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ABSTRACT

The 5H(p,zp)nn, 3H(p,pd)n, 5He(p,ap)d and ,Bzze(p,zp)pn reactions
have been studied at an incident proton energy of 45 MeV at a
variety of coplanar symmetric and asymmetric angle pairs.

Momentum distributions of the d and [nn] systems in 3H and

3

of the d and d* systemsin “He have been extracted within the frame-
work of the Plane Wave Impulse Approximation. d* and [nn] respect-
ively refers to a n-p and n-n pair with Low energy for their relative
motion. Good agreement can be obtained for the shape of the mom-
entum distributions if an Irving-Gunn wave function is used for
the tri-nucleon (trion) system. However, a cut-oiff radius is found
to be necessary for the reactions 3H(p,pd)n and 3He(p,Zp)d. The
shape of the angular correlation momentum distribution fof the
3H(p,Zp)[nrﬂ reaction is sensitive to the approximation used for
the off-the-energy-shell scattering amplitude. '

The PWIA predicts cross sections which are typically a few
times greater than the experimental ones indicating the presence
of multiple scattering effects. Shifts are observed in the posit-
ions of the quasi-free scattering peaks in the 3H(p,pd)n reaction
which might be attributable to the neutron pick-up process.

The Watson-Migdal model fails to explain the final state

interaction between the unobserved pair of nucleons for both

the 3H(p,2p)nn and 5He(p,Zp)pn reactions.

Comparison of the continua for the 3H(p,Zp)nn reaction
with four-body differential phase space distributions shows no

3

evidence for a resonance in the “H system but reveals some hitherto
unobserved pseudo two-body processes, namely the p-d* quasi-free

scattering process and the p + t —-~» d* + d* reaction.
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1. INTRODUCTION

1.1 Nuclear forces and the few-nucleon problem

Since the discovery of the neutron in 1932 and the realiza-
tion that thé nucleus is composed of spin % protons and neutrons,
the search for an understanding of the forces which bind the nu-
cleus became a major part of nuclear physicé; It became clear
shortly afterwards that the nuclear force is exceedingly complicated
compared to the electromagnetic.forces, being strong, short-range,
‘non-local, spin dependent, charge symmetric and to a large extent
charge independent; specifically, the nuclear part of the n-n, n-p
and p-p interactions being identical in identical spin and space
states. Yukawa (Yu35) in 1935 showed that a strong short-range
force could be interpreted as due to the existence of finite mass
quanta strongly coupled to the nucleons. Such quanta were indeed
found and furned out to be the pi-mesons. This theoretical insight
did not however lead rapidly to a gquantitative understanding of
the nuqlear force. Instead, the development in the understanding
of nuclear forces proceeds in two separate ways, one is the so-called
phenomenological approach involving phase-shift and potential para-
metrizations of nucleon-nucleon (N-N) scattering data, the other
is the meson-theoretic approach in which the nuclear interaction
is treated as arising from exchanges of pions and other bosons.

It is true that great progress has been made in both approaches
~and that a great dcal has been learned about the two-nucleon problem.
The understandin; of the nuclear interaction is still inadequate

in the following aspects:



1. Explanation of the repulsive core in terms of meson exchanges.

2. The nucleon-nucleon off—the—eneréy—shell interaction.

3, The degree of validity of charge symmetry and charge independence
of nuclear forces.

L4, The significance of three-body and many-body forces.

Sfudies of nucleon-nucleon bremsstrahlung and nuclear reactions
leading to three or four particles in the final state might shed
light on some of these problems. Extensive work has already been
done in both studies and valuable information obtained. In parti-
cular, since the three-body problem can be solved exactlyv using
the Faddeev formalism (Fab0), one can test the validity o% maﬁy
approximations and models of the nucleon-nucleon interaction by
studying reactions involving break-up of the lightesf nuclei.
Indeed, remarkable agreement has been obtained in fitting the
nucleon-deuteron break-up data with the Faddeev formalism in which
the nucleon-nucleon interaction is assumed to be represented by 2
separable potential (Amb63%, Aabl, Aab5, 0r69, Ca70). A review of
the recent development in low and medium energy few-nucleon sys-
tems may be found in the Proceedings of the International Cohferencé

on Few Particle Problems in the Nuclear Interaction (Fe?2).

1.2 Multivarticle reactions

Any reaction leading to three or more particles in the final
state may exhibit peaks in thé energy spectra of the emitted par-
ticles due to one or more of several processes (S170). Fig.1.2.1
shows the various processes leading to a three-body final state.

Process (a) is a quasi-elastic process, more often called quasi-



(a) (v)

(c) | (&)

(e)

Fig.1.2.1: Diagrams representing various processes leading to a
three-body final state from the reaction 1 + 2 —== 3 + &k + 5
(a) quasi-free scattering (b) sequential break-up (c¢) quasi-free
scattering followed by final state interaction (d4) sequential
decay followed by rescattering (e) simultaneous break-up.



free scattering (QFS) in which the projectile interacts primarily
‘with a single constituent of the nucleus 1eaving'the residual par-
ticle with the momentum it had inside the target nucleus before the
interaction took place. This momentum is in general small and the
residual particle is therefore called the spectator particle in the
laboratory system. Process (b) is a sequential break-up process in
which two of the emerging particles interact strongly with each
other in the final state compared with their interactions with the
third particle. One may distinguish nucleon-nucleon final state
interactions (FSI) and sequential decay fhrough particie unstable
nuclear states. In the cass of N-N final state interactions, the
strong interaction of a nucléon—nucleon pair occurs with a low
enefgy for the relative motion of the two nucleons whereas the de-
lay in the decay of a nuclear particle unstable state is character-
ized by the energy width of the state and by barrier venetration
effects (B152). Process (c) represents quasi-free scattering follow-
ed by a final state interaction (Cré61, Cr63). Procesé (d) repre-
sents the first of an infinite series of rescattering corrections.
In this particular case, in terms of a classical picture, particle
%! and resonance (4,5) travel in opposite directiéns in their over-
all centre of mass system. Resonance (4,5) decays into particles L
and 5 after a time determined by its lifetime. If particle Lr is
emitted in the direction of 3' and has a higher velocity, it can
catch up to and scatter from particle 3'. Such an effect, if kine-
matically allowed, should be observable and can in fact be used

to estimate the lifetime of resonance (4,5) (Fo62). Process (e),

a simultaneous break-up process, is a direct reaction in which



the three particles emerge simultaneously in the final state. In
‘the absence of resonant processes and if the scattering matrix

elements are independent of momentum transfer variables, the dis;
tribution of events is given by the available phase space (Hablh),

A more detailed discussion of phase space will be given in Ch. 2.

1.3 Status of available data

Coincidence studies of nucleon induced break-up of the trion

(BHe and 3H) began a few years ago but because of the extra pre-
caution that is needed in handling radiocactive tritium targets,
the data are essentially limited to the break-up of 3He. These
‘include studies of the 3He(p;2p)d and BHe(p,pd)p reactions at 35
MeV by Slaus et al.(S171), at 45 MeV by Jain et al. (Bu72, Ja7h),
at 65 eV by Pugh et al. (Pu?7hk), at 155 MeV by Frascaria et al.
(Fr71, Fr7hk) and at 590 MeV by Kitching et al. (Ki72).

There also exist data on the 1H(3He,pd)p and 1H(3He,pp)d
reactions at 69 MeV by Wielinga et al. (Wi72) and the reaction
2H(BHe,tp)p at 27 MeV by Warner et al. (Wa71). Studies of the
3 * .

He(p,2p)d reaction have been made at 45 MeV (Ja74) and at 155
MeV (Fr71). Here d* refers.té a 1So n-p pair withAlow relative
energye.

On the other hand, the only existing data on the break-up

3

of tritium are those of Slaus et al. (S173) in which “He particles
and deuterons were used as bombarding particles and those of

Fritts et al. (Fr72) who investigated the 5H(p,2p)nn reaction at

20 MeV in a comparative study with the 3He(p,2p)pnrreaction.



Due to the complexity of the reactiocns, most of the above
experiments were designed such that kinematical conditions sat-
isfied either quasi-free scattering or final state interacticn
processes. The quasi-free scattering data have generally been ana-
lysed in the framework of the plane wave i@pulse approximation
(PWIA) (see chapter 2). The most important conclusion of these ana-
lysés is that the behavior of the QFS peak is extremely sensitive
to theasymptotic form of the 3He wave function in coordinate space.
In general, the PWIA gives good agreement with the shape and posi-
tion of the QFS peak 1if 3He wave functions with appropria?e tails
are used but predicts cross sections considerably larger &han the
experimental values. The extent of the discrepancy increases as
the incident energy decreases. It is not surprising that such a
discrepancy shsuld exist since the PWIA is only an approximatiOn
to the single-scattering contribution in the quasi-free scattering
process. This suggests that double and higher order scattering

processes reduce the cross section. In terms of the Faddeev form-~
alism, such interactions correspond to the higher order terms in
the multiple scattering series generated by iterating the faddeev
equations. A number of phenomenological models has been used with
varying degree of success to simulate such multipie scattering
corrections. These include:

1. The introduction of an adjpsfable cut-off radius in the over-

lap function calculated in the PWIA (Ma70, S171, Ja7h).
2. The use of distorted waves in both the initial and final state

(Fr71, Fr7h) resulting in the distorted wave impulse approxi-



matio. (DWIA),

3, The attenuation model (Ro72, Ha?73) in vhich rescattering is
interpreted as an attenuation due to the emerging pérticle
scattering from the spectator particle after it has undergone
quasifree scattering. Such a secondary scattering will remove
particles from the QFS kinematic region.

The only analysis of the three-body break-up of 3He by nu-
cleons has been that performed by Lehman (Le72). He analysed
Frascaria's data at 155 MeV in the pole-dominance approximation
with final-state rescattering included between the spectator nu-
cleons (i.e. the p-n pair in 3He(p,Zp)pn ) and found that final-
state rescattering reduces the cross section by a factor of two
with the sﬁape remaining effectively unaltered. In Lehman's
approach, the break-up reaction is represented by pole diagrams
(see Fig.1.2.1) and the coincidence cross section is given in ferms
of the amplitudes for all the important pole diagrams present. The ver-
tices of a given pole diagram are calculated from wave functions de-
rived from a separable-potentizl model of the two-nucleon interact-
ion. This approach permits cross section predictions to be made
which are independent of other three-body data and further allowvs
the final state rescattering between the spectator particles to be
treated in a consistent manner.

Tt must be mentioned that prior to studies of the kind men-
tioned above, much information about the three-nucleon system has
béen gained through studies of photodisintegration and electro-

disintegration on 3He and 3H. The advantage of using gamma rays



and electrons over nucleons as incident particles is that‘there

is no additional complication connected with the strong interact-
ion between the incident particle ana the target nucleus. Moreover,
the electromagnetic interaction, known with high accuracy, permits
the application of perturbation theory. In photodisintegration
studies, the quantity generally measured is the total cross sect-

3

jons for the reactions (¥,p) and (¥,n) on 3He and “H in the gamma
energy range from threshold to about 150 MeV (Feb5). The simplicity
of the production mechanism is a consequence of the dominance of
eiectric divole (E1) transitions. However, fhe form of the operatop
'E-; implies that such reactions are to a large extent independent
of the detailed properties of the three-nucleon ground state and
any reasonable wave function Wwith the correct rms radius is‘suffi—
cient. This is indeed found to be so from early calculations for
the two-body break-up channel (e.g. 3He(d,p)d ). However, similar
approaches to the three-body channel (e.g. 3He(b’,p)pn ) showed a
sharp discrepancy between experiment and theory, the calculéted
cross sections being as much as three times the experimental val-
ves (Feb5). In a recent paper, Barbour and Phillips (Ba70) were able
to show that the analyti§ and asymptotic form of the wave function,
short-range correlations, and the S'-state admixture all have minor
effects on the total cross section; the latter being crucially
dependent on the nuclear interaction in the final continuum state.
Moreover, by using a reasonable three nucleon bound state wave

function and describing the final states by the Faddeev equations

in the separable approximation, the same authors were able to



obtain a rough but nonetheless simultaneous agreement for <the
total two-and three-body break-up cross sections and the charge
form factors of the three particlé nuclei.

Electron scattering appears to be a much more powerful tool
to probe the structure of the trions and to provide detailed inform-
ation about the three-nucleon ground state. The electric and mag-
netic form facto?s have been measured by elastic electron scatter-
ing (Cob3, Co65) for both 3He and JH. To explain the observed
difference between the electric and magnetic form factors, it was
found (Sc6bl4) necessary to introduce an admixture of the S' state
(S state of mixed symmetry) to the completely symmetricaljs state.
The amount of admixture required depends to a large extent on the
type of wave funption used. A recent electron scattering exgeriment
(Mc70) has yielded the 3He cﬂarge»and magnetic form factors for
momentum transfers up to 2O‘fm'-2 and showed a deep minimum at q2=
11.6 fm~2 in the charge form factor. Using phenqmenological S
and D-state wave function components (Mc7Cb) along with the symmet-
ric S-state componenf developed from the Bressel-Kerman-Rouben
(Br69) soft-core potential using an altered Feshbach—Rubinow'(Fe55)
equivalent two-body method, McHillan (Mc?71) was able to reproduce

the minimum with P,, = 2% and Py = 9%, Although a great amount of

St

work has been done both experimentally and theorefically on elastic

electron scattering, work on inelastic electron scattering from

3

3He and “H are much more sparse (Job6l, Hub66). In principle, co-
incidence measurement of the gquasi-free electron-proton scattering

in 3H and 3He should be sensitive to the wave function of a proton



inside the nucleus. However, because of the exceedingly low cross
section for this reaction, existing date (Jo6@) do’ not have suffi-
cient statistics to allow any conclusive remarks to be made about
the small~components of the ground-state wave function. Calculation

£

of the coincidence cross section has been ﬁerformed by Griffy and
Oakes (Grb4), Gibson and West (Gi67) and Lehman (Le?71) in the im-
pulse approximation. In these calculations, goocd agreement was ob-
tained for ﬁhe two-body break-up data if the gfqund—state 3He wave
function had the ccrrect asymptotic behavior. As already mentioned,
Lehman used a model in which wave functions were derived from se-
parable potentials thus allowing the fhree~body break-up éross sect-

3

ion to be treated consistently. Just as in the He(p,2p)pn reaction,
rescattering corrections between the spectator particles were found

to be important in calculating three-body electrodisintegration.

1.4 Objectives of the present exveriment

In this work, a correlation study has been made on the break-
up of trions induced by 45 MeV protons. The reactions that we have

studied in detail are:

3H(p,2p)nn at 45.75 HeV Q = -8.482 MeV I
JH(p,pd)n at 45.75 MeV Q = -6.258 MeV 11
3He(p,ap)d at 45.00 MeV Q = =5.494 Mev , IIT
3He(p,ap)pn at 45.00 MeV ‘Q = -7.718 HeV IV

Reactions I and II have been performed at a variety of coplanar

angle pairs. Reactions III and IV have only been studied at one
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angle pair since data at other angle pairs have already béen ob-
tained earlier in this laboratory (Bu72, Ja74). This one angle pair
was chosen so that the spectator {(a n-p pair with zero relative
energy) has zero laboratory momentum. In addition, a very careful
study has been made of the 3H(p,Zp)['nn:] and 3.He(p,Zp)d"‘ réactions.
The symbol[nn] is used to denote a qSO n-n pair with low energy for
their relative motion. The objectives of these studies are five
fold:
1. To investigate in a 'kinematically complete' way the reaction

3

mechanisms for the break-up of “H induced by protons in various
fegions of phase space.

2. To extract the momentum distribution of the proton and of the
deuteron in 34 from the 3H(p,zp)[nn:] and 5H(p,pd)n reactions, res-
pectively. An analysis using the PWIA may then provide information
on the 3H ground state wave function. It was already indicated
that.the shape of the momentum distribution is very sensitive to
the asymptotic form in coordinate svace of the dominant S-state
component of the trion wave function. It would be interesting to '
see if the small component (S'-and D-state) contributions would
manifest themselves within the range -of momentum transfer studied
‘in the present experiment.

%, To examine to what extent the p-p interaction is off-the-energy-
shell in the 3H(p,Zp)[__nn] reaction.

L, To search for possible excit;d states or resonances in the 3H

system by comparing the measured four-body continua from the 3H(p,zp)

{nn] reaction with phase space predictions.
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5. From a detailed compérison of the 3H(p,2p)nn and 3He(p,2p)pn
reactions, performed under identical kinematical conditions, to

ektract possibly the low-energy nucleon-nucleon scattering para-'
meters( in particular a#n ) from an analysis based on the VWatson-

¥igdal model. At low nucleon-nucleon relative energies, only S5-

vaves are of importance. Moreover, since the 1SO (singlet) state

is almost bound, the scattering length is very sensitive to the strength
of the potential. In the effective range approximation, a relative
change in the depth of a potential V ié related to a relative change

in the singlet scattering length and the effective range by the

expression (Mabh):

Ar

a
. ah2 , R0
a
o
where A is~0.,71 and B is relatively shape independent. A 2% increase
in V will produce a 20% decrease in a but only a 1% decrease in T,e

Table 1.1 summaries the currently known reliable effective range

parameters for the 180 nucleon-nucleon system (He72).

