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Abstract 

3 o 
The differential cross-section of the reaction p+d—• He+jr 

3 
was measured at an incident proton energy of Ui>2 MeV for He 

o 
c,m. angles between 50 and 130 . Limited angular distributions 

3 

wer» also obtained at 377 and 576 MeV. The He particle momen­

tum was measured by uaing wire spark chambers in conjunction with 

a total energy absorption sc int i l lat ion counter. A decay photon 

from the r was detected in a lead glass Cerenkov counter. The 

results are discussed in terms of a two-nucleon model and a OPE 

model of the reaction. . The cross-section at A62 NeV i s also com-
3 -i-

pared with that of i t s isospin conjugate reaction, p+d—• H+T , 

and agreement with the principle of isospin invariance i s satisfac­

tory, except at small pion angles. 
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I . IirnRODUCTTON 

A. Objectives 

Rie reaction 

p + d -» He + *° (1) 

was studied experimentally at proton energies of 377 > >&2, and 576 MeV. 

This study was part of a more comprehensive investigation of radiative 

final states in He formation from proton-deuteron Interactions. Bie 

primary objective of the study was to measure the differential cross-

section for the reaction 

p + d -» 3He + 7 (2) 

which aonstltutes one pert of a reciprocity test of time-reversal 

invariance in the electromagnetic Interaction. Since the cross-section 

for reaation (l) is larger by a factor of 20 then that for reaction (2), 

ard furthermore since the kinematics of the tvo reactions are very similar 

In this energy region, a thorough understanding of reaction (l) is 

required for an accurate measurement of the cross section for reaction (2). 

Reaction (l) is also interesting in its ovn right, specifically from 

the point of view of pion production In bound state interactions and vith 

respect to isotopic spin (lsospin) invarianoe in strong interactions. 

Rie production of mono-energetic pions in bound state interactions of 

protons and nuclei has been investigated for a number of targets for 

proton energies Jetveen O.I85 and 1.5 GeV. In addition to the experimental 

interest in producing pions of well-defined energy, (p,x) reactions 



constitute an important netbod of Investigating the large momentum 

aonpoaents of nuclear wave functions. A considerable amount of effort baa 

been spent in developing theoretical models for thla process in an attempt 

to elucidate the pion production «echanli>a. 

Isotoplc spin lnvariance requires that the cross-etctlon for the 

reaction 

p + d -» 3H + * + (3 ) 

be twice that for reaction (l), i.e., 

Mils was first pointed out by Messiah'2' and Ruderman^3' in 1952. 

B. Pion Production In Bound State Reactions 

Pion j. -tuction on nuclei In which the final state consists 

of a bound nucleus Involves nostentun transfers on the order of 600 MeV/c » 

(8.33 f")~ • By nuolear standards this is a very high monentum, and such 

(p,x) reactions should be sensitive to short-range or high-momentum 

properties of the nuclear wave function. 

3be pion production mechanist! In these reactions Is only veil known 

for the case In which the target nucleus is slapljr * nucleon. Hie 
(•4) reaction p(p,x )d has been studied extensivelyv ' and Is clearly dominated 

by the (3,3) resonance near 600 MeV (see fig. l). For nore complex 

targets Ruierwuv'1' suggested that a sinilar neehanlsa should prevail when 

sufficient energy Is available In the c.a. system to excite one of the 

nucleomi to the (3,3) resonance state. Ibis two-nueleon process occurs 
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when the incident nucleon interacts with u nucleo:. within the target 

nucleus, causing a plon to be emitted wit! the incident nucleor: bei:.g 

captured by the target nucleus. For an example of this mechanism set 

fig. 2(b). I:igran et al. have made a calculation basej or: this process 

which relates the reaction A(p,n )A+1 to tne elementary reaction p(j,n*)!. 

For low energy plon production a single-nucleon n.echaniam is thought t. be 
(7) more appropriate. In this case the In̂ ller.t nucleon emits a j,io:. 

before the nucleon Is captured \>y the target nucleus, iixamplts of t: is 

type of proceaa are shown In fig. «. Sl:.ce t;.t .-.omentum trur.sfer r<i \\.tv>: \ 

In a alngle-nueleon process is A/(A - )• times greater than that 

required In a two-nucleon process, the latter should be the more likely 

nechanlam In the caae of plon production off light nuclei at medium -r M'gy. 
Plte r The reactions pd-»<3jj,t , above 1^=300 KeV exemplify such a caae. The 

measurement of the differential croea-eectlo:! for either of these reactions 

provides a teat of the validity of the two-nucieon approximation. If this 

approximation la born out by the general shape of the crosa-section, the:; 

specific Information concerning the H and JHe wave functions at small 

diatancea can be extracted. 

Rudermar. ^ first deecribed the reaction d(p,« )t in terms of the 

reaction p(p,Jt )d using the two-nucleon approximation. In his model the 

incoming proton is presumed to collide with the proton in tne deuteron 

target, producing a plon together with a dl-nucleon in the iso-singlet 

state. Provided the velocity vtstora are favorably matched, the di-

nucleon can then pick up the "spectator" neutron from the original 
3 deuteron to form the final state K. In such a ease the momentum transfer 

involved la 
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Fig.2 Feynman graphs important for forward pion production in the r 
p+d-»t+t : (a) One-Pion-Exchange (OFE) process; (b) and (c) twc-nucl 

reaction 
eon process. 
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where the vectors represent the cm. momenta. On the basis of such u 

description, the cross-section is expected to be proportional to a Jeuteron-

triton form factor and to the p(p, n )d cross-section. Bludman^ appllod 
(9) this model to the data of Frank et al. at T =3^0 MeV and obtained good 

agreeiaent using a deuteron wave function with a hard core ^ ai. adjustable 
(6) parameter. Ingram et al. , whose formulation differs fi-om KuĴ rmajn'a 

principally In the more complicated prescription for evaluating :.t.t- .T-USS-

sectlon for p(p,« )d and aleo in kinematicul factors, obtained reasonably 

good quantitative agreement with the energy distribution uf the forward 

crosi-aection except for the overall normalization. H.ls Jep-jridei oi: t::e 

particular deuteron and tritium wave functions used, but tne predictions 

vere consistently a factor of about 2 lower than the experimental iata. 

Agreement with the angular distribution at T =3^0 MeV was coor. 'tmrrv ' 
p 

recently generalized the two-nufleon process for the relativistic case. 

He also considered other processes which might contribute to this reaction. 

Diagrams that he considered are shown in figs. 2 and 3« Dollhopf et ai. 

applied Barry's model to their data at 470 MeV and 59^ MeV. Irving several 

different deuteron ai.d tritium wave functions, they obtained only quali­

tative agreement. A serious shortcoming of the model appears to be its 

inability to reproduce the peak at backward K angles in the ^7C MeV data. 

Diey showed that the one-nucleon process (see fig. 4) also fails to 

explain this backward peak. 

The reaction d(p,it°) He can also be used to test the validity of 

these models. In some respects the measurement of this cross-section is 
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Fig.3 One-Pion-Exchange (OPE) diagram 
important for backward pion production 
in the reaction p-kl-^t+F^, 



( a ) 

Fig.4 Feynman graphs for the single-nucleon process in the 
reaction p-kl-»t+n . 
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slmpler than that of Its isospin conjugate if both the He and a decay 

photon are detectsd. A doubly-charged particle and a neutral in the final 

state constitutes a rather unique signature. In any case, it appears that 

the measurement of more angular distributions in the energy region betwe-ji. 

300 and 600 MeV would help to clarify the reaction mechanism and thereby 

enable the extraction of some reliable information concerning the deutron, 
3 triton and He structure. The existing data on these reactions are 

summarised in Table 1. 

C. Isotopic Spin Livariance 

1. A Brief History of the Development of the Principles of 

Isotopic Spin Invarlance 

Shortly after the discovery of the neutron in 1932, it 

became apparent that it had the same strong forces as the proton. Investl-

gations of the energy levels of mirror nuclei (for example LI and Be) 

revealed striking similarities. It vas found that the energy levels could 

be grouped into multiplets, the members of each multlplet having the same 

spin, paiity, and nearly the same mass. This led to the postulate of 

charge symmetry, which states that the force between two neutrona is 

identical to that between two protons provided the Coulomb force is 

neglected. 

The more general postulate of charge independence was based on 

experimental observations of the equality (after correcting for the 

Coulomb interaction) of n-p and p-p forces in free nucleon scattering in 

the singlet S state. This principle states that at identical energies, 

the forces between any of the nucleon pairs (n,n), (p,n), or (p,p) depend 



TABLE 1 

(3He + W 
Existing Experimental Data for the Reaction p + d-»-< ., 

1 J H + Tt + 

T (HeV) 
p 

6 n ( degrees) Reaction Date Reference 

lab K.E. 1 5 , H e * ' 3 « W 
340 30-150 3 1954 Frank e t a l . (9) 

670 12, 25 3 1960 Akimov et a l . (41) 

450 40 1 , 3 1960 Crewe et a l . (18) 

591 37, 113. 128 1 , 3 1960 Hart ing e t a l . (19) 

562-750 24, 111-131 1 . 3 1963 Booth (42) 
* 

325 0 , 150-180 1 1964 Chapman et a l . (40) 

1515 180 1 1967 Melissinos et a l . (43) 
* 

760 
1050* 
760-1050 

25-180 
0-180 
180 

1 1973 Banaigs et a l . (39) 

470 
590 

30-160 
90-160 

i 1973 Dol lhopf e t a l . (11) 

Deuteron used as the projectile. The number given is the equivalent proton energy. 

Data points at isolated energies and angles within the indicated ranges. . 
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only on the total angular momentum and parity of the pair, and not on 

their charge state. In 1936 Cassen and Condon ' showed that the 

principle of charge independence could be elegantly expressed by means of 

the concept of iBotopic spin or simply isospin. Isospin is analogous to 

angular momentum but is linked to the charge states of the system in 

question. It uses the same mathematical formalism that -was developed for 

angular momentum. The nucleon is endowed with another degree of freedom 

besides the ordinary ones of coordinate and spin, and the corresponding 

internal variable is called isospin. In this formalism, the neutron and 

proton are manifestations of the same particle, the nucleon. Since this 

system is a doublet, it was natural to pursue the analogy with angular 

momentum and assign an isospin "vector" of value l/2 to the (n,p) system. 

The space in which this orientation is described is not physically 

realizable but is called "isospin space". The neutron and proton are 

manifestations of the two different orientations of the nucleon in this 

space. 

The association of pi-mesons with charge independence was first made 
(13) 

by Kemmer in 1938. The two charged pi-mesons have identical mass and 

the neutral pi-meson is only 3% less massive. Furthermore they all have 

the same spin and parity. Therefore it was natural to associate these 

three mesons with another isospin multiplet, and isospin triplet. This 

last step led to a principle even more general than charge independence, 

to the principle of isospin invariance. The postulate of isospin 

invariance states that the reaction amplitude depends only on the value 

of the isospin, I, and not on Io, the component of the isospin associated 
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with the charge state. In the ease of nucleon-nucleon interactions, 

charge Independence and isospin invariance are equivalent as a conse­

quence of the nucleon having an isospin of l/2. 

2. Experimental Tests of Isotopic Spin Invariance 

Isospin invariance manifests itself in the energy level 

structure of light nuclei, in selection rules among possible nuclear 

reactions, and in ratios of cross-sections for reactions involving various 

members of a given isospin multiplet. The energy levels of light nuclei 

have been grouped into definite isospin multlpletE, differing (aside from 

small discrepancies in mass) only in the value of the charge or I?. Hie 
7 7 excited states of the mirror nuclei Li and Be afford a good example of 

tests of isospin invariance in bound states. These levels are equal to 

within 2 - 4$. ' Isospin tests In bound state systems are difficult 

because of the problem of correcting for Coulomb interactions. 
o The reaction d+d -»a+7r is an example of the manifestation of isospin 

invariance as a selection rule. The iP has isospin 1, whereas the other 

particles hava zero isospir.. Therefore the reaction is forbidden. An 

experimental upper limit for the cross-section has been measured, ^ and 
(16) a calculation basftd on the results indicates that isospin is conserved 

to within at least 6.5$. 

