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Abstract

The differential cross-section of the reaction p+d—>3He+1r°

was measured at an incident proton energy of L62 MeV for 3He

c.m, angles between 50 and 1300. limited angular distributions
were also obtained at 377 and 576 MeV. The 3He particle momen-
tun was measured by using wire spark chambers in conjunction with
a total energy absorption scintillation counter. A decay photon
from the = was detected in a lead glass Cerenkov counter. The
results are discussed in terms of a twc-nucleon model and a OPE
model of the reaction. .The cross-section at 462 MeV 1s also com-
pared with that of its lsospin conjugate reaction, p+d—~3H+1rT,

and agreement with the principle of isospin invariance is satiasfac-

tory, excert at small pion angles.
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I. INTRODUCTION
A. ObJectives

The reaction

p+d—v3He+:° (1)

was studied experimentally at proton energies of 377, 462, and S5T6 MeV.
This study was part of a more comprehensive investigation of radlative
final etates in 3}{0 formation from proton-deuteron interactions. The
primaxry objective of the study was to meagure the differential cross-

section for the reaction
p+doite ¢y (2)

which constitutes one part of a reciprocity tegt of time-reversal
invariance in the electromagnetic mtemction.(l) Since the croms-section
for resation (1) 1s 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 (1) 1s
required for an accurste measurement of the crosa section for reaction (2).
Reacticn (1) is also tntereating in its own right, specifically from
the point of view of pion production in bound state interactions and with
reapeet to isotopic spin (1sospin) invariance in strong interactions.
The production of mono-energetic pions in bound state interactions of
protons and nuclei has been investigated for a number of targets for
proton energies setveen 0.185 and 1.5 GeV. In addition to the experimental

interest in producing pions of well-defined energy, (p,x) reactions
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constitute an ixportant method of investigating the large momentum
components of nuclear wave functions. A conaiderable smount of effort Las
been spent in developing theoretical models for thia process in an attempt
to elucidate the pion production mechanisx.

Isotopic spin inveriasnce requires that the cross-ssction for the

reaction

pra~de s (3)
be twice that for reamction (1), i.e.,
+ .
£ (o - 3ux") = 2 B (p2 - Fen) .

This vas first pointed out by Messiah'Z) and Ruderman(3) 1n 1952.
B, Plon Production in Bound State Reactions
Pion }-ciuetion on nuclei in vhich the final state consista
of a bound nucleus involves momentum transfers on the order of 600 MeV/c =
{9.33 r-)‘l. By nuolear standards this is e very high momentum, and such
(pyx) reactions should be sensitive to short-range or high-momentum
preperties of the nuclear wave function.

The pion producticn mechanism in these reactions 1s only well known
for the case in which the target nucleus is simply & nuclecn. The
reaction p(p, :+)d has been studied cxtonlivwly()‘) and. ie clearly dominated
by the (3,3) resonance near 500 MeV (see fig. 1). For more complex
targets Rudomn(s ) suggested that a similar mechanism should prevail when
sufficient energy is aveilable in the c.m. system to sxcite one of the

nucleons to the (3,3) resonance state. This two-nucleon process occurs



\JSpp (BeV)
20 30 40 50 60
1000 e 111777 Y T T
:i' pep=dewt
3y
100 Eq? cos8=1|
| s
T P \ N + Anderson et ol.
=
S y ! * Other published dato
1 O g -
RN =
(%) - 1 N
& [ !
2 bk A3
S E_- ‘ \\!-.
; Y
0.l
IO VN TS U U S U O U U O O I 0 U Y I D S A O |

S 2 4 6 8 10 2 19 16 18 2022

T, (Bev)
XBL 747-1171

Pig. | The center-of-mass forward (coso = z 1)
differential cross-section for p + p— G +R

as a function of incident proton lab, energy, and
of the total c.m. energy. The figure is fram
Barry (Ref.45).



-ly-

when the incident nucleon interacts with u nucleorn within the target
nucleus, causing u pion to be emitted witl the inctident nucleovn bei:g
captured by the tavget nucleus., For an example of this meclanism see
rig. 2(b). Tigram et al.(é) have made & calculution busea on tiils process
which relates the reaction A(p,x JA*l to the elementary reaction p(;,n )d.
For low energy pion production a single-nueleon nechunism s thought t. be
more appropriate.(T) In this cuse the 1ncilent nucleon emfts u jiorn

before the nuecleon 1is captured »Hy the tarypet nucleus, lxamples of € &g
vype of proceass are shown in fig. #, Sirce i+ nomentum transfer ve juired
in a single-nucleon process is A/{i = 1! times greater than tiat
required in a two-nucleon process, the latter should be the more 1lkely
mechanism in the case of pilon produetion off light hucle! ut medlum = rgy.

The reactions pd+ BEi:P; above T,=300 MeV exemplify such a case. The
meagurement of the Jifferential cross-section for either of these reactions
provides a test of the validity of the two-nucleon spproximeation. If this
approximation 18 born out by the general shape of the cross-section, then
specific information concerning the 3H and JHe wave functions at small
distances can be extracted.

Ruderman(3) first described the reamction d(p,ﬁ+)t in terms of the
reaction p(p,ﬁ+)d using the two-nucleon approximation. In his model the
incoming proton is presumed to collide with thle proton in tue deuteron
target, producing a pion together with a di~nucleon in the 1so-singlet
state. DProvided the velocity veators are favorably matched, the di-
nucleon can then pick up the "spectator" neutron from the original

deuteron to form the final state 3H. In such a ceae the momentumr transter

involved is
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Fig.2 Fs_y-nman grarhs impcrtant for forward pion rroduction in the reaction
prd=t+7 : (a) One-Pion-Exchange (CFE) process; (b} and (c) twc-nucleon process.
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where the vectors represent the c¢.m. momenta. On the basis of suct =
description, the cross-section 18 expected to be properticnal to u Jeuteron-
triton form factor and to the p(p,ﬂ+)d cross-section. Bludman<8) applied
this model to the data of Frank et al.(g) at Tp=3h0 MeV and ohtained goud
agreement using a deuteron wave functior with a hard core :s i adlustavle
perameter. Ingram et al.(é), whose formulstion differs from Ruderman's
principally in the more complicated prescription for evnluating Lre :roga-
section for p(p,n+)d and also in kinematicul factors, ohtuined reasonnvly
good quantitative agreement wit! the energy distribution of the forward
cross-section except for the overall normalizatisn. This Jdepended on tie
particular deuteron and tritium wave functions used, but tne predictiowus
were consistently a factor of mbout 2 lower than the experimentel luta,
Agreement with the angular distribution at T;=3ho MeV was rpoor. hurry(lc)
recently generalized the two-nucleon vrocess for the relativistic case.

He also considered other processes which might contribute tc this reaction.
Diagrams that he considered are shown in figs. 2 and 3. Dollhopf et ai.<ll)
applied Barry's model to their date at 470 MeV and 590 MeV. Trylnug several
different deuteron and tritium wave functions, they obtained only quali-
tative agreement. A serious shortcoming of the model appears to be 1its
inability to reproduce the peak at backward = angles in the 47C MeV data.
They showed that the one-nucleon process (see fig., 4) also fails to

explain this backward peak.

The reaction d(p,no)sHe can also be used to test the valldity of

these models. In some respects the measurzment of thils cross-sgecticn 1is
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Fig.3 One-Pion-Exchange (OPE) diagram
important for backward pion production
in the reaction ptd-st+n™,
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Fig.4 Feynman gripha for the single-nucleon process in the
reaction prd-—=t+nm.
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simpler than that of ite 1sospin conjugate if both the 3He and a decay
photon are detect=d. A doubly-charged particle and a neutral in the final
state constitutes & rataer unique signature. In any case, it appears that
the measurement of more angular distributions 1n the energy reglon betwe-:n
300 and 600 MeV would help to clarify the reaction mechanism znd thereby
enable the extraction of some reliable information concerning the deutron,
triton and 3He structure. The oxisting data on these reactions are
sumarired in Table 1.
C. Isotopic Spin laveriance
1. A Brief History of the Development of the Principles of
Isotopic Spin Invariance
Shortly after the discovery of the neutron in 1432, it

became apparent that 1t had the same strong forces as the proton. Investi-
gatlons of the energy levels of mirrcr nucleil (for example TLi and TBe)
revealed striking similarities. It was found that the energy levels could
be grouped into multiplets, the members of each multiplet having the same
spin, paxity, and nearly the same mass. This led to the postulate of
charge symmetry, which states that the force between two neutrons is
identical to that between two protons provided the Coulomb force 1s
neglected.

The more generel poetulate of charge independence was bhased on
experimental observetions of the equality (after correcting for the
Coulomb interamction) of n-p and p-p forces in free nucleon scattering in
the singlet lso state., This principle states that at ldentical energies,

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



TABLE 1

e + °
Existing Experimental Data for the Reaction p + d-» 3 N
H 4+ 7¢C
T (MeV) 6, (degrees) Reaction Date Reference
P
lab K.E, 1 = gHeﬂ°
3 = “Hit*
340 30-150 3 1954 Frank et al, (9)
670 12, 25 3 1960 Akimov et al. (41)
450 L0 1, 3 1960 Crewe et al, (18)
591 37, 113, 128 1, 3 1960 Harting et ai. (19)
S5
562-750 2h, 111-131 1,3 1963 Booth (42)
*
325 0, 150-180 1 1964 Chapman et al. (40)
1515 180 1 1967 Melissinos et al. (43)
760 25-180 1 1973 Banaigs et al. {39)
1050 . 0-180
760-1050 180
470 30-160 1 1973 Dollhops et al. (11)
590 9C-160

-0t-

* Deuteron used as the projectlle. The number given is the equivalent prcton energy.