Table 1.1

Effective Range Parameters for the 180 nucleon-nucleon system

Experiment s (fm) r_ (fm) " Ref.
op  H(p,p) H —7.81740.007 2.81040.018  (Guék,Nobl,He67)
np 1H(n,n)1H | ~2%.715+0.013 2.758+0.003 (Nob63,No63)
nn DG, ¥)2n -16.4 + 1.6 (sa72)
D(n,2n)p -17.1 + 0.8 3.4 + 0.6 (Ze72)
| ~16.0 + 1.2 (Br72)
5(t,%)2n ~17.0 + 0.5 (Gr70)
~15.0 + 1.0 (Ku72)
Average -16.4 + 0.2 (He?72)
(nn) PP -17.1 + 0.2 (M169,5h70 ,He69)

(an)™P -23.72 (Sh70)
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Elastic scattering experiments provide accurate determinations of
‘both the n-p and p-p scattering lengths but because of the lack of
suitable free neutron targets, values of an have generally been
extracted via final-state interactions, analysed in terms of the
Vatson-Migdal model or Born approximation. Due to the form of the
effective range expansion, N-N final-state interactions are less
suitable to extract ron® A value of L 2.,6-3 is generally assumed
in extracting a e An exception is the D9£,V)2n reaction which at
present is still the most promising candidate for an accurate
determination of roae It should be mentioned that the analyses of‘
FSI are rather model dependent (0e?71). However, a comparison pro-
cedure in which all the reactions leading to the members of the
nucleon-nucleon isospin triplet and a specified third particle
are studied,allows a test of the reliability of the n-n scattering
parameter extracted (e.g. simultaneous studies of the reactions
3He(p,d)2p, 3He(n,d)np, 3H(p,d)np and 3H(n,d)zn). The most reliable
experimental value for a , comes from the D(W}X)Zn reaction. Iﬁ is
noteworthy that in order to determine am to + 0.5fm from break-up
reactions, the relative differential cross sections should be
known to + (1-2)% and the énérgy célibration to‘i 20 keV (0e67).
The value agﬁ represents the n-n scattering length derived
from app after correction for the Coulomb potential, the wacuum
polarization effects and the neutron-proton mass difference, the
magnitude of the corrections being dependent on the nuclear potent-
ial used in the calculation. The difference between & n and agi

(~1 fm) implies a weaker n-n than p-p interaction. However, in



13

view of the theoretical and experimental uncertainties, no statement

about symmetry breaking - ‘ould be made. The value of aﬁﬁ = -23.72 fm

shows clearly that chargs-independence breaking effects are present

even after direct electromagnetic corrections are carried out.

Charge-symmetry and charge-independence breaking of the nuclear

force can occur in a variety of ways. These include the 'direct!

electromagnetic effects which are present even when the hadronic

forces are turned off:

1. Electrostatic interaction between two point charges in the case
of the p-p system,

2. Modification of the Coulomb potential due to the vacuum polari-
zation, |

3. The magnetic interactions of the spin-orbit and moment-mément
types.

k. The finite size of the nucleons and the neutron-proton mass
difference.

The 'indirect' electromagnetic effects,which are absent when the

hadronic forces are turned off, include:

1+ The mass difference of neutral and charged mesons which are
exchanged between the nﬁcieus.‘

2. The mass differences of baryons (including the nucleons) which
occur in the exchange of more than one meson.

3. Radiative corrections to the meson-nucleon coupling constants.

4. Isovector-isoscalar meson mixing effects, e.g.F'-w mixing and
T-7 mixing. Henley and Keliher (He72b) estimated the last effect

to make a correction of~1 fm to the value of ann'
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2. THEORY

2.1 Kinematics and phase space

Kinematics

Since no standard convention exists for denoting the various
variables necessary to describe the three body kinematics, it is
essential at the onset to give the convention that we have adopted.
Fig.2.1.1 depicts the situation of a three body reaction 1 + 2 --»
32 + b + 5 and summarises the notation that we will use for the
different variables. Except where specified, relativistic kinema-
tics has been used throughout this thesis.

If the mass of a particle is known, its Lomomentum has three

(pc)2 2 4

independent components related by E2 = + m¢ o Thus, for

a three body reaction in which there are three particles in the
final state of known masses, we require nine kinematical variables
to completely specify the motion in the final state. Conservation of
L ~ momentum provides four constraints, leaving five independent
variables to be measured. A kinematically complete experiment is
one in which all the five variables are measured. Experimentally,
fhe variables determined a?evuSually the polar anglese3 andeq, the
azinuthal angleégq, the kinetic energies T3 and T4, thus reéuiring
a coincidence measurement. In general, for reactions with N parti-
cles of known masses in the final state, 3N - 4 independent varia-
bles are needed to completely specify the kinematics. In kinemati-
cally incompleté experiments, an implicit integration over several

kinematical variables is made. This integration makes the inter-

pretation of the data rather difficult. A discussion of the limit-
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ations of kinematically incomplete experiments can be found in refer-
ences (8167, S170, -0e67). |

A two-dimensional plbt of the kinétic energies of the two detected
particles generates a locus characteristic of the reaction, each point of
which corresponds to a particular value of the relative energy of any pair
of the three particles in the final state. Details of the equations relat-
ing the various kinematic variables can be found in references (Habl, Wa70).
In a reaction where there are four particles in the final state,-the

undetected pair is treated as a single particle (particle 5) such that T

5

represents the laboratory kinetic energy of the overall centre-of-mass of

the undetected pair while T represents the relative energy of the un-

56

detected pair. A four-body decay may be viewed as a series of three-body
loci with varying invariant masses (or equivalently relative energies since
N J ¥ - - = Y Y ] . .

156 = M56 m5 mg AM) of the undetected two-body system. In particular,

at the spectator angle pair where T. is kinematically allowed to reach

5

zero, the experiment effectively detects three particles since the rela-
tive momentum between a particle in the pair and either one of the undetected

particles is constrained. Fig.2.1.2 shows the kinematic loci for the

i

H(p,2p)nn reaction for different symmetric coplanar angle pairs. Each
curve corresponds to the boundary of the allowed four-body decay region.

Four-body decay is allowed anywhere inside the T, versus ‘I‘L+ locus. The

3

behavior of the T, versus ’.L‘L,r locus for different relative energies of the

3

spectator pair is shown in Fig.2.1.3(a) for ©

e} o}

which is the symmetric spectator angle pair. Fig.2.7.3(b) shows the

behavior of the T, wversus T_ ( 5 refers to the n-n spectator pair) curves

3 >

"for different relative energies of the spectator pair. It is seen that

the T. minimum is broad for contours of low 4 M ( or T56). This implies

5

“that at the spectator angle pair the relative energies between the
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Fig.2.1.2 Kinematics for the 3H(p,2p)nn reaction for different
symmetric coplanar angle pairs. Each curve corresponds to the
boundary of the allowed four-body decay region.
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3 3

nematic loci for different relative energies between the unobserved

particles. Angles depicted being the symmetric spectator angle pair.
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detected particles (proton) and either one of the particles of the unde-

tected spectator pair (n-n) is high; final state interactions between the
proton and neutron are therefofe expected to be unimportant in the region
near minimum M56° The dominant final-state interaction is that between the
undetected particles and in fact constitutes one of the rescattering corr-

ections to the QFS process. For angle pairs other than the spectator angle

air. the minimum in T. no longer reaches zero and becomes less broad.
’ 5 g

Phase Space

The total phase space volume available to a reaction is determined
by the kinematics of the reaction. The phase svace density (phase space
for short) as a function of a given kinematical variable (e.g. momentum)
‘is governed by the requirements of energy énd momentum conservation. Phy-
sically, it represents the statistical probability of an event ylielding a
state with the ith (i=1,2,-- n) particle in momentum range dﬁ;, Further,
if the transition matrix element for the reaction (representing the dyna-
mical effects) is independent of the momentum variables, the phase space
distribution alone will determine the distribution of events of that react-
ion. The transition probability for a reaction of the type 142~ 3+4454mmmn
is related to the T-matrix by Fermi's golden rule No.2

W =j%L}Tl2 R(E) (1)

where T is the Lorentz invariant transition matrix elemeﬁt and R(E) is the
Lorentz invariant phase space. For a system of n-2 particles in the final
state of total momentum g.and total energy &, the phase space is usually

(2)

defined as

Roo(7e) = 77 [, 8 (9t mp)] §%(2 9.-Q)

where gc:(ﬁl, Ei) is the four-momentum for particle i, and Q = (P,E).

t?zis understood to be = Ei - pi ( = mi)° Integrating over all Ei yields

(8k6L4, Zubl, 0e73)
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s o 3. ¢ 3 v 7 —p R e '
R, P>z 7T 8 FE Pys(sa -5
=3 ,eé§ =3 63
The factor 2Ei enters from a normalization of the wave function

in field theory. Equation (3) can be written as

fa,,,zﬁié) 7;4{//#_ &2 f //7; )
=5

&

ef[ D F. - - (65,4 )

3 3 > _ 7 T - -
/‘jlf‘l %;é; Kma(/’—/j—],LL £, E?) ()

Since Rn—#’ the phase space for the undetected particles is also

$

invariant, one can write in the c.m. system of the undetected particles

SRGUNE 7A Ron(2) (5)

—_— < 4 = = 2 — 2
vhere €2 = (B-By-E))° - <$~p3-p4> = Mog (6)
which is the invariant mass of particles 5,6,---~ and n once
5; and ﬁl are given. Thus one has for the three-body phase space:

R, (B,E) J/i_;gﬂ _;£4 R, (0,¢)

with R (0,€)= 5(5 - mg ) (7)
Similarly one has for the four body phase space:
R, (F,B) = S?EB de! R,(0,€) , (8)
= ~
3

where RZ(O,&) represents the two-body phase space for a system
of two particles (the undetected pair) with masses g and mg and
with a total energy €& = M56' It is relatively easy to show (see
Appendix I) that '

2 2102 21 % (9)
R,(0,l5¢) = _j[iﬁﬁﬂsb (g +1ng) ][M565 (m5-m6)j]}
- 2M56



18

Hence we have for the four body phase space:

R, (B,E) = d)p7 dso, 7 [ (m +m,) !_M (m -1t )]} (10)
b 2L 2L'111g56 6J 56 ° 6

and for the dlfferentlal phase space distribution:

aR, (3 E) =72p2p% g[&52 - (m +m6) 1[-56 - (m ~m6)] } | (102)
8

ak dQ3dL4dQu ‘ M56

In the absence of resonant processes and when the T-matrix is not

a function of the way the energy is distributed among the emerging
particles, the distribution of events in the (TB’T4) spectrum
should follow the phase space distribution given by equation (1Ca).
Conversely, equation (10a) may be used to detect the presence of
any resonant process such as a two body final state interaction
and/or a three-body résonance. For example, in the 3H(p,2p)nn
reaction, a resonance in the n-n system can be observed as an
intensified 'locus' inside the four body continuum. However, an
n-p resonance cannot be observed since these events are dispersed
in the allowed continuum. The presence of a three-body resonance
(p~n-n) will show up as an enhancement parallel to one or both of
the energy axes in the continuum. This corresponds to the detection
of an inelastically scdttered proton in one deteétor aﬁd a proton_
emitted sequentially from the excited three nucleon system in the
other detector. No similar effect can be observed if the three-
body resonance occurs between particles (p-p-n) where two of the
resonant particles (protons) are detected simultaneously; these
events Qo not lie on a curve in the,TB—T4 plane, Results of the

comparison between data and phase space predictions will be shown

in section 6.3.
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2.2 The Plane Vave Impulse Approximation (PWIA)

The three-body system has been .solved exactly by Faddeev (Fa60)
in terms of a set of éoupled integral equations which contain all the
two~-body T-matrices as parameters. Although the Faddeev formalism has
been generalized to the four-body system, no practical method exists at
present for solving the equations involved. For this reason, it is still
not possible from a practical point of view to treat a four-body reaction
such as 3He(p,Zp)pn exactly. However, if we consider only 3He(p,Zp)d*
events where d* refers to the unobserved p-n pair with near zero relative
energy, the reaction can be approximated by a three-body reaction in
which the d* is treated as a composite particle, described by a two-body
scattering wave function.

In what follows, we shall discuss the approximations involved in
the PWIA as applied to a three-body reaction 2(1,34)5 shown pictorially
in Fig.2.2.1. Particles 4' and 5' respectively refer to particles 4 and

5 as they exist inside the nucleus (particle 2) before the collision.
The transition matrix elements for this ;eaction is given by

Ty =Y “ﬂ Vs |25 T4V 2> (1) |

where TBb is the full three~body transition operator. The PWIA assumes

the following:

1. All the unbound particles are described by plane waves so that the
final state wave function can be described by lE%’ ﬁzﬁ §;> where
(FEY - (LB/aexpciif:.?).

2 .

2. The incident particle interacts only with particle 4' in the nucleus

and that the residual nucleus 5 is a spectator to the reaction. This

means that T,, is to be replaced by T the T-operator for the

3b 2b’

interaction of particle 1 and particle 4'. Furthermore, since particle

. - - . )
5 is the specctator, k5 = k5,,1,e° the spectator retains the momentum



(a)

1 - =
O——=,"0 ) N 6/
/
\ Q//' o k

Initial state Final state

(b)

Fig.2.2.1: Pictorial representation (a) and pole diagram (b)

for quasi-free scattering.
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it had inside the nucleus. With this approximation the transition matrix

element can now be written as

<_1;3’¥4-’E’5 I TZbli‘;’l’ ,\/J2>

del?br'(l?B’Eli-’i;SlTZbI—;1> lkhy@u HJ2>

J PR Ty g | R, 0 1
[P E 75 [0 P (Fep) Syt k) o (12)

In the cluster model, %EEiS taken to be the relative motion wave function

Tes

H

i

i}

i

of the clusters while‘gg(ﬁzel) represents the Fourier transform of ﬁ”z .

— M .
krel is the relative momentum of the clusters in the target. The §-funct-
ion arises from momentum conservation within the nucleus viz. kq|=.—k5,.

Integrating out the $~function yields

-5 D o Rt -
Tpy =<k3,kbr|T2b‘k,l,—k5> 9_5 (—k5) (13)
where QS, ='E5 has been used. In the tri-nucleon system where no definite

clusters exist, it is more realistic to také'wg as the overlap between the
spatial wave function of the target and the residual nucleus. In both cases,
g; (;Eé) represents the momentum distribution of the struck particle
(equivalently the recoil particle because of momentum conservation ) inside
th 1 K, 05, | T, | K,y key is just the matri t for the t

e nucleus. < k3'k4 iZb\k1’-k5> is Just e matrix elemen or e two=

-  —p

body system describing the transition from the initial state (k1’-k5> to
the final state (kB,E;),

The differential cross section for the reaction 2(1,34)5 with

particles 3;4 and 5 in the momentum range dBE}, dzﬁz, dBE; is
_ SIS R R gl I ‘
a0 = I?r ‘ a’k; &7k, a k5\ifi\ 6( Q5= Qp) (1)
rel

where Q. and Q. are the four-momenta of the system in the
i f
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-y
initial and final state respectively, and Vel

between the incident particle and the target.

3-»

is the relative velocity

(the momentum variable of the

Explicit integration over d k5
unobserved particle) has been obtained by Jain (Ja69). The result is
-l
a0 = KF (dd‘ 2 NFIQE(-?S)F (15)
dfl/ c.m.

dQ3 dQ_4 dT3

where KF, the kinematic factor containing the non-invariant phase space
distribution factor, is given by
2

2
_— K555 Bs Bl (16)

k1E4 [k4E5 + E4 §k4 - chos Q4 + k3cos(93+ 94)]

-4
and 6?%7 is the free two-body scattering cross section on-the-energy-
dLjem

shell for particles 3 and 4 . It represents an approximation to the

square of the off-the-energy-shell scattering amplitude given pre-
. -y - e —p - s . ‘O'f; "

viously as ( k;’kqngblkq’-k5>‘ The scattering is off-the-energy-shell

since particle 4 is not free in the nucleus but is bound by an amount

determined by the Q-value of the reaction. The normal relationship

among the components of its four-momentum no longer holds, i.e.

s .
g %= 2° - mz. Ny is a factor due to spin and antisymmetrization,.

In terms of the pole diagram for gquasi-free scattering (TFig.
2.2.1 (b)) , the lower vertex yields a form factor characterizing the
momentum distribution of the struck particle in the nucleus while
the upper vertex yields the off~the—energy—shell scattering amplitude
for the incident and struck part;cle, A more complete discussion of

the use of vertices in pole diagrams can be found in reference (Shé6),
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It is evident from equation (15) that a measurement of the
cross section can yield information on the momentum distribution
of the constituent particles in a nucleus provided one can evaluate the
off-the-energy-shell two~body scattering amplitude. The use of&;—a

Q Cﬂm.

ignores the off-the-energy-shell effects . Moreover, there exists

an ambiguity din the c.m. energy E34 which is to be used in

obtaining (dO"/d.Q)z:I;° . Several prescriptions have been taken:

1. The final state energy prescription in which the cross section
is evaluated on-the-energy-shell at the centre of mass energy

| of the final state of the two detected particles.