For elastic scattering in the (it,d) system, the cross-section should 
(Ik, 17) +• be independent of the pion charge. Measurements for tf and it 

scattering Indicate that the cross-sections are equal to within 0.75$. 

These reactions, however, only test invariance with respect to the I-

component but not to total isospin, I. 
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The pd -*< 3 system, however, affords a convenient check of both 
1 HIT 

I and I,. Isospin invariance has been tested in this system at isolated 

energies and angles. As stated previously, isospin invariance requires 

that the cross-sections have the ratio 

«( 3H) 
a(3He) 

= 2 . 

(iB) Crewe et al. found agreement to within an accuracy of 15$ at T_=450 MeV 

at an angle of l4o* for the heavy particle. Harting et al. ' found 

agreement to within an accuracy of 5$ for T =591 MeV at angles of 52, 67, 

and 1^3* for the heavy particle. This test involves rather large 

corrections (approximately 6$ and angle-dependent) due to EM effects. 

With tlie results of the current experiment this test can be extended 

to a large angular region at k62 MeV. 

II. Experimental Apparatus 

A. General Description 

A floor plan of the experiment is shown in fig. 5« The 

external proton beam of the Lawrence Berkeley Laboratory lS'f-inch Synchro­

cyclotron was passed through a degrader and sent through a spectrometer 

system, which used a set of bending magnets to disperse the beam, a slit 

to select the desired momenta, and a second set of bending magnets to 

reeombine the selected momenta. At the entrance to the experimental area, 

t"*e degraded proton beam passed through the first of three ion chambers 

before entering the vacuum chamber leading to the liquid deuterium 

target. 
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'-* 
Tin; trajectory of the JHe par t ic le wn. -]• '.' rmined ;.;, *.w.. wire 

spark chambers, and par t ic le energy was measured in a large cci- ' 11 !_•=" i• n 

counter. An energy-loss counter (DEDX) was used before the e.neiv.. 

counter to se lec t doubly charged pa r t i c l e s , and a vi.'o -Tounter i*-i.i-d 

the energy counter rejected events in wt.icn cnarged par t ic les pa:•.:••• i 

through the energy counter. 

A photon from the decaying " was detected by rwans ui' a h'b-i !•• i'i. . 

Cerenkov counter. A veto counter was ,<sed to reject ci.argea 1*1": •!••. . 

In the Cerenkov detector the photon was converted by a lead rla.-:. ':>•• . 

and the resul t ing charged par t ic les were detected :.y a tci : . ' i l i a ' '.^; 

counter. Spatial information was obtained froir. spark chamter:: «• i :: 

followed the s c in t i l l a t i on counter and which preceded a large ulock of 

lead g lass . The lead glass produced and contained the ensuing :-.nowi r 

and gave a ro\igh measurement of the photon energy. 

The product of beam intensi ty and target thickness was Biu-iUT'-j 

measuring the e l a s t i c pd scat ter ing rate using two s c i n t i l l a t o r Tele­

scopes in coincidence. A pair of ion chambers a t the rear of 'he 

experimental area monitored ueam in tens i ty . Beam steering was mor.itot—d 

by means of s p l i t ion chambers, one a t the front and one a t the rear .••!' 

the experimental area. 

Digitized spark coordinate information, time of f l ight difference 

between the He and photon arms, and pulse heights in the tie, DEDX, and 

photon counters were stored on magnetic tape together wiu. i.uf oniiati.; 

from tiie various other counters. 
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B. Beam 

1. Beam Trans por 1. 

The beam t r a n s p o r t system i s shown in f i g . <••. T1 • 

e x t e r n a l p ro ton beam passes through a i vppe r degrader and a syn'i-ri. . r 

d e f i n i n g s l i t s ( s l i t s 1 and a). Two bends of 23° each d i s p e r s e i .v-

beam a c r o s s the momentum s l i t ( s l i t H). This s l i t was i.;e(.t -.. •;<•}• •? 

the d e s i r e d momentum i n t e r v a l . The succeeding magnets: prod ice v imagi 

of the momentum s l i t a t the t a r g e t . : J l i t j was used ' . . r e J v - ' : • : .H[,I 

of the beam spo t a t the t a r g e t . 

'<•.. Beam D i s p e r s i o n . 

The momentum d i s p e r s i o n fn-ross the t a rge t wh.: 

expected to be 0.'*'j% pe r i nch . This d i s p e r s i o n was the r ' - s i i ' ..: 

incomplete momentum recombinat ion in the h o r i z o n t a l plane a:, i •.. ' n w i 

due to geometr ic c o n s t r a i n t s on the bean: d e s i g n . The magni fi.-at i ,t wa. 

expected t o be &.£ from the momentum s l i t '.. • •;.••. t a r g e t . 

Measurements were made of both the rnagni r i c a t ion ana i i . spers ioj . 

by narrowing tiie momentun. s l i< and making th ree measurements wit:. <.n>-

narrow s l i t in d i f f e r e n t p o s i t i o n s . Tiie magn i f i ca t ion was mna.:-ir-i ••'.: 

means of pno' .ograpnic exposures to ne 1.. ; •!.<•• mon.enturr. i i spe r ; ; i e : uu. 

measured t.j range ::;easure::,cnt..- (see s e c t i o n •• nelow) U. :«.• L..' • I {«:r 

inch a t the targe' . . . These ag reements , wl.il. not e x c e l l e n t , >»••• 

probably wi th in the exper imenta l '.ui : e r t a i : t i e t ; , most. »:;j»e. ia j 1 . w..--

c o n s i d e r i n g survey iji.d al ignment u n c e r t a i n t i e s and e r r o r s due •• • •>• 

use of f i r s t - o r d e r T ' i c s . 

http://wl.il
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3. Beam Divergent 

A mean horizontal divergence of about 0. p pi• t• inch 

at the target was the design. Some scatter plots of r-.in analyses 

reinforced this number, but there was no direct experimental . e ti:' i -

'jation. Vertically, the beam divergence was designed ' o .•<• (•.'••" \-•• 

inch. In addition to this correlated divergence, there way a r>n -h i: 

beam divergence, in the horizontal and vertical planer hav ii.(-' a .-':r. lu-i 

deviation of 0.1't". 

**. Beam Energy 

Eie average proton beam energy was measured i . 

degrad ing tlie proton energy wi th copper abso rbe r and de te rmin ing •!.'• 

Bragg peak or the p ro tons ii. a helium ion chamber. The ^xp .-inien'ai 

s e t - u p i s shown in f i g . 7 . From the p o s i t i o n and width el' i.i.e Ura f:c 

peak a r e ob ta ined the average proton range and s t anda rd d e v i u t i •. 

r e s p e c t i v e l y . The a b s o l u t e range-energy c a l i b r a t i o n i.- najed oi ' wi • 
( 21 22) 

experiments^ > ' which b r acke t the range of e n e r g i e s wi *.l. which we a iv 

concerned. I i o rde r t o a s s ign an energy tu a given e v ;.'., t.l.u; average 

beam energy i s c o r r e c t e d by an amount based on the p o s i t i o n of the given 

event v l t h respect to the average pos i t i on of a l l e v e n t s . Beam energy 

determination I s described In more d e t a i l In Appendix A. 

Beam I n t e n s i t y 

The beam i n t e n s i t y was measured ny a ,;eL el' ' : r> •. 

h e l i u m - f i l l e d ion chambers, eacii wi th i t s own i n t e g r a V r . The i n t e ­

g r a t o r s were p e r i o d i c a l l y c a l i b r a t e d du r ing the experlmt.-i t will, a 

cu r ren t source (Ke i th l ey Model SOl) . Tie accuracy ••!' " • • •••irrvi t .n .!••••• 
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îe.',' Schematic diagram of the appcratui; for the proton enert^ neat arexent. 



-20-

was not known, but the combination of current source and one .jf the 

integrators gave a measured precision for the integrator constant of 

0.13% over a six month period. The three ion chaim.it;rs yielded rt-ii .]*.:-. 

consistent tL> better than le over the entire duration of the expe •rim-wi . 

A direct proton counting teclmiujie was m;ed for the abi:oiu'.e 

calibration oi' the ion chambers. This technique is deseriu.-d i rii-ri,. 

below and in detail in Appendix B. At a high beam rate (roughly 
8 

2 x 10 protons/sec, time average!.') the ion chamber was caj.i; rari-d 

against the elastic proton-proton scattering rate frori. u OH,, targe*.. 

At this beam rate, an accurate correction for leakage current wa:-, 

possible. At a beam rate low enough (roughly 10 J protons/sec, 

instantaneous) so that counting losses were not beyond correction, the 

protons were directly counted by a scintillator telescope. Concurrently, 

the proton-proton elastic scattering rate was measured. This provided 

the link between the directly counted protons of the low intensity beam 

and the charge collected in the ion chamber vith the high intensity 

beam. A schematic diagram of the important parts of the apparatus iised 

in this calibration is shown in fig. 8. The ion chamber to be cali­

brated was placed upstream of the direct, proton counters (DPC), whir*, 

consisted of three circular (12-inch diameter, l/8-inch thick) plastic 

scintillators in coincidence. A four-inch thick CH_ target downstream 

of the DPC was used for the proton-proton scattering. The scintillator 

telescopes are described in section Il(c) below. 

6. fleam Steering 

The location and direction of the beam in the 

http://chaim.it
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hcrizontal plane were continuously monitored by recording tin- differ­

ential currents from two split ion-chambers separated by 2VI.'; inches 

(see fig. '0. Maximum beam displacement during a typical run was about 

0.0'*°. This maximum occurred less I han 1-4 of the time, so correct.ioru: 

due to beam steering were neglected. 

C. Target 

A gas-buffered liquid deuterium target was uued. A 

schematic diagram of the target is shown in rig. y. The inner walls of 

the target were of 2 mil mylar, the outer walls of j mil mylar. Tin: 

target flask was situated in a vacuum chamber with a 20 mil mylar exit 

window. Liquid hydrogen was used to condense deuterium. The liquid 

deuterium (LD0) was stored in a reservoir above the target flask and 

entered the flask via a fill line at its bottom. A line from the top 

of the target ran through a valve to the top of the reservoir. 

Normally the valve was open BO that deuterium that vaporized wa« vented. 

But, for target empty runs, the valve was closed so that the vapur 

pressure of tl;e boiling deuterium forced the LD„ out of the flask and 

back up into the reservoir. 

The density of the LD„ was determined by periodically monitoring 

the flask pressure. Normally this pressure was 17 inches of Hg below 

atmospheric pressure. Typical variations were of the order of one inch. 

This corresponds to a Llljdensity^ ' of 0. L677 ± .0005 g/cm . 

Target thickness was dictated by a compromise between competing 

desires for a high counting rate, on the one hand, arid low energy lost; 

and multiple scattering of the doubly charged final state He, on the 

other hand. A l/2-in. thick target was used. 
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XBL737-3280 

j"'ig»9 Schematic diagram of the deuteria-n target. 



