr dnrl'd lo a butr l 20 kbyl.t•ii/<•venl. The IIPQOOO board 
to111pul e r is Of><'rated in real J.illle NIX. li P- WI . 'lnd lws h.igh p e rlormanr~ lo ro ll ~rt llla'SiVt• 
da.ia [-13] . To rontrollhis s.vslem. a l' NIDAQ s.vste n1 [.fA]""-' iu sl;u lt'd on bollr rompulcrs. i\ 
DDS2-DAT dri ve is r-ou nr r t<•d lo 11"' bo~~rd ro rnpul <'r a.nd t.he data ar~ I'PCorded on fhl' 1), \T. 
T he dala-a.cqni siLiOJI r<lt~ is llJ! to :l() eve nt sfs~c· by l h prese111 syst.t• nl wit h typ ically :!0 kbylt·s 
P ' I' CVt' lll ['12] . 
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Figurt' :}.9: Sdlt'nnttic view of I he DAQ •.V" '"'"· 

3.3 D etection effi ciency 

J." ip;urt' :uo shows t.he delf'ction dlirif'llries of the cat hode pads, whic h wa" me;>surcd witl1 
8Li beam ami .10%- i~<ohul.an c- tnixed ga;,. Tl1ey or<' ralndal<'<l ilS follows: wh011 boU1 th ~ first 
(Pr1 tra11 re) a ud 48t h (ex it ) pilds detec t a partie!<', whNher tl1 other pads can Mterl I he parli<"i<' 
or 110 t. ! 11 t he case of 5%-isobutilll<'-mhcd gas or 9 Be beam. tlw saul<' cfflc i •nry is obtaill<'d. 

'l'l1e lowcsl dlirie11c_v of 011<' p<1d is above 0.99 : 111011, t l1e efnrirucy of <til pad., is il.bov<' 
0.99 '48 =fUJI. This i. uol problcn< for pra ctical usc if Oil <' of lh l' pads do<>.s not fire. !wea ns it 
ra n b0 roJnpi<' IIICIIted by hotl1 -side pacl of it by analysis. T herefor<'. I he d<'tertion dfirienry of 
I he ~ !STPC is esS<•nlially 100%. 

3.4 Measm ement of the 8Li (a,n) 11B and nBe (a,n) 12 C reactions 

In th<' Jlr<'scnl. •x peri111 C11t , IR cha1111 •Is i.n Ilw upper s t r<'""' out of all r at hodt• pads wt•re used, 
hcrause ll1 e elect ronic wcro ready [or on ly 1R rhaun~.l ~ . In litis rxperimcnl, I he ~vent 1 rigger 
w<1s gctwraterl h.v lhe coinriri<Wce between the be;uu cou ni.N and t.lw llt'Ul ron rouul.er. whNc>as 
the discriminator luOdulc for MSTPC was noL incorporat ed. 

'l'he MSTPC' was fiUed with til(' "1H<> gas with an admixtur(• of l,he 10%-ioo-bu\ane p,as or t he 
5%-iso-bui.aue gas ;tl ~00 torr pressur A gas- flow syst Ill was not used, bPt nu se the var uuut 
rhatnhN was suffit"iPnll y <• vacuat.ed and the gas leakage was found lobe arleqnalely small ( < J o-3 

lorr/ da.y) for one day of operation. However .. !.be gas wa. refiJJ d <'V<l ry half day for Silfe OJH'ral.iol1. 
The anode a.nd fi eld vollages are give n in !.able 3.l. In order lo l<eep L.h pu lse h ~ ighl. of 

I he rat l, ode pad nc;trly cousLa:nL for various beam species and gas combinations. t he anod<• 
voltage was Lu.11 ed. The field voll age was set to be - l200 V, where the drift veloril.ics of the 
t'lcctroll were about 1.4 rrn /Jtsec for a l0%- i sobula11 c- mix~d gas, and ~.bout l .:l cm/ /iS • for a. 
5%-isoouiane-mixod ga -. 

The vacuum r hambl•r had flan ges wit h lOO /lnt-alumiuized-nlyhlJ" film for a 11 utron window. 
Figure 3.11 show, a three-dimension al JJiot of the avera.gecl ciE/clx for 8 Li beams with v;uiou.s 
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P~1d no. 

J.'i)!;l ll"t' :.1.1.0: I·:ITiricnc.v of 1 ho ~· I ST PC' . Til!· hori zon I al 'I.Xi s i.< t ht• pad 11 umlwr; tho bca 1 n runs 
fro111 lc•fl to ri !l, hl. Tlw verliral axis is the cmcic•ll c_v. It is lllNtoured with tlw sLi beam atHI 
10%- i~oiHtlanc-mixc•d ga., . Thl' uumbcr of in.i<'rt<•clocams is Len 11lillion. 

llc;u" C:a.< Anode ( \i ) Field ( V /nil/atilt) 
0 Li '

111 e+ IO % iso-bulane + 7.~0 - 190 
~ J. i '' ll r+5% iso-hlltanc +750 - I DO 
9 1k· '111 c+ 10% iso- bul ;tn c + 730 - 190 
~ n e 11k +5% i so- bu t~.n e +710 -190 

Table 3.1: Ta ble of I he ll igb volla)l;cs. The at10d c voltage is ··lcded to n1akc a cathode-pad 
signal rons l.anl. The field vohage is set to be - 1200 V= - 190 V/r m/ a,tm . 
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l' ignre :).1 J: TJt rce-dinJe nsiona l plot of I IH' ll ragg rUJTr' of the " I. i with varion s in cideul ' nNgi<'~ . 

t-'ll('l'~ i (-'S. 'T'h€' x-axi s repre~~uts the cn{'rgies of iudd C' 11L 8Li bea.n1 s. 'Thd y- axi~ l'l'JH<'R<'uls til<· 
ca.t.hod•·-pa.d nu tnbt•rs. The r.-<Jxis rr•present s df./ dx: the d 8 / rlx values llJ e<k~llrNI b.v I hr• raJ hod<· 
pad ~ wer<· ca lil>rill ed to fit "'' <' llNg;y- luss c<dru lation by tlw computer mrlr• [ i!l 

Figu re 3. 12 hows an exam pie oft he l:lragp, rn rve of I ht• 8 Li bt•aJ n. whicil is a ' li ce of ll f\u r<· :1.1 I 
at an incident enl'rgy of 27 MeV aud J2 MP\1. Tl1c Nro•· hM sltows Llw st<tndard dev iation of 
tH~/ d x . which is maiuly due to ~~nC'rgy st ra~liug and e ut'I'I(V uuc<•rtaillt.Y owing i.o 1 he non­
uniformity of the F:1-plas tir sri ut illator . 

Fi!(nre :u:J shows a t.ypiral <·vent uf the $Li [n,n)11 1l rear-l ion. Th e horizontal ax.i$ rt'fll't'Sr'llls 
Llw cal hod t•-p;HI nn.mbers. The vntir:al a.xi. reprt>.<> nts dEj dx . The rPartimJ po&itioll is dcter­
miuod h.v a sudden rhange of d E/<lx fr0111 I he Bragg cu rve. and I he rear I ion NtNf!;.V is d0l0rll1illerl 
b_v calculaling t he inc id t•nt enNp;y '" " ' t he Cllergy lossc. throup;h the gas. 

·In addition to l hc ene rgv losses, lraje<·tory infornHtliou is oht«i ned by lhr• MST PC. Fig­
un•s 3.1-1 a nd :!. 15 show lit e t_vpital t•vent of I he Li (o. n )o 7 Li rea.rl ion. TJw fo n ncr fi gurr· s how~ 
on<' exam pi<• of the ra w data of lhc 1-'- !\ 1)(' . Th t• right-sid<•- pad signa l ''"d t ht•l.eft-s id<'- pHd sif!,ual 
are showll. Th~ dE/ dx and position value' <'J.re derivt•d frou·, them and shown in tl)(•lallt•r fi g ure. 
Tl"· hori zontal ax is and ve rt ica l axis rept·esent tl1c tathodr•-pad nt11nhcrs >tnd tht• horizollt ;tl OJ' 
\'Nlkal position, respect ively. The radiu s of t l1 e cirde <llollg t he tracks is prnport. ion<ll l.o d 1~/dx. 
riJ<• reartion position is detNmincd by raJcul atin~; the cross point o.f two or t hree I racks . 

Tlw encJ·gy of I he illcideJI\ particles <II the re>ttt ioll point is <letemlin <'d by t he MST PC', and 
thr rurrgy a nd angnl a•· di stribuliou of tlw neutrons are determined hy the neut ron dc·lector, 
whi r'h is SCI\IIWJJled a nd read out frotn bot h sides by PM.Ts to ohl" in positio n i11 formation. 
ThPJL lhr in va riant mass of ill' r~action ra n bt-• cal ·ulal <'d by assuminp; that the target is a n o 
particle. If Ll)(• in varia nt. ma.<s ati s fi cs til ~· cveul gat~ corresponding to the 11 H mass . t he cvrnt 
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FignJ·<' :!. 13: T.1·pical "'·rn t oft he " Li [ n.n) 1 1 11 
r'C'i:lfl iou . Tlw solid ru rH' ~ howii I IJ<"' rPa rt ion 

rv<'nt il nd I ht• da <lit•d lin <' ohow' 1 li<' IJn1gl\ 
run'(' of tht• NLi. \VI1 t' rr t lr <' SLi IH•anl rNH'I S 

wit h tl11• n- p<HI ir lt• I a rp,r•l. d P. f dx rlmnp;p~ snd ­
tk•nly. 
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Figw~ :J .II: l~ aw dctl<t of t il e F-t\ 1)\'s. Tlw lt•ft-sid(• figur~ is lh~ left- ide signa ls. an d til~ 

right ·!-. itk figure• is l it<.' righl -f\i dco signal!:!. Til<.• rlot·k ax is 111can~ til<' ~H tupli11 g-dork roun1. Ont" 
tio<"k equals to :13 tl>cc . 

Figur~ ;J. J.): Typk<tl event of til<• 8 Li(n.n)rt 7 Li rca.ctio11. T lt c $Li lwam read s with lit.~ n­
partirle target <lltd the o parlicl c. 7Li <tnd l it e neutron arc cmittNI. T it neut ron is dclt'clcd 
by th<· n<•ulron detector a.t t lw di rt•r l i011 of t il e ar row. Th error bars mean un ccrt» in ly or l it e 
posi tion detertuiuation. 

Chapter 4 

Simulations and Estimations 

( 'onlplll(•l'-sinJtdrl.ii (JII fodt•s \\('1'<' wl'itll' tl for {'1\litttatiug till• ~,~ fllri P n l'it•h o f ll1 <' dPf.('rtiou ~y~IP!ll 
<u HI a.ualy~i h prU<:P<Iurfl. I n additit u. in ord r to prNiirt tl a' J'Nlpun sf' fun ctions. !'o.i llltdc-llion:-. W('I'C' 

pl'rfnriiH':d. Ba tkgHJtllld ,.,-<'td.r. wC'r(• ab,q ~ ir uu!(ttP<I iH ordl'r to <'slimalC' lh('ir <-\fl'ect~. 

4.1 Simulation procedure 

T IJI• tJJ:till factors wlti r lt dt•IPrn oill <' tltc ~fliri~11ci<•' ar~ tlw dt'l~rtiun ~ fli ri~IJ(i<•s col" tit<' <klf'<"lo t·s. 
li1P snlitl iHt.U,il-' ro\·Pn•d hy 1 II <· tkl(·t'(or~ . art d t lu: anrdy~i:-, (•flirienc_, .. 

Tlt t> do•l•'l"l ion <' lli cic· nd '>of 11t r ti('JJI ro11 ro1111lt>r> an' disn" ~d ill .\ ppettdix _I. "I !11• ,illluh­
tion lll('thod fO it ('(-'f ll illg tltco tlf'lltron ("()Ui)l('l" ha..-. a :,.yS1('1il(l!.ic {'JTI)r or within IOYL wltifiJ wa. 
nol co 11 side•vd i11 lit • prf'se nll .l' clb'·'""''d 'itn11latio 11 for ~implilicatinJl. 

Th<' d~lcrlir"' dnri<'Jli".Y of' '"' ~ I STP(' is >itOIIII in figure :!.10. As tl 'c ribo~d in Scrtio11 :J .:!, 
tht• drt<•tt iotJ erTiri<•JJry of tit<• ~ I TP(' is ro,(' ll ti;~JI.r 1007.". 1-VItil <' ! Itt• oe>lid a 11 gl ~ for dNt•rtillg 
a rt'<.ltlion hy tlt t> ~ I ST P( ' j , ~'""ntially 100\1.. lh ;ll for nr•ulrons by the n·11lro11 ro unler 1·ariPs 
rtrror·dittJ!.IO th<• l<· n ~t h hC'lW<'('II tll€' r'NH'ticm po~ition <11ld th<' rwut ron CtltJlltt•r; IH'tH"<'.1ht" ~olid 
auv;l£1s mu ~ t be r::drula t (~d by a C'O IItpu!(•J' simuh1tion \vl!irlr iurlud t'S Lhe tl<•l ec lor :'IP1 np tiJld it." 
p_C>o nw1rh•b . 

r'urllwnnor·p~ the rfJicitlll'_r of' 1hP llll<Ji_rsi& prOte~~ l llU:-,1 he COUSid ('rt:.•cl . Ju nrdC'I' lu (':--lill lillC' 

tJ,~ Ol'er;dl rfl iri<• twi('s. whirit inr lu rk l it<• clel<·•rl ionemrienri <'s, tltr• so lid angle> and il~t• nnalysis 
C'fftc i ent.r~ til<• ~'VC'Il1 d~ t :.1 tlrP ~<'IIC'rt~t('d as _just lhr ~a 1nP strurtun .. of rt H:aJ t' \'<'-Ht and t~rP 
an;-tlyz<'d h,v 1l1<• Rt\111(' (l!l ~dy~i s programs. Tlw t•\·t·nl-A<' n(tralion progra n1 f' imublles au <'\'('111 it1 

l l"• followinp; way: 

Step L Th e 8 1.i-hcatn •nrrp;.v. III Onw nt.um a nd iujer tion point ar<' set. li Nt' ihr hea m 
profil·s d<•rivrd J'rnm I he tnt•asnrcd data arr· u cd . 

Ste p 2 . .-l'hr n"arl ion-orr url'ing ('!l l'rg,v is R< .. Jt•ctNI. 

Step 3. TltP f•xr il (•d ~ l a t e of 11 ll is st>h· ted. 

S tep 4. Tl"• 8 Li - bNIJ il ~ ~ ~~ rrgy losses, energy s iragglings »nd mul lipl sra\lcrilli\S through 
th <• J.':J-plasti r R<"in till<lto r are ra lndaiNI. Tit<' thirku~>s of the F:l-plaslic ~ciut illat.or 
iH di s I ribu tJ'(l a.l r~ udont within l ht• IJ it'<\S II r<·r.l tl tit"kill'SS non-nniformil_l'. 

Step 5 . Th • ~ Li-hcam-enN1QI losses. enPrg_v 'I ragglingH and mnltiplc scA tterings 1 !trough 
1111' MST P( '-window film Me n dr ul alcd. 



S1ep 6 . ..-, h ~ Li - hN1lll-PUPrg_v lo~S\"S, <'Ht rgy st ragglillg!-. and 1nultipk• !->f<H I<· rings p<-H,.~ in g 

lhruugh lh~ !';'h"'' ~rr ca lru l<Jit>d si<'P hy slc• p. nnlilllw hNllll C'11Np;,1· ckneases lobe 
('{jll<tllo or lower than th(• rPHiion Pl\t'l'g,Y ~l'i<'cll'l l hy [Step 2]. 

Step 7. Tit ki11e111a t ics tl i'P ta lnd ::~ t C1d: tilt' II N il ron l'JI('rgy cl!1d JJ ifllfl('II LUIIl an' drtc• nuinl•d 
by aRHIJming an isol ropjr angnlo-ll' distribution in tl1c n•ntcr-of-masb gy~ t ~ Jll , and the 
11 1J (' Jl!'r,gy and w onwntn1n ::tr0 drt('rntiu('d. 11 H I1 HH till' f'Xci lation 0nerp;y Sf',l(•clc•d 
h.1· [S tep 3]. 

