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ABSTR ACT

Thë 3!l{p,prìd, 3Illp,pnl¿*, and 3ll lp,il¡r) p reactiçns have

be€n studi€d at an i¡cider¡t plotoË ênergy of 45 flef fo¡ a

varièty of coplanar symmetric and asYuuetric anql-ç pairs. rterè

al* Eefêrs to an n-p pair at low xêl-ativè energy in a singlet

sÞin statê. Th€ caincidence cross sections have been conpared

!o prealictions of th€ siatple fmpul-se Approximaij-cn lsIÀ) for

guasi-free scattêÌinq ¡rodified by aß attÊnuation coefficient.

In a seni-classical rûod€l' this ccefficient i"s the p¡oduct of

the t¡ansnission probabiliti-es fûr the outgôinq neulron and

proton not to interact r¡ith tle spectator deuteron ând so

coßtribute to the dominant react-j-on nechanisut, quasi-frêe

scattexing. Seputsive core Eckart functions havë bêeû us€¿l to

clescribe thê tri":nucleon borllì(l sta+"€ as a svsten of a neut¡on

anð deuteron. An anisotro;pic half-off-the-eler sY-she1I t-

nat¡ix ras usê¿l to ¿lescribe the scatteríng of a lreutxon antl

proton. Total cross sections fo¡ neutxon- tieutêro¡ scattering

in the aloubl-et. state ïere qÊDerated fron a phase shift aûalTsis

for use in the attenuation nodel calcuLatio$.

th€ exp€rioertal peak cross sêction äata for the 3tl{p'pn} d

reaction exhibit a strot¡g anqü1ar depentlence rhile tkat of

3H{p,pnlð* does not. This effecÈ ís not prÈ{ticted bv êithêr

èhe attênuation nodel" or sIÀ. The peaks arÊ also sonëtines

shiftetl fron the positions prêdicted by thes€ theoriês. Thê

5IA overestinates the cross sectj-ons, shile thê attê$üation

od€1 unilê¡estimat€s then unl€ss the cross sections useil in the



t!ansnission coêfficiênt calculation are retluced in uragliturle

bv 30S. fn thê ¡Hlp,iln) p spectra, peaks arê observ¿il for

ki¡ìênatic ccnilitions suggesting that tbe protoa is a sp€ctatÕr

anti a quasi-free reaction occurs. The rÈactj-on J.s p+ lnn) +d+n'

rh€rÈ {nn) is a ilí-neutro¡ ic the 3g targêt nucleus.
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Chaptêr 1

INTROÐUCTTON

9sç3!e¡-l.J-!ls!ssÅscl-¡ ggåe s

Ðuring the 1960rs, Tork on the few-boäy probtr€Íì becaBe

guite popular" This cas chi€f1y clue to Èhreê inìportant

factors. Firstly' nany atlvances in techsology vere naile. Thê

preiloni¡a¡t erperinental technigue up to this time ûsed a

sinqle couoter to il€tect p¡otoas fron brêakup reactions (T581 .

Iloïêver, the stuily of nasy inpo¡tant aspects of thrêe-body

reactions regui¡es knonlcilge of sone paraBeters that a single

counter çxperimenÈ naskË by integrating over too l"arqe a phase

space volune. If tyo knorn particl-es from a r¿actio¡ ¡¡ith

th¡ee particlês iI! the fital- state aïe detect€d at give¡ anqles

and th€ir *nergies ar€ neasureil , thê experinellt is call-eil

kineuatically conpl-ête, because thê iliËectiot antl ênergy of the

thircl particle can be il€terniaÈit analytically: all kinenatic

paraüeters a¡e Bêasuretl or can be caLculateil. T¡ro outqoing

particles are dêt€cteil in coincidenb€, that is, a.l$ost simul-

ianêoas1y. In order to deteroine particle tYpês' it is

necêssary to use a stack of tBo detectoEs at both angles.

thus, the mininun configuration for ð typical kinematical-lY

cooplete exp€rinent consists öf foüt Aetectors in coincitlence.

Recently ilêvêIope¡l sêniccntluctor dêt€ctors' nodern trigger

circuits, and advaace¿l nÕdular electronics aLl-ô{ed the con-

struction of sophisticatetl coi¡ciilence circuits havinq qooil

tininq anil energy resolution at reasonable ccst. Thè ner



sector-f,ocused. cyclotrons producetl nore inte¡se. better guality

beaûs aÌound 50 Ilev so that nore anglÉs coulal be scanned in

€xperiments. Híqher beam cürrênts vere al-so reguired bêcausê

coinciilence experinents measure c¡oss sections that are tYp-

ically 200 tines snaller than those measureil in si"ngle counter

experitent s .

seco¡cl1y, there ras a¡ increasinq appreclatiotr of the need

for a bêttêx undêrstaDilinq óf thê fer-boily problen. The

three-body systeo vas partict¡1arly iûterestíaq because, in the

inpulse approxination of cher and Lo¡i {c59} ' the fleuteron

provides an essentially free neutron tarqët. Thê pxoiectile is

assuued to interact ïith onlY one of a pair of particles

forning the target. NeutEon beans {ere iÌif ficu}t to obtain antl

so protoo scattering fron cleuteriun p¡ovitled one of the best

nethoils of obtaininq informatior o:ì the proton-ne¡rt¡on interac-

ti.o¡. Àlso, the only uêthÐ¿l of obtaining n€atroû-nêutron

scattering Fâraneters bas bêen through a final state interac-

tion {FsI) in a rutti-particte reaction. By selecting aPp¡o-

priate kirenatic regions in photo-, electro-' nucleon or pion

intlucecl ilisi'ntegratio¡ of 28, 3Il, or 3ñe' enhaaceneûts could be

observed ilue to the lor energy i¡teraction of tro nucleons.

the t,hree-body svsten Bust be un¿lerst.ooil in oriler to ertract

the accurate .infornation on ihe tro-boôv interaction that these

experineats can strpply. À conprehensive revies of thê effec-

tiTeness of the yatious experinents in alêteroining tro-boily

alata fro[ th¡ee-parti.cle reacttrons has been given by var oêrs

(va71). I! eâs also hoped to dlêt€rnine it three-bodv forces



exi-st.

The third si-imulus fo¡ nork on thÉ thrêe-bady problen came

in 1961 ïhên Kuckes, Ililson, and cooper {K6 1} inprove'1 the

accuracy of three-body breakup calculations !.ith a ne{ fornula-

àioa of the inpulse approxir¡ation lûow cal]'ç¿l tlìe simple

Inpulsê âpproxinat.ioû' 5lÀl , It avoided the use of zero ranr{e

or Sorn approxiuations by substituting aa €xperirnental cross

sectian for the potential describing th€ tYo-boðv ilteractioa.

consider a reactiotì 2{1'34}5. Iû the inpulse approxj-matiÕn,

ihe targêt 2 (a conposite of particles 4 and 5) is broken up as

the Þrojectile 1 scattêrs ínelasticallv f¡om particle 4" The

proiectile is then detecteil as particle 3. the r*côi1 particle

5 is unilisturb+rl and r€tains th€ sanë ûonentuln that it had

before *.he r€action tcok place; j-t plays the rÕle of a

¡rspÐctator to thê reaction. This process is callËd quasi-f¡ee

scattering f0Ï's) or â rrknockout rêactionrr' ancl represents only

the flrst lpclel term in a mutrtipl€ scattêrins series depicted

schenaticall-y i¡ figure 1.1.'l' The approach of Kuckes et al

yi€lits a cross section rhich uav bê {¡ittên i} th€ l-aboratorv

frane (G701 as
¡3do s KF l|\)l'

drt3 JfL +

vhereSisasoin

JE

factor ,

àø-
iin 

",rCta\

XF is a ki¡enatic factor

KF - P.p,iE " E-;LlLr,W*rê lp*8"n6*(r*- B*n* *p"c^o"{) I I
þ tct is the vavefunctios describilg the relatire monentun

distribu¿ion of the tco bodies formins thË tar s€t, and ff,.,rr*
CÌñ_



P+ I -> P+n+d DIAGRAMS
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Exact Faddeev FeYnmann diagram
exoansi on for P+t--->P+n+d
iâ"ä inãi"lãraì tu"t! in the multiple
séatteri nq series
ìi-inituniun"ous breakup 2) p-n QFs
ãi p-d ars 4) neutron pickup 5) n-p lsI
6) triagle di agrarù 7) ini tial state scatter
before qFs 8) sequential Process

Fìgure 1.f.f (a)
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a tso-body scatterilg eross sectiôn for partlcles 3 anil 4" rn

thÊ sIA th€n, thè noneatun p5 of the recoil particle is equal

to the relatiÍÊ momentun g of particles 4 and 5 in the tarqet

nucleus at thË insta¡rÈ of coLlision' becausÊ particle 5 has not

ê!Ìgageil in a¡y i¡teractioa after thê collision occurr€d. Tn

qeûera.L, the shap€ of the çrS p€ak is ileternlned bv f ¡q), but

thê r0âg8itucle is proportional to thê tío-bo¿lY cross secti.on.

This crÐss sectÍon cannot be neasured in a tlo-bodv ÈxpÊrim€Dt

bêcausê thÊ t-natrix tilat it reÞ1aces is o ff-the-e nar gY-she 1l-

li"e. p2+n2*82, one of the particles is bound to the spêctat-

orì. tsually an elastic li.e. free scatterinq) cross section

is üsed, but the prôcâss is basicall-y i¡E1astj.c. The rel-ative

êrror {propo¡tional to the ratio of bindíng eûërsv to proiec-

ti].e energt) decreases with increasi¡¡g proiectilê eDergy. A

necessary but not sufficient condition for the doniaance of the

polë graph is ilvariance i,n the Tríênas-Yanq angle {T62}.

severa]' Èxperin€nts on Aeutefium have têsted fcr invariance in

the TEiêûan-Tang angle çith opposi"ng conclusioüs {c7 1), but no

rork has been ilone on tritium breakup {or ¡ùith trro different

outgoing particles bêinq detected) .

It voulcl be prçferablê to include all pairsise intèrac-

tions aBonq tbe three particles ¡¡hen perfo¡nlng a calcufatior¡.

It ras knoun, horNever, that thê three-boaiy L j-p pnan n-schtringer

equations, nhich describe the collision exactlv nithin the

franëïork of nonr€lativistic guantum necha¡ics, Íere intract-

ablç. l{onconpact kexnels i-n the integra]. eguations lead to

solutioas ehich ar€ not u¡ique. Àn unêrpected inprovene¡lt i¡



the theorëtical picture occurred ia 19õ1 ähen ¡addêev lr'611 ïas

able to rearra¡qe tle thr€e-hotly equati.ons and rerder then

solvable i¡ principle. oth€r qroüps lA63) inproveil on this

f,o¡nulation, notably by reðuci¡q the number of deqreês cf

fr€edon by using t-natrices ¡rhich lrere separable into proalucts

of functions of thê i{}itial anil fi¡a1 coordinates. several

gxoups {ca7 1} used such calculations to extract nucleon-nucleon

scatterÍlg paranèters f ro!ì thêir data, but the codês Y€re nÛt

siAeIy <listribuÈed.

ft is useful to study somê reYnnan dlagrams relatinq to

rêlevant physical ptocesses. consitlçr Pj-gure 1. 1.'1 . Part {a)

shovs ân exact Fadd€ev exËansåon for three-body scatt€ring.

The first anõ sevçnth terns represÉnt qFs l.hile the fcurth t+rn

repr€sênts nc scatterinq at all. The othër iliagrams are morê

cosplicated. Part {b) sho¡¡s so[ç individual ter$s in ähÊ

series. Graph {1} r€prêse¡ts instantaneous breakup of thè

th¡ee-body system and is usually considegecl to be relativêlY

lntlepe¡ilent of none¡tun transfer. It thus forns a l¡ackground.

{stri.ctly speaking, this srap} does not r€pr€s€nt anY single

tern in th€ Faadeev series.) üsuallvr onlv one of the tvo Q3s

cliagra¡rs {21 antl (31 contributes significantl-T to thê cross

sêcti-on. If a proton and ¡êutrcn ar€ d.etect€d at forvard

a¡gles, then it is likelv that the incitlent pËoton nay havê

sàruck th€ n€utron, and diaqram {21 doüinates. simil"arly' if a

proton and ileuteron are dètêcteil at forÍa¡al aBqles, iliâqran {-j)

ilouinates. Diaqram flt) replesênts n€utron pickup. Graph {51

represents an fsI of a neut¡o¡ anil proton. This is u¡ltrikcly to



occür at the a¡gles consj-ilêred, but the p-d or n-p Fsf should

contribute at the bounaary of the oFs enhàûcêüent. Proximity

scatterj.Dg coulcl be representeil by the triangle ¿liagrarì 15) '
vhile {?l shons initial state scatt€ring before QFs. Gtaph {8)

descri.bês a seq!¡eDtial process. The excj-teil {íûternall part-

icle ßtrr is short-liveâ ancl so this diaqran shoul¿l be uninpor-

tant. ñoc€ver, the process vould t¡e obsèry€at as an enhancÊment

paralIel to aB enerqy axis. These are only a fee of the terms

contributinq, büt thef xepxesêût sone of the processes for

chich the cross section can nost strongly vary. It i,s hoped

that ín selected reqions of phase space on€ can associate the

behavior of the cross section ilith indiviäual terns or a

cohêrent aôðitiot¡ of sêveral- ternìs.



ães"!!s¡:-f ¿2-3"8¡es¿peåte:-,uesÀ-g 3-!bsJËie r
Pxoton baeakup experiments oIl the trion {bouÐal state of

the three-nuclcon systenì irere studied lrith hopes that th€Y

noul¿l prov5-cle i¡fcrnation on the trion ground state cavefunc-

ti.on, eristence of resoaatces i-n thê three-boalY system' anil tco

¡ucleon scattering paraoeters. table I shous sone of tie

presently acceptetl p¡operties of tritiun. the S state is

symmet¡ic in alL three coo¡dinates çhile the s' state is

a¡tisynmetric under intercha¡ge of one pai-r. The probabiLities

of thê states qiven Í¡ the tabl"e rere calcul-ated by strayer anil

Sauer {s?4). B€causê of the conplexity of the four-body

problen, BÕ calculatio¡s have been perf ornetl using any êxact

fornulation {such as tbat of traaldeev) abd acceptabLe tvo-botly

potêntials, al-thouqh the egualions ar€ ce11 kÈorn lY6?).

Perhaps the nost sophisticate¿l calculations to datê for knoc-

kout rêactiûTls on trions have been pe¡forned by têhman ll72l .

üost groups a¡alysj"nq knockout or ¡5I ilata on trions have useil

the sla {or notlificatíons thêreof) or Satson-t{igða1 thÊory

ß521 respectively. the idêa has bee¡ to sinp.lify the four-

boily problen by cboosing kinenatic regions rherê one- or

tro-stÊp pEocessês for th¡êe !¡oclies *ould doniaat€ thê reacticn

nachanisn ancl the three-botly cross sectioû bêcom€s stronqly

AêpÈ¡tlênt ol only onè kínenatic variable"

la¡ ile¡ Bouilè et al anil HilLians et al lfo71) rêporteil

obseryiag a f=1/2 lesorance in stle usinq th€ rË(d, Ì )3!te a¡il

3H {p,n) reactions. gosever 
' ro supportinq e vitlence fÕr

r€sonant or êxcite¿I states in thê threê-nucleon sYsten ras
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founil by Brâ? et a1 {87 1} using sf.i {p, < ). or by Bunk€r et a1

lB7 2t usi¡q the 3He {p'2p} reactions at 45 t'1€v. Since seguel-

tiaL tlecav of an excitêd trion is a process which voultl conpete

ïith 3H fp,po) OFS, i,t is inportant to knor that this reaction

has a neqliqible probabilitv. Íhe paper of Brav et al contains

a sum!ìa.l of thÊ experinental rêsu1ts to 19??.

The mooeatum distribulion of thè proton relative to t¡e

ileuteron i* 3Hê has be+n extracteil fro¡r erperinental ilata by

seve¡al groups using tliê sIÀ. t'f ultiple scatteriDg effêcts

redüc€ the cross sèõtioq fron the 5IÀ values. ¡s thè inqoi¡g

anil outgoinq relative energies riser these effects becons less

impÕrtant. one $oulil axpect thg sidth to ten¿l to the theÕrêt-

ical OFs value as thê eûexgy rises a¡d arul-tiple scatterinss

ûecrease i¡ inporta¡¡ce. The f o1l-ovinq tabLe sunmarj.zes tbê

results ot¡taineil thus far"
Table ff

Previous llêasutênents of the n-d antl p-il

don€¡tuB Distributiot for 3fl anil 3gê

--l-_--T-
I Experiãênter llnerqvl Beaction I f].uxlExp IHEü| sIA üwEl{ |

I {}tevl I I l,oss | {fiev,/cl | {üev/cì |

I Kitchinq
I €t aL {K7 2l
¡ Frascaria
| €t aL {F71)
I CoYley
I eè al {c72)
I
lJain êt a1 {J?3)
I Tin et al lT74)
I
| 51aus et al {s171)

590
590
155

't 00
69
69
46
46
r¡6
35

3tte {p , pd)
3He lp,2p)
3He {p , 2p}

3Hè {p,2pl
3fle lp,2p)
3 Hê {p , p¿l)
3He {p , 2pl
3fiê {p, 2p)
rH {p, pal)
rHê {p , pil}

29*
17
30

54
15
?5
5l¡

76
71

48

45
48
43

52
52
52

52
52
52
52
52
65
52



The fl"ux lcss Eepr€sents {1 - dãta/sIÀ}, and the çitlths of the

mon€ùtun ttistributio!¡ sêr€ obtaL¡¡eil usiûg an s-state t¡ion

ravcfunction r€preseDt€d by an frving-Gunrì {G51) function

ovêrlapped rith a Hulthen ileuteron {1157} ravefunction. The

sidtbs are of thë sane order of ßagnitatle as preilictêd by the

uBcertainty pli¡ciptê. Al"1 thê {p'pdl €xperinents founA shi.f ts

in the peak position fro¡n q=o {ïhere the sIÀ preilicts the peak

shoulcl be if the p {or n) and d a¡e in a r€lative s s+-ate).

51aüs süqgested that this niqht hÊ due to reaction nechanis¡rs

other than oFs lalthouqh hê calcuLaietl that fsl could not

account for all of the shift), ox aD iefluence of the Ð stat€

conponeat of the lravefunction lalthough the D state shoul¿i have

neqliqi.ble effect n€ar s=0 where it vanish€s). Tt has beèn

pointed out by L€hnart (172) that tro other cliagrams, ar¡tisYm-

netrization and Þeütxon picltup, contribütê significaatlv to

th€se rêactions anil so the pole tere alo¡e should not bê

€xpectefl to êaplaiû the data.

several erperinents have invêstigat€dl the 3He {p,2pl tl*

reaction. Thê d* r€pres€nts thê unbounil lox eüÉrgy singlet

state of the n-p systeqì çith guantun Ilunbers J=0 a¡il T=1. Thê

sinqlet interactioD causes a quasj-st ati onary statê {in partic-

ular a virtual state) to app€ar at '100 kev for the relative

lcinetic e$ergy of a ûeuttron and protoa. Àt this eneËgy, the

t¡ro nucleons spend 200 tines as nuch tine ci-thin the rangè of

the ûuclêar interaction than they roulcl if no att.raction ïêre

present {s69}. ìIn a sunnary by Jain et al {J?3) it is reporteti



that Èhe ileconpositio!¡ pro'babilitv ratio (p+d\/ {p+ä*} ras found

to be 10 at 35 l.l€v 151?11 ' 5.9 at 45 ev {.173) . a¡d 4.5 at 155

ìleY lF7 11, Frascaria et a1 l?7 1) studi€ô the effect of valious

savefunctions for the trion and denonstrate¿l that the Irvinq-

cunn function is superior to th€ Ïrvi¡q or Gaussian ïav€func-

tj.o$s {I51), This agrêès {ith the results of the GxiffY antl

oakes study l€6llì of ef€ctron scattÊriBg data. i,€hnìan {l?2)

has sugqesteit that the asynptotic foEn alone of the frving-Gütn

savefunction is responsíble for contributi¡g the correct propa-

qator for 3 tle-àp+d if the verte:. anplitude for this vírtua1

ilecomposition is assunerl to be a slawl"Y varying function of q.