-2L-

Target thickness (actually the product of target thickness and 

beam intensity) was continuously monitored during the experiment by 

measuring the proton-deuteron elastic scattering rate. A schematic 

diagram of the apparatus is shown in fig. 10. The deuteron telescope 

consisted of four (12 in. x 12 in., l/8-in. thick) Pilot-R .;cini i I Uif. rs 

in coincidence. Two additional counters (1̂ + in. \ \U in., l/H-in. ' 1: i • r k ) 

were used in atiti-coincidence. The proton telescope cons Lji ed t.f i.!u->" 

(6 in. x 6 in., l/8-in. thick) scintillators iti a coincide:, ce req<i i fiiif 

a signal in at least two of them. Two counters (" in. • i.... i '-i; . 

thick) were in anti-coincidence, The degrader, R and £R, wa.: .;<• h-_•: el 

so that a "slice" of range about the Bragg peak was accepted at ? Im­

position of the last coincidence count»ic. The degrader £H stopped I he 

particles. Copper and Lucite degradeis were used for the deuterur and 

proton telescopes respectively. The proton telescope defined the solid 

angle for the reaction. A Monte Carlo program, which included 'lie 

energy spread, size, and divergence of the beam, was used to check tin-

mapping of the proton telescope onto the deuteron telescope. lis 

addition, the effects of beam mis-steering and variation hi the degrader 

R were checked experimentally and were found to be negligible. 

A schematic diagram of the electronics associated with these 

counters is shown in fig. 11. Accidental coincidences were counted 

and corrected for. The correction was always less than 10$. The ratio 

of the target full to target empty proton-deuteron rate was l'i:l. The 

proton-deuteron rate per unit of incident proton beam, as measured by 

the ion chambers, was constant throughout the course of the experiment 

to within 0.',%. 
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Fig.10 SohBmatic diagram of the apparatus 
for monitoring the target thicimesE. 
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U. (it-1 i .in. :'x*c'. rometer 

1. Magrietoetri-""* I v Wire : ' ;ar; : '.'nanAcr:; 

TVt; •'h'- t r u . ' e c to ry wut: iv-.enr.ine j -..• ••-•> :;••!.• L-u: 

m o g n e t o s t r i e t i v e wire spark c-aaiber:: ac si.i.'Wr. I: !'!».:. . 7;.' ••ait:' r. 

were coiiu' .ructcd a t L3L) KucK :oi :e ls tcd ••:' two «api. u:.j :'•: .r vlr> 

p laneE. Such plane van formed ly '* n i l a l ~ : i : .r v i r - ' a" ii ..;*i-'. f; 

>>0 m i l e . 'Ilie f i r s t plane had v i r e s 3C* v i ' . reopen' '> •}.•• - . • • r ' i -n . •; : 

was grounded. The second plane had win-:; ?('* with res[.:• .•' ">• •.. 

v e r t i c a l , and ' 0* with r e spec : - ' : •-•'•<•• f i r : ' j l a^ .e . This i .1- . : •• a J ••• 

succeeding p l a n e , which r.a.i h o : i z o : t a i w i r ' . . :\-v ;: :lj< i v: • :,.:. 

v o l t a g e . The l a s t pla.v- ha i v e r t i c a l wire.; a: i va: grounded. Th« a c t i v e 

a r ea of each chamber was 2* i n . '• - 0 1:.. A ;;.>rt o:' a l .jr. i: i -. • • i :•... In:-

was placed c l o s e to each wire plar.e to improve \...e .r.lforn.!'. . . :' 

e l e c t r i c f i e l d in the eha&bers. 

?'. Energy-Lous Counter 

AJI e n e r g y - l o s s (DKDX) c o v . t e r , f o l l o v i : f* ':.<- ;:park 

chambers, was used ' s e l e c t doubly charged p a r t i c l e s . This - o . r ' e r 

c o n s i s t e d of '<" i : i . •. .'*• i n . P i l o t - B s c i n t i l l a t o r , l / 6 - i r c: t.-.i-k. Tf.t-

s c i n t i l l a t o r was viewed by a s i n g l e ' - i n c h phototube v i a a iVl i ed 

Luc i te l i g h t p i p e . 

$. Heliun. Energy Counter 

A t h i c k , l a rge a rea p l a s t i c s c i n t i l l a t i o n . v i n ' e r 

vas used t o s t o p and measure the energy of the J He p a r t i c l e ! ; . Ar. 

exploded view of the r .echanica l c o n s t r u c t i o n of the coun te r i s snovn ii. 

f i g . 12. Tlie a c t i v e a r ea of the c o u n t e r , P i l o t - Y a- t:.t i l l a t o r WHS 
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Fig.12 Exploded schematic diagram of the He-counter 
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9h i n . • 2'. i i ; . and was 'i-3/l '> i n . t h i c k , wi.ici. i: ,','jst. i.:.ii:K t:vu . t ':. v 

s t o p 430 MeV He p a r t i c l e s . Tlie energy r e s o l . t i o n of •:.<• ':. .!.-!••!• vat-

6$ FWHM fur J rlO MeV 'lie j i a r t i c l e s and improved 01.ly r l Jgn t J . . t,. •'. ; .V} ' 

a t 2r,,0 MeV. I-';lse height observed ir t.-.e J> .; M T was a : .:. " . i . • f 

p o s i t i o n . 'Bit.- ..v-inter response was mapped I:, H :-'>'d MeV pro'.on :-ea:: , 

which depos i t ed 'j2 MeV of energy in t.'.e co i n t e r , and '.:•>•- l a t a wa.-. .•„• i 

t o c o r r e c t tne response 'of tne coun te r sr t : .a t tne : ;OI . - -JI I fv-rn.i'.. wa.-

l e s s than IO&. Nuclear i n t e r a c t i o n s ol' the Jiie p a r t i c l e s 1:. • • • 

s c i n t i l l a t o r caused i n e f f i c i e n c i e s . A t y p i c a l spectrum for a w. l i -

c o l l i m a t e d , monochromatic 1 1 J . ' MeV He beai:. i s shown in f i g . 13 . 'PI., 

pe rcen tage of counts in the t a i l s ( a l l co mts be lew the dashed l ine i-

f i g . 13 were cons ide red t o l i e in the t a i l s ) was determined for j t - .M-al 
3 

e n e r g i e s of He. The r e s u l t s a r e shown p l o t t e d a g a i n s t s c i n t i l l a t o r 

range in f i g . lU. The ga in of the counter was monitored us ing a p'll.jed 

Argon lamp and an Americium s o u r c e . The c o n s t r u c t i o n and performance oi' 
(26) 

the coun te r a r e de sc r ibed in d e t a i l e l s e w h e r e . 

M. Ant i -Coinc idence Counter 

A l a rge (26 i n . x 26 i n . < 3 /8 i n . 1 F i l o t - B 

s c i n t i l l a t o r was used immediately behind tlie He-counter t o e l i m i n a t e 

even t s which produced charged p a r t i c l e s out the back of the He-counter . 

The counter used t h r e e 2- inch p h o t o t u b e s . 

E. Photon Detec tor 

Two hodoacope speotrometars ware used for photon d e t e c ­

t i o n . Thei r des ign i s shown schema t i ca l l y in f i g . p i . They were 

composed of a sequence of: a v e t o c o u n t e r , V, for -rharged p a r t i c l e 
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Fig.13 He-counter spectrum for a well-collimated, 
monochromatic 114.6 MBV ^He beam. 
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rejeotion; a 2-inch thick, 2 radiation-length slab of lead glass for both 

conversion ana pulse height lnformatlonj a scintillation counter, SC, for 

a photon conversion trigger} a Bet of magnetostricttve wire sparl: chambers 

for photon localisation} an 8-inch (8 radiation-length) thick block of 

lead glass. Each photon spectrometer was mounted on a moveable pivot Erin 

and could be rotated from 23* to 120* with respect to the beam. The 

conversion efficiency of the 2 radiation-length lead glass converter was 

determined using a tagged photon beam. Conversion efficiency is shown 

as a function of photon energy in fig. lb. For the p + d -» He + if 

analysis the position of the photon conversion was not used- The only 

relevant fact was whether a photon struck the counter, was converted, and 

produced charged particles in SC. 

J. Running Conditions 

The use of two photon counters allowed for simultaneous 

collection of data In two angular regions. Furthermore, since each photon 

counter setting included a large range of center-of-mass angles, only 

three photon counter angles were analysed to obtain a center of mass 

angular distribution for an Incident proton energy of k62 MeV. In 

addition, partial angular distributions ware obtained for incident 

proton energies of 377 and 575 MeV. 

The requirements for a trigger weret a coincidence between the DEDX 

counter, He-counter and the photon SC counter, vith no simultaneous 

count in the photon veto counter or In the He veto counter. For each 

kinematic setting, the pulse from the EEDX counter was required to 

exceed a given threshold and the He-counter pulse was required to lie 
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Fig.16 Photon conversion efficiency -vs- photon energy. 
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within a given range. A schematic diagran: of the basic electronics is 

shown in fig. 17. Bits 'were set to indicate which photon counter 

initiated the trigger. For each event, digitized spark information, 

time of flight difference between tli'/ He and photon arms, and pulse 

heights in the He, DEDX, and photon counters were stored on magnetic 

tape. 

Periodic checks of the helium-photon coincidence timing were ma/le 

using proton-proton scattering as n reference. Also the proton oeam 

energy was measured several times. 

Data were taken with the flask both full and empty. 

Periodically throughout the course of the experiment, thi two 

photon counters were interchanged in order tc average out any inherent 

systematic effects. Subsequent analysis showed no discrepancies between 

results from the two counters. 

III. Data Analysis 

A. General 

The data analysis consisted of taking the experimentally 

measured quantities and from them extracting the kinematic quantities 

cnaracterizing the event. These quantities vere then compared with the 

predicted quantities, based on the assumption that the event resulted 

from the reaction p+d -» He + n . If a -oouness-of~fit criterion was 

satisfied, the event was accepted. Fitting was done with a least-

square routine with constraints. The measured quantities were: 

incident proton energy, proton angle in the horizontal plane, He 

kinetic energy and scattering angle. No photon characteristics were 
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used, other than the fad, thai, our: l.jigfv-i-i.'d the photon counter. Tin' 

experimental data which were recorded on magnetic tape for each event 

consisted of: l) bookkeeping entries such as run number, event number, 

2) the actual scattering data which included digitized spark informatioj:, 

pulse heights from the photon, DEDX, and He-counters, the presence in 

the trigger of the first, second or boti. pt.oton counters, and tiroe-of-

flight information. Provisions were made to record six sparks i'roir. 

each of the wire planes of the lie spark chambers. 

A computer program was used to reconstruct each event fror. these 

data. The digitized spark information va:; used to compute the .'.-•part: 

positions in the chambers. A line was determined from sparks in each 

He chamber. The intersection of this line with the target was the 

interaction point. The position of this point it. the horizontal plane 

wac used to make a minor correction to the direction of the incident 

proton in the horizontal plane. The assumption was made that the proton 

lay in the horizontal plane. The angle between the proton direction and 

the Helium trajectory was the scattering angle. The proton energy was 

computed by making a correction to the average proton energy for the 

entire run. This correction was based on tiie position of the inter-

action point in the target. The ""He kinetic energy was calculated from 

the pulse height in the He-counter. Tiiis calculation was based on a 
3 ? 

calibration of the counter using He particles of known energy. The He 

kinetic energy was corrected for energy Iocs ii. the material along its 

trajectory from the production point in the target to the counter. For 

purposes of energy loss calculations for both the He and the incident 
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p r o t o n , the i n t e r a c t i o n p o i n t was assumed to l i e on the prc-'o-: 

t r a j e c t o r y a t a p o i n t one -ha l f of d i s t a n c e through the t a r g e t . The 

event was r e j e c t e d i f the goodness of f i t c r i t e r i o n was ..' .-.a' i.;»'i> d. 

For each accepted e v e n t , the s c a t t e r i n g angle 01 the 'he in • ' . .-.•<,•<•-

of-momentum (CM) system was c a l c u l a t e d , and 'he even' . : wer- : ' • • i 

accord ing to t h i s angle ' . Tlie geometr ic a e c e r t a i c e .. f the .;,.:;•• w wi. 

c a l c u l a t e d as a funct ion of the ile CM anyl< by -i M,'nt.''-' vu-U •• • • : • , . . . 

F i n a l l y the d i f f e r e n t i a l c ross s e c t i o n was eompu'ed. 