2. The initial state energy préscription in which the cross section
is again evaluated on-the-energy shell at the centre of mass
energy of the initial state of the two interacting partiicles,
i.e. the incident particle and the struck particle. The momentum
of the struck varticle before the collision is assumed to be
equal to the recoil momentum of the spectator.

3, The third approximation is that due to Stern and Chamberlain
(Ch54) and has been used by Frascaria et al (Fr71). In this
approximation, the off-the-energy-shell cross section is eva-
luated at a centre of mass energy JoiL of.the two interacting
particles where‘corresponding to this centre-of-mass energy
are the relative momentum E;el and scattering angle 0" which

satisfy

‘—?

¢ Figl? = 2002 (14 cos 01 )
rel rel rel + cos

(17)

2
" - n
zprel (1 cos O ) .

]

— 2
lprel - 1;‘:}c"ell’
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and.}ﬁrel are respectively the relative momentum of the
interacting particles in their centre of mass system before
and after the collision,
The half-off-the-energy-shell T-matrix approximation. For p-p
scattering in S-states only, the off—fhe—energ*-shell T-matrix
can be expressed in terms of a separable two-nucleon interaction
(Ya5h)

t(p%,p' %, k%4i€) = g(p2)g(ptHT(K) (18)
where p and p' are respectively the c.m. momentum before and

after the collision. Explicitly, in terms of the Yamaguchi form

factors,

LUp PR, R e /L NEBE (g
/>/b ) = (/4+/;) (/’ -Yf) (4- :.X)(é -£Y) ’

The term half-off-the-energy-shell refers to the prescription in
which k is set equal to p'. A modification to equation (19) can
be made to fit the on-the-energy-shell data in the laboratory
energy range 20-80 MeV. Following Wallace (Wa73), the modifica-

tion takes the form

PP R = 9 (b 9 (4D TUA) /”(/5) | | (20)
/ / //b ;/A ;- L,é/(,éz)((,g)[//(é)]

where /)[é) =/ (é-m( )A [/1- 414) (21)

Figure 2.2.2 shows the fit to the p-p and n-p data obtained by

Wallace. The parameters which we have used (Bo?73) and which

reproduce the fit up to 80 MeV are o« = -0.1112 fm-1 ,ﬁ = 1,2 JE‘m—1

Y= “2p-ots A= 2F<o<+(3)2 » Uy =25/ %% %, u =1%/3 £

5

= 0.480.
and App 0.480
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Fig.2.2.2: Fits to the p-p and n-p elastic scattering data from
a modified separable potential (solid curves) (Wa?73). The dashed
curves indicate "the predictions of the S-wave Yamaguchi amplitudes.
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Redish et al.(Re70) have shown that the off-shell cross sections can differ
appreciably from the above on~shell approximations. For the 3H(p,Zp)[hn]
reaction, all four aporoximations have been used while for the 3H(p,pd)n
reaction, only thé final state energy prescription was used. The results
are presented in section 6.71.7.

In the evaluation of the Fourier transform of thevoverlap integral,
different wave functions for the target and recoil particle have been used
and these are summarized in Table 2.1. The coordinate system used for the
trion wave function is given in Fig.2.2.5.

1 T F.
3
FMig.2.2.%3: Coordinate system for the tri~nucleon,

The vectors 7 and ¥ are related to T,., T, , T. through the equations
f , 120 T30 To3

—-——- —t— _—v-_""" ntgn _—‘- — _—5-_1/-—¢~ —r .
Tz = P s Tqp = F P/2, Tig =T ¥ P/2 so that r = ﬂ(r12 + r13).

For the Irving wave function, the value of « is that found by Schiff (Scbh)

3 3

He and e-

3

in his analysis of the elastic e- H experiments. In the case

of the Irving-Gunn wave function for “He,x is that obtained in the ana-.

)

He which was also found to fit the

3

lysis of the photodisintegration of

charge form factor and the Coulomb energy of “He (Bebl)., &K occuring in

3

the Irving-Gunn wave function for “H is obtained from variational cal-
culation on the binding energy of the 3H system (Gu51). Details of

the evaluation of the Fourier transform of the overlap integral are

given in Appendix II,



Nucleus/ Type Form of the coordinate Values of parameter Ref.,
Virtual state space wave function '
% 3 %Y
3 . e 2.2, 2 }é} A=3"7/(120)° T (Gu51)
He Irving A exp{ ¥ (r12+r23+r13) 1,265 fu=]
) 3 3
3He Irving- A exp{-%“(r1§+r2§+r1§) } A:BANZ/I§7T/ (Gu51)
Gunn -1
(r.2yp 2.p 2y *=0.77 fm (Bebl)
r12+r13+r23
[}
34 Irving- " A:BA'MZ/J? 7)’3/2 (Gu51)
Gunn -1
«=1.00 fm
1% . - -
d Hulthén [ab(asb)]” e ¥ ™™  a-0.232 fu™" (Hu57)
J4 (b-a) r p=1.440 tm
1. 2 -.gF —1
dax* Hulthén- a_ (1-p - e )/f’ £=1.1% fm (Hu57,
Sugawara P a, a =-23.7 fm Ar71,
p np  7° Ja7k)
[ixd] " a__ (1 ~.f; - e‘ff)/ £=1.19 o~ (Hu57)
nn f ‘
%nn a__==16.4 fm
nn

Table 2.1 Spatial wave functions for 3He, 3H, d, d*, and [nn].
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2.5 Watson-Migdal theory of final-state interaction

The diffential cross section for a reaction of the tvpe

T+ 2 ~==> 3+ L4 4+ 54+ o - - n nay ve written as
e, N 2
a ~__2lﬁLf’>_[Tfi!

gel ’hki.' spin

where/xi agd ki are the reduced mass and the wave number of the

relative motion in the initial state and P is the non-relativistic

phase space factor, Tfi ié the transition matrix element and 2;%n

represents an average over the initial spin states and a sum over

the final spin states. Watson (Wa52) and independently Migdal (Mi55)
derived expressions to account for the peaking due to>a final

state interaction. The conditions for apvlicability of the W-M

model may be summarised as follows:

1. The primarj reaction mechanism is characterized by a short-range
interaction (i.e. confined to a certain volume of order b3 )
irrespective of what happens to the particles produced in the
reaction.

2. The effect of the final state interaction must be considered
only for low relative energy of the interacting particles;

3. The final state interaction must be strong and attractive.

With these conditions satisfied, the transition.amplitude [Tsz

may be factorized into two terms, one due to the primary reaction

and the other due to an enhancement from tie two body final state
interaction,

Further, if only S-waves are considered and the effective

range approximation applied (in case of nucleon-nucleon final state
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interaction), leilZ may be written as (Gibéh)

2 _ [ = 2 -1 QI
leil = |r, -a +rk /2 + r, (1-2roa ) lei l (22)
k2 + (roka/Z - a“1)2

where a is the scattering length, r is the effective fange and

k is the relative momentum of the interacting pair. ng), the -
production amplitude, represents the primary reaction. It should
be noted that the above expression is applicable ohly for a ISI
between a n-p or n-n pair. The p-p interaction requires additional

terms to account for Coulomb effects.

3

To include the possible contribution of the 7S, n-p ¥FSI,

1

the following expression was used,

o) |2

ar ~ IO(E,E) (F, + W, F) !Tgi (23)

where F_ and F, have the form of the first term in equation (22)

t

with appropriate singlet and triplet scattering parameters. wt

is a real number weighting factor. Equation (23%) has been used to
give predictions for the shape of the missing mass spectra of the

2
3H(p,2p)nn and the “He(p,2p)pn reactions and also for the pro-

jected energy spectrum of the 3H(p,pd)n reaction. In éll cases,
(o)2
| 7557l

ions, the invariant phase space Rq(ﬁ,E) as given by equation (10)

is assumed to be a constant. For the missing mass predict-

in chapter 2 is used in place of the non-invariant phase space

(ZCﬁ,E). Results of these comparisons are shown in section 6.2.
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3, THE EXPERIMENT

3.7 Kinematical regions studied

A list of the reactions studied has been given in section 1.4,

3 3

H and “He are almost the same, the kinsnmatics

Since the masses of
for the charge symmetric reactions are almost identical. Fig.3.7.1
shows the kinematic loci for the various reactions which czn be
considered two-body processes. Lach square in the diagram rzpresents
one particular angle pair. In the first of the two runs of Zhis
experimeni, the following coplanar angle péirs were studied:

65 =6, = 30°, 35°, 37.5°, L0°, 42.5°, 50° and 60°, 4>3L+ =" 120° for
all cases. In‘this run, only (p,2p) data were obtained. In the second
run, both symmetric and asymmetric coplanar angle pairs were studied.
0

The former include 93 = 64.= 259, 30

asymmetric angle pairs include 93 = 26°, eq_z 48°, 83 = 30°, 94 = 45°;

) 380,47.50, and 55°. Zhe

83 = 34°, 9, = 41.5° and 63 = 41.6°, 6, = 6o°,<1>34 = 180° iz al1
cases. The first three angle pairs correspond to p-p quasi—free
scéttering while the last one corresponds to p-d quasi-~free scatter-
ing. In addition to detecting (p,2p) events, provisions were made
in the second run toAdetect (p,pd) and (p,dp) coincidence events
simultaneously. The 3He(p,2p) data were obtained in the second run.
It is evident from Fig.3.71.1 that much of the phase stace
studied pértains to p-p QFS, p-d QFS and n-p FSI. Angle vairs with
63 or 94 less than 250 have not been studied because of the limit--
ations imposed by the design of the scattering chamber and detector

mount system. Angle pairs with 93 or 94 larger than 60° gensrally

have such a low cross section that to obtain statistically meaningful



Fige3.1.1: Kinematic loci for the various possible reactions
resulting from the break-up of JH by 45.6 MeV protons. The
squares correspond to the angle pairs studied in this experiment.

3H(p,Zp)nn p-p @FS, n-n pair has zero relative energy
and zero laboratory momentum.

_——— 3H(p,pd)n p-d QFS

e BH(p,pd*)n p-d* QFS, d* here represents an n-p rair
with zero relative energy

—_——— 3H(Psdp)n' as 3H(p,Pd)n with 93 and eqlinterchanged

)

—— 3H(p,d*p)n as 3H(p,pd*)n with ©_ and 94 interchenged

3
—— 3H(p,d*d*) d* here refers to an n-p pair with zero
relative energy

U BH(p,dd*)

—— 3H(p,dd) neutron pick-up reaction
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data would reguire unusually long times for the typical . team
currents of 20-40 nA which were available.

3.2 Experimental apparatus

30,241 Accelerator and experimental areca

The Manitoba sector-focused cyclotron (Bub6) accelerzties
negative hydrogen ions resulting in external proton beams variable
Sin enefgy from 20 to 49 MeV. The variable energy extraction system
is copied from the one at the UCLA cyclotron (Pab6,Pab67). The
negative ions are stripped of their two electrons at a choseﬁ radius
by a thin metal foil (e.g. 0.0005" thick aluminium foil). The radius
of curvature of the resultant proton beam becomes opposi%e to that
of the negative ion beam inside the magnetic field of the cyclotron.
The protons pass through the cyclotron frihging field into the com-
bination magnet which corrects the direction of the beam tc allow
for different trajectéries of thé different energy beams izside the
cyclotron. The stripping foil is adjustable in both radius and azi-
muth so that beams of any energy can be made to pass along the Tixed
axis of the external beam analysing system.

Fig.3.2.71 shows the complete layout of the cyclotron znd the
various experimental areas. The present experiment was perZormed
using the 28" scattering chamber in the 450 right beam line,‘a photo-
graph of which is shown in Fig,5.2.2,

The external beam analysing system consists of the following
units (see Fig.3.2.1): steering magnet #1 (SM1), quadrupole doublet
(Q1,Q2), steering magnet #2 (SMé&, first slit system (Sq), bending
magnet (SW), second slit system (Sa) and quadroupole doudblet (Q9,310).

The beam emerging from the cyclotron is diverging in the horizontal
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Fige3.2.2: A photograph of the 45° right experinental aresz
showing the beam pipe with cold trap (foreground), the 28"

scattering chamber with target lock and the Faraday cup
(inside steel shielding).
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plane. A waist is produced at the position of the first slit system
by (Q1’Q2)° After the bending magnet, a focus occcurs at the second

) produces a

slit system (SZ>° The third quadrupole doublet (Q9’Q1O

vaist at the scattering chamber centre with an approximately rect-
angular shape., The steering magnets are used only if proper beanm
tuning conditions cannot be found. The size and energy resolution
of the beam spot obtained at the scattering chamber centre depends
on the apertures of both sets of defining slits. The first set of
slits was typically fixed to give an aperture 0.,2" wide by 0,.8" high
for a beam intensity of about 20 nA on target. The secbnd set of
slits Qas set to have an aperture 0,.15" wide by 0.60" high. With
this configuration, the beam.spot on a target at the scattering
chamber centre was smaller than 1/8" wide by 1/4" high while the
beam energy resolution was typically 200 keV at 45 MeV. In general,
the slits were varied (remotely controlled) and made as narrow as
possible while maintaining an usable beam current. The energy of
the incident beam follows from a calibration of the bending magnet,
obtained previously from cross-over measurements. The field of the
magnet is determined by means of an NMR probe which is Jocated
between the magnet poles. The beam energy is relafed to the the

NMR frequency by y = cp where p is the proton mementum in the

- NMR
magnet. The constant ¢ is in principle energy independent and was
determiped experimentally by measuring the beam energy as function
of the NMR frequency by the cross-over method (Babl, Smbh).

The scattering chamber has a 28" inner diameter and contains

two movable platforms (arms), both of which can be positioned to an

accuracy of 0.02°. On the platforms may be mounted detector holders
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(cubes). To ensure that the detector cubes on which the collimators
are mounted be positioned with high degree of reproducibiiity, a
dowel~pin systeﬁ is used for the detector cubes and the platforms.
loreover, the detector cubes can be placed at different distances
from the centre ofthe chamber in steps of 1,250", Typically, the
detector cubes are positioned ét b1t from the centre and could be
brought to between 250 and 1600 relative tokthe beam, although
individually, either cube may be brought to a more forward angle
(~15°).»The whole scattering chamber was made electrically float-
ing so as to prevent any ground loops from contributing to the noise
pick-up of the solid state detectors.
The beam left the scattering chamber through an exit foil of

0.002" thick Kapton—H foil, passed through a 1/2" air gap before
entering a 6 ft long Faraday cup which also had a 0.002" thick
Kapton-H foil over its entrance. The Faraday cup was well shielded
by steel bricks to minimize background. A4 repeller ring near the
front of the cup was maintained at a potential of -1.5 kV with
respect to ground to stop secondary electrons from leaving or enter-
ing the Faraday cup. The beam current was integrated by a commercial
current integrator which had an accuracy of 0.1% for its digitized
output. At 37.50 on both sides of the scattering chamber are mounted
two monitors (Nal scintillation counters ) which can be used to
check the positionbof the beam on target. A poorly centred beam
incident on a high Z target (e.g. thin nickel foil) will result in
different number of counts in the proton elastic scattering peak in

both monitors.



%.2.2 Targets

Ideally, gaseous targets should be used for both 3He and 3H
but because of the radioactive property of tritium the handling of
tritium gas requires a great deal of precautionary measures. These
include installing sensitive monitors to detect any leakage and a
fail-safe containment system in the even£ of a rupture of the gas
cell containing the tritium gas. Since the laboratory was not ade-
quately equipped for these measures, a 'solid' tritium fargét was
used instead. In this target, the ftritium gas, total activity quoted
by the manufacturer (Oak Ridge Isotopes Sales Division, Oak Ridge,
USA ) as being 7.6 Curies, was absorbed in a 4 mg/cm2 thick, 0,5"
diameter titanium foil whichvin turn had a gold backing of 10 mg;/cm2
thickness and 0.6' diameter. The gold backing served tq maintain
the shape of the titanium foll during the absorption process which
involved heating the titanium to a very high temperature. The pre-
sence of titanium and gold in the target necessitated the subtraction
of events contributed by both materials. For this reason, two identi-
cal targets were made, one with tritium and one without. During data
taking, each run with the tritium target was followed immediately
by a run with the dummy tafgét. Fig.3.2.3 shows a photograph of the
tritium target mount assembly. The top cell contained the tritium
target mounted in a stainless steel holder. This containment cell
had a 0,C01" thick Kapton-H foil window and was evacuated by a separate
pumping system, thus preventing any released tritium from contamina-

ting the main pumping system of the scattering chamber. The exhaust

from the tritium pumping system was lead to the outside atmosphere



Fig.3.2.35 A photograph of the tritium target ladder showing the
Ti~3H target inside its containment cell (top), the plastic
scintillator screen (second from top), the dummy target inside

a duplicate cell (third from top) and the CD, target (bottom).
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via closed pipes. In the event of a sudden venting of the scattering
chamber, the foil also served to prevent the tritium target from
being shattered by the implosion. The second target from the top

was a screen nmade from plastic scintillator material and was used
for checking the beam spot with the aid of a closed circuit tele—>
vision camera. This screen vwas essential for fhe adjustment of the
bean op%ics before each run. The third target was the dumny target
mounted in an identical holder and contained in an identigal cell

as the tritium target. The bottom target contained a CH. foil and

2

a CD2 foil mounted on top of one another. Each of the four targets
could be brought to the centre of the scattering chamber by lifting

or lowering the targer ladder. The O-ring seen at the bottom of the
ladder served to align the ladder vertically as it entered the catcher
cup mounted inside the chamber. Observation of the centre line of

the plastic scintillator screen with a theodolite did not indicate
lateral movement when the ladder was rotated as long as the bottom
O-ring remained inside the catcher cup. If a change of target should
become necessary, the whole target ladder could be lifted up and
withdrawn completely into the target lock seated on top of the

chamber (see Fig.3.2.,2). With the gate valve closed, the whole target
lock could then be removed fromthe chamber.
4
The major drawback of using a solid Ti-"H target was that a

dummy run had to be taken for every angle pair thus doubling the beam
time required. Futhermore, fhe subtraction procedure reduced the
statistical accuracy significantly in regions where the Ti contri-

bution was the greatest. Fig.3.2.4 shows the kinematic loci for the .
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Kinematic Toci for the various reactions which occur when a
45.75 MeV proton beam bombards a Ti—3H_target.




various reactions which could be observed from the Ti-BH target.

