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ABSTRACT

Quasl-free scatterfng of protons fron 3He at lnternedfate

energfes has been Êtudled' Tvo sets of exPerinents have been carrled out

at the TRIIIMF cyclotron 1aboratory. A l-tquid 3He target of areal denslty

of - 104 ng/ crn2 was used. To aletect the scattered and ejected partlcles

elther a magnetlc spectroneter and a NaI counter teLescope or t!'o NâI

counter telescoPes were enployed '

The fir6t set of experinents concerned the sÈudy of two-nucleon

wavefunctfons ln 3He. rhe 3lte(p,2p)nP reactlon was studied ln a

quasl-free ôcatterfng arrangement characterízed by Þ (recoll)=0 and

vår1ou6 excltatfon or toÈal energies E(recotl) of the unobserved p-n

pair. Data were obtalned at 250 an'l 400 MeV at s)¡nmetrlc and asynmetric

angLe pairs. The 3He sPecÈral funcÈLon cleduced fn the framework of the

pLane wave fnPulse aPproxlnation (PWIA) is compared Èo the Predíctlons of

Faddeev and varlatlonal calculattons. cOmpari'sons are also nade wfth p-n

reLatLve notfon nortentun distributlons caLculated as the overlap

lntegral between plane waves for the p-n pair and lrving, Irvlng-Gunn and

Khanna ¡vave funcÈlons for 3He'

The second set of experinents concerned the êtudy of the

proton-deuteron relative notlon Eomentun d1Êtributlon to 3He ln the

frarne¡uork of PWIA. sfnce the PI'IIA Predlcts the aane relatfve notlon

rûonentrrr dlstrfbutlons extracted fron the 3tte(p'2p)d and 3lte(p'pd)p

reactfons, a comparLson of the results of the two reactfons Ls made' lhe

3lte(pr2p)d reactÍon ¡sas neasured at 300 Mev at the angl-e palr 70o-33o and

at 450 Mev aÈ the angle palrs 70'-30' and 460-460 for recoil nonenta
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larger than 350 MeV/c. For the 3He(prpd)p reactlon' energy sharfng locl

have been measured at 450 t*lev for the angle palrs 25"-68"and 50"-ó8"

yleldtng a recoll nonenÈum rânge fron 0 to 480 Mev/c. The present

proton-deuteron relatfve motlon monentúû distrlbutlona are conpared to

the exfstlng 3tie(p,pd)p and 3He(ere'p)d resulÈs and to the nonentun

distrfbutlon calculated as the overlaP lntegraL between a liulthén

deuteron \tave functlon and an lrvfûg-Cunn 3He wave functfon' Compar1sons

are algo nêale wfth exsletlng sPectral functlons calcul-ated using elther

variatfonal technlques or Faddeev equatlon6.
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CHAPTER I

INTROÐUCTION

StudleÊ of lntermedlate energy knock-out reactfon6 provfde

lnforfûatlon relevant to both nuclear structure and reactlon nechanlsûs.

As far as nuclear Etructure ls concerned, one can learn not only about

the blndfng energy and the nonentu distrlbutlon of nucLeons ln nuclef,

but one can also fn prlnclple learn about othêr nuclear constltuenta 6uch

*
as the 

^ 
and N . Fulthermore ' ft ls Posslble to obtaln lnformatlon

oûûedluû-energynucleon-nuc¡-eusreactloûmechanfsnswhfchcanbehel-pful

Ln unravellLng other processes. Holtever, the abfllty to obtâfn nuclear

structure fnformatlon 1s plagued by nany dlfficultles Éuch âs

uncertaintles !.n the forn of the of f-energy-shell effectfve t natrix'

nultfstep proceasear flnal state interactions' and three-body effectÊ'

Many experlnentÊ have been carrled out lrlth the objectlve of

dlsentangllng these dlfferent conpetlng effects' CoEParfsons of reÊultg

between neaaurements vthere energyr geoûetryr 6tate reached and Ëarget

have been variedr have shown the condltlons under whlch sone of these

effects are enhanced. Dffferent probes wlth dffferent lnteracÈl'on

naÈureshavealsobeenuged.ThenostconmonJ.yusedProbesforquasf-free

scaÈterlng stualles are protoûs and electron6. Although elecÈronê are

better Êulted probee, slnce the electronagneÈLc fûteractlon le well known

anal sufflclently weak 8o that the flrst Bbrn approxlnâtlon ls e8sentlal1y

valld (neglfgibLe dlstortlon effectÊ on Èhe eLectron waves)' the (P'2p)

reacÈfon has been fûore extenÊLveLy studled than the (ere'p) reactlon
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prißar1ly because lt has ûuch larger cross sectlons (four orders of

nagnltude larger) '

In the f1r8È order Plcture of the quaet-free scaÈterLng proces8

the lncident PaËticle (proton or eLectron ) le sufferlng a vfolent

lnteracÈfon wfth only one nucleon ln the targeÈ nucleus and knocks lt

ouÈ. The resldual or recoLl nucLeus le consldered a EPectator urhose flna1

state monentun ls therefore the sane âs 1n the lntttal ÈtaÈe (where lt i6

the oppoÊtte of the Ferml norûent¡¡n of the Etruck nucleon)' The Êtandard

knock-out reactlon exPerlnentê lnvolve measuremenÈs of angles and

energles of the scatterecl and eJected pattlcles' The experlnent 16 fn

this case kfnenattcally conpletely deterxdned and ln thls ftrst order

plcture the recolL nonenÈum dlstrlbutloû ls related to Ëhe nuclear

r¡avefunctlon of the sÈruck nucleon' The relatlonshÍp ls eonpltcated by

the fact that the presence of the recoll nucleue affects both Èhe

tncLdent and ftnal staÈe partfcle' In fact' the recoll nucleug ls not ln

general transParent and the ejected and scattered pårttcles can be

absorbed afid refracted. The amount of absorptton 1s related to the fûeaû

free Path of nucleons ln nucLear natter' For lnstance at around 100 MeV'

the mean free path of ê proton through nuclear natter 1s of the order of

2 frn. [Re-76] SLnce even llght nucLef have radll of 2 fn or nore' one

nust conclude that th18 very nâlve plcÈure does not hold' Ho¡¡ever ' early

experlnents tnallcated that th16 very strong absorptton and refractlon dld

not. qualltatlvely change the resuLt fron !¡hat one would exPect froE thls

alnple nodel.

The sfnplest theoretical Eodel nhlch deecrlbes the knock-out

reactlon nechantsn fs the Plâne lrave lmpuLse aPProxtnatlon (PWIA)' In

thls framework the iûcldent aûtl outgoLng partlcles are deecrfbed by
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plane wave€ and all the lntèractlons of the particLeB ln the lnltfal ênd

ffnal state as nel1 as ¡lultlple scatterlng are neg].ected. A nore

realfstfc deecrlptfon of the6e reactfons 1s glveri by the dl6torted nave

frnpulse approxlnatLon (D!ùIA) whlch tåkes into account the fnteractfon of

the lncldent partlcLe nlth the target nucleus and the lnteractfon of the

t¡ro outgolng pârtfcles nith the recoll sy6teE. Many calculatlons both ln

PWIA and DWIA have been made for geveral nuclef and varlous lncldent

energles. In êddftlon, the ratlo of the DWIA calculatlons Èo PWIA

calculatfons [Ro-76] rùas Etudled a6 a functlon of energy and nass number

at recoll Donentum equal to zero. For a glven A thls ratlo ehows a rapld

Lncrease at lower energy and then becones constant at hlgher energles. At

fncldent energLes of approxfnately 1.50 MeV thl8 ratto lê flat for llght

and nediun welght nuclel and lncreaees (beconing c1o6er to 1) for srnall

valuee of A. One rùould then expect ltght r¡uclel such as d, 3He, 3H and

4ne to be sulÈable targets to obtafn nuclear navefunctLon lnforûstlon

6fnce nost of the dfstortlon and nuLtfple scatterlng effects are

nlnlnlzed. A great deaL of experLnental ånd theoretfcal work hae been

done to undersÈand the physlcs of the three-nucleon Êyêterû' At present,

nany detafls of the three-body nuclel are not yet understood and the

conparlaon between experimentêl data and theoretlcal predfctlons 18 an

Lmportant tooL to evfdence the linltatlons of the claaslc non-

relativlstfc plcture of the nucleus. In the claeslcal nodel of nuclear

naÈter the nucleue 1s vl.eLred as a coLlectfon of non-conposlte nucleons.

Nucleons lnteract non-relatlvfe t lcally through an fnstantaneous charge-

lndependent t¡ro body potentfal. In the ca6e of the three body nuclel one

uses thls potentfal ln the Faddeev equatLonÊ. Theee can be solved ltlÈh

satlsfactory accurâcy provfdlng the three-nucleon wavefufrctfon.
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The questlon whlch arfsee fs holr well thfs cla8slc non-relatfvls tfc nodel

whtch neglêctg nesonlc and Ínternal nucleonfc quark degrees of freedom,

can quantÍtatlveli descrtbe nuclear ProPertles. Another dlfflcult task

ls to ffnd the donlnant correctLon for thls picture.

In the case of the three-nucleon sysÈen aeveral dlfflcultfes

have been encountered ln descrlbfng quaotfÈativel-y the bound state

propertleÊ. Ihe predlcted btndtng energy ([Ha-81] ' [14-80]' [Re-68]) ls

too snall and the theoretlcal 3He electronagnetlc forn factors are 1n

dfsagreenent wtth the experlnenÈal data. T'he calculated charge fo rrn

factor ([Ha-81], [Me-83]) ts fron the secoridary maxlnr:n on lo¡rer thsn the

experfnental one by a factor of 2-3. The theoretlcal PIIIA cross sectlon

[Me-83] 1s satl8factory for colncidence exPerÍnents [Ja-82] but ls 1n

grave disagreenent ttlth Èhe tncluÊfve cross sectfone [Mc-76]. I'll th the

asêurûptlon of charge lndepeûdent hadronic forces' the 3H.-3H bfndlng

energy dffference fs solely due to dtrect and lndirect electroEagnetLc

phenornena. For a three-nucleon bound sÈate wavefunctlon [Be-83] based on

the Parls potentLal-, thfê energy dlfference ls underestlnated lndlcatfng

charge synnetry breaklng ln the hadronlc nucleon-nucleon lnteractLon.

CorrectLonê arlslng fron the lnpltclt lncluslon of mesonic and lntêrnål

nucleonlc quark degreee of freedon have been fnvestlgated [Sa-81]. In

thls frame!ùork, besldes the purely nucleonlc conffguratlon of cLasslc

nuclear structure, plorilc and lsobar degrees of freedon contrlbute to

nucLear nâtter. I'fany theoretlcal efforts 8re at Present centred on the

problen of deternfnfng the nuclear structure effects due to the A 16obar.

fhelr sfze 1s not well deterElned and a eystenatic 6tudy of the

dependence of these lsobar effects on the Parafûeters of the transltlon

potentfêl ha8 not yet been cornpleted. Sone prellnlnary results for the
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three-nucLeon ground state are presented in [Sa-81 ] lndfcating an

lnprovenent of the bindlng energy value, 3He charge forrn factor, and

3He-3H bfndlng energy dlfference. Although the Lnprovenent of the

5He charge forxn factor fndlcates sone change ln the xnoxûentun dlstrlbutlon

of nucleons J.n nuclef, thls change 1s snall. Therefore, the presence of

the 
^ 

ieobar cannot ln a slmple way lnprove the predictlons for quasl-

elastic 6cattering.

The present 6tudy of the 3Ite(p,2p)np, 3He(p,2p)d and

3tte(prpd)p knock-out reactlons at tnterEediate energies has the objectlve

of addlng nore lnformatl.on for the solutfon of Èhls lntrlcate problen.

The 3He(pr2p)np reactlon has been studled 1n order to

LnvestÍgate tno-nucleon correLatLons ln 3He. The two-nucleon conponent of

the 3He wavefunctlon can be dlrectLy extracted ln plane wave lrnpulse

approxfmatfon . In a (pr2p) experlnent there 1s sufficlent klnenatic

LnfornatLon to deternfne sepêraÈely the vector monentun P(recoll) and

total energy E (recoiJ.) of the recolllng n-p palr (assumlng that the

lnconfng particle has lnteracted r¡1th only one nucleon). If the

kinerûatlcs ls choeen 60 that P (recofl) = 0, then E (recoll) can be used

to cal-culate the reLatfve monentun of the two nucleons ln theLr own

centre-of-nass system. In flgure 1 the klnenâtlcs of the 3ne(p,2p)np

reactlon ls shown. The requlrernent P (recoll) = 0 serves two functLons:

flrst, a snal1 relatfve nomentum between the spectaÈor and the correlated

palr neana, 1n the quantun nechanfcal sense, that the two have a J-arge

spatial separatlon and are lfkely to be rdecoupledr; second, only in the

linlt P (recofl) = 0 can the relatlve nomen tun of the correlated palr be

determfned uniquely !ù1th the avaflable kfnenatlc fnforrnatlon. In chêpter
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5 the rneasurenents of thls reactlon are descrlbed and the results are

dlscussed and cornpared wlth the theoretlcal predlctfons.

lhe 3He(p,2p)d ancl 3He(p,pd)p reactlons have been studled in

an orthogonal- !¡ay to the 3He(pr2p)np reactloî, l.e. E (recolL) was held

flxed and the cro6s section was neasured as a functton of p(recoll).

P(recofl) le equal to ûinus the relatfve nomentun of the ejected particle

before the LnteractLon. In the franework of Èhe ?WIA the relative notlon

Eonentuxr dlstrfbutlons extracted fron 3lte(pr2p)d,3Ue(prpd)p,3lte(ere'p)d

and 3fle(e,e'd)p are ldentfcal. In order to te8t the validity of the PI.¡IA

assunptlons, the experlrûentaL relatlve notfon nonentun dlstributlons fron

both 3He(pr2p)d and 3Ite(prpd)p have been meaeured. The conparfson of

the6e tno reâctLons ls then an inportant tool tn understandfng the

reactl.on ¡nodel and thê three-body nuclear nave funcÈlon. Furthernore,

the PWIA aLlo¡¡e a dlrect co¡ûparLson of the experlmentêl nonentuxr

dlstrlbutlon nfth the apectral functlon. Although dlstortlon effects

cannot be conpleteLy neglected ln the energy range under conslderatlon,

1t lê stflL interesÈlng to êee nhat one can learn from thls stnple

pfcture. The klneroatlc condftlor¡s chosen for the pre8ent neaaurenenta

resuLted ln prevlously unexplored hlgh recoil nonenta. A detalled

deeerlptlon of the experlnental technique and of the results of the

3tte(p,2p)d and 3lte(p,pd)p neaaurements Ís glven ln chapter 6.
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CTIAPTER II

EXPERIMEMAT APPAÂATUS

2.0 Overvlew

In the present chapter the rûaln features of the exPerlnentaL

apparatua used 1n a study of knockout reactlon6 fron 3He are descrlbed.

The experfne¡ts were perforned at beanlfne 48 at the TRIUMF cyclotron

laboratory uefng a ltquld 3He target. The proton bean line ueed ls

descrlbed fn brief in sectl.on 1 ¡¡hiLe the lfquld 3He target ls descrlbed

in sectlon 2. The 3He(pr2p)np reactlon at 250 Mev $as xûea6ured at the

target locatlon T1 of the beaE l1ne 48. Thls 8et of rneasurenents n1ll be

referred to as the T1 meaaurenents ln thts chapter. The 3He(pr2p)np

reactLon at 400 MeV, and the 3ue(pr2p)d and 3tte(p,pd)p reactlon6 aÈ 300

and 450 MeV lrere neaeured at the target locaÈlon T2 of the saue bea¡l

lfne. The latter set of measurements ls referred to as the T2

neaaurenents. For the T1 neasurernents, the detectlon systet "ooslst"d of

trùo ldenÈical counter telescopes r¡hlch are descrlbed fn eectlon 3. For

the T2 Eea6uremenÈa, the detectfon system conslGted of one or two counter

telescopes (slnllar to the ones used for the Tl neaêurenents) ln

coincfdence wfth a nagne!1c spectroneter ¡¡hlch ls descrlbed ln ÊecÈlon 4.

The electrofllcs for the TI measurenents 18 preeented 1n sectlon 5. The

eLectronlcÊ for the T2 rneasurenents ls preÊented in two sectlona: sectfon

6 deecrlbes the nagnetlc 6pectroneter electronLcs and Êectlon 7 descrlbes

the counÈer telescope electronlcs. SectLon 8 contains s deecriptlon of

the pulÊer electronlcs used to measure data acqul6ltion dead tfne. In
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sectlon 9 the polarlneter enployed to deterxûÍne the fntegrated Èotêl

fncldent bean fs descrlbed and ln sectfon 10 there ts a descrtption of

the data acqufsltlon systen,

2.1 Proton bean lfne

The TRIUMF proton beam llne used fe ehown schenêtically ln
figure 2. The rnaln stepe needed to tune the beaü llne are as follor¡s.
Flrstly, the currents of the comblnatlon nagnet, the bending nagnete 4VBl

and 4vB2 and the vertrcar steering nagnet 4vsMr âre adJusted to centre

the bean on the X-Y bean proffle monftor6 4VM2 and 4VM3. trollor¡lng thls
the current6 of the doublet of quadrupole xtågnets 4BQ4 and 4BQ5 are

adjusÈed to produce a vertfcal and horlzontal walst at the target

locatlon 4BTI. To nake sure the bean travele stralght through the centre

of the polarlrûeter and the Tr target, the beã.u rs centred on the proflle
¡tonltors 4BM4 (upstream of the polarloeter) and 4BM6 (downstreaû of the

Tl target) by usfng the horlzontal and verÈlcâ.l steerlng nagnets 4BSM2

and 4BSM3 respectlvely. In the câse of the TL nea6urenenta the bean 6pot

on a fluorescent Bcreen at this target po'itlon ie vlewed r¡fth a crosed-

cfrcuit TV nonitor. Subsequently, the currents of the trlpLeÈ of

quadrupole nagnets 48Q6, 4BQ7 and 4BQ8 arè adju8ted to produce anorher

vertfcal ând horizontar narst at the target locâtr.on 48T2. The beaa lg

centred on the beam proflle monltorê 4BM7 and 4BMg (one up8tream and

another dorùnstrean of the T2 target) by adJusting the horizontal and
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vertical steering magnets 4BSM4 and 4BSM5 respectfvel-y. For the T2

neasurementG the bean 6pot on a fluorescent 6creen at the target centre

ls vle¡ved agafn by a closed cfrcult TV. The tune waa perlodlcally checked

throughouÈ the experfnents by reducing the current and Lnsertlng the beao

proflle nonltors and the fluorescent screen.