B. Helium Tra jec to ry 

The ""He t r a j e c t o r y was determined :>y l o c a t i n g '.!.a -

s t r a i g h t l i n e through the two chambers that ben- fi+ ' he spark '.. - H M . U S . 

The path of the He p a r t i c l e was never more' tnai • * fr.mi 'he per-.t- i i -

c u l a r t o tlie chamber p l a n e s . Hence the apprex imat i . ' ' wus mad" •:•,• 

these wire f lanes lay a t the c e n t r a l plane of the chamber. Thi.' s-lu.-.-s 

the t r a j e c t o r y problem to l o c a t i n g a point in each •.namuei- whim t- .-• 

f i t s the spark p o s i t i o n s in t h a t chamber. It. l o c a t i n g <-;•.•• pu 'h f a 

p a r t i c l e through a chamber with four wire p l a n e s , each having •wire, 

running in d i f f e r e n t d i r e c t i o n s , one has a redundancy .̂f i::i\ rn.at i .u . 

Tills red u.ey was used to r e s o l v e amb igu i t i e s in m u l t i - s p a r k eve; •.. and 

to improve e f f i c i e n c y and accuracy . 

For each event t h e r e could be ze ro to s i x sparks per wire p l a n e . 

Eacli spark determined a l i n e or "w i r e " , p a r a l l e l to the ehami>'. r w i r e s , 

on which tne spark was l o c a t e d . A p o i n t , P ( x > y ) , was ft^c.d IV.r which 

the stun of the squares of the d i s t a n c e s t o the wires was a minimum. 

The four chamner planer, determined four e.r.a* ions of tne V.yrv 
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A . X + B . Y •• C . , 
1 1 I ' 

where A. and B a r e the d i r e c t i o n cos ines of eact. of t..\>- To :r 
i I 

In matr ix n o t a t i o n Equation 1 is w r i t t e n 

MP 

where 

A l B i 

A.3 B,, 

A B. 
3 1 

A, B. 

arid f! 

Wi 

This system of e q u a t i o n s , however, i s uverdetermi.-.ed a ; i , 

g e n e r a l , has no s o l u t i o n . I f Equation 1 i s modi f ied , 

MP - C "* r , where r = 

(se) 
there exists a miique solution P, which minimizes the sun. of 

squares of the residuals, r.. The solution can he written as 
I 

P -•• M C , 

where M i s the genera l i sed inverse of M. 

P h y s i c a l l y , the r e s i d a a l r . i s the p e r p e n d i c u l a r d i s t a n c e 

p o i n t P t o tliu wire in p lane i . I f any of ti.u r . was g r e a t e r ' 
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s p e c i f i e d f i t pa ramete r , the po in t involve 1 va ;- i Unlimited :'r •.-i: • 

c o n s i d e r a t i o n . 

Having found a p o i n t , the wires used in de te rmin ing i t wer-

e l i m i n a t e d from f u r t h e r c o n s i d e r a t i o n . After a l l ^rn.i/.isai- ie ' i ' 

been found involv ing four w i n ; ; , f i t s were so vt.t. a.i:+- •:<••• w i : 

F i n a l l y , i f no t h ree or four wire f i t s were J\".nd. inter.;<••>' io: . 

wi res were used . 

A point from each of the two ehamoers determined H ;.». i : ]> 

t r a j e c t o r y . Only tiiose tha t poin ted t o tne t a r g e t vo l .n<- »!••• ' 

ana lyzed . 

C. Helium Energy 

ISje helium coun te r was c a l i b r a t e d in a w e l i - c o l l i - i 

monochromatic He beam a t two e n e r g i e s : • 9 MeV and 13C MeV. A» 

e n e r g i e s , tagged He p a r t i c l e s from the r e a c t i o n a *• p -• 'lie - d 
3 

used. These da t a spanned a He energy range of rougnly 100 - ."• 

The s c i n t i l l a t o r response da t a were f i t us ing the pa ramet r i c 
(2b) 

formula 

£k = g ( d E / d x ) ( l + b d E / d x f 

F luo re scen t l i g h t energy emi t t ed per 
u n i t pa th l e n g t h , 

o v e r a l l ga in of the c o u n t e r , 
-3 
"'He energy loss per unit path length 

Scintillator saturation parameter. 

where 

£ 

dE/dx 
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Kor each datiui. the in tegra l , 

) < i - e ' ) 3 / *<i* , e-dE/dje) 

where, 

M = He mass 

V ' Measured He beta a t the ..-o inter face, 

was calculated and compared with the measured pulae held;. ' . "'•<•• !••'>>. 
3 J 

of those He par t ic les generated by the reao'.ii: 3 * j ' •"!:<• * i w.;-

calculated on tlie basis of the measured kinematic 4 .an t i t iej (. k I: .* - * i«r 

energy and direction of the a, and scat ter ing angler, of He and 1). 

A least-squarss minimizing rout ine, whici, t reated g a:;d B as ai.'urr u: L~ 

parameters, was used to minimize the quantity, 

where, 

1 

PH 

PH, 

i 
pred 

PH, 
pred 

- PH, 

Measured pulse height of the i - th datnii., 

corresponding pulse height obtained by 
means of the above in tegra l , 

standard deviation in 'inits of pulse 
height of the measured pulse height in 
the energy region of the i - th datum. 

The values of the adjustable parameters giving the best f i t were: 
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g = 1.3^. 
E = o.<,6" v 10 g/cra3/MeV. 

D. Geometric Acceptance 

Thi' geometric acceptance of the system wa.- •tileula'i'd !,y 

means of a Monte Carlo program. 'IMs program J .'.eluded ':• •-•l't\."-1:-. • r 

the proton tit-ani energy spread, spatial distrii.":* lot. of •;*• JTOI HI, ln'.v: 

at the LD,, turget, and uoth correlated and raiidon. bear. J i .•(•rt-"''''e. ,\lsu 

included were energy loss and multiple scattering of tne ^-at'ered He 

particles. Monte Carlo programs were written by + vo independent 

programmers. The results of the programs were consistent •., within 

statistical error (1$). 

For each angle at which data was collected, the configuration i.f 

the experimental apparatus was specified in the Monte Carlo program 

exactly as it had been measured for the case of real data. The effi-.-l.ive 

solid angle at each configuration of the apparatus was defined Jointly 

by the helium counter and the photon counters. For a giver: event an 

interaction point (x,y,z) in the target and a direction (cos v and "f) 
3 3 

were chosen for the He particle. If the He struck th«- helium counter, 

the program proceeded with the uniform decay of the " in its CM system. 

The path of each photon was traced to determine whether it was inter­

cepted by either of the two photon counters. The conversion efficiency 

of the photon counter was folded into the geometric acceptance of the 

apparatus at each setting. 

A typical geometric acceptance eurv*" with the photon .-onverslon 

efficiency folded in is shown in fig. 18. When actually extracting the 
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Fig.18 Typical geometric acceptance. 
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cross sect ion, only tlie region oj' the solid angle near t nt- peaf wa.- ..:<d, 

where the s t a t i s t i c a l error is less thai. lot. 

E. beat;t-Squares Kinematic Fi* t ing. 

Tlie si't oi' processed da'a 1'ron. 'J.e i.rli ju t_-:.MM fi rv, • • .-,;.. 

loss counter, u: 1 He-counter wa;: sio/eoted to two ^ r i t i r i a ue;\r- : ' .i"-.tr 

analys is . F i r s t , ti.e He t ra jectory, as .-on.put.ed fivn. the jpam: cnani'-r 

information, was required to originate in ti.e targe». This r- .: ,i r'''i':> - ' , 

rather than the more stringent one that the tra.'oct.otv nri t-;n!i'. ' ii ':..• 

area defined by the spa t i a l d is t r ibut ion .--J' the bean, a'- tl,«- lar^.-l , wa: 

used to insure that no potent ia l events wen- lost as ;» result. ..:' t ra­

jectory reconstruction errors caused by multiple scat ter ing and tini*..-

spa t ia l resolution in the chambers. Second, the puLie in the •. :.erg,v-loss 

counter was required to be above a given threshold value i'.-r -ai-. Ki-«— 

matic s e t t i ng . A typical energy-loss spectrum witli t.he ti.resi:oid 

indicated is shown in f ig . ly. The superimposed points indicate uv 

same spectrum resul t ing from a re la t ive ly clean sample of He (obtained 

by means of a X*1-c.it described below). 

Hie events sat isfying these requirements were referred to a common 

coordinate system, which had as i t s origin the "pivot" (the poir.t about 

which the photon counter rotated and to which the survey refer red) . The 

coordinate system and relevant angles are shown in f ig . 20. 

The measured quanti t ies were: 
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where the subscripts 1 and 3 refer to tl.i- incident proto: a: d ..'cattered 
3 He respectively. T!ie incident proton was assumed to lie in t:.e 

horizontal pla.:e, and a correction wis made for the divergence angle 0 1 . 

For a p+d -» He + n° event, the measured quantities as expressed 

above are subject to energy-momentum conservation. Thf- eq'iatio.nn ar--: 

Energy: Kx - M g - E^ + E^ (j) 

Momentum: 

X-component: P.,sin9,coei>, + P.sinB.cos^ = C (:-) 

Y-component: P,siii8,s±n^_ + P, sine, sincp, 0 (j) 

Z-component: P. - P.,cos8, - P.cosS, = 0 ( i , ) 

where the subscripts 2 and 'i refer to the target. Heuteroi. as.d the j;° 

respectively. Ej is the total energy of the i-th particle. The only 

independent variables in equations 1-b that were not measured are F, , 

di , and <p̂ . Thus the four equations are overdetermined and a fitting 

procedure must be utilized to obtain the optimal solution. 

The method used was that of least-squares fitting subject to the 

non-linear constraints of energy-momentum conservation. This I:: a 

standard procedure in bubble chamber physics. Three of r.ne eqiiations 

of energy-momentum conservation are required to determine the .mmeasured 

kinematic variables. The remaining one is used as the equation of 

constraint in the f i t , giving what is called a "one-constraint fit". 

Equation 1 above was used as the constraint equati. on. In addition to 

fitting the data for each event to the hypothesis thai i t resulted from 
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3 o „ . ' 

'.he r e a c t i o n p+d -+ He + jt , a goodness -o ['- f i ' n.ji.her ( • -YEiise) was 

ca lcu la ted for each e v e n t . A his togram of t h i s V'-valu- for n ',. t d - a l 

•un i s shown in I ' ig . 2 1 . Tl.e Monte Car lo da'.u were normal, i... j • . •.: , 

•eal d a t a by r e q u i r i n g the same number of events with '' l " s : •;.--i: '• . 

A d e s c r i p t i o n of the f i t t i n g procedure i s given in more i e ' a i l i' 

Appendix C. 