‘The deuterium was present as a contaminant in the tritium used by

the manufacturer. The 5He contaminant originated from the decay of

. the tritium (3H > “He +/6~ +Y EF: 18,6 keV, ’4:,7[2 = 12.26 years).
Fig.3.2.5. shows the missing mass spectra for the tritium target (a)
and that for the dummy target of equal integrated charge. The left-
most peak in (a) is due to the deuterium contaminant while the middle

3

peak is due to the “He contaminant. It is evident from (b) that the
(p,2p) events from the dummy target (Ti and Au) do not contribute
significantly. In particular, Fig.3.2.6 shows that under the p-p
QFS peak region, the contrivution from the Ti and Au is negligible.
For the 3He(p,2p) reacfion, an isotopically pure (99.5%) gas
target was used. The 2.45" diameter stainless steel gas cell had an
_outer appearance similar to that of the containment cell (Fig.3.2.3)
but with a narrower gap (0.75'") which was covered by 0.,001" thick Kap-
ton-H foil.The cell could be evacuated and filled through the hollow
rod on top (see Fig.3.2.3). The pressure of the gas in the cell was
monitored every hour during data taking using a Wallace and Tiernan
precision pressure gauge. The gauge was calibrated from O to 30
PeS.led. in steps of 0,02 ?.é.i.a..and had an accuracy of 0.2% of
full scale. The gas pressure was set at slightly above one atmosphere
at the beginning of the experiment and found to decrease by 1 p.S.i.
in about 14 hours. The temperature in the cell was measured using a

precision mercury in glass thermometer. Over the course of the ex-

periment, the temperature was found to vary by less than 1%,
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5.2.35 Detectors and slit systenm

The detector and slit system used for both the first and second
runs is shown in Fig.3.2.7. The detector system consisted of two
identical particle telescopes, one on each side of the incident'
beam. Each particle telescope consisted of a AE (£) detector (ZOQﬂm
thick, 200 mm2 sensitive area surface barrier), a second AR detector (A)
(1 mm thick, 200 mm2 sensitive area surface barrier) and a E detect-
or (5 mm thick, 200 mm2 sensitive area lithium~drifted silicon

detector). The V (veto) detector served only to reject the high
energy elastically scattered protons. The detectors were mounted
inside brass detector cubes by means of speciélly made pérspex
holders for electrical insulation. The electrical.isolation again
served to reduce-npise pick-up arising from ground loops. The detect-
or cubes were fixed on the‘platforms of the scattering chamber as
described in section 3.2.71. The platforms were cooled by means of.
a freon‘refrigeration system which in turn cooled the detectors
inside the detector cubes. It took typically 3 hoursfor the temp-
erature to come ‘to equilibrium (A’—ZOOC).

The € detector was chosen from a compromise befween the highest
energy protons that it would stop and the lowest energy of interest
that would be deposited in it. A éOQﬁm surface barrier detector
stops 4.7 MeV protons and has an energy loss of ~ 600 keV for 33
MeV protons paésing through. The use of a 2ogﬂm £ detector resulted
in excellent proton and deuteron separation as can be seen in
Fig.3.2.8. The use of a second AE (A) detector served two purposes.

Firstly, it provided the additional thickness required to stop 33
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Fig.

3.2.8:

Particle separation from a detector telescope consisting of a 200um €
surface barrier detector, a 1 mm surface barrier A detector and a

5 mm Si(Li) E detector. The lines on the left of the A versus (e+A+E)
display are caused by the particles stopping in the A detector. HNo
such lines are observed in the e versus (e+A+E) display as a threshold
was set on Z (= (e +A~ E)) to reject particles below 4 MeV.



HeV protons (5.8 mm of silicon), the highest energy protons of
interest. Secondly, it supplemented the rejection of the high energy

Y,

(>33 MeV) elastically scattered protons. These protons passed through
the telescope and hence appeared as a fold-back in the high energy
end of the 4 versus (£+A+E) display. By dfawing pafticle rejection
loci appropriately, these events could be rejected by software (see
section 4.1). Surface barrier detectors were chosen for the & and A
detectors because of their high resistance to neutron radiation
damage and more importantly of their negligibly.thin dead layers.
A thick dead layer (fVEgﬁm) in theAdetector would give rise to a
region of discontinuity in the locus of events in the TB'versus T4
spectrum, thus introducing an additional uncertainiy in the ?ro—
jected spectrum. The thickness of the E detector was chosen so that
the total thickness of the telescope was just sufficient to stop the
highest energy protons of interest. All protons with a higher energy
passed fhrough the felescope and entered the veto detector wﬂich
then provided a vetoing signal to inhibit the acceptance of this
event,

Two slit systems were required, one for the solid Ti~3H target

3

and one for the gaseous “He térget, For the tritium target, only
the solid angle defining collimators (rear slitsj'were essential
but to block out the events resulting from the proton beam inter-
acting with thevKapton—H foil Windows, baffles were introduced.
These were simply brass platés mounted in front of the collimator

to form a shield for events not originating from the tritium target

(see Fig.3.2.7). The use of these baffles was found to reduce the
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- background sighificantly. The collimators were made of tantalum
whose thickness was just suffiéient (2.5 mm) to stop the incident
proton beam. The ﬁse of such high density material allowed the
use of thin collimators ang heﬂée resﬁlted in a reduction in slit
edge scattering. The solid angle defining collimators had apertures
of rectangular dimension (5.537 mm wide by 10.668 mm high) and were
rlaced at 11.630 cu from the centre of the chamber. This correspondeqd
to an angular acceptance of AB= * 1;3?50 and AéD:_i 2.650. The
choice of these vélues wds determined primarily by the cross sect~
ion of the reaction and the beam time available.

For the 3He gas target,'a double slit system had to be nsed
to define the gas target thickness uniquely. Since the aperture
of the rear slit is finite, the effective solid angle of an element
of detector area varies from point to point on the rear aperture,
This variation is commonly represented by a G-factor which may be
defined in the follewing way. Let the target be divided into thin
sections perbehdicular to the incident beanm direction. From an

element of thickness At, the number of counts in a channel AT

corresponding to an energy T3 is
AY(T) =_dlr AT AR; AQ 4% 1 (2)

ak%¢iﬂ¢dé‘
The geometrical (G) factor may be defined as
= A pT.C.peT | (3)
where I is the total number of protons incident on the target,
F is the density of the gas. It is clear that G represents a five-
fold integral over the two rear aperture areas and over the target

thickness in the direction of the beam, the Z-axis, i.e.

¢ = /azxzj4a¢c{z ~ W



The integral has enerally been evaluated numerically. Different

09

o)

rograms exist for this G-factor caleculation all of which give the
same result although different mathematical approaches were used
(Bab3, Ro59,Fr72b). The program used for the present experiment

was that due to Bar-Avraham and Lee (Babd). Minor modifications fo
the program were made to make it applicable to a rectangular rear
aperture. The collimators, being idenfical for both detector tele-
scopes, had identical front and rear aperture dimensions of D537

mm wide by 10.668 mm high. The front and rear slits were respectively
LohO cm and 11.63 cm from the centre of the chamber. With this con-
figuration the G-factor distribution for the case of 63 != 94 = 38.7°,
¢34 = 180° has been calculated and is shown in Fig.3.2.9, The area
under the curve represent the total G—faétor as defined in equations
(3) and (4). 4 general feature worth noting from the graph is that
the highest transmission occurs at an angle pair setting higher than
the central one viz. 38.7°-38.7°.

The finite angular acceptance leads to kinematic broadening.
Fig.3.2.10 shows the kinematic loci for the central and the two
extreme angle pairs. For the 3He case, the extremes were taken as %he
values at FWHM of the curve shown in Fige3.2.9 rather than the geo-
metrically allowed extremes. An important feature to be noted is
that for these two angle pair settings, both being spectator angle
pairs for the respective reactions, the broadening is negligible for
the region between about 10 to 26 MeV which are also the regions
where the QFS enhancement occurs. It should be mentioned that A¢

effects have not been included in the plots. The program MOMRATH



I l l | ! l l [

Transmission function of the slit system used
| for the SHe (p,2p)pn experiment at
693 36145::353f7C),gb34; = 180°

04

G-FACTOR DISTRIBUTION ( x 6.35 x10™sr?cm )

Fige3.2.9: Transmission characteristics of the slit system used
for the “He(p,2p)pn experiment at 63.= eq_= 38.70,.
454 = 180°. (see text for details of the dimensions)



T T ["1 T T T I T T7T—7% l 7T

3He( p,2plpn

T, = 45.0MeV -8
30 T 93 = 64: 8 i
H ¢34 = ]800 -
—6

T&(BAGV)

—2
.... ’.! l_
T (MeV)
I T T T ¥ I3l T T 7 I 1 l. T ..[ I T l—
| H(p,2p)nn |
‘ T = 456MeV -8
30 0576, =6 .
4 180° .
—6
- i
[¢b] =
= . dﬁ
= g4 —
4z
1 L0
1<
-2

T3 (MeV)

Fig.3.2.10: Kinematic broadening resulting from the finite

angular acceptance of the collimators.
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(Wab9) has been used to investigate the 46 and & effects simultan-~
eously. The results indicated that the broadening remained insigni-

ficant.

3.2.4 Electronics and computer software

The electronic circuitry, shown in Fig.3.2.17 was composed
entirely of commercial wodules in standard NIM bins. The use ‘of
software particle identification considerably simplified the cir-
cultry which consisted of a fast timing circuit to separate the
real and random coincidence events and six energy signals to be
processed. The signals from the detectors were Ffirst ampiified by
Ortec 109A preampliers which were placed next to tﬁe scattering
chamber to reduce the cable length to am absolute minimum.. Outputs
from these preamplifiers were patched from the experimental area to
the cyclotron control room where the major electronics racks and the
PDP 15/40 computer were located. The signals were all amplified
using Canbera 1416 amplifiers. Timing signals were derived from the
two € signals, using Ortec 463 constant fraction discriminators. Due
to the small amplitude of the é signals, the signal to noise ratio
was generally very poor with cyclotron radio frequency (RF) pick;up-
being the dominant noise source. To eliminate this RF noise, each ¢
signal was first fed into a fast amplifier (Ledroy 133) whose out-
put was connected to the input of a timing filter amplifier., At this
connection, the use of a T-connector allowed a clipping stub to be
connected as shown in Fig.3.2.11. The clipping stub was a thick-
shield 50 ohm cable shorted at one end, whose length was exactly .
3/2 times the wave length of the sigﬁal from the main cyclotron

oscillator. Reflected signals from this clipping stub would therefore
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cancel the incoming RF noise at the T-connector. This method of sup-~
pressing the RF noise was found to be highly satisfactory. Horeover,
it would not change the timing characteristic of the € signals as
would be the case if RF suppressors (a simple R-C high-pass filter)had
been used.The improved & signals were than amplified by the timiﬁg
filter amplifiers before entering thebconstant fraction discriminators
which had a timing method superior to that of both the leading edge
and cross-over techniques. These two timing signals triggered a
Nuclear Enterprises time to amplitude converter (TAC). A timing
resolution within the 35 nano second separation of cyclotron beanm
bursts was obtained, thus allowing clean separation of éhe treals!

and 'randoms' peak. Two TSCA's were used to put windows on the 'reals!
and 'randoms' peaks. The 'randoms' signals were fed into the computer
as flag bits. The 'reals' signals were used to gate signals from

the pile-up gates which were set to produce a pulse for events occur-
ing within 4 micro seconds of each other.'The pile-~up rejection
signals were also recorded as flag bits. Veto pulses arising from
high energy protons reaching the veto detector after passing the
telescope were used to inhibit the TAC. Theé,A, and E signals wefé
summed to give the total energy signal. Appropriate attenuations
had to be made to the € and A signals before being summed since

these signals already had amplitudes of about +7 volts. A final
timing adjustment was made to ‘all the six linear signals so that‘

they 21l arrived at the ADC's simultaneously. Zach one of these
signals was gated at the ADC by the 'ADC Gates' signals which might

be the 'reals' or 'randoms' signals. The ADC's used were three
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Northern Scientic (Model 625) Dual ADC units**. Scalers were con-
nected to all linear and logic outputs. In addition, the TAC spec-
trum was stored by a 4000 channel Nuclear Data ahalyser and was
displayed for continous monitoring.

Data acquisition was performed using the pfogram HULPAR (Mi?Z).
In the first and second run, the unprocessed data were stored as
18 bit computer words on DEC magnetic tapes. The analysis vas sub-
sequently done off-line. For on-line display and monitoring purposes,
an external (application-dependent) processing routine is used in
conjunction with MULPAR. This routine is capable of performing
particle identification and storing the processed words:into regions

of computer memory.

Provision is made by the program to display live on a CRT
screen either a 64x64 differential contour display or a 512x512
twinkle display. The variables on the axes may be chosen to bevany
of the six energy inputs and for either protons or deuterons. The
selection commands are usually issued through the teletype at the
beginning of the run although they can be changed at any time. IT
required, a lMoseley plotter may be made to produce scatter blots
of the currently displayed 2-D spectrum on-line. Figure; 3.2012

shovs samples of such scatter plots? The X-axis (Tq)‘and Y-
axis (T3) correspond to the ¥ inputs of the left and right detector
telescopes respectively. Each point plotted represents one recorded

event. The on-line scatter plots shown contain both 'reals' and

** The computer interfaces were designed by C.A.Miller and

built in the electronic shop of the physics department,
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Fige3.2.12: On-line scatter plots of the (p,2p) reaction on 3He and
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. Randoms events have not been subtracted. The pronounced band in the
He scatter plot corresponds to the 3He(p,ap)d reaction. In ‘the 3H

scatter plot, bands arising from the contaminant reactions D(p,2p)n
and 3He(p,Zp)d are clearly visible.
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'randoms' events ﬁhich can only be separated off-line., A light pen;
used together with the switches of the computer, allows particle
identification loci to be drawn on the display screen. To prevent
logging irrelevant events, sample € versus = Spectra (Fig.3%.2.8) are

obtained before data accummulation. Crude particle identification
loci are theﬁ drawn around the particles of interest. Events outside
these loci will not be recorded during data-taking. Data written on
the magnetic tapes are identified by their file names, recorded at
the beginning of each tape. Typically, if both proton and deuteron
events are recorded,each angle will take from 5 to 30 DEC magnetic
tapes.

The computer also provides a scaler-enable signal to stop the
scalers when the program is stopped e.g. when a stop command is
issued by the experimenter, or to start the scalers when the pro=-
gram is started. To correct for the ADC dead times, the current
integrator's digitized output is fed into the external live clock
inputs of the ADC's. The program then writes a real time F~cup counts
on magnetic tape along with the other information. It is this number

which will be used for calculating the cross sections.

%45 Exverimental vprocedure

Before data collection could commence, a typical experimental
run would involve the following:
1. Beam optics adjustment: With the scintillator screen in place,
the beam spot was adjusted until it was properly centred and had
a size less than 1/8" wide by 1/4" high by suitably changing the

beam optics.,.
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2. Gain .matching: A crude matching of the gains of the £, A and E
‘amplifiers was first obtained by means of a pulser. Subsequently,
accurate matching of the gains was obtained from the groups of

elastically scattered protons and deuterons when using the CH, and

2

CD2 targets respectively. The energies of the protons and deuterons
followed from kinematics, correcting for energy loss.
%« Energy calibration for both energy axes: This was done by detect-
ing p-p elastic scattering events in coincidence at many angle pairs
to cover the energy range of interest.
During data taking, the tritium content of the Ti—BH target

was monitored between runs by means of p-BH elastic scattering.
A Nal scintillation detectof, mounted on the outside of the scatter-
ing chamber at an angle of 67.50, was used to accumulate sihgles
spectra (see Fig.3.2.13) from the tritium target. The peaks not

labelled in the figure correspond to elastic and inelastic scatter-
ing from titanium and gold. Although no changes in the tritium
coﬁtent were observed during data taking periods ( typically seven
days ) monitor runs indicated that the tritium content decreaséd
by ~ 5.0% three months later when it was used in the second run.