Step 8 . . \ u('JJtr·on passe!-, to the• ncuLrou countc·r~. V\"ltPthPr a neutron i!-! cl<•t('ri.NI or 
not i• d<'irrmiJwd has<•d on Lhc g<'omel r.v and I h~ dc·1~c· tioll efTi!'icn cy of 1l1 Q ll !'ntrou 
rCHIIIIN. The ck•tedio11 p1·oh<cbility is cl e l c nnill ~ cl ilctordin)\ to t he funclion of lhP 
ncutro11 energy <111d 1 he• e fO ci('ll CY show11 in figure i\.2. 

Step 9. Tilt' exc ited 11 1l decavs tu !.he ,!\rOIInd s taLE> by si ngle-g<>m lll>l l'lliiSSIOII ll'il h a 
sph<•rit:al-ttHgular dist ribut ion in I.! a• re:-;t- masfi syRL<'IIl of th~ ex ci ted 11 B .. \ tascrtdt'­
ga n1!na drcay is not cousid C' rNI. h ca usf' lhl" kiuNuatic<1l <.'ffect of J-ra.y ('nds~iOII i1i 
IJ <•gligih ly small. 

Step 10. 'I'Jw 1 1 11 (gs)-c ll t' r!',~' loss0s. t>n0rg,v ;lraggl ings <tnd 11111ltipk ral tt'r ings passing 
through 1l1e gas<•s a rt• n •Jcnlatcd. untiltlw 11 B(gs) stops i11 side. or pscap'R from. t lw 
ad ivf' region of tll(l J\ 1 'TPC. 

:l. Di\Q simulation: 

Step 1. Til<' TOF va liH'S or II"• 8 Li bcalll tn rasurcd hy !110 F2 and F':l- plHsl ir orin I ili a Lor& 
are digitized by thl' TDC's and 1lw QDC'_ with c h~ r~solnli on d terminc·d by !J, t> 
~·x perim c11l data.. 

Step 2. Th~ TO I•' valn t• of Lh neutron rneasurrd b,v 1lw nt• nlr 11 rounler is uigiLi r.NI by 
til(• TDCs a11d the QDC's with t he re.olulion dt•term ill (' cl hy lh<• cx pcrimcnl dala. 

Step 3. The e.llt'rg,v loss<•s per pa.d and t l1 e clct· lmll -clrifl lilri 'S >ll'e sampiNI h_v I he fl ash 
tl l)('s wi th noi se signal s dt•t<'rmint•d hv Lh0 exJwrirncnt <lata. Th0 dt><'tmn-difl'usion 
effer l is inrJ ud Pd in the posit ion resolu tion. 

Step 4 . ,\11 da.l.a are rcro rd NI in a fil e hn viug the ><•me tla.L;c st r11rl ur<• a$ til <' on-line D:\Q . 

ThP:f>(' f-iitn ulation procf'Ssf'S <:IH~ pcrfonned for variou s s t~1tc~ fron1 1h(' ~round stRlf' to t.h(' 9Lh 
~xri l<•d sl<l l<' of 11 H with l11c !i'J{ ;HHI 10%- isobutane- mi xPd gas: I he dal>~ sci" arc• <l n<Li .ncd by 
lh<' R;, nw compul('r codt•s a ti1 0S<' are used for the presenL a11alysis . Thr delail s conrNning 
lht· au;-dysi' are d<•Rcribt·d in ('hapt r 5. F<ll' t l1 c " 13t•(n .n )1l(' rca.cl ion. 1.111' s;HIH' pro('edures 
a.re pPrformcd. In I he C>l"<' of ·12(', tht• ground stal<' a nd lsi exdt t'd sl ate lire considl' red. 
1Jcra11se anguJa,·-di stribution data a rc av<li i<lhl<• for the "ll e(r,.n) 12(' rcarlion, simul alk1ns a rt• 
J.H..'rfonued fort wo ra.sC': u11e ass urn es a splwrical dist.r.ihut.ion, a11d the oLI1er cu.;S illllP.s t iu" ang1dnr 
djstribution rl ri v!'d from I li t• rt•fert•ncc dal a. [2<1. 25. 26. n, 2R]. Sinn• 11 B and 12(.' decay by 
p;u·Jiclc en1iss ion >~bovt• l be JOth excited sta iP of 11 H an<l the 2nd t•xc itcd stli.Lc of 11('. t he 
sirnulations were pnfonned lor below the 9th exrit.ed sl<tle of 11 B a nti the lst r•xdt d sta tr• of 
12C. 

Til<' lllltllbcr of gen ra led events is a bont. !0,000 p0r one sl,a.te of 11 B and 12 C. wJ,i ch is 
mu t·J, larger than I he ex p ·• rimenta.l da.ta. Uy these proc<"dures, the ovNall effic.ieuc i ~s for ~ach 
i11dividual extitecl st~ll<' are tlelcrminod. 

:l5 

E.ltt!J /1' 071 

~n)lffllTflll 
E. j\/5;'//l(' 

,:O,f!\TST f'(' 

£lluu /1J.<Jl .~ 

Cot•r·rrrll 

10 ~ 20~ 
~ 20'7r of •lr. 
~ I OO o/, 
IOO'Yr of lr. 

j,;'i(, 

S_vstemat ic Error 

± 1'/c 

± O.O.i 'X 

Til hll' 1.1: S!lnllllil ry of Ill<' P!Firi<'nci<''· !\ rongJ, "'' i ltlllt ioct of I li P t•fliri<' ll r.V with 1 h<• 'Y' ' ''IIHll ic 
f' IT()I' is giH'Il. 

4.2 Overall efficiencies 

Tl1r tlh:-.ol ut t• cror," 'l('c tiou. iHC' dt>ri w·d by COJT('rliug tiH' analyzed d;-1!;1 ll !-;i ng thP orPre;dl Pfft ­

riC'ndf's. \\'hir lt i11 r lu tiC' i11Lrinsic d0U.•c tio11 C>ffiric-nt ies. gt•onH.' tJ·ips of lil(' dt.l t t•rtor~, rlrid analysi~ 
<' ffi ri ' llf,l'. Th0y are di sr ll b. <'U in I his sc•rt iou for the rclt•vaul ra><·s. 

/I {'I'C'. tlw o\·C' nlll cffi cit1nc.v. E..wrndl · is defined t-)B ~ fuu ct it)u of t ile' rpactjoJI <'Jif.'I'14_V, Ctnl. and 
lh<' <'Xr ilali Dn rn<•rgy of 11 1J. E<.r. and is drsr ribed as 

whPrP £,11 111 ,."'' is t lte d<'lcctiou l'fl'iril~lll'_\1 of t il t• neutron couutl'r. .J.Hn, 11 t 1·~)n is tlw solid anp,IP fO\' ­

crcd hy I he nc11tron roun t Prs,t;~~sTPC is lh(' dt•lertion effici<'n (y ofllw MST I'f' , and ~nMSI'PC 

is !. II<' solid anglf' c·<>VC'rNI h~~ thC' M TP( ', and ttJna lutti.s is th< 1 a,nnl ysis l" fiitj enry. A rough (ls-tillli-1-
lioll of lhE>R<' fa clor~ is sum marized in tabiP t.l. The prPri sc• estimation is dcsni lwd in folJo\\·ing 
St'Ction~. 

4.2.1 "Li( n ,n) 11 B •·eaction 

l<'igur<·s· t.l >11 1<1 ·L2, how lll<'l'ffi rit• nri esofl hP ~ Li (n .n ) 11 1J n•;trt ion . The high l'r is lh pexritation 
energy of 11 1J . th~ hi ,!\hN is lh~ cffi('i(•nry. bc•t·au><' l.lw lowN is l hP nt•ul ron enNg_y. the hi,;hc1· is 
I IH' tl c\ t,Pctioll <\1ficit'nn· of Jl<,IIL J'O JJ <'ounl t:>r. T ile angu lar cljstrilJution is t:~5lS UIII('d to lw isotropi c. 
sin ce lhN<' is no reliai)Jt• data wncerning I,J,p lt>vl'l -property of lh t• iuLe rmecl i~ l<·' sl;ll.l's or 1213 ' . 
The rra.rlion cwn[.s orrurrinp. n('ar the lop of I. he Bragg curve ca n not. ht• analyzed due to 1lw 
mngc st raggling. so lh <tl Lhc cut orr <' twrgy of nna.lysis io .rt to br I he rl'ntN-of-mas energy of 
1.5 ~ l e \ ·. 

4.2 .2 ~Be(n, n) 1 2 C reaction 

Figure ·I.:J :; how. thr f• fliril'n cil'S of the 9 Bc( n.n) 12C rt•action. Th<• dirf rPtH'C brlwoeu I he rrsull 
for th e case or an i otropic ;u1 gu lar disLribuliOJl a nrl 1 hat for t he casl' of 11 sing tLc IUC<\Stll'<'ii 
<ln~ular di slribulioll is :;~ .10% . Thi s sugg<•sls t l,;~ l the rPsu ll s of I he Li(n.n ) 11 B !'Paction havP 
a. 5 ....... 10% 8Y$h~ 1ua t.ir {' ITOr. sinn• a11 isot ropic di sLribu t. iou was assu Jn(•d iu th ~o•ir a n a l yst~~. Th(.\ 
ntl orr energy of a.nalysis is sc•l Ia b~ I li e ccut cr-ol'-mass energy of 2.0 M('\1 for I his ca,c. 
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Figure -1.1: Siu11d;.t~·d ov<'r<d l dfirit•uci~s for l),~ 8Li(n,n)11 1l ,-~·>lt'liOII i11 1l11• ra.'<' of til<' IO :Yc­
i so but.a11~ - 111ixed gas. Tlif' horizontal ~.xjs showb Ill<' n •uter-of-rna,<R cnNgy a11J I [i(' 1·ert ind "'"' 
shows the ovNarl <•ffirie11r_v. Tl1e efliricnties are ralculal.ed for varinns final st<~ l ('!; of 11 ll. Tl1c 
Nror har r~·(nt•se nl s th~ slalislicaJ error 011l_v. Tlw solid lin<· is Jrawn to guid~ th<· <'.\'<'-
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5% iso-butane 

6 8 
Ecm (McY 

Fi•11n• -l.:2: Siullll all'd ovNalJ dllriPuti<'s for tit<' 8 Li(n.n) 11 1J r<·aclioll i11 1l ,c tasP of 11w !)r,. 
i so bntau~- 1nixed gas. Tlw l1orizonlal a.xis sliows th~ C<'lliN-of-ma« ent•rgy and t-ile veriical;~oxis 
f. hows ilw ovNall t•flici<'nry. Til<' dfiriencics ar<• talcnlatcd for various final stales of 1'l3. The 
<'rror bar repres<'nls ti1e st.atistind Prror only. Ti1c solid liue i draw11 lo guid<' tile cyt•. 
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Figu1·c 1.3: Si ntnla l('(l ovorallofiiricnrio• for the 0 1l c(tl,l1) 12 ( ' r anion. The upper ligu res show 
tht• r<~B<' fo1· tl1c JOo/c -isobntruw-mixed g<~s and •ho lowPr figures show the f<lS<' for lhc 5%­
isobutan -mixed g<~s. Th<' lcfl -sidc figures show Lilt> cas<' of decay to th<• grou ud staLe ""cl tl1c 
righ1 -s ide figures show llw case of decay lo the l st excited slate. Th<• white rird<•s sliow t ill· 
sintulation with LIJC angul<J r distrihutiun given by tho rden·nrcB and the black rirrlPs show t.l1 c 
silnulatious with isol ropic a11gular distribution::. a t ll1 0 renl<'-r-of-Jtta.ss sy~te lll. ,.l"hC' C' rror bar 
roprcscnls the sta.list i ra l error only. The solid line is d1·a wn Lo guide the eye. 
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4.3 Response function 

lJC'ta llf:C.' tit(• . ttttist kft ,,f l he prPSPIII c•x pt·ri ni<'Jt i til'(' not \"t~rr :.; u ffici<'ul to ~PJHtntl <' t l1 (" 1 ra rt ~d t ions 
to I h~ individu~J levels oJ 11 13. th~ rc·spon st• fn11tLio11s of 1 he t•xrit;,tion-~11NJ!..V SJ><'<"I r11111 of 11 B 
ilr<• II•<'U lo esti1 11 ate ih~ no" section lo the rcl<'l'a nt. lt•wls. Tlw r<•s JH>ns~ fuurtion is ohtilin<•d 
hy analyling th.- sitllnlat t'd da1a. 

4.3.1 "Li(o,n) 11 B reaction 

Tl1e Uillil am1 fysis is pNfonll<'d I'M llw sin11datin11 dala of 10.000 <'V<'nl s !WI'"'"' ,Jal<· of 11 !1. 
an< l I hr J>Pak Sf> PC I ra of 1 h<• various 11 B lcvt•ls is tl "ril·c·d by illl<'gl'lll ing tht• t•vt•nt s fro111 ~ .\ It>\/ 
In 7 MPV in Ill!• n•ntrr-of-111ass o,vslt'IIL T!l<'f"'"k SfH'drum is fitt<·<l will1 lli<• C:aussia1" wl""'' 
rr•rrl0r va lu <'~ corn•spond lo tlu, 11 B l<:'n-'l s. and Llll.!- st()u(hud deviatiunfi arc derh·ed. 

1-'ign n• I. . hows I h<> r<' !i pons~ functions of 1 hr v;n·ions sl a. I cs of 11 II . ThP Jl<'>l k 11 id 1 h i, 
u<trTowPr at a highe-r rxritatiorr-(•ut•rgy stalt· ~ IH•cau f' t.IJe TOr rpsolutinu hP<'OilH'~ hPl(('r du(• 
lo the !owN nputron Pnergy il ud t l1 o loup,<•r neutron TO I" . 

:\tthc stap,e of d<·signing I he expPrirneuL. i1 "''" t>r<'SIIIIH'd thai lilt' thid<ness of 1110 F;J-plastir 
srintil lalorwould I><' 10011111 nnd its uniformity woulrllll• witl1in 1011111. '!Oo/. fo r 10011111: II0\\'<'1'<'1'. 
I ill' 11nifonuit,v of t l1 e presen1 sc illlil!nlor io art ua]ly .1.~ 11111 for u'i /1111 thitknt'"· as dc•srrioNI in 
Subst>clion 1.2.;1. Thc•refore. I he prcs01illy lll<'nlion<'d rrsulutions of I,J,e le1·t•l •cparatio11 ;1n• nol 
'"good a~ assumed. dn lo the llnrCI'LaiiiLY of the b0a111 cn<'rg_y. Figun· - 1.~, slllliVS Ill<• <'XfJ<'ClNI 
c•xril il.lion-<'11Ngy ~p~ctnllu of 11 B wil h llw !O o/c- 1111ifonn scinti lla t<Jr. Th<• p;round sial<· a11d lsi 
<'Xril.cd sta.l.o arc• srparHblc. in <·onlr>L>I to figtll 'e 1.-1. 

4.3.2 uBe(n, n)uC reaction 

FigurP 1.(; shows the I'CSpOHS(' fu11ctions for lh<• simu lated oxril.ation -CJH'rgy i<JH'rlrlllll of 12('. 
whid1 is oluainNI by intogralinp; l110 n•nl.<'r·of-mass encrg,1· r,·on' 2 to 5.2 !vi •V. Alll10np,h they 
tak<• into flrronnt l .h<' anguJa,· di stributions of tl1 ncut ro11 s dc•rivc•d from rpferc11ro data , ll~<'j' 
ar<' not changed dcp0nding 011 I he angulaJ' distribulion. The sl.andaJ'<I deviations of l.h<' cxcitrd 
sl alrs art• ri<'t<•rmined h.v lilting the sperlrnmwith the G>~us•ians . 