F . E f f i c i e n c i e s 

1. General 

In c a l c u l a t i n g '.ne c ross s e c t i o n , ti •- ie1 <• • • [,_•: 

e f f i c i e n c y of the appara tus must be used. Thi3 eff i ' - iea-. . 'a: ;••• 

cons ide red as t he p r o b a b i l i t y of d e t e c t in/-- the d e s i r e d ••:• : ' . .-'iv- ;• ' s a t 

t has occu r red . One important, f a c t o r it. ' ; , i s d e t e c t i o n e f f i e i- • ••;,• ! s 

the geometr ic accep tance of the a p p a r a t u s . This lias : v n u !.•'• ,.;.:-.i] in 

s e c t i o n D above. The remaining e f f i c i e n c i e s inc lude tne d e t e c - Lor: 

e f f i c i e n c i e s of the a p p a r a t u s . The photon convers ion e f f i c i e n c y nay 

Leeti t r e a t e d ir. s e c t i o n I I . E . Tl.e e f f i c i e n c y of the ;'C cos r . t e r , 

•described i.n 1 he same s e c t i o n , was e s s e n t i a l l y 100$. The helj,;«. .jpark 

t .amber e f f i c i e n c y w i l l be d i scussed in s e c t i o n 2 below. The i I ' f ic iency 

' the e n e r g y - l o s s coun te r for "He p a r t i c l e s of energy in the range .u' 

I . t e res t . of the exper iment was lOOi. A c o r r e c t i o n , however, wa;- -nade 

( s e c t i o n I below) fo r He break-up in the m a t e r i a l before the c o u n t e r , 

s ince the r e s u l t i n g s i n g l y charged p a r t i c l e s would not t r i g g e r tne 
3 

c o u n t e r . S i m i l a r l y , "'He p a r t i c l e s undergoing .nuclear i n t e r a c t i o n s i.. 
t he Ke-counter could f a i l t o be d e t e c t e d a t the c o r r e c t energy . Thi:. L; 

a l s o d i s cus sed in s e c t i o n I . For those He p a r t i c l e s not i n t e r a c t i n g 
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Fi.g.21 Typical X spectrum. 
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strongly in the scintillator, the detection efficiency was cn^dilcird 

to be 100$. Finally, the efficiency of the helium veto COUIIUT' way 

taken as 100$. The only remaining efficiency was "counting" ••ffh- U-ney. 

This relates to the efficiency of use of the protons in each bean spill 

and will be discussed in section 3 below. 

2. Spark Chamber Efficiency 

The procedure for calculating spark chamber effi­

ciency involved first obtaining a subset of even is called probe "WiM,;. 

wliich were used to investigate the efficiencies of individual gap;. 

A probe event is defined as an event for which at least three of ! hi 

four gaps (two gaps per chamber) have sparks, and a track reeour.! ncred 

frrm the sparks extrapolates to the area defined by the intersection ,v 

the beam with the target. This latter constraint is to Injure U.at 'he 

probe events result in fact from particles, and not spurious sparks. 

Given i probe event, either (a) there are sparks in all four gaps, in 

which jase the probe is a positive probe of any gap, or (b) one gap has 

no spark, in which case the probe is a negative probe of that gap and a 

positivt probe of the three other gaps. The inefficiency of an i'di­

vidual gup is then the ratio of the number of negative test probe.-. Air 

that gap to the number of test probes. The gap efficiencies were ther 

vised to c impute chamber efficiencies. The chambers were typically 

99 - 10O# efficient. 

'<. Counting Efficiency 

Tills e f f i c i e n c y refer:- to the e f f i c i e n c y with wi iei 

the pro tons in each beam s p i l l were used. This i s determined by two 
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factors: the amount of dead time per spill, during which the fast 

electronics were gated off to allow for spark chamber recharge, p'.lse 

height analysis, and data storage; the acceptance of only the str-ei.-hei 

portion of the beam spill for data taking. 

The system dead time was determined by scaling all potential even* 

triggers as well as those actual triggers that occurred when * he s.yi-i.eni-

ready gate was set. For some run*;, the dead time was as large as ?ot. 

The stretched-beam spill of the cyclotron consists of a t>pike uf 

particles oU times per second, followed by an approximately uniform 

flux for about 10 msec. The spike was gated off since the fl'ix in this 

part of the beam spill was too high for our electronics to register 

properly. The percentage of protons lost it! this way was continuously 

monitored by the proton-dsuteron monitors. When the beam was properly 

tuned, this loss was never more than Lj<& and typically only 2$. 

G. Background 

The event trigger required on the helium side a charged 

particle which deposited a considerable amount of energy in the enerp;. -

loss counter and stopped in the helium-counter. On the photon side the 

requirement was for a charged particle in the SC counter which did not 

pass through the veto counter. This is a fairly unique signature at 

the proton energies at which, we operated. The only conceivable hack-

ground reactions that, could leave such a signature, except the reaction 

(2), p.:e 

P + d -» 3He + nn 0, 
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where n - 1, 2, 3 -

The th re sho ld fo r n - z~ p roduc t ion i s given by 

T p = (M + JIM 0f - (M p • M d ) £ f ' / :?Md . 

where T p is the incident proton kinetic energy, n the i-iuiihwr <.<',' pfon;;. 

The threshold for single pion production is 19b".7 MeV, mat. i',.r 'w pi on 

production hl'j.K MeV, and that for three pion production • >»1 Mi V. T! >.s, 

three pion production is beyond the kinematic range of iuteres* of this 

experiment. In the case of two pion production, the 3 '" MeV data U; 

uncontaminated, being below the two pion threshold. At T p - -« L1 MeV and 

576 MeV the effects of two pion production are negligible compared to 

those of single pion production. The main reason for this is 1 hat <Uv 
3 He particle associated with two pion production is confined t,. >j much 

narrower cone in the lab system than in the case of single pior. pro­

duction. As a result, only certain He particles from this background 

reaction undergoing wide-angle multiple scattering could possibly hit 

the He-counter. Furthermore, the two pion production cross section 

increases slowly as the threshold energy is exceeded. In addition, 

significant differences in the kinematics of single and double pion 

production facilitate the separation of these two reactions on the basis 
2 

of their respective X -values. For these reasons, two pion contamin­
ation was considered to be negligible. 

The reaction (2), 

p * d -+ He + 7 , 
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is a more serious source of contamination. Its cross-section is 
approximately 'j% of that of reaction (l). 

p + d -* 3He +• JI° , 

and the kinematics of the two reactions are quite similar, for these 
reasons, no attempt was made to separate events due to the two reactions 
until the final stage of the anlysis, at which point a correcti.>i, to the 
results was made, based on the known cross-section for the reaction (•>}. 

The uncertainty in this correction was estimated to be 10%. 
K. Cross Section Calculation 

The differential cross section for a given setting is 
determined by the relation 

N(e>) = dj(t>)/di. x N v Eff x % 

where: 8 =» center of mass helium angle 
H(8) = number of events 
da(0)/dQ - differential cross section at a helium 

center of mass angle 9 

Ng = mimber of beam particles 
Eff :- solid angle X counting efficiency x spark 

chamber efficiency x 'He breakup x photon 
conversion efficiency 

N, = number of target particles = N x t •' p/? 
N - Avogadro's number 
t = target thickness 
p ~ density of liquid deuterium 
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The He center of mass angle for the reaction p+d --» lie + it° cai: be 

calculated from the measured quantities by two different methods: 

l) use of the helium energy and scattering angle, 2) use of the bean: 

energy and helium energy. In the first case the center of mas/ anglr 

is given by the relation: 

cost?' He 

1 -i 

AC ± [ A V - (A 2^)(C 2-B 2)] ? I /(A2<-H2) . 

where 

P' (1 + 0 2v 2) Hev 

yV /Tan9,, He He 

-Pr2K' 
He 

The primed quantities refer to center of mass quantities. The 

choice of sign is determined by requiring that the lab helium energy 

calculated from the derived center of mass angle lie closer to tho 

measured helium energy. In the second case, the expression is: 

cos9' = (E /?-E' )PP' . He He He' He 

The method used was that which yielded the smaller error for 9 ' . 
He 

The error in 3' as a function of 9' for the methods l) and 2) is He He 
shown in figures 22(a) and 22(b) respectively, for a beam energy of 

W>2 MeV. The errors represent the error in the calculated CM angle 

resulting from an error of one standard deviation in the measured 
quantities 9' and E . He He 



- 5 5 -

30 60 90 120 
3 He cm. angle (deg) 

50 180 

XBL73I0-4236 

3 3 
Fig.22(a) Error in the He c.m. angle - v s - He 
cm. angle. 
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Fie. 22(b) Error in the He cm. angle -vs- He 
cm. angle. 
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At certain kinematic settings it was possible to detect each of 

the photons resulting from the decay of the n . This required a wide 

spacing between the two photon counters (about 50*). The minimum 

opening angle between the two photons, 0, occurs in the case of symmetric 
(30) decay in the lab system. This angle is determined by the relation 

cos £ = (3 , 

where 3 denotes the beta of the it . For the kbS MeV runs, 3 was 

typically 0.9. A separate Monte Carlo program was written fo determine 

the geometric acceptance for two photon detection, and the crot;:; jectiun 

was calculated based on the double photon trigger for the most favorable 

cinematic setting at kSZ MeV incident proton energy. The results are 

shown in Table 2 of section IV. 

I. Errors and Corrections 
3 1. He Break-up 

3 Those He particles which underwent catastrophic 

nuclear collisions and broke-up in the material before the energy-loss 

counter failed to trigger the system. In the energy range of He 

particles dealt with in this experiment (lowest JHe kinetic energy -

100 MeV, range in CH = 8 ram), the probability that a He particle will 

break up in a given material is roughly proportional to its range in 

the material. This probability was measured to be 0.003') ± .001 per mm 

of CH in the 3He kinetic energy range of 100 - 260 MeV.' ' Vron the 

target midplane to the midplane of the energy-loss counter there was a 

material equivalent of 6.3 mm of CH. The corresponding loss is 

2,2 ± 0.6#. 
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Singly charged par t i c les result ing from He break-up did not have 

suff icient energy to penetrate the He-coiuiter and t r igger the veto 

counter. 

2. Efficiency of the Goodness-of-Fit Cut. 

Selection of events as genuine p+d • » lie + ••' events 

was based on a goodness-of-fit parameter, X , which was calculated i'o" 

each event satisfying the target and energy-loss criteria described in 
p section III.E. A typical X distribution is shown in fig. :"•]. .'uper-

p imposed on the X distribution is a similar distribution Kent-rated u.. 
•3 

Monte Carlo data, which includes an estimate of p+d -» "'lie • > contam­

ination. The Monte Carlo data was normalized by requiring u. • iual 
2 number of events with .< less than 10 for the two distributions. Those 

events with X less than 10 were selected as real events. Mo.ite Carlo 

data indicate that typically 6% of p+d ••» He + it0 events have a • -value 

greater than 10. Tliese events are primarily due to ̂ He break-up i.\ •ne 

He-counter, resulting in an abnormal pulse heignt. 

As is evident from fig. 21, the real data has proportionately mov 
2 events with X greater than 10 than the Monte Carlo data. Typically 2ii> 

2 of the real events have a X in this region. The majority of these 

events are attributed to accidental triggers. These spurious triggers 

were separated into two classes: i) accidental events caused uy the 

detection of a bona fida He particle from reactions (l) or (2) in 

coincidence with an accidental count in the photon arm; ii) all other 

accidental events. Events of type (i) cannot be distinguished from 

real events since no kinematic information was obtained from the photor. 
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arm. In general, this type of accidental event will produce a low >. -

value and will be accepted as a genuine event. Events of type (ii), 
2 however, would not be expected to produce a X -distribution peaked at 

low values. 

The degree of contamination of the data from type (i) accidental 

events was estimated by calculating the accidental trigger ra'c laii,̂  

the measured counting rate in the photon arm and a Monte Carli calcu­

lated counting rate in the He arm. This rate was based on 1 i.e measured 

cross-section. Typically 1 he resultant accidental trigger rafe of thij 

type amounted to less than 2% of the measured rate, except for Li.e "• 

MeV data, in which case the rate was 18$. This is a consequence of r.f--

high beam intensity at this energy. The measured cross-sect ions were 

reduced by the fractions corresponding to the accidental trigger ra'i-a, 

and an uncertainty of 20$ was assigned to ' .is correction. 

Accidental events of type (ii) would tot be expected ':• produce a 

peaked energy-loss (DEDX) distribution. The DEDX distrinut i,.:, t\ i-
2 events satisfying the relation 10 < X < 30 is indeed q.ite fiat, a.-

shown in fig. 23 for a typical run. This behavior was extrapolated n 

the domain of X < 10, and an estimate was made of the contamination in 

this region. This typically resulted in a r>$ reduction in the cross-

section, with an estimated uncertainty of 20%. 