Loss of tritium due to its radioactive decay accounts for 71.5%.

However, it is not certain what causes the loss of the remaining

305%.
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4, DATA REDUCTION

4,1 Software particle identification

As mentioned in section 3.2;4, the program MULPAR logs un-

proceséed data on magnetic tape in the form of 18-bit words. Fach

event consists of six digitized energy signals <EL;AL)XL;5R;AR,ZQ
which are ADC data and three flag bits (randoms flag and pile-up
rejection flags for left and right telescopes) which are staﬁes éf
binary digits. The function of the analysis program, PETE, is to
particle identify all the events. In an analysis run, precise
particle identification (rejection) loci are first defined from
sample € versus Z ( A versus = ) spectra by means of the light pen
facility (see Fig.3.2.8). Tw§ parameters are then selected (2, versus
2;9 and a set of criteria specified (e.g. protons on left telescope’
and deuterons on right telescope). The program scans the tape for
events for which both parameters satisfy the respective criteria.
An eligible point results if all the imposed constraints are satisfied.
These points may be added to a list of previously discovered eligible
voints and form a particle identified 3.

L

be displayed on the screen. Since the 'randoms' signals have been

versus Zﬁ array which may

fed in as flag-bits, an anélysis scan will result in tVK)ZE; versus
:ZR arrays, one for the reals+randoms and the other for the randoms
alone, Provision is made in PETE to subtract the randoms from the
reals + randoms spectrum and have the resultant 'reals alone!

spectrum displayed. Lxcept at the most forward angles viz. O

5 =0,

o’ the reals to randoms ratios are always better than 4 to 1.

= 25
One disadvantage of this analysis program is that it is only

capable of analysing one particle at a time on each of the two
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chosen parameters. A fresh scan has to be done for each different
particle thus requiring three separate scans to extract the (p,29),

(p,pd) and (p,dp) data.

L,2 Projection of data onto the T_-axis
>

In an analysis run, projected spectra can be made and stored
of events defined within a set of loci in theZR versuszz (T - Tq)
array. This set of loci (projection loci) is deilned at the beginning
of an ana1y51s run in the same way as that for defining the particle
identification loci except that the loci now enclose the events of
interest. The projection is equivalent to summing in columns ( to
project on the X-axis) or in rows (to project on the Y-axis) of the
two dimensional array excluding the events off the loci. The total
number of channels in the Spectrum may be selected to make the best
compronmise bétween statistics and channel resolution. In the Present
experiment, a full scale of 64 channels has been selected and the
resulté of these projections are to be calibrated in energy and con-
verted to differential cross section in the manner discriﬁed in

section 4.4,

4.3 Sypecial treatrent of the four-body events

The analysis procedure mentioned so far has been performed on
the PDP 15/L0 computer. However, the light~pen facility is only
adequate for drawing projection loci ( in 64x512 resolution) for
three-body events which are well defined in a T3 versus Tq display
(see Fig.3.2.12). For the four-body events (BH(p,ap)nn and 3H(p,_?_
pn ), the light-pen facility cannot define a locus of constant

relative energy T56 of the unobserved pair of particlesa.ccuratelyo
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For this reason, for the (p,2p> data,’new T3 versus TL+ arrays are
generated in 128 x 128 channel resolution. Particle identification
was performed at the time of geﬁeratioh of the new arrays. These
arrays‘are first stored on DEC magnetic taﬁe and later transferred
via the data link to the IBM 360/65 computer which in turn writes
the data onto 9-track magnetic tape.

Once the energy calibration is specified, each event in the
T3 versus Tq array has a unique €T3,T4) value and hence a unique
value of T56.'Curjes of constant T56 are shown in Fig.2.1.3(a). It
is clear that by scanning all points in the T3 versus 'I‘LF array and
requiring that the values of the calculated T56 be within a certain
range, one can make projections onto either one of the energy axes
for .events lying between a given interval of T56o For both the
3H(p,2p)nn and 3He(p,zp)pn arrays, an interval has been chosen to
include events corresponding to the n-n and n-p pair having T56-
between O and 1.8 MeV, denoted respectively, as the [nn] and d*
systems.

Moreover, missing mass specfra can be obtained from these
(128 x 128) arrays in a similar manner. For each point in the (T3’
Tq) array, the corresponding value of the missing mass M56 can be

calculated from kinematics. The expression is

2

=(/7’+?A—ﬁ3—i¢>-(?l~f%-—-75——%> (1)

where 2?,is the four-momentum for particle i. Evaluating the dot
[

product  explicitly in terms of T3’ T4 and other known quantities
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yields

M5g = (m1+m2-m3—m4)2 + 2T1(m2~m3—m4) + 2T3(m4—m2-m1) +

2T4(m3—m2—m1) + 2(T3T4~T1T37T1T4) + -
2(p1p300563 + p1p4c0594 —_p3p4c95634) . . (2)

Thus, by scanning a complete array, one can sum the events for
constant bins of M56 to produce the so-called missing mass spectra.
No'atteﬁpt has been made to sonvert the number of counts to cross
seetions for these spectra since the number of counts. depends on
the cut-off of each energy axis. The cut-off arises from protons
stopping in the € detector.

It should be mentioned that the (128 x 128) arrays generated
consist of 'reals+randoms' and 'randoms' arrays so that appropriate
subtraction'has to be carried out before projections can be made.

In addition, Sﬁbtraction of the titanium-gold events, normalized to
the same number of integrated charge counts has also to be done

before final spectra can be obtained. These reduced (128 x 128) arrays

have been plotted in a three~dimensional representation and are
shown in Figs.4.3.1, hk.o3.2, L.3.%. Except for the angle pairs 93 =

e4 = 50° ang 63 = 84 = 60°, peaks are clearly seen in regions
corresponding to the spectator'having minimum momentum. The Bﬁe
(p,2p) three-dimensional'plot should be compared with the scatter

plot shown in Fig.3.2.12. It is evident that the three-body events

( 3He(p,Zp)d ) are much more prominent than the four body events

( 3He(p,Zp)pn ) although QFS peaks are clearly seen for both react-

ions.

The (128 x 128) dimension was chosen as the best compromise
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Figelt.3.2: Three-dimensional spectra for the 3H(p,.2p)nn
"reaction. Anglesdepicted are symmetric and asymmetiric
quasi-free scattering angle pairs.



Fig.t.3.3: Three-dimensional spectrum for the 3He(p,Zp) reaction,
The pronounced kinematic locus cCorresponds to the 3He(p,Zp)d
reaction. The quasi-free scattering enhancement for the

%y

e(p,2p)d* reaction is also evident.
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between channel resclution and computer time required. To produce
from these (128 x 128) arrays the projected cross sections and miss-
ing mass spectra for all the angle pairs required approximately one

hour of CPU time of the IBM 360/65 computer.

L,L Analysis of the Projections

The conversion of the projected spectra from counts versus
channel number to cross sections versus energy is relatively
straight forward except for a number of corrections. The following
procedure was adopted:

1. Energy calibration for the T, and T4 axes:

3
The energy calibration was obtained by measuring p-p coin-
cidence spectra from 1H at a number of complementary angle pairs,
The spectra appear as blobs of events at positions determined by
the angle pair settings. Projections of these spectra onto either
axis yield peaks of a Gaussian shape. The energies of these peaks
vere determined from simple two-body kinematics, with corrections
made for the energy lost in getting out of the target. The peak
channels were chosen to be the'mid—points at half maximum. In both
runs, the energy calibration curves for both energy axes f&lloweda
straight 1line with less than 4 channels (out of 1024) offset at
the origin. Calibrations before and after each experimental run
(separated by seven days) also agreed closely indicating good long
term stability of the electronics and the ADC's. A least squares
fit is used to obtain the equation of the straight line for each
energy calibration. The uncertainty in T is £ + 200 keV. This

set of calibrations was used in the generation of the projections



and the missing mass spectra.
2. Energy loss correction:

Due to the finite thickness of the target, energy loss
corrections had to be made for both the incident beam and the
detected particles. For the tritium target, the degrading maferiéls
include half the thickness of the titanium, half the thickness of
the tritium and the Kapton-H foil window of the containment cell.
The first two degraders will have a varying thickness-depending
upon the angle at which the particles are detected. For the 3He
gas target, the interaction is assumed to occur at the centre of
the gas cell so the total degrading materials include 3He gas of
a thickness equal to the radius of the gas cell and the Kapton-H
foil window. The thicknesses of these degraders are clearly in-
dependent of the angle of detection. (In reality, the path of in-
teraction extends over a length of 2 cm but the approximatién
does not lead to any significant discrepancy). Although dE/dx is
energy dependent, use was made of the linear relationship of 1n

(dE/dx) versus 1nE:
In(aE/dx) = cqln(E) + c, . (3)

The constants 4 and 5 for each material are found from the
In(8E/dx) versus 1n(E) curves over the energy range 5 MeV to 40
MeV, which were obtained using Janni's tabulations (Ja66). Since
the stopping power of protoﬁs in Kapton-H foil has not been tabu-

lated, it was determined from the equation

(dB/dx) = 2 7, (dE/ax), | (%)
[



wvhere Fi are thé fraction by weight of the ith comstituent with
stopoing power (dE/dx)i. The energy loss is typically 300 keV for
proton energies between 5 and 10 eV and becomes negligible at
around 40 MeV.
3. Pile-up corrections:

As mentioned earlier, events occurring within 4/Ls cf each
other were rejected. A correction facﬁor must therefore be intro-

duced which is simply given as

SL—PUL SR—PUR ’

where S represents the number of events collected in the AE (€ )
detector and PU represents the corresponding number of pile-up
events. The subscripts L and R refer to left and right detector
telescopes respectively.
4, Conversion of counts to éross seciions;

For the tritium solid target, the differential cross section

has been calculated from the equation

g - JATO N (6)
0[.(2301.(24 A7, A‘QJ AR, AT(T) NI

where Y(TB) represents the number of counts accumulated in the
channel with mean energy T3’ AQ.3 and AQ4 are the solid angles for
the two detector systems, AT is the width of the cheannel in energy,
N is the number of target nuclei per unit area and T is'the total
number of protons incident on the target. The value of N was cal-
culated using the manufacturer's specifications while the value of

I followed from the real-time integrated charge counts ( which is a
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number already corrected for ADC dead time losses).

For the “"He gaseous target, the equation has the forn

0’30- - Y(Tﬂ (7)
dQBdedTé G - I./o. AT

wherg G is the G-factor as described in section 3.2.5,f’, the density
of 3He, is given to a high accuracy by the Ideal Gas Law:
_ 2 ' (8)
£~ i
where k,is Boltzmann's constant and P and © are respectively, the
average pressure and temperature. (Correction Ffor the van der aal
forces amounts to<0.05%). It has been assumed that the number of
counts Y(TB) has already been corrected for pile—up rejections.
Using the above procedure, projected cross sections were
obtained for the 3H(p,2§)[nn] , the 3H(p,pd)n, the 3He(p,2p)d and
the 3He(p,Zp)d* reactions. TFigures 4.4.1 and 4,4.2 show projections
for symmetric coplanar angle pairs of the 3H(p,Zp)[nn] loci. It is
evident thet a QFS enhancement persists to as high an angle pair as
500~5OO. The peak in each of these spectra occurs at the region
where p5 is a minimum. For the angle pair 380—380, p5 reaches zeré
while for the other angle pairs, p5 has a non-zero value. The béu
haviour of the peak cross sections versus the corresponding momentum
transfer is shown invthe next chapter. Peak cross sections were
obtained from these spectra using a Gaussian peak fitting routine.
All points in the peak to bé fitted were weighted by their corres-
ponding statistical error. The peak fitting procedure yielded results
essentially the same as those obtained when a smooth curve is drawn

by eye through the data points around the peak. For the 550—550 and



435 /dQ3d04dT; (b sF2Mev)

80 34 (p,2pinn)
1 Tinc 45.75MeV| |
701 ] { 93=9425e - 057 63=30° { 8,= 6,=40° 8,= 6,-425°
604 u{}{{{ ¢34= 180° {}hhm }‘ $4° 180° {[ % ¢34=180° : 9334:[800
50- i Rt i | Ill
} *{ Fld } lll]} il
301 1 by 4 i ALY [
< T T T Tl
o{ | ) i i i th ! i
AL I S L B LB T T "'ll T '1:| "Yr x"'lIrI"f'
80- 3 :
704 : {l 8= 635" |- | 857 67 38° 85 = 0,=475° 85= 6,250
60- ’ HI $,°180° | $,,7 180° &, .= 180° $. .7 180
50- l ] I ] i " "
40- m {[ ' ] {1}{ f ?m ! .
9 Hl% m[ ] H{}J {f}} : f*}m }*i%* ! =
201 ] 1w fi g i S
O ﬁﬂfH i {u 1 i %*ff, ”H};{m v {* LW{*H}TH T{ *fWé%
L S e e s S e e e T T T Ty 'll" L T "";:'T“"l"'§‘l"
IO 20 30 10 20 30 IO 20 30 10; 20 30
T3 (MeV) T3 (MeV) T, (MeV) T, (MeV)
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energy where ps is a minimum.

In each spectrum, the peak occurs at an
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50°-60° spectra where the QFS enhancements are no longer visible,

the 'peak! cross Section is obtained by averaging the cross section
values over a few ciiannels at the region where p5 is a minimum.

Table 4,1 summarises the peak cross sections for the various sym-—
metric coplanar angle pairs. Pig b k.3 shows the projections for

the asymmetric QFS angle pairs. The QFS peak again occurs at a
region where p5 is a minimum (equal zero in these cases). No attempt
has been made to determine the peak cross section from these spectra.
However, a momentum distribution has been extracted for each of the
spectra (see chapter 6).

Figures 4.4 4, holbio5, and L.4.6 show rrojections oOf the 3H(p,pd)n
loci onto the proton energy axis. The arrows indicate the proton
eénergy corresponding to_a minimum value of P (:p5), This value
of P, is also shown in each spectrum. The proton axis was chosen
for the projection because a smaller energy loss correction was
required for protons compared to deuterons. One interesting feature
to be noted from these projéctions is that except in the two cases

o}

(gp: 47.5°,gd= L7,5° . Sp = 607,08, = 41.6°) where the QFS condition

d
is met, the énhancements do not peak at the position where P, has a
minimum value. Similar shifts in the peak positons have also been
observed previously by Slaus et al.(S171). for the,BHe(p,pd)p reaction
at 35 MeV. These authors interpreted the shifts as the result of a
neutron pick-up process., The peaks appearing on the extreme right

of some of the spectra (e.g..@p: 480,Qd = 26°) are only a kinematic
effect resulting from the fact that a projection is made of the

region of a locus which is starting to curve inwards. Observation

of the projection for Qp:600,9d=41.60 (see Fig.4.4.6) shous that the



Table 4.1 Summary of the peak differential cross sections for

the 3H(p,2p)[nn] reaction at symmetric coplanar angle-

pairs.

Gaussian fitted values

. 3
93 - 94 9in P-ak d U/d%gquB FWHM T3 at peak
(MeV) ( b/ sr2. MeV) (MeV) (MeV)

25° 25°  -~0.210 64,0 + 3,0%% 5.3 18.6
30° 30°  -0.140 67.0 + 3.0 5.4 18.6

[¢] o
35° 35 ~0.055 64.0 + 4.0 5.3 18.1
57.5°57.5° -0.008 59.0 + 4.0 5.9 18.2

¢} o
33" 38 0.0 53.0 + 3.0 5.7 18.4
40° 40° 0,045 53.0 + 3.0 5.5 18.1
42.5%42.5° 0.100 46.0 + 3.0 4.9 18.1
47.5%47,5° 0.225 29,0 + 2.0 7.0 18.7

o o Averaged values
50° 50°  0.29%4 21.5 + 1.5 - -
55° 55°  0.435 10.0 + 1.5 - -
60° 60°  0.6000 3.5 + 1.0 - -

*#*% This quoted value corresponds to the standard deviation between
the observed values and the fitted values for a group of ten
channels around the peak ( five channels on each side of the peak).
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presence of a final state interaction enhancement , indicated by
the arrow marked Tpn = 700 keV, significantly alters the shape of
the QFS peak in its neigborhood. This means that to extract the

3

momentum distribution of the deuteron in “H, the spectfum to be used
nust not contain dominant two-body processes other than QFS. The
projection for sz Gd=47.50 (see Fig.h.4.6) seems to satisfy this
condition and will be used for the-above purpose. The peak in the
spectrum for Qp=41.60,@d:600 oécurs at the minimum value for P,
although the QFS condition is not satisfied. The reazson for the
absence of a shift in the peak position in this case is not under-
stood.