4.4 Background estimation 

The backi!;I'OIItHI eveub :1re also, imulatcd by tlw "'me procedure. Tlw po sih l ~ backp;round 
~· ,·o nl s are in l hrt'c cal<'goriPs: ·i) reaction with 12C. ii) reac lion with 1 H. and iii) brea.kup J"Ntction 

ll'iLh 
4

11 \' . Tho 
12

C: and 
1

11 nurl<-i are I he compom' nLs of tlw iso-butane gas mix(•d \\'ith 111f• ga>. 

4.4.1 R eaction with 12C and 1H 

IJ ·rau sp nmny .nnal stal<•s of a rc<~clioll with 12(' ar<' possih l ~ due l.o I hci1· Jar{!;~ Q values. for 
exan1pl 

8 Li + 12 C'- n +W [·'+ I~ ~ l e V ami 9 B<'+ 12C-n+20Nc+I O ;l,l e\ '. il is dill1rult to simulat<• 
all possible fin aJ sl.;,.tes. Tht•rf•fore. in mder lo <·s(iiiJal.c tlw dl'crls of 12(' and 1H target.. till• 
lwo mixing-ralio g<1ses aro u.-<<•d. If a pur~ 4 11c liu·g~L could bt' used, it wou.JJ IJl• ht'll~r in terms 
of Lhc background; however , a pure '1 li e tMgcl ca.n not be used for I ho present oxpt•rimelil rh1c 
to 11 nsl.<l hit• oper<~ Lion. 

C'ompH.ring the analyzed data for the 5%- isoh ul a.ne-m ixed gas and that for he 10%- isoiJnlane­
mixed gas. shown in figures 5. 10. 5.1 ·1 and ':i . l f>, iL svems that Llw reaction s with Jl(' and 1 Jl are 
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Figtu·c· 1.'1: Sinndated res p o ll >~ fuurlions for til l• ' ·"riuus 11 B ~ t a.les . The uppt• r figure is fur lite 
ra~<' of t.h<• 10%-isohulaue-mi xed gas a11d tl1<• lowrr figu r~ i ~ for lh t• r<~~c of t it ~ !}\7,- i so bui<~ut·-
111 b:cd g;1s. The hol'i zoutal a.xi:; ~ l1 ows llw (•xr i t;.'llion <' nC'rgy of 11 1J ruHI t.l1 e V<'r tica.J ttxis Sl1 ows 
the peak height. Ouly !.ltro rps nll s of fi l ling <m• showu. for h<·tiN a ppcamnce. 
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Figun• l.ii: T::xrital ion -e!INI\)' s p~ctr11m of 11 1l r'XJH'flcd wit h I hr• un.ifut·m F:J sci 11lillator. Th~ 
h orizont~d a.xi.s is the c-.xr it;] ti on Cll f' rg,v (i\ fp\ ') <u1d tlw n·rt ital axis is I he f'(:"lati\·e i11 tl1 11S.i t.'·· 

a lrnos t n•jrc t t~ d , or es.('utiall.r ma.k~ no routributiou. T lw dC"ta ils of a na.lysi, Lo s(' l< 1rt lh<" I niP 
PVPU I ;wd rr'jN·t. th~ background r•vent are d<'srrilwd in ChapiN -'i 

4.4.2 Breakup reaction 

Br0<tkup r~action s . " Li +"1 11 ~- 7 Li+u+ ' 1 11 P, ra n ocr ur. An exa mple is shown in fi gur<' :).Iii . 
!Jecn u s~ lh<•.r usual ly ma.kc• a rnuliiple-t. rark event. lh<'y ca n be rcjer!Pd easily. ll owevc,· if 
r~lativ<· Pncrgy lwtwecu the 'li e aud lht• 7 1.-i i. too srnall t,o produc<• a visihl<· nut'ltipk tntrk , it 
Ul >ty b,. tni xcd in tlw tntc r•vcnt,. Tlli s nt ily al so orcur for 1 hP rase of 9 B~+ 11 lr• rt><tction . 

8 Li + 'He react ion 

'I he bre;t.kup clt.a uuel. 8 Li + '11le- n+ 7 Li + 4 11 e. opens ;tbavl' an <' n -rgy of2.0:3 MPV in I I"' ren1N ­
of-lll ass sys tt' lll. Whit·h CO I'rPS J)Onds i.O it II B exc itation enNg_y of ~.67 ~'l c•\1. 

Tahir Z.:/ [37] gii'('S t ltP I' and 1'~- d eca)' widths of 11TJ. Though th ~ ~xr i t('(l energy of Lh0 9t It 
<'xci tcd ~ta t~ is ~bo 1·e th0 threshold of thl• brt•>lkl!p. the brc~kup width ( !',. ) is negligibly sma ll. 
ThN~ fore. 1 hose (•xc i l~cl st.a.Lcs l.ess t h>1 11 !.11 c !)t h exc i lt'd slate a r\' co-nsidered i 11 t.lt e a nal,vsis. II' 
eve nt-s a.bove the !'lth cxr itc•tl slat.c appear . tlt~.v arc allt.·ejectcd h_1· the analysis. 

On the oil10 r h<wd, the direct br akup. ~ Li + 4H t•-(8 Li" +''J k•)- n+ 7 1. it '1.11 c, r<u t co ll tamin<l le 
lhP tru~ ~v~ nl$, if t he relative energy betw en 7 1Ji and 11fe is small. ln ordor to (' tiwa(e 
li t<' rejN·t ion (•ffiriNwy ngajnsi I he breakup reaction , a simulation is performed. T lw breakul>­
n•anion routin (• iu slcad of tlw 8 Li (n ,u) 11H t·ear1ion js progr;untn rrl. I I is ass tl! llNI that lite 
lm·akup orr nrs acco rdiug to a ont~s tcp dit·Prt br~a.ku p . a11d tb at t lw angu lor di tribution is 
isotropi c in I he r0sl-111a.ss system of 8 Li •. 

Figure -1. 7 shows the ove ra.ll eflicienry of Ute 8 Li (ll, n)" 7Li r hannels as a Junrt iCin of t he 
exril a lion energy of 11 IJ . l 11 ord~·r io ron1parr thi> with tl w overall efficiency shown i11 figu res 1. 1 
and L2. fi gure •1.7 ~ h ows tlw ovPrall t•ITic:iency in sf.~a d of t ill' rejerlion cflir i<' u<-y. Whi le the 
average of th<' overa ll efliricnric~ iu fi gu r{'s 4.l a,nd 4.z are typic<Jiy J%. lhc avera~c of t he 
overall C'fflrienc.i<'s of brea'kup eve 11t is less t han ().:;%,a nd is (•sscntiall .' · negligibly Sntall above 
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J'ip;Ht'(' -1.6: Ht•sponsP fu11clion s for lite sla.lt•s of 1'1C. Th e upper fi gure shows t l1c Hl%- isobutall~'­
lni.x U ~gns case, aud 1 ~~ ~ lowt•r fi gu.1T shows llll' 5o/t - i ~obut..,ut•- rn i xcd·p,a~ ras(-'. Th t~ horizontal a,x1s 

is lhP exrit.ation t' ll t•rgy in i\ lC'V and thE> v<•r ticrJ <L.X.i!' is t lw rchdiv• intC' ll hi ty. The ~d s.togn,~rJ }i 

>tre Ill<• r1•sul1< of a siuJulati o ll -di!ta ~•nalysis >I lid l L' dotlc·d lines are I he rf•s td tx of f1lltllg wtLit 
t.hc Gaussian. 

'l Mr\·. ThrreforP. I he pn•sc111 >~n>~Jys i s r·an ;tiiiiO.,I rPjrct "".1' mtdtipl<'- trark <' VCIII. 
If tlt r brNtknp rcacliuns have· a l!tuclt largPr cross •<•rtio11 11ta11 ilw "Li(n.n )11 1l l'l'itrlion. thry 

nHI mak(• fl bro:HJ JWak above; !h(•lhn•sholt.l ·' ll ('l'gy: howe\'C'I'. tll(•ir rrosfi 1wrtion i ~ usual!.\ \'Pr,v 

'lllilll ll('ill' lo lite lht'Pshuld P11Np;~· . ThPr(•forr. it Sl't'lllS tllal thr harkp;rulllld or lit !' hrl'aknp 
~'"'"'lion dors nnl ro11 trihn tr lo Ill<• spect ru m ,lt<JWII in lif!,nr<• .-•. 10. 

"Be+'1He t·eaction 

T hr hr<'akllp rha.lltll' l, " U"+" II r - n+8 Bc+ 111 t• (or n+:J11). opt'Tlb <tbMr an PIINI\.V uf 1.()1 ~IP\' 
( l.!il ~ l t>V foJJ ' n+:ln) in lit<• tl'!l(cr-of-IIPISS syslem , which rotT0HJH)ll<l s l.o a 12 (' <'Xrit a lion f'11Nf!. .\ ' 

of 1.:31 J\ I,.V (/.:.iT MPV fur n + :Jo ). Tl1c 2nd cxril"<l s ial<· of 12(' is /.(;.:; I ~II- \ ' and dcra.vs to 
n+

8
13<' wi( h tT<•arl_\' 100 '1. prob;d,ilily. lkrai!SP I h<' l<•w•l prnpNI.v of 11(' i• simpll't' I han I h<H 

of 
11 

B, t iH· n~i<•ftio n of' a hr<'akup t•v<•nt if' rn (ldt• simply hy clindrntling thr• ('\'f'lll ab,Jvc '"' 12 (' 

(•xdtatiou ('llPrgy of 7.21 :v1(-•V . 

Other reactions 

l~v ,\n ifot.hPr n·artio 11 s with a Stttal10r tTOSR . ('rt ion occ ur. j!J f'ir cfl(·cts ran nnl i1ppC"'iH in the 
prl'S<'II I ,<lalis ti m l i(·vPI. Thcy .may I)(>I'Oll!l' a problt•m fur high<'r st;lli st.ital nw,.s un•mrnl: l, ow­
('V('t'. Ll1 e.v :.1r0 not con sidt~r<'d in tl1" pn-'!-ie r.lt aJI'llysis. 
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l:ignre ·1.7: 01'crall <?flidency forth~ br aknp channel , 8 Li(o.n)a 7 Li. 'ril e hori Y.ontal axis i, tlw 
·xl'i tation energy (~:l eV) and I he I'Crliral ax is is Ll1 e overall erfkirnc y (%) . Tlw circles !.how tilt• 
10%- i so bu ta n~-~as case. and lht• tr ia ng l<•s show tlw !i%-isnhntane-gas rase . The 9th. IOt.lt <~nrl 
1111J-cxtitl'll tatt'S of 11 13 <ut• inrlicaH•J . The efflcieury is n gligib ly small a bovr I he I Oth xr it.cd 
stat ~ . 9."1 ~5 Me\ ·. llcrau S<' the p:trtirlc range in the -5%- iso bul<tnc·-mixed gas is longer that in 
I. he 10%-isobutan <•-miX(•d g<1s. I he forn«'r Prti<:ieury ib lower than tlw lall<'r e fri cicn cy. 

I!) 

Chapter 5 

Analysis 

5.1 Bearn energy and intensity distribution 

The lwam l'nPrgi<•s wt• rp d(•it•rmin ed hy lite TOr between 1'2 a.nd 1·':). aJI(I were m rn•r tcd for 
l'nC>rgy losses in I he I•':J-plastir scintillator an d tlu• <·utra.nr window of 1 he ~ I ST I'('. as desrriiJl'd 
in Su iN•rlinu 2.2.3. TJ , beaut cnNgirs '"' ca.rh •·al itod0 l>;td ll'l're d<•ri vrd by ca lc<ilatin):!; tho 
C<H' rgy iuRI•> pa~sing lltrongh tlt. dt>lcttor gases . The onc•rgy- loss caltula.Jion > wr r(' pcrfornwd 
by Zi<•glrr'> rode• [ 1~] - ll owcn•r, tlw rcsn ll by the original cudr oveH•slima.ted Lil t• r<ll< gcs to 
he• >iightl _,. l<m gc•r l-h<'l n lhe measured rang<'s in the gases: t hus. t he tillct il atcd s iOPI'ing power 
(d l~/dx) wos increa HI hy <~bout a fpw % to rcprodu re tho mea;.urrd ran ,.r. 

TIJt• beam inl ensitieo \1'('1' <•stitnalcd by lhr total ntJmbcr of l>c•ant s "·hicit satisfied the 1-'2-
I':J lwanJ ga te's, Li«• r~tio ofin.irrt ion int o llt(• !dST I'( ' mca,u rNII>y the SS D al'lf'l' the• ont ranr<' 
window of Llw ~ J STI'C . and the tlc•ad 1 ime of tho D.\Q sysi<'Jn (al>oul 50 ;l( ). Tit (• bca m-injc·rt.i<>n 
ratio i. dt:'fincd a .. lii 

bea n<-iujcrt ion ralio = uu 1n,h<-rf~f injc•rted hea.n~ inl.o 1 he ;' IST P(' Ui.l. l 
Jtum>cr o >Nuns pas>c•d II<' F1- FJ Jea n< g<~ l c 

<ll<d il s <'JJCJ-g_y depon<irnr<' is shown in fi gllrc 5.l. The hea111 energy was widc•l_\ ' spl'(•adcd i\1 th<· 
en •raJIC(' of I lie ~ I STP(' . Purl hermor , it, became to l>e mo re widely SllrNded d uc to Lh(• etl<' r!l;.V 
los wh il<· pass ing tit rough 1 he gasc ·. ThNcforc, i.JH' dist,ri bn t io n funcl ion of ti< <> c[fecti v t~ be a "' 
in tensity wl<ith is too k into a<·<·oun l llt cst• factors ih tH'te,s<u·.v f<>r c<tlculatilll>; the absoi11I O no~s 
section. l·' igurc ~-~,;how, tlw iuic'nsit_y di s• ributi on of the efl<•c ti \'(• bea t11 Sll lllll<eci up 0\'0l' on a ll 
c:t di\·c ralhodc pads :h. a fuurtion of<.•nC'rgy. 

5.2 Event-selection procedure 

In nrdN to sdert Oll i_v Lrnc cw·ul s, the tu cas urcd data arc processNI in I steps. 
d l~/d.x of Lhe first pad is used for st• let"ti ng a beam with Z=:s. a.11 d thl• rlrsL four oues arc 

used to r ·jeri. <tll)' undesirable beam VCIILS . like a scat t('l'cd oue by the Pnl ranee-window Him or 
fi eld-rag<• wires. or bcaw.- pil e-up events. 

Tbe first e \'cnt gal<' is f,he tllc/dx-ra.nge selec ti on: thP MJ/dx or th 5th pad and Lite range 
plot. is used t.o reject I h~ beam without a reaction., elastic sca.twring at a forward angl<' a uti a11 
event. wh ich mill ed a light charged particle with a longer rang<'. Figut·e 5.:1 shows <t plo t oft he 
d l':- nUJgc gelc . Tlw d ~n se locus is Llic hNun even t. The ;•vent s wit hin t. he solirl Unc are arc·eptrcl. 

T il e sec nd event ga.tc is u ~ed to s~·lect out a siugle-lntck t"ve nl by tracing the t ra t k. If the 
rnultipJp Lra.t k appears like in fi gure :3.15, it is r j •rted . 
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l' i)!;urc 5.1: EJWrgy dep~ ndl' lltP of liw bPiLIII-injcrtion ratio. T lw nppN figure shows the d~J><'H ­
<knrc of 8 Li lwams '"'d t l1 c !owN figur<' ohow1> thai of !IBt• beams. Tl11• hori zontal axis i• ll1c 
hP;u n <'IH'rg_v Oil lite fir"l rathorl<' pari and th e ,·crtical axis is the iJijcrtion ralio . TI1P sprrtrurn 
st runure ma,y be due to the ronlrihutious of different chaPe !aLPs of tit<' i><•>~JII ion' whicJ. 
match lhr• magnetic rigiditv of TQ:J. 
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f'i gure -1 .2: U am-inL<'liSiLy di •lrihulious. T he left-s ide figure shows the beam of 8 Li and tlw 
right -s id(• figur shows t!Htt of 0Be. The il orizonl.<l l axis i the lwam energy <tl the renter-of- u w~s 
s_,·stem in lvl<•V and the vertic;, I axi s is l11c beam inL<•usity iu total cou nt . Tlw white circles silow 
the di st ribution for the 1 0%- i sobutant~ mix ed gas a.nd the bl<tck squares show the distribulion 
for tile ,5%-isobut<me- lllixcd gits. 
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Figun• 5.:3: d L-ra.n1(f' gr)l<• (Ill lllP d E-ntng<' 2-diuH~n~ionr~l ili~t()gran\. TIIP horizon! al axis sl1ows 

I h~ Jn c·asu r...-1 rany;<' in unit of I he pad nundJ!'r "'"' I lie V(•r1 ira! axi s show' the d 1\fdx on I he f>lli 

pori iu Mc• \i ( pad. The plo1 is for th~ rase or"· 8 Li be;11n aud t l1 e I 0%-i&o hut ant'- lllixed ~as. The• 

cvPnis inside the soli<l lim• <lrP acrvptvd. 