2.2 Llqutd 3He tarset

A schematlc representatlon of the cryostat ls shown fn flgure 3. Thls

cryoatat consists of four prfnclpal conponents. They are: the lfquld

nftrogen Jacket (at a tenperature of 770K), the llquid helfum reservoir

(at 4.2 0K¡, th" purnpecl lfqufd 4He bath (at 1.6 0K¡, and the target cell

(at 1.6 0K¡. Th"". coxûponents are nested one withln the other ao that the

outer vesgel provfdes thernal lsolatfon for the colder Ínner one. There

are two tndependent vacuun systens: one whlch operates on the voh¡ne

about the J.lqufd nltrogen Jacket and the helfun reeervolr and a second

one whlch pumps on the space surrounding the punpecl helluú bath and the

3He target cel!- .

The llqufd hellun reservolr holds 15 1of llquld he11um and

acts as a reservolr for the punped llquld hellt¡n bath whlch has a volune

of I 1. A copper thernal radfatlon shleld at the botton of the reservolr

protect6 the lolrer båth and the target cell agalnet thetual radlâtlon.

The flor¡ of Ltqufd hei-lurn fron the reservolr lnto the punped hellurn bath

ls regulated by a needle valve. The punped llquld hellun bath hangs f roro

a central tube through whlch lt fs pumped. Ihe temperature of the purnped



¡fg. 3 Schenatic dlagran of the llquld 3He cryoerat. Shorrfng A -
copper radfatfon ehfeld , B - 3He gaÊ outlet, C - liquld 4lle reeervolr, D

- needle valve, E - 3lle condensing cofLs, F - target cell, G - tall
sectlon, H - dunroy target ceLL, I-scfntfllating6creen,J-llquld
nltrogen radlatlon shleld, K - Lfqufd helir¡n radlatlon shleld, L - puoped

llquld helturn bath, M - 3He gae fnlet, N - lfquld nltrogen Jacket.
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llquld hellun bath fs malntalned at approxlnately 1.6 K. Ar thls

teûperature the denslty of ltqufd hellurn-3 varles only slon1y.

The hellun-3 gas 1s liquefled whlLe lt flows through a copper condensing

colL of 2 un fnner dlaneter subnerged in the puuped bath. The 3He target

cel1 fs suspended below the punped bath u6fng a copper bracket. The

target ceLl has entrance and exlt apertures of. 4.4 cm ln dianeter

covered rflth 0.025 un thlck Nl wlndows whlch âre soLdered onto the boily

of the tårget cell. Target cells wfth two thicknesbes were used: a

thfcknesê of 1.63 cn for the Tl- neasurenents and a Èhtckriees of 1.25 cn

for the T2 neaaurements. Two etainLess Bteel tubes connect the fnstde of

the target ceLl r¡lth the condensLng coll lnalde the pumped llquld hellurn

bath . The target ls gravtty-fllled. Another stnllar target cell- ls

attached to the cryostat beneath the 3He target cel1 and 1s used as a

duûmy target to perforn background neaaurenents. Hanglng fron the bottom

of the cryostat enclo8ure 1s a CH2 target ând a fluorescent gcreen

whlch are used for callbratlons and bearn tunfng, reepectlveLy.

Gauges and regulators necesaary to operate ah" ,.rg"a 
"."

located fn the lDnedfate vlcfnity and nonftorl.ng signals are ¿lso sent to

the countlng rooE. The vapour preasure of the punped llquld heLlurn bath

le deduced from neasurenents taken nlth a thernocouple. A solld state

pressure transducer monitors the pre88ure of the 3He gas and controle the

needle valve thus reguLatlng the cell teDrperature. A nulti-turn reslstive

potentLoneter connected to the needlè valve shaft provtdes dlgital read-

out of the needl-e valve posltlon. Two geruanfun resÍstors attached to the

target cell pernlt a neasurenent of the cell Èemperature. An lndependent

neaaurenent of the cell tenperature follor¡s fron the 3He vapour pressure.

The level of the ltquid heLium renaLnlng ln the nâin reoervor.r ls
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determlned by passlng a known current through a superconductlng lrlre

lnÊerted ln the reservolr. The voltage drop lncreases lf an fncreaslng

portlon of thls reslstor ls above the level of the llquid and therefore

gJ.ves a neasutenent of the helfun leveL. The 3He system fs closed arìtl the

3He can be conserved ln a contanlnat lon-free ataÈe for long perlods of

tlne. Durlng the operatlor¡ of the target, the 3He gas le punped through

a J-tqutd nltrogen cold trap to reEove lnpurltfes.

The cryosÈat le equlpped wlth a pneunatlc liftlng oechanfsn and

wlth a rotatlon nechanlsxû. A nore conplete descriptlon of the cryostat

and of the target operatlon can be found lfl reference [Ha-81b].

2.3 TI counter telescopes

Flgure 4 ehoÌrs ln schematlc form the counter tel-escopes u6ed

for the 3He(pr2p)np neasurenenta at 250 MeV at the target locatlon T1.

Each Èelescope consfsted of tno pla6tfc scinttllator detectors PLl and

PL2, two ûultlvrfre proportlonal chanbers (MWPC|e) and a NaI(TI) detector

(12.5 crn ln dianeÈer by L5.2 cn thlck). Each teLescope nas nounted on a

movabl-e boon plvotlng about the êcatterlng centre. A detalled descrlptlon

of the counter teLescopes fê preseoted fn chapter 3 where reeulte of the

efflcfency neasurenents are presented.



Flg. 4 Schenatlc dfagran of the counter telescopes ueed at the térget
locatlon T1.
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2.4 The maenetÍc sDec r

Flgure 5 ls a slde vlers of the nediln resoLutlon nagnetlc

spectroneter. It lncLudes the optlcal elenenta, a quadrupole nâ8net

followed by a dlpole fnagnet, and the detector systen conslstlng of

1.11{PC 
I s, snd plastlc scfntlllator detectors. The quadrupole nagnet Le

usually 6et Èo gfve polnt-to-polnt focuslng ln the non-bend p1ane. The

posltfon of lts front face can be varled between I and 2 n fron the

target centre. The dfpole has a nonfnal 600 vertlcal bend angle, fs

strongly focu8ing tn the bend plane, and produces an Lnage of the target

on the focal plane. Thls ls achleved by properly Êel€ctlng the rstfo of

the quadrupole and dlpole magnetfc ffelds. !\do sets of X-Y MWPC'o are

posltfoned about the focal plane. The angle bet!¡een the foca¡- p]-ane and

the first MWPC at the exlt of the dipole nâgnet 16 660 (see ffgure 5).

The tiro set6 of MWPC's are labelled botton and top' resPectfvely. They

are placed 1n apart and deternl.ne the partlcle coordfnate6 X¡, Yb,

Xt and Yt. The coordlnate syaten used !ùlth the apectroneter fs

lndicated ln thê fnsert of flgure 5. T!ùo p¡.a6tfc sclntlllator detectore

(2.5 cn thtck) placed side by slde follo¡v the l"fiPcrs. A thln Plastlc

6cintll1âtor (0.08 cn thlck) and x-Y lfi,IPC are located next to the target

before the quadrupole nagnet at d1êtance6 of 60 and 80 cn, respectlvely,

fron the target centre. the ¡MPC deternlnes the coordfnates Xg and Yg

and thus the directlon of the partlcle before nomentum analysis. Tine-of-

flfght ts measured between the thln plastfc scfntfllator folLo!¡lng the

target and the plastlc aclntlllator6 at the top of the spectroneter. The

fltght path ts 11 n. Tlne-of-fl1ght together !ùlth the partlcle Íûonentun

allows partlcle ldentlficatfon. The focal plane acceptance lÊ flat to



Ffg. 5 Scheeatfc dlagran of the nâgnetic apectroneter. a - target

poeltlor¡, b - AE sclntlllåtor detector, c - X¿-yg ltWpC, d _

quadrupole Dagnet, e - dlpole någnet, frg- Xb-yb and X¡-y¡

Ìll{PcrB, h - E scfntlllator detector.
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lrithin a few per cent over the range -1O7. to +L2% ot the central ray

nonentun only $hen the soltd angle deffnfng cuts are Éufflclently

restrlctlve (for the present experinenÈ8 the solld angle was 1.2 osr).

The energy resolutlon (whlch ls a conbfnatlon of sPectroEeter

resolutlon, proton bean energy spread, and broadenlng due to the target

and other absorblng naterlal) ts typfcally 0.25%.

The current settlng of the quadrupole and diPole Eagnets

depends on the partlcle nonentum and the configuratlon of the quadrupole

nagnet. The nagtetfc fleld of the dlPole ls neasured wlth an NMR probe

inserted between the po!.e faces of the magnet. The entire nagnetÍc

spectrometer assenbly Ls nounted on a large guPPort boon which can be

reûotely rotated around the 4BT2 target centre. The sPectroneter angle

can be set ¡ttth an accuracy of i0.020.

2.5 ELectronlcs thê T1 meaaurementa

A fourfold coLncldence between the sfgnals of the plastlc

scfntlllator detectors of the trvo counter teleseopea (eee figure 4)

supplles a slgnal to hold the tnfornatlon of the llWPCrs. A latch level' ls

6et to dlsable any further cofncldence slgnals whlLe the current event ls

befng processed. This le the latch at the 0R gate called EVENT FAST Ln

ffgure 6. thls part of the fast loglc fncludfng the l"lWPC latches, etas

located near the detectors ln the exPerlmental area. The rest of the

electronics, lncludlng the CAMAC electronlcs' rvas located 1n the

counÈlng roon (ffgures 7 and 8). An event fs accePted whenever the slgnal
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Ffg. 7 Block dtagraE of the flrst portlon of the Tl electronlcs

located fn the counting roon.
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of Èhe fourfold colncldence fs 1û tlme wlth each of the slgnals of the

NaI(Tl) detectore (ftgure 7 shohra the relatfve tlútng) and the conputer

ls not busy. The final trigger le labelled MASTERCATE and ls shown 1n

ffgure 8. Whenever a MASTERGATE sfgnal ls generated, a latch level 1s set

to dlsabLe the colncldence unit and a gate algnal ls aent to the nultl-

lnput anaLogue to dfgltal convertera (ADC'e) (one for the plastlc

Ecintfllâtor slgnale and one for the NaI(T1) detector slgnal.s). The

BÈarÈ sfgnaLs for the left and rlght tlroe Èo dfgltal converterÊ (TDCrs)

(tndlcaÈed as LEFT and RIGHT RETIME fn flgure 8) are forned by requlring

a coLncidence beth'een the I'ASTERGATE and the second plastlc 6cintlllator

of each of the counter telescopes (PL2 and PR2, respectlvely). The

relatLve tlnfng beÈr¡een the two plastfc BcintlllatorÊ of each arn le

recorded together nlth the relatfve tlûlng between left and right counter

telescopes and the tlning of each arn nfth respect to the cyclotron R¡.

The MWPCTs !¡ere then read lnto the coûputer vla a CA¡,fAC lnput reglster

together rÍfth the conÈents of the A.DCrs, TDCTB and ê digltal coincldence

reglster (DCR). The DCR blt conflguratlon allows recognltfon of plleup

events ln the NaI(Tl) detectors and to dlstlngulsh between a bean-lnduced

event and a pulser generated event. The plleup gate unlt is lndlcated 1n

flgure 6 \rlth PUG. The resolutlon of the plleup gate rras aet at 300 ne on

the slgnåls fron the second plastic 6clntlllator detector6. At the end of

the read cycle, a clear signal (EVENT DoNE ln flgure 8) reeets all CAì4AC

nodul"ee ånd the latchee. An lnternal reset, L ps after the fourfold

colncldence sfgnaL of the Eclntlllator detectors, ls generateal by the

MI{PC contro!.Ler Ln caee the trlgger requÍreEent 1s not safisfled. To

meaaure the dead tlne of the eLectronfcs and the ds.ta åcqulsftlon

computer, events were Blnulated by a pulse generator uslng llght



Flg. 8 Block diagran of the second portlon of the Tl electronfcs

located ln the countlng roon.
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enlttfng dfodes (LEDrs) nounted on each of the detectors. Such pulser

events nere recorded wlth a frequency of about one ln 20 bean events. At

the beginnlng and at the end of each run (correspondlng to aPproxlnately

1001000 events) the CAMAC gcalers were recorded on magnetlc tape.

Singles as well as varfous colncldences were recorded together wlth the

polarineter and pulse generator nunberg of counts.

2.6 Masnetlc sDectroneter elec tronlcs

the presence of a parÈiele passlng through the spectrometer fs

lndicated by a cofncldencê between a signal froxn the thln Plastlc

sclntillator ¡rfth â 6lgna1 fron elther plastfc sclntlllator downstrean of

the spectroneter. The electronics of the thin Plastlc 6clntfl!-ator

detector (referred to as AE detector) 18 pre6ented ln ffgure 9 !ùhlle the

electronfcs of the two plastlc scintlllator detectore at the top of the

spectrometer (referred Èo ås T. and R plastlc scfntlllators) ls shown fn

figure 10.

The output of the colncidence gate called ì'ÍASTERGATE (shown 1n

flgure 11 and descrlbed later) generates the gatlng slgnals for the

ADC|ê, the strobe slgnals for the DCR and the MI,ùPC controlLer' and the

start signal€ for the TDCte. The lnfornatlon êtored 1n these noduLes ls

only recorded on nagnetlc tape 1f a second partlcle ls detected ln the

counter telescopes. If thts 1ê not the ca6er a reset ls generated and

the 6pectronetêr electronlca fs ready to accept another event. lhls ls
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the FAST CLEAR Blgnal of flgure 11. The pulse heights of the plastic

scfntlllator detector slgnals were analysed uefng 10 blt ADCIe. The

plastlc sclntlLlator detector slgnals are labeIled ÂE, and Bl, (left-

botton), fL (left-top), 8R (rlght-botton) and TR (right-top). The

slgnals BL, TL, BR, TR are also euomed and recorded ln a further ADC

channel (see ffgure 10). The slgnals BL and TL as well aÊ BR and TR are

processed by a neantlner. In th16 way, the recorded tlme ls fndependent

of the partlcle posltlon ln efther the left or the rlght plaEtlc

sclntlllator panels. The 0R sfgnal labelled "tL+ÈR" fn coincldence wfth

the MASTERGATE output, generåtes a Êtart signal for the TDC'g of the

spectroneter electronÍcê. Stop slgnals to the TDCrs are supplled by the

outputs of the dl8crlnLnatorg on the varfous sclntlllator slgnals and by

the cyclotron RF signal. Tlne-of-fltght betneen Èhe 
^E 

6clntillator and

efther the left or rlght ÊclntlLlator paneLs êt the top of the

Bpectrometer ls used for particLe ldentlflcatlon. The tlme dlfference

beÈween the Blgnals fron eLther end of the left ând rfght 6clntillator

paneLa locêtes the partlcle along the BclnÈ1lLator. A DCR unlt records

which plastlc êcfntlllator paneL supplled the start for the TDCre. It

aleo labels the puLser eventê as ln the T1 neaaurenent€. The MASTERGATE

(see flgure 1l) fs a flvefold cofncldence unlt. A latch leve1 Ls Bet to

dlsable the coLncldence nhfle the event fs belng proceesed. The lnputs to

the MASTERGATE are the plastlc sclntlllator signal ÂE, the 0R elgnal of

the rûeantLrûer outputs (labelled "tI+tR"), and a sfgnal frorn the I'll¡PC

controller lndlcatlng the presence of an event ln at lesst one of the

planes of the MWPCts. It aleo fncludes the sunned output on the four

sclntlllator panel sfgnals BL, TL, BR and TR. The Last elgnal ls

branched lnto tÌro parts. one corresponds to signals whlch pass a lor¡er
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level discrlninator ¡ühfle the other one lnhlbfts slgnals BurpassLng an

upper level dlscrlmfnator. The threshold of these dfscrlofnatore 1a set

renotely vla the conputer. The last requlrenent perxûlts the selectlon of

partlcles ln a deslred energy range.