Fig.4.%.7 shows the projected spectra for the 3He(p,Ep)d and
3He(p,Zp)d* reactions. These spectra have shapes similar to one
another and also to those of the tritium spectra. However, an
obvious difference exists at the tails of the peak. Specifically,
the p-p quasi~free peak from tritium falls monotonically at both
ends whiie the one from 3He flattens out at around 8 MeV in the low

energy end and around 28 MeV at the high energy end. A more detailed

comparison will be made in section 6.4,

L.,5 Comparison between runs

Fig.4.5.1 shows projected spectra from the 3H(p,2p)ﬁnﬂ
reaction at 300-300; taken in the first and second runs respectively.
The close agreement in magnitude of the two spectra indicates good re=-
producibility while the slight shift in energy is well within experi-
mental uncertainties.-It should be ﬁentioned that a correction has been

made to the yield calculation in the second run for the loss of tritium
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due to its decay (1.5%) and an additional loss of 3.5% as indicated
by the monitor runs. The cause of this additional loss may be local
heating of the target due to the incident proton beam, which tends
to diffuse the tritium to the edge of the target. However, cal-

culations indicate that the heat generated by the incident beam in

the target is quite small.
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5. ERRCRS

In this section, a discussion will be given of the errors

0

(relative and absolute) associated with the experimental coinci-

dence cross sectionse

Relative errors

The relative error is essentially the statistical uncertainty

Hy

of the yield and depends on the channel resolution chosen for a
given projection. The yield for a given reaction (e.g. 3H(p,2p) nn)
was cbtained by subtracting the dummy target spectrum frbm the
Ti-BH target spectrum after normalization to the same numger of
charge integrator counts. ( No such subtraction was required for
the 3He spectra) The source of error was taken to be counting
statistics in fhe 'reals + randoms' and 'randoms' spectra. Errors
were added in gquadruture in every subtraction operation to give
the finai statistical uncertainty. The error bars shown in all
the projected cross sections in the previous chapter represent
this statistical uancertainty. It can be seen that the uncertainty
for the four-body break-up reactions (BH(p,ap)[pnj and gHe(p,Zp)
d* ) is ~10 % while the uncertainty is ~5% for tﬁe three-body
break-up reactions ( 3H(p,p_d)n and 3He(p,2p)d ). This is due to
the much lower cross section for the four-body reactions than

for the three-body ones.

Absolute errors

Table 5.1 summarizes the major sources of absolute error
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associated with the coincidence cross sections for the ﬁi(p,ZP)

[nn] and jH(p,pd)n reactions

Table 5.1 Major sources of error contributing to the abso-

lute uncertainty of the tritium cross sections

Source Percentage error
Tritium target thickness determination ~5 .
Solid angle determination  ~2
Dead time correction : %1
Pile-up correction £
Loss of incident beam g1

The error in the solid angle determination is small
since the collimator geometry was measured with high precision
using a travelling microscope and precision calipers. The dead
times varied from ~0.2% at the high angles to ~2% at the for-
ward angles. these dead times were obtained by comparing the
number of Real-time charge integrator counts with the number of
Live-time charge integrator counts. The former correspond to
charge integrator counts recorded by the computef when the ADC's
are not busy. In general, however, there also exists dead times
in the electronic modules such as the TSCA and the TAC. These
are expected to be small in view of the small dead times indi-
cated by the number of Real-time charge integrator counts.

Calculations showed that the divergence of the outgoing proton
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beam caused by multiple Coulomb scattering in the titanium-gold
backing resvlted in 0.02% of the protons not reaching the Faraf
day cup. Moreover, the proton beam generally had a 'halo'! struct-
ure oif an undetermined dimension. Past experiences have shown
that the 'halo' represents <1% of the total oproton beam intensity
and should give rise to an uncertainty in the cross section of
the same magnitude or less. Taking into account the precision of
the target ladder, the target angle could be set to an accuracy
of rvO.5O. This corresponds to a negligible error in the target
thickness however.,

Since the completion of this work in which the tritium con-
tent was taken to be the manufacturer's guoted value of 7.6 + Ouk
curies, Allas et al.(Al?73) reported on a measurement of the tri-
tium contents of their Ti-BH target (similar to the one used in
the present experiment and made by the same manufacturer) and
found it to be 60% below the manufactufer‘s guoted value. To check

Z

the tritium contents of the Ti-"H target used in the present ex-
periment, a measurement of 3H(p,t)? elastic scattering was per-
formed at 19.48 MeV. The data were then normalized égainst the
3H,(p,p)BH differential cross sections of Detch et al.(De?1) which
have an absolute uncertainty of ~1%. Tritons were detected instead
of protons since the latter form a continuous spectrum due to the
presence of protons from various reactions in the titanium-gold

backing. The (p,t) reaction on the other hand is insignificantly

small for both titanium and gold. The experiment was relatively
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straightforward and involved the use of a AE (100 micron tﬁick
200 mm2 sensitive area surface barrier) - E ( 1 mm thick 200 mm2
sensitiveAarea surface barrier) detector telescope. The collimator
geonetry defined an angular acceptance of A0 = * 0050.'Particle
identificati§n was performed on-line by software. The integrated
triton peak had counting statistics of approximately 1% for each
angle. (p,t) events from the titanium—gold backing were ﬁypically
less than 1%.

Fig.5.1 shows a comparison of the present data with the
data of Detch et al. The error bars are léss than the size of the
symbols for all data points. In the present data, the triton
centre-of-mass angle 6 was replaced by 180°- ¢ to correspond to
the centre-of-mass angle of the scattered proton. By neglecting
the data point at a proton centre-of-mass angle of 980, the
present data agree closely in shape with the data of Detch et al.
A nomalization constant was obtained by fitting the present data
to the data of Detch et al. VWith this normalization procedure, the
tritium content was found to be 8.05 éuries with an estimated
errvor of 3%%. It should be mentioned that a correction had been
made for the ioss of tritium as tﬁe result of its radioactive
decay (6% ) and as the result of local heating by the incident
proton bean (3.5%).The value of 8.05 + 0.24 curies agrees with
the manufacturer's specified value of 7.6 + O.4 curies within

the limits of the respective errors. The slight difference may

be accounted.for by the fact that the Ti~3H target foil had a
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somewhat uneven surface near the centre where the proton beanm passed.
It the‘tritium content is taken to be 8,05 curies, all the tritium
coinciaence cross sections presented in this thesis should be multiplied
by a factor 7.60/8.05.

Table 5.2 summarizes the major sources of error contributing to the

3

absolute uncertainty of the “He cross sections,.

Table 5.2 Major sources of error contributing to the absolute
uncertainty of the Helium-3 cross sections

Source Percentage error
Pressure ~ 0,2
Tenperature . ~ 0,2
Impurities of the 3He gas ~ 0,2
G-factor ~%.0
Dead time correction ' £ 1.0
Pile-up rejection correction £ 1.0
Loss of incident beam £1.0

The negligibly small errors associated with the pressure and temp-

3

erature of the “He target gas resulted from the precision with which these

3He gas quoted by the supplier

3

quantities were measured. The pufity of the
had an uncertainty of ~0.02%. Moreover, since the “He gas cell and feed
lines were flushed many times before use and the gas pressure was main~
tained at slightly above one atmosphere, air contamination of the target
was small. Three factors contribute to the error in the value of the G-
factor. The first is inherent in the mathematical approach for the G-factor
calculation. This error is small since results obtained by different app-

roaches agree to better than 1% with one another (Ro69). No correction

'was made for the finite lateral extent of the beam but a detailed
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calculation (Ro69) for a similar slit arrangement and beam profile showed
that this correction was typically 0.5%. The second factor is associated
with the error in the measurement of the éollimator geometry and the
uncertainty in the detector angles. With the present collimator geometry,
a small change ( 0,1°) in @3 and/or 9, produces a 0.5% change in the G-
factor. The third and most significant factor arises from the drift in the
lateral direction of the incident beam. A small drift in the beam from its
central position can produce an appreciable change in the G—factdr value;
the effect being more severe at forward angle. However, periodic monitor-
ing of the beam position showed no noticeable drift. It is estimated that
this effect produces an uncertainty in the G-factor value of ~2%.
Although the major sources of absoclute error have been described
separately for the tritium and 3He data, there remains one systematic
error wnich is common to both., When monoenergetic protons, or other char~od
pvarticles, are incident on a Si detector, the observed pulse height spec-
trum consists not only of a main peak but also of a 'tail' of reduced
pulse height (Ma70b). The latter are due principally to events in which
the incident rarticle undergoes a nuclear reaction (e.g. (p,p'), (p,<) )
before it is stopped in the detector by ionization processes. For protons
incident on Si detectors, the 'tail! represents ~0.2% of the total events
at 13 MeV and ~1.4% at 28 MeV incident energies. The percentage 'tail!
pulses increases as thé energy of the incident particle increases. No
correction has been made in the present data since correction of this kind
in correlation spectra are rather difficult. However, even taking into
account the Si detector response, the absolute cross section scales
are better than 10% for the tritium data while they are better than 6%
for the 3He data. In both sets of data, the relative error is well

"represented by the statistical uncertainties.
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6. RESULTS AND ANALVSIS

6.1 Quasifree scattering

Using the Plane Wave Impulse Approximation, the differential
cross section for the (p,2p) and. (p,pd) reactions under quasi-

free scattering conditions can be written:

de- = KF x /J /
i o

The meaning of each of these guantities in this expression has

‘been indicated in chapter 2. In the following sections, results
will be presented of a comparison between the experimentally ex-
tracted momentum distributions and theoretical ones based upon

simple wave functions. The experimental momentum distribution

' 7
i1, oza 77 /kF "é“ouz @

where y S8trictly the square of an off-the-energy-shell

is given by

scattering amplltude, is approximated by the on-the-energy-shell
cross section. The latter being the experimental elastic scatter-

ing cross sections at the appropriate energy and scattering angle.

Y,
For the (p,2p) reactions, values of i%g/%fwere found from a poly-
&m

nomial fit to MacGregor's tabulation (Mab66) of p-p elastic scatt—
ering differential cross sections data. The experimental data

and the polynomial fit are shown in Fig.6.1.1 for Qcm= 900.
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Since(@éf)/ﬁ remains unchanged for centre of mass scattering angles
a2 /em » ;
between 509‘ and 9O0 at each particular energy, the polynomial fit
to the 900 differential cross section has been used throughout.
. ad
For the (p,pd) reactions, values of /377//%@)were obtained by
anl,,
interpolation of published differential cross section angular
distributions. Fig.6.1.2 shows the p-d elastic scattering differ-
ential cross sections for proton incident energies (lab) between
5.6 MeV and 49,37 MeV and for centre of mass scattering angles
between 10° and 170°. The data were taken from reference (Se70).
A »

. . dﬂ‘)ﬁ \ . - 14 - .
Polynomial fits tC)éZ5cm(T> were obtained for different gcm ( in
steps of 5° from 10° to 17209, Fig.6.1.3 shows samples of such

. . . . . oL
fits. A linear interpolation could then be made to give (Hi'ﬁ (& )
2R /e .
for any given energy.

For a given approximation, €.g. the final state energy pre-
scription approximation, the relative energy and the centre of
mass scattering angle of the two detected varticles were calcula-
ted from the kinematics for each point on the projection. Cross

sections appropriate to the particular values of T and gcm

A lab
were then calculated using the interpolation method described

above.

6.1.1 Homentum distribution of [an] in >y

Fig.6 .1.4 shows the extracted [nn] momentum distributions
in 3H for the four approximations used for the off-the-energy-

shell p-p scattering amplitude. It is evident that there are
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significant differences in both the shape and magnitude. In
particular, the initial state energy approximation gives results
considerably different from those given by the final state energy
approximation in regions of negative q. This is caused by the

fact that in the final state energy approximation,cﬁiiiis eval-
uvated at a lower energy where the p~p cross section varies more
rapidly with decreasing energy thus bringing down the distribﬁtion
faster than the initial state energy approximation would. Closer
examination reveals that the momentum distribution givén by the
final state energy approximation does not peak at q = O but is

1. The Stern-Chamberlain approximation and

shifted by ~0.05 fm~
the half-off-the~energy-shell T-matrix approximation produce
closely similar momentum distributions which are symmetric
about q = O. The error bars on these data points have been omit-
ted for clarity. Thgy are typically of the same magnitude as those
indicated for the final state energy approximation data.
The curve represents a theoretical momentum distributionQ

]iwgﬂl} where %(?):is the Fourier transform of the overlap inte=-
3

gral between the “H svatial wave function and the tnﬁ] spatial
wave function. The forms of the 3H and [nn] spatial wave funct-
ions have been given in Table 2.7. No cut~off has been intro-
duced in evaluating the Fourier transform. The theoretical momen-
tum distribution has been normalized to the experimental data,
extracted using the half-off-the-energy-shell T-matrix appro-
ximation for the p-p off-the~energy-shell scattering amplitude.

It is clear that good fits can be obtained to the shapes of the

experimental momentum distributions calculated using the Stern-
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Chamberlain and half-off-the-energy~shell T-matrix approximations. An
equally good fit may also be obtained to the final state energy appro-
ximation results i1f the theoretical distribution is shifted by ~0.05
fm~1 to positive g. The above results suggest the importance of the
manner in which the p-p off-the-energy-~shell interaction is taken into
account,

Of all the approximations examined, the'half—off—the—energy—shell
T-matrix approximation is theoretically the most sound although the
Stern-Chamberlain approximation pfoduces similar results. In the latter
approximation,(d(Y/dfl)gi is evaluated at an energy halfway between‘
those defined by the initial state and final state energy approximations.
Perhaps the most important result to be noted from these distributions
is that they are consistent with an S-state for the relative motibn of

3

the proton and the [nn)] system inside the “H nucleus.

Figures 6.1.5 and 6.1.6 show comparison between the angular corre-
lation and the energy sharing data for each of the four approximations
studied. Energy sharing data refer to data of a single angle pair while
angular cprrelation data refer to data taken from many angle pairs
( see Table 6.1 ). The energy sharing data under consideration is
deduced from the QFS angle pair viz. 38°- 38° where q = O is kinematic-
ally allowed. Two interesting results are evidents: 1) the shapes of
the energy sharing distributions are very similar for all four approx-
imations while those of the angular correlation differ significantly,
2) the angular correlation distributions are wider than the corres-
ponding energy sharing distributions. In particular, in regions of

1

large momentum transfers (q>O.4 fm = to the right of O ),the angular
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correlations have values of |5§(§)|2 consistently higher than- those

of the energy sharing data. This apparent break-down of the PWIA is
not unexpected since in regions of large momentum transfers, the spec-
tator pole is no longer dominant. Moreover, the kinematical situations
corresponding to the same momentum transfer are vastly different for
the angular correlation and energy sharing spectra (see Fig.6.1.7).
Although it is not certain how these differences will manifest themsel-
ves in the two spectra, it is likely that distortion effects are more
important in the energy sharing spectrum wherebone of the outgoing
‘particles can have low energy. This suggests that the angular correla-
tion spectrﬁm provides a more reliable determination of thé shape of
the momentum distribution.

The energy sharing momentum distribution for each approximation
can be fitted by the theoretical k%(g)'z if « = 0,9 fm_"l is used in
the Irving-Gunn wave function. The two theoretical curves ( solid and
dashed) in Fig.6.1.6 do not coincide at q = O since the angular correl-
ation data points.were obtained by fitting the projected cross section
(rather than the momentum distribution ) of each angle pair with a
Gaussian fitting routine. It is worthwhile noting from figures 6.1.6
and 6.1.8 that the shape of [sﬁ(a’)la is sensitive to changes of the

3

parameter & of the “H wave function but not to changes in the values
of a ~in the [nn] spatial wave function.
To investigate the angular dependence of p-p quasi-free scatter-

A
ing in the )H(p,2p)[nn] reaction, measurements were made
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at four QFS angle pairs. These were 380—389; 34°~41.50, 300—450,
and 260—486.'Fig.6.1.9 shows the extracted momentum distributions
for these angle pairs using the final state energy approximation.
It is evident that in each of the spectra, the QFS peak occurs -
at g = O and has a peak value of approximately 0.055 me ; The
angle pairs chosen correspond respectively to centre of mass
écattering angles of 900, 800; 70°;and 60.4° for the two out-
vgoing protons in the final state. The results indicate that the
peak créss section for QFS is only a function of the recoil mom-
entum q and not of its direction'a. This is in accordance with
the behavior‘predicted by the PWIA. However, recent studies

of the (p,pn) knock out reaction on light nuclei (Ch73,vWa74)
reveals that the p-n QFS is angle dependent for a fixed value

of q. Cheng (Ch73),in a study of the D(p,pn)p reaction, attri-
“buted this anisotropy to the presence of the spectator particle
and the difference in the P-p and n-p interactions. It will be
interesting to see if the 3H(p,pn)d reaction exhibits such an

anisotropy.