Til<' Ll1ird C\'e nl gate is used til dN~n <lll .Y sudden rl1angc iu d8fdx as in fi gu re J.i:l. II" 
the a111plii 1tdc or Ll1e tiE/dx c.!Jange is more t!Jau 0.2 Mt•V fron1 lilt• lhagg curve shown in 
fi{I,IHCo :J.II aud 3.12. it is arrPptcd. Tilt• rll~fdx - changc r;ap of 0.2 MeV is r<'ltsonable, · in c~· i.hr 

dE/ dx st raggling is within 0.2 MeV. The reac tion position and energy a rc determined by the 
pad wlwro lh~ dE /rlx change i ~ dctPr l.cd. 

l.n tiJ<•sr proC<'SSPS, tl1 t> reanion energy and pOSJl.IOII are del<•rm.i11ed , a.nd I hen tht· ncnl ron 
TO I•' i~< also dcl.cnniu<'d. 'l'lw e11 er!!:Y and momentum of l1J1 ca11 be derived from a killcm~li r 
ralculalion using I he bc;un and n<'utron information. 

Tile• kill f' llHtli c-raltulatio!l fornwl<t a re 

(.3.2) 

(5.3) 

where E;, is the ene rgy (ki netir-cnerg_v+m<l. s) a.!ld I'; is the momrntun1. Th0 su bsrripl s have I he 
following nwaninr;s: i = I is l.h<• h<'am (8 Li or ~ Be ), i = 2 is the 11 largel. i = 3 i. lhv neutron 
a.n<l i = -1 i. the product. ( 11 B or 12 

') . 

'J'h (• ki nl'tir cnNg_ of i = ~ is dcsni h d "'' 

(5A) 

(.5 .. 5) 

whl•re .EF is the kinetic <:'llOrg,v and J\1 , is the iuvaria11l ma.<is. 

·IR 



Th<:' fonr1 h ('\'Pill ~at <' is USf'd to tnln• tl10 rN1cliou prorluct !-1 . TIH• pn•dirtrd track , raue;C' and 
dE/dx of 11 

U. whirh arc d~riv~<J from a kiiWII~>tlir calculation. <He conlp<m•d with liH' uwnsl!rccl 
nJH:'S. I f tlil'Y til'<' ron.sist<•n t will! Nlrh ot l1l'r witldn :JO% i:HTurac.v. it is regardNI a.ll tlll ' t ru t• VC'IIt. 

The kint'lllali<' t·ff~cl by t•ntilti ng a ;-my fr(Jin <111 (•xritt>d 11 Tr is Vt'r.V "nail. tl111S it is nrp;krl t'd . 
. \11 <IC<'IIrncy of :JO'Yr is »clert<•d. s i11ct• the aualysls erritit'ncy ;alu r<tlb (aiH>ul 10~1;0 '1.) wi!h 
11101'<' than :!Oo/, accuracy. Pigurc 5.1 show; a t_vpinu cw•nr of''"' d.C/ dx i> pt't i rum. Til<' upper 
figure sJ ,ows r.li!• d l~/dx spectrum ofihc rP<ll t•vt•nt whif'h agr('('o witJ, !halnf silllnla!.Nl onr. Til<' 
~i 1uulatc•d ~pPctnun is del'iv£"d from tlu• lwam C>Jwrgy Hnd molll<_\n(um. riJJd tltl' 1u•ut ru 11 PU(• rgy 

and nH>IIIt'lli!lm. The rc•;H·Iions with u(' and 1 II ar<' also &ir nnlatcd and an• ; JI.,wn i11 t l1c [01wr 
fi ,£(111'<'. They clo uol agre<• with the d l·:jdx spt•rl rum of 1 ht· r(•al e1·t•nl. at :111. T hNcfme, 1 his 
typiral <\W•Ht i~ idt•llt i fil•cl a~ tlw tl'IH' 8 Li(n.n) 11 B- rc.•rtrtio n f'V(.lll1. J\ noth(•t rtlf;e uf t,v pic;d t'V('Ill 
is ~ !tow1 1 in fip,ure 5.f>. 

Fiu;.llly, thC' t•xci tc1tiou funrtion of the rross s0r ti011 a11d thP c!xrita tion C'II('J'g'_\' of tl1c r('anio 11 
produn~ <II'<' dPri\•C'd. 'r!IP cxcif;.ttinn <'IIC•rgy of t.ht' prod11rt~. /~fr . i d<?f,t ribl•d ax 

t·:.;:r = .111 - Jr.? . (ii.U) 

5 .3 ~ Li(n,n) 1 1 B reaction 

Figuro .).Ci sl10Wf. lht• u~utron TOF spccLrun1 . TJ1e TOF is normalitt'd at a coustant fli~;hl p>llh 
or 1.5 Ill in ordf'r to ohtai·n an OVl''rVi('w. A s iHHp 1- rH·ak a,ppc·ar:-; ilL !) ll ~('C. whkh agJ'('('S with 
I he 1·- ra)' TOF. 

J1igun:.R !).(and 5.>-: &lJOW lhe CXfittlliO!l-('llergy i'j)('('ti'Un\ Of II J) rtnaJyzccJ b_v 1 he.' j)l'OC'~durc 
rlcsnihcd a. IJOve fo r t he 10% and G%-isobu laJ1e-mixed gas . res pectively. Ju ordN lo dett•rn1.inc 
iJI<' in div idual hrancb ing ralio, tht• response function d<•rivt•d from simul<llions is used to fit the 
spt•rtrllm. T lw filling paramet0rs arc on ly the h<'ighto of the C:aussi<Jn (A,), while the n'ntcrs 
( /•.'.) and sl<111clard dPvia.Lions (o-;) are fixed . because it is difficu lt to fit !he JII'<'Rt• rli data wil11 
oil ma ny paramcterR. Th~ centers <ll'<' derived from the ~xrii,Hio n energiPs, and t l< t' standard 
d<•vi;~t ions a r<' deri vcd [rom the !'\'Suits of t lw sirn ulnJions shown i.11 figu ,.,, 11.4. 

T lw fit ling function is 

at,~, { ( I•' - E ) 2} P(L') = _L tl ,rxp - ""2 '' , 
~=!!-~ V L-0 1 

(.5.1) 

under lhP condition A;?. 0. In order to rP<l ure t he nu m b~·r of fitting paramelt•rs, it is assuJ ned 
Ll1at th<• lth (0.1·1 !\.leV) >tnd :,tJ, (6.79 fVl e\' ) <'xc ited o\at~s have lhP "'me h<·ight,. A

1 
= ;1 5, 

ThP two states arc v(•ry clast' an<l Cflll not be dist inguished due t.o t.he rPoolntion oJ' tht• prt•scnt 
experilllf'ui. 

Tl1e branching ratios a re dPri1·rd lry ralcul;cling the <L!'<'a of the in dividua l pea.k and taking t be 
avNagNI owrall rn1cienr ies for earh .i udiv idual state. Of course , il is IJ~lter t.o dist ingu ish l ht• 
i11dividual states oJ' 11 B a nd ap plv the overa l'l effic iencies for 1 he111 as a fu11 ct ion of I hE' r•actio n 
encrgi<•s. <•ven i, by <•ve JL(. However. it is diffi cult to dist in ··uis[, t[ l(' ll1 wit h t he p1·ese11t resol utio n, 
so th~l tlw av~n>ged overall efficiency. which io averaged by the eue1·gy, is >lp pli ed . Ta b! ~ 5. l 
gives I he braJlchi ng ra tio obtained for the case of t he 10%-isobntaLH~m ixed ga,, ~ nd t hr 5%­
isohut<l.JJe-mixed gas. T ht•y a r~ the average ra.t . .i os for t he energy region bctweeu 1 .. 5 MeV and 
7.0 ~h·V in the teul<•r-of-lnalis system . 
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tht• ln1e 6 Li(n,11) 11 B- r~artion rvenl. TJ , duticd line showo tlw Bragg cnrve of tlw 8Li """"" 
T lds <'I'C' nl oc·c· 11 n·c·d a.t the rPntN-of- mass energy f 2.3 Me \ ·. and the ~xci~atiou !'ncrgy of 11 H 
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of tl< c rral'tio n wit h 12(' an d 111. Th ~ sol id lint• shows tJ1P rasp of the r action with 12(.'. The 
da> hNll inP (c~M I ) shows the ca5<' of lhP rN~tliou with 1.11 , and two n partid~s an' t•nlillt'd <ll 
0 ;u1 d lliO dt•gree in tl1 · rest-mn."-s.YSlem of then1. Tht• dotted line (case 2) shows the rasP of' 
t lw I'NHtion with 111 , and t wo o partitlt•s art• cmilled at 90 degree in the rest-mas -system of 
t i H~ Il l. Sinn• t il (' low(•r ~JH'C.:tr<l do noi a reP wit h the upp<>r one. t,lw harkuT011nd (:'\'C'Illfi caunnt 
hr CO!Itaminal.cd ill I he true evt'ni. 
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FignrP 5.5: .\not.il<' r lypinll event of the 8 Li(li. n)11B n'action. '!'he notat ion of t lw linPs art• 
sa.me as in figure 5.'1. This rr>a.clion orcnrrcd at tile ccni.N-of-rmtsscn••rgy of 2.2 MeV . and til<' 
exci!atioJo <•nergy vf 1 1 13 is 7.:l ~ l eV. CO IT<'sponcling to lil t• 4t lo. 5th. Gth or 7t. il exc·ilcd st,>l\c. 
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Fip;oll'<' 5.ti: Ncul.ron -TOF spl"ctra for t. l . o~ 8 Li +any ta.r~ct reactions. The CV<'nt. which involves 
I he suddt•n rilangc of d E/ dx is coowctcd . The lwrizon tal axis is til0 TOF in n er and the \'NI icaJ 
axis is tile total t•wnl nu mbN. The upper figur~ is tltc data for Iii<' 10%- isobuta.ne-mixed gas. 
and l it<' lower figun• is the dMa for llw .5%-isohu tan<•· o:nixcd gas. 
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l 'ie;urP .3.i: Exrit.atio 11 <' ll ergies of 11 U !ll<:'a.~>urNI wiL h ti1C' !Oo/,~-bohuLanC' - IIIixc-d gr~s. T lw hori­
wntal axis shows t ill' <'xcil at ion etwrgy in M~V a.nd t hP vertica l axis ohow' t ho 11 ullli>rr of cv<'IIIS. 
The , olid lin0 is ll\0 resnll of a fiui ng <l nd ti>~ <TOSS('S an• the <1nal,,·<cd data .. Til €1'1'01' h;u· or 
Lite horizonl;li axis is the bin size ~11<1 that of lito \'orlical axis is on ly the la.ti0t.ira l <' tTor. 

Figure 5.8: Ex tit a t io11 C11 ergit•s of 11 fl nwastJJ(•d with the li'X-isobutMtc-mixcd gas . Tl!f• il oriwtt · 
tal axis shows I hP "xritalion cnE>rgy in MPV :tnd the vertical axi. shows tlw II Uillhct· of ve nts. 
T he solid line is t ho res ull of a fitti11 g aud llw nooses a.re l hP a11a lyzNJ data. T il e• <' tTor ba r of 
l il r horizonta l axis is l it o bin size and !!t al of ve rliral ax is is on ly l.h ·•. ta listical error. 
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Ha.tio( 'lf ) 
St;ttr l·:x (~ I <•V) 1 or. iso- bui(IJIP !i\lf iso-butan<• }\ \ '(' l'flg{l 

0t )t K.D:! l!i.IX ± \l.(i7 1:3.2.1 ± 9.26 11.:12 ± 6.G!J 
Xt h IU!i 0 0 ± 2.75 0.0 ± :L:n 0.0 ± :!.I:! 
7tlt 7.!JX 11.00 ± 10.()9 7.1£ ± 0.:Hi 10.!\(i ± 1.10 
(j t h 1.2!) :.nx ± lU:! 19 .21 ± l(i.7H 1£.15 ± 10.:1 
Gt h (j,l!l G .. '\X ± :, .2;> 6.2 1 ± .'UJ;l (i.IO ± :).!);; 

lilt U.TI 0.x2 ± 5.·12 (j .-10 ± (i. IO G.GI ± 1.0.~ 

:Jril 5.02 I .:JJ ± 1.-11 -Ull ± R~l !i. l :j ± .-,,,, 
211d f..! I 0.0 ± !).il-1 f(.:l: J ± I 0. II 1.11 ± -;--.17 
I st 2. 12 Hi.9-'> ± 10.0 1 :qx ± 12..'i(i 1.1. 17 ± Ill. II 
gs 0.00 27.·1H ± J .I:! :!l.l!i ± I 1.0!) "t.:l:! ± 12.;;:-, 

Tab!<' .'l. l: J\ vc•r<tg<,'( J branrllin~ n11 io. Th(• ldt.-haud Lwo rul urnn :, shnw tit lev<•l• and til t' ir 
PXCil::ltioll ('ll('rv;iNs. The l)ral!rhi11g n1 lio a.nd it s (' !TOr ~·1re f'howo fu r til<• ti-l Sf.'' nf I he 10 \t. 
i ~o bul ilii('- Jili xNI g<:t ~. 1 Itt' 5%- i ~obttt;.uw- lui :wd gc1~ and 1 I!Pir fJVt'rftgfl. 

l' lte <'flki••n<·y to ralrulat<• tlw al o"olulp tolal cross srdion is d<•riw•d by avf•ragiJtg th0 ovPrall 
dfiri<•tH' i<•s hitm\' 11 iu li gtll'<'s 1.1 a nd 1.2 weightNI hy tho• hraurlting t·;o.tio shown i11 tah l<' r, .l. 
,\Jt.lto uglt il is also lwHt•r to app ly il1 e overal l <•ffiriency [or 'tal<' by :ta iP an<! S UI II up 1 It!' 
individual cross sPtl ion. th C' pres(' Jd nu•1 lwd i ~ thC' mosl rf•t:I SOtlf:lh!e wa.y lo lrl'a l IIH.\ pi'<'!-.Clll 

data .. Fignn' -5.9 slt ows tl1e ;wr•rag('(! dfiri t•llri<•. for the case of l it e J Oo/. -iooblli au~- mix0rl gas a11cl 
tlH• .-);:r -iso lw I am~ mixed ·ao. 

l-'igur0 ~-1 0 ·hows I h<· eX<·itil l ion fn net ion or th e tota l eros, s~nion rorrecl d fort IH' dfirirncy 
of figur<' 0.~. 'The i.Qt;tl <'H' III 111111tlwr is snmll ami the pea k resol11tio" is not ,uffiriPIItiy good 
to dio1i11gui sh illl.\' ind.ivi du;Ji olatr: there fore. t. hc illdividllal I'Xcitatiou fuuctio11o of tiH' no"s 
Sf•r!ion rilll no t be det.Ntnined. T lt ~y iurlude all of tlw states fro111 the gi'O UIId stale to the Hth 
('Xr it <·d stalt•. ll ,v Wlll)litring the lO'Ir a11d fJ !X- isohntane-ntixcd-gils dill a, it seems thai the effect 
of hackJ~;rotlltd ,.,·cnb caust•d b.'' lit<· 111ix~·d ll(' or 1 II is 11ot s.ignifica1>L. 