He noted that thê Irving and Gaussia! sav€fuDctions ilo not have

ihis characteristic.
Fêt knockout exp€rinênts have used 3H as a target, oostlT

because of radioactivity hazarils. Fritts anal Parke¡ lI?2ì

sturtied the 3H {p,2p} ns reaction at 20 !!eY' but they sere

primarily int€rêsted iB €xtracting t}¡e n-n scatterir¡g lenqth.

Slaus et al, (S73, stu¿ti€it vari-ous tHe + 3H reactions andl

iletêrní¡€(l that other nechanisms besitie OFS play an inpo¡tant

role in breakup Eeactiots. Tin {t?4) studied the 3t{ {p'pil) n antl

lR f p,2p) nn reactions at 46 l'lev.

Althouqh (p,2pl anã (p,pn) rêac!ions are quite siuilar

theoretically, the vast naiority of erperineaters have chosen

to neasure {p,2p} cross sections. Iorking títh neütro¡s

iDvolveil certain itifflculties, notablv 1oï anal uncertai¡ dletec-

t.ion afficiency. sensítivity to background radiation. anil

i¡creaseil er FerineritaL complexity compared to chargeil pa:ticle

10



âxFerinênts. sone of these problens r€nain, trut cêttai¡l

têchnologicâ1 advances, to be describ€d later, have noï made

nêutfor¡ êxpêrinents easier than a d*cacle ago. In sorûe r€sp€cts

{p,pn) êxperiÐents ate superior to (p'2pl expelinents becausê

Lor eoergy neutrcns ar€ êasiët to Aêtect than lov erergy

cha¡geil palticles, lLso, there is l-ess spectrun contaûination

ilue to iletection of protous elasticall.y scatter€d fron the

target than occãrs ia {p"2p} êxperineûts. Bëcause the tro

¿lëtecteal particles are ðiffex€nt for {p,p¡!} , therÊ is no

reguÍ¡enent fron tbe PâuIi princi-p1ê that the angular correla-

tion of the cross section shoultl be synnetric in the tïû

arqLes, aLthouqh this sTrìne*-ry is usçful, in õhecki g thê

consistency of {p,2p} data" NÊutroûs are alnost a1ldõ.ys

iletectea ¡¡si¡rg tine-of-flight {1oF} Èèchûigues, becaüse nêu*

trons of â precisê €nèrgT do not deposit a uníque €nêrgy in a

ilêtector unless thê ¿letector is very la¡ge in size,

lTo typês of {p, pn) experi-mênts have bee¡1 pêrforneð. f¡¡

the first {c69), the proto! and neutron arê ðetêcteil in the

saIle direction ând the reaction is interpretêd as fp'd+] usiBq

Pfl3À theory. În tbe second type, :{hich is used in this thesis,

the aeutron a¡il prÐtor arë detêcted on opposiÈe sides of thå

bea.n and the d*, if producerl, is the residuaÌ pacticle.

Pçterser et a1 {P69) have studied the D{p,pnl knocktut

reaction, ¡rhÍlê valkovic et al {v71} havê iûv€stiqated the

Ðlp,pn) and Ð {il,Þn} knockout reactions. In {Pó91 it cas

xeporte¿l that thê lp, pn) cross secÈions l¡er€i larger than

equiyaleat {p'2p} datar although the!ê sas considèrablç r€scat-

11



terinq t¡elov 50 l!e1t. Àlso, there is a variation in cross

section ¡rith p-n scâttêriag a¡gle that ilicl not nanifest itself

in {p,2p} reactions. Both thêse effects have also bêen

observeal for {Þ,2p) and (p,pn) knockoüt reactions on 6T,i.

{t!?2,H?4al . A nlrnbêr of ¿H(p,pn} experiments {see {K?41 for

exanplêl have also been performed Êhich studiecl f i¡al- statê

inte ract ion s "

12



Ses!ise-l:.!-¡!!Ê!se!*ie¡* H e d€I

Às alíscusserl above, tbe stanäaril analysis of knockout ¿lata

has useil the sIÀ. Thås reaction moael strff êrs fron sone

serious ilef iciencies, notably 1) violatian of unítarit.y' 2)

iDô€ternir¡acy of thê appropriate 3-4 ctross sèctiûn tlue to

off-the-ene rqy-she}l €ffects, 3) nèqlêct of higher oEðer terms

in the scatteËinq series, antl 4'T n€qIêct af the 9auli
pri ncipLe.

the Faildeev eguations proviale an Íeractrr route for calcu-

latilq knockout a¡rplitutles and have beên successfullv applieil

tô the breaknp of ilêutêr:iun usilg :ocal {K?3) anil nonlocal

(465) potêntia.ls. It shoulô be realizeil that th€se Þotentials

are sinplifieil forrns not capable of fitting thê tro-boily data

as ¡el1 as the Reið potential" lR58l , for êxa&p1e. Tloraevêr'

foxr-body systens are perhaÞs be yond p¡esËnt computational

abilities. These difficulties becon€ aore iasurnountabtre rith

increasiaqly uassive cores lspectators) so that approxinations

êre necessar Y.

Seyera]. technigues have been developerl in ao attenpt to

avoid complêts r€iection of the inpulse app¡oxi¡nation, while

sti1l accollntiig for thê infi¡it€ nuobe¡ of multiple scattering

te¡ns onÍttetl by the approxination. Î.he distorted-cave inpuLse

approxination (D{IA) transfêrs flux fron the breakup chaDnel to

the elastic channel, by replacing the j.ngoinq and outgoing

pLa¡e ¡raves sith ¡ra vês that are distorted by interaction r¡ith

the tarqeÈ as a ryhole. Ðgr¡ calculations have had sone sucÕess

at necliurn enerqias {155 üev) for 3Hê {F?1) aùd at 45 üev fox

13



heavier taxgets {n74}, but it is íup¡obable that the DSIA roul¡l

pexform cell ou tritiun at 45 ïev. the appropriate optical
potentials Boulal be difficult to obtain, âlcl also â11 present

ÐnIÀ codês contaiû approxinat-io¡s related to thê mass of the

spêctator (vith rÐsu1ts dêteriorating for liqhter spectators).

soue qrouÞs (5691 havê attempted to ca].culate the nultiple
scatterinq expansion nerturbatively, büt the s€ries seêos to

coùveîge sl-orly,

Another nethod of sínulatilg the nuLtipLe scâttêring

correçtioas has been to noalif y th€ ¡ravef unctiou S {i} {or íts
Fouriar transforn ó (iì t or tl" knöcked.-out particle, creêü

I

a¡¿[ 8ro{¡ lc60l applie{l thê radius cutoff ¡ûêthodl of But].er

{85?) to the analysis of çfS usinq thë inpulse approxiÍìatio!.

A râdial cutoff is introilucêA into tb€ overlap integral

Õcr) - {], {. Lat"-1.tcF,P') \*t@) d.F'

þq) = Í ¿4'f ö-ç) ¿r
s all space¿

xhere eaqA is the eavefunction of the knocked-out particlê

anti srrêctato¡ in the target a¡il li¡d is the irtêrnal
ravefunction of the spectator. If the knocteð-out particle is
closer thari rcut to the spêctator, no contributio¡ to QFs

occurs. This has the êffect of narrcring the nonel¡turû

ilistribution of Q (qì, since resoval of conpoßents at sna11

ratlii coffespo¡rtls to rê noval of conponÊBts rith larqe nonentu n.

lhe !€çd for this narroring of thê nonentuo distribution is

eviileat fron Table ff. This norlcl e¡rphasizes the peripheral

naturê and surface Localization {rõ21 of quasi-free pEocesses

14



{that is, orLy the asynptotic part of tL€ ravefunction is

inportatrt). so[€ theoretical iustificatio¡} fronq the Pailde€v

equations for this process has been given by cahil1 lc74), ì{o

direct âccount is taken of tlì€ p¡o'iectil e-spectator

in te¡ac tion.
The attã¡uation noilel" of Rogêrs and Saylor la'121 . later

noclifieil by Lim {L731 , seeks to al-ter th€ 5IA by roul-tiplyinq

thê sIA cross section by tgo transnrission factoxs, Ts¡, and Ts-"

{hich account for the scatterinq of particles 3 ar¡d 4 in thè

final state råth th€ spectator 5.

á3n = 7..G,,1 /__j._ì õ"-úE*-;
JQ.e Jo, d.ë3 \ ¿f)5 Jo.{ JEs /"-n

T¿,s- represê¡ts thÊ probability that partj.cle i ïifl not

intêrâct rith the spêctator.
/'--1, = J 'Y,: (ÐT> G 8,,) 9,, G) J.i'
all sptce-

'T¿ç is an opërator invo}ving the tctal cross ssctj-on for
particle i and 5, (P¿.s is the relative cl"uster rasefunction of i

anð thê spectatof, aril E ¿s- is the final statê Eçlatíve energy

of particles i a¡d 5, Final state ene¡qies arê useil because

the interference cith gFs is assunetl to occuE aft€r thÊ ofs

êy€nt. Honelrêr, Lehnan lL72l suqgests that nucb of i-he

attenuatioî is ¿l r¡e to iaitial state scatterÍnq of the projêc-

tí1e rith the target as a ¡¡hole. The deBroglie navelength of a

45 nev incident proton j-s .67 fn, vhile thê cavêlenqth of a 5

Itev oütgoi-ng Froton is 2 fn. It is cl-€ar that therê is a

qreat€r probabilitÍ for an outqoing nucleo¡ to ir¡teract sith
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loth th* nêutron arìd ¿leutÐroa than fo¡ thê proiectile to

i¡teract HitL both particles, cbose ûost p¡obable ðistancê

apart in the tarqêt is 3 fn {at thë peak of the exponêntia1

savÐfuqctio¡ ia F?11. shapirs has note¿l (sh68) that g nust be

less than Í (cherê 6z¡2n ís the n-tl bildS-ng êtê¡qy of the tcio!
antl n is the n-d rêtlüceil nass) for the pole ôpproxi¡ atj_oll to bê

valiä. K is 88.5 $ev,/c for the trior. Sêvêra1 forms have been

propos€il {L?3) for ?¿c:

= I - d-(E¿.)/yt¡rz

= 6 a'lEtò/1¡rz (used )-{¿-t,s
¿¿o 

= áL t, (¡- o'(Eu)/rþor.)/.J
,r*r\ln" 2 o (E¿'ç)

= o olLre-r¿ t"e,

The phil-osophy behinil these for s is that a contributiot to 0FS

is nost likely rhe! pârticle i is far aray froß the spectator.

As the ti¡o move closer tog€th€r, the contribution decreasês anil

abruptlï ilrops to sero ât a cêrtain radius. This bears sone

reseoblance to the cutoff model, but proviilès a procedure for
estinat.i.ng the cutoff radius that j.s ere¡gy ilepeuilent (?abl-e fI
shors that the narroïing of t}¡e Qfs peak aail decrëase iß p€ak

height is e¡þrqy ilepeadeat). llo¡rêrer. it is obvious that
consiilerabl.y Eore nuctear infornation {nostly cor¡tainetl in the

total cross sectiont is put into this calculation. trte @(1)
generatÊtl using a sharp cutoff has the regrêttable charac-

teristic of I'ringingrr loscillatiDq) , but thê effêctive nomentuß

ilistribution create¿l by the attenuation moclel- iloes not have

this disailvattage.

:t shoula be .loteìl that this noaleL approrioatës second anil



higher order scattêring lrith the spectator, but neqlects

scattêring betïeen particlês 3 and 4 after i¡t€ract:ors sitb
particLe 5. Tt is erpecte¿t that these contributions çi1l be

randonly alistributed ove¡ all available phase sÞace. Âlso, it
ovêrestimat€s the attêûuation, since although QFS events ¡¡i11

be lost j-f €ithê¡ particle 3 or particle 4 interacts rrith the

sp€ctator, if boèh 3 anil 4 itrteract ¡rith the spectator, .the

cross section should nst be reiluce¿l fu¡the¡. 1o correct fot

this êffect, lirn süggests {r,?31 that total cross sections

Eeiluce¿l in magnitu¿le fron the êrperineËtal values be used i¡
caLcu]-ating the Trs.



êes!å.eg-f *Ê -pþ-jÊct¿ res- êsd*gþ¿¿pçepbJ

Thê prêsett experinent stuilieâ tbe 3fl{p,ptr}d, 3¡l {p,iln) p,

and 3fl{p,pnì il* reactions. It is possible to create the d* only

if kinenaÈic conditions allor 1or n-p relative energy to bè

obtaineil. fhê reaction geometry .ls shocn in Fíqure 1.4.1, onê

Ðf the obiects of the experine¡t is to stutly the correlations

betveeû the ¿ucleons ín tritiun. one such correlatio¡ can

cf€ate a cl-r¡ster of the nêutron an¿l proton to forn a nðeutê¡onrl

{S=1t lalthouqh this cluster may ¡ot have exactly the saûé

properties as a free deut€ron) , or ô lrsi¡¡qlêt dêuteronx (s=0).

Althouqh it ryoulil be expecteil thðt the deut€lon {oulð ûot nake

a vêry gootl clust€r because of its 1o* bintlinq energy, the

results to be Aescribe¿l herê sholr that the urodel assuninq íts

existence vithin the ¡ucleus perforns surprisinqly vell.

one Houlil like to deternine the probabilities of forninq

thËse tïo clusters anil nêasure their nonentun ilistri-butions

rel-ative to the renaining ßeütro¡. lhese factors can currently

bê extracteil fron thê ilat¿ on]-y if sone particul-ar reaction

nechaaisn sucà as guasi-free scattêrinq is assuoeil. Thê

reaction necåa¡isn is testeå by conparing the êrtracteil results

Ti"th those predícteal by a theory baseil o¡ the reactj.on

nechanisn. If aqreen€rt is qooð, the nechanisn a¡il lraqefunc-

tions lrsêil should be reliable, Thê experinent sas perforned at

approxiratê1y 45.5 ltey in ordêr to conpa¡e the results rith a

sàurly of the 3Hlp,2Þ)Dnr 3He(p,2pld, antl 3ge{p,pd, p reactioos

{T?4} pèrfôrned at the saûe energy. The data vere recordêd for

coplalar gêcnêtries at a variety of synnetric anil asynnetric
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anglç pairs. The convention ¡8i11 be adoptêil that chenever an

atrqle pair is specifietl, the charqed particle {ploton or

aleutëroq) anqle will be Li.sted first and thÊ neutron a¡gle sill-
be given sê cord.

ne aalopt the follocång philosophy for analysing thê

experiûentê1 cross sections. usi¡g p¡Bviously d€termin€d

infornatio¡ such as êlectron scatterinq data, re ï¡il1 choose

the bêst theoretical savêfunctiors arid paraûeters for use in

the franevork of thê SIÀ aail altenuatioû Eoilel. The pr€ilic-

tions of both the sIA and attenuatio¿ noilel ri1Ì be conparerl

{ith the ilata obtaioeil i¡ this €rperlnent. hsteatl of extract-

ing nonentum distributions fron the alata assuninq the off-the-
e¡ergy-shelf c¡oss sections to be co¡rect {ox vice versa}, thê

predictiots of the uoile ls as a r¡ho1¿ vi11 be conparêil rith the

cross sections thenselves. This should result in tress aebi.quL-

ty about the oriqins of any co$cltrsions.
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chapter 2

TEE ETP IRT$ENÍ

Section 2.1 The Tarqet

The t,argêt consis+-eiÌ ot .27 ßq /cn2 of tritiun absorbed in

11.1 nq ¡cnz of scaniliuu and ilepositeil on a backirìg of 5 nq/c$2

of aluninün" The active area yas a circle .5 inches in

alianet€r. Tt sas constr\rctea ãt oak Ridqe National tabora-

tori€s êspecially for this experinent ar¡d lras the f irs*- of this

conposition ev€r prepared at that laboratory {and þerhaps

any¡rhêrê in the sorl¿l, at prÊsent). Thè c{rÌv€ntional tritiatetl

target configuratio¡ is tritium in titaniuB ilepositeil ôn qold

or copper, but such a ilesign nas unilesirable because of fears

that coulûmb scatterinq froÍì the hiqh Z qold or copper voulil

caus€ sev€rål p€rcê:¡t of the bean to be ].ost durÍng transport

betÍêen the scatt€ring chanber a¡cl a alistant beam ðump.

sca¡iliun and alu¡rinum sêre specifietl because their larqe

tr€gative O-vaLues for {p,pn) reactions of -11.32 ânA -13.Û6 üev

rêspêctirrely usual3-y place lp,pnì €vents frots th€se ¡uc1ei

outside tbê reqio¡s of kinenatic interest. Also' they are

no loisotopic a¡d thus onlï one {p,pn} locus fo¡ each ê1enênt

need be co¡sirlereil lrhetr studyinq backqrountl effects. oak nidqe

bel-ieveil that a tri.ti un- to-sc andiun ratio of 2;1 cas probable

for the finishetl tarqet yieliling a tritium ileûsitv of 1.3

nq/cnz, but the final tarqet coataiaecl substaâtiaLly less

tritiu¡n. À tlilunnyn targe! of slnil"ar cosposition hut Ðithout

any tritiurn uas also constlucted. The tlunny target a1lo¡¡ed



subtractiûD of €ve.Rts due to i-hê scariliun or aluniuum. Figurê

2, 1.1 shocs spectra of protons scattered f¡on the t-ritiated and

dunnr/ tarqets r¡h+n they c€ne both exposed t.o t.hê same nunber of

Þrotoris. Tt appêars that thê thicknesses of th€ scandiun an¿l

alutsiùun in the tllo tarq€ts are eguivalent to rcithin 10*. Th€

peaks labêll€¿l epsilon a¡ð dê1ta are ilue to saturãtion of some

âBplífiers upoû ¡eceipt of slqnals fron heavily ionizinq
pa rti cles.
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Fi qure 2.1.1 Spectra fron the tri ti ated (upper curve) and- dirmmy (lower) targets when exposed to the sare
beam charge. Peaks ( and A result from
saturõtioñ of amPlifiers. t from recoil tritons'
5c,Al from "folded-back" protons scattered from
Sc and Al . and T Protons scattered from tritium.



åe çåi9s-2:.3*gsgåpnÊ !!
The experiment ras perforoed Õn the 15o ].€ft- beanrli¡e at

the U¡i-versity of Haaitoba using its 42 inch sector-fôcuseal

cyclotro¡. À plan vier of the cycl"otron area is shovn in

Figure 2.2.1. The 15o bentl in the switching nagnêt alloretl

1itt1e nomentut analvsis to be perforuetl, so that of 300 na ôf

45 l'!êv rav bean havinq an energy spreari of 2 Hevr approximately

15 na of 300 kev virle beam ïas selectêd. Thê enêrqy of the

proton bèan was cteter¡nined by a tine-of-fliqht (ToFl technique.