#% Data points at isolated energies and anzles within the indicated ranges.



-1

only on the total angular momentum and parity of the palr, and not on
their charge state. In 1936 Cassen and Condon(lz) showed that the
principle of charge independence could be elegently expressed by means of
the concept of lsotople spin or simply isospin. Isospln 1s analogous to
angular momentum but is linked %o the charge states of the system 1n
question., It uses the same mathematical formalism that was developed for
anguler momentum., The nucleon is endowed with another degree of freedom
besides the ordinary ones of coordinate and spln, and the corresponding
internal. variable 1s called isospin. In this forumlism, the neutron and
proton are manifestations of the same particle, the nucleon. Since this
system i1s a doublet, it was natural to pursue the analogy with angular
momentum and asslgn an isospin "vector" of vaiue 1/2 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
menifestations of the two different orientations of the nucleon in this
space.

The association of pl-mesons with charge lndependence was first made
by Kemmer(l3) in 1938. The two charged pi-mesons have identical mass and
the neutral pil-meson is only 3% less massive. Furthermore they all have
the same spin and parity. Therefore 1t was natural to associate these
three mesons with another isospin multiplet, and isosplin triplet. This
last step led to a principle even more general than charge independence,
to the principle of isospin inveriance. The postulate of isospin
invariance states that the reaction amplitude depends only on the value

of the isospin, I, and not on I3, the component of the isospin assoclated
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with the charge state. In the case of nucleon-nucleon interactions,
charge independence and isospin invariance are equivalent as a conse=-
quence of the nucleon having an isospin of 1/2.
2. Experimental Tests of Isotoplc Spin Invariance
Isospin invariance manifests itself in the energy level
structure of light nuclel, in selectlon rules among possible ruclear
reactions, and In ratios of cross-sections for reactions involving various
members of & given isospin multlplet. 'The energy levels of light nuclei
have been grouped into definite isospin multiplete, differing (aside from
small discrepancies in mass) only in the value of the charge or I3. The
exclted states of the mirror nuclel TLi and TBe efford a good example of
teats of isospin Invarlance in bound states. These levels are equal to
within 2 - 4%.(lh) Isospin tests in bound state systems are difficult
because of the probleﬁ of correcting for Coulomb interactions.
The reasction d+d —*a+npis an example of the manifestation of isospin
invarience as a selection rule. The =° has isospin 1, whereas the other
particles have zerc isozpin. Therefore the reaction 1s forbldden. An

(15)

experimental upper limit for the cross~sectlon has been measured, and

(16)

a calculation based an the results indicates that isospin 1s conserved

to within at lemst 6.5%.
For elastic scattering in the (m,d) system, the cross-sectlion should

14,1 -
( ? 7) for nf and =

be independent of the pion chaerge. Measurements
scattering indicate that the cross-sections are egual to within 0.75%.
These reactions, however, only teat invariance with respect to the I3

component but not to total isospin, I.
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3
The pd —s{BH:+ system, however, affords a convenient check of both
H
I and I3. Isospin invariance has been tested in this system at isolated
energles and angles. As stated previously, 1sospin invariance requires

that the cross-sectlons have the ratlo
3
o(CH)
o(3ne)
(18)

Crewe et al. found agreement to within an accuracy of 15% at TP=450 MeV

at an angle of 140° for the heavy particle. Harting et al.(l9) found
agresment to within an accuracy of 5% for Tp=591 MeV at angles of 52, 67,
and 143* for the heavy particle. This test involves rather large
corrections(Qo) (approximately 6% and angle-dependent) due to EM effects.

With the results of the current experiment this test can be extended
to a large angular region at 462 MeV.
II. Experimental Apparatus

A. General Descriptlon

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

external proton beam of the Lawrence Berkeley Laboratory 184-inch Synchro-
cyclotron was passed through a degrader and sent through a spectrometer
system, which used a set of bending megnets to dlsperse the beam, a slit
to select the desired momenta, and & second set of bending magnets to
recombine the selected momenta. At the entrance to the experimentsl area,
t'.e degraded proton beam passed through the first of three lon chambers
before entering the vacuum chamber leading to the liquid deuterium

target.
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The trajectory of the BHe particle wu, 1o 'ermined o *w. wire
spark chambers, &nd particle energy was neas.red in a large col-tillstion
counter. An energy-loss counter (DEDX) was '.oed Lerore the enepy.
counter to select doubly charged particles, and & vers touwmter et i
the energy counter rejected events in wricn cnarged particles pacae:
through the energy counter.

A photon from the decaying «© was detected by means of 4 leaa olu.
Cerenkov counter. A veto counter was wued o reject cnargea paprsiole
In the Cercnkov detector the photon was converted b 8 lead ¢ las, ler
and the resulting charged particles were detuoted Ly a soin'illat lo
counter, Spatial information was obtained frow spark chamters wei
followed the scintillation counter and whict. preceded a large vlock ot
lead glass. The lead glass produced and cortained the enguing srow v
and gave a rough measurement of the photlon ernergye.

The product of beam intensity and target tilckness was moritore:
measuring the elastic pd scattering rate using two scintillator rele-
scopes in coincidence. A pair of ion chambers at the rear of “he
experimental area mouitored team intensity. Beam steeriug was mornitor-d
by means of split ion chambers, oune at the rront and one at the rear v
the experimental area.

Digitized spark coordinate information, time of flight differenc.
between the He and photon arms, and pulse heights in the e, DEDX, &id
photon counters were stored on magnetic tape logether wily inrommatic:

from the various other counters.
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B. Beam
1. Beam Transpor!

The beam transport system is shown in fig. «, T
external proton beam passes through a copper degrader arnd a systen ot
defining slits (slits 1 and &). Two beuds of 23° each disperse !
beam across the momentum slit (s1it 3). This slit was sed o oele.
the desired momentum Interval. The suceceding magrets prodce e bmag
of the momentum slit at the target. OUlit 5 was uged to rediee 00 nnty
of the beam spot at the tarpget.

s Beam Dispersion.

The momentym dispersion across the targ t wao
expected to be O.a4%% per inch. Thils dispersion was tie resolt oo
incomplete momentum recombination in the norizoutal plare at 1o tuapuren
due to geometric constraints or the beam design. The magnivicatic wa,
expected to Le Z.z from the momentum slit .. - target,

Measurements were made of botl. the magnitication ana iispersiorn
by narrowlig the momentum s11' and meking three measurements wit: tpe
narrow slit in dirferent positions., The magnitication was meacared .
means of pruotograpiic =gposires to Le 1,05 cle monertwrn ilspersic: wa.

sasurencn Ly (see section - mrlnw) o e ot b pur

measured t, range
tach at the target. These agreements, while not excellent, are

probabl; withir ‘le exporimentsl uncertaisties, most especinll. wo-
considering surve. urd alignment uncertairties and erprors doe t e

use of firsteorder rfiss.
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3. Beam Divergernc.

A mean horizontal divergence of about 0.0 7 per el
at the target was the design. Some scatter plots of 1mur unalyses
reinforeced this number, but there was no direct cxperimertal .eri!i-
cation, Vertlcally, the beam divergence was designed ro e 0007 e
inch. In addition tu this correlated divergence, there was & rarlon
beam divergence, in the horizontal and vertical planes naviig a oto: jud
deviation of 0,14°.

L,  Beam Energy

The average proton bLeam energy was measuared
degrading the proton energy with copper abscrber and determinlag i
Bragg peak of the protons i1 a helium ion chamver. The oxpoimental
set-up is shown 1n fig. . From the poslticn and width of tie Bra.:
peak are obtained the average proton range and standard deviari o,
respectively. The absolute range-energy cali.ration i caced or twe
experiments(21’22) which bracket the range cf oenergies witlh whicl. we are
concerned. I-n order to assign an energy to a glvern eveit, thic averap
beam energy is corrected by an amount based on the position of the given

event with respect to the average posltion of all events. DBeam energy
determination 1s described in more detail in Appendix A.
‘e Beam Intensity

The beam intensity was neasured oy & set Cff ot
hellum-filled ion chambers, each with its own integrator. The inte-
grators were pericdically calitrated during tle experime:t witlh a

current souree (Keithles Model 201}, The accuracy of 're caprrert e e
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was not known, but the combination of current source and uvne of' the
integrators gave a measured precisilon for the integrator constant ot
0.13% over a six month period. The three ion chamoers yielded reslis
consistent. to better than 1t over the entire duration or the exporim .,

A direct proton counting technique was used for the abusolore
calibration of ihe ion chambers. This technigue is descrived briefl;
below and in detail in Appendlx B. At & high beam rate (ronglls
2 % 108 protons/sec, time average() the ifon chamber was carirrated
against the elastilc proton-proton scattering rate from a CHF target.,
At this beam rate, an accurate correctiou for leakage current wus
possible. At a beam rate low enough (roughly 10 protons/sec,
instantaneors) so that counting losses were not beyond correction, the
protons were directly counted by a scintillatcr telescope. Concurrently,
the proton-proton elastic scattering rate was measured. This provided
the liuk between the directly counted protons of the low Intensity bLeam
and the charge collected in the ion chamber with the high intensity
beam. A schematic diagram of the important parts of the apparatus ised
in this calibration is shown in fig. 8. The lon chamber to be cali-
brated was placed upstream of the dircct proton counters (DPC), which
cousisted of three circular (12-inch diameter, 1/8~inch thick) plastic
scintillators in coincidence. A four-inch thick CH2 target downstreanm
of the DPC was used for the proton-prcton scattering. Tae ceintillator
telescopes are described in section II{c) below.