5.4 !
1B e (n,u) 12C reaction 

In ord er to CXi\J IIinc the twrfonnaJJcc of t he prcsc111 -xperi1nrnlal setup . the " B<•(n.u)12(' 

reaction. whose cross serti ons <I JJ d angular dist ributions were a.lready well lll<'<lS I >r~d ilml are 
availau]P iu lhr n•gion of r<•nt.f• r-of-mass energies from 0.2 to .1.2 ~ lc pt. 2!) , 26. 21. :2R]. 
was <l lso nwasured with llw sa 111C s.vstrm after lite ' Li (rt .ll )1 1 B-rcatlion t11Casu remrllt. The 
JJW;.l.\ nr<• Jll (' ll l riJ)d t\Jta!y~is WC' rP p<•rfo rnJ Pd by Uu:~ sa mt' proct•dur<· a11d Ha.mP m~1hod as thOSfi' of 
tl 1 ~ ~ U (n .n ) 11 13 rear lion. 

Figu re 5.1. 1 shows t lw TO F S)l l'f t ru Ill or the ll e JJ t ron dc!N t.ors. Thl· fli gltt. Jrnglh is ll 01'11laHz<·d 
"t 1.5 "' wiJ<•n• t he ')'- fla sh peak "·Jlpea rs at .• '> 11 ser . 

F'ip; 11 rP 5.11.. slt ows l hi;"' (•xritatioll -Pll f:' J' I{Y sp0c.l ru tll of 1·"'C. TltP.Y arc in t egr:-lt(•(l ('V('nU;; ovrr 
ct•JJl.<• r-of-ntH-'5 en rgies lwtwee 11 2.0 a11d 5.2 ~ l eV . T hret• JW<tks a.ppe;H a11 d !'Mit ' tale nw be 
as igned to we ll-known lt•vels of 12

('. 'The same fi tl i11 p; prO<'('(Iur<' as for tit (• 8 Li(o.11) 11 B rc"c­
lio ll are JlNfomwd for the grou nd state aud the Is\ exdtcd state. The tat.rs abO\'e lite ·Jn u 
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Figun• '>.0: A"eragr•cl <'ffiric11r,1· of 1.hc 0xcil.a 1ion funrtio11 lor lhe 8 Li (o.11) 11 B r0artio11. Tht• 
horizo11lal ax is is the re111.cr-of-mass t'lll'rg_v (.\1 eV) ""d tl1e v0rtical axis i' t hP t•rnric nry ('X) 

iiH'illding all fac lor. The white rirdt•: indi ca I.e ll1 e effici ency for I he cast• of lliC~ JO%-iso hii(<UI P­
mixecl gas. a11 d ll1 o bl<1rk rirtl es i11dicat0 that for tht• rase of lhP 5'X -isob utall e- mixcd !;;'"'· For a 
bel IN look , the hori zon tal-axis points of tl1 0 wl1it<' drcles aro shi ftt•d by + 0.0-5 MPV, and lbost• 
of the blark circles ilJ't' s lii ft~d by - 0.05 ~ JrV. 
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l'i{-\ure 5.10: l':xril.;\l io" fu11 ct iou of tho tot ;tl cross S<•dion for the ~ Li(n . n) 11 U rt•arlion. The 
horizon tal axi> is the ceu t.er-of- mass ene rgy ( i\tlr V) and 1 he verUcal <tXis i> l he a b. lut<• eros~ 
s r1ion (mb) . Tl1e wh ite cirrl es ind ira.tc the data for til ~· 10%-isoiHIUwe· mixed gas, a.nl the 
bl<tck rirrks i11dicillt' 1 h.at lor th ~ 0%- i sobutmw-m i x~d gas. J7or a b~l. tcr look. t he horizont<ll-axi · 
points of lh~ wlli1 c circil•s are shift.~d by + 0.0. Me\' , and those of lh<' bla ·k circil•s >ll'l' shifted 
by - o.o,; M.cv. 
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Figure 5.J 1: Neutron -TOF sp<'c~ra for the " Be+ any target reaction. Th~ horizont<tl i1Xi R is t he 
TOF in ns<•c <tncl the vertical axis i. lhe numhcr o[ events. Tl1e upper figure sh ws I he TO Ji' 
sp<•d.rum for the C<l' P or I lie 10%- isolnllane gas' and I h!' lowt•r figure s ii OWS til at for til<• rase of 
the 5'X -i sobntan<' gas. T l1<' -1-llash pc"k appears >tl 5 nset. -
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l·'ig;ll re 5.12: ExritilliOu-eu rgy SJll'Cii'IIJJl or 12 C. Tile lwrizon l ill ilxis Jl1('l\JIS the <'Xrilations 
<'llCrgy in Me\ ' and I be V<•rtical axis lllNl.IIS l.he )ltllllb(• r or l'Vl'Uts. The llj)j)('r figure sJiOWS llte 
raM• of lhP JOo/..- i,obutaue-m ixed gas , >Uid the JowN ngu re ·hows thP ra$e of lhc :) o/t.- isohnt>lilt'­
llliXNI gas. The• dotted litH' shows ll1e r<•sponse funct ion cslimatcd hy sin1ulAtiou: . Ea('h p~ak 
ra n be a. si ··11NI lo I he ground s tet~ (0 NkV). the Jst :x ·iled sta.lP (-1.-l·l J\leV) a.nd til~ 2nd 
excited stat<> (7.65 J\ le\1). 
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<•xcilf'd klat <\S cau IH• IH'Kh·r l <:• d. hen11r :-.<· all of tll <'lll lt•<~tl to hrPa.kup r liaJtm•l.-.. :.ts d< •f-.criht·d i11 
Suhseninn 1. 1.:!. 

In lhP ('(l,~f_. of 12
(' . tlw grourrd M<H<• a11cl Jq C'x riiC'cl 1\ l::tf <' a1·r snflicif'ully ~<' JHtra. l <'d. t•n•n at 

th(' prl'Sl'lll r<~so luliou. a~ oppo::;NI luI he 11 1L Th<' c•v<•JJl·f.i(']('rtiou wi11d owf-. for r1 n iudi viclual 
f,ia iP of" 12

(' 1'<:111 b(' Sf'! t-lltd I itt' i11di\'iduaJ tTOSS RPC'lious <'au he dc•terminc•d. 
l~'ig ur<·' 5.1J ~ !r ows, 1I1P indi\·idual rro~s :'i€'t' lious lll<'fl :;l' UITd with tlw IO 'X -i<.obut rllr<'- nlixNI g(Js. 

r·'igun .. iLl I SIJOWS I lt r tot a! e roS!-. SP('I inn, wbidl is Ill(-' ~ II!)} of' 1 h<· grOlllld -:-i l iilP an{l I Mi -('Xci I (•d ­

"<>IP cross sN· Iion s. Th0.v an' dNived in 1lw sa me way as for lh P $Li (n ,u) 11 U-n•ocliou cro" 
•(•tlio n. Tlt0 eflici(• ncir; WN<' (•slimat0d hy 1.1"' sirnula1i1111S sltnwn in flg,ur<' I.:J. Tlt e 0\'t•rall 
('flirh··llt:iPs wi l h l.lu·• <"llrgular dist rihution of lh<' rf'fc•n'lln' d r~ta. wC"rc u~wd fur tltc• prC'sc•IJ\ ;.uHl ly:-,i:-;. 

Tla' grOlJIId -:·det t(l r ro::-.fi src tioH . llw h! t-ex ciU.'d - ~ t<-ll t' eros~ ~crtiou and tl1f' tot ill crol:is s<•rtioll ;.n'C:' 

s l1 oW II '" 1 ~ 1 <•\' hin-sit.r and ;J ~ 1 ,, \ · bin-sizr . In spit<' of til<• low Sla li ,tirs and larg<• <'ITOI' bars, 
I hr lllNUHI!'NI frof-.s ~(·ction s a.gr0f' WP IJ wit h t h<' n•f('!'Ptlr<' eros~ sN· I iou :>. 

FigurC' A. 15 shows tire• cross ~<·c t io1'1 s I o tlJ <' 1st cxcit rd :-. tat(• lllNI SUrf'd with t hf' 5%-iso lml <HJC'­

tui x('d ga~c.,. lit lhi~ ra:-;c . tin· ~roun<l-sta((' <'Vl'll l wa.fi nol uhs(lJ'V('d dnt' to low :-. latisti<·s. tiO thai 

ollly t.l1(l I ~ L.-t•xr itPd- s lt'UP ('I'OSf-l !if'r tiou::; Wl'tT dPIC'I'Illin<•tl. Thf:" a~rl'enwnt witJl tlJ<.' rr f'Prtllf '(' 

noss s.•rtions is alsu good. lln th Lh(• IOo/.- hwbnl <llt -mixed-!'."' data ~ud til!' 5%-isohni>IUt•­
lltiXPd - ~a ::- datC' RJ'{' ('()ll !i ist<:.·nt with thl' rcr(I J'('JI('(' dtHa. i-Hld tiH' IO Yt: - i ..... c,lJulrtn l'- lllixPd ·A"aS daia 

and .j){' - i !-.o butaue- tni xNI ~~as da.la arC' <:On f->i~tPnt wilh Par l1 otl1 <' r wit iliu 1 h c•nor Ue.1rs; abv 1 h(l 
effort of hackground !'V<'JI I S. <'.g. r~arlions with 12 ( ' Or 111 . ar0 not di&r<'r nibl r. 

,\rcord iup, lo I his sl nd y. it was con fin11 cd t 11 >~1 the prPsc•nl t'XpNiiiiCIIIal M' lnp and simulation 
pron 1du r0 lll'P pff'C'rlivf' fi nd n"'liabiC' to nwa ure 8Li (o .n ) 11 U-typc rrartion s. 
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lligur<' !\.JJ: lndividu ol cross sN·ti ous of tlw Hn (n,n) 12C reaction 111cas ur~d with th~ 10%­
isobutane-mi.xrd ga". ThP tipper ligure shows the ground -slate cross st•rtion s '""I llw luwr r 
fi gure shows the lst-e.xrit d-s tatc eros:; sections. The lt'ft -side fi gure was calculated will! a 
I ~'1<-\1 bin -si"~ aud the right-side figure was cakuhled with a. j ~ l eV biu-size. T h!> solid !lues 
show I li t• rross sert iou s from rcfemuc<•s [2-J. 25. 26, 21, 2 ]. n0 means the cross st'<·tion to l.lw 
gro und state >tnd n1 mcaus the cross section to the lsi cxr il ed stale. 
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Figmr 5.1 I: Tot a/ nos' •ertious of I ho " Be( (l,n) 12 C rPart ion nll·asu rP<.l wit-h lit<' I O'X -isob ut" 11<'­
lllixr>d ga". The ll'ft-sidc figure was t>llculeted with a I ~ lt·V bin -siu• <~nd tlw right -side fio-nre wa.< 
raltn /aiNI with a :3 ,\!leV bin -sizt•. The o.lid lines mt'an lite ~Toss ;(•tt ions from n•f{• rt•nrc" [2 /. 
2.). 20. 27. LH). rr 0 m<."aus Llu:-o cross sN·tion to th(' grouud statf' and n1 rnc-ans t.lu? cross ~<'<:lion 
l.o 1 he 1st r•xriiPd st.atc. 
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l•'igure G.l .j: /. 1-excite<l-statt• cross .ertion of the YBe( ~> , n )It(• reactio.n nwasured wi1 h t lw 5'X­
isobutillt<··nl ixcd gas. Tlw l<·fl-sidc ligur<' was raJru/atcd with <1 I MeV bin-size a11d the tight ­
side lig11r~ was calculated with " 3 ~ l eV bin-size. The solic/ li11<>s 11wa n the cross ~<'rlio n~ fr0111 
refere11rcs [2•1. 25. 26. 27, 28] . no 111 ans the cross sect ion to Lhe round s t.at.e a nd n1 lliNlltS thc• 
rross s0rtion to lh 1st excited state. 
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Chapter 6 

Results and Discussion 

6.1 Present results 

6.1.1 Compariso.n with prev io.us experiments 

F'ignrc fi.l ~/tows the jll't•se nl r•••ult of the :werag<•d cro!.s s<•dion of th I 0'1.-isohlll<liH'·p;as <Ia I a 
and lite Fio/t" isobut:nle-ga.' data l.op;cllH'r witlt otlwt· data for a <·omp>nisott. The utlter <leta 
indira I~· tit<' cross sc•c tion of tlw 8 Li(t•.llu) 11 U(gs) m<•as11rrd hy an in1·Nse t·<•artion [12]. that 
of llw dirrcl-irwltt.•il'r lll'""'"·rmutb b.v u.- ing the tv /llS i t' at Hll\EN [I ·IJ and at tlte :>lotr0 
Danw-:- Ji rhigan-Ohio Stal.c radioact.i1·<>-bean1 f>Jcility [15]. 

Tltc pt·c·belll da ta fort he rlit'fr/-rJ·rlusirr mUI-'111TI1tUII ; ltow a lower c-ross st•rtion tha11 1 h"t 
of Lltr tfi,·r<·l-inclu~iPr mut.'HIItnwnts on•r the cntirt• <'nrrg_v regio11. l11 ord(•r Lo totttpal't' t iJ<'m 
<;•asily, 1 he avcraj;ed eros sect ions b tween I !tc cnrrg,v region of l..j !\ f ~V a_11d fl.O ~h_,V ar(l 
given in table 6.1. Th~ ground -slal.c• cross sectio.n of lltc present data agrees with that of 1 he 
iu.verse·rP;.) rtion mea.sw·('mcnt witJJin tiJP statistical error. 

The re(lfiO n that two direr! llt('e~ snr lll(•nts dis(lht"!'<:'<' may be due to syst.eJnatir errorfi r('lt>VlHll 

to previous IIJeasur(;•mcnts . Vigur<• 6.2 ~ltow a typical ('Vent wllic h can not be dist iuguislwd from 
a b;lrkgrouud C'vcn1 in a,H inclu si vE• measur<-'mcnt .. .In Lhi .. C(:tS('. the l'iastir-!Ki.lltcring C\'Pil l f.!;ivcs 
a very similar d J·:j dx pet lcnt to the true event. There arc many reaction eaJIC!iJ~Ies whirlt 
give confusi ng ('l'l' nl pat.l<•ms. >ntd it is dilfi cu/1 to r~j"n tlwm by the inrlusive mNtsurPtll elll. 
J\cmrdi ng tot he papers of prrviotl . cxpcrillleuts [I t. 15]. they e>li tn at.cd t.ht' dJ'ect of the el>tst ic 
sca ttering by wmputcr ~itnulation a.nd su btracted the• hatkgronlld cv nt s. It s~ems that th~ 

Cros sertiou ( m b) 

Total Ground l>1lc 

Present 22 .:3±47.1 5f>.!'r2±30. 5 
l nclusivc •I/ R.3±26.7 ,'1/A" 
llli'Nse N/A- 7,1.07±0.33 

Table 6.1: i\vNaged cross sections bt•twern /..5 MeV and 5.0 MeV. The top row is tilL' prc,ent 
dal . ~, t ho c~nte r row is tlw dirrc/-indusine ntrnsurr,rrwnl dat>l , ancl th~ hott.om row is data dNived 
froUJ the in verse- r('action rn e<r$u rc•nwnt . The rcn te r coi n ltl n is thP tota l eros. s('cf ion a.ntl t '"' 
right ro/umn is t he gronncl-staiP noss section. Tit~ grottnu -slate cross s~rlio n of the IHesent 
dat.>t was ra/cu la ted using th <' bra.nching ratio given in ta.ble 5.1. ("Not Anulah/e.) 
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Figuro6.l: J~xritation fuu ct ion oftlwnosRs~r t . ion for lh~ 8 Li(n.n) 11 U rear·t ion. Tlw horiwntHI 
aJ;is is tlw cen t~r-of-mass energy ( ~ le \ ") a,\\( I tIt,, vr• rtir·al a..x is i ~ I he absol ute noss >t'C iron ( 111 h). 
Tlw wlri tP circlc•s indi cat.e cit pr·es•nt datil. The black dots indicat<' li te gt·onnd-st:ll <' croso 
!,Cc lion. '1'}11" wltif <..' stan; <Hld hlark ·Lars indi('atc til~.:' data of \h(' rlh·er·L-inclusiPr 11/. f f/ !·:tnrmPnls. 
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Figtll"' o.:l: Typical ron fn !.iTtg evPnt in t lr<• inclu. ivc nwasu retnent. The JE /dx- pal te rn spPrt rum 
iss lto wu. Th ~solid line shows thedfo;/dx pall rn oftltt' Li(o,n0 ) 11 B(gs) rNtd.ionwith 011Ji l ti ng 
a ueut mn at the di rection of 30 degrc<• in the cen i. Pr-of-ntas!o s_vste111 . Th <' clas hed litw shows t h<> 
d l~/dx pattern of the> clastic-srattering. 6 Li (o .o)8 Li reart.il>u in the ("<t.c of head-on col li sion. 
Tit<' fornw1· ta u not b<• disli ngui slted fron r tit<• l~ttN in the indusi'''' me<ts ur~menl. The dot.\ d 
line show., till' Dra!(!( run·~ of Li. 

co t,inutl iou wo uld not he prcrise euough <tn rl llr e subtr·action wou ld not b~ sulfiriPI!t. 
We belil've I hat w~ made any systt• mali r errors i11 our measu r rllcots a,o snt:tll a,; J>o.s ihl<· by 

utili zing a. bell<•r performan ce of the MSTPC together with the usc of ueutron counters, which 
should have produn•d a sufll cicnll;· l.righ acl ti cv~ I!Will of event SPier lion. It should also be not(•d 
tiJ<t,l tlw pre><• nt dat:< agrre with the gro und·s tale cross s<•c tion nwa8u red b_y the i11wrse re<rclimt 
wit hi11 t.hc st.a ti st.ica l error. <tJthough llw error is not small. 