It neasu¡€¿l the difference, alêlta 1, in time of arrival at a

position rrÀrr in Siqure 2.2.1 of qanna rays crêated at tco

successive scre€n positions in the 150 left beamliûe upon

bombardrne¡t hy the bean. The screen positions are labelled 51

and s2 in Fiqure 2.2.1. The cyclotron !F fresueûcy !{as tlivideil

by tro atrd used as a liß€ refê!ênce. A tYpical spectrum is

sholrn in Figure 2.2.2. The eûergies used. for the exp€rin€nt

rturi¡q the th¡ee runs that yere perfÕ¡med cere 45.¿1, 45.3, ana

q6.5 üev. the b€am spot on the target Tas nev€r larger tha¡

1/8 lnch ryicle by 3/8 inch hiqh. It is ilesirable to havê a

snall beau spot size in o¡iler to define norÊ accuratêly the

scatteritrs angles. llowerer, a large bean spot is beneficial

for dissipati¡g heat produced in the tarqet anil for norê

efficient utilization of the active area of the target. fn

order to decrease backqround radiation, al]' slits ancl the first
quailrupole doublet nagnÊt lrere located behind a concrete

shieltlinq call an¿l the Faraday cup bean dunp vas buried ia the

€arth bÊyord the experinental roon. Becausê of the l-ong



CYCLOTRON
I

Fiqure 2.2.1 The Cyclotron Area. The experiment" left beamline. Sl and S2 represent
+ha nn5j ti on of a beam moni tor. Thee'¡e yw.
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Flgure 2.2.2 Beam Energy Determination
. Tirne-of-flight spectra for U rays produced at

screen I (Sl) and screen 2 (SZ). Ihe di fferenceAT in time of arrivai at the detector yields
the bean energy.



ilistance that the bâan æust be transpotted fron the Scatt-elinq

chatsber to thê raraday cup, a guadrupole tiolrblet lras nçcessary

iloy!.strean fron thê chaBber. this vas focatgd close to thê

cha tst)€E in order to coltect those protons coulonb scattêred in

tbe taf,qet lit is estinated that l-ess than.3lí of the beam ¡¡as

lost). À11 of the beaBpipê dolrDstrean fron this doublet ras 6

inches i.n ilianeter ào allov maximuo tra¡smission. The TOF bean

ênergv ileter$iriation spêctra ilitl ¡ot usually shol a[v peaks ilue

to collisions víth the pipe,

À 16 inch 1os ma.ss scattering cha[bêr shorn in Figurê

2.2.3 had be€n constructçd especia!"Iy for neutron physics

experineqts. It has thin al-u¡ninun r¡4118 aDd a ste€1 roof antl

fl-oor, the principle.of ilesign beitg that a lolf mass sould

r€tluce neutron rinscatieringtr fron the chanbêr valls to the

nêutron ¿letecto¡. The chantêr côrìtaiûs a novable ¿let€ctor arn

e¡ith an attac.heil liquiit nitrog€n reservoir anti fillinq connèc-

tion. Àrg1es nay be set to an accuracy of. .2o lbarring
systenatic êËoEs) . À four position target. ladder {figurê
2.2.41 sas inserteit through th€ floor of the chamber alil

containeit the tritiun and clunny targets' as *e11 as a scintill-

ator screeû used for bean plofile vj.eci¡g and a tl€uterated

polyêthyL€ne {cD2) target for protcn enersy calibrations.

Tbe side of the chanber has a 2 iqch gap covereil {ith

fiapton-H foil uhich al]-o!.ed êasy êscap€. of protons from p-d

scattering for al-iqnment of the siqnals j-n the coincidence

systeB, llhe!êveE the tritiateit targêt cas ioside the chanbert

the Kapton cas supportÊd by ar aluninun ¡iag" rhis ring formeil
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Fig. 2.2.3 A cross section of tlìe 16 Ínch scattering chanber rrsed. for
thè (prpn) measurements. the làbelled components are as follows:
l. ''Kapton-H' foíl of thicknesses a) .005 inches b) .003 inches.
2. Moveable pil.lars 3. Rstàting hub for detector platform.
4. Target ladder 5. larget larlder clamp 6. Stèinless steeL
rtandoff for cóoling J.ines 7. Cooling Ìines 8. Nyl.on support
for detector pLatform 9. Mount. for NaI(T1) detector asbembl-y
10. Solid state detector cube II. Àlurllinum ruall of chanber
12. Liguid nitrogen reservoir



Fi gu re 2.2.4

l'-r-ñi---t

Conponents of the Tritium Target Cel l
The target celI is of modular construction.
The_ target r.¡as attached to an insert using
a clamp. The insert vras stationed inside-a
holder with a 320o Kapton va1l. The holder
ìvas positioned on top of a stem through which
pumpi ng occurred,



a rupturè shielil {hich took the strain fror the Kaptoß unôer

vacuun, th€reby åecreasing th€ probability of a rupturê, aBil

shieldinq the interio¡ of th€ chambe¡ should an inplosion

actualLy occur. floïevar, ryith thÊ rlng in place, it ras

necessary for ¡eutrons produced bv {p,pn) or {p,aln} ¡êactiÐns

oD tritium to pass throuqh the structure and the observed f l-ux

ïas conseguently ¿liüinisheil sonevhat.

The tritiuo target ras contai¡¡ed in a cel-L {riqure 2.2,41

consisting of a 2 inch diaeeter aluninun cï1inder xith a .001

inch Itapton rall and a! attachetl stê€l sten through vhich thë

cell- coulil be pumpeil. À nechanical punp dêdicated to radioac-

tive êxhaust êvac{ateal thê ce1} through a noLecul-ar sieve and

$as ve¡ted to .ar exhaust line leading to a parki.¡q Iot ahovê

the laboratory, The Kapto¡ serveil to isolate tbe tritiatêil

tarqet fro¡r the chautrer aïral protèct it fron accident and pu$p

oiL. The cell had beên iestê(l before iastall"atcion of the

target to ensurê that ít vas capable of tithstan<linq appropri-

ate posj.tiv* and negative pressures. the cê11 fo¡ the dunny

target ras of sinilar ilesign excêpt that its inÈerior cas not

eutirelv isolat€it from' the chanbex. Thus evacuati-on of thê

rlunmy target cell occurred rlurj.ng puup-tlocn of the chanber.

Spac€ linl-tations iD the chaúber requi¡eô that the tlian€têr of

the tarqet cells be smalL and this irr turn dåctated carêful

consideration of anqles, bea! widths; anit slit positions.

figu¡e 2.2.5 shows the layoBt Õf the detectors anð slits. Th€

¿letectors çe¡e hoaseil insicle a brass cube ¡hich shielded then

froÐ straï ractiation. TLe antiscatterinq baffle' used to
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Figure 2.2.5 Detectors and slits for charged particles



eliminate detectio¡ of particles originatinq iu the Kapton

rir¡ilors upcn bo¡rba¡änent by the bean, $as as c]ose to the ce1l

as possible" this forwara slit consisted of a 1./8 inch thick
tantalun fEont piece {itb a 3/16 by 3/8 inch apêrture and

'ricke]' sirÌe pieces constructêtl so that small detector a¡gles

cou1t1 be reachéd. the Þriurary sl-it {vhich alonË ileterninÊd the

solicl anqle) nas fastenêA to thê dêtect.or cube âûtl consisìed of

.158 incb thj-ck ¡íckel ¡¡ith a.157 by.31q itrch apefture. Àt a

radius of 3.875 iûchÊs, this created an angular acceptance of

2" 3o horizo¡tally by 4.60 veftically.
thê proton te1êscopê consisteil of thrêe sllicon alêÈêctors"

Ths first, calleð rtEPsIto ll, closêst to th€ talgèt, sas a 200

Fn surface barri€r detector ïhich a1l"ocêil particl-e idleatifica-
tion of protoûs ilovn to 5 !,!êv. Thê sêco¡d detector ras a ?50

pm sqrface bartier detector, naEetl 'rÐELTåtr, *hich proviiled

tj-nirq and ênergy infornation" This ¡ras the tletêctor ¡¡hich

nost sênsitively affectetl the peEfornancê oÉ th€ systeú a¡d cas

protecteil fron pump oi1 and loc energy particl€s by EPSILoù.

The thirit ¿letector ras a 5 en si (Ll) dêtËctor called nE.f , rhicï
provj.ðêal thê bulk of the energy sigûal for higher êDergy

pa¡ticles. Durinq the last tlro runs thj.s detector ïas canted

at an angl€ of 45o to inc¡ease the effectine thick!èss of the

iletêctor stack to I nn of silicon, sufficiert to stop 40 ¡!êv

protons. Tbe thr€e tletectors rere elect¡íca1ly isolated fron

o¡* another in an effort to reduce g¡ound loop a¡il noise

prcblens. The EPSIlos a!ð E dêtectcrs rere 200 nn¿ in arêa,

but DELT,I ïas 100 ¡ìû2 {anil vas sna1l€r ia area in ordêr to
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obtaiE bett€r tiüilq propert1es. as $ill bê dêßonstrat€¿l in a

lat-êr section) . Surface barrier detectocs are generally

superior to 5i (lil aletectors because they have smallet deaû

Layers anìt ar€ mo!ê r€sistant to neutron danage' Hort€ver'

Èhick surface barrier iletêctors are prohibi"tivê1y expensive' A

pe¡nanent $agnêt of, streaqtb 500 G Yas nounted cn the nick€1

ântíscatterj.eg slits to deflect deLta ¡ays proiluce'l in thê

targst anð ptotect thê tletectors.

Th€ reutroû ¿letÊctor consisteil of ÈTo liqui¿l scintil'1â-

tors, oae above a¡d one Ìre1os tbê n*dian plane êach havirlc{ its

orn phototube. Tb€ scintillators ûere cv.Linders containi¡g the

pure liquid hydrocarbon ¡¡82131 4.5 inches in dianeter bv 5

ínches Long '¡ith th¿ iìterior painted litir isotropically

ref lecting paißt. ?hev l¡ere coììpled to 4. 5 inch tliardêtêr RcA

4522 photos u ltip liers. Ths scifìtillators enit liqht in â

spectrun çhich peaks a! tt25 nn and thê phot,otut,ës have bialkali

photocathoiles nost sensi.tíve at 400 nm' N3213 has a hydrogen

t,o carboa ratiÐ Õf 1.2:1 anil the larqer tbj"s factor, tlie t'ett€r

tbe capability fo¡ reiection of ga¡rma rav events. Tvpically'

the ratio cf ganma rav to neutron coìrntiag rat€s fol this

experiment ras ofte o! tt{o, so that it sas necêssarY tÕ

äiscrimisate against this backsround. The phÔtotubês wexè

tlesiqseil for high sêr¡sitivj-tv ' 1or dark cürr€nt' fast tining

applicatio¡s (using aft in-l-ine focüsed structulë anil stro¡¡g

fielits to r€ducê Èransit tine spread) ¡'¡ith anode risetines of 3

r uclear E¡terprises, fûc., 935 Terninal i{aY' Sañ Catlost
940?û ItSÀ
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nsêc ard qüa¡tu& effi"ciêÊcíès nêar 30%' ThË tubes rerê

operated aÈ approxinately -1800 vc1ts, nêgative high voltaqe

beiaq used to sinpl"ify intetfacing rith thÊ tlisc¡in inator s.

this resuired that the scintillators a].so be pl-aced at hlqh

yoLtaqe to prèvert poisoning of the photocathtil€s. The scin-

ti1Lators uË¡ê positíonetl approxinat*ly 4 Bete¡s from thÊ

tarqet creatiag an anqular acceptaüc€ of lêss tharl 1.60

horizofltally by 3.2l' veftically.



section 2.3 El-ectEonics

Â verv sinplified diaqran of the electtonics is sho¡*n ia

Fiqure 2.3. 1. An ev€nt began rith the tletectio¡ of a cbargeil

particle. À aliscriniùator slgBalled such an occurE€ncÊ if the

charge producetl in the DEITA ðetêctor ttevelopeil slfficient

roltage to €xceed a set threshold. After a certai! delay' tYo

tLne lrin¿lolrs r€re createil, Èhê first beinq useil to accept

rando¡r êv€rìts anô the seconil receivinq Eeal events. Durinq

each cin¡lon, the sysÈ.e¡¡ cooltl accept a phototub€ triqger. This

ras producetl if a phototube gêDêratêd sufficient current to

trigger aÀother itiscrinitÌator. ryhèn such a coincidêncê

occurreð bêtreen the tno tlisc¡ininator siqnals, a ùine-to-

anplituile ccüYêrter {T¡c} vâs starteil' measuring Èhe tiue-of-

fliqht {?og) of the neutron. If the pulse heiqht of the

phototubê siqnal exceeileil the thrëshóld ot a slngle channel

aBalyser (scÀl ' thê eYent nas consiflereil a qood ore' causing

the 1inêac siqnals to be tliqitize{t anil the f ¡.aqs satêil into the

cotrputer. À coopl€te schenatic cf the circuit is sho¡n i¡

figürê 2.!.2. The coinciitence tining ras aLigneil using êl-as-

tically scatterêal protons from ileuterirB to provitle signals in

coi.¡ciilence in thê chargeil particle anil Beutroû ¿l€tectors.

Deuterons r€re ¿lêtêcteil with the charqeìl parLicl€ iletectors ar:il

the protons tere ilêtecteit ln the scíntillators. the scintilla-

tors were brought t{ithin a fen feet of the scattêring chanbê!

i¡ oraler to reiluce enêrqy loss in the air. Figure 2.3"3 sho*s

the typ€ of coi¡ciilênce spectrun obtaine¿l.

Each of the semico¡ductor ìletêctors hail :iÈs osn charqe
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lH(P, p) 'H
prolon singles

rH(p,p p)
prolon coincid ences

Fi ¡ru re 2.3.3 Coincidence Aìignment
Protons are detected in coi nci dence
by the proton and neutron detectors.



s€ûsitive prêanplifi*r located close to the scått€rinq chanbçr.

ThÊse fëä 1 usec shapi.nq amplifiers siÈh qaj-ns set i¡ a 4:2:1

râtio for EPsIl,ol¡, DELTÀ, antl X sc that tiìê dÈüt€ron peaks ¡{Ëre

al,ways loEsaturatj.nq. Tha anplifier outputs rere then divided

by the âbov€ factors anil aildeil to ob+,ain a l"lnear sumned ênergy

siqtal call€d rtsIçtlAtr. Thê gains ¡¡er€ natchèd as foll-o¡rs. The

EPSI'OI¡ anplifier qain 1ras adJusteil so that thê pêak frûrû â 5.5

ËeV z{tÀn alpha soü¡ce felL in a prêAetèrninêå chan¡el i¡ a

cornputer tlist¡Lay of sfc À. À pulser lras j,nsâxted iDto the
gPSïl,o[ charge-sensÍtive anplifiar and the pulserrs roltage *as

ad"iüsted until the peak fron it fe1I in the sane channel as thê

alphas. thên thê sane signal ¡¡as inserted into thê DgtfA anrl E

preanps and their auplifier qains vêrê adiusteil so that the

pulser peaks all fclL in the saûe cha¡ro€l. Thj-s nagnificatioa

of the xPsÏlg!¡ anil DSITA signals naile particlê idêntification

€asier.

the ÐEtTÂ dÊtector provialeô the siqnal to start thê tini¡q

sÍsterì for th€ neasur€nent of the neutxon ÎOf. An i-¡ductor sas

placed betïeÊn th:is tletector ancl its charge sensitive ampl-ífiêË

rj.th a fast p¡eamplif,ier sensinq thè voltage acrÕss the

inducto¡ a*d passing the arnplif ieil signal outsirle th€ cbanbêr

to a pai¡ of fast shaping amplifiers. Betïe€n t¡esê t$o

aßpllfiers vas a clipping sàub one half of a cyc]-otron BF

period lonq rhich attenuated the El noise on the signal- by a

facto. of six, hut âåil not affêct thê tisi!¡q infornation in the

leailirq edg* of the puls€. The stub ías back-terninated but

causeð sârrele tlistorticn of the renainder of the puLse. Thê
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second anplifier ¡¡as a t-ini¡g filtêr anpl-ifiêr sith a 10 nsëc

diff€rertiatlnq tine cotstant. The signal, vas tlelaYed antl

presented to a cosstant- fraction-of- pulse- hê iqht iliscrininaior

{cFDl , but because of the aforen+ntionÉd distoltíoa it lras

Ì¡ecessary to operate it in external r€sÊt noÌie' ¡{ith thê reset

occurriaq 200 nsec after the trigger to prevent nultiple firinq
Ðn thé conplex vatêforn.

Tbe cFD anil fanouts fol-loninq it suppli€d pü1sês foE

Eês€ttinq thê cFD, trj.gqeriaq th€ pile-up unít {with resolving

tins 3 /¡sec), geûeratíng a ranilon flag, an¿l sta¡ting thê Tof

ci-¡cultry by creatinq tro puLses 100 nsec wide aßA 'lq0 Dsêc

{e actly 4 cyclotron RF periodsl apart. rf a phototub€ trigqer

ras iletectedl tlurinq eithe¡ of these t$o tine oì-nilo*rs, a

protôn-nêutËon lor in generaL chargeð particlê-scinti l1a tor)

colnci¿lêüce vas siqnall*tt. Thexe rsere teo {indo¡rs in oraer io

gênerÊtê a spectrum of events siníLa¡ to those êvents that trêre
l

randon a¡il incLuiled in the set of trrealÙ coinc:alences by

chance. À subtractior¡ of the rêal ninus randon energy ilistri-
butions roulA proviile a cLean€r spêctru[ for thç nuc]-ear

process uDiler studY. Àlnost itlentical- circunstances nnst bê

proviitetl for the real anil randon spectra, hence the perioil

betrreen the yinilors should be as sma1l as possibLe {to protect

aqainst bean changes' etc.l ' but the rindons must start an

inteqral" nunber of RF periods apart. Since the naÍn TÀc uas

useil on the 100 nsêc rangê, anal the Rf period is 35. 1 nsec,

this requireil that th€ witlth of each pulse be 100 nsec aaô the

sepa¡atior be 140 asec. 1*rç s€coxld ryiador corresponde¿l to real



ev€¡rts, and its positioB sas ad"iusted in tine so thät nost of

the accessibl,e klnenatic locas ïas eithin the range of the

ninilos. If thê position iI¡ tiBe of the rêal aÀô ran¿lo$. sinlto¡s

lrere interchanqetl, 1or ênerqy neutrons frot! rÊal coinciilenc*s

{but Eot acceptêtl by thë real ninilow) coulil cÕntarìinate thè

ra nilon spectrun.

Neut.ron ti inq beqan yith t.hê production of an anoile pulse

in one of the photoûültipliers . Thê a¡¡oile sigaal of each

phototube ías split, thë naiÐr portion l3l4! qoinq to the cfÐ

anil the mi¡or portion 11/41 qoing to the puLse heiqht neasll¡€-

nent systen. The outputs of the CfÐs ueEe mixecl níth an 'rol.r

circuit aûil sert to the coincidence systeü. Thê pul-se heiqhts

nere adileil aril sent to the l-inear gate, nhich ¡rhen Õþènê¿l by

the aletectioì of a coi.nciilence, il}tegratêil the pulsê heiqbt

ovêr a perioA of 100 îs€c. Nor$a]-:.y thê signa]- fron a ilynode

toü1d be usÊA for pulse height deternj.natio¡, but this could be

äifficulÈ vhen fast qating is desi¡eiI b€caus€ thê ôynorle

preanplffier in tlìe photottrbe base protluc€s a slor output. If
the pulse heiqht ¡ras abovç a cÊxtãj.r threshold specifieil by aD

SCl, a gat€ Tas gênÊlateil rhich aLfoeetl acceptance of the

signal, by tbe aDaloq -to-diqitaL convetters {ÀDCs) aI¡d conputçÍ

systerû. The SCI ïas placed on the. int€grateä pu1se heiqht

signal rather than the rav pulse fron the phototube, because

the curre¡t peak suffers more statistical variation than the

inteqrated peak. The thrèe other thr€shol-ds {specifi"ed by the

tío nêutroû CFÐs an{l the crossover sc.u rêre alwats sêt to

1o¡,€r lêve1s thaû this final ScÂ so that it . al-ote ileter nineil
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thê neutron threshold.