2.7 Counter teleecope electronfcs for the T2 mea6urenenta

Each counter teleêcope u6ed for the T2 neaaurements consLsted

of a delayllne MWPC, a pLastlc sclntllLator veto detecÈor, a plastlc

Eclntfllator detector and a NaL(TI) detector. Flgure 12 shows one of the

two ldentlcal counteË telescope6. It fndlcåtes horù the trlgger sfgnal fs

forned (labelled RHS trlgger ln the figure because the counter teLeêcopes

were posltloned at the rlght hand slde of the lncfdenÈ bean) and the

slgnals aent to the ADC'6, the TDCrs stops and the DCR. The trlgger for

the rlght-hand-slde electronicÊ 1s an 0R betrùeen the Êlgnals generated

fron an ântlcolncidence betneen the plâsÈlc Eclnttllator detector and the

veto detecÈor of each counter tele8cope. A colncldence between Èhe slgnal

of thls OR gate and the output slgnal of the front pla8tfc sctntlllator

^E 
of the magnetlc Êpectroneter supplles a gate for the ADCre, a strobe

for the DCR'e, as well as the start for the TDC'e (whenever the computer

fs not busy). A dead tlne unit (cal-Led latch fn ffgure 13) ls lnrnedlately

enabled after fornlng the colncldence slgna]., preventlng another event

fron belng processed. The pulse hefghÈs of the p1â6t1c Êcfntlllator and

NaI(Tt) s1gna16 of each counter telescope are analysed using t!¡o AÐC

channels. one TDC unlt records the slgnals fron the delayllnes of the



Flg. 12 Electronfcs of the counter telescopes used at T2 (part l).
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Fle. t3 Electronfcê of the counter telescopeê used at T2 (part 2).
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MVJPCrs (four channele for each counter telescope). A second TDC Eea8ures

the tlne between a slgnal fn the AE pLsÊtlc sclntlllator of the nagnetlc

spectroneter and the slgnals of the pla8tfc ecintlllator of each of the

counter tel-escopes and a16o the RF sfgnals. As fn the T1 nea6urements, a

pul-ser fs ueed to Íleasure the dead tfne of the electronlcs and data

acqulsltlon 6yatem. The RHS electronlcs can also be trlggered nlthout

requlrlng a partlcle fn the nagnetl.c Êpectrometer through the llne cålled

RIIS SINGLE (fndlcated tn ftgure 13). Thls ls used for te8t purposes

only. If the cofncldence requfrernent betneen the detector sÍgnals on

both side6 nas not satlEffed a F'AST CLEAR signal cleared all the CAMAC

unfts and laÈches. The 6ane takes place after recordlng the events on

nagnetl.c tape. In the latter case, the clear signal orlgfnates 1n the

computer and follo¡¡s an output reglster located fn the nagnetlc

ôpectroneter CAMAC crate.

2.8 PuLeer electronics.

lleasurenenta of absolute dlfferentlå1 cross sectfons requlre

preclse knowledge of the elecrronlcs and data acqulsltfon dead Èfne.

ThlB quantlty ls neasured by slnulatfng events with LEDts driven by a

pulse generator. An LED is nounted on each of the plastlc sclntlllator

ltght gufdes and the NaI(T1) detectors. The electronlcs uaed to trlgger

the LEDrs ls aho!¡n fn flgure 14. Pulses fron a pulser nodule were ehaped

to generate llght slgnals to natch a6 best as posslble the tlne

dlstributlon of each type of sclntlllator materlal. Pulser algnaLs are
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also fed lnto one latch of the ¡4llPcrs. The slgnals fron the pulser are

set ln randon colncldence rsith the Brm of the left and right detectore of

the polarineter. The pulser rates nere consequentLy proportfonaL to the

lncídent beâro current. The ratlo of the recorded pulser eventÊ to the

generated pulser events ylelded the electronlc6 and computer dead Ëlxoe.

The software couLd ldentlfy pulser eventa by exanfnlng the approprlate

bit ln the DCR ¡¡ord.

2.9 The poLarLneter

The lntegrated bean current ls deternined by using a

polarfmeter located upstrean of the T1 target pogltlon. The polarlrûeter

ne¿¡aures eLa8tlc proton-proton scatterlng at left-rlght syrometrlc

angles. The scattered protons are observed Ín tiro forward Èele8copes set

at 170 ¡vlth respect to the lncldent beaû. The target ts a CH2 folL

locâted ln a scatterLng chanber together ytlth the two plaEtlc

sclntlllators whlch deÈect the recoll protona (L3 and R3 fn flgure 15).

the scåtterlng angle of 170 was chosen because at thts angle the p-p

dlfferentlal croaa aectlon 1s relatlveLy fl-at and the ånalyslng power has

a naxLmun 1n thê energy range of 200 to 5OO MeV. Each forward angle

teLescope conELsts of tno plastlc sclntlllators (L1, L2 and Rl, R2 for

the left and rlght tele€copes, respecÈlvely ). The forward angJ-e

telescopes subtend a solfd angle lndependent of the lateral bean posltlon

on target. ThlÊ rùas achleved by rotatlng the sclntlLlaeorÊ, Ll and Rl so
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thêt they pofnt to a posltlon do\ûnstrean fron the polarfneter target.

Flgure 15 shows Èhe electronLcs r¡fth the Polarineter. It lncludeg two

trlple cofncldences 1,1*L2*L3 and R1*R2*R3. Accidental colncldences âre

obtalned by delaytng R3 and L3 by 43 ns and fornlng another Êet of trlple

colncfdences.

Typlcal accldental colncldences were less than lZ of the reaL

coincldences and only occaslonally nere accidental colncfdences up to 22.

A renote controlled polarlmeter target wheel ¡¡as used to change

perlodfcally to a carbon fo1l, so that contrlbutlone fron C(pr2p) could

be neasured under ldentlcal bean condltlons and approprlate correctlong

be nade.

2.10 Data åcqufsl Èion avsten

The dâta acqulsltion systerû used consleted of a HoNEYWELL H316

mLnicomputer lnterfâced to three CAIIAC crates. The Seneral strucÈure and

operatlon of the data acquleltlon progran HoNDA are descrlbed ln several

IRII]ItF fnternêl reports (the no8t recent iB [Hu-81]). Thls progran is

capable of readfng varloue paraneter6 generated by the electronÍcs sy8Èen

vla CAMAC Lnterf¿ce, of nrlting the lnforûatlon event-by-event onÈo

ûagnetlc tape, and of selectlng and storlng portlonB of the data ln the

conputer flenory. The logLc operatfons whfch can be perforned on these

stored data produce and dlsplay 6pectra under a serles of conêtraints or

cuts. Such spectra were eaGentlal for checklng electronics and data

aqulsltlon.
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CHAPTER III

DATA ANALYSIS

3.0

The procedure followed for Èhe reductlon of the 3tte(p'2p)np and

Stie(prpd)p data is presented and dlscueeed here. An outllne of the

3ue(pr2p)d data reductlon, perforned at caltfornla state Unlversfty at

Los Angeles, ls also glven. A nore conPlete descrlptlon of that part of

the analysls 1s glven tn reference [Kr-83]. SecÈlon 3.1 descrlbes how

the experlûental yields of the reactfon studied were extracted. Sectlon

3.2 deecrlbee how correctfon factors, differentfal crosa 6ectfonsr and

uncertafntfea \rere obtaLned.

3.1 Data reduction

The 3He(pr2p)np and 3He(p,Pd)P dåta were analysed uslng the

computer code KiOWA, a verÊatLle daÈa reductlon progran r¡hlch ¡¡ae ådaPted

to ûeet the needs of the present experlnentê. The analysls utlllzed the

AI"ÍDHAL 470lV7 computer at the Univer6lty of Manltoba and the VAx/780

coDputer at TRIIJI'{F.

KIollA ts a daÈa sun¡narlzlng conputer progran ¡thlch sorts and

plots data stored on Dagnetlc tape or dlsk flle. The versfori used was

nodlfled to read the unproceasèd data tapes wrltten by the HoNDA
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acquisltion program and to rewrite the data in a form conpatlble ¡slth

KIOI.{A and the two computers used. In addition to the subroutines

handllng the standard event cuts, new subroutines were written to

produce the computat.ions needed for the data reductlon of the Present

experinent. These subroutfnes deaL prtnarily with the energy corrections

for absorbers, energy caLibratlons, and mlsslng energy or missing mass

calculatlons.

Flrst the NaI(T1) counter telescope energy calfbration and

efficlency data were analysed. These measurements consisted of a set of

proton-prot.on scatËering data from a CllZ target. The Proton energies

deposlted fn the NaI(Tl) detectors are known from klnenatics corrected

for energy loss ln the absorbers. The descrlption of the anaLysls of the

energy calibratlon and efflciency measurement data ls gíven ln chapter 4

where the results are also presented and discussed.

Hlstograms and scatterplots of experlmenEal and calculated

parameters !¡ere conatructed Ln the flrst instance ¡¡lthout any strlngent

requirements. Thls preliminary examLnatlon of the data allowed the

selectÍon of the cuts necessary for the calcuLation of the yields of the

reactions studLed. The scatterplot, which ¡ras examined 1n alL the

measurements lnvolving the magnetlc spectrometer, is the ti¡ne-of-fltght

through the spectrometer (1abeL1ed TÀE) versus the energy deposited in

the plastlc sctntlLlator at the exft of the spectrometer (labelled E).

Thls epectrr¡m was used to determined the cuts on E and TÂE whtch identlfy

elther protons (for the (pr2p) measurements) or deuterons (for the

(prpd)p measurements). A T^E versua E two dimensLonal spectrun for the

3tte(prpd)p measurements ls glven 1n flgure 16.



Ftg. .16 T'r{o dlnenslonal hlstogran of the tlne-of-fught through the

nagnetlc Êpectroneter TAE versus energy ln the pla6tlc Bcintlllator E.

The arrows fndfcate the cut6 set in further analysLs to lsolate the

events of lnterest fron accldental events (Êeparated by 43 ns).
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In a eubsequent exanfnatlon of lhe daÈa, eventa ltere rejected

froú further analysle for any of the following reasone:

1) Any one of the MWPC planee had a nlsslng wlre-coordlnate or hlt6

correspondlng to nonadjacenÈ nireÊ firlng ln a slngle plane wlth

a gap greater than one r¡ire. In other r¡ordsr events wlth more than

one ¡¡lre struck (vtith a gap of at nost one wlre) fn a elngle MWPC

plane were accepted. This cholce reeulted !o be a good coopronLee

to optlnlze both spatfal resolutlon and efflclency.

2) Ptle-up occurred 1n the NaI(T1) detector. A ptle-up event 1a an

event whlch occurred r¡lthin 300 ns fron the Prevl.ous one'

3) A particle entered the NaI(TI) detectors at a dÍstance Larger than

the radius deftnlng Èhe flat efffcfency regfon. The cut

correspondlng to this radius deflned the 8o1ld angle acceptance for

Èhe NaI(Tl) counter telescope and the radlus depends on the energy

of the detected protons. A 4.5 crn radlus nas chosen for the

3He(p,2p)np data and a 3 cn radlus for the 3He(p,pd)p data. These

valuee \tere taken fron the efffclency neaaurementÊ as a funcÈfon of

radlal dfstance presented ln chapter 4.

4) A partfcle entered the ûsgnetic Epectrometer outelde the solfd

angle correspondlng to the ftat efffclency reglon ln the focal

plane. The value for the soltd angle used fs 1.2 nsr.

The solld angle deffnlng cuts on the X0 and YO planes of the U!{PC at

the entrance of the epectroûeter were deternined by examlnlng the

scåtterplots of X6 vereus YO ênd of the focal plane coordlnate XF

versue X¡. The focal plane coordlnate )i3 16 calculated as a llnear

conblnatlon of the Xb and X¡ coordlnates ( fron the two MWPCTs

posltloned about the focal plane ae prevÍous1y descrfbed). The values of



Flg. U I\to dfEensfonal rePresentatlon of counts fn the Xg - Yg

plane. Xgr YO are the coordinates of the MllPC at the entrance of the

rnagnetic êpectroneter. The arrows lndlcate the cutÊ set ln the furÈher

analysls.
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Ffg. 18 Tvo dfnenelonal repreÊeutaÈlon of counts ln the X0 - XF plane

The arror¡s lndlcate the regfon wlth conÊtant efffclency of the focal

p1ane.





-42-

the conatanta are gfven tn [St-81]. Flgure 17 shot¡s a typlcal scatterPlot

of X6 vereus Yg and flgure 18 ehows a typlcal scatterPlot of x0

versus XF. From the latter ffgure one can see that the efflclency ls

flat only for a narro¡¡ reglon of the XO plane.

For the renainfng rgood eventsrr the kfnetlc energy, Èlne-of-

fltght and êpaÈfal posltlon of the deÈected partlcles were computed and

hlsÈogråns produced. In the cêee of the 3He(p'2p)np data at 250 MeVr the

kinetfc energLes of the scattered and eJected ParticLes were deduced from

the pulse heights fn the t¡ro NaI(T1) detectors and the aasoclated

callbratfon constants. Correctlons were applled for energy Loeses ln

abgorbers precedlng the NaI(T1) detectors. For 3Ite(pr2p)np at 400 Mev,

3ne(p,2p)a and 3He(p,pd)p at 300 and 450 MeV the energy of one of the

detected partlcles was deduced fron lts pulse height tn the NaI(Îl)

deÈecÈor whlle the noûentuxt of the other Partlcle was deduced fron the

focal plane coordlnate XF of the nagnetfc ÊPectroneter ând the nagnetlc

fleld strength (as preeented 1n [sÈ-81]). Flgure 19 showe the two-

dlmenslonal hlstogran T3 vereus T4 for 6oûe of the 450 MeV

3Ue(p,pd)p data whfch saÈisfy the requlrenentÊ descrlbed above. T3 ls

the energy of the protons rneaeured wlth the counter telescope and T4 ie

the energy of the deuteron ae calculated from Lts nonentum neaeured wfth

Èhe oågnetfc Epectroneter. Thls two-dlnenslonal ÊPectrun has a hfgher

denslty of countô 1n the reglon of the three-body flnal state eûergy-

sharlng locus. It also shows counts due to reactlon losses ln the

detectors, accldeûtaI events and background orlglnatlng in the nlckel

folls contafning the L3He. Alt the (p,2p) and (p,pd) spectra ahow these

featurea. In addltlon the (pr2p) spectra coûtafn events belolt the three-

body locus whlch correspond to the four-body flnal state contl.nuu¡û.



Flg. 19 Tno dfnenalonal hf8togran 13 verBus T4 for Bone of the

rHe(prpd)p daÈa. ThiE hlstograE was obtalned lrlthout any reatrlctlonÊ on

the nlsslng energy Enlss . The data Êatfsfy the conditlong

descrlbed Ln Èhe Èext.
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The ylelds due to åccldental cofncldences between partLcles

orfgfnatlng ln two consecutlve bean bur6ts ltere subtracted fron the

totâl yield a6 a correctlon for randon coLncl'dences between Partlcles

fron the sane bean burst. Correction f¿ctors for MI'IPC lnefflclencfes,

plle-up rejectlonr and electronLcs and comPuter dead tLme ltere a18o

calculated. The nethod used to calculate these correctlona, thelr

errors, and typlcal valueg are given ln the nexÈ sectLon. Additfonal

constralnÈÊ were lmposed dependfng on l¡hether the 3He(P,zP)nP or the

3He( p, pd)p data ¡tere analYsed'

In Èhe cåse of the 3He(p,2p)np anal.ysls cute ln both the sfngle

partlcle ttne-of-fltght spectra ¡¡ere needed Èo neke a subtractlon of the

background events due to the 3He(p,2p)d reactlon. Wlth the ald oi ffgure

20 lt ls posÊtble to explaln the nechanLsm through ¡,¡hlch the Dore coPious

3ge(pr2p)d reactlon events produce background event6' The kinetfc

energleÊ of the scaÈtered and ejected partlcles are lndlcated wtÈh T3

ancl T4 respectfvely. Let T30 and T40 be the klnetlc energiee of the

scattered and eJected protons fron the 3He(pr2p)np reactLon correspondlng

to P(recoll) = 0 (P(recol1) ls the nonentun of the centre of nass of the

n-p palr). Let T4rbe the ktnetlc energy of the elected proton fron the

3H(przp)d reactlon trhen the scattered proton has kfnetlc energy T30 and

let T3t be the klnettc energy of the scattered proton from the

3ue(pr2p)d reactLon when the electeat proton has energy T40. As can be

seen Ln figure 20 the klnenatlc locuÊ of the 3lte(p,2p)d reactlon 1s well

separated froû the continuum regfon around Èhe polnt (T30rT40) and

thls !ra6 true for all the angle palrs neasured. In the case of flgure 20,

the klnenatlc locu6 at the angl'e pafr 300-300 at 250 lfev has

10r='¡04=99 MeV whlle T3'=T4'8150 Mev. Events ln a rectangular



llia"q

TLg. 20 Kfnenatfc locus for Èhe rHe(pr2p)d reactlon aÈ 250 MeV and

asynm€tric coplanar geonetry 03 = 04 - 300.. the pofnt fn the box

fndlcateE the energy of the Bcattered and eJected protonÊ correBpondlng

to the centte of nass of the n-p palr befng at rest.
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energy blte centered around the pofnt (T30rT40) were counted to

caLculate the 3He(p,2p)np cross sectlons. The 3Ite(p,2p)d

event6 rùlth energLes (T30,T4') and (T3',t40) snd also Èhoêe trtth

T3)T30 and T4)T40 fron other pofnts of the locus can appear fn

the regfon of fnterest r¡hen elÈher one of the two protons or both protons

euffer an lnela6tic reactlon 1n the NaI(Tl) detector8. Background of thls

nature was separated fron the actual yleld by settfng cuts 1n the tÌto

dlnenelonal spectrun of the tlnûe-of-flight of the scattered particle

versus the tine-of-fltght of the ejected partlcle. The 3lte(p,2p)d events

whfch undergo a nuclear reactLon fn the NaI(T1) detector have different

tlne-of-flight values Èhan the 3He(pr2p)np eventa. The wfdth of the cutg

on each slngle arm tlne-of-fllght r¡as detêrnlned fron tine-of-fllght -

callbratlon meaÊurenent€ usfng protons ¡¡1th a enall energy epread

(approxfnately 5 MeV) coning froû proton-proton scaÈterlng. The value

choeen was 1.2 nsec.

The tÌro MWPCTs r¡hlch a'ere nounted on each boon for the

neasurenenta of the 3He(p,2p)np reactlon at 250 MeV were used for vertex

reconstructLon at the target. Events nhlch dld not orf8lnâte âÈ the

target \rere rejecÈed by setting a clrcular cut equal to the lnner

dianeter of the target cell (4.4 cn).

In the case of the 3He(p,pd)p reactfon the addltlonal

constralnt was Lnstead a windo!¡ around the nlsslng energy Enfss .