3. Target Thickness. 

The thickness of the liquid deuterium target was 

never measured under run conditions. Althi...gh the prod •....-' r *arp ' 

ti.ickjn;;̂  a:.d Uvai;, intensity was quite stable during *: 
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?1R'2? Typf-&1 DEDX spectrum fo r ev en t s wi th 1GOCX30. 
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( see s e c t i o n I I . C ) , t he re i s some evidence t h a t the ta r f i - 4 may nave 

been b u l g i n g . An upper l i m i t or. ti.e e x t e n t of t h i s b i l l i n g ic ''*>. A.: 

a r e s u l t , the c r o s s - s e c t i o n s quoted in s e c t i o n IV may :«.• :x-.: ru\:: ar • '• 

coo l i igh. 

'<. Target Empty. 

Kvents produced witli the ta rge t emr'y Ver" never 

more than lii of those pruduced with the t a r g e t f i l l e d wi ' i . l iqu id 

deuter ium. There fore , events origi . ' at ing 1'ivit. ':.<.• t a r y • waLl.: w> >•• 

neglect ed. 

Hie c o r r e c t i o n f to the d a t a , t o g e t h e r wit.:, the cv-rr-siv : di:.,- • • r n t v . 

a re summarized in Table 3 of s e c t i o n IV. 

TV. Exper imenta l Resu l t s 

The measured c ross s e c t i o n s a r e g ive: in Taulc. 2 . The wi i - :.. 

of the angu la r b ins a r e t y p i c a l l y 10° . The e r r o r s in ti.i .-.m. a.ngL ui' 

tlie He a r e due t o m u l t i p l e s c a t t e r i n g . Ti.e i n d i c a t e d e r r o r s !: ti>-

c r o s s - s e c t i o n s inc lude a s t a t i s t i c a l component, from count ing s t a t i s t i c s 

and s t a t i s t i c a l e r r o r in the de t e rmina t ion of the s o l i d a n g l e , and a 

sys t ema t i c component. The sys t ema t i c e r r o r s for each angu la r bin a r 

given in Table 3» r^le subgroups wi th in t.iie 3 " , and Voi MeV d a t a 

i n d i c a t e d a t a obta ined a t d i f f e r e n t k inemat ic s e t t i n g s . The l a s t sub­

group w i th in the V>2 MeV d a t a r e p r e s e n t s t he da la r e s u l t i n g f r. m 2-piiotor: 

a n a l y s i s . 

The d a t a from d i f f e r e n t k inemat ic s e t t i n g . ; show good c o n s i s t e n c y . 

There i s a l s o good cons i s t ency between the one-photon and two-photon 

r e s u l t s . The experimental r e s u l t s at 377, 462, and 576 MeV a r e shown 

i t . f i g . 2U. 



TABLE 3 . Sirnaary of Corrections and Errors '*) 

e He 
Bean Dead 3 H e - , 2 . A. - c u t 

* 
Acc identa l Back­ To ta l 

Correct ion S t a t i s t ­
e He Gate Time Break-up 

- , 2 . A. - c u t Tr iggers ground w i t h 
Systematic 

i c a l 
Er ro r 

Gate Time Break-up 
- , 2 . A. - c u t 

T y p e ( i i ) 

ground w i t h 
Systematic 

i c a l 
Er ro r 

377 MBV 

55.5° 

*. T y p e ( i i ) Type(i) Error 377 MBV 

55.5° +2.0±0.4 +14.8*1.5 +2.2*0.6 +4. /±0.9 -6.2+1.2 -2 .1*0 .4 -5 .8 *2 .3 +9.6*3.2 12.2 
65.0 +2.0*0.4 +14.8*1.5 +2.2*0.6 +4.7*0.9 -6 .2*1 .2 -2 .2*0 .4 -7 .2*1 .8 +8.1*2.9 10.1 
62.2 +2.040.4 +14.8*1.5 +2.2*0.6 +5.3*1.1 -6 .5*1 .3 -1 .9*0 .4 -6 .4*1 .5 +9.5*2.9 7 .1 

73.0 +2.0*0.4 +14.8*1.5 +2.2*0.6 +5.3*1.1 -6 .5*1 .3 -1 .7*0 .3 -7 .2*1 .6 +8.9*2.9 6 . 0 
83.6 +2.0*0.4 +14.8*1.5 +2.2*0.6 +5.3*1.1 -6 .5*1 .3 -1 .6*0 .3 -8 .0*1 .8 +8.2*3.0 6 . 1 
94.6 +2.0*0.4 +14.9*1.5 +2.2*0.6 +5.3*1.1 -6 .5*1 .3 -1 .7*0 .3 -9 .8 *2 .6 +6.3*3.5 6 . 2 

462 XeV 

56.5 +0.9*0-2 +16.9*1.7 +2.2*0.6 +5.7*1.1 -5 .3 *1 .1 -1 .8*0 .4 -2 .5*0 .3 +16.1*2.5 6 .3 
67.6 +0.9*0.2 +16.9*1.7 +2.2*0.6 +5.7*1.1 -5 .3 *1 .1 -1 .7*0 .3 - 3 .7 *0 .4 +15,0*2.5 7 . 3 
78.7 +0.9*0.2 +1o.9*1.7 +2.2*0.6 +5.7*1.1 -5 .3*1 .1 -1 .8*0 .4 -5 .2*0 .5 +13.4*2.5 8 . 1 
70.9 +i;?±o:4 +4.6*0.5 +2.2*0-6 +6.1*1.2 -5 .7 *1 .1 -1 .7*0 .3 -4 .5*0 .5 +2.3*1.9 5.7 
80.4 +1.8*0.4 +4.6*0.5 +2.2*0.6 +6.1*1.2 -5 .7 *1 .1 -1 .9*0 .4 -6.3+0.6 +0.8*2.0 5 .7 
90.0 +1.8*0.4 +4.6*0.5 +2.2+0.6 +6,1*1.2 -5 .7 *1 .1 -1 .9*0 .4 -7 .8*0 .3 -0 .7*2 .1 5.3 
99.5 +1.3*0.4 +4.6*0.5 +2.2*0.6 +6.1*1.2 -5 .7 *1 .1 -2 .1 *0 .4 -6 .7*0 .7 +0.2*2.0 5,7 

10°.1 +1.8*0.4 +4.6*0.5 +2.2*0.6 +6.1*1.2 -5 .7*1 .1 -2 .0*0 .4 -6 .3*0 .6 +0.7*2.0 b. r > 

105.4 +0.9*0.2 +16.9*1.7 +2.2*0.6 +6.3*1.3 -5 .1 *1 .1 - 2 . 3 * 0 . r> - 6 . J ± 0 . 7 +12.1*2.6 10.6 
113.9 +0.9±0.2 +1u.9±1.7 +2.2*0.6 +6.3*1.3 -5 .1 *1 .1 -2 .5 *0 .5 -6 .6 *0 .7 +12.1*2.6 8 . 8 
122.6 +0.9*0.2 +16.9*1.7 +2.2*0.6 +6.3*1.3 -5 .1 *1 .1 -2 .6*0 .5 -6 .1*0 .6 +12.5*2.6 6 . 4 

2-8 , 
77.5° 

+0.9*0.2 +1o.9±1.7 +2.2*0.6 -18.0*3.6 +2.9*4.0 20.3 

576 MeV 

65.2 +3.7*0.7 + 19.7*2.0 +2.2*0.6 +6.7*1.4 -5 .9 *1 .2 ' -18 .1*3 .6 -4 .6*0 .5 +3.7*4.6 9 . 2 
74.7 +3.7*0.7 

1 

+1, ' . 7*2.0 +2.2*0.6 +6.7*1,4 -5 .9*1 ,2 -17.9*3.6 
I 

-/ . . ' ±0.5 +3.~*4.6 9 . 1 

* Sec page for an explanation of those two. types of accidental t r l . - .^ rs 
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V. DISCUSSION AMD CONCLUSIONS 
(U) A. Models for Pi on Production 

The curves i fig. ?5 a'.d ?6 represent estimateB of the 

crosB-sectlon .in the two-nucleoi. approximation. Tnese estimates are based 
(10) on the work of Barry, specifically on tne process represented by tie 

graph Bhovn in fig. 2(b). Assuming that the neutron is on the n.ass-shell, 

or equivalently, that it plays tne role of a spectator 1:. the sense of 

the impulse approximation, the dp: and tdn vertex functions * can be 

written as in Ref. (ll) as 

>/2M d(p> S) 
2#0*(n-p) =y^3x**(x)exp[i3c.(n-^d)], (l) 

d - 2^0t(n-|t) =yd3xft(x)exp[-ix.(n-it)], (2) 
V^Cdf+M*) 

where n, d, t, are the cm. three-vectors of the neutron, deuteron and 

triton respectively, and m, M., M., their respective masses; p 2 and d. 

represent the squares of the magnitudes of t;,e momentum four-vectors of 

the internal proton and deuteron respectively and are equal to 

p2 = (d - n) s , d« = (t - nf f (3) 

t . and t. denote the spatial vave functions of the initial and final 

state nuclei vith 0, and 0. their momentum-space counterparts. 
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Fig.25 Energy dependence of the differentia.! 
cross-section for the reaction p+d-»3He+ri° at 
8w s25°. The solid curve represents the prediction 
of Barry's nodel (Ref.10) for the process shown in 
fig. 2(b). 
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Negleeting spin, the amplitude for the two-nucleon process Is 

rfytt f2& (2(*(n-^d)0 t (n^)T P I M t n ( s ^ , u , n ) . (k) 

Since the function 0 0 peaks at n^t and n~%$., whereas the amplitude d t 
ijpp->dit a ^ t l ] e p(pf x),i vertex varies only slowly with iT, the amplitude 

can be reduced to 

ifoltGYpr>**(8iAfi) , (5) 

glrlng for the reaction d(p,* )t the cross-section 

vhere A ie the momentum transfer 

i S - i t , (?) 
G d t(A) is the form factor 

= / i3**>>V 0 d t(A) = /dJx*,(x)t+(x)exp(-lJ-A) , (8) 

|t | and |d | the magnitudes of the trlton and deuteron cm. threu-

momenta respectively in the reaction d(p,% )t, with |dn[ and |p | the 

corresponding quantities for the reaction p(p,K )d. Cross-section data 

for the reaction p(p,« )d are taken from the article cited in Ref. ( 4 )• 

Tha relation between the cm. energies for the two reactions is 

somewhat ambiguous. If the intermediate deuteron in fig. 2(b) is 

assumed to be on the mass shell (n~§t), one gets for the relation between 
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the invariant energies squared, s, for the id and rt processes 

8,rt = I s* + 3" 2"^ ' ( 9> 

If the proton is assumed to lie on the mass shell (n~j3), the result is 

SKt = S B ^ 2 > ( 1 0> 

where m is the nucleon rest mass and m n the pion rest mass. Experimental 
evidence indicates that the (3,3) resonance bump in the tjr data is near 
a laboratory proton energy of 450 MeV, which is in agreement with the 
prediction of Eg.. (9). According to Eq. (10), on the other hand, a bump 
would be expected near 600 MeV. The relation (9) is adopted as the more 
reasonable of the two, &t least near 4j0 MeV, and is used in what follows. 

Another ambiguity arises in relating the scattering angles for the 
two processes since the model involves the p(p, Jt)d reaction with one 
nucleon (p,) off the mass shell. Two natural ways of resolving this 
difficulty are discussed in Ref. (1*5) and the prescription in which the 
momentum transfers are equated (u-fixed prescription) is chosen as the 
more reasonable. 

Barry (Ref. 10) points out that an additional ambiguity is associated 
with the fact that A, as defined in Eq. (7), is not a relativistic 
invariant. Biis difficulty is overcome by constructing quantities which 
depend on A but are relativistically invariant and then choosing the most 
reasonable prescription based on empirical grounds. In what follows, the 
relation 

2 2 2 
o min ' 
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(10) is used since tl.ia value give;; a reasonably good fit to the fori:; 

factor, C a t 

Gaussian wave functions 

( . 2 \ 3 A 
t±.\ e x p ( - i e d

2 x 2 ) , <]*) 

\ ( x ) = k t

l / 2 / ! i _ \ e x p ( - i p t

2 x 2 ) , (13) 

where P d = 8rf KcV, P t => 106 KeV (Ref. 10), are used in calculat ing G d t . 