Pulse shap€ discrinination {P5Ð) to el-ininate ganna ray

ev€¡ts was perfo¡neil. bv $easu¡ing the time dÍfference betvâen

the a¡ode Þutrs€ las provialeô bY the crDt and a tining signal

tteriveil frcn the integrated dynode pu1se. The cÍD on thê anóilÊ

started a secontl 1Àcr raliile the dyloilê sig¡als from thê tlJo

tubes rêrê capaciti"vely coup]-e¿l to preanplifj.ers located in the

phototube bases. Their ORrêd oìrtputs rer€ sênt to a tloubl-e

tlelay line anplifier an¿l an scÀ detectêd the zero crossing êf

the siqnal a¡ð stopPê¿l thê TÀc. À furthêr tiescriptio¡ of PSD

is qiven in section 2.7,

Tbree logic flaqs ¡¡ere gên€rateil: PrLE-uP lproilucetl if

the pil-e-up gate sens€d that tro charged pa¡ticle trigqers

occurrèil soo$e! lha! 3 ¡sec apart), RÀl{Do}t {pxoiluceil if a

coinci.tlence occurred durir¡q thê first tine vincloc) ' an¿l tUBE-ÏD

{prod¡rc€å if the phototubÊ signal caDe from the lower

phototubel .

À consitterable proportion cf the eLectronics las pres€nt

sole1y to ênsure that linear siqnals vere gated, tÀcs startãil'

and fl-ags ge¡erateil only if a coinciilence betceen a phototube

triqger anil a chargetl particle occumetl. This reduceil deailtine

in the ÀDcs anil lAcs to '15f tvpically' anil r€ih¡cetl the

probability of ûi¡ing of the flaqs. Becaus€ the gatê for the

phototllbê pulse. heiqht Tas open on]-v for 1t0 asec, no signif-

ica¡t nunber of pile-ups occürr€il i¡ it antl a pilÊ-up unit ïas

not reguíreil. The d€1ays sho¡n in thë schenatic consistêd tf

fixed 1ênqths of RG B,/fl cable suppleneÊted by adjüstable ilelay
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boxes.

flher the pul-se height PRrr vas abov€ thê selected thresh-

olal , the rrcÀTEü siqnal vas genêrated. îhis signal ras used to

enable Èhê ÀDcs and qate the flaqs into the conput€r IPDP

15/tl0l i,sterface. ûsing a pEogrannê Damed {t{ttLPÀRrr, a scatter
plot Ðf any pair of the six ÀDC sigaals coulil be ilisplayeil on a

10rx10{ CBT, for aly conbination of fLaqs. üttl,PÀf Tas also

use(l to loq the inconing events on naqnetic tape. |!ost ganma

ray êvents vere åilentified (usinq softcare particle ideatifica-

tion proce¿lures to be outlineil latêr) and. Here not loggeil on

nagnetic tap€. This on-l-in€ procedure cut thê nunber of tapes

usêal by a factor of three. Thê Faraday cup curr€nt ras

intêqrateil using a Brookhaven rnstrunênts corporatio¡ model

1000 iûtegrator. Thê nunbe¡ of pul-s€s p¡ocl uceil as ôutput by

this ilevice is proportional to th€ nunbêr of nanocoulonbs of

châlge it intêgrates. Thesê puls€s Ðe¡ê fetl i.nto an ÀDc shere

thé nunbÊr of pulses ryas totalled and qiüên to the conputer to

be stored cn tapê along ¡{ith the alata. The iliqitiz€d Faraday

cup coìlnt aêpr€sêÎts an accurat€ live-tine nornali"atioD fac-

tor. Íarious scalers recorcleil many other experinêntal. paran-

êtexs rêquireil to nonitor t t¡€ status of tåe erperj-nent.
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Becaüse the enerqy of a ne{tnon is difficult to d*te!!ûj-ne

nsi-¡g ordinaty techni.guês, ùeutrcn ênerqy is usually ¿let€rûinéd

using tine-cf-fliql¡t têchniques" Ths sig¡al rhich begins a

cvcle in a ttpical Tol systen usuall-y oriqinates fron eithe¡ of

tro sources: 1) thê detectio¡ of t-hç beaû burst at sonÉ f ixecl

positio4 {using qanna flash delectors, electronagnetic sensors,

curreãt pulse sensing at the faraday cup, Rf oickup, eÈc.l, ox

2l the detection of a particle in one of the prinary detectors.

Tbe fi.rst nethoð is susceptibLê to unpredictable variations io

the beam profile possib1Ï ruiniûg the resolutiÕn. These

cltanqes can be ca¡troll-ed successiveLT over a per.iofl of several

seconds by usinq a feeðback êl-emert to the cyclotron, but this

techniqu€ is arkwa¡:tl. Thë bean pulse is tïpicall"y laxg€i thaû

on* ns+c riôe anrl ca¡¡ hate a comp.Lex sùructurÊ !,ithout careftr]-

nachia* tuning. If tining is perforneal vith ¡espect to èhe

bean, one may observe neutroûs fron successive bean bursts that

ovellap one another after driftinq fron the tarqeÈ to thê

detector. Thê second approach suffers fxo¡û none of these

illsailvantages anil vas the onç chosen for thj.s experiù€nt, usiûg

the DE¿TÀ iletector to alÈtect protons or (ieutêrons.

TOg tÊchnigues are also useful !ritÌ: pulse<l accêlerators

because they ca¡ a1lov a reiluction in backq¡ound ilue to proüpt

ganna ravs. Since neutro¡s at t¿5 ltêV travel three ti.nes as

slonly as photorls. an acliustment of the neutron fliqht path can

pLace most of the deta of, int€rest outsj.alê of the garmüa ray

ba n tls.
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tininq uncertaintv itT j.n a sorface barrÍe¡ dÈtêctor nay be

expressed {c691 as

ilT = l{il ¿ C,/ {n Yil X)

rhele l{ j.s the aoise in the sYste!È, tl is tbe il€tectol

thickness, c is the total capacitance, n is th€ êlectron

raobilitv in silicon, Y is the bias voltaqe' and dI is thè

e:rergy riepositeit i.n the iletector. capacitance is verv inpor-

tâBt to tipinq resolution, ryith ooise being proportional to it
aûil tininq resolütion being inversely proportional to ít. In

an effort to reiluce capacitance, a short cable length {as . useil

bet ¡r€en the il€t€ctor' and preanpllfi-êr {by pLacing thê prëaü-

ptrifier iaside the chanber nêxt to the ðetectors) ' as ï€1I as a

sna11 tíninq iletector rith an ar€a one half of the laboratotï

stanðaril 1200 nn¿l " It is connon for thi¡r {20Û ¡n or snallerl

surface barrier ilêtèctors or thicker 5i (Lil tl€têctors to be

use¡l for tinißg purposes, but an interueäiale thickness surface

barrÍer iletêctor is ilesirabLe (H72r871,s681 to increase signal

strength ar¿l further ilecrêas€ capacitance. Iiencê for this

exÞ€¡ioer¡t a ?50 PD surface barrier det€ctor eas cbosen.

Because timirq resolution is a]-so inversely propo¡tional to thê

risetine of the sigoal {fast siqnals have snal1er tiße lraLk

e¡rors) , the ris€tinê ¡ras reilucetl by cooling the tletector to

liquiô nitrogen tenÞ€ratures vhere the electron nobilitv of

silicon is greatest {E?'l), being 11 tiD€s the value at rooe

ÈÊnp€rature. This also hacl thê effect of ¡etluciaq the leakaqe

current by a factor of '100. Coheû an¡l Fink {c6?) have
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suqq€steil that the iletectot shouLil be ov¿rbj-aseal by a factor of

tr¡o for optinun ti[e rêsolution' büt because this can shorten

ilêtector 1i f e ' 
j.t ltas not attênptèd.

:t is knoHn fE?1) that superior ti¡ring resolutior¡ ca!¡ot

bê obtainêd frcn the chargê pulse usírg a charqe sensj-tive

preanplifier. A orç aðvanced tlesign picks off thê current

pufse, but then thê arplifíêr seDses onl-v part of thê current

from thê iletêctor {s68}. Instead' a voltage sensitive prean-

plifier {s68) develope¡l at Àrqonne National Laboratories ïas

usett. this d€vice sênsêil the puls€ fron the iletector {hiIe it

*¡as storeil on a 4?0 ph in<iuctor and the sllqhtlv ilefayeil

detêctor signal coûtinu€d alolg to a chàrqe sensitive preaB-

plifie¡ for enersy rlete¡nination çith no siqníficant ilegratla-

tion iD enersv resolution. The vol"tage sensitive anplifier ¡¡as

lccateil nêxt to thê itetectors, büt sas isolated frorq the cooleil

surfaces in oriler to uraintain the transistors Yitl¡ir their

operatlng têûp€rature range. Shernan et a1 {368} desiqnetl a

conplete tiüinq systên, but this expêri¡nent useil. otr1y theiE

preanplifier antl substitut-eil standa¡A Nfü nodules for thê

renai¡iler of thÊir specializeil elect¡o¡ics. rn (s68) it cas

conclutled that the systen hait a ralk of 10û ps€c over a 30 to 1

itynamic rangêr but th€ Þresênt experinent usedl onì-y an 11 to 1

faBge. The connercial anplifiers usecl cere founil to comparÊ

favourably to thê specialized pxoducts desc¡ibed in {s681 '
Thesë factors assured a sub¡anosecoad tining systÈn for the

charsetl particles. A n€asurenÊnt {ü74) det€cting both prototrs

frcn p-p elastic scattexing in coincidence usinq this chargetl
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Þarticle system and a sûal1 scintillator $ounteil on a¡ BcÀ 8575

phototube shore(l tàat the surfêcê barríer tininq rêsolutj,or ¡ras

350 psec, but râ1k ûas not inportant in that nêasürenent.

SircÊ thaù oeasurê!!ênt of resoLution, s€vera1 improvenents have

bee¡ saile to the systêm,

sec!å9s*à4 . 2_ !e uls o-s_!¿ glns

trêt ! be the trêutror¡ €nergy, anil TgF its time-of-f1iqàt.
{onrê].ativistically theû,

dE = -kÍ r/?dTOF

lrherÊ k j-s a constaßt) so that the corst enexqy resoltrtLon

occurs for hiqh energy neutrons. This ca!¡ be reiluced by

increasinq the fliqht path lalso i¡creasing neutroß atteBua-

tion), but naintenânce of the saue so1iô anqle Èhen reguires

th€ us€ of l-arqer area scintillatoxs ¡¡hich sill degradê tbÈ

ti¡ninq rêsolütlon. The solution to this problem was the use of

tr,o sciatíllators each coupleil to a s€parate phototube.

one would erpect that the tini¡q ¡esolution roultt be

larsely influenced by the variability in positíon of the

i¡teractio¡ of the neutron in the sci¡tilLator. consillering a

5 inch long thin tübê of scintillator ïíth absorbing ra.Ils,

this tine alifferenc€ dT ís
ðf = 5 /vr¡è,.¿ - sr' þ/ßl

vhçre vngo,tr is thê Deüèronrs velocity antl c,/¡ is the spêêd of

liqht in the sciûti1lator in inches/nsec. For 5 üev nêutlor¡s

this is 3.47 nsêc aad for 40 ã€v neutrons it is .81 nsec.

Ëorevetr, the íalLs of our scintillators rÊre covereil rith



isotropicaLly reflecting pai¡t, a¡d àhis tentls to iaplove lhê

tininq resolutio¡ by averaging out thë j.nteracÈion points rlue

to the nultiplicity of circuitous paths folloHed by thê photons

in the scintillator. Tiuri¡g uncsrtairltv is al-so increased by

the variation i,n transit time of photo€lectxons, photoåube

noise, a¡d ii-tter anil nal-k in the discri[inator. Dark current

cas be decreaseil by refriqeration of the phototubê' but this

¡tas not atteüpted. The 28 to 1 tlvnanic range of pulse heights

{correspondiaq to 35 t{ev to thresholil energy nêutrons) Tas $e1l

f.ithin thê ranqe over !.hich thê iliscrininators !{e used can

provi'de qood tining. À neasurement of the tininq resôlutiotr of

these neutron tletêctor.s *as nade åurisg sone {p'nt experi¡rents

{!rí71} and it sas found to be approxínatelv 500 psec.
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sêction 2.5 EnerqY Besolntion

sevexal effects contributÊ to thÊ spread in energy of thè

protoo iletêctor .syst€n. The first is thê enêrgv siath of the

incident proton bêas, estínateil to he 300 k€v {al-ihcuqh on the

l-ast ru:r it approachett 1 üê v) . thê seconil is the kine¡natic

sprêaiting ilue to fi¡ite collinator size¡ this ías tvpicall-v 700

kêY for elastic scattering from 34. Th€ aDqular accêptanc€ for

the nèutroa and proton detêctors flas chos€n aft€r an analYsis

by the conput€c coile I'loüEEATtl {w70}. Larqe soliil anql-es are

tlesiaable to tlec¡ease alata collection tine' but th€y srleax out

the ÊÍpê¡i$ental crilss sectj-cns aBd l"o rer the peak vafuê.

fi.qurÈ 2.5.1 slotcs the effect of our lronzêro slit slze on a

saussian rêcoil nonentun distribution r'ith a HHflÈ1 of ¿¡5 !Íev,/c.

À slit size of 1.640 bY 3.280 for the ¡eutron detector litas

usêil' t-hus ovëEestinatinq the finite resolulion effect {because

the ilêtect.or looks like an 8rr' but the rêsolutioB ras

cal-culateil for a rectanqular shape sith the naxinuu dinensio¡s

of the fl8trl . Âs naY bê seê¡ fron thÊ díagrae, the Þeak is

loce¡ed by 1.2X but the ci¿lth is rel-ativelv u affÊct€ð. Th€

third +ff*ct is tbe intrinsic ¡esoltttion capability of the

¿letêctols, measur€¿l to b€ approximatelv 50 k€v althouqh it

could dêtÊriorate as thê run progressed. A foulth factor is

the deterioratio¡ of the signafs tlue to electronic problens i¡

the anplifj"ers, sumuing units arld caÌ:li¡q svstãn. À fifth

effêct is th€ straqql-ing of thë inclilenÈ a¡tl scattereil pal-

ticles in the target antl su¡rountting foil.

Tininq rêsolution does not hav€ any direct effect o¡l t.he
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Figure 2.5.1 Resolution D.egradati on Due to Slits
The effect of nonzero slit (or detector)
size is shown for a recoil momentum
distribution with a width of 45 MeV/c .



en€rqy resol-ution of the proiect€ô sp€ctra presentêd in Chapter

4 si¡ce it yidens thê kfnesatic lccus onlv in the direction of

projectioÈ lall proiections ¡tere nad€ onto the cbarged particle

energT axis). Hoeeve!' it caa producê soeË over.lap of the il

¿Dd il* Loci andl tbis coüld cause i¡rp¡op€r ¡nêasure¡nent of th€ tl*

cross section. The energY resolutio¡ in the 0-value spectra

presênte¿l io chapter 4 is a ccnbiration of thÈ pr.ton etrergY

¡esolrtioa antl the neutro¡ tini¡q re-.olution, the tratter beiîq

estioat€A to bê 600 psec. The êffect of this tine resolution

on er¡ergy resoluto¡ is 1'0 tlev for 40 gev nëutrons ana 46 keY

for 5 H€v neutrons.
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Tb€ efficiency cf a neutron ðet€ctor depe¡ds principally

upon Èhe gêoEetÌy aad typ€ of sciatillatar, pul-se heiqht

thresholô c}losè:¡ fo¡ the photonu.ltiplier signaL' anil the energv

of the neutron. The þulsê hèiqht th¡eshold ras dèterüineð by

using the 1" 275 l1êll qanrna Eays from the ClecaY of zzNa (comp*oD

edqe at 1.06? $ev), anri the 4.43 Hev gafima raYs fro$ a carbon

screea l-orereil í¡lto thê proton b€an {frou the decay of thè

fírst êxcitea state of 1¿cì. Fiqure 2"6"1 sho¡¡s a typical

calibtatio¡ì spectrun, A poilt at trro thirtls of full hej-qht of

tbe conpton peak cas chosên as being the cbansel co¡responilinq

to Èh€ naxinun electron recoil €nêrgy. This procedu¡e has been

verified by nost experinente¡s (P51) ' but differs slightl,y fro¡t

Ktlox {Kt172}, ryho usecl thê "8? poj,¡t oa the pèôk. The thresbola

ciLl he qucted in terns of thê €nêrqT of an electron that {ou1d

proil uce iust enough liqht to caus€ ar event to be recordeil. à

ß.êütron havilq this enêrqy wou:.¿l proiluce less light because of

aoalineariti,es in liqht output associateal ltith heavily ionizìng

ratlíatlon. Thê thresholil varÍetl from run to rur¡' bul ¡tas

typíca11y 800 k€v ïith aD uncertaånty and il¡ift of l-ess than

100 kêy {êxcept iluring portioas of Èhâ first rrn *hen the driit
,¡ras 1ârgêrl . À uontê carlÒ calculation using a câmputêx codÈ

lrrittên by Star¡ton {St?1} detêrnineil the nÊutron. efficiency for

a sinqle 4.5 inch ali.anetêr by 5 inch lotq cyllndrical iletecto¡.

ThÊ pxograBne is nuch t?¡Ê sane as that Írittèn by Kurz (K64, in

that it us€s nonrelativistic kin*natics and assunes that a1!-

cha¡qe¿l particles stop ir the scintillator. Thê prograraê gras
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Fi gu re 2.6.1 Threshoìd Determination

Two U rays are used to calibrate the pulse
heíght from a photomu ìtiplier and determine
the threshold in equivaìent electron volts'



nodj-fied by feêilinq in the mosÈ nodarn c¡oss sectiðDs, the H:c

ratio for Nf213 anð the neutron rêsponse fuoction fo¡ !¡8218

{H70) {rhich should bê like that of NE213 because of their

sínilar properties). Typical cuEves qenerateil bv this effi-

ciency code aEê shorrì in ligur€ 2.6.2. Beyolìd about 15 t{eT,

the efficiency i-s aear 30ñ roughly indepe¡clent of thresholil.

Stantoû has êstimat€tl {st71) that the efficiencj-es gen6rated by

his code a¡ê corr€ct to trithi- 5F, but an adclitional uncertain-

ty is cr€atêtl by the stacking of oüe dêtector on top of thê

othea, creating nultiple scatteri¡ìg problens. Such scatterinq

r¡iL1 1¡crease the efficiency an¿i thus decreas€ the measureil

cross sections, but the êffect is ¡ot exÞect€al Èo adcl norê than

"l ox 2 pêrcênt to the uûcertainty, b¡inqi¡g the total to 6g.
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l.leutron e ffi ciencies

cyli nder of
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are shown for a

NE213 for thresholds
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It has been knowo for scne tiue {856} that for certain

organic substances onê can iliffereatiate betlre€û excitatio¡ dua

to garDrna rays anil neutrons. A brief discussion of tle subject

is ir¡ ortle¡.