6.1.2 Momentum distribution of d in 3H

As already indicated, the Projected energy spectra for the
3H(p,pd)n reaction exhibit enhancements with peak positions
shifted from those predicted by the PWIA. This effect is parti-
cularly noticeable for angle pairs away from the exact QFS con~

dition. Figures 6.71.10 and 6.1.11 show the extracted momentum
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distributions for noﬁ—QFS angle pairs and QFS‘aAgle pairs, res-
pectively. For clarity in Fig.6.1.10, only representative points
are plotted for each angle pai;. Thege points are further repre-
sented as lines in Fig.6.7.11(a). From those regions where a com-
parison can be made, it is apparent that the extracted momentum
distributions for the non-QFS and QTS data differ significantly
in both shape and magnitude. Horeover, for the non-QFS data, there
appears a strong dependence on the angle at which the deuterons
are detected. An examination based on kinematics shows that
there is no simple correlation between this angular dependence
and the angular distributions of the 3~I~Ie(p,<:'l)pp reaction (assumed
to be similar to 3H(p,d)np ) (see Fig.6.1.12). Nevertheless,
Epstein et 21, (Ep71) were able to show that the (1=0) neutron
pick-up process indeed leads to a shift in the peak position.
Fige6.1.11(b) shows the extracted momentum distribution
for the sngle pair o, = 60°, 04 = 41.6°%. It is obvious that the
presence of a final state interaction between the proton and
neutron, seen és an enhancement near q=0.6 fm~1, appreciably
altefs the shape of the distribution. The only angle pair which
seems to beée free from competing processes is QP = Qd = 47.5°,
although a slight shift (~ 0,03 fm_q; 6 MeV/c ) in the peak
position is still apparent. This shift can be accounted for,
hovwever, by the experimental uncertainty in the energy calibra-
tion of the proton energy axis ( ~ * 200 keV ) and the fact

that 9in at this angle pair goes only to 5.5 lMeV/c and not zero.



]0_ T T T T T T T T T T

r *Hetp.d) 2p
s Angular Distribution

IIILIL

T
i

101 -
ER 1
L
CO 302 Mev 7|

s b ]
bl b
o

5 N i
460 MeV
100;-_— —+
5_ L 3 1 | s | L I L i 1 i
0 10 20 30 40 50 © 60

8, Deg)

Fige.6.1.12: Angular distributions for the 3He(p,d)2p
reaction at proton incident energies 30,2 MeV and
46,0 MeV. Data are from reference (Ch69). The solid
. curves are obtained by integrating over a deuteron
energy interval corresponding to Tpp = 0.4 MeV,



66

Similar shifts (~ 20 MeV/c) have also been observed at 65 leV
by the Maryland group (Co72) who investigated the 3He(p,pd)p
reaction at QD = 62.80, Qd = 41.8°, which satisfies the OFS
condition. However, the shift in this case may be accounted
for by a n-p final state interaction.

Fig.6.1.13 shows a comparison between the momentum dist-
fibution extracted from experiment and the normalized Fourier
fransforxx/gﬁgﬁ/z, calculated using. an Irving-Guan wave function

3

for “H and a Huthen wave function for the deuteron. The intro-
duction of a cut-off radius of 4 fm is needed in order to be able
to fit the shape of the data. Moreover, the curve for/?%ﬁ/&has
been shifted by 0.03 ™" to positive g, Table 6.1 shows the

ratio of the peak values,

Table 6.7

d "
cut-off radius (fm) £/ % 47, :,(]/(A/F‘ X /f[i)/z)

KE x [Hofp) b

0 _ 0.166

L , 0,725

NF;is a factor due to spin and antisymmetrization

=
11

1/2 for BHe(p,ap)d*

= 1 fo 3H(p,2p)[nn]

b}

3/2  for 3H(p,pd)n and 3He(p,Ep)d

The quantity on the right of the table is generally known as the

normalization constant,
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It.should be mentioned that the data presented in figures 6.1.10 aﬁd
6.1.11 were obtained using the final state energy approximation. A diff-
erent set of nor - iization constants would have resulted if the initial
state energy approximation had been used. However, it was evident from

the 3H(p,2p)[nn] reaction that the final state energy approximation gives
a better fit to the angular correlation data and therefore should be the
approximation to be used in the absence of a suitable half-off-the-energy-

shell T-matrix for p-d scattering.

3

6.1.3 Momentum distribution of d and d* in “He

In a manner identical to the one described above, the momentum dis-

3

tributions of d and d* in “He have been extracted from the 3He(p,2p)d

3

and “He(p,2p)d* reactions respectively. The results for the deuteron

momentum distribution are shown in Fig.6.1.14 for various approximations

3

of the p-p off-the—enefgy—shell cross section and for different “He wave
functions. Limiting the discussion to the momentum distribution extracted
using the final state energy approximation, it is evident that the theo-~
retical momentum distribution is somewhat broader than the experimental
one. A cut-off radius of 2.5 fm is required in order to fit the exp~
erimental result. The corresponding normalization constant is 0.254,
The small shift (< 5 MeV/c) seen in the data is well within the exp-
erimental uncertainties.

The 3He(p,2p)d* results are presented in Fig.6.1.15. The theoretical
momentum distribution has been obtained from the overlap of an Irving-

3

Gunn .wave function for “He (&« = 0,77 o ) and a scattering wave func-
tion for d* (see Table 2.1). No cut-off was introduced. However, since

the data flatten out at about the hali-value, it is difficult to
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make meaningful comménts about the width of the ad* momentum dis-
tribution in 3He and consequently about the theoretical fits.

A comparison of the 3He(p,zp)d and 5He(p,2p)d* data shows that
the ratio of the peak cross section is ~7 in favor of £he 3He(p,ap)d
reaction. This is in agreement with the déta of Jain et al (Ja7l).
The same ratio was estimated to be ~ 10 at 35 MeV (8171) and ~6 at
155 MeV (Fr?71). In all cases, the d* represents a h—p pair with
felative energy from O to ~2 MeV (taking into account the experimental
resolution). The results indicate that the observed ratio decreases
with increasing incident energy. It will therefore be of interest to

determine this ratio at a higher energy (e.g. 500 MeV) although the
experimental resolution required to separate the three-body from the
four-body events is cénsiderably more difficult at this high energy.

A few conclusions can be reached from the above studies:
1)-The shapes of the momentum distributions extracted from experi-
ments are essentially the same (0,45 fm_1 FWHM) for the reactions
3H(p,pd)n and 3He(p,Zp)d but the one for the 3H(p,?.p)[nn] reaction

1 FWHM) .

is significantly wider (0.55 fm~
2) Theoretical distributions hﬁ(a)lz derived from the overlap of an
Irving-Gunn trion wave function with a two-nucleon wave function fit
the shape of the experimental angular correlation distributions for
the 3H(p,2p)[nn] reaction but are too wide for the energy-sharing
distributions for the 3H(p,pd)n and 3He(p,2p)d reactions, Although

the introduction of a cut-off radius brings about agreement in the

shape in the latter two cases (4.0 fm for 3H(p,pd)n and 2.5 fm for
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3He(p,Zp)d ), the large values of the cut-off radius makes this
procedure physically not too meaningful ( the rms radius of the
tri-nucleon is ~ 2 fm).

3) Where comparisons can be made on the magnitude of the cross sect-
ions , the PWIA calculations are a factor of a few larger than the
experimental values. It is unlikely that discrepancies of the mag-
nitude observed can be the result of inadequate wave functions
particularly since the same wave functions were found to give
reasonable agreement for the 3He(p,Zp)d reaction at 156 MeV. Thus,
the failure of the PYWIA indicates significant contributions from
multiple scattering at 45 MeV and general inadeqguacy of the reaction

theory.



6.2 Nucleon-nucleon final state interactions

3

N

The reactions “He(p,2p)pn, “H(p,2p)nn, and 3H(p,pd)n can
under proper kinematic conditions show enhancements due to a
final state interaction between two nucleons. One vossibility

fof the first two reactions is for the spectator pair to have
a low energy for the relative motion. At the spectator angle paif,
the spectator pair has zero total laboratory momentum and a zero
energy for the relative motion (see Fig.2.71.3). This is evidently
not the best condition for studying FSI because of the presence
of the dominant QFS process. However, an anlysis by means of the
Watson-ligdal model should indicate the relative importance of
a final state interaction between the spectator pair of nucleons
in the 3He(p,Ep)pn and 3H(p,zp)nn reactions under quasifree scatt-
ering kinematical conditions.

For the 3H(p,pd)n reaction, it is relatively easy to choose
kinematic conditions such that the outgoing proton and neutron
have a low relative energy. A FSI between this péir of particles
will manifest itself as an enhancement along the locus of kine-
maticélly allowed events where Tpn is a minimum. The interest
in applying the VW-M model to this reaction is that recent stﬁdies
(Bab6) of the reactions 2H(3He,t)2p'and 1H(3He,d)2p show that the
W-M model fails in both cases. The reason for the first reaction
is that the emitted triton often carries off information on a np

rather than a air. The primary interaction mechanism in this
_ PP P 1Y ¥

case is unsuitable for direct application of the model because of
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interference effects (Heb67b). The second reaction fails because
of the diffuseness of the outgoing deuteron. As the deuteéron has
no sharp boundary, it is possible that a well-defined pole in
momentum transfer does not exist and unambiguous application of
the model becomes impossible, It is therefore of interest to test
" this model onvthe 3H(p,pd)n reaction in which the deuterqn is one

of the outgoing detected particles,

6.2.1 Missing mass spectra for the 3H(p,Zp)nn and 3He(p,Zn)pn

reactions
Since M56 is a direct measure of the relative energy of the

spectator pair (T56 = M., - g - m6), the Vatson-Migdal model

56

may be applied directly to the M . spectra. Fig.6.2.1 shows

56
the missing mass spectra for the 3H(p,Zp)nn and 3He.(p,Zp)pn react-
ions at their respective spectator angle pairs.

In the tritium spectrum, the two peaks to the left corres-
pond to the‘aH(p,2p)n and 3He(p,Zp)d contaminant reactions. In
the 3He spectrum, the pronounced pezk on the left corresponds
to the 3He(p,2p)d reaction. The relatively poor separation bet-
ween the 3He(p,ép)d three-body Tocus and the boundary of the four-
body continuum is still not fully understood. This in unlikely
to be due to deuteron leak-through since particle identification
for this angle pair was excellent. One possible explanation for
the filling-in of this valley is that of slit-edge scattering

from protons belonging to the 3He(p,Zp)d reaction. These protons,
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after suffering a scattering from the edges of the collimator
slits will have a lower energy and hence a correspondingly lower
M56' |

Figures 6.2.2 and 6,2.3 show Watson-Migdal fits to the

3H and 3

He missing mass spectra respectively. Only the range of
M56 corresponding to T56 between O MeV and 5 MeV was used

for fitting since the W-M model is valid only for small values

of T56' The curves represent the following expression (Eq.2.23)

Ao ~ Ry (B8 (A + MuF,) (3)

The four-body phase space factor is obtained by numerically summing
the differential distribution dR4/ (dTBdQBdT4dQ4) over constant

bins of M56’ The resultant phase space distribution in M5é
dRLF/(dQBdQLF;iIvI%) is smooth as long as the bins for My, (equi-
vzlently bins for T3 and Tq) are sufficiently small(AT~0.1MeV).In each
case, a Gaussian resolution function (see Appendix III) has been
folded in to the expression given above. Guaséian widths (FWHM)

of 0.6 MeV and 0.5 MeV were used for the 3H’and 3He\spectra res-

3

pectively. For the “H spectrum, the width of the Gaussian was

determined experimentally from p-p coincidence spectra using a

3He spect-

hydrogen target (CHZ) of the same thickness. For the
rum, the width was taken to be the FWHM of the 3He(p,Zp)d peak.
The low energy scattering parameters used for the fit are

summarized in Table 6.2

It is apparent that no fit can be obtained for reasonable



COUNTS

2000 B l I l ! | |

3H(p,Zp)nn at 45.75 MeV
85 =6, = 38 ¢, = 180
1500 - app = —16.4 fm o
——— Oy = —25.0fm
T Gnn :_40.0fm
1000 - -
500+ _
E% Y
¥ g
$
b/
| = ¢ 2K Tjj/ | l ! | I

1876 1878 880 1882 1884
| h/hSG (l\AGE\/) |

Fig. 6.2.2: Comparison of the ®H(p,2p)nn missing mass data with the Watson-Migdal
predictions for different scattering lengths. The upper three curves
are normalized to the peak while the bottom one is normalized to the tail,



I [ I I I ] 1 ] |

n 3He(p,Zp)pn at 45.0 MeV
8, =0, =387° ¢y, = 180°
800} , .
| B —== Oy, = = 15.0fm B
g? Onp = — 23.7fm
— 600}~ — = Gpp = — 30.0fm 7]
:) .
O —
O
400}~ .
= 5 -
3 ¥
200 * =
] I 1 lL i 1
800
E |
= 600
-
O
O .
400
200
- 1 singlet + 3 triplet contributions .
L L ! !

! L I
1880 1882 1884

Mge (MeV)

Fig.6.2.3: Comparison of the 3He(p,2p)pn missing mass data with .
the Watson-Migdal predictions for different scattering lengths
and different contributions of triplet n-p FSI.

!
1878

1
1876



72

Low energy N-N scattering parameters used as inputs to

the iatson-HMigdal enhancement factor (Dab8)

a (fm) ' ro(fm)
singlet n-p ~23.715 2.758
triplet n-p 5.426 1.732
singlet n-n -16.4 2.7

values of the Scattering lengths for either the tritium spec-

3

trum or the “He spectrum if in the latter case a statistically
weighted triplet n-p FSI contribution is included. In rarticular,
if the expression is normalized to the high missing mass end,
then the experimental data have values at the peak (M56 = m5
+ m6) which are considerably larger than the W-M prediction.
This is not surprising since along the locus where M5653 m5 + mg
there is a region corresponding to the QIS condition, i.e. low
spectator momenta. This leads to the conclusion that the QFS
process dominates the peak at M56= m5+m6 and that the FSI repre-
sents only a rescattering correction.

However, one puzzling feature remains. This is the appar-
ent agreement with the 3He missing mass spectrum when only the
singlet n-p FSI contribution is considered .in calculating the
W-11 enhancement factor. A similar conclusion was reached by

Fritts et al(Fr72). in their study of the 3He(p,2p)pn reaction

at 20 MeV.
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An important difference exists in the shape of the tyo missing_
mass spectra, namely the M., = m5+m6 peak in the tritium Spnec—
trum is much narrover than the ¢corresponding one in the 3He
Spectrum. The reason for this differenge may be seen in Fig,
6.2.4 where the four-body continua for the two reactions are
plotted in a three-dimensional representation. In both spectra
enhancements are Seen in regions satisfying the Q¥S condition.
However, in regions of phase s8pace not satisfying the QFS con-
dition, the distribution of events is relatively flat in the

H spectrum but not so in the 5He spectrunm. Specificaliy, for
the 3He spectrum, a gradual rise in the distribution of events
is seen for increasing Tq(or TB) for a constant value of T3 (or
Tq) near the low energy cut-off (i.e. ~ 5 Mev), The reason for
this behaviof is not fully understood. It may be the manifestg-
tion of a 7SI between tne spectator pair ang one of the detecteq
protoné. An investigation of the four-body continua for asymnmet-
ric spectator angle vairs should help to Pinpoint the cause of
this different behavior. Unfortunately, no such data exists at
the present time. It is the enhancement near the region of (Low
TB’ high T4) and (low Ty, high T3) which causes the missihg nass
spectrum to have g much more gradual fall-off to the right of the
Peak at M_,= g _+nm in the case of 5He.

56~ T57g _

Unless a complete theory exists which accounts for the

interplay of QTS ang FSI, it woulg seem that the study of reac-

tions leading to a four-body final state such as the-BH(p,2p)nn



Fig.6.2.4: Comparison of the four-body continua for the

reactions 3H(p,2p)nn and 3He(p,2p)pn, both displayed in
a three~diménsional representation. . '
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and 3He(p,Zp)pn reactions is not too suitable for extracting the

N-N scatterin parameters with any accuracvy.
& ¥ J

6.2.2 n-p final-state interaction in 3H(p,pd)n

Fig.6.2,5 shows the projected proton energy spectrum for
the 3H(p,pd)n.reaction at @Pz Odz 55°. The peak near Tp=v9.5 MeV |
corresponds to the final state interaction between the proton and
fhe unobserved neutron while the peak at Tp = 28 MeV is due to
phase space. Kinematic loci for different variables are plotﬁed
in Fig.6.2.6. The locus of relative energy Tpn is seen tb have
a minimum on1OO keV at Tp = 9.5 MeV. The phase Space distribuf
tion function, plotted in relative units, is slowly varying in
the region of minimum Tpn but is peaked at the high'energy end.
‘Moreover, the neutron momentum near the region of minimum T
is high thus ensuring that the TSI is relatively free from the
QFS process.

Figures 6.2.7 (2),(b) and (c) show W-N fits to the ¥SIT
peak for anp = ~18.0 fu, -23.72 fm and -30.0 fnm respectlvely.