The nlsslng energy 1s equal to the dlfference of the mass of the reactlon

partlcfpants before and after the reactlon3

Enl s s=rû1+o2-n3-ro4-n5

Er1s"--5.4 MeV



ELg. 2L HlstograE of Èhe nisslng energy Er1"" for Eooe of the

3He(p,pd)p data.
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The quaritlty Enlss (fron total energy conservaÈfon) can also be

expreesed 1n terns of the klnetfc energlea of Èhe reactlon PartlclPante'

Er1", =T3*T4*T5-T l-T2

where the T1 (f=lr213,4,5) are the laboratory klnetlc energles of the

lncfdent, target, scâttered, eJected and recoll partlcles. The fncldent

proton beao energy Tl 1s known lrhtle T3, T4, 03, 04, O3' O4'

and the correÊpondLng nonenta P3 and P4 are neasured quantltles 1n

the experlnent. The value of T5 folJ.ows fron l-fnear nonentun

conaervatfon. Adoptlng the conventlon that the z axls ls along the bean

dlrectfon, the y axls ls perpendleular to the reactfon plane (along

k1 x k¡ for the scattered proton), then

P5x = - P3elno3coso3 - P4s1n04cosÞ4

P5y P38ino3Ê1nÞ3 - P4sfno4slno4

P5, = Pl - P3co8o3 - P4cos04.

Fron P5*, P5y, P5r, 1È is then Btralghtforrùard to derlve the

value of T5 for each event.

The wldth of the peâk of the E 1"" apectrr¡n depende on

the corûbfned energy resoluËton of the two detector 6y8tens. The

re6olutfon ¡¡orgened ¡sfth lncreaslng thlckness of the Cu absorber 1n front

of the NaI(T1) detectors. ln the case of the 3He(p'pd)p data a 20 MeV

blte was needed to lnclude the enÈlre Eslsg peak. Wfth thfs cut

It was posslble to separate the 3He(p'pd)p reactlon fron the background.

In flgure 2I a ntselng energy 6pectrum ls shown. The two dinenelonal

apectrun T3 versus T4 obtalned nlth the rêstrlctlons already

dtecussed and nlth a cut of 20 MeV around the nfsslng energy peak ls

shown ln flgute 22. ÍLgrre 22 ehould be conpared wlÈh flgure 19 r¡hlch

contaÍng the saùe BcatterpLot wlÈhout the cut on the mlssfng energy.
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A cut ln the Er¡lss value ¡cag also used ln the analysls

of the 3He(pr2p)d data . In the latter câ6e, the energLês and the angles

of all three products fn the ffnal state were neaeured. Slnce thinner Cu

abeorbers were used, the Enlss cuts varfed fron 10 to 15 llev.

Alt the constraLntê (cuts and wtndows) ueed to extract the yfelde were

¡nonltored ln the analyBfs of each ûågneÈ1c tape by constructlng all the

Bpectra of the pararneters on ¡lhtch t¡fndo¡re were placed. By coroparlng

thege spectra for all runs an lndlcatlon of the electronlcÊ and bea¡l

stabllfty nas obtalned. llhen a snall change ln the galn of the NaI(Tl)

detectors was found Èo have occurred â correction fåctor for the

callbratlon constants wâs calcuLated fron the relêtfve posftlon of the

pulser peak fron run to run. on1y â fen of the runs Presented th18

problen.

3.2 ExÞerirûentål resultB and uncertafntleg

The sfxfold dlfferentlal crosa êectlone for the 3tle(pr2p)nP

reactlon and the ffvefoltt dlfferentlal cross aectfonê for the 3tte(pr2p)d

reactfons were obtaLned as follows:

d5 o/ (dOrd0OdT3dT4 )= (Ya*MWPC'tPU*DT*NaIEFF ) / (03*fl¿*AT:*^T4 *T*Q )

dso/(dArdAOdTl) = (Y,*MWPC*PU*DT*NaIEFF ) / (03*04 *ATl¡rl'rQ )
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Ya ls the number of proton på1r8, obtaLned âfÈer accldenral and

background subtractfori, correspondfng to energy bites 
^T3 

and ôT4

centred around T3 and T4 for nhlch the centre of nass nonenÈum of the

recolllng n-p palr equals zero. The energy bites ÂT3 and 
^T4 

lùere

taken to be 9 MeV. 03 and 04 are the solld angle elenents for the

scattered and ejected proton€, resPectlvel-y. The eun of acccldental

3lte(pr2p)np events and background events due to reactlons occurrLng ln

the nlckel wlndows of the L3He target cell 1s lndlcated wlth Ta' . The

Btattstical error 1s then glven bY:

ÂY¿=(Y¿+2*Y. r )l/2

The quantity Y5 ls the nunber of partlcle Palrs wfth one of the two

detected partlcles havlng an energy T1 nlthln an energy bite ÄT1 and

withln 6olid angle elenents fl3 and Q4 respectively. SlnllarLy' the

sÈatl8tlcal error ls Sfven by 3

ÀY¡=(Y5+2*Y5')1/2

MI.IPC represents the correctlon factor for the nultlwfre ProPortfonal

chânber lnefflcfenclee. Labelllng the efflclency for each wlre plane by

ê1¡

. MWPC= (n1=1,n e1)-t

where n ls the total nunber of wLre planes. In generaL' lf 11 partlcles

are lncldent on the tth wlre plane and 1f R1 of Èhen satfsfy the

lnposed requlrementê t

e1=Rt/I1

The statlstiesl uncertalnty fs cal-culated fronr the mean square deviatlon

of the dletrtbutlon of lhe number of Partlcles PaÊslng through the

wlre plane. Slnce the probabtlfty for each Partlcle to pass through the

plane fs e1 and rangee fron 0.7 to 0.95' the distrfbutlon of the number
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of partfcles whLch have passed the plane ls a blnomLal distribution. The

mean value of thls dlstributlon Ls lf*el and the mean square

devlatÍon Ls l1:ts1*(l-ef). Uelng Èhe last expressLon, the equare of

the fractfonaL uncertalnty (statistfcal- only) f.s gfven by:

(Aer/er)2= 1/Ri - LITL

The fractLonal uncertalnÈy, AMI,IPCllffiPC 1s then the root nean square of

the sum of the squares of the fractlonal uncert.alnty for each e1.

Typtcal vaLues of thls fneffLcleney correctlon facÈor MI,IPC, ranged

bet¡¡een 1.25 and 1.30 with uncertalnties of 0.5"Á. Occaslonally lttth high

beam lntensltles thfs value was as large as 1.60 nlth a statlstlcal

uncertainty of tO.87.. the IMPC effLclencies were deternined fron Èhe

subgroup of events for which no plle-up occurred. Pile-up events have the

plle-up bLt set and are accounted for through the pile-up correction

factor. By deterninlng the MI.IPC correctLon factor after plle-up evenÈs

have been reJected, double countLng of events whfch resulted fn both

nultfple hfts as well as plle-up 1s prevented.

The quanÈfty PU Ls the pile up correctLon fact,or. In the case

of the present experiment Lt ranges from 1.1 to 1.2 wfth a statistical

accuracy of 0.37. to O.4"/".

The quanttty DT Ls the electronlcs and computer dead tlne

correction factor. TyptcaL values range fron 1.03 to 1.3. The statistlcal

errors ranged fron 0.51 to L.O%.

The quanttty NaIEFF ls the NaI(T1) detector efficlency for

protons of the approprlate energy. These efflciencies were measured as

welL as ealculated and are presenÈed ln chapter 4.

The quantlty Q 1s the lntegrated lncident proton beam current ;

it ts determf.ned fron the sum of Lt and Rr as foLlows:
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Q=C*(L r+R, )

Lr=L-La". Rr =R-Racc

L (R) and l,¿ss (Rsss) are the left (right) polarfmeter nunber

of counts and polarlneter accidental number of cour¡ts, and C fs a

callbratlon constant lrhlch dependB on the incldent beam energy. The

quantlty C has been deternined Ln previous expertments. The uncertainty

fn the calfbratLon constant, whfch le -32 results 1n an absolute

uncertalnty fn the nor¡nallsatlon of the data. Ilowever, polarlûeter

targeta \rfth the Bâne nonl.nâl target thfckness and lsotopic conposftLon

r¡ere found to glve dlfferent values of the lntegrated beaE current when

callbrated agal.nst a Faraday cup (these dlfferences ranged fron 3Z to

102). The otatlstfcal uncertafaty arlsfrig fron the polarl.roeter nunber of

counts fs relatfve to each neaaurenent and ls typlcaLly Le8s than lZ.

The quantlty T is the nuurber of 3He nuclel per unlÈ area, given

by¡

T=ptlcoe0,

nlth p the densfty of the llqufd, t the thlcknese of the target cell and

ô the rotatlon angÍe of the target reLatLve to the tncident beaD. The

denÊlty p was deduced from an average of temperature neaauremenÈs taken

approxfnately every trùo Èo three hours. Typlcally the terûperature could

be determlned wtthtn tO.O3 0f which resulÈed 1r¡ an uncertalnty of the

denslÈy of 27" to 32. The uncerÈalnty fn the rotation angle and ln the

thlckness neaaurenents ate -LZ. The totsL uncertalnty ln the

determlnatlon of Èhe nurober T depends on irll Èhese uncertaLntLes and 1s

approxlûaÈely 3% to 47..

The eolld angle elenente 03 and f¿4 are deternined by
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settlng êoftlrare cuts on the MWPC data. The uncertalnty fn the solld

angle determlnatl.on was calculated not to be larger Èhan 12.

The fractfonaL uncertaLnties fn the differentlal croas gectLons

rrere calculated as the aquare root of the êun of the squares of the

fractional uncertalntles ln Y, MWPC, DT, PU, NaIEFF, and the statlstlcal

error ln the polarfneter counts and are gfven ln the data tables. The

absolute uncert€,1ntie6 auch a6 the ones ln the 6o11d angle and target

thlckness determLnatfon and lncident bean current lntegratlon gave an

overaLl ûorn¿lfsatfon uncertainty of about 102.

The momentuxr dlstrlbutions were extracted fron the neasured

differenÈfal croaa Êectlons uslng the procedure described ln the

appendLx.
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CH.APTER IV

THE EFFICIENCY OF COUNTER TELESCOPES FOR IMERMEDIATE ENERGY PROTONS.+

4.0 Introductlon

In two prevloua papers ([Ca-77],[Co-78]), the absolute efflclency

of counter teLescopeE for detectlng lnterûedlate energy Protons Ìtaa

reported and dlecussed. Theee counter telescoPes conslsted of a

nnulth¡1re proportfonal chanber (Ì4I,¡PC), lrlth both x and y planes, one

(or nore) thln plasÈlc scfntlllators, a sodfi:n lodide [NaI(11)]

detector, and, lf needed, an approprlate aoount of copper uged as

energy degrader mounted 1n front of the latter deÈector. The thfckness

of the NaI cryEtal ueed ln these neasurenenÈa rras 7.6 cn which could

atop protons r¡tth energlee up to 150 MeV.

In thfs chapter ne present and conpare recent reeults of efflefency

neasurements for telescopes wfth 15.2 cn thfck NaI crysÈ416 (r¡hlch can

stop protons up to 230 MeV) for protons ln the energy range fron 50 MeV

to 350 MeV. The radlal dependence of the efficlency for each aelected

energy rsås also neasured. Thfs enabled ân lnve8tlgatlon of the con-

blned effecte of reactlon losses and out-scatterfng which are the cauee

of telescope lnefflciencfee.

* to be publfshed 1n Nuclear InEtrunents and Method8
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4.1 Experimental nethod and data analysis

The efftciency ueasurements consÍsted of detecting proton-

proton colncldences from a thln CH, target in either two ldentlcal

detector telescopes or a deÈector telescope and a nagnetLc spectromet.er

set at complementary angles for p-p scattering. In the ffr6t case,

uslng 250 MeV fncfdent protons, the two counter telescopes úrere mounted

on booms wlth platforms rotatable about a acattering chanber. Each

t,elescope conslsted of a 0.3 cm thlck plastlc scintlllator' a L2.7 cm

by L2.7 cm M,IPC ¡¡fth 0.2 cn wLre spacing at a distance of 90 cm from

the scattering centre, a second 25.4 cm by L2.7 cm MI{PC ¡sith the same

wÍre spaclng at a dístance of 1-23 cm to allow vertex reconstructlon,

follor¿ed fmnediately by a second 0.3 cn thfck plastic scfntillaÈor and

a cyllndrfcal NaI(Tl) crystaL (L2.7 cm in dlaneter and 15.2 cn thlck)

mounted on a 12.7 cm diameter photonultfpller tube. Both NaI energy

signals were digitized and recorded on Dagnetic tape when the trigger

signal, obtained from a four-fold cofncidence of t.he four pl-astic scln-

tlllators, rüas present. Slnce lat,er anal-ysls of the data used the

elastlcally scattered protons detected 1n one telescope to deflne the

fncfdent fl-ux ln the other, it was possible to exËract simultaneously

two efffclency measuremenÈs for each angle BettLng. In the second

case, uslng 450 MeV incldent protons, the detector telescope conslsted

of a 2O.3 cm by 20.3 cn delay-ltne MI,IPC at a distance of 198 cn fron

the scatterlng center, followed in¡nediately by a 0.08 cn thin plastlc

sclntl-llator, an annular veto counter (wlth an aperture 10.2 cn fn dla-

neter), some copper energy degrader (lf needed) and a L2.7 cm diameter

by 15.2 cm thlck NaI detector. The magnetlc spectrometer detection
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êysten consfsted of a 0.08 cn Èhfck plasÈlc sclntfllator plus a 12.5 cn

by 12.5 c¡û I{WPC (wlth 0.2 cn \rÍre spaclng) aÈ a dlstance of 80 cn to

deflne the eolld angle, Eounted before a quadrupole rûagnet-dtpole nag-

net conbl.natlon. Thls nas follo¡¡ed by a set of 25.6 cn by 102.4 cn

MI,IPC I s (wfth 0,2 cn wlre spacfng) nounÈed about the focal pLane of the

ûagnetLc spectroneter and a 2.5 cm thfck pla8tlc scfntlllator. The

tine-of-fltght dlstance through the spectroneter is 11.0 ¡û. EventÊ

r¡ere recorded for a coincfdence bet¡¡een the thfn pla8tf.c 6cintlllator

fn front of the NaI detector and at the entrance of the spectrorûeÈer

nfth no slgnal present fron the veto counter. The anount of copper nas

chosen so that the reeidual energy depoelted ln the NaI detector \ras

between 200 MeV and 230 MeV. The naxlnun thlcknesÊ of copper absorber

used na6 6.67 cnr.

Incldent proton bean lntensltles erere of the order of a few

nA. The bean posltfon and dlrectLon lrere measured usfng wlre proffle

nonltors. The cross sectLon of the bean at the target Ìras about 0.5

cn ln dLameter. The CH2 target Èhlcknesa was 235 ng/cm2 ln the case of

the 250 MeV neasurements and 79 mg/ cm2 tn the case of the 450 I'leV

mea6urementÊ. The angle6 at whfch the counter telescopeÊ were aet were

kriown to sn accuracy of t0.1". By chosfng dlfferent complenentary

pafr6 of angles Èhe energy range frou 50 MeV to 350 Ìfev nas covered.

Each event had Èo satfsfy a nu¡¡ber of constralnts. The

counts ln the tno arn6 had to orlglnate nlthln the sane bean burst.

CorrectionÊ for accfdental colncldence6 r{ere nade 1n the usual fashlon

by delayfng one sfde by one rf perfod (43 neee). Events for whlch the

NaI signal showed 'plle upr nlthln 300 nsec were rejected. Onl-y those

proÈons enterlng ln one of the detecÈion systens whlch had the
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åssoclated proton (ln the conplenentary arm) produclng a full energy

sfgnal and being lrlthln a narro!¡ solld angle (10.8" at 250 MeV and

t0.7' at 400 MeV) ¡¡ere used for the efflciency deternlnatlons.

The efffciency e of a counter telescope fe deflned as e =

I/Io, where Io 1s the total number of protons lncldent on a counter

telescope under the deecrlbed constralnts and I ls the nunber of tagged

protons whlch resulted fn a full-energy algnal ln the NaI detector.

Thls ratlo nas calculated as a functfon of dlstance from the centre of

the NaI detector, uelng the MWPC lnforûatlon !o reconstruct nhere the

fncldent proton entered the NaI telescope detêctor. The lncldent pro-

ton energy ln the NaI detector wa6 calculated froo kfnenatlcô taking

lnto account energy losses ln the oaterlal preceding the copper absor-

ber and the NaI detector. Due to the flnite elze of the solld an81ê,

the lncldênt energy spread nas about 3 MeV for the 250 MeV data and

4 MeV for the 400 MeV data. Correctlons for the contrLbutLons of

(pr2p) events fron carbon were less than one half of a percenr tTy-66]

nhlle the correctLons for reactlon losses 1n the CH2 target and in the

plastlc sclntillator before the NaI detector, Èhe MWPC ('e), and air

([t'te-69], [So-77], [Me-69]) varled fron a smal1 fractlon of a percent

to about 1.5 percent. Due to energy sÈraggllng, the ffnlte resolutlon

of the NaI detector, and klnenatfc broadenlng, the s¡ldth of the nlndorù

needed to lncluile all of the full energy peak varled froû 7 to 15 Mev

below Èhe peak centroid. Slûce thi6 varylng wlndow lncluded dffferent

anountE of reactlon products underneath the full energy peak, the

efflclencles \rere correcÈed 60 that, as far as reactlon products are

concerned, the effectfve lower edge of the nlndo!¡ was 7 MeV belo¡¡ the

peak centrofd. These correctfons ranged between 0.32 and 2.4%. The sa¡ne



îIg. 23 The efflcfency of the counter tele8copes as a functlon of

radfue for four dlfferent energles. The Bolfd lfnee represent ffts to the

dats polnts uslng the expressl.on gfven fn the text.
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value for the lorùer edge of the nlndow was choÊen by Goul-ding and

Rogers [Go-78] fn thelr reactlon 1o6s calculatlons.