6.  Beam Steering

The location and direction of the beam in the
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hcrizontal plane were continuously monitored by recording the differ-
ential currents from two split ion-chambers separated by 271.% inches
(see fig. “). Maximum beam displacement during a typical ru was abont
0.04®, This maximum oceurred less fluan 1% of the time, so corrections
due to beam steering were neglectled.

C. Target

A gas=buffered liquid deuterium target was used. A
schematic diagram of the target is shown inr tig. 9. The fnner walls of
the target were of 2 mil mylar, the outer walls of ) mll mylar. The
target flask was situated in & vacuum chember with a 20 mil mylar exit
window. Liquid hydrogen was used to condensc deuterium. The liguid
deuterinm (LDE) 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 so that deuterium that vaporized was vented.
But, for target empty runs, the valve was closed so that the vapur
pressure of tlie boiling deuterium forced the LD2 out of the flask and
back up into the reservoir.

The density of the LD2 was determined by periodieally monitoring
the flask pressure. Normally this pressure was 17 inches of lg below
atmospheric pressure. Typical variations were of the order of one inch.
This corresponds to a LIbdensity(za) of 0.1677 £ .0005 g/cm3.

Target thicknese was dictated by a compromise between competing
desires for a high counting rate, on the one hand, and low energy loss
and multipir scattering of the doubly charged final state 3He, on the

other hand. A 1/2-in. thick target was used.
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Target _hickness (actually the product of target fthickress and
beam intensity) was continuously monitored during the experiment by
measuring the proton-deutercn elastic scattering rate. A sclematic
diagram of the apparatus is shown in fig. 10. The deuteron telescope
consisted of four (12 in. % 12 in., 1/8-in. thieck) Pilot-R seintillat. re
in coincidence. Two additional counters (14 in. ~ 14 in., L/8-in. 'Lick)
were used in anti-coincidence. The proton telescope consiasted o fhpe
(6 in. x 6 in., 1/8-in. thick) scintillators in a colnelider.ce reguiring
a signal in at least two of them. Two counters (= fr. - frew L 2=ir.
thick) were in anti-coincidence, The degrader, R and AR, wa: sulectel
so that a "slice" of range about the Bragg peak was accepted at 'he
position of the last colncidence ccunterz. The degrader AR stopped the
particles. Copper and Luclte degraders were used for the deuteror and
proton telescopes respectively. The proton telescope defined the solid
angle for the reaction. A Monte Carlo program, which included ‘he
energy spread, size, and divergence of the beam, was used to chieck the
mapping of the proton telescope onto ihe deuteron telescope. In
addition, the effects of beam mis-steering and variation in the degrader
R were checked experimentally and were found to be negligitle.

A schematic diagram of the electronics assoclated with these
counters is shown in fig. 11l. 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 1h:1. The
proton~deuteron rate per unit of incident proton beam, as measured by
the ion chambers, was constant throughout the course of fLle experiment

Lo within 0.5%.
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D. Helium Spectrometer
l. Magnetostrictlve Wire jars Jiamnbers
2 . .
The “he trajectory war lecermined oo otwe et s
magnetostrictive wire spark chambers as show. L fle, o0 T ooanes

were cons'ructed at LBL.(zk) Eacl. congisted 7 twe L ound e Wi

&)
X
i
Ll

planes. Bach plune wag formwed L * mil al sl wire a0 n Sjacl ¢
40 mils. ‘The rirsy plane tad wires 3C° wit. pespee 0 che vert el on
was grounded. The sesond plune tad wires 3C° wl<l respe:t o

vertical, and * 0% with respect o the firet jlanes Tds pluee o1 oo

¢ :

guececding plane, which sl torfzorwl wir ., were pilsed Wi e

voltage. ‘The last plane hed verticsl wires w i wno grounded. The active

area of ecach chamber was & in., « -C ., A Sioeb o sl agliodoed o lnr
was plsced close to eacit wire plare o lwprove e siiformir,
electrie field in the clambers,
e Energy-Lloss Counter
An encrgy=loss {DFEDY) couter, followi:y tie opark
chambers, was used ¢  sclect doubly charged particles. This o0 cter
consisted of « iy, ~ » in. Pilot-B scintillator, 1/8-4rcr tod k. The
scintislator was viewed Uy a single ' -ineh riototube viam &8 vYolded
Lucite Light pipe.
3. Heliun Energy Counter
A thick, large area plastic scintillatior cointer
was used to stop and measure the energy of the 3He particles. An
exploded view of the rechanrical consiruction of the counter is show. irn

fig. 12. The active area of the cowiter, Pilot-Y selntillator was
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2h in, - 24 i, and was b=3/10 In. thick, wricn iy Gust tiick e o

stop 430 MeV I particles, The energy resol.tlon of “fe oo nter way

6% FWHM tor 130 MeV i particles and improved only cligetl, o
at 250 MeV. P.lse height observed i tie oo over Was a torctior
position. 'The ccunter response was mapped L oa wng MeV oproton cocan,
which deposited 32 MeV of energy in the coaiter, and e data was e d
to correct the reuponsoaﬂﬂof tue counter sc trat tiee por-aniformic . was
less than 10%. Nuclear interactions of the Eﬁe particles i: -
scintillator caused inefticiencies., A typical spectrum fur a weli-
collimated, monochromatic 1l+..- MeV 3He vear. iz shown 11 fig. 1x. The
percentage of counts in the tails (all cowts velcw the dasied line i-
'ig. 13 were considered to lie in the tails) was ‘determined ror several
energies of 3He. The results are shown plotted agaitust scintillator
range in fig. 1k, The gain of the counter was monitored using a tnlsed
Argon lamp and an Americium source. The construction and performance off
the counter are described in detail elsewhere.(as)
4,  Anti-Coincidence Counter
A large (26 in. x 26 in. < 3/8 in.) Pilot-B
scintillator was used immediately behind the He-counter to elininate
events which produced charged particles out the back of the He-counter.
The counter used three 2-inch phototubes.
B. Photon Detector
Two hodoscope spegtrometsrs were used for photon detec-

tion. Their design is shown schematically in fig. 14, They were

composed of a sejuence of: a veto counter, V, for -~harged particle
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rejection; a 2-inch thick, 2 radiation=-length slab of lead glass for both
eonversion ana pulse height information; a ecintillation counter, SC, for
a photon conversion trigger; a set of magnetosirictive wire sparl: criambers
for photon locailzationj an 8-inch (8 radlation-length) thick bloek of
lead glass. Each photon spectrometer wus mounted on a moveable pivot arm
and could be rotated from 23° to 120° with respect to the beam. The
convarsion efficiency of the 2 radiation-lengti. lead glass converter was
determined using a tagged photon beam.(27> Conversion efficiency 1s shown
as a function of photon energy in fig. 16. For the p + d —»3He +
analysis the position of the photon conversion was not used. The only
relevant fact wae whether s photon struck the counter, was converted, &nd
produced charged particles in 3C.

. Running Conditions

The use of two photon countars allowed for simultaneous
collsction of data in two angular regions. Purthermore, since each photon
counter setting included a large range of center-of-mass angles, only
three photon counter angles were analyred to obtain a center of mass
angular distribution for an incident proton energy of 462 MeV. 1In
addition, partial angular distributions were obtalned for incident
proton energles of 37T and 575 MeV.

The requirements for a trigger were: a colncidence between the DEDX
counter, He~counter and the photon SC counter, with no simultaneous
count in the photon veto counter or in the He veto counter. For each
kinematic setting, the pulse from the DEDX counter was required to

exceed a given threshold and the He-counter pulse was required to lie
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within a glven range., A schematic diagranm of the basic ~lectrorics 1is
shown in fig. 17. Bits were set Lo indicate which photon counter
initiated the trigger. For each event, digitized spark information,
time of flight difference between the He and photorn arms, and pulse
heights in the He, DEDX, and photor counters were stored on magretic
tape.

Periodic checks of the heilum~photon coincidence timing were ma’le
using proton-proton scattering as a reference. Also the proton oeam
energy was measured several times,

Data were taken with the flask boti f1ll and empty.

Periodically throughout the course cf *he experiment, thd two
photon counters were interchanged in order tc average out arny inherent
syslematic effects., Subsequent analysis showed no discrepancizs bLetween

results from the two counters.

III. Data Analysis
A. General

The data analysis consisted of takirg the experimentelly
measured quantities and from them extracting the kinemetic quantities
cnaracterizing the event. These quantities were then compared with the
predicted quantities, based on the assumption that thec event resuited
from the reaction p+d —>3He + no. If a ~oodness~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, 3He

kinetic energy and scattering angle. No photon characteristics were
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used, other tnan the facl thal one lriggered Lhe pholoun connter,  The
experimental data which were recorded on magnetie tape for esch event
consisted »f: 1) bookkeeping entries such as run number, event number,
2) the actual scattering data which included digitized spark informatior,
pulse heights from the photon, DEDX, and He~counters, the presence i

ihe trigger of the first, second or boti. pt.oton counters, and time-of-
flight informatlion. Provislons were made to record six sparks from

each of the wire planes of tle lie spark chanuers,

A computer program was used to reconsiruct eacht event fror thesec
data, The digitlzed spark information vas uzed to compute the cpark
positions in the chambers. A line was deternined from sparks in each
He chamber. The 1Intersection of this line with the target was tne
interaction point. The position of this point i the horizontal plane
wac used to meke a minor correction to the direction of the incident
protorn. in the horizontal piane. The assurption 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 te the average proton energy for the
entire run. This correction was vased on the position of the inter-
action point in the target. The 3He kinetic energy was calculated fronm
the pulse height in the Hewcounter. This calculation was based on a
calibration of the counter using 3He particles of kiowr energy. The 3He
kinetic energy was corrected for e:ergy loss in the material along its
trajectory from the production point in the target to the counter. For

3

purposes of energy loss calculations for both the “He and the incldent
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proton, the interaction point was assumed to lie on the preton
trajectory at a point one-half of distance througl. the target. The
event. was rejected 1f the goodness of fit criterfon war ot swrisried,
For each accepled event, the scattering angle or the e fe e et
of =momentum (CM) system was calculated, and the cvente were i e
according to this angle. The geometric acceptar o o the s gt on W,
calculated as a function of the 3Ile CM angle tiv u Mootearapeis 0 0 0y
Finally the differential cross sectlor was conpited.