6.1.2 C ompa t·ison wit h t he t heoretical ca lcula t ions 

On the other hand. theo retical ca lcu la:ti oJts were ~wrfonncd hy T. fta llsc lt<·r ct. :tl. [-16] a11d P. D<'­
scouveti!Oilt ['17]. 1'. Hause herd al. tried to rep rodu ce the cross sec t ion of t lr <' Li((l.llu ) 11 11 (gs ) 
rc:w tio11 a11rl pr-odu ce the total cross section of t.lrt• Li(cut) 11 J3 reactiou. T heir work had be<>u 
don . bd"o rt• the di,w·t- inclusiu( mH!S"(l!Tili C11l was pNform 'd. a.ll(l gave the total cross serlion 
which wa.s larget than the gro und -state cross section !Jy a factor of about 1..3. P. Dcscouvcmont 
tried to re prod uce the both of the ground-s tate cross section rut d th ~ total cross S('Cliou. Ac-



rnnliu1!; to his \vork 1 if il1e totnl f l'(I~S ~t1 c tio11 wa.~ r('prodiJC<'d. !he· p; roun d-statf 1 eros~ l-l<'C'Iion w;ui 

OV<'H'>lilllill~d by a facto r of<Jboul 1.5. It SC!'Ill > lh~t I he tltcor<>tiral n•s11lts prol' id<> t h stnall••r 
ratio l>t•Lwct•ll the ground-st.~ It• rross SPrtion and tl1 e total rrt•Rs sertion. thus favor tlw prcocn t 
n'snlt. 

In t lu .. following ~wr t ions, disnt b!-l ion~ c1hottl prilllnrdiaJ tllldt'o~y nlh()s i s with 1 hr pr<'."'l'lll d;-11 rt 

art• prt•M.'lltl'd . 

6.2 Nucleosynthesis m the early umverse 

6.2.1 Rate equation 

. u<·leo,y ntl"''is prort•<'dNI froiJI l = 0.01 1•1 JOO ot•c (cO tTcspo11diug lo 7' = 10 ~l p \ ' to 0.1 \lc\') 
aftPr lilt' Big Bang. whil!' llw Ullh·rrsc wa> t•xpanding ami cooli"l'.· The ti111C dcvclnp""'"' of 1 he-• 
lllllllbf'f <l('n~ it _y o[ (lll (•JeJilCilt is d('S(' rihrd ClS 

d 
(ff "· I:!< at• > !,1- i.j " k "l - < at• > ;,J-k,l "•".1] + ( thrN· body and othrr rt•H ti otl) 

Jkl 

-~u , + (ot hrr w!'ak rr•<~.rticw) + \U, \t, , , (6. 1) r, 

where 11, is the nnmb<•t· dt•fl sit.y of Plt-mcnt i. < al' > is tltt• r<'<~ction r<J .<c giv!'n by the rro;s 
scrt iou (a) '"'d 1110 rrbHivc vclocit.l' (•·L dctwudin!; on the tr111pN;,ture. The fir;t '""'"is a 
produriug process of elc•ruenl i by a two-body J·ca<·tiol!. k +I - .; + j: the S<'<"Otl<l lN!11 is a 
rNiuciug pron•ss ofelrllwut i by a two-body I'<'Oction. i+j - le t !; i! 11d tile third IPI'II'I i otlll'r 
stron r rt'a<"tious. Tlte fourth lenn is a decaying proress b.v J:i-deray with a lifelimr> of r,. and 
lite fifth IPrrn is otht• r wrak reaction . The sixt h tr rnt is'' diffusing-out process. 

Tl•c IH<'Scul cxprrinll' llt givf's a new reartion rate. wl1irl1 i. one of thr rt>during pr<orN<scs 
of i =~ Li. a,, w~ll ilS Oil(' of llw produriug process of i = "ll. In orciN to cst inu1te the cO'ecl 
'I Uilnt it <tt.i vely based on 1lte prescu t nos.-sccl ion d"'la of tile 8 Li ( n,n) 11 U r~arl iou. the 1110t hod 
used to derive til e react ion r"-1.<• was descriho<l in tile fo ll owing subsr•ctiou s. 

6.2.2 Reaction rate and astrophysical S factor 

'l ' IH' ilVC'ragNI re:tftiou ral0 of til(' 'i + j - k+J rNtl'l ion \Vilh tcmpe l'ttl lll'e T j ~ g_iV(\11 by a V('nJ~ing 
tltP excital iou fuuction of t.he no>s section. cr(E). wit!• the M<LXwt'ii.-BoiL~manu di strib11tion. 

(6.:l) 

wli e r<' E is tlir> rentcr-ol~ ru ass enNg_v, k is til<' llohzmann COIISIUllt. and , 1 is th0 redu rt>d mass . 
A =~. 

A, +AJ 

Jl pn•. it is us(•fulto introdurc thr a.st.rophysicaJ S factor. wl1i ch is deri ved from the rross sec t ion 
by la ki11 g 0111 ~ l.1 c 1/tJ effect and the l)('n tra.bi li ty [actor of the Cotdomh barrier for a rNlrfion 
between cll ;u·gpd parlicl (•s. The fonnalistn of the ast ropbys ic<tl S fatLor. S( E), is dcscrib(•d in 
Appr>ndix IL I. By substituting equation B.-1 into equation 6.2, l11e ave• raged reaction niLe is 
expressed as 

< a1• >= (8(k1T:1f2 { S(E)exp(- ~- ': )dE , VV! ./o V£ loT (6 .3) 

aJHI ca n therefore bt• calcu lat ed if S(R) is given. 
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W<• tri!'d t.o constructS( /•.' ) ha,rd un I he• pr<•or nt d<lt a. 1'11<• most -im por·tant c•nrr.t;.l rrgio11 
fur till' "Li(1\. 11 )11 1l r<•;H' tion is l\i'OIIlld ll/l (' liNg)' of 0.0 ~ l r>\'. whl're I he (;anw·· """k r,, = I 
io to e" lNI. I if>W<'V"I', Lh•• rross-sert ion data below 1.:) ~ I <• \ ' al tlw n•11 t cr-of-lllabs 011t>rg_v '"L' 
not uh t a iur~d by tl1 C' J)I'C'$(' 111 rnca~ ur('tltent. so tl1a1 P ... '\tt'apol~ltious u ~illp, 1lw ~rOIIIHI -fil<ljc• rro.~~ 
~wrtion. \VIIi rh W<.1~ d<·ri vf\d from thr iuven:i<' rPa<.·tion. :,honld bt~ JH-' r!OrtJI C•( I. llr•r('. Wt' assum(' 

lhn•" r<~srs: the first Ollt' is tiHlt the ground-olato cross R<•ction i• multipli (•d hy a fartor of :2.!i. 
which iN d<· t<' rrnill <."'d h,v ronqHtring- thP IOU·d rros~ :-:,Prlioll JJJC'(I .~ Urc-d h.v lh f' prt•s<' ll i PXp£tr im (:IJll 

and tli<' ~round- s tale• <Toss SN'tioll tliNlSHr<·d b.\' Ll1<' invPJ'S<' IT'tlrtiull b<'IW('f'll r<"nlrr-of- ma:-;s 

t' ll<'l'gic•o of I . .J ~·t p \ ' a.rt!l 2.0 Mt•V. Tit<· Sl'rond orw is that tl1c gr<1nnd -";~tc no" "'<·lion i5 
I'll Ill! i pliC'd by a fartnr of ;J. I . w l1 i <'11 i ~ dc•t<'nnin('d by rmn pa ri11p; t hr total trosA seni<111 llH':tSu rNI 
by J]Jp pn•srnl f'Xpl' rinJ Pnl and tll <:'.e;round-s tate frnss . 0r !ion llH'a~ nrC' d hy th e invC'rS<' l'f'flrlio11 

h<'tW<'('II ('(• lltrr-of-l!I<I RS <'ll<•rgies or 1.1) ~ l c• \.' ;utd ~.0 ~kV. Tile> third Ollt' is th"t lhv f\ I'OIIIId-''" ''' 
noss R<'Ciiun is lllllltiplird by a f<~ctor of 1.1. wl1ic h is tJI(• n•tio of tl11' total rross scrlion to lhP 
)';I'OII!Id stair Oil<' in I hr> pr<·scnl r<'>lllf. avNagr>d h<'hvt'<'ll J.5 ~1 e \ · I<) 5.11 \ lc• \ ' . 

ll uwcvpr. il scr11" tl1at a far tor of 2.6 is b tt(•r than that of :l.l " " d l.l. sin n• l.lw rha11HCI to 
lite higher cxcit<'d ;taLes of 11 H. wl1irl1 "''" not be pOflld a.tecl from tit(' lower <'ll<'rg)'· r<•giou be· low 
2.0 ~)('\'.may be includNI for fac tors of :l.l a1t<l ·1.1. For compari nf!: tllt'lll. t.br both <·xtn' llli'S 
to'!·s, fac·tors of :1.6 and ·I. I. a.re illnst t·a t r>d in figu rr> G.;J. 0 n I he ot hc·r hand, B. i>i. Uoyd [ I I] 
a nd X. f:u [I.'\] ; llggt•st a factor of.). This fa.rt.or .is larger th;u, ""Y present •·a~•· . 

F'or <t lllllllPriralcaJculation. any physical cO tiSia nt s were explicitly suhstitutcd in ~qnati on fi.:l 
i-lS 

wltNr Tv i!> in unit of 7' = 109 1\ <Htd S( E) is in 111ti t of Me\'·barn. 
(6. 1) 

6.2.3 Reaction r·ate of the 8 Li( o ,n) 11 B reaction 

Though the va lut• of < crt· > can lw obtained by carry i11 g ou t a nllnwrical inl<•gnllion of equa­
tion f)A for va rious T9 .. au a.uaJytic formula of equation 6.2 as a funrtior1 of 79 is ro ll\'!'lli~nl 
fo r a nu clr>osynl lt sis ra lrulalion. Tlw d0ta ils conc<>rni ug the fof!na li>ll l of Lll<' reaction ral.c an• 
dcsnilwd i11 Appendix 13.2. We firsl ohlainecl the ''a luc of < O'!' > for seve ral 7~1 points. and 
lh<' n fit it bv l il t• anal vtiral frmntila. 

Figure fi :·l .!tows the prese11t I'I'>Uil of lll(• 8 Li (n .n )11 il -r ·action r;tlt• a.s a f1111Ction of tltr 
IE'111pcrature around 19 = I. The solid line shows tl1e result of fitting the numcrintl r •sull with 
<t fa.clor of :l.u and llH' da.> hi•d liue shows that with a fartor of -l.l. Tlw result giveu by X. Gu 
<'t a I. ( 15] is a.lso plot ted by t h<• dot ted li ""· 

The obtained funrlion for il facior of 2.6 is 

N., < at>> 7(~312 [2.6() x 1.05 exp ( -- l.-1·1 /T9 ) + :1.00 X 108 <'XP ( - 6.73 / '1 9)] 

+ J.02 x tol"cxp( - 19 .• 1 fi/'Z~ /3 )+R.82 x .I09 cxp( - 19.·17/7:" ) [rm3/scc/molo]. 

(6.5] 

<llld lltilt for <1 factor of ·L.l is 

Nn < au > = T9-"/1 ( 1.~0 X JO(lPxp(- ·IA.l / T9) t 5.21 x IO''cxp( - 6.7:J( T9}j 

+l.07 x 10
13 p (- 19.·16/'l~/3 )+ U :Jx I0 10exp(- 19.-t7/ 1!J) [cm3 /s~ f mol~J. 

(6 .fi ) 
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Figurr G::l: A st roph ys i c~l S fano r. 'l'J,e hori7,ontaJ ;,xis is fl1 e ccnLer-of-1Hass t' ll Prgy ( ~ l t•V) a nd 
t.h<' v rt1cal 'tx'" IS tlw astwp hysicaJ S fact or (MeV·bon1 ). Tlw white circ·l<·s a rP the pr<'St' lll 
data. the while and hlark tars arc t l• e dired-irt~·lusi••r-mcfl.< 'tllunnll data., a11d t he black <loi s 
>~rt• I he ~;round-statP data. The r•xtrapoi<Jlcd da.ta multipli ed th 0 g rou11d -s laft• datil bv a fa ctor 
of 2.0 and 1.1 below 1.5 MeV a r·e show11 by a solid line a r~rJ a <lotted lin e. rPS pt'ct i vcl .~. 
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J.'ig 11r<• 6.1: Ht•action rate of t hr 8Li(o ,n )11 B react ion as ;o fu11clion of tcmpera.tun·. The hori · 
m nta l axi s is l he tc m pcraLLJI'(' Tu r I 0~ 1\ ). and l]lt' VNl iral ax is is the I'NCl ion I'H I(' j II llli il s <>f 
nn 'l /sec/nlolc. T l"' solid lill t' is a plot of cqual'i o11 li.5 a11d the daslwd lin e io a pl ot. oft•Cj ll <lliou (i.(i. 

Tilt· doll ed lill t' >. hows lhe fun ct ion indi.ra.t(•rj b.v X. C:u t• t a l. [15] . 

whc1·<.• Na j:; AvogoH.Iro's iltllnber. 

Hecau s~· it is rlitinwd Uta! lhe ~ Li (o .n ) 11 13 reactio 11 orr11 rs HJ'Otlltd '/'9 = I. accordi ng to 
<'qiHtLion 13.1 -1 a nd H. 17. till' e fft•r t i\'l• cnNgy and wi d th an• £0 = 0.62 MeV and ~£0 = 0.53 MPV. 
res pecti v<'ly. '\'liP firs t and scrond lt•nns of t'<flla.liou s 6.5 an d 6.6 ~rc I he rc•oua11re conJpo11ents 
for E,. = O.:l8 MeV >UHI 0 .58 Me\ ' . whir II a rc ' it hin 1 he c flcrt ive-cne rp;y width . The otl 1er 
rrsonanrl'S W<'l'(' uol C'onsidC'red, sin fc th eir energies werl' 11111 rh highPr t11tlJ1 the <:• fiCttivc energy 
region . T i1 0 third INm is til<' unsa.L11ralcd continuum a 11d l.lw fourth te rm is the oat. urawd 
continuum . Tlw dt•tai led rne;utings of lhc,c l nns arc desc l'ihcd in App<'IHiix 13 .2. 