There are tvo irupo¡tant stages in the process of fluorÐs-

ceücê, the first beins the emission of light by ¡¡olecules

ilirectly êxcite¿l by the ionizinq radiat,ion' and the seconil

being enj.ssiou frou nolecu1es excited by the recoubi¡ation of

e1êctrons anil p¡inarily ionizerl nol+cules. fthêD neutrons

iDteract in sci-ntil-lators ¿+- is larqely through the proçiuction

of hiqhly ionizing racliatåon like protons, ¡rhile ganna ray

j.nteractions nostly produce xeakly ionizilq ra<liatio¡ like

e].êctrons, llhênevêr the density of ionizatiot¡ is large, soltê

of the ûo1ecules are quênched or fÕrcêd io tle-excite vithout

radlatl-nq liqht and are thus undêtectable by the phototube.

¡lëncè a largêr fractioû of thê ûeutroD (conpareil to the ganna

rayl energy is unalêtectable and its pulse beiclìt is snaller,

thj-s eff,êct varyi¡q !tith €nergy antl causing aonli¡earities in

iès pul-se heiqht. t¡uch of the liqht that is c¡eateil by the

neutron is prortucerl irì the s*conil process rhich occurs later in

tine yh4n thë ionization ilensíty has decreased' vhile nost of

the liqht du€ to qa¡nna rays is enitted in thê i¡itial- surge of,

fluorescÐncê. îhus neutro¡s cause a lÐnqer ilecay conÞonênt

than ganna rays. Bêcause the risetime of the scintill"ation is

iadepenilent of specífic ionizaticn, ti}ê risetime of an inte-
grateil ilynoile pulse must then be a rÊflsction of the decay tine

l¡3



of the scintillation and type of detêctÊd Þarticle. ghen th€

aro¿le signa1 is useil to start a TAc anð thê zèro c¡ossinq tine

for the iuteqrateal clynode pulse after shapilg bY a double ilë]ay

Line anplifie¡ is usetl to stop tbê TÀc' thê output of the TAc

is ca]-leal the pulse shape ctiscrininalion lPsDl signal altl is
Larger fo¡ ûeutrons tha[ ganna raYs. This t-èchnique is

ill-ustratêd in figure 2.7.1. The pxÊsent experinent used Þ8213

as the scintillator because of its ¡¡el.I-k¡orn properties of

PsD. Typical PSD-PH ËÞêctra are shovn in Fiqute 2.1 ,2. thê

rrbotto&rr scl-ltillator is clearlr supe¡ior, but €Y€n for the

relatively poor neutron-gaDna separation of thë top scintill-

ator, it is not difficult. to tlrar a locüs around the ganna rays

on the lêft to excLu¿lê th€n. The s€paration is norê than 5

nsec, quite aaêquate for this proc*ilure, but inferior to the

?alue of 29 nsec quoteil by üiller {H68).
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Aftêr the last (p, pqt run a sêparate experiment ças

perforneð on thç 45o riqht beanline to deterni¡è the tritiun
content of our tarqet. À T-ôs ålanos q¡oup has neasured (Ð7 1ì

the proton elastic cross section for 3IÌ at seve¡al ene¡qies,

thê highest beinq 19.48 üev. rhis energy ¡ras chosen for the

incident protons in our exþerínent since it correspontls to the

love¡ enêrgy linit of the tlanitoba cyclctron uDd.ex noroal bean

extraction conilitions. Thê recail tritons cere d€t€cteil by a

seûicoaductor têlescope consistirg of one 100 In anil onê 1000

,¡B surfacê barEi€x ¿etêctor. üsi¡g the PÐP15 co[puter, part-

icle identification Loci eerè rlra¡n a¡ound the triton peak at

each anqle alct a¡ energy spectrüu }'as col-1ect€il. Àt 19.48 ¡lev

there is ve¡y little tritoÞ background fron reactions on

scaniliun and aluninun to contaninatê the spectrun. Â five
poi¡t aagular ¿listribution centred around the ninimun in the

cross section {Íherê the €rror ilue to ¡ìonzero slit size is
snalLest) Tas accunu!.ated" À .6ox1.2o aagul¿¡ accepÈanc€ vas

useil, The tritiun content ryas cleternineal to be ,2?t.01 nq/cn2,

å sunnarï of the rÊsults is shocn i¡ Table :[Ir. Tb€ quot€il

uncertai¡ties for the Los À1anos ilata ar€ less than 1* in the

na'ioxity of cases. Àfte¡ inclutling kinenatic antl other factors

an uncertainly cf 4S is guoteal for the tritium content of our

tarqet. Íhis uncertainty is accÊptable since it is smaller

than ùost other cont¡ibutio¡s to the u¡lcertainty in our {p,pn}

cross s€ctio¡s"

the tritius ras absorbe il into th€ scantliun at hiqh
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TabLe I1ï

Tritiuu contÊnt À¡ra 1ysås

-l--------.-.1I Tritoû | Protoû | cross Sectj-oïi I ccunts l3H cont€nt I
I Lab Lnqlel Lab Ànqle I lmblsr) I in Pêak I lnq,/cn2l Il-------+-------+------------+--------+---*---_-{

10. 1

21. 5
25"7
30.3
tt5" 7

150.0
120.Õ
110.0
't00.0
?0.0

17,43
?.3 08
4.443
3.046

18,1¡2

10250
73t+4
527 2
347 6
7124

.2689

.2608

.2702

. 21û5

.2185

av€rage .2698 ng /cnz

Unce r tain Èies

lfaxinum yariation ín neasured co¡teût 3.3*'

üarinun sta.tistical uncertaitty 1 .51Á

tta.xlnun Los ÀLa[os data uncertainty 1.416

Est j.natê¡l backq¡ounil uncêrtainty "59

cha¡gê inteqration uncêrtainty -*55
total nncertainty 4. 1Y"



temperaÈures. Durinq the (p,pn) €aperieent the targêt !{as

never eÍpos€d to aor€ tha¡! 40 na of 45 lle lI protons, d€posj-tinq

4,ó Dg. nurinq tbe ùeasurê¡rent of the t¡itium conteût no more

than 10 na of 19.5 uev protons was used, depositinq no nore

than 3.3 nf¡ i! thè taÌqêÈ. Sincê the tarset is basicalÌy

uetallic and ras securely fasteneal to rê1ative1y nassive

boilies, it sas expected that thermal conduction lrou1d renove

heat rapiil]"y anal avoiil the libêration of much ttitiun. Any

free qas *ould be puuped aray by ttre specíal exhaust systeo

a1¡eaaly nentíoneil. The possibíl-ity ras also considet€d that

the scanctiuu night peel off the alunånun backinq, but the

target cell aad the molecufar sieve shoulal be capable of

coüta j-ninq such aatlÍoactive componêrts.

Duriûq thê {p,pn} exp€rinûent, at iûtÊrvals of one rlayr a

sonitor ,tsi4glest triton spectrud ras collêcte<l at 350. scÀ

rindows ryere Þlacetl o¡ the siqnals fron tbe charqeal particJe

telescope to select only the recoil tritons anit 10000 eveots

collecteil. Sherê !¡as a subst"artial backqrounil f,Eor th€ sc anil

À1, but the ûÊasure¡rents co¡firned that the tritium content Has

consta¡t durinq €ach run. Typica1 spectra arè sho¡rn iß .riqure

2.'1.:1. Because of the large backqround, it sas necessary to

sübtract thê contribution tlue to the scandiun anil aluninun.

Àfter tbis correction, the 3lt conteît for th€ seconil antl thircl

runs is calcufateal to be .31*,04 ltg/cnz, A cross section of 1

mb/sr fron the 3He {p,p} 3Hê rts l.tey experine¡t of Uorafes et a1

{}!?51 ¡ras used for tbese (leter n inatl-ons {j-l the absence of any

appÉopriate 3ll elastic scatteriag data). These ïere not
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precisiôn mèasureaìents a'td ¡iêr€ only useô to check for stabili-

tv of the ta¡gët {ithiû each run. Near the +¡d of the thir'1

run, ore nanitor triton spectrun lra s cÕllected uith thè tarq€t

lailder Ãoy€A 1/A irch vertically in ord€r to check the

unifoxmity of the tarqet. The samê tritiun cont€nt ïas

obserretl f¡om this ûeasurêmeut as at the oriqinð1 locatj.aa.

Uûfortunat€ly aoy trit iusr in the punp or scattering

chasber coü].¿l not be ¡letectetl inR€diately because no available

nonitor could sêrlse sma1l quantities of tritiun. standir¿l

ra<ìiation nonitors easily itetected the 4 kêv xrays pÌoducêd in

the scaudiun, but theix sensitivitv {as rêduced to sêvçral

pêrc€nt of the target by nornal backgrou¡¡d. [ovevêx, algas

rhich harl potânt¿al €xposure to tritiun evolved fron the târq€t

rere chêckÊA aftervaccls by coLlecting saoples a¡d depositinû

then in a ].iquiil scirtillation ccunter. Snall quantities flerÊ

iletectetl on thê aluniqun a¡ounô the target cell, but no¡e in

thê pqep or scattering chanbçr. Shesë nêqat:ve resü1ts support

the vier that the tritiun contêat of, the tarqet lras constant

for all intent.s a¡¿l purposes throughÕut

spaoneð by the thre€ runs, except fot
to the !2.ó rear ha]'f life of 3¡1.

the

thê

tsê1v€ month period

nornal ilec¡ease llue
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chapter 3

TH3 ÀN åI,YS f S

!eç!¿ss-].*l-ge!¡sg-e€-ÀBe}IEåç

En€rgy spectra such as t¡¡e oBâ shorß in Fiqure 3.1"1 for
protôns o¡ CD2 al.loned a calibration of thë proton energy axis.

Typical,ly, nore than half a dozea angles $ere cov*reit to qíve a

calibratión extending fron 7 üev to 40 üev. Li$ear fiÈs to the

ilata ¡rere a]-cays used.

six ÀÐc worals describi¡q each eve¡t ï€re available on

nagnetic tapê, storerl in a ti¡le-ord€red fashioß along vith the

accunulateð live tine Fataday cup count and thé three flags

{PIIE-LP, BAUÐO!|, anrl TÛBE-ID) " Each fi.1e consisteil of 1?'856

êve$ts, nost of them correspondinq to û€utron 9Yênts, since

on-line PsD âs previously tlescribed ha{l bèeã used to reiect

nost of thê gânßa rays antl theï !¡êrè îct loqqed on tape.

sevçral scattêx plots lr€rè crêat€d ani! tlisplayed. on a cRT fo¡

each file: EPsfLoN versus sTGllÀ' D¡LÎÀ v€rsus SIGl{å, (Figure

3. 1.21 anil PII vêrsus PsD {¡iqurê 2.'l .2r. tlsinq a liqht pen,

loci ïêrÊ drarr arounal thê protons o¡ deute¡ons in the first

tro ilisptrays to accept then and arouÌxl anY ¡e¡¡aining ganma rays

i¡¡ the thirtl ilispLav to exclutle thenì. rhe pbilosophv behinil

1ocÍ dlarfinq is that if a choicÊ $ust be maile, it is bett€r to

i¡cLude other f,€actiôns thaD to exclüde ar¡y {p'pn} or {o,ðn)

ev€nts- expecti¡g that the other r€actio¡:s tílL occupy ¡egions

of phase sÞacè not cf interest. Elastical].y scatterèil protons

hacl sufficient eûergy so t.hat they did ûot stop in tàe detector
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ENERGY CALIBRATION
PROTONS oN c D2

ir€'!<t
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Frtgure 3,1.1 Energy Calibration for Charged Particie
Detectors



Fl.ru re 3.1.2 Particle Identification
The ìoci for p, d, and t are shown



stack. ?he hiqher the êlrergy of these particles, the laeêr the

erersy that they depositeil in the detectors. Thus thê proton

Locus in Fiqure 3.1"2 rrfolds backl to 1o¡¡er energy. Thê

naxinoo energy of i¡terêst lras 33 ¡lev (so that a caltt€il

iletêctor nas not rêguir€al to stop the Þarticles) , l¡ut the

l-arqer the thickness of silicor,, the less the folileil back

proton Locus goulil interfere sith the ].ocus for loner ênergy

protons. The naqnifícation of the EPSILoN and DÏT.TÀ signals

pro iluce cl bêtter separation of the loci tor the protons,

dêuterons, anal trito¡s, as fle]"l as thê folaled back protoa

1ocus.

Of,f 1in€ analïsis of the ilata tapês yas perfor&od as

folloxs. For each angle pair studieä, a set of c¡i+-erion

functions lras gênêrateð teLliaq the conputer to construct four

fll€s of Tof vèrsus SIG1iÀ eyents for proton-nêutron events that
yere not plIêd-up. these werê top neutxon aletector reals,

bottom reals, top randons, antl bottorì rand.ons. The procêss sas

then repeaterl for ilêuteron êvents. Typically, Ilo nore than 65

of the evê¡ts rere re'iected because they ¡rere piled up. The

rê41:ranðo!ì ratio la r¡easurê of the signal-to-noiss ratiol üear

the peak vas typically I fÕr 3H{p,pnl d, 2 for 3H{p,pnl d*, and

12 f.ox 3Hlp'dnìp. flith as ¡nany points iÀ thê kinenatic loci as

possible ilisp!"ayetl o¡r thè screen, tso points r€re sêlectêil fron

the nidille of the rnip,pn) rl locus using the liqht pe¡. Tbe ToF

axis flas calibrated usinq proton enêxqy calibratÍons, en€rgy

loss equatlons, coraêctÍons for the Tof of the proton, a¡il

relativistic kinenatics, assuning oB]"y the linearitï of TOF.
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fhis calibratioa eculd change fron a:rqle to angl-e bêcâusÐ the

neutroD detector ¡râs not al"cays the sanê distarce from the

targ€t. Thê procedu¡e provided a typical callbration for 512

channels sith 350 ps€c/cha¡¡nêl for the lo¡ axis and 78

kel¡/channel for the sIGüÀ axis. Usuallï loci fÕr {p,pa) er€nts

flêrê bett€r alêfineal than (p,dn! loci becausç of grèater

straggl,inq effects fo! deuteroûs ttan pÌotons.

TOP yersus sIGüÀ scattêx plots have a sl-iqhtly dífferent

appearance than the nore stancÌa¡d energy versus energy p1ots.

l'iqure 3" 1.3 shor¡s hoï thê tro cornpare for sone of the a¡gl-es

st uilietl .

Thê o-values

foll-û{s:

for sone ¡eactíons of inte¡est ar€ as

3H {p,pn) il and 3H {p,itn} p Q = -6.258 $êV

3nê lp,pDl pp ç = -?.718
tH {p, pn} il* 0 = -e.482

{5scl9,p¡} a+sc 0 = -11..321

z"Àl{p,pnl26À1 0 = - 13.058

figure 3.1.4 shocs sôee kinêßati.cs enphasizinq the shape of the

3H {p,pnl loci for va¡ious Q-values anil the r€Lati. ve e¡ergy loci
for 3Il ¡p,ilnÌ p a¡il tfl {p, pn) d.

The ilatã fron thê tyo neûtron alet€ctors rere anal-yseð

sêparat€ly ir case of a ilisparity in the tiúe origins or a

marketl ilifference in the thresholds. this also proviiled a

check as to thê consisteocy of the proi€cted sÞectra for thê

tco detecto.s, No statistically vaLiil inconsiste¡cy sas

ob se rve il .
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Comparr'son of Energy-T0F and Energy-Energy Loci
The shapes of the ki nemati c I ocì foi various
reactt'ons at several anqles are shown. l.li thin
each graph, the top set of curves represent
Tq vs T0F¿ loci while the bottom set are Ta vs T¿
lõc!. 1)'27¡1(n,pn)264¡ 2) 455ç1o,on)4a5i
¡) rH(p¡pn)d* 4) 3lle(p,pn)pp 5) 3u(p,pn)d

Figure 3.1.3



ãH(p, pnl d
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llr¡.Yt

Figure 3.1.4 Q-Value and Rejative Energy Kinematics
Top: lhis graph shows kinematic loci for

rH (p ,pn ) at 40o-40o for Q-va lues
in steps of 2 MeV-exci tati on fo¡ recoi l.

Bottom: Kinematics for rH(p,dn)p and rH(p,pn)d
at 40o-40u emphasi zi ng the vari ati'on
in re lative energies between two bodies.



F:qufê 3.'l .5 shÕlhrs a lOF v€rsus Sf6¡{À scatter plot

populat.ed ¡¡ith events associatËd lrith ganma rays. It is random

ïith respect to sI6 A rrith the bands 35 nsec (the Br pe¡iod)

apa¡t in time. uost of the ape¡iodic ganna rar¡s a¡e 2 È1êv in

ênergy, suggesti-ng ìhat thêy aÍe a prûduct of lleutron capt,ure

by hyðrogen iri concrete, while the perioôic ganma rays arê

associated rith the ganma flash fron the têxget. son€ scatt€t
'p1ots of reaL anil ¡andor¡ n*utron {p, pn) a¡rd {p, d.n) Èvents f ron

t.he tritiun anil dr¡nml tarqets ar€ shor{¡l in fiqures 3.1" 6 a¡r1

3. 1"7. neal anil randon ev€r¡ts cance:.IÊd each othêr aad ïerè

f,enoved f¡on the 1ist of survivinq êrents in the ra¡don-

s[btract.€il plûts i.f a randoil event occ¡rrretl rithiî a cêrtai,n

ra¿lils of, a real- event i¡ ùh€ plot. This t€chnique lras use¡l

on].y for åisplay. The dânsåty of poiûts in a scatter plot is
proportio¡al to 

J"o-

dfLs J-CI* JE3 J ror*

îh€ eahance¡rêÐts due to the 3H{p"p¡)d anal 3Hlp,ðn}p reactions

are clearly visible for al,1 spectra.

Once the enerqy caLibratio¡s for To¡' and SIcltÀ ïere

availabl.a, Loci coulil be gençrated for a[y rel€vant proc€ss, ðt

any aagler by spêcifyir¡q th€ para$êters of the reaction. Àn

uppêr atliÌ a loner lccus bounding the region of i.ãtêrest wêre

specifieit using the q-val{e. Thus, a 2 ev riile band arounå

the 3fl{p,p¡}d* region sas crÊated by speciiying 9=-?.48 a'lil

-9.48 for th€ upper an<l 1olrer l-i- nit res pectively-ev ëtì though

the enhancenênt Aüe to this procêss rgas neve! visible o.n thê
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Figure 3.1.5 Gamtna Ray Time structure
The bqnds are 35 nsec apart.



35"-45"

3 o"-3 o"

Figure 3.1.6 Some 3H[p,pn) Random Subtracted Scatter P'l ots

scatter plots are shown for (p'pn) on the
tritiateä tarqet (top- left) and^dummy targets
(top rÌqht) a! 40o-40o and for rll(p'pn) at
àOo_30o-and 35o_45o (bottom).



TOF
4o"- 40"

Fi gure 3.1.7 Some 3H(p,dn)p Random Subtracted Scatter plots

Top: Scatter plots for (p,Þn) on the tritiated
and dummy targets at 4oo-40o.