B. Helim Trajectory

2
J . : :
The “He trajectoury was determiced oy locating tiaw

straight lire through the two chambers tha* best it the spark 1o sati.ooc
The puth of the 3He particle was never mare trnar © - fram the periss ii-
cular tu the hamber planes. Henece the approximaticc wuo madse
these wire planes lay at the rcentral plare of the chamter,  Thic s daers
the trajectory problem to locating a point in each ctamoer dhice oo
tits the spark positions in that chamober. Trn locating tre puti, - ¢ w
particle tihrough a chamber with four wire planes, each having wire.
running in diftferent directions, une has a redurdancy of infirmatiog.
This redancy was used to resolve ambiguities iL:io multi-spark owver o oaad
to improve efficiency and accuracy.

For each event there could be zeéro to six cparks per wire plane.
Each spark determined a line or "wire”, parallel to the chamocr wires,
on whicl., tne spark was located. A polnt, P(x,v), was tcund for which

the sum of the squares ot the distances tu the wires was 4 minimam.

The four ~hamner planes determined fonr edq.a? tons of tie topy
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Ay X+ B Y -0, oty (.)

where Ai and B, are the direction cosines of eacn of tne foir wir -,
i

In matrix notation Equation 1 Ls written

MP <
r ro
Al B‘J | L,‘ |
h
A, B, X b i
where M = cc , P Ly and o - S
A B YJ P
3 i ,‘!
R ]
! (9 -

This system of egquations, however, 1s overdetermined a:.d, in

general, has no solution. If Equatior 1 is modiried,

there exists ‘m unique solution P, which minimizes the swum ot the

squares of the residuals, T The solutlon can be writte:n as
I
P=MC,

where M1 18 the generalized inverse of M.
Physically, the residual r is the perpendicular distance trom the

point P to the wire in plane 1, It any of i r; was greater thar a
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specitied fit parameter, the point invelver war o dmipated e “arroer
consideratior.

Having found a point, the wires used in determining It wer
eliminated from further consideration. Afrter all pernissacie ©ico na
been found involving four wirds, fits were sowht alng o wie -
Finally, if @0 three or four wire fits were fooand, intersecrior. ov W
wires were used,

A point from each of the two chambers determived = poc it n
trajectory. Only those that pointed to tne target ol ae wers © oeo.e
analyzed.

c. Helium Energy

The helium counter was callvrated In a wellewcolliwsrd,
monochromatic 3He beam at two energles: 4 MeV and 13C MeV, A wiger
3 . 4
energies, tagged “He partieles from the reaction a + p -+ “lie < were
used. These data spanned & 3He energy range of rouguly 10C - v MeV.

The scintillator response data were 1'it 'sing the purametric

formula
4L = g (dB/dx)(1 * B dE/dx)
dx
where
4L = Flucrescent light erergy emitted per
ax unit path length,
g = overall gain of the counter,
2
dE/dx = “He energy loss per unit path length

B Geintillator saturation parameter,
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For eact. datn Lhe integral,
V
ST QﬁfM'B) s
(1-8%) (148 ar/ax)
C

where,
?
M o= He mass

V * Measured jHe beta at the cuwmter face,

was calculated and compared with the measured pulse helg:*., T tv'n,

of those 3He particles generated by the reac*ic: X+ '3ﬁv LS SR S
crliculated on the basis of the measured kinematic g.antities (kilnetio
energy and direction of the Q, and scattering a:ngles of 3He and 1).

A leastwsquaras minimizing routine, whicr treated g and B as a1ty i L

parameters, was used to minimize the quantity,

o)

. pred meas <
X = » | PHy - PH
i 9
where,
meas
PHi = Measured pulse height of the i-th datunm,
pred
PHi = corresponding pulse height obtained by
means of the above integral,
Ui = standerd devimtion in 'mits of pulse

height of the measured pulse height ir
the energy region of the i-th datum.

The values of the adjustable paremeters giving the best fit were:
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g = l.3¢.

B o= 0,500 v 10-3 g/cn13/MeV.

D. Geonetric Acceptance

The geomutrie acceptance of the system was salenla‘ed Ly
means of a Monte Carlo program. ‘fhils progrew. f:clided 100 oitecte oo
the protot. team energy spread, spatial distritvitlon off oo proton bens
at. the LD2 turget, and voth corvelated and randor beam Jdiccppe:ce,  Also
included were energy loss and multiple scattering of tre ueat'ered 3He
perticles. Monte Carlo programs were writtern by *two inderendent
programmers. The results of the programs were consistent ., within
statistical error (1%).

For each angle at which data was collected, the configurativs of
the experimentel apparatus was specified in the Monte Carlo program
exactly as it had been measured for the case of' real data. The ef'fective
solid angle at easch configuration of the apperatus was defirned jointly
by the Helium counter and the photon counters. For a given evenl an
interaction point {(x,y,z) in the target and a direction (cos -f and 1)
were chosen for the 3He particle. If the 3He struck the Pelinm cowmter,
the program proceeded with the uniform decay of the @ in Its OM 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 couniter was folded into the geometric aecceptance of the
apparatus at each setting.

A typical gecmetrie acceptance curve with the photon conversion

efficiency folded in is shown in fig. 18, When actually extracting the
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eross seclion, only the region of the solid angle near the peak wa,  oed,
where tle statistical error is less tharn 10%.
IoN Leust-Sqnares Kinematic Fitting.

The et of processed dara from tie nelia coannors, o ey

loss counter, a:d Heecountery was soofected Lo twe criteria velcre Ooaeoor
analysis, First, the 3“8 trajectory, as compited Cronothe cpars clan:er
informatior, was required to originate in tie target,  This reoadrerd o,
rather than the more stringent one tnat the tra’ector. origincate i tie
area defined by the spatial distributior ~1° the bear at the taroet, wa
used to insure thail no potential events were lost ag n result o0 tra-
Jectory reconstruction errors caused by multiple scattering and vinite
spatial resolution in the chambers. 3Second, tie: pulse in the rergue-loss
counter was required to be mbove a given threstold val e rfor »w hi-oe-
matic setting. A typical energy-loss spectrum with the threshold
indicated is shown in fig. 1%. The superimposed poirts indicate tpe
same spectrum resulting from a relatively clean ssmple of BHv (ottained
by means of a x“ocat deserited telow),

The events satisfying these reguirements were referred tu a common
coordinate system, which had as its origin the "pivot" (the point about
vwhich the photon counter rotated and to whicl the survey referred)., The

coordinate system and relevant angles are shown in fig. 20.

The measured quantities were:
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vwhere tlie subseripts 1 and 3 refer to the inecident prover ard cecattered
3He respectively. The incident proton was assumed to lie in rie
horizontal pla:.e, and a correction wis made for the divergence angle O,.

For a ptd = 3He + 1@ event, the measured quantities as expreuged

above are subject tu energy-momentum conscrvation. The equations are:
Energy: By v Myt Ey v By (1)
' Momentum:
i-component:  P,sin@icose, + P, sing cosy, = C ()
Y-component:  Pysiiising, + Py sind sing, ¢ (3)
Z-component: P1 - 1’3c<>se.i - Phcoseh =0 ()

where the subscripts 2 and 4 refer to the target Aeuteror and Lhe =
respectively. Ei is the total energy of the i-th particle. Tl only
independent variables in equations 1-4 that were not measured are P)‘,
9_,4, and Qia. Thus the four equations are overdetermined and a fitting
procedure must be utilized to obtain the optimal soluation.

The method used was that of least-squares Titting s:bject to the
non~linear constraints of energy-momentum conservation, This ic a
standard procedure in bubble chamber physics.(ag) Three of rne eguations
of energy-momentum conservationr are required to determine the wumeasured
kinematic variables. The remaining one is used as the equation of
constraint in the fit, giving what is called & "one-constraint fit'.
Equation 1 above was used as the constraint egquation. In addition to

fitting the data for each event tc the hypothesis that it resulted from
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3

; o s
“he reaction p+rd - “He + 3, a "goodness-of-i"" ranler

¥
o
-
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i
o

]
ralculated for each event. A histogram or this XT=valwr Por o 0 0 cud
un is shown in rig. 21, The Monte Carlo data were nvorkalice i tre

‘el data by requilring the same number of

A description of the fitting procedure is given I more derall o
Appendix C.
F. Kftriclencies
1. General
In calculating “ne cross section, tie detesr o
efficiency ot the apparatus wist be used. 'This efficien:. a;
considered as the probability of detecting the desired o0y i il

t has occurred. One important factor ir *uis detection crrici-: oy io

the geometric acceptance of the apparatis. This has vecr pice
section D above. The remaining efficiencies include tre deteos ion
¢fficiencies of the apparatus. The photon conversion etfficicoey oas
teen treated ir. section ITI.E. The efficiency of the 50 counter,
goseribed in the same section, was essentially 100%. The heli.an Spatk
¢ .amber officiency will be discussed in section 2 below. 'The ¢« 'ficiency
Q., . . .

the energy-loss coiuiter for ~“He nparticles of energy 1 Lhe range ot

i.terest of the experiment was 100%. A correction, however, wus made
.3 . . .
(section I below) for “He break-up in the material befire the cuunter,
since the resulting singly charged particles world not trigger tue
- 3 .