$+(x) is the d-n component of the t r i ton wave function, and k t i s 
,(31) 

expected to be 1/2, and this is assumed in tne present calculation 

(although this may not be an accurtte representation according to Ref. 32). 

The value of ^ t(o) needed to fit the data of fig, 25 is a factor of 

Vk.3 lower than that suggested by the Gaussian form of Eq.. (13)- In 

fig. 26 the same factor is used. The fit to the energy dependence is 

respectable. Agreement in the case of the angular distribution is very 

poor, even at small angles where the two mcleon approximation is 

expected to be valid and where contributions from the graphs in fig. 3 

and k are at a militant. Neither the use of different wave functions 

nor recourse to other methods of resolving the ambiguities mentioned 

above significantly Jnprove the small angle fit. The small angle fits 

shown in Ref. (ll), for example, are much worse if the data of Crewe et 

al.* ' at **50 MeV are included. It must be emphasized, however, that 

this model does not include the graphs of fig. 2(a) and (c). The latter 

is expected to be relatively unimportant (see p. ikk-T, Ref. 10). But 

the same cannot be said for the former. The problem here is that there 
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ls no good r e l a t i v i e t i c n,odel for t;.e off-snell n - d - (pp) vertex. 

In the backward direct io: . , i . e . , 9 close to 180*, t:.e one-pio: 
(ic) exchange (OPE) graph shown ii. f ig . 3 is expected to he don.ina.\t. ' 

In th i s case the cross-sectio.'. car. be writte.-. i. terms of the ir-d e las t ic 

seatteri.'ig cross sect ion, 

itt iti—* Hi 

dfi ^ P t ^ ^ l ^ l e*t dn ( l 4 j 

where 

' i r t = | s^+ 3 m 2 4 ^ , 

k x = #k*2

 + (t-pH , 

2 
The form factor G (k ) is given by 

Gpt(kJ) = *t(0) ^Gn\)\/M\ + "*) , (15) 

where G2/Un = lk.J, T^*) = (l + ̂  .* ** ) 

The parameters used in the tritium wave-function are the same as tr;ose 

used above. The s-d elastic scattering data were adapted from Refs. 33-

38. The 180* cross-section data are shown in fig. 27 > with the curve 

indicating the prediction given by Eq. (lb). The value of tt(0) needed 

to fit the data is a factor of J5-9 smaller than that suggested by the 

Gaussian form of Eq. (13). Qualitatively, the features of the data are 

faithfully reproduced. In particular, the bumps ax about 1.05 GeV 

coincide quite well although the preceding trough is somewhat washed out 
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10.0 

0.01 
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• Ref. 39 
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p + d - ^ 3 H e + 7r° 

e,= l80 cm. 

0.5 1.0 
Proton lab energy (GeV) 

XBL 747-3607 

PIK*27 Energy dependence of the differential 
cross-section for the reaction p+<i-*3He+n0 a t 

6,-180°. The solid curve represents the prediction 
of Barry*s model (Ref.10) for the process shown 
in f ig .3 . 
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in the theoretical • Uiis bump reflects the bump at ^=580 MeV ir. 

tne 180* Jtl elastic scattering crosB-sectio:., and it is believed to be 

due to excitation of the N*(l5^0).^ ' 

A serious deficiency of this model, as pointed out by Dollhopf et 

al; ' is its inability to reproduce the backward peak 1;. the angular 

distribution. This rise in cross-section at large angles can be see:, in 

fig. 26. Similar behavior is apparent in the 3"7 MeV data of this 
0°) experiment (fig. 24) and in the data of Chapman et al. at 32-> KeV. 

The OPE model for backward scattering predicts a flat angular distri­

bution like mi elastic scattering near 180*. Inclusion of the single-

nucleon process ir, the model does not help. This process, represented 

by the graphs shown in fig. 4, involves very large internal momenta and 

©nsequently its contribution is relatively insignificant with respect 

to that of the OPE process. In the graph of fig. 4(a) the incoming 

proton emits a pion and the resulting neutron is subsequently captured 

by the target. This process favors forward plor: emission and the 

Internal nucleon momentum involved is | A | = j p ••• -f t |. For an 

incident proton energy of 470 KeV, this gives an internal momentum of 

815 MeV/c for backward plon emission. In the graph of fig. 4(b) it is 

the target which emits the pion and then captures the incoming proton 

to form a bound triton. In this case the internal momentum is given by 

I A [ = I p - -j t I and backward pion emission is favored, for which 

I A I - 550 MeV/c at 470 MeV beam energy. Although this is not as 

large as in the first process it is still a very large momentum or. a 

scale of internal nuclear momenta. 
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In conclusion, none of the processes discussed above appear to 

explain the backward peak nor the sharpness of the forward peak. The two-

nucleon model and the OPE model do however reproduce the features of the 

energy dependence of the cross-section for forward and backward pion 

emission respectively. Before meaningful information about the deuteron 

and triton can be extracted, the theoretical situation must be clarified. 

Further work directed at including the OPE graph shown in fig. 2(a) in 

the model would be helpful in resolving the discrepancy with the forward 

peak. This graph can certainly not be neglected a priori. As for the 

problem of the backward peak, it appears that additional reaction 

mechanlbffis will have to be considered. A systematic experimental study 

of the angular distribution of the reaction pd -> t« (or Hen 0) in the 

energy region 300 - 600 MeV will further these ends. 

B. Isotopic Spin Invarianee 
(11) Using the recent data of Dollhopf et al. at 470 MeV, 

the ratio R=<r(. H T )/ ( Her ) can be calculated over a fairly wide 

angular region. Since the precision obtained in the measurements of this 

ratio (10 - 2056) is much- larger than the Coulomb and mass corrections 

and the corrections for the different cm. energies (2 - 3#J see Appendix 

D), these corrections are ignored and the value R*2.0 is used in comparing 

the data shown In fig. 26. In the numerical summary given in lable 4, 

hovever, these minor corrections are included. 

At some angles, especially for the smaller pion angles, this ratio 

is more than one standard deviation below the theoretical value, but 

this discrepancy may well be attributed to the estimated 15% systematic 



TABLE U 

Isospin Comparison 

6- (degrees) Differential Cross-Section (.ub/sr) R exp *th 
6- (degrees) 

t < Tp=470 MeV 3 H e < T «^62 MeV 

R exp *th 

55.5 

60.0 

72.0 

90.0 

107.5 

125.0 

1.69 i 0.13* 

1.17 t 0.08 

0.55 1 o . i6 

0.63 t 0.06 

0.5i + 0.05 

0.58 1 0.08 

1.15 i 0.25 

Q.-Jk ± 0.16 

0.28 ± 0.02 

0 . , " 1 0.02 

0.32 1 0.02 

0.31 1 0.02 

1.A7 I 0.35 

1.58 ± 0.35 

1.96 + 0.26 

2.10 ± 0.26 

1.69 ± 0.21 

, .<.'" ^ 0.28 

2.01 1 0.07 

2.02 + 0.07 

2.03 1 0.07 

2.0/, t 0.07 

2.C5 1 0.07 

2.05 1 0.07 

There is also a systematic error on the order of 1556 associated with these d»t» (p.390, Ref.1T) 

which has not been taken into account here. 

http://Ref.1T
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error In the ( H,« ) data vhlch was not considered In calculating the 

ratio. Biere Is also a tuite serious disagreement between the data of 
(18) Dolliopf et al. and the data of Crewe et al. '̂*ar d % = 35*. This 

further suggests that the former data are systematically low for small 

plon angles. 

It Is concluded that the agreement with lsospln lnvariance Is 

satisfactory when systematic errors are taken Into account, except 

at small pion angles where the Hrr data seems to be systematically 

low. 
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Appendix A: Beam Energy Calibration 

The energy of the Incident proton beam was calibrated to determine 

the absolute energy of the interacting proton for a giver; event.. TV 

assign an energy to a given event it. is necessary to a) assign an 

average energy to all incident protons, -Mid b) to correct that value 

based on the characteristics of the event. The only significant para­

meter in the correction (b) is the horizontal displacement of '.h'' i.-venf 

vertex from the average position of all events. Other parameters, ŝ n-h 

as the angle at which the proton enters the target, and depth of the 

interaction in the target are relevant but not particularly snsc«'p; iule 

to measurement. 

First will be discussed the estimate of the average energy of all 

protons at a point half-way through the liquid target for a given run. 

This number is based on the nearest range measurement, with corrections 

made for any change in the excitations of the two magnets at Bend 1 and 

Bend 2 (see fig. 6). The second part of the following discussion will 

be concerned with corrections to this energy on an event-by-event basis. 
tm 

Range-Energy tables, such as Janni's, are based on parameters 

derived largely from low energy measurements and must be considered 

suspect at energies in the range of interest of this experiment. (The 

assumption of the velocity independence of the ionizing potential is 

particularly weak.) The absolute range-energy calibration, therefore, 

has been based on two experiments ' which bracket the energy range 

of interest. The stated accuracies of the measurements are about 
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± l / 3 ^ in energy . The r a t i o of the energi'-t: *':<served to those w.l-

would be p r e d i c t e d by J a n n i ' s ta t i lea ar , / ivi .,;• ' !.e S M C ra:.|.;i &••• : 

T^/Tj -= 1 / .99-9 

T 3 / T j = l / . 9 9 ^ - , 

where T and T, are the observed e n e r g i e s ii. rej . 21 and 7c, r e ; ; p e v -

i v e l y , and T i s t l i a t proton energy in J a n n i ' s t a u l e wt.ici. g ive; '.;.e 

same range. J a n n i ' s t a b l e s were used as a s u i t a b l e way of i n t e r ­

p o l a t i n g e n e r g i e s froai measured r a n g e s , t u t the i n t e r p o l a t e d e n e r g i e s 

a r e r a i s e d uy a normal i za t ion f a c t o r of 1.00'— (whici. i s t: c average 

of O.9949 and 0 . 9 9 M ) . J a n n i ' s t a b l e s (prvtof.c if. Cu) were f i t 1... 

t he formula: 

L0GeT(MeV) = 3.2273 + O.t-3'-- 1 [LOG,;? (g/cn;^)] 

+ 0.01o21o (LOG R)' ' 

- 3.<-31<- x l c ' i (L0G,R) 2 

k 
* -f .3':'31 ' 10 (LOGR) 

In deducing the energy from the range it. i.s necessary to know tne 

thickness of the various elements of the atsorter. The energy of the 

proton beam, upon exiting from the first ion chamber (see fig. '{), was 

based on careful measurements of the material between it and ti.e center 

of the second ion chamber. This energy was red'.ced by 0.24 MeV U, 

obtain ti.e average proton energy at the ccrt>r ,-.!' the l/2-irv:. lij.il 

deuterium target. 

http://lij.il
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Given the average proton beam energy for a particular run, an 

energy is assigned to each interacting proton. As described ii, seet.it 

II.B.2, the momentum dispersion across the target was approximately 

0.k<f) per inch. Hie proton energy for a given event is then 

event 1 + O.OOit PdT 
Tdp v-.v ) 

where .00k is the average of the measured and theoretical dispell Km: 
I PdT | 1 (see II.B.2), •555 is ~Ty\ et T = 460 MeV, y is the horizorif.al 

event coordinate (positive to the left looking downstream), y is the 

average horizontal event coordinate for the run considered, and T 

is the average beam energy for the run. Both y and y are determined 

by track reconstruction from the He chambers. 

http://seet.it


-81-

Appendix B: Ionization Chamber Calibration 

In order to di rect ly count protons in a ueam, i.t is essent ia l 

that the proton current be a t a level low ei.oug:. su tnat counting 

losses are not beyond correction. On t:.e otner nand, tne prutoi •-•ii-re: • 

must be high enough so that losses due to leakage cu-rent i;. Un­

ionization otiamber and losses in the integration device an.- not I--., .--a 

correction. This constraint is di f f icul t u sa t i s fy . One KA 1:.-.-i • • 

circiunventing the problem is to use an intermediate scaling ue. ' •• •..•.a' 

is re l iable a t boti. the lov protei. e;irre;.t, w;.ei\ *>.;.•• direct pro'wn 

counting is performed, and a t high co-rent, wnen. t:.- iunizat io\ 

chamber is r e l i ab le . 