4.2 Resulte and discusslon

In ftg. 23 the efftcfency of the counter telescopes fs plotted as

a function of the radlal posltlon at some of the dlfferent proton ener-

gles. All the curves have a fla! portlon, whoêe value depends on the

aûounÈ of nuclear reactlon loeses in the Cu absorber and NaI detector

and whose nidth depends on the anount of out-scatterlng. The decrease

ln efflclency due to edge effects occurs at snaller radlf as the proton

energy and the thlckness of the copper absorber lncreaae indfcatlng

Èhat the out-scattering beconee nore lnportant closer to the centre of

the telescope r¡lth lncreaslng energy.

The efffclency proflle has been fltted wlth the functfon
R

.(R) = eolr- (*)
I/2 exp{ -d (R-R )2\

IR-R I' o'

¡¡he r e

3d = 7õry;jÍ
Th16 functlon r¡ae derlved froû a slnple mathenatlcal uodel based oa

nultlple Coulonb scatterlng lga-771. Ilere eo ls the efflclency of the

central plateau reglon, t lB the range of the particle fn the tele-

scope, (02)l/2 Ls the effecttve rûs ecatterlng angl-e arid Ro ls the

effectfve detector radlus. The snooth cr¡rvea r¡ere obtalned by lettlng

eo, R6 and 4g22rl2 vary to nlnLnfze 12. the efflcfencles fri the
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FLg. 24 The efffclency of the central reglon of the counter teleacoPea

a6 f,unctlon of lnctdent proton energy. The aolld llne 16 a Predictlon

of the efflclency calculated uslng totaL reactfon cross sectfon data.
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cenÈra1 reglon of the detector telescopes are presented ln Table I and

6honn ln flgure 24 as a functLon of lncldent proton energy. The

uncertafntles quoted 1n the table are the statlEtlcal errors. The

varfatlon of the tatl to peak ratfos due to the uncertalnty ln the

value of the lohrer edge of the energy wlndow, ls also pregented fn the

table fn percent per MeV. The L1ne ln flgure 24 represente the result

of a calculaifon of the efflclency as a functlon of energy for the

co¡nbined copper absorber and NaI detector syÊten, uslng neasured

reactlon cros€ sectLona for protons Ln NaI and Cu ([Go-78],[Re-72]).

Values for the parâxoeter" 192¡L / 2 
"td RO/\"r nhere \ar fs the radius

of the NaI crystal are sho¡m 1n flgure 25. The dLscontlnuouÉ behavlour

o¡ ¡h" 492;I/2 and R^ paraneters a6 a functfon of energy, ln Partfcular0'
at low energles, can be understood as folIows. The values of these

paraneters are determlned only fron Èhe fall-off of the efffclency

proflle at large radfl. At low energles the fall-off is very snall and

there are not enough experlrnental polnÈs to obtaln accurately the

values of 192).L/2 and R^ fron the flt. Moreover' the paraneters
U

/-g2SL/2 and R^ are strongLy correlated, as one can aee frorû the two
U

graphs tn flgure 25. The paraneter eO Ls uncorreLeted to 192¡l/2 .n¿

R'and tts vaLue ls fndependent on hor¡ well lg2Sr 12 and Ro are

deternlned.

The meaeured talL-to-peak ratloÊ lfr the reglon lrhere

geometrlcal edge effects can be neglected are ln good agreenent lvLth

the predfctlon6 of Couldlng and Rogers [Go-78] calculated for the

energy range up to 240 MeV. It ls to be noted that ta1l-to-peak ratfos

calculaÈed by Gouldtng and Rogers are 1n bêtter agreeßent nlÈh the

resuLts of the present experfûent and algo lrfÈh those of the Prevfous



FIg. 25 The effectfve rns scatterlng angle and the ratlo of the

effectlve detector radfue to the noEfnal detector radfue as functLon

of lncldent proton energy.
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experlEent than Èhose calcuLated by Caneron et a!. lga-7ll. Thls nay

be a conaêquence of lncludlng newer total reactlon cross Êectfon data.

The calculaÈed efflclencles for the copPer NaI conblnatlons of the

present exper ûent are ln excellent agreenent wlth the dåte. The

counter telescopes have been used in varlous (p'2p) and (prpd)

exPerfûents.
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Table I

Counter telescope efflclencles as functfon of fncldent proton energy.

Energy
(Mev)

Efffcfency
(neasured)

A ( ta11/peak)
AE

Efffclency
( calculated )

Q.lMev)

57

74

91

95

119

L25

140

r.61

177

199

285

316

353

96.4

95.0

91 .5

91.8

88.0

87 .2

85.0

8L.2

7 8.5

74.5

60.6

55 .3

49.6

t

t

t

j

t

t

t

t

t

t

t

t

t

o.2

0.3

0.2

0.4

0.6

0.3

0.6

0.6

0.6

0.2

0.3

0.3

0.3

0.16

0.14

0.14

0.19

0.15

0.30

0 .13

0 .17

0.18

o.26

o.25

o.20

0. 30

95 .8

94 .0

9r. .8

91 .3

87 .8

86.7

84.2

80.7

78. 0

74.L

59 .1

54.0

48 .1

The thlckness of coppêr absorber used at 285 MeV was 5.08 cn, at

316 MeV 5.08 crn and at 353 MeV 6.67 cn.
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CHAPTER V

STUDY OF TWO-NUCLEON I,ùAVE FUNCTION IN 3He.+

Studfes of quasl-free scatterlng frorn 3He al1ov¡ nucleon-nucleon

correlatlons to be deternlned dlrectly assurnlng the plane wave lmpul-se

approxinatfon (PWIA) to be valid. For 3He the experÍxûental monentrm

distrlbutfon as a functlon of the varlables þ an¿ E can be coûpared

dÍrectly lrlth the spectrâl functLon obtalned uslng the Faddeev

equatlonê and a reallstic nucleon-nucleon lnteractLon. ttere È(recotl)

1s the vector r¡onentr¡m and E(recoll) 1s the total energy of the unob-

served palr of particles fn 3He(e,erp) or 3tte(pr2p). The 3He spectral-

function has been calcuLated by Dieperfnk et al. [D1-76] frorn the 3He

ground state wave functfon obtained by Brandenburg, Kin and Trrbis [Br-

751 for the Reid eoft-core lnteractlon actfng ln ISO and 3Sr-3D, states

only, and by Meier et aL. [Me-83] for the Pari6 potentlal . Further-

nore the 3He spectral functlon has been calculated by Ciofi degli Attl,

Pace and Sahn'e [Ci-81 ] uslng the varlatlonal wave functfon of Nunberg,

Prosperi and Pace [Nu-77] wtth a corrected asynptottc behevlor of the

harrnonic osclllator basls expanslon wave functlon. Prevlous 3Ite(pr2p)

experinents have all been concerned $lth sectlons through the spectral

functlon surface for conêtant E(recotl). Both bound p-n pafrs

t3Ue(p,Zp)¿l and unbound p-n pålrs wtth 1ow energy for thefr relative

ûotlon [3He(p,2p)d*] have been considered .tSI-711. The present

+ publlshed fn Physlcal Revlew Letters, 50, 1741-1744(1983)
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experfnent ls unlque ln thât 1t deflnes a sectlon through the epectral

functfor eurface for coûÊtânt P(È=O). Such measurementa have never

been made prevlously.

The experiment rÍas perforned uslng proton beans of 250 and 400 MeV

fron the TRIIJMF acceLeraÈor lncfdent on a Lfquid 3Ue ¡f,3Ue¡ target.

Bean lntensLtfes ranged betlreen 0.5 nA and 5 nA. Nor¡ûallzatlon of the

dlfferentlal cross sectlons follorsed fro¡n the êum of left and rlght

counts fron the lncldent beam polarineter (contalnlng a -5 rg"r-2 thf.k

CH2 target) located upstrea¡n frorn the L3He Èarget and f roxn an loniza-

tlon chaober dordnatrean fron the !3 He target. Both polarlrûeter and

lonlzatlon charnber had prevfousLy been callbrated against a Faraday cup

coLlectlng the beaE charge. The target thickness followed fron

measurenents of the temperature of the target cell- through gernanlun

reslstors enbedded fn the body of the ceLl and from fts physlcal

dlnenslons [Ha-81b]. The thlckness so deternfned was 13214 ngcn-2.

The target cell could be ralsed or lorvered reÌûotely. Thls pernltted

thê L3He target cell to be replaced wlth å dunny cell fn order to allow

approprlâte background subtracÈions.

Trro dlfferent detectlon arrangeûents were used. At 250 MeV

the scattered and ejecte¿l protons from the 3He(pr2p)pn reactlon were

detectèd fn cofncidence by a palr of counter tele6cope6 placêd (each to

an accuracy of 0.1') synnetrlcall-y nith regaral to the lncfdenÈ besn

dfrectlon. Each counter telescope con€l6ted of trro 0.31 cn thlck

plastlc scintfllatore, two setÊ of nultiwlre proportfonal chambers each

ldth vertlcal and horfzontal coordinates, and a 15.2 cm thtck by 12.7

cn dlaDeter NaI(TC) detector (stopplng protone up to -210 MeV). The

first plaEtlc Eclntillator served to reduce the number of unwanted
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colncldence evênts by restrlcting the fleld of vfew of the counter

teleacopes. The ltire chanbere were located at dfstaûces of 0.90 ¡n and

1-.20 rn, respecÈlvely, fron the target centre. The second plastlc scln-

ttllâtor provlded the trlgger slgnal. corresponding to coincLdent

events, rdhlle the two plastfc sclntlllators of each counter telescope

gave tine-of-flfght (t.o.f.) lnfornatlon. At 400 Mev the left-hand

slde proton !ùas detected by the MRS nagnetlc spectrometer' whl1e the

right-hand side proton was detected by elther one or È$o counter teLe-

scopes at the approprlate angl-es. The trvo counter telescopes con6lsted

each of a 0.08 cn thlck plastlc scfntlllator providfng the trlgger

sfgnal" and t.o.f . lnfornatlon, an annular plastlc sclntlllator (relth

an aperture 5.1 crn 1n radfus) deffnfng the 8o11d angle, an approprlate

aDount of copper absorber, and a 15.4 cn thfck by L2.7 cn dlaneter

NaI(Tf) detector. The QD Bpectroûeter rda6 preceded by a 0.08 cn thfck

plaÊtlc scfntlllator for t.o.f . fnformatlon and a 8et of rnultlwlre

proportlonaL chambers glvfng vertlcal and horlzontal coordlnates at a

distance of 0.8 n froû the tårget centre. The sPectroneter detection

systen conslated of two large 2.5 cn thick plastic scfntlllators and

tLro sets of nultirrlre proportlonal charnbers around the focal plane.

The t.o.f . dlstance through the spectroneter was 11.0 n.

At 250 MeV data were taken at four coplanar sy¡¡netrlc Pê1rs of

Iaboratory angJ-es (40'-40o, 38o-38o, 35'-35', and 30'-30") whfLe at

400 MeV data were taken at four coplanar symetrlc pairs of angLes

(4Oo-40', 37"-37", 34"-34", and 30'-30') and two coplanar asymmetrfc

pafrs of angles (34'-42o, and 30"-38') a1l contalnlng i(recofl) = O.

The range of relatlve monenÈa of the recofllng n-p systen extended to

600 MeV/c. Energy callbratlonê for the counÈer telescoPes were
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obtalned by observfng proton-proton Ecatterlng froro a CH, target at a

serlee of angles coverlng the range of energles of lnterest.

The analysls of the 250 Mêv data was as prevlously reported

[va-82] except that the use of a double set of $lre chaobers fn the

presenÈ experlment allowed for track reconstruction and vertex

deflnftlon. In addltlon, Èhe t.o.f. fnfornatlon for both observed

protons fn the forn of a tno-d1ûenÊ1onal array enabled the events of

Lnterest to be dlstinguighed from the background of 3ne(p,2p)d wlth

boÈh protons undergoing nuclear resctlons ln the stopplng detector6.

At 400 MeV nonentun analysls and t.o.f. lnformation gave a 81gna1 for

the spectrometer side unencunbered by such background event8. For the

other proton, being detected Ln a couriter tel.escope, the energy re8lon

of lnterest needed to be corrected for background even¡s fron

3ne(p,2p)d (wtth the second proton undergofng a nuclear reactlon 1n the

stopping detecÈor) uslng t.o.f. informatfon. The dåta were further

corrected for computer deadtime, nultlwlre chamber fnefflclenclee and

Losses due to nuclear reactlons ln the NaI 8clntll1ator6. The latter

correctLons r¡ere based upon earller neaaurenenta of counter telescope

efflcienctes. The energy re6olutlons of the counter telescopes r¡ere 1n

the range 7-9 MeV (FI.IHM), lrhlLe the tlne re€oLutlone varLed between 1.2

and L.6 nsec (FWHM). The sixfold differentfal cross sectfons were

obtalned froE a bfÈe 9 MeV by 9 MeV centered around l=0. The data are

presented ln TabLe II.

In the Pi,lIA the Blx-fold dlfferentfal cro8s sectlon can be

nrltten a6
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d6ol(dardrrdfì4dr4) - r{aolao)fl! NIO(ps,p6) l2

= r'(doldn)17! sll,r¡ ,

nlth the followtng Lndex conventton p + 3H" t p+p + p+n = 1+2 + 3+4+5+6

Here F and Fr are kinenatLc factors and are deflned as folLo¡se:

¡ = 
p¡p' r [{¡1"o2-(o"-n.)2}{¡1"o2-(o.+m.)2}.lr/2 (E3'+E¡.')2 

x' 4 Mse 2Mss P¡

16E586 L

\ TFÐt

wr r l6($u,fir)12 expressed ln fro6, and

F' = 9?.g4 (E? r+Eb t )2 4 r. 1.-f- ---Þi- ñ;. (t'")¡ '

!¡1th S(ÈrE) expressed ln fm3MeV-I ' and where the prtned quantftfes E3'

and Eur refer to the centre-of-nass (c.n.) 6y6teE of partlcles 3 and 4

ancl Mur=E stnce È=0. The quaritity aaolaÐl¡l ls a half-off-energy-

ehel!- p-p dtfferenttal- crosa sectlon, N ls a spectroscoPfc factor de-

dernlned uslng spfn algebra, l0(i5,i6)12 ts ttre square of the oonentuu

distrlbutfon of a p-n palr lrfth monenta i5 "r,a $u, respectlvely, and

s(Èrf) fs the 6pectral functfon. For the pre6ent exPerirûeût rgtth I - 0

the p-n palr has iu - -Ëa. Also wlth T = 0 the off-energy-ehell tlepen-

dence of (d.,l dùl /, le reduced (the struck proÈon L6 at rest before the

coLllslon). The half-of f-energy-shell p-p scêtterlng anplltude was



æ*"

Flg. 26 Differentlal croÊÊ sectlone d6o / (dO, dT, dOq dT4 ) dlvtaled by rhe

factor F(doldn)l;å N as funcrfon of rhe relarfve nomenrun of rhe

unobeerved p-n pafr. The 250 MeV results are presented as open

clrclee, nhile the 400 MeV resulte are presented ss fllled circles.

The 155 MeV datun of Fraecarfâ et al. fs presented ae a fllled square.

The solld, dashed and dot-dash curveÊ correepond to p-n relative notLon

EorDentuln dlstrlbutlons as lndfcated.
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caLculaled uslng the expanslon for the t-natrlx [Mo-69] l

rr(Ar, Èr, rr) = rr(tl,ìr) tr{ìr,är,tr) ,

wlch ea the c.xr. nomentun of the lnteracting p-p systen ln the lnltlal

+
state and wfth q, and Trr the c.n. no¡ûentun and energy, respectfvelyrof

the lnteractlng p-p pafr in the flnal state. The quantlty tf(ìf, üf,

Tr) fs the on-energy-ehell t-natrfx wh1le f({r,{r) 1s the haLf-off-

energy- ehell extenslon functfon. The calculatlons lùere done uslng the

Reid soft-core fnteractlon [Re-68]. For the klnenatlcs of the present

experinenÈ the dlfference betireen Èhe half-off-energy-she11 p-p

dlfferentlal cross sectlon and the qulte often used flnal sÈate on-

energy-shelL approxlnatlon waa never üore than 30% and 1n general was

lees than 102.

The dara represenred as Id6ol(dfirdT3doqdT4)]/[F(aolao)f!, w¡ are

plotted in flgure 26 as a functfon or lis-io l, Èwlce the noûentuû for

the relatfve notfoî ln the c.n. sy6teE of Èhe unobserved p-n palr. The

error bars shown reflect countlng êtatlstlcs only. The data are sub-

Ject to an over-alL nornallzaËLon uncertalnty of lto%. It should be

notèd thaÈ all the data, but the one at 235.6 MeV/c, whlch were taken

under varLous klnenatlc condltfonÊ, present a snooth dl6tributlon

polntfng to the valldfty of the PWIA to fir6t order.

The data are conpared wlth p-n r€latLve notLon ¡nonentun

dlêtrlbutlons calculated ê6 the overLap betneen plane waves for the



neutron and proton and lrvfng, IrvLng-Gunn and Khanna wave functlons

for 3He (tcu-5r], [Kh-71]). Ir nâs assuned that thê T=o conponent of

the p-n reLatlve notlon wave functlon nålnly contrlbuteÊ to the

3Ue(pr2p)d reactLon and therefore N nås êet equaL to 1/2. Thf6

a€sunptlon ls êtrlctly valld only for sna1l p-n relatLve energles.