counter. Similarly, “He particles ur’ergoing nuclear interactions 1.,
the He-counter could fall to be detected at the correct energy. 1hin is

3

also discussed in section. I. For those “He particle:s not interacting
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\
strongly 1n the scintillator, the detection efficilency was cunsidersd
to be 100%. Finally, the efficiency of the helium veto coumler was
taken as 100%. The only remaining efficiency was "counting” officicrey,
This relates to the efficlency of use of the protons in each bean spil!
and will be discusgsed in sectlon 3 below.
2. Spark Chamber Efficiency

The procedure for calculating spark chamber erti-
clercy involved first obtalning a subset of events called prote cvents,
which were used to investigate the efficlencies of individnal gapx:.
A probe event 1s defined ag an event for which at least three of tie
four gaps (two gaps per chamber) have sparks, and a track recous!iracted
frcm the sparks extrapolates to the area defined by the intersection or
the beam with the target. This latter constraint is to inoure thar he
probe events result in fact from particles, and not spuricas sparks.
Given . prube event, either (a) there are sparks in all rour gaps, in
which .ase the probe is a positlve probe of any gap, or (L) one gap las
no spark, in which case the probe is a negative probe of that gap and a
positive probe of the three other gaps. The inefficiency of an idi-
vidual gup is then the ratlo of the number of negative test probeo por
that gap to the number of test probes. The gap efficiencies were ther
used to ¢ mpute chamber efficiencies. The chambers were typically
99 ~ 100% efficient.

. Counting Eff'icicncy
This efficiency reters to the efficiency witlh wiie

the protong in «ach beam spill Wwere used. This is determined hy two
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factors: the amount of dead time per spiil, during which the tast
electronics were gated off tou allow for spark chamber recharge, prdse
helght analysis, and data storage; the acceptance of oualy the stretoheld
portion of the beam spill tor deta taking.

The system dead time was determined by scallng all pctential evert
triggers as well as those actual triggers that occurred when *lhe syotems
ready gate was set. For some run., the dead time was as large as 20f.

The stretched-beam splll of the cyclotron consists of a spike of
particles OU4 times per second, followed by an approximately uniform
flux for about 10 msec. The splke was gated off since the fliux in this
part of the beam spill was too high for our electronics to register
properly. The percentage of protons lost in this way was continuously
monitored by the proton-dsuteron monitors. When the beam was properly
tuned, this loss was never more than 5% 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 tre energ:.-
loss counter and stopped in the helium-counter. On the photor side the
requirement was for e charged particle in the 8C cownter whkich did not
pass through the veto counter. This 1s a fairly unique signature at
the proton energies at which we operated. The only conceivable back-
ground reactions that could leave such & signature, except the reaction

(2), ,ze

3

p+d — “He + nno,
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where u = 1, 2, 3.
The threshold for n - = production is given by

2 e,
Tp = (M, nMno) - (Mp oo My)T /oMy

3He
where TP is the 1incident proton kinetic energy, u the rumber of pionc,
The threshold for single plon production is 198.7 MeV, trat for twoe pion
production 41%.4 MeV, and that for three pilci. praduction - ol MeV. s,
three pion production is beyond the kinematic range of interes' ot this
experiment. In the case of two plon preoduction, the 27 MeV data is
uncontaminated, being below the two pion: threchold. At TP = he 2 MeV and
576 MeV the effects of two rion production are regligible comparcd to
those of single pion production. The main reason for this ig that the
3He particle associated with two pion production is confined to u mch
narrower cone in the lab system than in the case of single pior pro-
ducticvn. As a result, only certain 3He particles from this vackground
reaction undergoing wide-angle multiple scattering could possibly hit
the He~counter. Furthermore, the two pion production cross section
inereases slowly as the threshold energy is exceeded. 1In addition,
significant differences 1n the kinematlcs of single and double pion
production facilitate the separation of these two reactions on the basis
of their respective X2-v&lues. For these reasons, two pion contamin-
ation was considered to be negligible.

The reaction (2),

p"d**jHe“?,
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is a more serious sovurce of contamination. Its cross-section is

approximately 5% of that of reaction (1).

p*d"’BHe+no,

and the kinematics of the two reactions are guite similar, For these
reasons, no attempt was made to separate events due to the two rractiuns
until the finel stage of the anlysis, at which point a correctii:n to the
results was made, based on the knowm cross-sectioén for the reaction ().
The uncertainty in this correction was estimated to be 10%.

B. Cross Section Calculation

The differential cross section for a given setting ic

determined by the relation

= Ci TR » Eff x
N(8) = do(e)/d; Ny > EFf x Ny
where: 6 a center of mass helium angle

N{8) = number of events

do{6)/dn = differential cross section at a helimm
center of mass angle 2

NB = number of beam particles

Eff = solid angle X counting efficiency % spark
chamber efficiency x JHe breakup ¥ phcton
conversion efficiency

Ny = number of target particles = N x t < p/?

No = Avogadro's number

il

t target thickness

p = density of liquid deuterium
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The 3He center of mass angle for the reaction p+d 3He + 17 can be
calculated from the measured quantities Ly two different methods:
1) 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: angle

is given by the relation:

cosd), {AC + [A202 - (A2+Be)(02-32)] : J J(a2Py
where

A P}'{e(l + aevvg)

B = 7Pée/ihn9ﬂe

¢

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

cos9§e - (EHe/y-Eﬁe)BPﬁe '

The method used was that which yielded the smaller error for Hée.
The error in 5ée as a function of Qée for the methods 1) and 2) is
shown in figures 22(a) and 22(b) respectively, for a beam energy of
462 MeV. The errors represent the error in the calculated CM angle
resus.ting from an error of one standard deviation in the measured

quentities ' and E_ .
He He
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At certain kinematic settings it was possible to detect each of
the photons resulting trom the decay of the . This required a wide
spacing between the two photon counters (about 50°). The minimum
opening angle between the two photons, @, occurs in the case of symmetric

decay in the lab system. This angle is determined by the relatiun(Bo)

cos % =g,

where P denotes the beta of the . For the L&2 MeV runs, B was
typically 0.9. A separate Monte Carlo program was writter to determine
the geometric acceptance for two photon detection, and the crouss section
was calculated based on the double photon trigger for the most favoraple
sinematic setting at 462 MeV incident proton energy. The results are
shown in Table 2 of section IV.
I. Errors and Corrections
1. 3He Break-up

Those 3He particles which underweni catastrophic
nuclear collisions &nd broke-up in the material before the energy-luss
counter failed to trigger the system. In the energy range of 3He
particles dealt with in this experiment (lowest 3He kinetic energy
100 MeV, range in CH = 8 mm), the probability that a 3ke particle will
break up in a given material is roughly proportional to its range in
the material., This probability was measured to be 0.0035 * .00l per mm
of CH in the 3He kinetic energy renge of 100 - 260 Mev.(26) From 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 particles resulting from jHe break-up 4id not have
sufficient energy to penetrate the He-cownter and trigger the veto

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

Selection of events as genuine p+d ‘*3Hw T cvents
was based on a goodness-of-fit parameter, KQ, which was calculated for
each event satisfying the target and energy-luss criteria described in
section ITT.E. A typleal ¥° distribution is shown in fig. Z1. .iper-
imposed ou the XE distribution is a similar distribution gencrated o,
Monte Carlo data, which includes an estimate of p+d -*EHv ¢ conlam-
ination. The Monte Carlo data was rormalized by requiring - - pial
number of events with X2 less than 10 for the two distributions. Those
events with %€ less than 10 were selected as real events. Moate Carlo
data indicate that typically 6% of p+d -+ 3fe + 1© events lLave a '2-valur
greater than 10. These events are primarily due to 3He vreak-np i *he
He-counter, resulting in an abnormal pulse heignt.

As is evident from fig. 21, the real data has proportionately more
events witl YE greater thar 10 than the Monte Carlo data. Typically Z.%
of the real events have a X2 in this region. The majority of thege
events are attributed to accidental triggers. These spurious triggers
vere separated into two classes: i) accidental events caused vy tle
detection of a bona fida 34e particle from reactions (1) or (2) in
coincidence with an accidental count in the photon arm; ii) all other

accidental events. Events of type (1) cannot be distinguished trom

real events sirce nc kinematlc information wac obtained from the photor
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arm. In general, this type of accldental event will produce a low e
value and will be amccepted as a genuine event. Events of type (ii),
however, would not be expected to produce a Kz—distribution peaked at
low values.

The degree of contaminatior of the data from iype (i) accidental
events was cstimated by calenlating the acridental trigger ra'e witg
the measured counting rate in the photon arm and & Monte Carle calceu-
lated counting rate in the He arm. This rate was based on the measured
cross-sectlon., Typically the resultant accidental trigger rat*e of this
type amounted to less than 2% of the measured rate, excepl fur Lre '-°
MeV data, lu which case the rate was 18%. This 1s a conseq.enrce of tte
high beam intensity at this energy. The measured cross-sections were
reduced by the fractions corresponding to the accidental trigger rartez,
and an wicertainty of 20% was assigned to - .is correction.

Accidental events of type (ii) would :ot be expected ‘o prodace a
peaked energy-loss (DEDX) distribution. The DEDX distriistive tor
events satistying the relation 10 < Yz < 30 is 1indeed g .ite rlat, a.
shown in fig. 23 for a typical run. This behavior was «xtrapolaled t.
the domain of \2 < 10, and an estimate was made of the contaminaticn in
this region. This typically resulted in a 5% reduction in the aross-
section, witl an estimated wicertainty of 20%.