Th e rcarl ion ra.lc of I he present data wil b a. fa l'tor of 2.6 is aboullialf of t lw r~artiou ral<' of 
t.J,c present dat<J wit h a fa.ctor of •U. T he prcscul re ·td l lo r a fart.or of ~-l is light! ." it's than 
th e rcs ttlt of X. C:u c t al.. liN''""" J,li e cross sec ti ons arou nd th e Garnov peak aJ·e 111ost ,.rr nive 
foe th e rcac lioll ra.Lc. !.liP t·earl. ion ra l.c strongly dcpcuds on the facto r. 
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Pri•se ul( x 1.G) PrP~enf( X 1.1) X. G11 ('( <11. l~xrlu dNI 8 1.i(n,n) n 
S\1 (Sl.llh;u- 0.0 I) I.Ji x 10 

,, 
1 ~ 1 (flBh f.0 = O:l ) 3.~>8 X .10 " J.:l? X IQ '·' ·1.'>0 )( 10 1-1 2.65 X 10 t:s 

(ratio) ( 1.~5) (I .Gl ) ( l./0 ) ( 1.00 ) 
1,\.1 (!!Hhso = 1.0) I .21 X 10 " l.(i(j X 10 " U<:l X 10-n .[.()() X I() 10 

( niUo) (2.9R) (-t.mJ) ( 1.\R) ( 1.00) 

Ta blr (i.:l: Sumrnarv of 'I"• lll<l % frartinu of 11C. The nniu llorll "'li>.Pd hy tlw farlor ll'ithotll 
the 8Li(n.11) 11 1J rea;·liOII is also indiml ed. 

6.2.4 P1·imordial nu cleosynt hesis 

!11 order to cslinHtl<' tlot• t'fli.•r l qualltilativcl,v in pri1110rdial nurleo ynt llt•sis hy the rt•arliou r<lf<' 
of the ~ Li(ll.n )111! reaction. lf ~t•o rel ical ralrul;nion; \WI'<' performed by Y. Ya.n>amolo !JR). 

Tht• rrs tdts of lht• t·alru laliou e re pre entcd as \he mass fJ'HiiOt> . .\' .1, which is definNI a~ 

\' _ A11,~ 
. A - LA=n ,p,•l, ... Ari . .A 

(6.1) 

wiH•rt• .XJ-t i:-, nonrraliz d as LX A = I. 
Figur<' (i..5 shows lh<• rcsn\1 of I he 111a.-s fra Lions in the S~ l . whirh is assumed to be Lh<' 

lllliforllt b;u·yon dt•nsity witll fl11h~0 = 0.0·1. whirh <tcronnls for the observed ahullda11ces of 111. 
4 H<' . a r1d 7 \,i. \I ere, h;u is r ~· l alt•d to the Jlui>i>le .:onstant ( // ). wlwr<• II = 50x h,o km / ~'l pc /s<•r 
and O.R < h5o < 2. 

l'igm<'S 6.6 ancl 6.7 s]l!)w the m;oss fraction s in !.he 1 ~· 1 , wlt irh is ass nmcd to be 1 ht· inltOIIIOgc­
II<'OII8 baryon ciPt1 sity with nRh~0 = 0.1 a ud rlahlo = .1.0. rcsp ctivdy. The case of nah ~u = O.:l 
;H·rounl& for t lw observed ah undancrs of 1 \1 , 4 1ft> , aud 'Li. <Jnd tire PIS<' of HRI1 g0 = \.0 ass u111es 
IJ1a1 <til lli ,U,S('S of the universe CO II Sis ( of b;ll'youic nlaller . . , ntHlll~ry 01' lfte rnass fraction of 
12

(' predirtpd by these raJrulation s is gh·cn in 1ahle fi.2. 
AilliOltgh (.he abulldaiiC('S or 12

(' cairulill<·d i>y the pr<'S('Il( I'P>tction ra t<' is rCd ii<"C<liess than 
t hal h.v the re;tc lion rat<:> givt•n by X. Gu el al. lhc abunda.11rcs <tre still enha tl('('d i>y a fac lor of 
;lQ ~GO% for J.ht> tas<• of !lohl,0 = 0.2 and :200 ~ :JOO% lor tht• caH• of nRh§0 = ·1.0 . "·' CO illpared 
wi\11 the ra'<.> wilhout the ~ Li(r.t,n)nB reaction. The higher is the h<li')'Oil de11sity, lho largN 
is t.ht• farlor, so t hat. lit<• 6Li(,. ,nJ11 B react. iou is nto r\' irnJJortenl it1 tlot' n nivNs~ with a higher 
bar·yon den sit .v. It is a.lso uo ted !hat th~ a.l>undan ct• of 12 C iu any cas<' of the IM 11nivPrse is 
murh largN I han Llt<tt iu I h<• SM u11i verse. 

6.3 Summary and conclusion 

The total cross oec lion an d hran r hiug ra.lio of I he 8Li ( n ,n )11 B n•art ion. which we re ItO I. ohlained 
si multaneou sly by p1·eviou < P.X[>t•rilllcnts, were determinrd. I though the importa nt cnNgy re· 
giou around the C:amov JWak, £ 0 = O.G MeV, cou ld ILO( he JJI N'"ur d due to t he lillliled st.alislirs 
and resolutiou , it has been proved t.hat l.lw pres<•nl delerlor sys letu <llld aJtalys is pmcess provide 
a powe1·fulmethod for meas uring !Itt• 8 Li(a ,ll )11 B react ion. 

Th present mcasuremen l suggests that the total rross sect ion to the ground slat<• one is a 
factor of 2.6. which is lower thru1 that of the di t·ci'£-inrl'll s-ivc mca.ourcmutls , >1 factor of 5. ll ow­
evN, the ciTed for primordial nucleosynthesis is sti ll. Ja.rgP comparee! l.o the rase of no 8Li( a,n )11 B 
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rear! ion , <'S pecially for a ltigli - IHiryniHknsiL.I· 1\ 1 Ulliv,.rs<' .. \ II bough if ,cNn< lo hr dillirult lo 
Ol):-;('rVl' lh<• abundanrf'S OJ' (-I JPJIJ<:'IllS I! C'tt\' i f'l' Ill all 1\ = 12 in prill)nJ'di HillllfJ POSY iltiJPSi.'i . bP<.'HIIf-1(' 

st<>llar nnrl\'osynlh<•'i' i. ~qlliol lo or lllOrC' !han ihP prittiOJ'dial llll0. a.ud I he,• mip, lti tool IH' <li s­
ti ll fl;1Iihh<oh lc. \\' li eit a much tnore prec ise obsNI·aliou of, for rxumpk , old-metal-poor stars ra.n 
h<· ablc• lo \)p J>l'rfornted. a sip;ua l or llt t> illhOIIII)gP II<'OU S Big Baug llli!!,hl ht> loltUd. 

On ( lw olloc· r li<Ill<l. almosl all or I hr llltl'iear rc•arliOIIS ill llltl'i c•os_1' 111hPsis. whirh involvr I hr 
nnsltlhl e'\ JIUclidc~ . lla,•r· nut yet h<'<'ll lllt'<-t."i llr<'d. T II C'Ort'lkrll ralr11lat iou.s rau IH' illlprow·d by 
tnoes urinl( sndl rroRs St'rtiun s. II It as a lso heen pron·d hy I he J)I'CI'P tl( c•xpNim<'lli \h at lhr J)l' t'S<'nl 
df'tC"rtor li)'f-l l f:' lll illll i an<~l y~ i s J>I'O f PSS ar very powC'rful for Jll Nlsuriug th(' J( n.n).l -typP n·artions 
with tho limilrd-inlen>ilyof ll l beams. \•'urtl"•ruion•. not onl.v tit<' l(n.ll).l- type r<'<H" Iion. bu1 also 
ill!' l(p.ti).l and l(d.n).J- t.VJI<' rwtrli0n, . r<lll I><• IIIN"IIr!'d will1 I hE• JH<'sr u( syslt'lll hy nlili ting p 
or d-rirlt l!;<lS. fl y tUOJWra(ing with ollt<'l' triggt•r rollutt'l'-'.lhe l(o.p).J and l(p.n)J -1.\' \>t' r·<•actions 
Ctlll abo h<• lllNtsurN I. lu ;Hidition, rC'rPnl dPvc•luplnPilt s <'oJtrl"l'lling t l1 t\ HI - ion ~OU ITl" h::'l \'<' lllttd" 
it po~sih k• to pro,•id<• mono·C IH.' rgy and low-<'nrrp;y b011111 S with rt'ttso nabl~· irtt('n ~ it ,v. ,\ s shown 
ill figun.-- ~ l.r,, tlte mN,~ IIT"ClllCIII quality ta n h<' improvNI br using c-1 lnonu~ t' n c rgy bP(JIII . du c> to 

I IH' good l'lll'l'f!..Y rrsolution. Tlu.:• cross sertions at lo\\'er Plwrg.v rcglol'1 ~, when' it i:-. diflirult t<J 
adii<·v~ br th0 projrrlile-fragn,<·nt ·separalion lllclhod , n1n a.l so lw mPasurNI. 

\VP a n• sure ll rt.:tt th<' 1H0!wn t uwlhod will t)nah lf' us to providC' a btN1kt !J rou gh for nrow r('~ion~ 
of Lil!' Hl -bea,nt t'Xp<'l'illlcnl. espcria ll.v itt aslrop hvsi('al nuc-INII' ph_yhi<- s. 
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Fif(lJre 6.6: Abuuda.11cPs of the IM calru lat.iou for l!11h~0 = 0.2. A facl.or of 2.6 w~ s applit•d. Jo'or 
tom paring t lu• ab\ln<l iliiCe of ' 2C t. Jw resuJt oft. hc n dculil.lion for ' ' f<crtor of ·l. l is also i ndi raL('!I 
by tlw rlashed line. 
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Fil!;nrc (i.T: A hu ndiln ccs of tlu· IM calcn i<llion for l1ehg0 = 1.0. A far tor of 2.6 was appliNI. l ~or 
fOil! paring lhP ab nudanrc of 12C, I lie rPsu l t of a calculation for a factor of •I. I is a.lso indi rnt.cd 
hy the dashed l i ~~<· . 
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Appendix A 

Efficiency of the neutron counter 

Thr• rJiri<'llC'iPft of tit<' llf'll t !'Ott rottii i PI'f' Wf'n' IIIC'::t.:-.11 rPd u\)ir 1~ nrul rnm. frnnl tlu• fi-;~ iolr "\Olll'n• 

of "i.fi"l( 'f il fj (:>!' ti ll f'.X p<• r i IJ\l'll I will I I hP :;a lllf' ~(' t n p. ThP }.r._ ( ·r \\ a:s n I'IHI,V f:u;I.P!H'd ;) I tlrl' l'f'l! ll'r of 

lh~ n~ul ro 11- barrl'i l'adin ' 'tll<l "''" slucl; fast to a "mall ( 100 /fill I hick a11d ''11111111 2 )-"i;<··< url';ll't'· 
h~lrriC'r-typr SS D. For di ~ l iu~ui s llin ~ fnun n pt~l'l ici<'S. I hP fi n~i nn fra~l!tc'lll~ \\'t'l'f' d<•l ciNI by tlw 
SS D. rlrt' ssu \\'~1 !-- ;.d ~o liM'(' a!-> f-1 tri,Ezy,t•r si~ual of tJw J).\Q rlltd a .'-o l;'il'l ~igaa l lll llH'll "'tl l'fl the• 
ll<'lltroll ' I CH' . 

Th<' II('Uti'OII diRlributioll l'rcmt tht• fi>'ion »Olii'C'I' ra11 bc> dc•,rrihNI hy llw ~ l axw~lliau f· IO] 

u ; t/2 ( 1~· ) 
/( /·.)= rrl f l[":!fl"Xf! - f' ' 

wl1<'r<· ft,' /( /o)d lc is lll>nnalil~d lo h~ I, E i~ t lw ener~~;,v of I hr "''"t roll >ll>d /' is n 
t<'lllJI<'ralur<' . '/' = 1.12 }. fr· \ ·, [01' til<' "'C'f. 

By" l'('t('lll , turfy r.-,o]. lh<' ill'<•ra:w<l tll.1111bN of nrnlrolh (lC'I' li 'O iOII, fl. i' :l.G5±0 .2:J. 
for('. tli<' C' IU' I'P.,,V tllld Ulltlll>Pt' distribrrtion of lhP fi ~fi iOll II PIIII'Oll is 

.\'u(E) = fl/( 1·; ). 

E(L) = lr.N(I·.'~ 
..'>!l.\ u( /~ ) 

(. \.I ) 

nurlt'ar 

'llwrf'· 

whl'r<' ,\ ( I" ) is the• 11111111"'" of det<•rled ll<'llt rous a nd ..'>U is th<' solid aut(!~ con•r<'d l•y til<' n~ulmn 
('{) llll lf'l'. 

Figure A. I "hows ''"'TO !' sp<·rlrn. Tlw - fla.~h peak is at .) l"<'c. hr aus~ the fli~?,ht ·pal h 
l• •ug1 l1 was 1.!) m. Tlw tin1~ rt•sululion dNi\'l•d hy lhe 1 ll nsl1 P<'<lk is a lwut :11"<'1' (FW II ~l) .. \ 
throuv;lting ro rl'<'f liou wa~ not tucuiP, b('raHS<' it wa~ not pfrprt i\"<:' for lh<, JH'<'b~·nl <'xpPrinwnt. 

Fi,_n re :\ .1 shows ti l<' <'fnric•uti<•s or Lhe ll<'11 l1'011 ('(JUiders . . \llltunp,h thp tiii'('Shold; of til<• 
lll'llir(Hl rD\IniN~ 11'('1'(' S~l ill ilrt>UIIcl ((I~ 2() f;p\ '('l' hy using lf1<• ( 'OIIIJl iOII ecfgp OJ' lhP ')ray 
ol' 1a7C's aud 1 ~" ll <• . lh<• <hr<•s l1 olds wer<• d<•l<•nuiucd by a <'0111f>IIL>·r s in11dation [:J3) in •>rdel' 
lo n·pr('fi<'nl II1P PfficiPnci<'S HH'(l5iUred wi llt lht-. fi ss ion sourn•, whirlt rc•s 1d tt•d in ar01111() t.~, I'V 

2i> kc• \ 't•e. Because lh<' ll~llli'OII· ut•rgy s perl rum is'' <'l>llliuutllll, IIi<• 1 hres hold clelenniued b~· 
tll f' simula tion was !-idco<·tC'd in urdl'r Lo rcpresPn f th e rnf:'a~urPd <'fnrieuey al nt•utrmt c•m'rp,i<"s 
!'rom J Me\ ' 10 I ~ I t' \ '. 
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F'igur~ .\.1 : TO I ' spl'<·lrulll of lht• ""'"""r<' III CIII wilh lh<· fi ssio11 hOII ITC. Tlw hori w 111 al a.,i> i' 
the TOF (ns<•r) and tho n•rli ra l axi>. is th<• <'\'t' lll IIU!Illwr. Tlw ' I OF wa' d<·rin•d u,v <ll'<'rap,illp, 
1 h(' 1 iln i ng sip, 11 a Is from ho1 h side of l be ucu l r<Jll CO IIIII 1'1'. Th <' 1 fl a,h I!''" k i s ;LI r, Jlot'C. 

i•:;; I jo:;; r ., 

~:~ ~~~:~ .. ~:~i ,.r~··~ .. --. 
ttl~ 0. 1~ 

11.1 0.1 
u.o$ o.o~ -· 

0 0 ' ' 1" 

II I l f.n~rg,1· j\h.•\'f O I :! t:n~r!:.,\ (\ti'V j~ 

Fip;ur<' ,\ .:1: Effiri<•11ry r 11rv~~ of tlw II<'Ulron rou111 ~ rs . Tl1t' horiw ntaJ axis is th<' neutron encrg_v 
(MeV) a.nd 1 h<• V<'l'l intl ilXis is LIH• onicionc.1·. The rirclcs wi1l1 Nror har. , how tlw 11\~a't!fod 
va lue· and lh<• solid <·nrvc shows lht• r<'su l l of a simui<>Lion. 
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Appendix B 

Formalisms relevant to the 
astrophysical calculation 

B.l Astrophysical S factor 

S( lc") =a( 1•.' ) /~ ~xp('lr.IJ). 

wlt<•r<• ')i s I h<• Somtner ft'ld ronst,anl. dt•srribrcl as 

·11r -- -r l 1! 1. (7-,X, )' ( l 2) 
/lu 2 

0.979UX,2 Z} [~M'J. 