Bottom: 
iü!,""-!dJ iiì i?t';lþ.'pn ) at



âispl-ay. loci 2 úev apart bounrled the data acceptêd for

3t{ (p,p¡J ¿t aral f,¡t {prpBl d*, but t.he width varied from 2 to 3 ltev

for thë 3ti(p,ilnt Þ data. The charged particle €nergy asis vas

divíilaà into bins ld€conposinq thÊ scatt€r plcts into colu$ns) '
and the numb€ ôf €vents lyinq betryeer] t'he bounds in each

coLuna Has count€d ancl put into the appropriate bia' The

resuttinq hj"stogran is cal- teil a pro'iectê(l spectrun, since this

opèration is eqqivafent to proi€cting the eYeBts onto an axis'

lhis procêss, illustrateit i-n Fiqu¡e -3.'l .8' sas repeated for all

thê real a¡d Tandor data. Th€ net nonber of counts i¡ each bin

fox tbê nuclear reactio! is obtainetl by sùbt.rasting the randos

spectrun fron thè real spectrun. lot èvec, these randon-

sìrbtractêal spêctra *i11 stiLl- cantain a contribution fron sc

asil À1 reaL elents, these saY be elininateð ttY subtractinq

proJêct€(l spÊctra for t*he ôünûY târget fron projectetl spectra

f,or the tritiatêd Èarget' beinq sure to nornalize the nuuber of

cöunts in cach bir f,oE the ilummy target to the sa&€ Faraåa.y cup

count as useil for the tritiatetl target. 3he rêsultant spectrün

is calLed al ue ny-subtracted. The dunmy subtsaction procêss nåy

be perforned on a rêa1 proiection, ranðon projection' or

ra nilon- s ubtrac têtl spectrun. Fox the latÈêr cas€, the lesTrlt is

thên rl un ny- antl ranalon-subÈ¡act€ô.

nith a siuilar È€chniguê' a series òf Q-value intervâls

nas create¿l autoeatically usiÐq the calibrstior¡s ¡thich rêre

obtaiaed as alescribetl above. À histogranì ïas producetl sholti.nq

the numbêr Õf êvents in eacb int€rval versus the Q-value. Fron

thesç g-saluê sp€ctra it l'as äêterniû€¿t tha'¡ a 2 ¡lev niðé locus
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Figure 3.1.8 Method of 0btaining Projected Spectra
Top:. Scatter plots show raw data for'reaìs'
r'ri¿¿r"?nfr'olå":9åi;' within a ? r,tev wide band

are chosen.
Bottom: These selected events are projected onto

the x axis.



yas sufficient to accept nost of thê èvêDts ¡iithin a kinenatic

band. such spêctra ar€ alsô usêful to conparÈ the ¡êlativê

str€Dqths of thê d and d* firì41 states, since they ar€ a sun

ovêr all allosêit proton energíes {thê phase space probability

is al-nost th€ same for the +-ïo processes so no important

correcti-on ne€ô be ¡naclel . Because of the far.ger riunbe¡ of

eìrents irithin Each bin, it is siqpler to pêrforÐ dumúy

subtractio! a¡il retain statistj-ca1 siqníficance. on* ôf thq

p¡oblens uith th€ pro-iecteal spç.tra is thôt ther* a¡e relative-

1y f€{ counts in each chan¡}el- for the 3H{p'p¡)d* sp€ctta anil in

the tails of th€ p€ak for the 3fl{p'Fn)d spectra. Thus dumny

subtrac+,ioa caI} ca¡rs€ flild f1üctuatioÊs because a sna11 nunbêr

is subtracted fton a suìa1]- nunbet. Q-value spèctra nay also be

ranilon- ani!,/or dun.m y- sù btracted .

À fê}t of ¡¡g lp,dnl loci vere drasn bY hand l¡ecause of Ètle

large ¿liscrininator yalk that vas eviðent in thÊ foF versus

SIG¡|å toci. In fact, thiõ ïas the techaiquê used in all
prer¡ior¡s analys€s of (p,pn) alata at this laboratory. Hoïevetr,

ít coulal not be r¡seil for the pr*s€rlt {p,pûl experinìÊnt since

o&e of its obiectivês cas to analYse spectra rith a tl* in the

final state and these loci ï€rê not vj.sible on the displ-ay' so

no bou¡ds coul-d be accuratelT drawn by hanô around thê

appropriat€ kinêmatic règion' A1so, auÈonatj.c gânêration of

tbe loci has th€ âdvantace of urifoEnity, Eeani¡g that specÈra

for iliffêrênt anqles a¡ä differênt xeactions are directl-Y

conpatible. I{or¡ever, because of the cha racteristi-cs of €nergY

reso.Lution in a Tof sltsteß, :it suff€rs fro¡r the ilisadvantage
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that the bounils are too far apart fôr hiqh Ès.€rgy prot.oDs'

chile beinq barelv large enouqh for l-ov Ê*erqy ptotons.

It Day be seen f ror¡ the scatter pLots that the disttibu-

ti.on of backgrounit is raadom in Tof-sIçBÀ spac€' but l-oci are

genêrateil in en€rgy space tÕ ûakÊ thË rÈsults conpatible viih

those fron the 3H (p,2pì, 3Il{p,pd) , 3Í1{p,Zp) , anal ¡Hlp,pd}

experiuents tB1 1,P72,T74) pêlforrûêd i¡ this labo¡atory' Thus

üa¡y nor€ random ev* ts are acceptÈd than ¡¡oul'ti be tbe casê if

thê loci cere ilravn bv hantl. For soBê ¡uÈs asá sonê anglês, a

loci r¡iilth snal1er than 2 üev coü1il be usêd, but in thê

int€rêsts of unifo¡uity no chanqe Ías nadË.

oncê the proiections tverê obtained, the bin virlth ¡*as

increaseil Ëo that the 42 ¡'te v füll scale vas tti-vi.ded into 32 or

'!6 bins. The s8a11€r thè nunber of bins. the bêtter the

statistical siqnificancê of thê c{tntents. the eâe¡gv at the

ce¡tre of *ach bin nas corr€cted for êneÌqY loss of the prôton

o¡ deuteron in the aluninun' tritiun' scandiun, anil KaptÔ¡

fÕi]., The :¡umber of counts Ín çach bin nas ¡rultipli-eil bv t"he

appropriate facto¡s to iaclude various correctiûns" The factox

used to account for loss of neutron flux in the rupture

shielrlinq anil aír is 
_ $ n¡ a¿ xtg'

ryheré l¿ is the total cross s€€ticn for thê ith r¡ateria!- and

vt¿ is its dênsitv. f¿' is the distance tf,avêrseal throuqït each

naterial. Th€ íniler i included nit¡oqen' oxysên' anil aluninun'

This correction ras typicallv less than 12N. Th€ factor

accounting for pile-up i¡ th€ charqed paxticlê tletector is
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S,/{5-P} ehere S is the sinqles ccuûting rate and P tbe pilè-up

ratê. Dea¿ttim€ correction ïas alEeady applieat because the Iive
tine faraday cup was used. Error bats cere geteratêd fron the

statistical êrror associated nith the rêa1s - ¡aadours counts:

w-
l'ea'Is +- rd'nalar; t - rsnalaa'

where rreals+raRðs r r is tLe nunbe¡ of counts associatèal vith a

real eve¡t antl rraãflszr is associated rit.h an event flaggeil as

ranilo[. Thê statistical error due to ilumsy targêt subtraction

iras ot beêrì i¡clutleal.
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"ãeS!åe¡_3*? _gs ce rtêå :tiÊs
The fornula fo:: statisticâl u¡cextaintirs asscciated çit-h

ra lilom- s utr+-ractè d coinciilence data has bêÈÐ prêse¡teil in sâc-

tion 3.'l . This is a relative error and is typicall-y 5* for
3H{p,Þnl el, and '109, foÊ 3Hlp,pD) tl* and 3H{p,dn)p. Thâs€ percen-

tages ilo not inclutle tbê statisticaL êrror illte io rlunny

s!¡btractiorì, but |¡ea1s-randonsI for the tlut¡sry targ€t is nany

tines snal-Lêr than trantlonsr fÕr thè tritiaterl target and so no

sj.g¡ifican* alteration in thê exrôr estlnaìê shouLd be

rìec€ssaxy.

There are aLsô a variety of cont¡ibutío$s to uncertair:ties

in ahsolute cross sectiors that nust be cors.iilered. lhesê are

sunuarizeil in Tablê Tv.

Table Iv

Absolute cross sectio¡ ÍJncertaS.$iiês

Source of Ítncëatãi-îty Percênt contributior ;.o ÀbsolEte

cross sÊction Uncerta i nLy

Îråtiun target thickness 5

solitl a¡gl-es 2

lteutros detector efficie¡cy cod€ 6

l{€!¡tro'l ilêt€ctor Þulsê heiql¡t thrêsholfl 5

:, oss o f inci.itrent bea ü 3

chârg€ integration 1

Pi1ç-!p, deail-ti.në, BeutrÕn âtt€nuation 7

The conponents Ðf the tritiusr target ttiickxêss uncertaini-y
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ar€ shoryn in Table TII. Bêcausè the t-ritj-üm cont€nt is only

21Í of the esti¡nate nade by tho suppli.ex, oak aiilgë Na+-'io$al

Laboratotries' this factor tleserves ôetailed consíderatj-on.

Tlitillû content was uonitoreil duling the experim€nt anô ras

found to be consistent to ïitlìin 596. Å¡tother group has also

rliscovereil that their tritlated targ€t {from the same supplier)

ras ûìuch ïeaker thân the contént qìroted by the nanufâctüret.

Àn âitilitiorìal conpl-lcation ¡ras creatêil bY our ordering a ta¡qet

ni.th an unusual cosÞositiolì, 311 ill sc deposited on À1, rather

tban thè nore standard :F in Ti on cu.

Thê charq€il partícle colLiRator ças studíeô in ¿letai.l t{ith

a travêlliDq nicroscope, lrhite +-he ilistance of th€ :ìeutron

¿let€ctor fron the target Has neasured to th€ ¡aiddle oi the

scintill-ators using ¿t standaral tape neasurê. îhÊ nèutcon

efficieBcv coil€ is thouqht to b€ accurate tÕ withiq 6X

incl"uilinq clouble scðttêriûg colrÐctions, but no test on our

ilêtectôrs has been pèrfornêtl to conparë the efficiency predic-

tioûs çith êxperiment. Perhaps a oor€ serious problen is the

error in neutroû efficiencv induced bY uncèrtainties in thê

pu1se heiqht threshold for neutron tletëction. The po¡Êsible

error in choosing thê correct positioû of the conptÕr¡ e(lge for

cal-ibration ganna raYs' conbined Tith certain drj.fts io the

€lectronic systen lparticulally during thê first runl ' coultl

salts€ an uncgrtaiDtv in thresholcl of typicatly 100 keV. Thís

coulal protluce an êrror in the efficiencv xanqiûg frcn 991 for 5

Lrte V neutrons to 2Y' f. ox 35 l'!ev DÊutrons. It is not knovn how

fiuch of the i¡ciclert proton hêas ïas ûot collecteil by the
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laxaðây cnÞr ìrut calcul-atioûs êstinâted it to bê of the order

ðf ôn€ Dercellt. îhêre is ât provision in i]re scattering

chanbÊr for accurately al-ignèd nonitor dêtectors to proviile a

continuinq assessdrent of bêan quality {priÐcipally by ¡ecorilin<.t

chaaqes in left-riqht synnetrv for elastically scatt€ted prc-

tors). lloneveE, bean optics verê alïavs arxaegêal so thât thè

beam ras on axis throügh the guadrupole dôublets anil htnce

aDon-stêêring at the taxget and other important positions

aLoag the beamline. Sínce tir¡e-of-fliqht spectÌa xêfereBceil to

th€ RF ilid not :evè41 sanna rays ôriginati¡q from collisio¡s of

the beaû rith the beanpipe, a pessiûistic estimate Õf bÊan loss

night be sevëral p€rcent. The chârgê intêgxatoÌ has been

testeil several tínes and fountl to be reliable to vithia 1X.

Thère j-s an additio¡al u.ncêrtainty tlue to thê production of 3H€

in the targ€t by the decaY of 3H, It is not knor¡ if the 3He

l'as êvolved fron thê tarqet or contrÍbutêd severaL perc*nt to

the {p, pnì spectEa.

Thêr€ rere also seveËal factors used to correct the data

for various effects" The iteacl-tånê correction Yã.s mëasurêll by

conparinq the ¡unber of rê4l-tieç counts scafed ilirëct1Y from

tbe charge inteqra¿or vith the nunber of live-timê counts

accepted by thè computêr and ADcs. since the costput€r had ä

Iarg€ dead-tine, at least 30 ¡ricroseco¡rcis for èvery ev€nt' the

]"ive-time correction fcr the conputer should grêatly êxceed the

s¡ b -nÍcroseconil deä¿l-tine correctio¡ for the TAcs anil scÀs.

The ilead-tiûe correctíoû flas typåca11y .28. No pile-up nonitor

ïas rrse¿l for the etrtron detêctors b€cause the fast gating
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resuire¡ìeãt €lioinatêil a11 but- a n*qliqiblê probabil-ity of

pilê-up. A pil-e-up gatê ïith a 3 mic¿osecoad ;esolving iinë

was used vith" the s j,gnal-s frcm the cbargëd partÍcl€ det"ectors.

This ¡ras appxoxlmatelv the length Õf lhe li¡ear pulsês. The

pilê-up correction ras typi-ca11y 58. thë total cross sectj.ons

useil in the neut,ron atteßuation calcul-atior nere taken fron

Fo? 1 ¿s.l flerç Ëlssur!êd to bê constant oy€r the ïhol-Þ ranqe of

neutron ene¡qies studied. Since to¿al c¡oss sectiôns werÊ

used, the caiculation overêstinates tle neutro¡l attenuatiou

b€cause nÊütrc:ts scattered at soa1l anqlçs stiLl reach tbe

iletêctÕ¡. Al"so, the5e total cross sect,ions a¡e only kno¡r¡ (to

bê constant) oser thê raÐg€ 10 to 15 !rev. This correction was

typical1v '1291. rhe possible êrror in thêse ccrrections cteate

an uãc€rtainty of 1* il the coincidence cross section. Thê

absol,ute cross såction uncertaiaty is most ev¿¿lênt for an anql-e

pair stutlied in the first run lrhich Ías repsated in the third

ruD. There is a 20g nornalizatio¡t disaqrêeDent betHeen the tro

spêctra" the ilífference is consisteat rith thÈ estinates of

tbe €rror tabulatèd abo ve.
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chapter 4

RESüLTS

&s!åps*-{.J*!¡ie¿-!ece! ssc! ieac

sêvera1 savefunctions havê been us€d to represent the

three-riucleon bound state. Becausè of the increaserl conplexitY

in extracting the savçfunct-ions fron e:(përinental- ilatâ usíng

hailrons as proiectiles on tlions, ít has been connoD plactice

to usê el€ctron scatterlnq ilaàâ. As nentionéd j.n Sectioø 1.2¡

eLectron-in duced trioû disinteq¡atio¡ì data has b*en usêd in

soI¡e casês, but thesê reactions sliI]' involve hailronic final

stat* intêractions sbich r¡il-1 distort th€ results. Thus,

electrcn çlastic scatiering daia provicies sone of th+ most

¡eliabl-e information on the structure of, the trion. onlY

knonledqe of the êlectianagnêtlc p¡operti€s caû be deternined'

brt this shoulil tr€ stfficiëBt to tlistinquish betsèen nuclear

ravefuactions to select the better rÊpr ëseltation s. oBe should

renenber, honever, Èhat nhereas electron scatt€ring {q > 10{)

lTev /c, probes Aeeper iûto tbe nucleus, {p,pn) investiqates onl-v

the surface regions. consequ€ntLy, vavefunctions that fit

electron scatteEing ilåta nay not be good funci-ions for ou!

purÞoses, anð vice v€rsa. Thêr€ âre tno distinct paraoeters of

intâ¡€st, the charge and mag¡etíc forn factors; the forner are

qenarally better defj-neil experinentally and thus of norê usê.

th€ charqe forn factor is tl¿f ined as

r $1=rt f¡*l' ¿lF¿P
¡= 

c.["-1e, a*".'\



The charge forn fact-ors for sË arìd 3Hê ar€ såoHt¡ in fiqures

4.1.1 and 4,1.2 respectivêly, sith the alata from cÕl1ard êt al-

{c65}. Thê data are apÞroxinately linear in g¿. The slop€ is
proportional las may be seên by +xpanrling the abôve exponent in

a Taylor series) to the r¡ean sguale charqe radius, and is

larr¡er in rnaqnitudè for 3He than 3H (because of coùlomb

repulsion bêtryeen t-he protons, antl because a leutron and proton

forn a quasi-deuteron in the trion leaviüg the êlatra particle

to be ¡reakly bound). One of the moÊt popul-ar trion ltavef urc-

tions has beên th€ Irvinq-cunn functio¡ {G51)

t'l)G, rFr,Ë ) = A¿ h<G''"rr,3*r'Î)'/¿
(r,! + r,|, - ni) 7'

A = 3/t o<"-

E-n vo Ti = rj-t
The pararetër é( has often been chosen to be 1.00 fu-r for 3H

{ç51} anð.77 f¡r-l for ¡He lB54}, The soliit culves in both

figures f,epresent these valu€s chile the dashêd curves, rhich

are closer to th+ alata' ltere qenerated using the val,ues .89 all¿l

.82 fn-l for 3H anil 3He respêctively. ria et a1 {17t1) vele

able to il*iluce some of these rêsults irom ¡Ëlpr2plnn data

elirectly. Th€ equation

EG') : ,8þ! ,Í ,- t*toþ1/¿)" -' ç'u'( ' €t/n)" LL- ¡¡"6@ffi"/' J

fron 864 *as useil to gêneEête these c{rvès. The dot-dash

curvês reprês€nt th€ {a vêfuncti on

P¡i,Ë,Ë) = A¿^/"(¡:¡'+l-'¡+hs) Á=Fx.
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Figure 4.i.1 Charge Form Factor for 3H

The predi c ti ons of vari ous rravefuncti ons

are compared with experiment.
The data are from Collard et aì
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i{ith a valuê for )( of .816 f Õr 3H anil " 74 f ¡r*1 for 3He. Th+

curvê nas crêateil using the nu êrica1 ¡esu.lts of S¡ivastava

(564ì. îhê geaeratic¡ of the th¡e€ typês of curves also

Eequiretl the use of the equations lc65)

F"'-(rÐ = fF.'Q) + e F.* h) J' FB q')
,

F",FHò= fF.LØ *ÉF*(n) J È" Q)I
*e* F¿ (rH) ana f*(lþ are the charse forn factors for 3!l

a¡it s¡te ,rhfle FcA01) ana f¿^f) a¡e thÊ cha¡qe fcrn factols for

!âutrons and protons. The latter nunbers rêre cbtainecl fron

søu. $(cj it the body forn factor and is ¡êlated to the chaïse
I

density for point-1ike nucleûns.

Eç) = .f "'fi tëö l'J.'
trn alternative approach is to explici-tLy irclude a

ileuteron functio¡ Þ" in the trion wavefunction

"f Lri,ri.,fi) = u6-.">Þ¿E) Ê,"= Ë,r- Ë+¡
¡/

îhe d€utêrôn function is arbitra¡y at the nonent but al' oftên

useil version is thê Hulthen ravefunction {H57)

T ) =G(¿*-¿Þ\Q.(F, _\_ _ I
Tb€ ¿lottêd cürves in Figuxes 4. 1.1 a¡rtl 4.1.2 ¡¡ere qÊnèrâted

usinq the rckart function {¿j-73)

r¿cr):Níã { (t_.u)r
"< =¡UUS73 yhere ¡t is the nucl"eo¡ mass, s is the nucleon

{neutrot for 3H anil proton for ¡He) separation enerqy, $ is ths
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DoEmal-ization factor, 2.03 foE 3R anô 1.78 for 3¡Iê, b is ths

shapê para[€ter, 1.90 fB-l for bot! ¡uc1ei, and thê fol1o',{ing

relatf o¡s hoi.cl:

L eH) = F,o('Ð I "'î 
i/u t*,12 di ' F*"(n¡ J;'i7/1ncñl 

o ù"

F* ('th-) = I I rAa¡ J 
"¿ 

î il" r uø t'dí * F* Q)' ! e¿ 
ai'F/' 

t ut;> I " 4F J
tbe ¡lêüteron charse folm facto¡ t F*(lÐ were obtai.n€d fron D62.