In this ca l ibra t ion , e l a s t i c p-p scatter!:.g was .sed as '.he scaling 

device. The important parts of the apparatus are jhown in I'ig. . The 

d i rec t proton counters (DPC) consisted of tnree c i rcular ( l i - i - . 

diameter, l / 8 - in . tliick) Pilot-B s c i n t i l l a t o r s in coincidence. A Civ. 

target ( ' t-in. thick) was used for the p-p scat ter ing. The detec V :v. 

were s c i n t i l l a t o r telescopes. The ionization ehan.uer was f i l l ed witn 

He and was part i t ioned into four i-egions by five 1 mil Al fo i l s - The 

centra l fo i l served as the col lec tor , and the aujace' t foi l I>I. •- i ':.••!• 

side was a t high voltage. 

The proton scat ter ing angle of 42* (yC° en. for >'>5 KeV protons) 

was cliosen since the d i f fe ren t ia l cross section is f l a t a t this angle. 

Hence, counting losses due to variat ions in beam steering are nji imized 

wit!) this geometry. The effect of beam missteeriig on the p-p sca t te r ­

ing rate was about 0.h% for the maximum bean, displacement during a 
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typicai run. This maximum occurred less than 1$ of the time so 

corrections due to beam steering can be neglected. 

The validity of the calibration is based on two premises: first . 

that there is a one-to-one correspondence between protons ii.cidt.i t 01. 

the ionization chamber and counts from the coincidence circuit; SCOUIBI, 

that counting losses in the scaling device are directly propor ui.al '.. 

the proton beam rate. 

Three factors challenge the validity of the first â s'imp' h\- : 

scattering, dead -ime losses, and coincidence inefficieneier. Frvto:..-

can scatter in the ionization chamber (IC) and deplete U.e beam a' the 

DPC. This scattering is of two types: nuclear and Coulomb. Nuclear 

absorption in the IC amounts to at most a 0.0' t loss. Coulomb 

scattering is even less significant. Absorption losses ii. the UPC 

themselves are more important. The calculated absorption loss hi a 

l/8-in. plastic scintillator is 0.6$. Measurement, however, indicated 
(48) 

a 0.U$ discrepancy between a three-fold coincidence and a cohicidenc-

requiring any two of the three counters. Tills implies a 0.133% 

absorption inefficiency for each counter. This discrepancy (0.133$ vs 

0.6$) is probably due at least in part to the detection of charped 

debris in the downstream counter(s). A correction of O.k'f, with an 

uncertainty of 0.1$, was made for absorption In the DPC. 

Dead time losses result from the finite response time of the 

coincidence and scaling circuitry. In our case, a counting rate of 

20 MHz was imposed by the scalers. Synchrocyclotron beams are divided 

into microstructure bursts having the rf acceleration frequency and a 
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width of a few usee (about ',' nsec in our case), generally les- ti.a. 

one counting resolution. Consequently, only one ptl:;e 'a: Oc '••.:'„'.tej 

per rf period, and "losses" arise because the scaler ij -j.a: It. 

detect whether only one, or more than one, pro-J:. is rre.:>'.-.' i.p ;; ::.i •re­

structure burst. Using Poisson statistics, t... cai. estimate *,;•.•• . . .. 

If m is the mean number of protons per burst in a st' aay ii.-an., a 1 ; ' .• 

value is small, the fraction of protons wt.i •;. <ccur i; ;;i.c). :: . [•, • -

proton bursts is about m/2. For a time avijr';f
-' : ear:, ra--. ,>:' 1 

protons/sec, the rate in Die mierostruci'ire L ,rst i.- about It" ; >.\ • 

sec because of Die lOja macro'.urj t duty factor- : :.• It.-.-;.-., s. -:.n -

cyclotron. Since the burst width is usee, :• 10 piw.ns/s" • • 

7 nsec/burst - 7 x 10 protons/burst. So ' he percentage of pr t.. .-.. 

occuring in raultiproton bursts is about C.j $. A more rJg.--n,u.: treat-

ment of dead time losses is giver, by Cormaek for the followi:.*' valuer; 

of the parameters: 

T ~ ;0 IIG lead time 

T - " us rriicroburst width 

t = '-,2 ns rf period 

\ :r 10 /see average protor. beam rate. 

Agreement between Diese two numoers is respectable. .... dead time 

correction was made for Die DPC rate based on ti.e C.3% figure. An 

uncertainty of 20$ was assigned to this correction. 

This efficiency of the coincidence circui: was affected by two 

main factors: accidental coincidences and eui: •idenoe i.teffi-;jency due 
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to timing jitter. The accidental rate was determined by delaying one 

counter of the three DPC by one rf period. Prom this a h.ret counter 

accidental rate of about 0.06 4 was calculated. Inefficiency due to 

timing jitter was less than 0.01$. Both these effects are small and 

were neglected. 

Only one factor challenges the validity of the sf-oond premise: 

accidental coincidences. Losses due to scattering, dead 'inn, a; <1 

coincidence inefficieuc,. are all directly proportional '. Irani rati-

and hence cancel out between the low and high beam rate meaj .v-r >•<.' ... 

The accidental coincidence rates in the proton telescopes were tneas .rej 

and corrected for. The rate was never ir.ore than -,l, and typical 1;, 

about 2%. 

During the nigh beam rate measurement, the DPC remained in 'hi-

beam so that the convenient cancellation cf beam rate proportional 

losses in the scaling device remained valid. Drift curren' in U >• IC 

was typically 0.7 pA. This amounted to about 0.r>% of the measured 

current e-d was corrected for. A unit of charge in the integrator 

used is defined for convenience as an "Ort", and a coincidence netweer. 

the two proton telescopes is called a "man". 

One IC calibration was made at each of two proton beam energies: 

558 MeV and k62 MeV (with the appropriate changes in proton telescope 

angles and absorber). 

At 5';8 MeV: 

Low Beam Rate mon/DPC = 99.2 + l . o / l O pro tons 

The e r r o r i s dominated by the s t a t i s t i c a l e r r o r of the DPC cnsnt--, 

high Beam Rate mon/Oit = 30",.I ± 0.6 , 
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so prutoiis/Ort ^ 3.O8 ± 0.0'. x 10'. 

At hti2 MeV: 

Low Beam: 110 ± 2 mon/lO' protoi.s 

High Beam: mon/Ort -• 31'*.'' ± 1-' • 

so protons/Ort •= 2. tit. ± 0.0'- • 10'. 

For comparison, the '/.,8 MeV calibration is corn-'cl'-d J\ r -i.f t-au • : 

energy loss in the ionization ciiamber to eorr'-.-pi'i.i *.i. :: <• •''< <• Mi 7 

calibration: 

protons/Ort (4^2 MeV) -- protons/Ort (v,r MeV) • — (? - K-V), 

dT I 
(T='»62 MeV) dx I he 

3.O8 :< 2.'jl/2. :'2 - 2.8a + 0.0', -. 10' 
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Appendix C: Least-Squares Kinematic Fitting 

Minimizing a Chi-squared value subject to non-linear constraii . ts 
(P9) 

is treated in detail elsewhere. Therefore, only the general 
techniques will be sketched below. 

In general the procedure consists of having a set of n measured 
variables (x , 1 = 1,... , n), estimates of the measurement i-rr'-ru 
. m 

( A X ) , and a s e t of c o n s t r a i n i n g equa t i ons 

F R (X) = 0 , K = 1, . . . , C , (.1) 

where X = ^ , X g , . . . , X n ) . 

The error matrix, taken to be diagonal in this experiment., U; 
defined as 

- l m m , . 
G = A X A X & (?.) 
ij i 0 lj 

The quantity to be minimized, subject to the constraint equations 
(l), is defined as: 

X 2 . I (X - xf)G <X. - X") (3) 
i,j=l x i iJ J J 

This is done by introducing lagrange multipliers, Cty , and minimizing 

M = X + 2 Z a F (X) . (U) 
K=l K *• 
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The c o n d i t i o n s for minimisation:; a r e 

G i ( X 1 - X . ) • 2 • -y.j-
•l '• J • K = I K a A i 

and 

d M 2 F K (X) = 0. UO 

These equa t ions a r e , as a r u l e , n o n - l i n e a r , and t h e i r s o l u t i u t i: 

t he g e n e r a l case i s q u i t e d i f f i c u l t . The problem can be c o n s i d e r a b l y 

s i m p l i f i e d i f the c o n s t r a i n t equa t ions a r e s u f f i c i e n t l y l i n e a r t o alli'W 

an expansion of low orde r about a t r i a l s o l u t i o r . , X. To f i r s t i.nk-r 

equa t ion (^b) i s nov: 

n «F K 

F V (X) = F„(X) * Z - a— 
i - 1 ° i Kv K 

(X. - X i } 

F ( x ) ••= F ( x ) + ;•; B ( x . - x . 
i = l KV i i 

where 

Ki 
d F P K 

one can then w r i t e 

KW s = l t--l % %, tw 
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where B - B transpose 

Then 
c 
Z 
v-1 

00 
kw 

L (X - X.)B 

and, 

k=l j"=l 
n _i 
Z G B 0!. . 

ij Jk k 

Using these values of the X., one determines whether the F ••- 0. 
-̂  k 

In practice one sets a tolerance on how well the constraint equations 

are satisfied. If the tolerance is not satisfied, one uses the new 

value of X as the new X and reiterates the calculation. 
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Appendix D: Electromagnetic Corrections to Isospin Invariance 

As discussed previously, the ratio R = do(p+d -+ •JH+/)/do(p+d-^He+ji°) 

is equal to 2 according to the isospin formalism when electromagnetic 

effects are neglected. KHhler^ has investigated the problem of 

correcting for these effects and discusses four non-negligible 

corrections for incident protons of an energy of 600MeV: 

1. a correction based on the difference in the H and JHe wave 

functions (effects of Coulomb forces and other differences)} 

2. a correction resulting from the fact that the two reactions 

should be compared for the same momenta of the outgoing pions; 

3. a correction due to a difference In phase- space factors; 

4. a correction for the fact that the pions come out at slightly 

different cm. angles. 

The first correction is the most important. At H6o MeV beam energy 

It is typically +2$. Since this correction depends on the particular 

wave functions used for the trlton and He particle, it is somewhat 

uncertain and Kohler consequently assigns an error of 3$ to it. The 

assumption that the two reactions should be compared at cm. energies 

corresponding to equal momenta for the outgoing pions is plausible 

though disputable. In any case the correction is small. The jt° and it 

cm. momenta are equal vhen the respective proton lab energies are 462 

and h6l MeV. The cross-section increases by 2 ± 1$ for a 10 MeV decrease 

in lab proton energy at 9 n = 115* in the cm. system and this number is 

only weakly angle-dependent (cf. -3 ± l#/l0 MeV at ? = 25*). The 



-90-

resultlng increase in R is about 0.6$. The correction for the difference 

In phase space factors Is typically -0.7$. Finally, the correction for 

different cm. angles is negligible. The total correction to P. is about 

2% and is given apgle-by-angle in Table h. Since this is a small 

correction, the value R"2 vas used for convenience in converting n aroes-

section data to «° data in the graph* of figs. 25 and 26. 
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