( I I. I) 

( fl .2) 

( II.:! ) 

Thus. lhP l'xri taUuu funrtion or Ill<' frOi>S ,~rtion. rr(J~' ). is wriiiPll wit II til(' >lstrop li )'Sir>ll s 
far! 'Jr r~s 

( IU) 

B.2 R eaction rate 

I t i" rc• IC'vant io dividt.-. 0quatio n G.L into four f'lll'J't(\' region s wi1Pr(' thf\ diffl'J'('Jll n \ac tic)n llH.'dJ · 

aniS IIl !:t ;.'11'(\ Uomioaut. Tin• fealurt'fi or Lhc iu<li vi duaJ IT'f\.(tiou tiiC'('hanisms art' illu !-. IJ'a iPd i u 
fignrt• l3 .1. 

.l rrcm ling to App\•n dix J\ in refe t·ent•e [.3 1]. the n•artion bc>t wren rharp;rd partir!<·" is dc,r ril><•cl 

< (Tf' >=-< 0'1' >s~r + L < (Tf >,. + < (J I) >u(' + < (111 >8, , 
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0.5 1.5 2 2.5 
Ecm (MeV) 

l· ir;urP 11.1: lllustr" ti o11 nftlu• typind typr•sofn•Mtio ns b<'tll'<'<'ll rlt"rp;ed partirlrs. Sc•<• tit" trxt 
lf1r dPtail-.. llj( • horit.nll l td nxi.:; i:-. tfw f"t'ldf'l'· nf- Ju ;:u.;s f'lll'rg_y in ~k \ ' and thP \(•rtind <IXi!:l is til<· 
cro:,s ~<· < · tiotr i11 :IIIJilnHy 1111 i ts. J Jw ~ J ax'''PII - B cdtzw;]nll cli ~ l ribution of 7;, = I i:1 tl l: .. u plotlr·d 
in a rhi t rar) 1111 it s <I S ;1 f11nrt io11 of t ltf' c·Pn iC'r-or rn;~ s:-. e1wr·g_v { ~ Jp V ). 

Tl 1<• first 1<'1'111 , < rrr· >11 , . rC'pr<'S<'Ili S tiH• fO!llpone uts of th f' 11 0 11 - rC'~OII<Htl rNH'Iions. wltirh 
U(' l'll r~ a I I hi' u·r~· In\\' f'll('rf!,,V r('_~j n 11('1 WPPII 0 ~h· \ . (llltl I If' a I' I 0 I he n rs t l't'S(l ll(l tlfP t' llf'rp;,v. 1: • .\ . 
Tlli ~ ''' rill is u ~ rtall .' · nniulportant lOr a rharp;('d -partic-ll1 rPa<·t ion. h<•caufie tlr(• fir·st l'l'l'iOHr~un• is 
domina1d. 

TJn-. S{'fond IPI'III. L ...... (Til "'>r. I'PJ>J'('lSl'llls t lw runJp01l('1li, of tl.1e indh·idual -f'('SO II fliH I'C'i:lf tion ~ 
\\llidt (J('C IJI' ;II thf'I'I\(' J"I{V l'('g.iou bPI\\('~'11 /· .. \and/:..~ , . W II CI'(' t!J(' 101(1 1 wi<l t. h. r. of an individll(l\ 
I'('' O!HIIl('(• ih 111111 11 lt•hh tl.:tll tlw dfr•c·lil'(' llidtk H ·.'o [st•v c•qu~tiou Jl .tr>~ l l.JI ). Thih iCI' Il l i< 
d<•st· riht•d ilf, 

L < tTr•>,.= ( JJ .(;) 
,., ~··"' ' " ( 

C.= · -- <·m · sec· oT . l.:,t x l0 11 (1 + ~u )('2.f,.+ ll(l ' 1 1' 1) l -1/ I] 
' . J:!/'.!.( V ,+ I )(2./J+ I ) J' , " 

( ILl) 

Till' lhird 1('1'111 . < (11' >tl~ · l'l'PI'('~(·tlls tJJ(' C'Olll jJ Uitr'lll or ti!P liii Sit lunliPt\ ronlilllllllll wlr('r(' 

"'"".\' r<'h<lllilllff' "'"'" an• loralrd wi lhit t b/"0 . >\ltd thr i11dividuHI p ropNty of th e n•sOII<lLH'C is 
indi"t ingubhHbl". Jlrfln·p11 1; , il.l!d 1 hf· C'o ul o 1n b h<~rr i er. Ec. this tNnt is d<'srribrd ;cs 

< (1(1 >tl• 1·"., '1 ;; 21"up[-r.-'1 (~ 1 t:1 - ('19/T,;f] 
1. 2·1~7 , t' '" t L>,Z, )2

/ " 

zx.2 1 ' i1(Z,x,)- ' E/'1
. 

( IL.') 

(13.9) 

( 11 .10) 

where Tl. and '1',; (11'(-
1 rulnO' paralll t' l c•rh. a nd ru is a consl.<lnL In Ill<' rllSt" or tJt<• (n•.rt) ttlld {p.ll) 

r('<~c 1i o n. tlu-· fa.rtur o f (7 ~1 /T,:) 2 i8 H!i\uall.r un nc•c·t•ssary. 



l'hc· rou rr h I ('I'll! ;II }:' > Fr ·, < rTI' >Jet . rt'PJ"('!-il'lll '"I tlw ( '(Jill pOIIl'lll s nr t !J(' ~a111rat pd COlli ill11lllll. 

I r til(• 0j!'rl il<- i, " I •hot oil. or I lit' t'j<•rl i ,,. """"' r<t I iull fill'!,.,. doc·., llol I':P'il II\' I'll 1'\' <>\'(']' I ill• 
itJl(•r<•:.INl r·110rgy tPp;iou. tliis-tr>rm i~ ciPsrriiH'd rts . . 

< err > .• ,~ II <'XJl (-/:'r /!.- !,). (lUI) 

w!WJ'f' II is r1 tow;taul. 

TI!C' COlli rihn (ion I() I IH.' l.ot ;d H'(l( I ioll I'(! I(• or I"Hfh I (' !'Ill d(•pPIHif! 011 Lll l' pfr<•CI i\'(• f'lt('!'f!.Y Hlld 
('tlf'rtl..v wid tl1. wltir l1 HI'(' d('l(·nninr>d hy t II(• IP11Jp(lrat nrc•. n,r (•n<·rti\'<' ~"JH'r~.\· . /·~·u. aud l'lt<·r~.r 
width. h /~·0· arPJ'<'PI'I'lWIIIed b,v 1.lr0 n'I111'1'Ntrrgy ;~nd \h(' widt lt oftiH• (l(llll(W pPak. whirl! j" dw• 
lo ilH• JH'tr\'lrali It f'ador;.wd tlw ~laxw<•ll-llull.t.llt:llllt distribution futtction ~l l tiH• \PIJJJWrtllurr•. 

\\' ltetl t!Jt' iP!lh' r4 of- rna .-;~ ('JIC·rp;y. I!. . is IH'Iow llu: ( 'o ,Jl onlh harrier. /•.(. /~'0 ;1rrd /l/.0 t1n1 

ck~n·ilwd <t !-.i follow~: 

l .'u O.J:U . I' i''(?;',.%'.17:J!'I-' f.\ l l'\ ') 

0.1 :!(X; 'I ;, )ll'l [~ I<-\ '] (j = j)]'fJI 011) 

o.:JQ(I':;'I j,Jl(l f.\1('\ '] (j = n~partirl~). 

H.'u 0.2:J7. 1 ' 1"(X, 7.,) 1 1~ '1~'/'J [~ 1<-\ ' ] 

0.21Z/~'' ·! ,;t'' [~ f p\') (J = prul()ll) 

o.:r; zif"'! ;;1" f~ l r·\'] (j = ro ~ pal'l icl!') . 

!f er<• tit(' ('oulouil> harri<·r 
/;'1· = l.-IIZ;Z,/ 11 [A i t•\'). 

}{ I.IJT.I~ t< t :U 7 [f<•rnti) (j = prot<111). 

fl 1.07:1?' + :1.0 1 (fc•rt11i] (,j = n ~ partiri<') . 

is usmtll,v ttRPd. 

( ILl~ ) 

I II. I :l) 

( ll.ll ) 

i JU~) 

( IL!fi ) 

( l l.ll) 

( U.I ~) 

( ll.l 9) 

( ll.20) 

Appendix C 

Another example of a m easurement 
using MSTPC and future 
improvem ents 

C.l GHe+Ar fusion reaction 

A ~('SL 0X pPri ii1 (1Jtl l o lllNtSUI'(1 thr 6 11 c+ "Ci l. Ar rw .. iOil J'{'(lttion was itiSo ccnriN.l out wiLit 1\tf' 

IU PS. J\ low-<:'nerg~ · 0 11 c• bNl111 was produced by t II(:' same pror<'dtlr£' as 8 Li. inatliatiu~ a 
70 ~ l eV f uucl('ou 11 1l lJl'illll on a 16(j:) tngjrm' 1 !tick 0 lk 1 arg<:>l at an in I n sit~· of :l6pn.\ , and in­
jt'cted in tlir .\ IST I' (' at ;Ht ~nNg,1· of I 0 ~ 20 .\ leV wil h an illt<>n"ity of ·I kcps. Till' ~ I S rP< ' "as 
fillPd with gas0s of ""1· , \ r adm ixed wit h lo/r of nlPlhanc• at I 00 torr. The a11ode voltage \\'aS s<'l to 
+ (i00 \ ' aud t.he fi,.fd voltap;<• was set to - 150 V, w bert• I h ~ drift vrlor i t,v was a bout 2 rlll/t"ec lu 
thi s caS<', th0 c·v01ll (l·igger eons istrd of tlw h~aJJI counter an d the dE/dx~di sniminator 'ign111>. 

Tlwugh quasi-dastie ""all ring could be mi«•d to llw fusion lrigg<'l', if llw ;call<'l'i11g ;tugle 
was IHrg(', lite barkgro11nd <>veuts might be ·elected hy the d l ~/ dx <LIId trajectory patient at the 
>tag" of an off-liH<' aualysis. The typical fus i on~ li ke t•vcut is showu in figure C.l. dE/ dx changes 
suddenly al th t• rt•artiou point and stops soon a few pads ahrad. Figurr C.2 shows a typical 
quasi- la.sl ir sra II Ni ng <'V<'n t ;Lt a l;u·ge angl<' . ~ \! though dE/ dx rha.nges suddenl y at the rt•act ion 
point due to Lite recoil d t.<u·get <lnd I he I r<ljcrto ry ('[ ,angcs. t.hc ejecl.i l ~ run; !oJtger tlta.n the 
flt oiou ~l ike C\'01\l. 

Du<• to the 11 arrow dynamic range of the I"~ ADC'. the . am pled dE/ dx of a f11sion~Uke 0vent 
is sa l11ratPd. In ord er to r lassify wh<" t her tit~ ""'' nt is cornp!Pt0 fu. ion or inrompi<'l<' fu;,iou, 
ilw summed energy f lh<• Clll hode pads from the rmtclion point to the end point of" rangP 
should b(• tne<l.'. nr·ed. Thu s. a !:.! ~ bit Pli-ADC ntodnl<" was also employed in parallel to a F-AD(' 
moduiP. 

This m~· t hod has been fou ttd 1.0 be powerful Jor measuring a fusion -lik event. in the ' ubbarri<•r 
en0r~y region. 

C .2 Furth er im provem ent 

We lt <tve some ideas for improving Lit e 1\ISTP(' . 
In order to improve t he• cnNgy rc>solution, the anode-wire signals of t it <• ~ I STPC ,Jwuld be 

rea<! out hy adding madout dev ices. 

0 
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l"'ud un. 

l·' ihtll'(' ( '. J: r _v piral.P\'('Ill o[a fu sion -Jik(• I'Pltft iOil. cl l~jclx t lJ~IJI ~C. at lh••I'NH'lioll poi11t tlllti Ill£' 
t•jl'<"lill' pal'ficl0 slnps soo11. Tilt• d l1jdx sil(nHill'<l> oa lnr~le•d at 1!10 I'Nlc tion puinl. Tit<• das ltNI 
[iJw s i11J\\'S I he• l! ra.~?;g tl11'\'(' or 6 Jk. 

~ to 

~ ~ , 
o dEidx=200KcV/r)ad ., I ! 

·E 4 ,, ' II ~IUS 

uj .·• I~ t I 1 :S 
"i: -2 
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"E -~ 0.25 
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Jlad nu. 0.2 
~ zo 
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~ :~ o dE/dx=200Kt•V!tJud 0.15 I I 
·= 14 . J -~u 

"'' ... 0.1 

~HI ~ 
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;> 2 I 
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P:uJ 1111. l"mlno. 

Figlll'(' C.2: ' l',l'pica l ('V(•Jll or Lill' (j111lsi·•·lastic SOlfiNing. T lt P lcfl s id t·' , !lows 1[ 1(' trajectory 
pall <'I'll and tlw rig,ltt s idl' shows IIJ<• eliC:/ dx P" ll <'I'JL (l[·;j dx rhilltg<•s ltl I h<· rear I iun poi n 1.. hn t 
tl"• ".i<•rlilt• docs not stop soon. 

Du0 to I hr spa.fP- fht-~rp;P li111i t of 1 ht"' g;a s rounl.er . au PXJH.•riiiJf'll l with a big-h ·iHIPtbity ll~>iJil l, 

'"'·~· O\'f'r 10 kr pR. is J ifrirul t to p<'rfonn. !'or an PX pf'riln en1 with tl l!igiH•r lw<tlll intt·u ~ ity. H 

gati np; 'rid [!i1j \\'ill lw inst allNI in I ht• llNil' rntlll't'. 
In ~Hi di tio u. we J, ave SO it1<' idNts for a !llPasur('ntPnt mrtltod. ,\ t.ri~gt~r nn1n!C'r.lik0 a .\ 1\\.P( ' 

or" plasl ir sri nl iII a I or,''"" bt' i ust<d l0d in t lw ' ''"'IIUIII rh<~ ml"' r a I lit o ou (N sid~s of 1 lt<' li ~ld ragp. 
tr t his sot up \WI' avai lable, lit ~ l(o .p ).J an d l(p.fl) .J -ty p<• rNltlions. wltich Me• ,. [,o illl 01'<'>1inp; 
lor :·" lroplt ,\·> it>~ltill t l <·;l r n•:H·tinno. rou ld be lllNISIIr<'d IJy dl'l.t•<·ting the• t•jt•rtilP porn parlirl<' 
by H Hidr trig_u;E'r C'O III JI<-'r. 

Tltr n·<~ctioll t.V i><' whiclt ran be nw;l., llrcd bv lh<" ~ l S'I' I' C is mainly >t rear1i011 with,, sutld••" 
C'it angt• in dEj dx, f'>h pN·ia lly a ru, ion · lilw reartio11. l11 11t0 ras0 of' a r<'artion wit it a '<11<1 11 dEj dx 
c-hall~t' . lik(\ a. 1 n'n~!P r rNlttiou. a ntf'asur(:lliH"'ItL m<ty ])(• ('arri~d out, if an <lppropriaiP l l'iAAt'f 

rotllli<:~r jg arailahl<• . 
SO IIJ( ' or l. ltc Sll!!,IWSlions and idNiS wiiJ "'' rN>li~P< i ill tlw 1\0XL ~ I S'l' l'C' . 

R2 
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