Hith thêse paramêters, the monêrtum distribution for 3Il has a

half {j-dth of 54 Mer'/c, which is conparable to the viilths

obtainçal usinq various overl"aps as shonn i¡r Table T (the

êf f€ctírre ïidth qeneratêd by th€ attenuation Botlè1 is snaller,

na¡aelv about t{2 u€v/cl . Eckaxt functions themsêIves ar€ not

normalj,zed to unity as ,ere thë prel'ious tno functíons, but are

no¡nalizeil to fit the electron scatter.i.nq tlata. The values of

f xequireA to fit the el€ctron ilata represert an ûver¡ormaliza-

ticn (tota1 p¡obability greater than '!009å) , since the standard

tnitv ¡o¡nalization vields values of N=1.?7 anð 1.?2 for ¡H and

3Hê li.e" 15l €xcess for 3H antl 3X for sHe). The alerÈ€ron

rayefunet,ion is tak€n to have a nol:oalization of unity {that

ís, there is a 1009 probabilíty of finäing a deutecon in a

t.rioDl . This fo¡n is neaningful only aea¡ a deuteron pole in

the reaction nechanisn. 0Ëe notices that the Eckart f,unctio¡

fit has thê unïholesoae characleristic of havinq ê chargê foxû

factor qrêaÈer than uaity at zero norìentun transi€î {bècause of

the overnornalizationì. Prêsumably j.t coul-il d.eviatê fron thÈ

el-astic scattêring ilata in this !êgíon if the lattèr êxist€d.

If the value of the €xronert r.ere one in tbe lckart fuaction, a

TlulÈ.hÊn frrction ¡roulil result. Iùhereas tlìê Hulth€n ÍavÊf uxc-
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tion attai¡s a non?eao value at the o¡igin (io configuration

space), the Eckart function exhibits a repulsive core behavicr

aad ís zero. oBe notiçes that al] of the functio¡s sÊen to fit
3H€ el€ct¡oû data bctte! than 3H alata. ?hi.s niqht bê duê tÕ a

conplex internal structur€ of 3H or merê1y du€ to incorrect

values o¡ F.t,h\, since 3Il enphasizes this paranet€r to a

grêatêr extent tha¡ rHe. F<.¿* (n) is very poorly <lefinett experi-

nentally, but sas cbose¡ as Fcntn) =.A2'192 {s641 . ?he role of

the neutroÐ chargê forlt factor in electro¡ scatteri¡g froe the

three*nuclecn systën has been exami¡eô i¡¡ some cletail by

Brandenburq and sauer lB75). Tt is also possible that thê rH

alata thenselvês are incorrect.

as far as the lnpuJ.se approximatioû is conc€rû€d, the

quantity of íntexes+- is the rou¡i*r transforn of the overlap
j.ategral bêtflê€n th€ spatiaL savefu¡ctions of the targæt a¡fl

the resiilua1 nuclej.. 3or the Ïrving-Gunî trion ïavêfunction

anð Hulthen deuteroa vavefuactio¡ this is {G641

ilti)=ÈÐv. J.¿Í1Ëd; f op a-'rf,ffi''

l^ K¿Jl.
r (*"*")(b.*)Lr- #: .#:7""

¡¿l" (6¿-a,.)AB

ls o('

* âtc
(il6;u'

There is nc sinpJ-e analytic

Hul"then ove¡lap or thê

Hofl€ver, the result for the

expressioa for the Irvirg-GuDn-

srivastava expo!ential ¡r avêfunct io n.

¡ckart fnnctio!
Þ(l-)=</""¡* ! t;.' i'F ru .F', €'(t-¿6)o

,-4
1'-" 7 

z+{ot*b)¿

+

4-
7L+(a*b3f

/s:!éî\et

= 4"NÉ T
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is particula¡l"y sinple a¡d this neans that coÍìputer programnês

using it are lnor€ êfficient. The Eckart function behavês

asygptotical'ly as

.-(t-i^t ¿1,¿¡-) = k?'1r-
r"-êo r

anil this is the character predicte¿l by eleBe¡ta¡y Quantun

$êchanics for a bodv outsiile a potantial neL1. Àccordiag to

Lehnaû lL? 2l , tro characteristics are n€cessary Èo fit trion
breakup data: 1) factorizatri lit y j-nto deuteron tines n-il

ravefunction, and 2ì tbe above asymptotic behavlor. Both of

these properties arè present in the Ec:(art rêpresentation.

live percent chaages in the parameters for the aboqe ravefunc-

tions noticeably spoileil the quality of the fit to the elÊctron

scattêring data. Houever, such changes qenerall-y changed the

ÐoIlentuB ravefunctioa by an anount *hich is aìüost unilet€ctable

vhen conpa.!çd to our coisci"ilencê cross sectioD alata.



5ec!¿e* 4.2 T{o-Bodv cross sÊctions

Às ïas mentiÕnetl in Section '1 .3' thexe exists ari aebiguity

1n the choice of energies at sh j.ch to evaluate the tvo-boily

cross section usêil in the i¡rpulse appro¡inatiot. îhe rrprior

prescri. pti,o¡lr is evaLuateil using the or¡-shell cross section at

the relative $omè¡rtuts {pl of the t¡{o bodiês before the reaction

occurre<I, vhile the rpost prêsc¡iptionir is eval-uateà at Èh*ir

relative ßou€ûtun lkl af,ter thê collisioD. There is son€

evidence {t{69t fros the Saalilëev eguatio¡s to inilicate that the

latter forn should be more reliablë. Both nËthods usê the sanÐ

scattering angle

e = CÃ4-' f P, Fs caogc- E, Ea * 8,", Ez.o- |- L nà yu.*,., J

çherê rcEr refêrs to guantities neasureil iì thê c€ntre of laass

systèn of particles 3 anil 4. The triple ilifferential cross

sections eyalüat€¡l using the tïo approxinations tliffer in

nagnitutle aûil shape lT74]. À for havir¡g a fir¡¡er theorêtical

iustj-fication is the ha l"f-off-th€-ê nergy-shetrl t-natrix approx-

i ation {r541

Lç,t:,lt';.) - t t À(k*¿Þ)
F"*p" k"13" GÐf l._¿y)

This t-matrix is separable into init ial a¡tl final ¡roaÊnta aatl

is s-lrave {no angular Aepêntlêncêl . rhe enerqy {k2l is choserl

to correspðnil to the final state aorne¡tum io accordance rith
the results of lteboniya lf69). Bêcause prÉk {thev differ by

less tban .45 fo¡ 3H{p,pnl at 45 üey} ¡ the cross sectio¡ ís

ca l le¿l off- she 11.



gigure 4.2.1 shoss diffcrentíal n-p cross s€ction data

froB several sourcês {À?5} along sith thr€e differeat parame-

lrizations. One paranètrization is due to Ganúêl- {Ga60) aad is

sy¡rnetric about 9û3. A morê recÊnt fornulatj-on, tlue to

Binstock l8?4) anil baseð on a phase shift analYsis, is

co¡siderablv mor€ conplex, buÈ yi€1ðs only margiaall-y t!êttêr

rêsults. The half-off-she1l results arë also shogn anil ar€

nadê anisotropic by combining the angulax dependence of Gan-

aelrs paranetrizatiotr sith thë 90o e¡iërgy ðependence fron

Yanaguchi!s nork {Y54)

f; = 'f ttt,*"'
l¿'

/,

The paraneters useil çere

4s,a\tc*=-.orlol ßi' q+npt.f =.A3ß l;' Ð-tp-n
[3s,,7t"t= 1.t77 f;' F+^¿= / ls !.J' ],=epCnç)-
and vere obtain€al froß Eberhoh (8721 . This calcuLation shoveil

that the triplêt p¡oviiletl nore than 6 tines the si¡q1et

cont¡ibution to th€ scattêr:i-og. lypica]']Y' an anqular ranqe of

600-1200 anil an effective i¡ciilent neutron enêrgY of 20-40 l{ev

nas required for the SfA, although la¡ger ratgês ¡ler€ used for

the nore €xtxê$e anqles of 5oo-5Ûo and 5{io-560.

s / ¿ 
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Figure 4.2.1 n-p Differential Cross Sections
E Ipe ri men ta I re.sults at 25.8, 32.5,42.5. and 50.0 t4eV are compaied wi ih
the Bi ns tock, Gamme l . an d i-ma tri x

parametri za ti ons.



5e s!:.ee-- g:3*9s*uè:c!*çEcss* 59s!!e!ê
The attenuation moda.L reguires a kno$lê¿lge of the n-¿l

¿ota1 cross sectio¡s in orðer to calculate the loss of flux
fron the lp,pn) Eeaction due to collisions çith the spectator

deuteron. Thê n-d relative r.avêfurction i¡t the trion is s=1/2

{oD}y the doub}€t interactíon is present) ânð thus o}1v dÕublet

n-d cross sections shoultl be üsed. l¡o pol-arization tlata exis*-s

anil so the onLy netåoil of extracting the ðoub]-et cross sectioas

is th¡ouqÈ a phase shift analysis of n:tl ilata. sêveral such

a¡alyses exLst, but the Àrvieux {À741 Eesults arê nost rçcsnt

ânil Þroviile a snooth doul¡1et cross sectíon. figure 4.3.1 sho¡¡s

the totâ1 aD(t aloublet total closs secti.oD ertracted from this
phase shift analysis usíDg the eqnations

lly;:, = å, S(a*¡ f r- ls'l"r tt- s.l'f
= +' tr@t+t)Er-4'Krct 1

ag¿ = ! ( 6ã.'u,*n a ).o+"* )

Lrt¿ A t¿-l 
.

s- S'--1.,r - p s. . ¿n."'
Partial vaves up to 1=8 vere included. ExperineÀtal total
cEoss sectiors from Seaqravers tabr¡Lation (S70I are comparert

nith those prêitictêd by the phase shift analysis. Âs far as

the presênt (p,pril expêrinent is concern.€d, the rëqion f¡om 10

to 30 üetr is nost inportant. figure l¡.3. 1 shors that the

doublêt total- cross sectio¡ ilecrsases at 1ofl e¡exgy. This nay

be due in part to the inability of thc phase shift a¡alysis +-o

fit the €xperiúental total cross sections j.n this kiseratic

region, but other, pbase shift aaalTses ilenonstrate the sauê

property" It sêens uatikely that th€ predosinant reason for
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thê 1ow total cross section is an underestimation of only the

atoublèt conìpoient, since thè doublet cont¡ibution per spin

state {1.a. ignorínq +-he spin fac+-oxs of 4 atrd 2l dÕninatês

for higher energy. ThexefÕrê, rye shal.L assumÈ that thê ðoubl-et

total cross sections ilo in fact al€crease at loi,r Ênêrqy.



5ecÈ!se*!:3.-9:Lsf se-spcçlra
Â O-va1¡e spêctrun is sonetines callêtl a nissing sass

spêctrìrn. f ncreasj"og absolute valuë of thé Q-"aXue {or nissing

nassl corresponils to incr€asing .invaria¡t nass (or excitationl

of the unobsèrveil recoilinq systen ltt* herel . {Particl-e

physj-cists l'€re ofteû unable to observe unchargetl recoiling
particles anil p1Õtted results as a f¡Ilction of thë kineratical-
1y detêrnined recoil nass, and hence the tern missi¡q nass.)

Fiqure 4.4.1 ilisplaTs 0-va1uê spectra f,or rÈal anÈl rândon

events for both the tritiatêtl antl ôuery targets. Ìt also

ravêals the effect Õf randon and tluûny subtraction" The

inp¡ovenent in resolution tlue to rlumny subtraction is also

stuilled i¡ Fiqure 4.tt.z. It appears that dunny subtraction ls
not really ryorthr¡hile: no significant benef,its accrue frÕn the

ti!ûê takên to duplicate the experine¡t on the dunuy targêt. on

th€ other hantl , it is clear that rand.oo subtraction is able to

substantially inprove the rêsolntion. Figures 4.4.3 and 4.4.4

shor ra n¿loû-subtracte{l sDectra for Bost, of the ang1es consider-

ë¿1. It is €vi¿lent that, a 2 I'te T *icle ùintlo¡¡ {rhicb acõepts

alnost al.l of the ¡H{p,pnìð eveats) sil.L put sone of the å

evenls into thê il* proi€ctetl spectra, as rell as inclurli¡g sone

êvents f,rom sca¡fliun. tlowever, if the ïlntlow vere naile smaLler

for the il* anil not the il spêctra, then cross sectioûs for the

trio processês voulil ¡ot be coupa¡able. rhe siclth of the it anil

d* statês shoultl be the saß€ (ê x pèrLne¡tallyl an(l so the d*

stat€ shoü14 also bê 2 üev {i¿l€' therefore no ilecrease in

vi¡iloï ryidth is possibJ.e. ft nay be seen fron the spêctra Èhat
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the continuum reprêsêtltånq four-bcdy prccesses occurs ta thê

riqht of the d* stat.ê. Enba!ìcëments due to thê scanaliun and

aLuuinun may also be seën i¡ scne ôf the spectra. The

kinenatic loci for {p,p¡) on these naterials run approxiurately

parallel to a kinênatic locus for 3H(p,pn) for some valuês of

Q. a¡¿l wj"11 thus appear as enhanceme¡ts in the histogram near

lhÊ appropliate positions usinq the 3H calibratj.on labellinq

the horizontaL arês. Thê Q-va1ü€ resôlution is actually b€ttêr

for ths nitltlle of the lçioematic locus than for the êntirê

1ocus, becåus€ thÈ enhance¡rent is stronqer in the niddle anil

the aeutron ti inq is better tha¡ fof, areas of 10I{ chargêil

partícl€ enersy. Siqure l¡.4.5 illustrates this effect.
In pri¡rciple it is possible to use thë ¡latso -Miqdal- {552)

formuLation to fit the rqgion arountl the d* peak in the missinq

nass spectrun a¡il thus obtai! a vafue for the n-p scatterinq

lergth. Tn p¡actíce lT74t, eveD for the bêtter resolution
proviilecl in {p,2p) expêrinênts, this mêthod does Dot yi€lct a

r€aso¡Ìabl€ valu* for this parameter because of the dloninance of

the QFS contributioD to the pêak.

Ít has been xeport€al that thê process p + 3H -> d* + d*

has been observecl at 55o-55o in the 3ltlp,2pl reaction {f74}.
No evi.dence for this process is visible for our data at 560-560

in Fiqure 4.11. 4, but t.his {nay t,e the rêsu1t of poor st.atistics,
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Table I shorÌs the angLes that, ïÊre cove¡ed in the various

axperinenta.l runs {sêe figu¡ê 4,5.1) and th€ nini$un values of

the deute¡on ncmentuÍì p5 tbat ve¡e kinenatj,cê11T possiblê. Thê

aûq1e pair 29.5o-50o nas studieal on tyo separate xuns. Fiqure

It.5. 2 shovs the 3Il (p, pnl ¡l sxpe¡imental data an il. thê attenlration

no.le1 predictions lnornalizecl to the data) for several anglês

using iloublet n-tl total cxoss s€ctions. Th€ shapes of the

preôictions ale obviouslv incor¡ect for regions tô th€ right of

the peak. This f€ature is repeateil for all" othêr anqle pairs

stuilie<ì" As proton energy increases, above 5 tqev, the p-il

rÈlativë ênergy ¡ises anil the n-d reLativË eûergy decr*ases.

ÀI"so, the p-d total- cross section nonotonically decrÊases for

iBcrêâsj-ng reLativ¿ e¡¡ergy but the doublet crcss section peaks

nêar 20 lfêv, thus the p-d transnj.ssion coefficient drops

monotoaicâLly for increasing proton €n€r{T¡ but the n-d coeffi-

cießt peaks at sone val.ìr€. fhÊrefore, the product of thê t- ¡ro

transnission coefficients has only ê rÊlative &axinun at the

expêrimental peak cross section and then starts to increase

agai¡ for hiqher energy protcns. For synnet íc angles, then,

the approxinateLv Gaussian p¡ediction cf the SIÀ is ¡ratle hiqhly

asymnêtric by the tco transnissioD coêff1ciçnts. À cnnclusion

onê &ay rlrac fron tt¡is tlÍsaqrê€nent vith experj-¡rent is +-hat thê

a-d systen is no longex ir a defini.te spiû stêtë onc€ oFs has

occür¡ed: the n-p j.lteractio$ coopletely dëstxoys a¡:v previous

spin aliqûnent bêtse€n th€ B and t"h€ d. Thj.s effect is not

unexp€ct€d since the de pol-ariza ti-on has be€n obse¡veil i¡ 2H
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Table V

History of Êuûs

I Aun I I¡ìcidentl À!g1es
lll¡umter I Enëlgy I Covered
I | üev lgp-êr

I p5 sin I p5 nin ¡ p5 nia
| 3E {p, p¡) Al 3å {p. pnl d* | 3H {p, alül p
I Uev,/c t Yrev /c I uev /cF-----_+-------*---------*--*-----+-------+*--_-_*{

{t5.4

45.3

46.5

1,0
19. I

.'l

.3

.6
ô

8.0
B,1
?"s
-t .3

Ê

37.1
27.8
8.5

49. 9
85. I

5?. 4
54. 3
I¡7.5
38. ?
29 "-t
2'1.1

62.9
45,5
35.9
26.2

58.6
65.6
60. 2
56.3
8.8

49. I

29.5-50
3 5--3 5
35-45
40-4 0
trs- 3 5
50-29.5

29-¡16
38-38
43-32.?5
48-26" I
29.5-50
30-3 0
33-33
33-42.8
50-5 0
56-56

9.7
10.9
9.3
8.9
9"3
9" 6

.8

.7

.88
1.5
o

28.7
18. 9

.1
57,8
93.2



ANGLES COVERED
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Fi gure 4.5.1 Angles Studied
Angl q pai rs consi s tent wi th 3ll (p,pn) d
and JH(p,pn)d* quasi-free kinematics
are described by two loci, as shown.
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breakup arrd nay be predj-ctêd using the Folfenstein paraneters

{i76}. ït is unfortunate that this êffect exists because the

eavefunctions usêal to cÕnpute thê txansûission coefficie¡ts
assum€ that t-his structure is still valid {that is. Eckart

functions are used rhich ¡epresent 3H and 3Ëe structurel . one

hÐpes that the error. i¡iluceil by the use of th€se functions is
not larqê, ar¡¿l i-r any case therê is little alternative lrithin
thê atteûuatior no¿le1 fornalis¡r except to us€ nuc]-êon-ilêuteron

scatteri¡g states. there is no eviilence that th+se functioßs

cou].¿l Þerforn ûore re1iab1y, ancl in fact nornalization problens

roul"d be nore sey€re since scalterinq states are aot square

iotegrable. Êencefoxth, o¡l-y stan¿laril N-¿l totatr cross sec-

tions, as shovn ia Fiqure 4" 3. 1, si1l bÊ used ïith thê

attênBation .notl€L. ft yill- be alenonstrateal that the attenua-

tioa moclel iloes account for nany featu¡€s of the data, and so

the thêory appears to be r€latively i¡sensi.tive to nature cË

the savçfunctions us€tl in conputing the transmission

coe f fic ient s "

Às Beãtio.n€d in Section 1"3, I'in has suqgested (f73) that
th€ transmissioa coefficie¡t cal-cul,a tiotr overestinates the

effêct of attenuation. This is parÈ1y because p-il ancl n-d

scattering cannot both ruin a oFS eyent (it takes only one

scattêriûg Tith thê spectator to spoil the eveûtì, and also

because n-d or p-il suall a.nglê scatteri¡g nay result in only

¡eql-iqible ilevl"ation from 0I's distributions. ft nay aLso

accouît for thè fact that a rëa1 deu+-ero¡ì doês not actually

ex.ist i¡sida the trion. for these Esasons, it is necÊssary
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sooebo!{ to ilec¡ease th€ n-ð a¡d p-d töta1 cross sêctions used

in the cal-culatioa. the easi€st n€tboù of acco¡rplishinq this

obiective is sirnply to nultiply the erperinental cross sectj.cns

for these procêsses by a factor Ð. Î"in aliscovered {1731 that

D=.8 produceð good results for ?H aÐð 3tl breakup. Figure 4.5.3

conparês our experimental results for 40o-40o (rhich rre shâ11

consitler a typicâl aagle pair because it is approxioately

nidvay bêtr¡een t.he Êxtrenès studj.ed in our e*perinënt' ïith the

predictions of the attenuatioû motlêl- for differËnt vâlues of Ð.