3. Target Thickness.
The thickness of the liguid deuterium target was
never nmeasirced under run conditions. Altloggh the prod et 4 targ:

thicknoess and fean intensity was gquite stable during *:
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(see gection II.C), there is some eviderce that the targe' may have
beer. bulging. An upper limit on the extent of this bdging ic 7% A
a result, the cross-secilons guoted in section IV may we we muet ac - %
coo high.
L.  Targel. Empty.

Events produced with the carget empr were sever
more thar 1% of those pruduced with the target fllled witr 1igaii
deuterimm. Therefore, events origirating t'ror e tars o walls woe
neglected,

The corrections to the data, together wit: the correspo:ding crroro,

are summarized in Table 3 of section IV,

IV. Experinental Results
The measured cross sections are giver in Tanle 2. The wiao:

of the argular bins are typically 10°. The crrors in the cum. angle ot
the 3He are due to multiple scattering. The indicated errvrs i: the
cross-sections include a statistical componer.t, from ccinting statistics
and statistical error in the determination of the solid angle, and a
systematic component. The systematic errors for each ang:ilar bin av
given ii Table 3, The subgroups within the 377 and 4ol MeV duta
indicate data obtained atl different kinematic settings. The last sube-
group within the %2 MeV data represents the dats res:liing rrom Z-photon
analysis.

The deta from different kinematic settings chow good consistency.
There is also good consistency between the une-photon and two-photon

results. The experimental results at 377, 462, and 576 MeV are shown

i fig. 2.



TABLE 3. Summary of Corrections and Errors{%)

| . X * Total
% \ Bean Uead 3ﬂe ) Accidental Back- .
. X - ; Ce i Statist-
eHe Gate Time Break-up X -cut Triggers ground ar:g:ﬁlon ical s
N ‘- . Systematic Error
377 eV . Type(ii) | Type(i) Error

55.5° || +2.0

+0 F14.841,5 | ¥2,220,6 [+, /30,9 | ~H.2%1,2 | -2.120.4 | =5.0%2.3 +3,6%3,2
65.0 +2,04C.
40

14,8415 | +2.240,6 | T4.740.9 | =6.2+1.2 | =2.240.4 | -7.2%1.8 +8,112,2

—_

4 2.2
L 01
6242 42,0404 | +14.841,5 | 42,240,6 | 45,3%1,1 | =6.581.3 | ~1.90.4 | =0.4%1.5 || +0,5$2.9 7.1
73.0 +2,040.4 | +14.841.5 | 42,240.6 | 45,341,171 | —6,581,3 | ~1.720.3 | =7.241.6 || +8.942,9 6.0
83.6 +2.080.4 | +14.841,5 | 42.220,6 | +5,3¢1,1 | =6.5%1.3 | -1.640.3 | -8.041.8 | +8,2%3.0 6.1
946 +2.040.4 | +15.841,5 | 42,240.6 | +56,381.1 | ~6.541.3 | =1.740.3 | -9.842.6 | +(.343.5 642
162 ¥eV
5645 +0.940.2 | t16.941,7 | #2.210,6 | +5,741.1 | =5.381.1 | -1.820.4 | -2.53C.3 || +16.142.5 6.3
&7.6 +0.230.2 | +16.981.7 | 42.230.6 [ 45.741.1 | =5.381.1 | =1.740.3 | =3.740.4 [ +15,042.5 7.3
78.7 H0,920,2 | +10.941,7 | +2.240.6 [+5.741,1 | =5.3%1.1 | =1.840.4 | =5.240.5 [ +13.442,5 8.1
70.9 1584004 | 40405 | #2.080.6 | #6,181,2 | =5.721.1 | =1.710.3 | =4.72C.5 || +2,8+1.9 5.7
8044 F1.020.4 | ¥4.630.5 | ¥2.240.6 | H.121.2 | =5.741.1 | =1.040.4 | ~6.330.6 1 +0.2£2,0 5.7
90.0 +1.240.4 | +4.640.5 | 42.000,6 | +5,141,2 | =5.741.1 | =1.940.4 | -7.840.8 || -0,74¢2.1 5.8
93.5 +1,840.4 | +40020,5 | +2.240.6 [ +6.141,2 | -5.7#1.1 | ~2.140.4 | -6.720.7 | 40,2420 5.7
109,1 +1.24C.4 | +4.010,5 ) +2.240.6 E+6.1t1.2 =6,7%1,1 | =2,040.4 | =0.310.6 +0,7%2,0 6.5
10544, $0,940.2 | #10.201,7 | 4204006 L #5,381.3 | —5,131.1 | —2031005 | 0007 | 12, 142,6 10,6
11349 40,9402 | +10.281.7 | 42,240.6 | +6,341.3 | =5.131.1 | =2,540.5 | -0.040.7 | +12.7#2.0 2.8
122.6 40,910.2 | +10.981,7 | +2.240.6 | +6,3%1.3 | =5. 11,1 | ~2.640,5 | <6, 140,06 | +12.5%2,6 Bl
2-8 || +0.9%0.2 | #10.941.7 | 42.220,6 ~18,0%3.6 +2.0%4,0 20.3
77,5
57 HeV
65.2 +3,740.7 | +17.742,0 | 42.03C.6 | +6,7H1.4 | =5.981.2 '=13.143,6 | ~4.#0.5 | +3.7£1.6 9.2
Va? +3.74C,7 | +10.742,0 | #2.240,6 | #6,781.4 | =5.081,0 '=17.943.0 | ~4. 10,5 | 43008400 9.1
|
1

* See page  for an explanation of these two types of accidental tri--ers
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NICROBARNS,SR IN THE CNS

+ 377 nev oara
- e
- 462 NEV DATR

4 577 nev oata

HE C.M. ANGLE IN DEGREES

Fig.24, Differential crose-section for the reaction p-+d—-2He+n°
at Tp~377, 462, and 576 MeV.

I |
+ ]
k $ o+
o i i " P i 2 M " P | " i i A. i i e, PR
30 60 S0 120 150

_"9-



-65=

V. DISCUSSION AND CONCLUSIONS
. . (ub)
A. Models for Pign Production

The enrves 1 fig. 26 a.d 26 represent estimates of tle

cross-section in the two~-nucleo:. approximation, Tiese estimates sre based
10 .

on the work of Barry,( ) specifically on tne process represented by tie
graph shown in fig. 2(b). Assuming that the neutron is on the nass-shell,
or equivalently, that it plays tue role of a spectator 1i: the sense of

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

written as in Ref. (1l) ms

&.(p%)
a = 2B (5-4) = frrfi(Oexpl iz (3-5)], (1)
VB (?+®)
¢,(p7) . -
L codn 04 - [ (sl (4], (2)
VR, (aZ2)

where 7, 3, ?, are the c.m. three~vectors of thLe neutron, deuteron and
triton respectively, and m, Md, Mt’ their respective massesg pf and d:
represent the squares of tlie magnitudes of t:.e momentum four-vectors of
the internal proton and deuteron respectively and are equal to
- - . FS Y-
pP=(d-n) , aF=(T-4) (3)

$h and $¥ denote the spatial wave functions of the initial and final

state nuclei with Qd and ﬁt their momentum-space counterparts.
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Neglecting spin, the amplitude for the two=-nucleon process is

Vi, % gy (-3 ) AE)T s 0, 8) (4)

* s s -
Since the function Qdﬁt peaks at n~4t and n~dd, whereas the amplitude

PP A% gt the p(p,x)d vertex varies only slowly witl: i, the emplitude

can be reduced to

VEG: (B Axs ) (5)

giving for the reaction d(p, x+)t the cross-section

ut

do  _ 6G2 (Z) Jtﬂl lp_'pl fxd dU' d , (6)

4an dt I%Ildxl sxt aa
where E ig the momentum transfer

1di-+¢%, (7)
Gdt(Z) is the form factor

- * - -
Gy4(R) = [iax*d(X)*t(x)exp(-ix'A) , (8)

Itx[ and Idpl the magnitudes of the triton and deuteron c.m. threc-
momenta respectively in the reaction d(p, x+)t, with |4 | ang lpp' the
corresponding quantities for the reaction p{p, x+)d. Cross-sectlon data
for the reaction p(p,x )d are taken from the article cited in Ref. (4 ).
The relation between the c.m. energles for the two reactlons is
somewhat ambiguous., If the intermediate deuteron in fig. 2(b) is

asgumed to be on the mass shell (r.wﬁ) , one gets for the relation between
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the inveriant energies squered, s, for the mi and =t processes

. 2,2
S = ot -, (9)

If the proton 1s assumed to lie on the mass shell {n~id), the result is
2
8, =2 +m , (10)

where m is the nucleon rest mass and m, the pion rest mass. Experimental
evidence(s) indicates thet the (3,3) resonance bump in the tx data is near
a laboratory proton energy of 450 MeV, which ie in agreement with the
prediction of Eq. (9). According to Eq. (1C), on the other hand, a bump
would be expected near 600 MeV. The relation (G) is adopted as the more
reasonable of the two, at least near 450 MeV, and 1is used in what follows.

Another amblguity arises in relating the scattering angles for the
two processes since the model involves the p(p,=)d reaction with one
nucleon (pl) off the mass shell. Two natursal weys of resolving this
d1fficulty are discussed in Ref. (45) and the prescription in which the
momentum transfers are equated (u-fixed prescription) i1s chosen as the
more reasonable.