There appeare to exl8t reasonably good agreeoent fn nagnitude and ehape

rsfth the theoreticåI dlstrfbutlons for the Irvlng ând lrvfng-Gunn wave

functlons. Hordever, the use of plane ¡gavee should fall for snall p-n

relatLve momenta. The agreenent wlth the theoretlcal distributlon for

the úore reål.16tlc Khanna exponentfonal wave function (wtttr p=397.5

MeV) ls aoûer.hat poorer.

The dara represenred as I d6ol (aoraT3afz4ttT4 ) ] / tF ' (dr,/ dÐTtl I

are conpared with varlous theorettcal predlcttons for the 3lte spectral

function s(È=O,E) ln ffgure 27.|t ls apparent that the shape of the

data agrees fairly well !¡fth the spectral fuûctlons of Ref. [Me-83] and

[Cf-81], whlch are the dashed-dotted and continuous llne ln flgure 27

and calculated uslng Faddeev technl.queê for the Parls tlto-nucleon

potentlsl and usfng varlatlonal technfque€ rùfth an harnonlc oselllator

basls, respectlvely. In these calculatlons both T=0 and T=1

contributlons have been added. The experfnent êhows clearly an exceas

of p-n relative monenta greater thari -200 MeV/c amountlng to a factor 4

of approxfrnately. Dfscrepancles have also been observed tJa-821

(although ln a dlfferent part of phase space) Ln a cooparJ.son betÌteen

3He(e,erp)d results and the spectral functlons of Ref. tDt-761 and [C1-

81]. In thfs case both theoretfcal predlctlons overestlnate the

experinental resuLt. However, reaaonably good agreement was obtalned

ln conparlng 3He(ere'p)pn results nlth the sâme Epectral functfons



îIg. 27 Dtfferenttal cross êectfons d6o /(d0, dT, itflu dT,. ) dlvlded bI the

factor F'(doldO)fif as functlon of the relatlve ûonentun of the

unobserved p-n palr and the Elsslng energy En. The quantlty n, =

¡-tz+r,, - Ex-Q lrith Ex the excftatlon energy of the p-n palr and Q

the reactfon Q va1ue. The calculated êpectrat functfons are as

fndlceted.
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fntegrated over mlsstng energles up to 20 MeV [Ja-82]. As a flrst step

Ln Lnvestigating these dLscrepancles one shoul-d further examlne the

various distortlons such as those due to nultlple scattering and flnal

state fnteraction effects. Note that the p-n excltatlon energies con-

sLdered here are stl¡-l far fron a real N-Â pair. Onl-y after the above

effects have been studfed 1n more detall can further conclusions be

drawn about the spectral functlons and the p-n relative motLon wave

functfon.
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Tåble II

Klnenatlc8, Èhe oeaêured elx-fold dlfferentfal croaa aectÍons ând quantftles used

ln derivfng lO tiu ,i. ) 12 antl s(l,E).

T¡

(l,leV)

e3 g4

(dee.) (dee. )

lis-i.l
(Mev/c)

E d6o /(da, dr, trnu irru ) (do /da )p-P* { ao /æ )f7-f

u b/ ( sr2 lrevz ) (nb/sr) (nb/er)(ltev)

250

400

250

400

250

400

250

400

400

400

40

40

38

34

35

37

30

30

34

30

40

40

38

42

35

37

30

38

34

30

235.6

249.5

316.7

365.6

399.0

409.8

487 .O

504 .3

507.7

597.3

1892 .5

1894.3

1904.4

19r3.1

1919. 7

t922.O

1939. 9

L944.4

L945.2

L970,5

7.29

3.43

o.532

0. 516

0.159

0.210

0.070

0.057

o.o74

0.029

0.67

0.4ó

0.181

0.063

0. 067

0.062

0.021

0.018

0.025

0.014

3.7 5

3.82

3.73

3. 85

3. 83

3. 85

tt.67

3. 82

3.76

3.7 5

3. 60

3.55

3.88

3.39

3.76

3.55

3.r:

3 .39

3.75

3.69

* 1ao/dn)p-p fs the on-energy-ahell p-p dlfferentlal croás sectfon obtalned frot

exp€ rlnental pháse thfft [Ar-80] uslng the ffnal etate energy aPProxlEatfon.
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CHAPTER VI

coMPARIsoN oF THE 3He(p,2p)d IND 3ge(p,pd)p PdAcTroNS.+

A dlrect nay to lnvestfgate the reactlon mechanl.em for the

(p,2p) and (p,pd) reactlons ls Èo conpare 3tte(p,2p)d wfth 3He(p,pd)p. In

the franework of the Plane Wave InpuLee Approxlnatfon (PWIA) the proton-

deuteron reLatlve motlon nonentun dlstributlons extracted fron 3lte(pr2p)d

and 3He(p,pd)p should be the sane. In the PL{IA the lncldent proton

interact6 only wlth Èhe ejected proton lor deuteron ln the caêe of

(prpd)] \rhlle the recofl systen acts as a spectator. Quantltatlvely, the

PhtIA dlfferentlal cross sèctl.on for these reactLons can be written:

4-"ftE = 
":å I;l 

Nrù(c)r2

where N Ls a spectroscoplc factor deterülned fron spin aLgebra (for

3ne(p,2p)d, n = 3/2), F ls a kfnematlc factor, (aolaf:)fl! fs

properly the half-of f-energy-shell p-p or p-d differentfal croÊs aectlon,

0(C) ls the lourler transforn of the overlap fntegral between the 3He and

deuteron nave functlons, and q ls the recoll nonentun of the unobeerved

parllcle. The quanÈlty lO(C)12 deecrlbes the proÈon-deuteron re¡-atfve

notlon norDentun dlstrlbutlon fn the tårget nucLeus. It has to be noted

that lo(q)12 can be unaubiguously extracted ln the franework of the PWIA

only when the energy of the scattered and ejected partlcles fs nuch

Larger than the energy of the recoll Bystexû. The proaluct Nlô(q)12 ls tfre

*to be publtshed ln Physfcs Letters B
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spectral function S(qrE) where E fs the separatlon energy for two-body

breakup of 3He. Spectral functfons have been calcul-ated for different

nucleon-nucleon potentlaLs using the Faddeev equatfons or varfatlonal

techniques.

This slnple descriptlon of the knockout proce€s neglects many

effects such as nultiple scatterLng, ffnal state Lnteractlons, and lsobar

conffguratLons. It accounts though for the domlnant part of the reactLon

mechanism for snall recoLl momenta and ls a flrst step of the

Lnvestlgatlon. In addftfon, onfy fn the frame¡rork of the pI.IIA is it

posslble to compare dfrectly the theoretlcal spectral- functfon ¡slth the

experfmental momentr¡n distributlons as extracted fron 3H"(pr2p)d,

3tte(prpd)p, 3ue(e,e'p)d, and 3He(ere'd)p.

PrevLous studies of the 3H"(pr2p)d and 3tte(prpd)p reactions

have been made by sampllng recolL momenta less than 130 MeV/c at fncident

energies of 35,45,65,85, and 100 MeV ([51-71], [Bu-75], [Co-74]). At

hlgher energies the two reactions have been measured at 155 MeV and

590 l"leV ([fr-7].1, [K1-72]). The momentum dfstrlbutions extracted fron the

3H.(pr2p)d and 3H"(prpd)p reactl.ons at 155 MeV range between 0 and 120

MeV/c and are ln good agreement wlth each other lndfcatlng the val.idiry

of factorlzation for the three-body differentlal cross eections. The

3Hu(pr2p)d data obtalned at 590 MeV could not be directly conpared wlth

the 3Ue(prpd)p data at the same lncldent energy because they lacked

adequate resolutlon so that a Beparatfon bet¡seen 3Helpr2p)d and

3It"(pr2p)A* nas not posslbl-e. For the 3U"(prpd)p reactLon aÈ 590 MeV

recoLl momenta up to 230 MeV/c were obtafned.

The objectfves of the present experLment were to measure

3ne(pr2p)d and 3tte(prpd)p for l-arge recoll momenta (up to 500 MeV/c,



......".r.1

-!19-

whfch fs a reglon of recoil momenta prevLously unexpl-ored), to compare

the experimental- results wfth each other and with the recent quasi-free

electron scatterfng resul-ts for 3He(eretp)d [Ja-82], and finally to

compare the extracted momentun dlstributfons wfth various predictions for

the spectraL functLon.

The experiment was performed uslng proton beams fron the 13.IIJMF

accelerator fncident on a Lfquid 3Ue 1l3ne¡ target [Ha-Slb].

Normalization of the differentfal cross sectlons was obtafned from the

st¡m of l-eft and right counts in the proton beam pol-arineter (containing a

5 W/cm-2 thick Ctl, foil) Located upstream of the target Location, which

had previousLy been calibrated agalnst a Faraday cup. The L3He target

thlckness was determlned through measurements of the temperature of the

target cell taken wfth germanitrm resistors placed at lts top and bottom

and from the target cel-L physlcal- dimensions. The thickness so deter-

nlned was 10414 mg/cmz. The target cell radius rùas 2.2 cm.

The detection system for 3tl"(p r2p)d consfsted of a quadrupole-

dipole magnetic spectrometer to measure the momentr¡m of the ejected

proton and two ldentical NaI(Tt ) counter telescopes to measure energy and

positfon of the other, scattered proton and recoil deuteron. The com-

bined energy resoLutl.on of the fncldent beam and detection apparatus was

not quite adequate to resolve the 3H"(pr2p)d Locus from the four-body

contfnuum when detectfng only the thro protons. Thus, ln addltion to the

two protons, the recoil deuteron lúas detected ln a triple coincidence

arrangement. The range of recofl momenta rÍas restricted to q )

350 MeV/c. The counter telescopes lüere mounted on a pLatform and they

were posLtfoned with an accuracy of 0.1o. Each counter telescope

consisted of a 12.5 cn by 12.5 cn delayltne multiwlre proportLonal_
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chanber (MI,IPC) followed i'nediaÈely by a 0.08 cn thin pl-astic scintflla-

tor, an annuLar veto counter (wlth an aperture 10.2 cm ln dlarneter), some

copper energy degrader (ff needed), and a I2.7 cn díaneter by 15.2 cn

thlck NaI(Tl) detector. The nagnetlc spectrometer detectlon system con-

slsted of a 0.08 cm thfck pJ-astfc scintillator plus a L2.5 cn MI{PC wlth

horizontal and vertlcal coordinates used to deflne the solld angle, a set

of 25.6 cm by 102.4 cn MPWCTs mounted about the focal- plane and a 2.5 cm

thtck plastlc sclntllLator. The tl¡ne-of-fLtght dlsÈance through the

Bpectrometer was 11.0 n. the 3tte(pr2p)d reaction nas measured at 300 MeV

at the angl-e pair 70"-33" and at 450 MeV at the angle palrs 70"-30" and

46"-46" .

For the 3tte(prpd)p reactLon, the momentun of the ejected

deuteron lras measured wlth the nagnetfc spectrometer while the scattered

proton was detected by efther one of the two rtght hand slde counter

telescopes. The fltght path through the spectrometer was sufficfently

long to separate protons from deuterons. The 3tte(prpd)p react,Lon was

measured at the angle palrs 25"-68' and 50'-68' at an lncfdent energy of

450 MeV. At the flrst angLe pair a complete energy spectrum was obtained

corresponding to recoll momenta frorn 0 to 450 MeV/c, whlle at the second

angle pafr only part of the energy spectrum was measured. the

kinenatical conditfons chosen correspond to Large reLatLve energies

between the three flnal staÈe partlcles and a snalL momentum transfer

lËr-il | (where i1 .na i, "r" the momenta of the Lncident and scaÈtered

proton8, respectlvely). The ffrst requirement reduces the ffnal state
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lnteractfons betneen the reactLon products, the second leads to a larger

p-d dlfferentfal cross section whlch Le necessary to nalntaln an adequate

countlng rate at large recoll momenta.

Energy callbratlons for the counter teleecopes lrere obtalned by

observing p-p scatterf.ng from a CH, target at a serÍes of angles coverlng

the range of energles of lnterest.

An fmportant aspect of the data reductLon was the constructlon

of the nlesfng energy epectra. The ¡nfesing energy ls defined as

Eri""=T3 + T4 + TS - Tt wtth the T, denotlng the kLnetlc energl.es of the

partleles. The only evente eelected r¡ere wfthln the nlsslng energy peak

whose centrofd hae a value equal- to the two-body breakup energy for 3He.

Thfs peak ls very well separated fron the rest of the events slnce most

of the background was elLnlnated by the trigger requfrement. The back-

ground due to accidental events was removed uslng standard techniques.

Background events orl.glnatlng 1n the entrance and exlt folle of the

target cell and cryostat tail- sectlon were eubtracted using the data

coLlected wfth a dunny target. the data were further corrected for

computer dead tLne, plle-up reJectl.ons, l'fl{PC lnefffclencles

inefflcfencfes, and Losees due to nuclear reactlons Ln the NaI(Tl)

detectors. The efflciency of the counter t,elescopes was prevlously

neasured and reported fn Ref. [Br-83] and chapter 4. the energy

reeolutfon of the counter teleeeopee varfed between 7 and 9 MeV (FtlHI-I).

The ffvefoLd dffferential croas sectiong were obtal.ned from 10 MeV bites

ln the klnetl.c energy T3 of the scattered partfcle for the 3tte(pr2p)d

reactlon and from 10 MeV bltes ln the kfnetlc energy ÎU of the eJected

particle for the 3tte(prpd)p reactlon. The solfd angles corresponded to

the regl.ons of the NaI(Tt) detectors and magnetlc Bpectrometer nith
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constant efflciency. The data are presented in Tables III' IV' V and VI'

The relatl"ve energies (T34, T35, T45) of the ejected and

scattered particles, of the scattered and recoLl partlcles, and of the

eJected and recoil partlcles are also presenLed.

Flgure 28 shows the experimental spectral functlons as

extracted fron the 3H"(pr2p)d and 3Hu(prpd)p data as a functlon of recoll

nomentum 1n the laboratory system. The error bars, in most cases nithln

the symbols, refLect the statlstical error only. The overall

nornalizatl-on uncertalnty ts t1-02. The kinetlc energles and the

scattering angles for efther the p-p or the p-d differentlal cross

sectl.ons were calculated in the center of mass system of the scattered

and ejected partlcles. The half-off-energy-she11 p-p or p-d dlfferentlal

cross sections \Jere approximated by on-energy-shell values' The values

of the p-p dffferentLal- cross sectlons were calculated from phase shlft

analyses [Ar-83], whlle the values of the p-d dffferentlal cross sectlons

were obtafned frou spl-1ne ffts of exlstlng data ([Ch-53]' [Po-61]' [Ku-

661, ISc-51] , [Ch-56] ' [Bo-71] , lBo-721 and [I'It-80] ) '

Although a distorted wave funpulse approxination apProach may be

lnterestlng, lt presents many computational dlfficultles, in partlcular,

ln generatlng dístorted rùaves. Instead, a direct comparlson of the data

to the pWIA calculatlons fs nade to establish the overall effect of other

contribuÈions to the reactlon mechanlsm. Curve I fn figure 28, which ls

a PtrlIA predlction based on an lrvlng-Gunn 3He wave functlon and a

Hulthèn deuteron wave function, 1s lnadequate only at htgh recoll

momenta. A nunber of 3He specËral functlons have been calculated fro¡n

different N-N potentlals and uslng dlfferenü techniques to obtafn

approxLmate soLutfons of the SchrödLnger equations. The sPectral func-
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Flg' 28 Experfnentar proton-deuteron reratlve motfon no'entum
dfetrlbutron tr.mes the spectroscopfc factor as functron of the p_d
relatfve DoDêDrüD¡ the 3'e(prpd)p 250-6g0 data are presented ae fflred
'quare', the 3tte(prpa)p 500-6g0 data ere presented as open cÍrcleerand
the 3ne(pr2p)d data ae solld sguares. curve l r,g a pr{ïá, calcuratfon
wfth a Hulthén deuteron ¡rave functfon and an rrvlng-Gunn 3He wave
functlon' curvee 2 and 3 are the epectral functl0ns carculated by
Gfbeon and Lehnan ¡rfth 4r and 77 D-etate for the deuteron,
respectfvely.
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tions calculated by Gfbson and Lehman [G1-82] are shown fn ffgure 28

(curves 2 and 3). They have been obtafned using separabl-e potentfal-s

(ISo, 
"r-tor. 

) of the Yanaguchi form. The strength and range parameters

were determlned by fittfng the low energy properties of the tlro-nucLeon

system such as scatterLng 1-ength, effective range, and deuteron bindíng

energy and quadrupol-e moment. Curve 2 ls obtalned ¡slth 4% D-state for

the deuteron, whiJ-e curve 3 corresponds to 7% D-state. rn figure 29 the

momentum distrlbution extracted from the data of the present experlment

ls compared with those extracted from the 3tte(prpa)p data at 590 Mev and

fron the 3tteleretp)d data at 530 MeV. There is fairly good agreement of

the present results with the 590 MeV 3He(prpd)p results while the

agreement with the 3Helere'p)d momentrm distributfon is good only for 50

MeV/c ( q ( 200 MeV/c. In the case of the present data the discrepancy

near zero recoil can be ascribed to the l-ow relatÍve energy between the

ejected deuteron and the recoil- proton r¡hich makes dlstortion effects

partfcularly 1arge. For the high recoil nouentrm reglon of the

3ll"(prpd)p reaction, the relative energy of the scattered and recoil pro-

tons decreases as the recoll momentum Lncreases and therefore distortion

effects cannot be entfrely neglected al-so ln thls region. curve 1 of

fLgure 29 Is the 3He spectral function calculated by Dleperfnk et al.

[Di-76] from t 3H" ground state wave functlon obtained by Brandenburg,

Kin and Tubis [Br-75] for the Reid soft core (RSC) interactlon acting fn

the lSo and ttr-'O, states uslng Faddeev techniques. More recently,

Mefer-HaJduk et al. [Me-83] have derived the 3He spectral functlon with

lnproved numerfcal accuracy usfng both the RSC and Paris potentfals.