Tt appears tbat the najor effect of thi.s pananetêr is to alter
the attêluatio¡; the shap€s of thè peaks are left approxinately

unchanged for small variatiors i.n D.

Figurê 4.5.4 shows norê 3It{p,pn} d data sith the attetruator¡

nodel calcül,ation {using D="7) anal the p¡eili-ctions of the SIÀ.

Both calculatioris hav€ bêèt! noxnalised to the data for this
figure, and Table TI displays the nornalization factors that
yere nêc€ssary for iha theories to fit thê ðata li.e. these

nunbers nultiply thê th€ory). It soulil be interesting to s€e

if the sane value of Ð noulal ä.I1or a qood fit to the data at

otbÊx proiectile eûe¡gies, since the aÈtênuation noilêl- provides

atr e¡êrgy ilepenrlence in the total cross sections that arê usêd.

It is cLear that the attênuatio[ model shifts thê position of

the peàk in the calculatetl rlist.ribution aïay fron thê alata for

asymnetric angle pairs, The STA apDêars to peak in the corrâct
place fol nost spectra, but the yiilths and heiqhts of the rlata

nor€ closel-y resenble the attenuation nodel than the sTÄ.

Ecka.t functions {ith ü=2.03 ancl b=1.90 .fn-1 ïerê used for both
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Fi gure 4.5,3
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Effect of Changing the Parameter D

on the Attenuati on Model Predi cti on

for the Reacti on 3H1p,pn)d at 40o-40o.

The .results are shown for vaiues of D

ranging from .2 to 1.0.
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Table VI

3H lp, pn ) d

I lnqle I Pêak I SIA | Àttr n I
I Pair t Hêiqht I ìlornal- I Nê¡maI- |
I I (nblsr2Hêv) I izatioa I ization Il-----_---+_------+--------+----- |
I 29 -¡16

29.5-5 0
29. 5-5 0
3ü -30
33 -33
33 -42.8
35 -35
35 -45
38 -38
40 -40
r¿ 3 -32.75
45 -35
4A -26"8
50 -29.550 -50
56 -56

1.27
.80

1. 00
1.09
1.27
1.35
1. 50
.90

1.72
1 .29
1.85
't .56
1. ?5
"!. ?8
,56
.22

.17

.'t2
,17
.13
,16
.1?
.18
.13
.22
.18
.23
.21
.24
.2S
.20
.25

1 .00
.75

1 .00
.61

1 .00
1 .00
.90
.?5

1.26
1 .00
1"34
1"25
1 .40
1. 20
1.20
2.00



the sIÀ tern anil the ¡¡- ¿l attenuation calculation, rhile N=1.?8

å¡d b=1,90 fn-r was usêil for p-C scatteri¡q. À spin factor of

S=3/2 {seê sêction 1.1) ?as useil j-n thê SfÀ calculation and the

ha]' f-of f-th ê-ênerqy-she 11 t-!ìatrix lras useal to describe the n-p

interaction. Figure 4.5.5 sho¡¡s thê n*d nìome¡tum ilistribution

that flas useil in the calculation. Íh1s function has an

exponential behavior (linear on a seni-loqa¡ithnic plot) beyonal

60 u€v,/c. scse of the ilata erhibit peal<s around 11 Hev *hich

arê thë rêsult of têchaical p¡oblens nit,h the cha.qeil particle

iletêctor lin particular, poor particLÊ idèntification at thê

energy at ¡¡hich protons start to enter the n detector). ïê

have also faunil that Ð=.7 fits data from the 3H€ {p,2p}¿l

reaction (T?l¡) using th€ 3He Eckart uavefunctior to describe

the 3He nucleus.

Figure 4.5.5 shovs the variation in peak ctoss section for
3g{p,pûl¿ nquasi-frêe a¡q1êsn. Àt thesê arglës, s[a11 spectat-

or nonentün is possibLe fot sone value of the outgoing protonrs

energy. Àt this positíon in the sþectrun. the nonentun

ilistríbution a¡d 5IÀ cross sêction peak. *us lþ(y'l"is thê san{:

at the naxinun for all of tles€ âng1es and the only difference

in the coincidence cross sections that the sIA pretlicts is alue

to variaticns j.n +, and KF, btrt thesè are generally ni¡or.AtLtq

Th€xefore, thê sTÀ pre<Iicts an approxirately flat atìgular

tlistribution. llor€yer, the data are certainly not fl-at, as a¡e

3H{p,pdl ând 3Hè {p,2pl al {T?4), but exhibit a stronq angular

depentlçnce. This variation in thê cross sÈction susqests that

the 3H {p'pnl d cross sectioe ilep€Dils on the ¡-al relative
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moneåtuo vector before the col,l-ision, and not ìust its nra.qni*

tude as th€ SIÀ preilicts. It fcas hop€d tbal thë attênuation

nodel calctrlatioßs youl-d si¡ulate this a¡gu1ar dependence

because of the tli.ffere¡t valu€s of the :¡-il {doublêt) and p-il

total- cross sections nëar th* SfA p€ak aË diffêrent anqlê

pa3-rs. Its€ of the doubl"et total cross sectiÕns produced ön1y

ni¡or aoisotropy in thê aÐgul-ar ccrrêl"ation but hail an ailverse

êffêct on the peak shape. Doubl€t cross sectiÐns r.ere then

abandoneil a¡d id*nt.ical total cross sêctions ¡ere used for the

n-¿l and p-d intêtactions. Ileîce, Do anq¡llar variation is
possible, ar¡d thê effect of the atteauation coêfficients has

been to narrolr the peak, tlecrease its heiqht, anil shift íts
position by a fêfl ¡,tev.

l{ear the peak in the coincideÌce cross sections, the n-p

scatterinq anqle is near 90o oû1y for synnetric angle pairs.

It is for asinnetric angl-e pairs, thên, tÌ¡at the cffects of p,

Ð, etc" pa¡¡tial raves in tb€ n-þ scattering cross section ar€

ost stroaqly fê1t. ?he aoLsotropic t-[atrir useal for the

calculaticn pèrforns fairly $e11 at duplicatinq these effects.
The overall gootl agrÈenent of the tÌata vith thê theoretical
curves supports tliè vier that tb€ savefunction is prinarilv S

state aad thê rêåcti"oa nechanisn is donj.natëd by guasi-free

sca t ter in g.

Ona Ðotices Èhat sorBe of tbe experinental cross sections

seen to rise fo¡ protôn ene¡gies to the riqht of thê peak.

This Bay pa¡tially be the rêsult of reaction mechanisms

co¡npetins vith Qfs {like PsIl , but is uore like}y ilue to the
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inpôrtant êffect of vanishj-ngly sna1l dêtêctj.on ¿ffj.ciencies
for very lov neutron enerqies. Any backgrounil counts that have

not bÊên subtxacted al,ay effêctivêly õôntribute aD eBormous

cross section in the region above protoa ene¡gies of 33 !tev"

fj.qure 4.5,7 shoìrs thê êffëct of dunmy subtraction on thê cross

section for tvo angles vith qooô statistics. Ther* is åssen-

tially no change for rfl{p,pn) d, but tbe 3E {p, pn) d* cross

sêctioas are naile somêwhat nore racqed. for the anqle ¡rair
29.50-50o stuilied in the fi.rst run a¡d 33û-42.80 ayrd 50o-S0Ò

stuåieil iî thâ third ruÐ, no dürnÐ? subtraction tas Feçf,orrìed,

but as has been tleûcsstrated, this iloes not affect the validity
of the dåta.
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?iqure 4. 6. 1 sho¡¡s 3H (p, prì d* data for various anqles.

thê attê¡uation rncdel and. STÀ !¡€!e used to gen€ratê the

theoretical rêsn1ts. lor nost anqle pairs, th€ attenuation
nodel once aqain ilenonstratês its superioriiy in pr€dicting the

width of the peak, although thè effect is not as pronounced as

for thê 3lt(p,pn) d rlata lprobably because the statistics a¡e
pooEerl . Tablê vII ilisplays thê peak heiqhts anal no¡nalization
factors. Íhe off-sheL1 t-natri! r.as used to generate n-p cross
sections chil-e an ove¡lap of an Trving-Guün trio! ryavefunction

I < =.89) an¿t an asymptotic il* navefunction {Ë5?)

S- t.t4 ç,:'
8"1--æ.V l^r

I{as used for the úo entuÍr distribution {see tiqure 4.5.5). T}:e

shåpe of this ðist¡ibutioû is quite insensitive (T74) t_o the
n-p scattering length. The ¿lerivatio¡ of the above eguation is
based upon j.ts being a 1oï ên€xgy limit of an asynptotic
spatial eguation. sincê the trion is only a fçr fernis in
clia¡reter and its nosl inportant ¡€gio¡r (if no cutoff is used)

occì¡rs at the oriqin {çhere al-l thf,ee particles are at the sane

locationl , sone iloubt nay be cast upon its val-iatity. IlÕvêver,

it has been rlesonstratpdl (T?4) that- it provides acceptable

xesults r¡ben use¿l in its currênt context. although this ¡ray be

ilue to th€ fact that +-he ov€rlaÞ resenbLes the ¡-d uavefunction

{figure 4.5.5). À spin factor of. s=1/2 has bèen used in Èhe

sIÀ calculation. The cross sections used. in thÈ transBission
coefficient calcul"ation rere the N-d total. ctross sections
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and Attenuati on Model (sol i d ) .
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the fi rs t run. Theory i s
norma I i zed to data.
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Table Yfr
3H (p'pnl d*

I Anqle
I PôíT
I
I

Peak
flê iqh t

{flb/sra üe Y)

5rå,
l{or ma l-
izati on
Í 10-s

Att I n
N<¡ ¡ual--
ization
x 10- s

F--------{
29 -46
29.5-50
29.5-50
30 -30
l-i -33
33 -42.8
35 -35
-35 -45
38 -38

.16

.18
,17
.24
.20
"23.47
.15
.25

.12

.15

.1'l
,15
.12
.21
.33
.09
,21
,26
.21
"21.18
.27
.45
.90

.66

.90

.9C

.72

.54
1.05
1.59
.45

1.05
1 .35
1,05
1.14

.90
1.41
2,70
6.0c

40 -r¡0 I .2'l
4_? -32.75t .28
45 -35 t .25
48 -26.8
5û -29.5
50 -5{)
56 -56

. ¿¿

.31

.15

.09



nultipliêil by D=.7, as describerl i.n Section 4.5. 1n p¡incipi-e,

l¡-d* total ctoss sect-ions shoulti have bee¡ use¿l, tut these

rould be cliffícuIt to g€ûêrate. Thê on].y inportant feaiure of

the att€nuation calculation for 3tl{p,pa) d* is its effect Õn ihe

shapê of the peak, since the theo¡eticaL naqnitutle is u¡ilefineâ

lbecause the scatt€r:ng functío¡ used i-n the ovellap is not

sguarê integrable antl so has arbitraxy norualization). It is

reasonable to assüne that thãt thê N-d anil !l-d* total cross

sections shouLil differ in naqnituile but not in e¡ergy depen-

ilence {8701 . lisure 4.5.3 shoyed tha+- if only the naqnitude of

the cross s€ctioa changês, the naior effect is an aLteration of

the magnitude af the theorêtical cross section. Th€rêforå, the

attenuation caLculati.on should be insensitiee to thë sì¡bstitu-

tion of thê l¡-al for thê [-¿l* total cross sêctions.

¡'ígure 4.5.5 sho¡s thê aagul-ar. variat.iôn of the peak cross

sectio! for rH(p,pnld* fo! the quasi-free angles co¡sidereil.

?his yaliatLon is al"nost flat in contrast to thê 3E{p,pn)d tlata

{Fiqure 4.5.4). rf there ïere aây doubts that the 3F(p,pn}¿*

cross sêctions were ooly t-h€ tails of the 3¡l{p,pnld distribu-

tions, this qraph should put then to rest. ¡lo äunny subtrac-

tion lras perfornê¿l for the ângles 29.5o-50o lfirst run), anil

33o-42" 80 anil 50 o-5 0o.
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åeçliss "{,. f - JËlp,ês}"P

Fiqure 4.-7.'l säoïs 3H (p,dn) p data for various angLes.

¡lost of the spectra that cortain a peak have app¡oxinaÈêl-y the

sanê characteristic: the flata peak ¡rhere the ènerqy of thê

outqoing proton is lowest. This suggests that the proton pLays

thê role ôf a spectator in a guasj.-f reê rÊaction (not a oFs),

Referrinq to Fiqure 4.7.2, the 3H deconposes j-nto a proton and

di-neut,¡o¡ Tith the latter being struck by the proiectile

proton. The guasi-free rèaction nn {p,nl rI occurs at thê upper

vÊrtex. Unfortunately thj-s procêss cannot be obse¡vefl ilirectly
but re íiI1 approxinat+ the vert€x forn factor ïith a constart.

À sj.nplified sIA theory has be€n useal to gen€rat€ thê

curv€s in Figure 4.7,1. An orerlap of an Irving-cunn trion
{avêfunction víth ô¿ =.Ag andl an esynptotic n-¡ navêfunction

.f= /.¡ q ç^,-'
e)" = - /L ,¿l î,*,,

nas used to generate the nonentum distribution (seÐ !'iqurê

4.5.5) requiretl by the sfÀ. The most interesting feat.ure of

thë dlata is the appearanc€ of peaks. Thê shape of thesê pëaks

in thê inpulse approxiuation j-s detexmined alnost túho1ly by thê

nomentun ilistributi.on sguare¿" In ordÊr to see if t.he SfA can

predict th€ shape antl position of these peaks, then, it is
sufficient to conpar€ thê eonentun dist¡ibution anð the Kr sith
thê alata li.€. theory t 4Q)1"*xf , no tro-boily cross sect-isn

is üseil). This conparisou is made in fiqure 4.7.'1 . Thârè is
gooil ag¡eenèrt in nany cases ileno¡strati¡rg the dosìinance of th€

quasi-free procêss. Àqre€ment night be ever} bêttex if an
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Ti gure 4.7 .2 Feynman Di agram Showi ng

Quasi-Free Reacti on for
P roces s 3Hip,un¡ 
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apptopriatê t¡to-¡ody cross secti-on could be qene¡ate¿1, If
äêutexon enerqies are hiqh, th€ behavior of th€ upFêr vertex

urlght resenþle nêütrcn pickùp. À coüparisoû Hith the síni1ar

"H fÞ,4) p reaction rev€als that the a¡qular clist¡ibution should

shoï stronq peakinq {8o?1r. Àlternatj,vêfy, Hhêré the n€utrÕn

€nêrg€ at forïaril anglês, th€ crcss s€ction shoul¿l behave

sirìilarLy to that of a cha¡ge Éxcha¡ge reaction like ¿¡I{p,r)pp

Hhich has a relativëly flat anqu!-ar ileperdenc€ l$a681 . one

ni.qht 'expect an Ênêrgy deÞenclence like that of elastic n-d

scatt,ering. Onè might takê an al-ternate stancê anil deduce the

tro-body cross seëtior assumj.nq the vaì"idity of the SIÀ.

Horreyer, ooe wouLd bot êxp€ct rêfiabl€ results because of the

diffuseness of the tli-nêutroÐ, the larqe off- the-ener qy-s he 11

effect, and the reak sensitivåty to the tuo-body cross lection.
The nost notåbLË failure of tbe sinpl-ifj.çil SlÀ occurs for
56o-56o, but near this ânql-ê pair quasi-tr¡o-body processes suçh

as p+t->il+d* arè ÞossibL* rith deuteron enerqies near 20 ¡'lev.

The €ríst€¡c€ of such reactions nay explain the ancnaloüs

âûhaBcênent for this angle pai"r. Îab1€ VIII shoÌIs the nornali-
uation fäctors and pêak beíqhÈs for the 3¡1 {p,ttn} p data.
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Ta b:-€ vIïI
3H {p,4n) p

ÀÈgle
Pair

Peak
He iqht

1sþ7s¡afieV)

STÀ
No¡ ,ìa 1-
i-za ti on
x 10-5

l-------__+*----_----+----_- |
29 -46
29.5-50
29.5-50
30 -30
33 -33
33 -42" I

48 -26.8
50 -29.5
50 -50
56 -56

35 *35 , .47
35 -45 I .21
38 -38 I .48
40 -40 I .41
43 -32.751 .60
45 -35 I "51

"29.23
.23
.51
.54
"28

.73

.93

.39

.66

.40

.25

.25

.90

.-t5

.30

.55

.17

.40

.27

.45

.31

.50

.45
" 

"12

"20



chaptêr 5

5Ur{tf ÀRy ÀND COì¡Ct {JSIONS

Thè erp€rin*ntaì cross sections fo¡ 3I¡ lp,pû) tl , 3H{p,pn}d*,

and :Hlp,dn)p have ttêen conpared ¡rit h thê prÊtlictions of the

51À alld atteauatiofr nrodel-. Thê lattêr aileguatë1y ilescribes the
3H{p,pn}d reâction for syqmetric angl-es if the total cross

sêctions useil to evalìrât€ the transmission coeffÍcients are

reduced in naqnit,utle by 30*. For asy[nêtric anqles, the

atte¡uation model- shifts . thê pêaks to high€r or Lover proton

enerqies, but the SIÀ predicts the corEect position for the

peak. ilhen total cross sections for n-d in a doubl_€t state ar€

useil , ther€ is poor agreenènt eith t,he êxp€rinêntal shape of
the peak" This suqqests that the ¡¡-d system ís no longer in a

dorblet spin state afÈer thê reaction has occurreil. Because

thç peaks pr€dict€¿l lrith thê SfÀ ar€ senera1ly at the correct
protôn ên€rgy but ars nore thaa a factor of 5 too larqe,
nultj-ple scatt€ri.ng (i.e. Bulti-stepl èffêcts nust inileed be

significa¡t for a proiectile of 45 ev. Becâusê the ilíagrams

fo¡ the conpeting proc€sses' add coher€ntly ríth g?s, th€

factorizability inh€rent in the STA is alÊstroyed antÌ the cross

sectio! fo¡ a giïen qeooetry is tro Lcûger largely dep*nilent on

Ðnly thê refativ€ nonertun of the n-il systen.

Th€ sHlprpn)d* data are süaller by a factor of 5 compareil

to the 3H{p,pn}al ¿lata and have pooEex statistj-cal signi,ficance.
Ilosêvêr, thê ¿lata shor that the attenuation model pêrforms nore

rêliably thar the 5IÀ in predlict.inq ihe ryidth of the monentum
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distribution.
The e61p,dn)p data peaks ia a kinenatic reqion lehere the

ôutgoing proton has 1o!r latroratôry erÀergy. This suqgests that
the reaction i-s donj-Datêd by a quasi-freê process ç¡ith the
protoD beinq a spectator, a¡d an n-n syst.em is struclr by thê
pro"iectíLe yåelili¡q a ileuterol an¿l ne{tron.
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