Barry (Ref. 10) points out that an additionsl ambiguity is associated
with the fact that Z, as defined in Eq. (7), 1s not a relativistic
invariant, Thieg difficulty is overcome by constructing gquantities waich
depend on Z;but are relativistically invariant and then choosing the most

reasgonable prescription based on empirical grounds. In what follows, the

relation
2 2 2
4 = A - A 11
“b min ( )
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is used since tlis velue gives a reasonably good fit(lo) to the form
factor', Rt
Gaussian wave functigyi
#(x) = (Edf) enp(-10,52) (12)
n
2 L

where By = 87 MeV, B, = 106 MoV l(Ruf. 10), are used In ealculating Gy,
wi(x) is the d-n component of the triton wave function, and k, is
expected to be l/égzzﬁ.this 1s assumed in tre present calculation
{although this may not be an accurete representation accordiug to Ref. 32).
The value of $£(0) needed to fit the data of fig. 25 is a factor of
vk.3 lower than that suggested by the Geussian form of Eq. (13). In
fig. 26 the same factor is used. The fit to the energy dependence is
respectable. Agreellent in tlie case of the aigular distribution 1s very
poor, even at small angles where the two. ‘ucleon approximation is
expected to be valld and where contributions from the graphs in fig. 3
and 4 are at a mintmum, Nelther the use of different wave functions
nor recourse to other methods of resolving the ambiguities mentioned
above significantly improve the small angle fit. The small angle fits
shown in Ref. (11), for example, are much worse if the data of Crewe et
al.(le) at 450 MeV are included. It must be enphasized, however, that
thie model does not include the graphs of fig. 2{(a) and (c). The latter
is expected to be relatively uninportant (see p. 1447, Ref. 10). But

the same cannot be said for the former. The problem here is that there
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18 no good relativistic model for tre off-snell n - 3 - (pp) vertex.
In the backward directio:r, i.e., eﬂ close to 180°, tie one-plo:
exchange (OPE) graph shown ir. fig. 3 1s expected to be don.ina:.t.(lo)

In this case the cross-sectlo:. ca: be writte: 1. terms of the n-d elastic

scattering cross section,

nt nl
do_ - g(;2 (kz)lf_"l a ._.._..—d",d—‘) R (14)
g pt 1 ‘Pdl € 1t daQ

where

Sxp = 2ot WPHE

=
U

$lun? + (+-p)°1,

The form factor Gpt(ki) is given by

z fm 2 2, 2
Gy (k1) = #,(0) V6GF(k )i fm(k) + %) , (15)
2 2\-1
2 2 0%y
where G /bn = 14,7, F(k,") = [1 + .
1 60iF

The parameters used in the tritium wave~function are the same as trose
uged above. The »=-G elastic scattering date were adapted from Refs. 33-
38. The 180* cross-section data are shown in fig. 27, with the curve
indicating the prediction giveun by Eq. (14). The value of ¥,(0) needed
to it the data 1s a factor of /5—.§ smaller than that suggested by the
Gaussian form of Eq. {13). Qualitatively, the features of the data are
faithfully reproduced. In particular, the bumps at about 1l.05 GeV

colneide quite wel although the preceding trough is somewhat washed out
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in the theoretical - This bump reflects the bump at Tn=580 MeV 1~
the 180° m elastic scattering cross-sectio:., &.d 1t 1s belleved to ve
due to excitatio: of the N¥( 15&0).(10)
A serious deflclency of this model, as pointed out by Dollhopf et
algll) 1s 1ts inabllity to reproduce the backward peek 1: the a:gular
distribution. This rise in cross-sectlion at large argles can be see: 1:
fig. 26. Similar benhavior is appare:t 1i: the 377 MeV data of this
experiment (fig. 24) and in the data of Chapman et al.(ho) at 325 MeV.
The OPE model for backward scattering predicts a flat a:gular distri-
bution like m elastic scattering rear 18C°. Irclusion of the single-
nucleon process in the model does not help. This process, represented
by the graphs shown in fig. %, involves very large interral momenta and
onsequently its contribution is relatively lnsignificant with respect
to that of the OPE process. In the graph of fig. 4(a) tke incoming
proton emits & piorn and the resulting neutron is subseque:ntly captured
by the target. This process favors forward pion emission and the
internal nucleon momentum involved is ] A | = E E + § t ]. For an
incident proton energy of 470 MeV, this gives an internal momentum of
815 MeV/c for backward pion emission. In the graph of fig. 4(b) it is
the target which emits the plon and then captures the incoming proton
to form & bound triton. In this case the internal momentum 1is given by

l

| 2 | = 550 MeV/e at 470 MeV beem energy. Although thls is not as

Db

[ = | 5 - % t | and backvard plon emission 1is favored, for which

large as in the rirst process it 1s still & very large momentum on a

scale of internal nuclear meomenta.
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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 deuterorn
and triton can be extracted, the theoreiical 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 neglecied a priori. As for the
problem of the backward peak, it appears that additional reaction
mechaniszs willl have to be considered. A systematic experimertal study
of the angular distribution of the reaction pd — tx+ (or 3Hen’°) in the
energy region 300 = 600 MeV will further these ends.

B. Isotopic Spin Invariance

Using the recent data of Dollhopf et al.(ll) at 470 MeV,
the ratio R“U(BHH*)/ (3Henp) can be calculated over a falrly wide
angular region. Since the precision obtained in the measurements of this
mtio (10 ~ 20%) is much- larger than the Coulomb and mass corrections
and the corrections for the different c.m. energies (2 - 3%; see Appendix
D), these corrections are ignored and the value R=2.0 1s used in comparing
the data shown in fig. 26. In the numerical summary given in Table 4,
however, these minor corrections are jincluded.

At some angles, especlally for the smaller pion angles, this ratic
is more than one standard deviation below the theoretical value, but

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



TABLE 4

Isospin Comparison

8, (degrees) Differential Cross-Section {ib/sr) Rexp Ryp,
tr 470 MeV | JHers T =62 MoV

55.5 1,69 ¥ 0.13" 1.15 £ 0,25 1.47 2035 | 2,00 £ .07
60.0 1.17 + 0.08 0.7t X 0,16 1.58 * 0.35 2,02 $ 0.07
72.0 0.55 1 L.% 0.28 £ 0.02 1.96 0,26 2,03 1 0.07
90.0 0.63 X 0.06 v..” *o.02 2.10 % 0.26 2.04 * ¢.07
107.5 0.54 * 0.05 0.32 1 0.02 1,69 + 0,21 i 2.05 * 0,07
125.0 0.58 * 0.08 0.31 T 0.02 L7 T 0.28 2,05 * 0.07

* There is also a systematic error on the order of 15% associated with these dzta (p.390, Ref.if)

which has not been taken into account here.

-g L=
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error in the (3H,:+) data which was not considered in calculating the
ratio. There is also a quite serious disagreement between the data of
Dollhopf et al. and the data of Crewve et al.(le) mear 9 = 35%°. This
further suggests that the former data are systematically low for small
pion angles.

It 48 concluded that the agreement with isospin inveriance is
satisfactory when systematlic errors are taken Into account, except

+
at small pion a:gzles where the BHﬂ data scems to be aystematically

low.
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Appendix A: DBeam Energy Caslibration

The energy of the incident proton beam was calibrated to determine
the absolute energy of the interacting proton for a givern event. T¢
assign an energy to a given event it is necessary to a) assign an
average energy to all incident protong, nnd b) to correct that value
based on the characteristics of the event. The only significant para-
meter in the correction (b) is the horizontel displacement. of wiu: event
vertex from the average posltion of all events. Other parameters, sach
as the angle at which the proton enters the target, and depth of the
interaction in the target are relevant but not particularly susceprivle
to measurement.

Firet will be discussed the estimate of the average energy of all
protons at a point half-way through the liquid target for a given ruu.
This number 1s 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. ©). The second part of the following discussion will
be ccncerned with corrections to this energy on an event-by-event basis,

Range-Energy tables, such as Janni‘s}‘ﬂ are based on parameters
derived largely from low energy measurements and must be considered
suspect at energles 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,

21,29

4
\
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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+ 1/3% in epergy. The ratio of the energice otserved to those whiie:

would bLe predicted by Janni's tavles & psivire ‘re same range see
‘ = JG9LY
I/T, < 1/.99%9

: = agtl,
PB/TJ 1/.9%h ,

where T2 and T, are the observed vnergies it ret. 21 and 2¢, respe:--

ively, and TJ is that proton energy in Jaunni's tavle wrich giver e

same range. Janni's tables were used as a s.itable way of inter-

polating energies from measured ranges, butl the interpolated energics

are raised by & normalizaetion factor of 1.004. (whicr is tie average
-1 - o=1 . s ;

of 0.9949 ~ and 0.994 ). Janni's tables {protorc in Cu) wers it oo

the formula:
LG, H(MeV) = 3.2273 + 0..34 1 [LoG R (g/en))
+ 0,011l (106_R)
- -3 v a2
- 303l x 107 (LOG R)~

- 4
v+ %,3731 ~ 10 (Loceﬁ)

In deducing the energy rrom the range it 1s necespary to know tue
thickness of the various elements of the atsoruver. The energy ol the
proton beam, upon exiting from the first ion chamber (see fig. ), was
based on careful measurements of the material hetween it and the center
of the second icn chamber. This energy was reduced by 0.24 MeV tc
obtair the average proton energy at the certer of the L/2-iror 11).d

deuterium target.
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Given the average proton beam energy for a particular rum, an
energy 1s assigned to each interacting proton. As described iin section
II.B.2, the momentum dispersion across the target was approximetely

0.4% per inch. The proton energy for a given event ls then

T T l+0.00‘l,£gr_r’(y-y)‘
event ave Tdp v

where .00k is the average of the measured and theoretical dispersicis
(see 1I.B.2), , % ' is '.5—;7 et T = 400 MeV, y is the horizontal

event coordinate (positive to the left looking downstream), Y4 is the
average horizontal event coordinate for the run considered, and T .