These results are fndicated by curves 2 and. 3 of figure 29,

respectlvely. One can notice, that these spectral functions are not very
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Flg. 29 Experfnental monentu¡n dfstrtbutfon tfmea the Bpectroecopic

factor as Ín flgure 28 plua the 590 Mev 3ue(prpd)p data shown as ftlled
dlanonds, and the 530 Mev 3neleretp)d data Bholrn as aeterfsks. curve 1

fe the spectral functfon calculated by Dfeperfnk et alo¡ cu¡vêB 2 and 3

by Meler-HaJduk et al. wfth the RSC and paifs potentfal, reepectively,

and curve 4 by Cloft degll Attl et al.
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sensitive Èo the choice of the N-N potential-. The data are fn disagree-

ment with the theoretfcal results 1n the regLon of large recoll momenta.

Curve 4 of figute 29 ls the spectral functfon calculated by Clofl degli

Attl, Pace and Salnê [Ci-8f] uslng the variatlonal- wave functlon of

Nunberg, Prosperi and Pace [Nu-77] with corrected asymptotic behavlour

of the harmonic oscillator basis expansion wave function. The

disagreement with the experimental results is also here present.

The fallure of the PI^IIA to account for the measured yiel-d at

J-arge recoll momenta (q ) 250 MeV/c) LndlcaÈes the presence of other

contributlons neglected ln thls flrst order scheme. Although these

effects are large, Lt ls to be noted that the ratio of the cross sections

for 3He(pr2p)d and 3tt"(prpd)p agrees with that predicted by the PWIA.

The sarne result was obtained by Cowl-ey et al. in a comparfson of

3H"(pr2p)d and 3He(prpd)p at 65, 85, and 100 MeV at low recoiL momenta

and by Frascaria et al. at l-55 MeV for recoll momenta < 120 MeV/c. It

should be pointed out that the agreement between 3H"(pr2p)d and

3tt.(prpd)p ls destroyed for less Judiciously selected 3tte(prpa)p

kinenatfc conflguratLons IEp-83]. To explaln the large dlscrepancles

between the experimental and cal-cul-ated spectral- functions at large

recofl momenta, more sophistlcated calculations Lncluding nultfple

scattering, flnal state interaction, and off-energy-shell effects need to

be nade. Onl-y then will 1t be possible to assess the adequacy of the

wave functions used. Exanining these effects wiLl be a challenging

task.
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ÎABLE III

3tteçprpa)p T1= 450 uev o3= 25
0

0 68
0

4

3He(p,pd)p T1= 450 t'leV 0r= 50
0

68
0

0
4

P5

(Mev/c)

4.7

72.4

LL6.2

181 .1

224.9

270.L

293.5

342.9

397.9

464.9

T4

(Mev)

pd
Tl"b

(Mev)

cm
o

p-d(do /do )

(u b/sr)

KLn. fact.

(ltev2 )

¿5o / (df¿ ge +dÎ¿)

(u b/ ( sÉ ¡tMeV ) )

460 t 11

191 t 5.0

58.1 t L,7

7.51 t 0.36

2.9L ! O.22

1.40 t 0.15

1.26 ! 0.17

0.926 t 0.139

0.677 t 0.119

0.249 t 0.080

50.0

65.0

75.0

90.0

100.0

110.0

115.0

125.0

135.0

145.0

40.90

40. 60

40.50

40.40

40.40

40,40

40.40

40. g0

41.50

42.60

44 1 5

435.1

427.9

4L2.6

399.4

383.4

374.3

353.0

326.6

29L.L

613 * 57

624 !, 0O 
_

636 ! 62

661 t 64

686 r 82

730 r 88

795 ! 95

902 t 108

1050 r L26

1178 r 141

0.207 ,t 10/

0.240 't 10/

0.26L ¡t 10/

0.292 't 10/

O. 313 ,t 10/

0.337 't 10/

0.350 ¡t 10/

0.380 't 10/

0,424 't 10/

0.514 't 10/

259.9

264.O

278.2

115.0

125.0

135.0

503.2

500.7

493.9

69.40

69. o0

69.50

747 t 48

746 ! 48

745 ! 48

0.370 ¡t 10/

0,407 nt 10/

0.452 ¡t 10/

0.342 t 0.096

o.2L7 t 0.076

0.L72 t 0.070
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TABI,E IV

3ttelp,pa¡p 
T1= 450 MeV o 25

0
o 68

0
3 4

4.7

72.4

LL6.2

181.L

224.9

270.L

293.5

342.9

397.9

464.8

394.5

376.7

362.3

337.2

3L7.9

296.4

284.7

258.8

228.6

190.7

3ttelp,pa¡p 
T1= 450 MeV o3= 50

0
0 68

0
4

P-
5

(Mev/c)

T
3

(Mev)

T,,

(Mev)

T
34

(Mev)

280.4

276.4

272.0

262.7

254.7

244.9

239.3

226.2

209.9

197.9

50.0

65 .0

75.0

90.0

100.0

110.0

115.0

125.0

135.0

145 .0

L86.2

L67 .L

153.6

L32.4

LL7.6

102.5

94. g

79.2

63.2

46.9

L7.L

35.2

49.6

74.5

93.2

113.7

L24.9

L48.7

175 .8

208.4

(0.362 !

(0.128 t
(0.350 t

(0.389 r

(0.135 t

(0.569 r

(0.453 r

(0.270 !
(0.152 t
(0.411 t

T
4s

(Mev) (ltevTs¡-e

n*lo(pr)12

0.00S¡*16-6

0.004 )*10-5

0.010¡ *19-z

0 . 01 I ¡,t 19-e

0.010¡rt19+

O. 061 )*10-9

0.061¡ *.19-s

0.041 )*10-s

0.022¡*19+

0.132)*10-r0

259.9

264.O

278.2

294.2

293.L

269.L

115.0

125.0

135.0

3L7.5

316.0

311.9

94.9

79.2

63.2

41.3

53 .6

69.0

(0.124 r

(0.715 t
(0.511 t

0.031 )*10{

0.250¡*19-s

0.208)*10-€
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ÎABLE V

3t"(p,Zp)d 
T 450 MeV O 46

0
0 46

0

3He(pr2p)d T1= 450 MeV o3- 70
0

o 30
0

E
4

3ttlp,Zp)a T1- 300 lteV 0r- 70
0

0 33
0

4
E

349.6

407.2

152 .0

L62.0

342.4

323.7

121 .90

LzL.20

P-
5

(Mev/c)

T
pp

Tr.b

(Mev)

3

(Mev)

0
cm

(do /df¿ )
p-d

(u b/sr)

Kfn. fact.

(MeV2 )

*
q

¿-ol(egæ4dr4)

(u b/(e* 'tMeV) )

340.4

397.5

325.0

335.0

457.9

438.7

92.60

91.90

3595

3666

0.259 t,

0.287 rt

LOt

10/

L.26 ! 0.14

0.954 ! O.L24

356.3

393.9

434.7

490.5

534.5

200.0

210.0

220.0

230.0

240.0

535.1

524.5

511.1

493.7

470.4

3808

3807

3788

3777

3781

L25.70

L25.70

L25.70

L25.70

L24.50

O.27L ,r 10/

0.276 ,t 10/

O. 283 tt 10/

0.293 't 10/

0.313 * 10/

L.24

0.857

0.738

0.482

0.333

0.09

0.070

0.064

0.050

0.041

t

I

t

t

+

0.220't 10/

0.239 't 10/

380s

3804

1.53 t 0.09

1.17 t 0.09

,t
From [Kr-83]
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L82.L

L97 .3

2L3.4

230.6

249.6

3ttelp,Zp)a Tr= 450 MeV o3= 460

3tte1p, Zp¡a Tr= 450 MeV 03=

4
o 460

00
70 o

70

30
4

356.3

393.8

434.7

480. 5

534. 5

200.0

210.0

220.O

230.0

240.0

211_.0

193 .6

L7 4.9

154.0

L29.8

250.8

246.L

240.2

232.5

222.0

3r"(n,2p)d Tr= 3oo Mev o3= 0 0
33o

4

P
5

T
3

(Mev/c) (Mev)

T4

(Mev)

T¡4

(Mev)

T
35

(MeV)

T
45

(MeV)

n* lo (pr) l2

(Mev7s¡-s

(0.135 t 0.015)'t1O-9

(0.908 t 0.012)*10-r0

340.4

397.5

325.0

335 .0

88.9

67 .9

2L6.4

207 .8

255.L

27L.L

22.5

11 .4

7 4.5

62.0

49.5

36.9

24.2

(0.120 t 0.009)*104

(0.815 t 0.067)¡t1O-10

(0.639 t 0.059)tr10-10

(0.436 t 0.045)*l-0-ro

(0.282 t 0.035)*L0-ro

349.6

407.2

152.0

L62.0

110. 2

88.8

164 .0

155.4

L44.4

L62.L

29.7

L7.3

(0.182 I 0.010)*10-€

(0.128 t 0.008):t10-9
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CONCLUSION

the experfmental p-n relatlve ¡notfon momentum dlstrfbutlon

extracted fron the 3t"(nr2p)np measurenents is rather snooth and

aPpears lndependent of geonetry and Lncl-dent energy. Thfs fndfcates the

validity of the PI{rA to flrst order. The experl.mentaL data ehow a

reasonabLy good agreenent Ln nagnitude and shape wfth the p-n momentum

dfstributLon caLculated as the overLap betlreen plane rùaves for the

neutron and proton and lrvfng, Irvfng-Gunn, and Khanna wave functl.ons for
3He. However ft ls assumed that the T=0 component of the p-n

relative motlon wave functfon contrlbuteg nalnly to the 3ne(pr2p)a

reactLon and thls assumptLon Ls strlctly valfd only for snall p-n

relatlve energfes where the use of pl-ane lraves to descrl.be the p-n

reLatlve motLon should falL. The conparLson of the data wfth the

predfctfons for the 3He spectrar functlon s(p=OrE) where both r=0

and r=1 contrl.butions have been added, ehows that there is only fafr
agreenent 1n terns of shape. The epectral functfons had been calculated

using Faddeev technfquee lrfth the Parl.e t¡¡o-nucLeon potentfal and

varfatfonal technl.quee wLth an harnonic oscflLator basfs. An excegs

of p-n relatfve momenta greater than -200 lf"V/" ls found whlch amounts to

approxf.nately a factor of 4.

The p-d relatl.ve motl.on momentum dletrlbutÍons were extracted

from the 3H"(pr2p)d and 3tt.(prpd)p reactfone fn the framework of the pI{IA

and conpared wlth exÍstfng 3ttelprpa¡p and 3H"q"r"'p)d data and

3He spectral- functfong. The data of the present experfment ehow good

agreement wlth the exlstlng data and the calculated spectral
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functlons onLy for recoLl momenta up to 250 MeV/c . The excess of high

momentum components at large recol-l momenta can be underetood, at l-east

Ln part, Bl.nce a number of contrLbutfons are neglected fn PIIIA. Howevert

the ratLo of the momentum dlstributl.ons obtained from 3r.(Pr2p)d and

âJtte(prpd)p reactLons Ls consistent wlth l as predicted fn the PI.IIA.

The same results have been obtained fn low energy experfments. It Ls

cl-ear though, thaü more sophlstlcated calculations are requLred. Of

partlcular signtficance and lnterest are the fncluslon ln the

calculatlons of nultlpLe scatterlng, fLnal state lnteractlon, and off-

energy-shell effects.

In concluaion, to obtain a more rigorous derlvatlon of the

momentum dlstrlbutions from the 3tte(pr2p)d, 3H"(Pr2p)np, and 3tte(prpd)p

reactf.ons, 1t ls necessary to account for many interfering effects also

at lntermedlate energles. The equlvalent corrections for these effects

have aLso been suggested for other Ltght nucleL llke d and 4He ( [Fe-

761, [va-82]). One ]ray to understand these effects is to study the

knockout reactLons wlth dffferent probes. For exanple, further

experlmental studies, such as 3Uelere'd)p for htgh recoll momenta and

3tteleretp)np for the same reglon of momentum space as the present

3He(pr2p)np experLment are suggested as one way to contlnue lnvestfgatlon

of knockout reactLons and wave functlons for few-nucleon systems.
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APPENDIX

r. 3He(p.2p)d and 3He (p.pd)p fn PI{IA

A derl.vatlon of the flve-foLd dtfferentfal cross sectlon for

the 3tte(pr2p)d and 3tte(prpd)p reactlons fn the framework of the pWIA is

gLven. The kfnenatfcal variablee (euch as ktnetlc energy T, momentum

pr total energy E, posftfon r) of the lncident partlcle, target nuc-

leue, scattered partLcLe, eJected partl.cle and recoll systen are

labelled wlth the fndlcea Lrzr314, and 5, respectively. The prined

quantitLee refer to the centre of mass system (CM) whiJ.e the unprlned

quantlties refer to the Laboratory system. The epatfal coordLnates of

the reactlon partlcipants are deflned ¡¡lth respect to the centre of

mass of the target nucleus. The coordLnates whlch describe the system

before the tnteracrton "r" Ìr,Ì;,Ì1, rna Ìf. The postrton of rhe

lncfdent proton ia gLven uy Ìr, whtte 4,Ìi, .rrd i; are rhe coordtnares

of the nucleons inslde 3He. The wave functfons deecrlbing the reactlon

partfclpants in the fnittal state are a plane wave for the incident

proton (functfon of Ì, and frr) and a 3He wave functlon. It fs conven-

Lent to use the Jacobl coordlnates I and f, ana to express the 3He wave

function fn terms of theee coordlnates whlch are gfven by:

+r +* +*= t3-lq (r .1)

+p- ¡* l+ri)t2 (r.2)



-98-

According to thfs plcture, the relative motl.on of two of the 3He

nucl-eons Ls described by the coordlnate ? whlle the relatfve motlon

of the other nucleon with respect to the CM of the renaining palr

Lnside 3He ls descrlbed by the coordlnate þ. The CM of the three

nucl-eon system Ls at rest before the coLLfslon. The wave functfons

descrlbl-ng the systen after the reactlon has taken place are pl-ane

waves (for the motLon of the centre of mass of the scattered, eJected,

and recoiling parttcl-es) and a deuteron wave functlon whfch is a

functLon of i. Ìt b""or"" Ì, tn the fLnal state and the coordinate of

the relatfve motion of the cM of the ejected and recolllng system is

agatn fr.

Starting sfth the transitfon probabfllty per unlt tLme, one

can wrl.te:

" = #lrrrl2o(E) (r.3)

where Tfr. t" the natrlx elenent for the transltfon from fnl.tfal to

flnal state, and p(E) 1s the ffnal state denslty per unft energy or

phase Bpace facÈor. rt 1s a function of the total energy of the system

E.

One can also express IÍ Ln terms of a Lorentz Lnvarlant phase

space factor R(E) and transftlon matrix element ll{,rlr. Before glving

the expressfons of R(E) and14,1,, it ls conventenr ro make a shorr

digresslon to explaln how relatlvfsttcal-ly-fnvarfant probabflfty densf-

ties are obtalned. In non-relatLvlstfc quantum mechanics the probabll-

fty density of one partlcLe ls lOl2 ¡¡lrh g being the wave funcrion

descrlbing the particl-e and
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I lVlz d3x = I .

This last expressfon Ls not reLatfvlstically fnvariant. The density

observed by a novfng system appears,greater by a factor y=(L-r?¡.2¡-I/2

because of the Lorentz contractfon of the voltrme el-ement. However, the

total energy has also changed by the same factor y. If one therefore

uses as probabllf ty densiry the expression l]n/Zùrþlz , the density

¡¡fll be relatlvlstical-l-y lnvariant (the factor of 2 ls a convention).

The expressLon of the transitfon probablllty ts nul-tlplied by

(

The transitlon probabtJ-ity then becomes:

n
n
f=1

Sfnce the Lorentz invariant phase space factor is

5

^ n 2m. 5 5

' = ff (ri, #rl'(11, 2'r) lM*l' '(i:l #r)0,t,

(

R(E) =( n
L=3

#r)o <t¡ '

( r.4)

(r.s)

(r.6)

2E,.
h

2ti''
n

1

I
l=

2m.
1\

-t
28,,

one can rewrfte (I.5) as

, = # lilrrlz n<rl , (r.7)
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i

i

I
I

ir{f th
2 2m.1\

2,L,

rt2 5 L/2
L

M ( I (n 2mr) Mfr ( r.8)ft f=1 f =J

,Îhe fLve-fold dlfferentlal crosa sectfon in teros of the

transltlon probabflfty ts s

an;æftrq= r''h '# llrrl''*#q
(I.9) Mfl ts the Lorentz lnvarlant transltion matrfx glven byl

M*. = 1aÌra?u[{3);(4)v(ìg-Tu )x(1)x(2)vd(14 ) ,

vd(Ìq ¡ = Jaìual(5)'l,d(?x,ss.(ð,i) .

(r. 10)

++(I.11) V(i3-i,+) fs a potentfal descrlbfng the lnteractlon between

particles 3 and 4.

the 1(t) and 1(f) are the plane wavea deffned as

x(t) = lznrlznrlL |2 (L)-3l2exp(rti'ìi)

[(r) = lznrlz^r)t/2 (L)-3/2exp{-fi'r'lr) .