In each case, the flt is normalized to the peak value of the
experimental data. In addition, the effect of adding varying
contributions of the 351 np.FSI is examined. The n- P low energy
scatterlng barameters used aré those given in Table 6.2. The

W-M fit is obtained from the -expression:

W0~ RUED (44 W F,) 8
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The form of the enhancement factor F (s and t refer respectively
to the singlet and triplet contribution and ¥W is = real number
welghting factor) has been given in equation (22) of chapter 2.(93,
the three body phase space,is identical to the kinematic factor -
given in equation (12) of chapter 2. The width of the Gaussian
resolution function is 0,5 MeV which was the experimentally
determined value obtaineéd from P~p coincidence spectra. This
value can be used since the projection of the 3H(p,pd)n reaction
is made onto the proton axis. The results show that a reasonable
fit cannot be obtained for a value of -~18.0 fm for an;. The best
agreement was for an: = -30.0 fm when only the singlet n-p FSI
is included. Using the accepted value of an: viz. -23.72 fm, a
reasonable fit can only be obtained if an equally weighted BS1
h-p FSI is included. Widths of O.4 MeV and 0.6 eV for the
Gaussian resolution function have been tried,but in each case
the resulting change in the fit was insignificant.

In view of the absence of other competing processes, one
is lead to conclude from the above results that the W-M model
as described does not adequately explain'the n-p ST in the

éH(p,pd)n reaction.
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6.3 Search for excited states in 3H

As already discussed in section 2.1, the presence of a

3

resonance or excited state in “H will manifest itself as an en-
hancement in the four-body continuum of the 3H(p,Zp)nn reaction.
Fig.6.3.7 shows the missing mass svectra for all the angle pairs
studied. The peak at M56: m5+m6 was already understood to be due
primarily to the quasi-free scattering process. However, both

the 47.50-47.50 and 55°-55° spectra show distinct enhancements
over a s@ooth veriation of the four-body continuum, indicated

by the arrows. In Fig.6.3.2, the four-body continua are projected
onto the T3 axis for all the spectra wvhich have enough coupts to
make the projected spectrum statistically meaningful. To avoid
the QFS Peak from masking any events which might be present inside

the continuum, events with T 6 between 0.0 and 1.8 }MeV have been

5

excluded. This procedure largely excludes the contribution fron
fhe 3H(p,2p)[nn] reaction. The curves shown are the projected
four-body phase space distributioﬁs (equation (11) in chapter 2)
taking into account the experimental low energy cut-off in T4

and the externally imposed exclusion of events near the boundary,
The same normalization was used for all the spectra. It is appar-
ent from these comparisons that the 47.50—47,50 spectrum shovws
pronouncéd enhancements at T ~7 MeV and T

3

spectrum shows enhancement at T3f‘8 MeV.

3

To examine these enhancements more closely, the four-body

continua for both spectra are plotted in a three-dimensional

~22MeV while the 55 - 55

o
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Fig.6.3.3: A three-dimensional display of the (T;,T) spectra
for the <H(p,2p)nn reaction at.angle pairs 47.5-47.5 and
55-55. Arrows indicate regions of enhancement (seé text for
explanation). '
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representation in Fig.6.2.3. The regions of enhancement are now

quite clear and two explanations‘can be given,

1. Tor the 47,50~47.50 spectrum, the enhanqement is due to the
p-d* quasi-free scattering process in which the d* is detected
as a profon with half the energy of the virtual particle.
Kinematics corresponding to this rrocess reproduces the

observed positions of the enhancement.

2. For the 550—550 spectrum, the only intefpretation'which is
consiétent with the data is the occurence of a

p+ t — g% 4 g*

reaction in which the two virtual particles leave at 550 on
opposite sides of the beam and are detected as protons with
half the energy of the d* system. This process represents a
hitherto unobserved reaction mechanism. It is possible that
the proton picks up a neutron from the triton while existing
in a n-d* configuration to form not a deuteron but a 4*
system. The process may be represented in the pole diagram

shown in Fig.6.3.k4.

P P
P

3

H n

Fig.6.3.4: Possible diagram for the p + t = d* + a* reaction.
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Kal 1

The kinematics for this reaction also reproduces the observed
peak pesition.

The 3H(p,2p)nn continuum (not including 3H(p,2p)(nn} )
appears to follow the four-body phase space distrihution.pre-
dictions. We see no evidence for any resonances in the 3H three-
body system. However, structures above the smooth phase space
distribution afe observed that can be interpreted as due to two-
body processes. Specifically, the p-d* quasi-free scattering
process and the reaction p + t — d* + d*, Furthermore, the

appreciable @ enhancements obsesrved indicates the importance of

nucleon~-nucleon correlations in the 5H ground-state wave functions.
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7. DISCUSSION

From the quasi-free scattering data, the momentum distributions
of the d and [nn] systems in 3H and of ﬁhe d and d* systems in 3He
have been extracted within the framework of the PWIA. The comparison
between the experimental and theoretical distributions shows that the
PWIA adequately describes the shape of the 3H -=3> p=-[nn] momentum
distribution but requires the introduction of a cut-off radius in

3

order'to fit the 3H - n~-d and “He —> p-d distfibutions. For the
3H(p,pd)n and 3He(p,Zp)d reactions, the PWIA predicts cross sections
which are a few times larger than the experimental ones. These results
suggest that the multiple scattering contributions are important and
lead priﬁarily to a reduction in the cross sections.

In the present analysis, not all possible pole diagrams were

2
included. For example, in the )H(p,pd)n reaction, two diagrams must

also be considered in addition to the p-d QFS diagram (see Fig.7.1).

p P i

T
3
|es

T~

jo

(a) , (b) (o)

Fig.7.1: Pole diagrams for the 5H(p,pd)n reaction. (a) represents
: p-d QFS , (b) represents p-n QFS and (c¢) represents the
neutron pick-up diagram. Underlined particles are the
detected particles.

These diagrams add coherently and destroy the factorizabiiity of the

cross section given by the impulse approximation. A similar situation
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also exists in the 3He(p,pd)p reaction (Ep?71). Supporting evidence
for the existence of the neutron pick-up process is given by the
3H(p,pd)n projected energy spectra which deviate significantly from
the PWIA predictions both in the megnitude and the position of the
quasi~-free scattering peak.

The data for the 3H(p,2p)[nn] reaction show a preference for
the final state energy prescrintion in the choice of the two-body
off—the—energy—shell scattering amplitude although some improvement
is obtained through the use of é more correct treatment e.g. the half-
-off-the~energy-shell T-matrix amplitude calculated using some model.
Moreover, the p—? quasi-free scattering process in this reaction
follows the PWIA predictions in that it is isotropic in the centre of
mass scattering angle of the incident and struck protons.

It is apparent from results of the above studiés that in order
to obtain useful information about the dynamics of the three body
system, a.proper treatment of the multiple scattering series must be
made. However, in the absence of such a detailed treatment, the use
of Lehman's pole dominance approach (Le72) which takes into account
all the non-negligible diagrams should prove useful. Calculations
using this approach are currently being performed by Lehman and
collaborators. Results of their calculation should be available soon.

The study of the missing mass spectra for the BH(p,Zp)nn' and
3Hé(p92p)pn reactions shows that in each case, the peak at M56 = m5+m6
is completely dominated by the guasi-free scattering process. This
is reflected in the good agreement in shape of the 3H(p,2p) nn
angular correlation data obtained with the PWIA‘and the failure of
the Watson-Migdal model to give adeguate fits to the missing mass

spectra,
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In addition,at large angle settings e,g; 550~ 550, the spectator
pole is no longer dominant while the unobserved pair still has a
low relative energy at M56= m5+m6. A peak due to FSI is there-
fore still expected. However, no such peak is observed in the
55O~55O missing mass spectrum at the minimum of M56' These Tacts
lead to the conclusion that the peak at the miniﬁum of M56 is
due primarily to the quasi-free scattering process (spectator
pole) vhile the FSI between the spectator pair only contributes:
as a rescattering correction. It follows therefore that the W-M
formalism cannot be applicable in fitting the missing mass spec-
tra. Only a detailed and complete theory which takes into account
the interplay of QFS and FSI will permit the extraction of the
low energy scattering parameters from these spectra.

A close examination of the four-body continua reveals dis-

3

tinct differences between the “H(p,2p)nn and 3He(p,Zp)pn reactions
at their respective‘spectator angle pairs. These.are the differ-
ences in the distribution of events near regions of low T3’ high
T4 apd low T4, high TB' These differences cannot be attributed

to experimental effects since both spectra were taken under the
same experimental conditons including detectors, electronics,
kinematics and beam properties. Moreover, the existing 3He(p,2p)
pn data taken earlier-by another group at this laboratory under

quite different experimental conditions agree with our present
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data. No simple reason can be given for the difference in the four-
body continua of these two. reactions. However, an examination of
the kinematics shows that regions corresponding to (low TB’ high Té)/
‘(1ow T4, high T3) are also regions of low T35 / T45. In these.regions,
particle 5 ( the spectator ) will be a n-p pair with low relative

3

energy in the “He spectrum or a n-n pair with low relative energy
in the 3H spectrum. The fact that only enhancemgnts are seen in the
3He spectrum implies that possibly the correlation between a n-p
pair and a proton is stronger than that between a n-n pair and a
proton. The investigation of the 3H(p,pn)pn and 3He(p,pn)pp reactions
under similar conditions should provide a conciusive test of this
assumption.

Comparison of the continua for the 3H(p,2p)nn reaction with
four-body differential phase space distributions reveals strong
enhancements at angle pairs 47.50- 47.5Q and 550- 550. These enhance-

3

ments, however, are not associated with any resonance in the “H s5ys5-

tem but are due to pseudo two-body processes. In particular, the evi-

dence points to p-d* QFS in the 47.5%-47,5° spectrum while the 55°-55°

spectrum shows evidence for the p + t ——= d*¥ + d* reaction.

In conclusion, reactions leading to a four-body final state

3

2
such as “H(p,2p)nn and “He(p,2p)pn can be understood in terms of

phase space distribution and dominant two-body processes where they

are kinematically allowed. No evidence was found for the

3

existence of an excited state or resonance in the “H system.
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The plane wave impulse approximetion does not fully describe the
quasi-free scattering process but does represent the driviag
term for the process. iAlthough the p-p $FS process is isotropic,
in accordance with the PYIA, the angular dependence of the
3H(p,pd)n reaction.indicates the existence of other reaction
mechanisms. This suggests that no one reaction can be described
by a single pole diagram. Moreover,‘the interference effects
between_thé various pole graphs contributing to the same reac-
tion must also be investigated. An exact treatment in the Faddeev
formalism appears to be in order. ’

In the presence of the competing QFS process, the Watson-
Migdal model is unable to predict the FST behavior of the spec-
tator pairs in both reactions. Moreover, it also fails to pre-
dict the shaﬁe of the n-p FSI peak in the projected energy spec-—

trum - for the 3H(p,pd)n reaction.
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Derivation of the two-~body phase space in the centre of mass

system

Consider particles 5 and 6 in their centre of mass system of

total energy &€ , we have from definition

Zfe AF 3,77, 7 . F -
oo [l i a0 @

s Ly

Integrating over particle 6 gives

e L ar Ay <o)
£ J!}O@)

1

R,(28)

$

/fzf/r A2, 5(55_ *Elf) - &)

(2)
é{é—{ é} (/A_f)

Integrating over dQ5 yields 4ﬁ since particles are emitted
isétropically in the centre-of-mass.

Using the $-function relations

"

é
\/‘{(X)J(X—c)_oéx f(c) /{” a<c <é
e,

/{ﬂ- c¢a or c>é

Y

and

/J(sz‘(x))‘“ =/;’C_’¢Qa’/ 5
| & (0

integrating over p5 yields

R(os) = T (751 +7é!;>"

‘e 4

= % J S : (3)

&
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To express this in terms of the invariant mass M56’ ve use the

\
NNY
&
1

£ - ‘/ ;75:{, +/rz ..,g ‘/ ”)é{, _//76—)2.

yielding

[0 - (2 ] [ 13~ O my]
<17y

fe

Hence, finally we have

£

- /)Zgz* (”}“”jS]zr/7;f’~ (2‘~”%)%€{‘4

/q-é (01 %&) 5 /\71‘

- - - (W)
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APPENDIX II

Evaluation of the ¥ourier transform of the overlap integral

between the spatial wave function of the target nucleus and

the residual nucleus

3

The Irving-Gunn wave function for the “He ( or 3H ) system is

%// (1'9/0) = A expin}'fgc(.( 2p 3/2!?2 )1/)} )
< 14

+
( 2¢° & 3/2,02 )

2

o~

where F: ?23 , T = ?12 + /3/2 = }'13 - ,—072'
A = 3%0(2
R
X = 0,77 fnm 1 for 3He

The value of & for 3’He is that obtained in the analysis of the
photodisintegration (BeA6br). The same K was also found to fit
the charge form factor and the Coulonbenergy of 3He. In the
case of 3H, X is obtained from variational calculation

3

which gives the best binding energy for the “H system (Gu51).

The Hulthén wave function for the deuteron is

Noe 3 _ e_blo (2)
BT f

v‘/d</a> -

where N = [2 ab(a*l-b):]y2
(b-a)
a = 0.231 ]
1

b = 1,440 fm~



on

The Fourier transform of the overlap integral is
. , . 5P > : '
-3 Y s FA .’-
‘ . 43/¢’f-7/(.?’"){ / 7‘( (3) .
5‘5[/) // 3,,4/’ a.//)

- . . o . o
where p is the momentum of the struck barticle before the

collision

A [ [ A g L ga e g
(<" $r*

X /4“%&/;4‘6/) | 4(4)

To evaluate this integral , we follow the method of reference

(Gréh). Introducing the Fourier transform of the deuteron
wave Tfunction

a'z» : 2, |
»{5’/‘."3‘“ Tty o _p (4% (5)
(&F . f/?- Z'(&‘{_“é;_)(/‘tq‘)éu)

The intégral then becones

BBy . pwle af)/ i AP
'/? gy (a4 (6"‘ £) r/
%;/5 [z(/—’;’-p Z/;‘_) - jx(.zf‘;z_{/-?)/f]
(e(frz-.e ’_{{/2)'/2

(6)

Next, we transform the two three-dimensional integrals over
> - . N . . s o
P and r into one six-dimensional integral with the

substitution



/9 /—Z. g . ~
Kes (3)7%f 5 Tese ” .e) x
(7

co/ /N T2 “- / | = Z\ 7
Vo < (DPDF 5 G, () E

The six~dimensional integral can then be written as

25(/4) ) AA/[‘{ a/)/[ﬁi fé)/é M")

The angular part of the six dimensional integral may be

performed by expanding the plane wave in Gegenbauer polynomials

and using the integral provsrties
Q i

S LG R] gy {ZJ'/Q @) R 2k
£ ey .
75 (e gty

I

vhere [? are the tabulated hypergeonetric functions.

Equation 8 can now be expressed as

'jz?(/") = zf/yz(éz—az)ﬂ/\/ X

/3 ot
/bo é&afé - . (10)
o ()RR 1 (8EY 4 ()%
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The integral in equation 10 can be evaluated analytically or
. . - - 1
by simple numerical techniquesec.g. Simpsons rule.

1 between a

[

ransform of the overlap integra

cl-

The Fourier
trion wave function and a scattering wave function (e.g. d* or

a [nn] system ) cannot be reduced to an analytic form and numerical
¥y

integration becomes the only means of evaluation.

We shall consider the case of the overlsv of - ﬂf o c% ﬁb
I »
Vi 7 Y )

The Fourier transform of the overlap integral is
o o 77D 2 2 L
- . Wad __J‘,( 2 r s 3 2
25€/3 ZZi;y /9//”«*’0//;#§- e /é 2 i ( i% )
DA z T
-] B (‘el’ -I-ég.fz:)}
4 (’“7% e

where /7é’ 41 ) is the two-body scattering wave

1t

function and 5 is a constant related to a; the singlet scattering
length.
] Integrating over the angular part yields
S
~fxart 4072
2 2 'j/’ .
55/)- 437 a// : (7-/£ - ) Supr dprdr
2 Q /

/“o{’a -,3/) ' r~ L.

1/

This two-dimensional integral can be evaluated using standard
numerical techniques(e.g. Gaussian quadruture). A cut-off radius is
introduced when the lower limit r=0 is replaced by r=r .

, = oL -1 s+ a
In the above foumule, T =c¢ =1, p =%k is. in fm , r is in fm

so that [Z%ﬂ%%s in fmo.

J4)

)
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APPENDIX III

Gaussian resolution folding

Given a theoretical spectrum N(E), Ni represents the number
of counts (events) at channel i with a corresponding energy Ef—Ei+AEi°
The effect of finite resolution is to prodﬁce a redistribution of
events in each channel. If this redistribution follows a Gaussian
distribution, the folded spectrum N'(E) will have for it's jth

channel

- A
N/ - ii JE: Rt

—_ L2y N,y 2 RI*

J F[t?};‘ Lo 7 | ()

where AEG represents the channel width Ej-E. 1 and Ni represents
the number of counts at channel i in the theoretical spectrum.
The standard deviation 0 is related to the full-width-at-half-maximum

(FWHM) of the Gaussian by

FwHM
ro= = | (2)
/8 lnz |
Moreover, because of the rapidly decreasing behavior of the
exponential term, only channels near j give significant contri-
bution and need be summed in expression (1). It is also evident
that the total number of counts in the folded svectrum remains

unchanged from the theoretical one,