1s the average beam energy for the run. Both y and ¥, are determined

by track reconstruction from the He chambers.
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Appendix B: Ionization Chamver Calivratiorn

In order to directly count protons in & uveam, it is essentisal
that the proton current be at a level low erouy:. su tnat cowting
losces are not beyond correctiorn. On tie otter nand, toe protou curre: s
must be high enough so that losses due to leakage corrent lio tre
ionization chamber and losses in the integration device arpe not te. ora
correction. This constraint is difficulr to =satisty. One netror o
circumventing the problem is to use an intcermediate ccaling aev’ © “ia®
is reliacle at botl the low protui. ciure:t, wiere tie direct protor
counting is performed, and at Ligh cuarrent, wiere U lonizatice
chamber is reliable.

In this cmlibration, elastic p~p scalteri:e was sed s the z:aling
device. The important parts of the apparatus are shown i fig. ~ . The
direct proton counters (DPC) consisted of ture. circular (le-i-.
diameter, 1/8-in. thick) Pilot-B scintillators in coincidence. A S}i?
target (4-in. thick) was used for the p-p scattering. The detectors
were scintillator telescopes.(w) The ionizatio:n chamver was rilled with
He and was partitioned into four regions by five 1 mil Al foils. The
central fuil served as the collector, and the aujacert foil on citner
side was at high voltage.

The proton scattering angle of 42° (yC° ¢n tor 458 MeV prot.ors)
was chosen since the differential cross section is f'iat at this angle.
Hence, counting losses due to variations ir beam steering are nir imized
with this geometry. The effect of bteam missteeriig on the p-p reatter-

ing rate was about 0.L% for the maximum bean displaceme:t durii, &
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typical 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 betWeern protons ircidect on
the ionization chamber and counts from the coincidence circuit; seeond,
that counting losses in the scaling device are directly propor-icial ‘..
the proton beam rate.

Three factors chalienge the validity of the first acaounptic::
scattering, dead .ime lcsses, and coincidence inefficienciec, TFrovons
can scatter in the ionization chamber (IC) and deplete the beanm a' the
DPC. This scattering 1s of two types: nuclear and Coulomb. Nuclear
absorption in the IC amounts to at most & 0.0' % luss. Coulomt
scattering is even less significant. Absorption losses i the DPC
themselves are more important. The calculated mbsorptior lcss in a
1/8-1in. plastic scintillator is 0.6%. Measurement, however, indicated
a 0.4% discrepancé‘a)betveen a three-fold coincidence and a coinecidence
requiring any two of the three counters. This implies a 0.133%
sbsorption inefficiency for each counter. This discrepancy (0.133% vs
0.6%) is probably due at least in part to the deteetion of charged
debri. in the downstream counter(s). A correction of O.4% with an
uncertainty of 0.1%, was made for absorptiorn in the DPC.

Dead time losses result from *he finite response time of the
coincidence and scaling circuiltry. In our case, a counting rate of
20 MHz was imposed by the scalers. Synchroeyclotror beams are divided

into microstructure bursts having the rf acceleration frequency and a
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width of a few nsec (about 7 nsec in our case), generally les. tis

one counting resolution. Consequently, only one pulse car ve cuvroteld
per rf period, and "losses' arise because the scaler is ca!le

detect whether only one, or more than one, proon 1o rreae: i s oni-re
structure burst. Using Peoisson statisties, ... cal estimate <re . .,
If m is the mean number of protons per burst i & st ady tcan, a1 Q'
value is small, the fraction of protons whi . eceur Liocuel ooy -

)

proton bursts is about m/2. For a time avers cvan rac or

protons/sec, the rate in the microstructire @ ast i avout 10 pro-

sec because of the 10% macro'ur:st duty facter @ i I .-iil o s. iro-
cyclotron, Oince the burst widtl. is = nsee, v 10 protons/se
3

T nsec/burst = 7% 107 protons/burst. So “ie percentage o pro

occuring in multiproton burstis is about 0.3 %. A more rigorcic treat-
1.

ment of dead time losses is given by Cormack for the rollowi:, valnes

of the parameters:

T = 50 ns dead time
T = 7 ng microburst width

: S92 ns rr period

o
‘
)
Nl 2 10 /sec average protor Leam rate.
Agreement between these two numoers is respectable. .. dead tine

correction was made f'or the DPC rate based on the C.3% figure. An
uncertainty of 20% was assigned to this correction.
This efficiency of the coincidence cireui: was affected Ly twoe

main factors: accidertal coincidences and colr ~iderce ineffiziecres due
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to timing jitter. The accidental rate was determined by Jdelaying one
counter of the three DPC by one rf period. From this a furee counter
accidental rate of about 0.00% was calculated. Inefficiercy due to
timing jitter was less than 0.01%. Both these effects are small and
were neglected,

Only one factor challenges the validity ot the second premise:
accldental coincidences, Losses due to scattering, dead time, aid
coincidence inefficlenc. are all directly proportional ‘o beam rate
and hence cancel out between the low and higl. beam rale meas pverer o,
The accldental coincidence rates in the proton telescopes wWere weas.re
and corrected fer. The rate was never more thran %, arnd tipicall,
about 2%,

During the nigh beam rate measurement, the DPC remained in ti.
beam so that the convenient cancellation cf veam rate proporticiral
losses in the scaling device remained valid. Drift current in tie« IC
was typically 0.7 pA. This amounted to about 0.% of the measured
current s»d was corrected for. A unit of charge in the integrator
used 1s defined for convenlence as an "Ort", and & coincidence vetweer.
the two proton telescopes is called a "mon".

One IC celibration was made at each of two proton beam energies:
558 MeV and 462 MeV (with the appropriate changes in proton telescope
angles and absorber).

At 598 MeV:

Low Beam Rate mon/DPC = 09,2 ¢ 1.0/107 protons
The error is dominated by the statistical error of the DPC ronnt:.

ligl Beam Rate mon/0.t = 30,.1 % 0.6 ,

P
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so protons/Ort = 3.08 * 0,09 x 10,

At 402 MeV:
Low Beam: 110 = 2 mon/lO’7 protouns
High Beam: mon/Ort. = 31h.4 % 1.,

so protons/Ort = 2.8 * 0.0 - 10°.

For comparison, the .8 MeV calibration ls correoted f'or "ne rate . o

energy loss In the lonization chamber to correcpond fo e 0l MY
calibratiocn:
protons/Ort (42 MeV) - protons/Ort (¢ MeV) - i—f (TI-‘
l.&

4T
- (T=h62 MeV)
ax he

= 3,08 x 2.51/2.2 - 2,845 £ 0.0% « 1O

)
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Appendix C: Least-Squares Kinematic Fitting

Minimizing a Chi-squared value subject to non-linear constrairts
is treated in detaill elsewhere.eg) Therefore, only the general
techniques will be sketched below,

In general the procedure couslsts of having a set of n measured
variables (XT ,i=1, ... , n), estimates of the measurement urr rs

m
(a Xi ), and a set of constraining eguations
FK(x)=o, K=1, ... , C, (1)

IR xn).

The error matrix, taken to be diagoenal in this experiment, is

where X = (xl , X

defined as

-1 m m
G = AX AX B (2)

The quantity to be minimized, subject to the constraint cquations

(1), is defined as:

n
m
o= (X -6 (X - X) (3)
1,1 1 i 13 J

This is done by introducing lagrange multipliers, aK , and minimizing

ol o4
M= X +25 o F(X). (4)
ks1 KK
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The conditions for minimizations are

and

()

These equations are, as a rule, non-linear, and thelr solutiu i
the general case is quite difficult. The problem can bLe considera:ly
simplified if the constraint equations are sufficiently linear to allow
an eypansion of low order about a trial solution, X. To first order

equation (%b) is now:

n OF
FAx) = F(X)+I 3% (¥, - x, .
Kt " Tag O 2 ;) ()
or
- 1
F (X F(X)+ & B (X, - X
K( ) «(X) B )
i=1
where
o o Ry
i -
° xi X
one can then write
n n ~ -1
= 5 s
e . (BlgS C:_;‘, Btw
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where B = B transpose.
Then r +
c -1 ! I m .
a = = (H) F + % (X,-X)B
K wl kw k g=1 47k
end,
m c n -1
X = X, - Z z G B .
1 i k=1 j=1 i) Uk K

Using these vealues of the Xi, one determines whether the Fk Q.
In practice one sets a tolerance on how well the constraint equations
are satisfied. If the tolerance Is not satisfied, one ises the tiew

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 — 3H+ﬂ+)/dc(p+d—r3}ie+n°)
is equal to 2 asccording to the isospin formallsm when electromagnetic
effects are neglected. thler(zo) 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 3H and e 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 moments of the outgoing pions;

3. a correction due to a difference in phase-space factors;

4, a correction for the fact that the plons come out at slightly

different c.m. angles.

The first correcticn is the most important. At 460 MeV beam energy
it is typleally +2%. Since this correction depends ou the particular
weve functions used for the triton and 3He particle, it 1is somewhat
uncertain and Kthler consequently assigns an error of 3% to it. The
assumption that the two reactions should be compared at c.m. energies
correasponding to equal momenta for the outgoing pions 1s plausible
though disputable. In any case the correction is small, The n© and T
c.m. momenta are equal when the respective proton lab energies are 462
and 467 MeV. The cross-section increases by 2 + 1% for a 10 MeV decrease

in lab protoi energy at GK = 115% in the c.m. system and this number is

only weakly angle~dependent (ef. =3 * 1%/10 MeV at 8= 25°). The



~G0-

resulting increase in R is about 0.6%. The correction for the difference
in phase space factors 1s typleally ~0.T%. Finally, the zorrectior for
different c.u. angles is negligible. The total correction +to R is about
2% and is glven angle~by~engle in Teble 4. GSince this is a small
correction, the value R=2 was used for convenience in converting < aross-

section data to »° data in the graphs of figs. 25 and 26.
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