(r.12)

(r.13)

+++¡-
slnce õ=i,*-is Isee (r'2)J x(5) can be rewrltten a8:

ï-(5) = {(;fo)rt2.¡3t2} .{( Wrt2.¡-3t2 
. e,.p1-Ì,u.lu)} o

. {(ä)rtz.v-3rz . o.p(T.s'Ë )} ' (r'14)
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!ùlth

4z = (-Ès)2 +ú (r.15)
l

In addf.tLon, let 1*14¡ be:

**(o) = f#3* l"'rrr-r,2 "*p1-Èu.ìa) 
. (r.16)

After deffnlng pI/2(tù to be the overlap fntegral bet¡seen

the deuteron and the 3IIe wave functfon ana fffj to be the transltfon

matrlx element for the scatterfng of lncLdent proton and eJected

partlcle, the expressLon of M¡1 fs:

Mfl-rl;j.{t 2nu 1r/2
üt

L2/3lll 2E-''

d-l
L/2

L-3/2Ìoll2 {15 ) (r.17)

wlth

pt/2(\, = 1aË exp(rÈr.Ë¡/a? 901?)urr"{Ë,ì) (r.18)

rl;l = lairaif<g)f(4)v(ir-lu )x(r)x*(¿) . (r. 19 )

n-{Tí.oi can be expressed ln terms of the two-body dlfferentLal crose sec-

tlon ln the centre of mass of partfcles p and J. The dffferential

cro6s section for the lnteractLon of the fncfdent proton with the eJec-

ted partlcle fs:

(åå)ä'=#*= (f## r'ä'r, ä
¡slth

(r.20)
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1 I 1 EåE¿

%=gq=ry¡ã:r¡'' (r.21)

Þ-lf*- fa the transltfon rûatrfx eLement whfch ls lorentz invarfant and,

as a conseguence, lt has the eame value fn the @I and laboratory

systems:

lrätl2 = Ir|ill' . (r.22)

The two-body dffferentfal phaee space factor Ís obtalned as folLows.

The two-body phase space factor R2 ls:

*, = (F")'./ å##o'<iå*i¿rô(Eå+E¿-E34cM) . (r.23)

Let

B(på) = Ei+Ei-Ero* ,

dB(på) eå på-ãil-'5*'Ï.
The differentlal two-body phase space factor Le then:

(r.24)

(r!25)

dRz ,L t3
\¿lte)

eå
(r.26)

dn ,
3

and the expreesf.on of the two-body dlfferentlal croes sectlon can be

wrltten :

( dor
d0/;' = .És' Gffi ' [2'3' z',r' 

2ä' h' I
T

p-J
C["f

2
(r.27)
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The transftion natrix for the two-body interaction of the lncident

proton wlth the ejected particJ.e J (proton or deuteron fn the present

case) 1n the laboratory system is related to the dlfferentlaL cross

sectLon ln the CM systern fn the foJ-lowing fashlon:

2Fy.2E42
, do., P-j
l-anj c¡r2mr.2n".2rn .2nu ( r.28 )

The prevfous expresslon has been obtained fron (I.22) and (I.27) and

noting that:

EJ=Ef El=Elz m2/¡,2=I. (T.29)

The three-body fnvarLant phase space factor needs to be cal-

culated. One starts from:

q (þ,8) = (#")' /+t *P Rr (o,e ) , (r.30)

where

R1 (O,e) = ô (e2-;1ù , (r.31)

e2 = (E-Es -E* )2 - ti-is -iu ), , ( r.32 )

++++++P=pt.¡p2=p3*p4*p3 ( I.33a)

E=Er*Er=83*E4+85 ( r.33b)

The argument of the ô function Ls a functton of p,

A(ps ) = .2-ú (r.34)
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The property of the ô functlon ,

o[A(pe)) = F#ôp3l oci - îrt, (r.35)

where ir t" the value og i, for ¡vhfch A(p3)=0, Ls used.

It ls convenLent to lntroduce the varlables o,vrc:

to=E-Eu (r.36)

(r .37 )

(r.38)

'=È_i,,
d = arccog

(È-Ë,, ).i"
lÈ-Ëu l.li3 |

A(pa) = (r¡-83)2 - (i-is)2-r3 (r.3e )

a(ps) =u2+ p3+n3 -zurffi- lil2-pJ+zvp3coac-n! (r.40)

The derlvatfve of the functfon A(pS) wlth reepect to p3 1s

then:

ôA
ôp3

Z,J

E3 P3 * 2vcoec (r.41 )

Usfng (I.32) one gets for the phaee space factors

R3(Þ,E) = {fo)
6 n(ntao, dp3dnadpa

ô(p.î-p.î )
4E384 | -zut( pt /Et )*Zvcosc I

(r.42)

The differential phase space ls then obtaLned by notlng that:

dpq 
* uru (r.43)
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After the lntegratlon 1s perforued and the valuee of orvrd are

substituted one obtaÍne:
Ì

i

l

l

Lil

itl

'i

i

¿n"(È,¡) - 1Laq@;- %-)'
PuP?ry 1 (r.44)

| -z 1u-nu ). (13 l\)+(21ps ). (ts. (il-i, ) ) I

r¡hfch can be rearranged and expreseed ae

ckl"åS I . (r.45)
3P sP3 3P4eos 3 4 -P1 3co8 3

The latter expreeefon together wlth (I.8r17r18r28) Íe Íneerted fn (I.9)

Bo that the expregsion of the flve-fold dlfferential croee eectlon le

ffin*=N'r(å3CI)
p-J
34cM

a
I o(ks) I 

2 (r.46)

wlth

N=3/2,
(Eå+Ei) 2

f=-
P1

( r.47 )
p4P3

Ëb' (r'48)

lo(ts) l' - (oh /ai .*p(ttu.Ë) /aÌ ,¡u1"¡oSfrnìl
2

(r.49)

lO(ts)12 f" the momentun dlstrfbutlon of the recoll partlcle.

Note that the spectroecoplc factor accounte for the epin algebra not

expl1cltly derlved here.
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The expreseLon of the total energy of partlcles 3 and 4 in thefr own

centre of uags Bysten fss

Eg4cu = ln!fi+zEg & -2lps I lpa Jcoe(o3*u )]t" (r. 50)

The prevlous relatfon was derlved frm constderlng the Lorentz

fnvariant (n3+pU) tn the CM and laboratory Bystens. The notatfon used

ls the followlng:

Pt= (Eril) = (EtrP1*rP1rrP1, ), (r.51)

Eg4cu = (Ed+Ei) , (r.s2)

(n3+na )2@t = {n3+ea )fu, t (r.53)

t'g¿a" = pï+pî+zp3p+ = ¡l+tf +zn3r*,-2lps I lpq lcos(03r€4 ).(r.54)

The laboratory energy for the scatterlng of particle 3 and 4 with

particle 4 at rest fs obtalned frou:

E
34LAB

(Egftq ) = YE34c" ( r.55 )

wtth

ß==P¡-,
E¡4

(r.56)

Y = (83+q* )'((-%+q, )2-l;3 l2)L/2 , ( r.57 )
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,?o 2 2
m,

4
E3

CM
t3

(r.58 )E
2m.

4

T

_2 22E34c¡t-t3-t4
(r.59)= -n334tAB 2m.

4 rl

The ecatterlng angle ln the centre of maes syeten of partfcles 3 and 4

le obtafned etartfng wlth the Lorentz lnvarfant:
:

l

(P1.n3)LAB - (n1.n3)a" ( r.60)

ErcuE3cr.l + lirl.li3l.coeor, - ErE3
( r.6L )coe0

34cM lir."l.li3cMl

The expressfon of E
1CM

Ls obtalned fron the Lorentz lnvarianti

((n, + no).nr)rm- ({n, + 14).e1)." , ( r.62 )

E1(E3+84) - ir.i, - tr.io = E34c¡Frcu , (r.63)

E
Er.(E, + E4) - pt.(nrcose, + p.coe0.)

( r.64 )E
lCM Eg4c¡r ,

and fn a sLnllar way the expreesfon of E
3cM

1e:

2t3
4 li3l'lial'"o"{03 + 04)

E
3cM

+E
3

E

34cM
(r.65)
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II. 3[te(p,2p)np tn PI{IA

the derfvatton of the slx-fold dlfferentl.al cross sections

for the 3H"(pr2p)np reaction follows the eame steps as presented for

the 3He(pr2p)d and 3He(prpd)p reactlons. Hor¡ever, the 3H"(pr2p)np

matrl.x has four unbound partfcles ln the ffnal etate and, fn flrst

approxÍnatLon, thelr lnteractLons have been negLected. The wave

functlons whlch descrfbe the systern fn the flnal state are four plane

!ùavea of the type glven fn (I.12r13). The natrix element for the

transLtf.on probablltty ts:

Mrr. = | L-stz ./ aïraÌo f(3)f(4)v1Ìr- ÌoX(t) l.
2Er.2EU t/2

I oL-5. { Zmr.ZmU ô (ks,k6) ( rr.1)

wLth

0(ks,k6) = I aÌ, a?r""p(-rir.?r)exp(-itu.ìu)tas" . (rr.2)

In the present etudy the centre of mass of the n-p recoLllng

system fs at rest and the fnpulse approxinatlon fnplles that the

recôil1ng systen is not affected by the reactLon (the CM of the n-p

pafr was at rest also before the reactlon). Then, slnce the Gll of the

target fe at rest, the momentr.rn of the eJected partfcLe before the

Lnteractlon fs algo zero. Tt¡e part of expresefon (II.1) ln square

brackets ls the matrl.x eleuent of the transftlon probabtltty of the

two-body lnteractfon:

rl;l = a-3t2' I &g dì4 r(3)x(4)v(ì3 - lo)xtr) (rr.3)
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As nas shown tn (I.28), rlil "." be expressed as a functfon of

(do/ar)fiJ. The transftfon matrlx element for the 3H"(pr2p)np reactfon

1s then:

I

,l
I

tl

Mtt L-6. {
2E-.2F - l/2

) ol .rlij.ô(ks,ko). ( rr.4 )Zm5. Zm6 '

The differentlal four-body phase space factor needs to be calculat,ed.

The latter one fs gfven by:

33

R4(P,E) = (#)t. I
¿P3 d p4

ryq n, (0,e ) (rr. 5)

with

Rr(ore, = " lt* t ( rr.6 )

of,r taking lnto account that

, - M56 = Ei * rå - ('3 * n3.*)r/2 + ('? * n"*),,' (rr.7)

and expressfng p5 as a function of the sum of the total energles E5

and E5r then:

Rr(0,e )= #
[{M'so - (fs 4)I' - a^\#u1"' ( rr.8)

56

Fron (II.5) and

-3dpi 2
Pt

Et
dEt df¿ I (rr.e)pt

one can obtafn the dlfferentfal four-body phase spaces
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(rr.10)

and the slx-fold dlfferentfal cross eectLon ls then obtalned by uslng

the expresslons (II.4), (I.28) (II.2) and (I.8) wtth the next equatlon

d6o = rt.uþ .+ lrr,l'.-r..#p* (r r. 11)
d03d04dr3d14

so that

P3P4

-a

4d03d04dT3dT4 Mso 2Msø

| {uf u-t'r-'u )' } {r,r!u- c', ^u>' lJ' 
/'

/d6\P p It¡ãr æ lO(ks,ko) l2

d6o =N. 1Í
a

2
4(Eå+E¿) 4E-E -)b

a
p1

4

(rr.12)

wlth

6(k'ku) = | dìs dlu exp(-rÈr.Tr)"*n(-rÈu.lu)0r". (rr.13)

The quantfty N ls the Epectroscoptc factor whose val-ue Ls L/2 for the

T=1 component of the n-p relative notfon wave function and 3/2 fot tt'e

T=0 component. Only when the T=0 and T=1 momentum dfstrlbutlons are

ldentlcal ls the value of N equal to 2. In the comparl.son of the n-p

reeuLts wfth the calculated dtstrlbutions uslng the Khanna, Irving, and

Irvl.ng-Gunn !f,ave functl.ons, N was taken equal to L/2,

m
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LISÎ OF FIGI'RES

Fig. I Pfctorlal representatLon of the 3He(pr2p)np reactfon ¡llth

centre of naes of the recollfng paLr n-p at rest.

Fig. 2 Layout of the beamllne 48.

Ffg. 3 Schenatlc dfagran of the llquld 3IIe cryostat. Showfng A -

copper radiatlon ehteld , B - 3He gas outlet, C - ltqutd 4lte reeervolr, D

- needle valve, E - 3He condensl.ng cof1e, F - target cell, G - tafl

eectl.on, H - dunny target cell, I - scfntfllating screen, J - llquld

nftrogen radiatl.on ehfeld, K - Lfquid heLium radl.atlon shleldr L - punped

llqufd hellun bath, M - 3He gas lnlet' N - lfquld nltrogen Jacket.

F1g. 4 Schenatlc dlagran of the counter teleecopes used at the Ëarget

Location T1.

Fig. 5 Schernatlc diagran of the magnetlc Epectrometer. a - target

poeftLon, b - AE sctntlllator detectorr c - Xg-YO MI^IPC, d -

quadrupole nagnetr ê - dlpole nagnet, frg- X¡-Yt and X¡-Y¡

M[{PCf s, h - E sclntlLlator detector.

Ffg. 6

8tê8.

Block dlagran of the Tl electronlcs located ln the experfmental L9

'Page

6

jtl

tl

lil

lil

ll

I

15

10

L2

L7

20Fig. 7 Block dLagran of the flret portfon of the T1 electronLcs

located fn the countlng rooltr.
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Flg. I Block dlagran of the eecond portfon of the TL electronlce

located fn the countlng tooln.

22

Flg. 9 
^E 

ecLntLllator detector electroolcs. 24

26

27

29

30

32

34

38

Flg. 10 E scintlllator detector electronics.

Fig. 11 Magnetlc spectrometer maeter gate and event logtc electronfcs.

Ftg. L2 Electronlcs of the counter telegcopes used at T2 (part 1).

I

I

I

Fig.13 Electronlcs of the counter teleecopes used at T2 (part 2).

Ffg. L4 Block diagrarn of the pulser electronfcs.

Flg. 15 Block dlagran of the proton polarfneter electronfcs.

FÍg. 16 t\ro dinensfonal hietogram of the tfne-of-fl1ght through the

Dagnetlc apectrometer TAE versus energy fn the plastlc scfntfllator E.

The arrows lndfcate the cuts eet 1n further analysis to fsolate the

events of fnterest from accfdental events (separated by 43 ns).

Ffg. 17 lbo dfnensfonal representatlon of counts ln the :tO - YO

plane. XO, Yg are the coordinates of the ![itPC at the entrance of the

magnetf.c spectrometer. The arrorvs fndl.cate the cuts set fn the further

analysls.
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Fig. 18 Two dfnensfonal representation of counts in the xg - xF plane

The arrows lndicate the regf.on wÍth constant efflcl.ency of the focal

plane.

Ffg. 19 Two dirnensional- hlstogran T3 versus T4 for some of the

rHe(prpd)p data. This histogram was obtaLned without any restrfctlons on

the nfssfng energy Eniss . The data satlsfy the conditions

described in the text.

Ffg. 20 Kine¡natlc Locus for the rHe(pr2p)d reactÍon at 250 MeV and

asynmetrLc coplanar geometry 03 = 04 = 300. The polnt Ln the box

fndlcates the energy of the scattered and eJected protons correspondfng

to the centre of nass of the n-p pair being at rest.

Flg. 21 Hlstogran of the nisslng energy Eniss for some of the

3H"(p,pd)p data.

îLg. 22 Two dfnenslonal histogran T3 versus T4 f.or some of the

3H"(prpd)p data obtalned with the same conditlons as applled to the data

shown ln flgure 1-9 plus a 20 MeV cut on the nlsslng mass centred around

a value - 5.4 Mev.

Ffg. 23 The efflciency of the counter tel-escopes as a function of

radius for four dlfferent energies. The solfd LLnes represent flts to the

data polnts using the expression given in the text.
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Ftg. 24 The efffciency of the central regfon of the counter tel-escopes

as functfon of fncldent proton energy. The sol-fd l-1ne Ls a prediction

of the efffclency calculated uslng total reactlon cross sectfon data.

Fig. 25 the effectfve rms scattering angle and the ratio of the

effective detector radius to the nomlnal- detector radius as function

of lncfdent proton energy.

Fig. 26 DifferentLal eross sections a6o/(&SdT3d04dTu) dlvfded by the

facror F(doldf¿>l7l t as functlon of the relative momentun of the

unobserved p-n pair. The 250 MeV results are presented as open

circl-es, while the 400 MeV results are presented as fll-l-ed circles'

Ttre 1"55 MeV datun of Frascaria et al-. f s presented as a flLl-ed equare '

The solld, dashed and dot-dash curves correspond to p-n relatl.ve notion

momentum distributfons as fndfcated.

Fig. 27 Differential- cross sections ¿6o/(dCISdT3df¿4dTu) dlvided by the

facror f'(ao/an)ff! as function of the relatLve momentum of

unobserved p-n pair and the nfsslng energy E . the quantfty

¡-rZ+g.t = Ex-Q with E* the excftation energy of the p-n pair

the reactlon Q value. The calculated spectral functlons are

l-ndicated.

Flg. 28 Experlmental proton-deuteron relatf.ve moÈion momentum

dfstrlbutfon times the spectroscopfc factor as functlon of the p-d

relatlve momentum. The 3He(prpd)p 250-680 data are presented as fflled

squares, the 3ue(prpd)p 500-680 data are presented as open clrclesrand

the

E=ïn

and Q

as
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the 3Ee(pr2p)d data aB solld gguareg. Curve I le a PWIA calculatlon

wfth a tlulthén deuteron wave functfon and an lrvlng-Gunn 3He ¡vave

functlon. Curvee 2 and 3 are the epectral functions calculated by

Gl.baon and Lehnan ¡vith 4% and 7'/" D-state for the deuteront

reepectivelY.

Flg. 29 Experimental momentum dlstrlbutlon timee the epectroecopÍc

factor as Ln flgure 28 plus the 590 UeV 3tte(prPd)p data sholrn ae ftlled

dianonds, and the 530 MeV 3Ue(eretp)d data ehown as aeterleks' Curve 1

|s the spectral functlon calculated by Dieperink et al'¡ cu¡'vêg 2 and 3

by Meler-t{ajduk et al. wlth the RSC and Parls potentfal, respectLvely,

and curve 4 by Cfofl deglt Attf et al'
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